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Abstract: Research into women’s competitive soccer matches has shown distance and high-speed
running (HSR) reductions over time, but the effects on some GPS-derived metrics have not been
investigated. The purpose of this project was to examine the utility of common GPS metrics for
indicating fatigue from the T-SAFT? match simulation in collegiate soccer players. Unlike in
competitive matches, changes to these metrics occurred as early as 15 min, with HSR, average
and max speed, and speed intensity (SI) exhibiting significant declines. HSR and SI were even further
decreased in later periods, with HSR lower in minutes 30-40 (T3_35 and T35_49) than Ty5_p9 and lower
in Typ_g5 than Tys5 ¢p. SI showed a similar pattern of continued decline, reaching its lowest value
in the last three time segments. Accelerations and decelerations were also decreased beginning at
T15-20 and Tpg_ps5, respectively, but the fatigue index (FI), dynamic stress load (DSL), and step balance
(SB) were unchanged. It can be concluded that in contrast to competitive matches where players can
dictate their own intensity, a match simulation may result in a quicker onset of fatigue, but not all
GPS-derived values change as expected in fatiguing environments. Coaches and sports scientists
may use these findings to properly monitor fatigue in real time.

Keywords: pacing; T-SAFT?’; high-speed running; accelerations; decelerations; speed intensity;
dynamic stress load

1. Introduction

Soccer is among the most popular sports worldwide and, therefore, one of the most
researched. The relatively recent ability of players to wear highly accurate GPS tracking
devices during competition has resulted in a large number of studies investigating the
physical demands of competitive matches, and the increasing popularity of women’s soccer
has prompted a number of studies in that population (see [1] for a comprehensive review).
Numerous studies have examined total distance and running intensity in different phases
of competitive professional women'’s soccer matches. However, far fewer have documented
these same changes at the Division I collegiate level [2-5], none of which have observed
changes in segments less than match halves. Of those studies with segmented data, most
have found reductions in high-speed running distance and total distance, primarily noted
in the last 15 min of matches [6-9]. Some have also documented changes to accelerations
and decelerations at the professional level [10], but no current research has included derived
values exclusive to different manufacturers that are often utilized by end users, such as
dynamic stress load, speed intensity, and PlayerLoad. Additionally, none of these studies
used individualized speed ranges, which have been shown to produce different results
than arbitrary speed zones [11].

Given that match fatigue is likely to result in decreased performance, the ability to
recognize fatigue during a match or document it after a match would allow coaches to
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confidently advise players on optimal pacing strategies and make evidence-based changes
to personnel. To our knowledge, no studies have tracked complete workload data in
collegiate athletes in segments smaller than 45 min, which could be critical to understanding
fatigue at this level. This could be due to the unique substitution pattern in collegiate soccer,
where players can be substituted in the first half without re-entry and substituted in
the second half with one re-entry allowed. In this scenario, players are far less likely to
play an entire 90 min, and collecting sufficient workload data for purposes of measuring
the effects of fatigue is much more difficult. Therefore, the purpose of the study was to
track GPS-derived workload values in 5 min segments during a 90 min match simulation,
monitoring changes in running patterns and other metrics that might be useful in detecting
match fatigue.

A match simulation was determined to be the best way to collect sufficient data due to
the limits imposed by substitution patterns. In addition, since match running is affected
by factors such as score [7], player position [8,12], and perhaps volitional pacing [7,13],
controlling for distance and prescribing the timing of runs at different speeds would allow
for a direct examination of fatigue and workload metrics without the effects of match-
related factors.

2. Materials and Methods
2.1. Participants

Over two seasons, 20 collegiate soccer players with a mean age of 19.9 £ 0.8, competing
in Division I soccer in the United States, agreed to participate in the study. Players had just
completed a three-month off-season training module consisting of five competitive games.

2.2. Study Design

The study was experimental, with each subject (n = 20) serving as their own con-
trol during the externally validated technical soccer-specific aerobic field test (T-SAFT?),
which has been externally validated against match play values. See [14] for more specifics.
Workload metrics were tracked in 5 min segments, and verbal, timed commands dictated
intensity on a pre-recorded audio track. The simulation was designed to mimic both the
aerobic and technical demands of a soccer match. It consists of a 20 m course (Figure 1)
that is traversed by participants in response to a series of verbal commands, including
“stand”, “walk”, “jog”, “stride”, “sprint”, “dribble”, “jog and shoot”, and “jog and pass”,
completed over 90 min with a 15 min half-time break. Subjects travel around a cone 2 m
away, returning to the start, then proceeding at the instructed speed to a cone 20 m away,
weaving through three poles beginning at 9 m, and returning to the start according to the
instructions, which may include a command to shoot or pass into a goal 15 m away. In
order to accommodate our measurements of jump parameters every five minutes and to
work with our population, we modified the protocol as follows: (1) Rather than being
randomized over a 90 min period, the same commands were in the same order for each
segment, so that physical demands were identical. (2) The time allowed for each movement
was increased by 7%, accounting for the difference in reported top speeds of similar age
and skill-level men for whom the simulation was intended [15] while also accounting for
the extra rest incurred during the short time in the lab after each 5 min segment, and the
number of running tasks reduced to allow the entire protocol to be completed in under
2.25 h. Pilot data confirmed that the intensity was adequate to elicit fatigue but not im-
possible to maintain. (3) The jump command was removed since jumping was measured
on force plates between the 5 min field segments. Over the 90 min, the modified proto-
col included the same number of shooting, dribbling, and passing tasks as the original
T-SAFT* protocol. The expected total distance covered per 5 min segment was 500 m, and
the total distance covered was 9000 m.
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Shootor pass

___________________________

Standard Goal
15 m away

Figure 1. General layout of the T-SAFT®? course. Modified from [14].

2.3. Methodology

On the day of the test, participants reported to a practice field located adjacent to the
human performance lab and completed a comprehensive 15 min warmup similar to the
one used before all training sessions. Exercises included jogging, high knees, butt kicks,
zig-zag running, shuffling, and sprinting. Participants were then brought into the lab
for initial countermovement jump (CMJ) testing consisting of 2-3 maximal jumps. Next,
after an explanation and demonstration of the TSAFT?, each subject began the simulation.
Participants were instructed to adhere to the timing of the tasks as closely as possible,
including sprinting maximally with the “sprint” command, and were verbally encouraged
throughout the test to ensure compliance with all aspects. After each 5 min segment,
participants immediately walked into the adjacent lab. One group (1 = 8) immediately
removed their cleats, put on running flats, and completed two maximal CM] on a portable
force plate (Hawkin Dynamics, Westbrook, ME, USA) that has been validated against a
standard in-ground force plate [16]. A second group (n = 12) immediately completed the
first CM]J in soccer cleats, then put on running flats and completed a second CM]J. Regardless
of footwear, the time between entering the lab and returning to the field was between 2 and
2.5 min, and the completion of the jump with running flats occurred at approximately the
same time post-run for both groups; thus, the two groups were analyzed together when
investigating jump performance with running flats. This process was repeated 18 times
with a 15 min “half-time” rest after the ninth repetition.

2.4. Workload Parameters

Location, acceleration, direction, and orientation were monitored using a micro-
electromechanical device (StatSports Apex, Newry, Northern Ireland, UK), which was
mounted in a neoprene pocket affixed between the shoulder blades, reporting GPS data
at 18 Hz and accelerometry at 952 Hz. After completion of the match simulation, data
were downloaded to a laptop and analyzed using proprietary software (StatSports Apex
v. 1.0.01111). Tracked workload parameters are described in Table 1 and include speed-
based (individualized high-speed running distance (HSR), speed intensity (SI), and average
and maximum speed), accelerometry-based (accelerations (ACC), decelerations (DEC),
dynamic stress load (DSL), total loading (TL), and step balance (SB)), physiologic (average
heart rate (HR) and heart rate exertion (HRE)), and combined (fatigue index (FI)) measure-
ments. Individualized HSR was based on each participant’s previously determined max
speed during a 40-yard maximal sprint [17] and was preferred given the confounding effect
of interindividual speed differences on high-speed running data using arbitrary speed
zones [11]. In our participants, the average max speed was 27.12 £ 1.75 km/h (7.53 m/s),
with a range of 23.2-30.4 km/h (6.44-8.44 m/s). The threshold for HSR was 50% max speed;
thus, the mean HSR threshold was 13.55 £ 0.87 km/h.

Table 1. Workload metrics—definitions (from manufacturer) and abbreviations.

Value (Unit)

Definition

Accelerations (#)

Number of accelerations of at least 0.5 m/s/s for 0.5 s.

Decelerations (#)

Number of decelerations of at least 0.5 m/s/s for 0.5 s.

Dynamix Stress Load (AU)

Total of weighted impacts above 2 g (scaled).
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Table 1. Cont.

Value (Unit)

Definition

Fatigue Index (AU)

Dynamic stress load divided by speed intensity.

Heart Rate Exertion (AU)

CXW;dt;, where i = 1 to n, the number of time points, C = scaling constant (0.0167), W = heart
rate exertion weighting for time point i based on HR/MaxHR, and dt = time interval between
successive HR values (0.1 s).

High-Speed Running (meters)

Distance in meters traveled at 50% or greater of previously measured max speed. This variable
was customized for the study and varies from software presets.

XW;dt; where i =1 to n, the number of time points, W = speed intensity weighting for each

Speed Intensity (AU) time point, and dt = time interval between successive speed points (0.1 s).
Step Balance (%) Ratio of the average peak impact force of the left foot to the sum of the average peak impact of
the left and right foot.
Total Loading (AU) Total of the forces on the subject over the entire session based on accelerometer values in three

directions, sampled 100X per second, and scaled by 1000.

AU = Arbitrary units.

2.5. Countermovement Jump Testing

To prevent slippage, a two-piece portable force plate was covered with a 50 g,
5 mm thick mat. Participants were told to “explode off the platform” with as much
force as possible. If the participant lost their balance, landed with part of their foot off
the platform, or did not appear to jump maximally, an additional jump was completed
to replace the errant one. Force plate data were transmitted via Bluetooth to a handheld
tablet (Samsung, Seoul, Republic of Korea) and uploaded automatically to a cloud data site
for later analysis. No familiarization jumps were necessary to achieve the best results, as
players regularly participated in maximal CM]J sessions as part of their resistance training
workouts. Analyzed jump parameters are described in Table 2.

Table 2. Jump plate metric definitions (from manufacturer).

Value (Unit)

Definition

Jump height

The change in the system center of mass position between the instant of takeoff and
peak positive vertical displacement of the system center of mass, calculated using the
vertical velocity of the system center of mass at the instant of takeoff and the equations

of uniformly accelerated motion.

Countermovement depth

The negative vertical displacement of the system center of mass (m).

Force at minimum displacement

The vertical ground reaction force applied to the system center of mass at the point of
peak negative vertical displacement of the system center of mass.

Average relative propulsive force

The average vertical ground reaction force applied to the system center of mass during
the propulsion phase as a percentage of system (body) weight.

Peak relative propulsive force

The peak instantaneous vertical ground reaction force applied to the system center of
mass during the propulsion phase as a percentage of system (body) weight.

Peak relative propulsive power

The peak instantaneous mechanical power applied to the system center of mass
during the propulsion phase relative to system mass (W /kg).

Propulsive phase

The time taken to complete the propulsion phase (from the time when a positive
center of mass velocity has been achieved to the moment of takeoff).

Positive impulse

The total vertical impulse applied to the system center of mass during the braking
phase and the propulsion phase (Ns).

Time to takeoff

The total time taken from the initiation of movement to the instant of takeoff.

Relative peak landing force

The peak instantaneous ground reaction force applied to the system center of mass
during the landing phase (%).
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Table 2. Cont.

Value (Unit) Definition
The asymmetry between the left and right vertical ground reaction forces applied to
L/R peak landing force the system center of mass at the instant of peak vertical ground reaction force during
the landing phase (%).

2.6. Statistical Analysis

Longitudinal changes were investigated via a linear mixed-model analysis with an
autoregressive heterogeneous covariance matrix. Time was the main factor, and fixed effect
differences compared to baseline were considered significant at p < 0.05. For significant
main effects, post hoc analysis was completed via paired f-test, and Cohen’s effect sizes
(d) were calculated, defined as small (d < 0.2-0.5), medium (4 > 0.5, but <0.8), and large
(d > 0.8, but <1.2), or very large (>1.2) [18]. All results are presented as mean =+ standard
deviation (SD).

3. Results
3.1. Workload Parameters

Initial changes to HSR, max speed, average speed, and speed intensity occurred earlier
than expected, and some metrics reflected increasing fatigue in later time segments. High-
speed running (Figure 2) at To_5 was 62.25 £ 48.2 m but was significantly lower beginning
at T15.p0 (49.09 £ 35 m, p = 0.011) and continuing to decrease through most of the test,
reaching a low value at Tgy_g5 (33.06 m £ 22.1, p < 0.001). Values at T3p_35 (47.3 £ 31.0) and
T35-40 (46.3 £ 29.5) were significantly less (p = 0.025) than T15 59, and values between Tr(_g5
were significantly lower (p = 0.021 or less) than all three-time segments from T4s5 4.
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Figure 2. High-speed running (m) in 5 min segments. * Values in brackets sig. different from Ty 5
(p < 0.05). # Values in sub-brackets sig. different from T155¢ (p < 0.05). § Values in brackets sig.
different from each other. Error bars represent SD.

Average speed (Figure 3) was highest at Tp_5 (6.35 &+ 0.25 km/h) and was signifi-
cantly lower beginning at T»5 39 (6.205 £ 0.17, p = 0.032), remaining lower throughout
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the test and reaching a nadir in the final time period (6.031 £ 0.20, p < 0.001). Max speed
(Figure 4) was highest at Ty_s5, at 22.54 & 1.8 km/h, and was significantly reduced at T;5_39
(21.58 == 1.4 km/h, p = 0.019), remaining lower throughout the test. The lowest value of
20.43 £ 1.91, found at Tgy_g5, represented a further decline from the Ty5 59 (p = 0.021) and
To5 (p = 0.036) first half values.
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Figure 3. Average speed (km/h) in 5 min segments. * Values in brackets sig. different from Ty 5
(p < 0.05). Error bars represent SD.
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Figure 4. Max speed (km/h) in 5 min segments. * Values in brackets sig. different from Ty 5 (p < 0.05).
# Sig. different from segments T15_p5. Error bars represent SD.
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SI (Figure 5) was reduced from Ty (24.79 £ 0.92 km/h) beginning at Ty59
(24.07 £ 0.96 km/h, p = 0.017), remaining lower throughout the test, with segments from
T75_99 exhibiting further declines from all segments in the first half.
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Figure 5. Speed intensity (AU) in 5 min segments. * Values in brackets sig. different from Ty 5
(p < 0.05). # Values in sub-brackets are different from each other. Error bars represent SD.

ACC and DEC both declined, also earlier than expected, but no further changes
were seen in later time segments. The ACC (Figure 6) was reduced from Ty 5 (5.40 & 2.7)
beginning at T5_p0 (7.45 £ 3.0, p < 0.001), remaining lower throughout the test, with a
minimum of 3.9 &+ 2.3 at segment Tyy_75. DEC (Figure 7) was reduced (p = 0.012) at Tp_»5
(2.70 = 1.4) compared to Ty_s5 (4.2 & 2.4), remaining lower throughout the test, with a low
value of 1.70 £ 1.4 at minutes Tgy_g5 (p < 0.001).

Total distance traveled averaged 512.98 £ 15.3 m in Tp_5 and declined slightly over
the time course of the test, reaching significance at T»5 39 (504.54 £ 15.1 m, p = 0.023) and
remaining lower throughout, with the shortest distance traveled occurring in the final
segment (493.76 £ 17.0, p < 0.001, d = 1.21). These changes were likely due to subjects
beginning their decelerations earlier and minimizing extra distance traveled, where, in
contrast to the earlier stages, subjects traveled greater than the required total distance of
500 m. The largest change from baseline represented a 3.8% decrease in total distance
traveled.

Most changes to workload measurements exhibited moderate to very large effect sizes,
summarized in Table 3.

DSL did not show a time effect, remaining steady throughout the test, with a peak
mean value of 20.79 + 2.0 for Ts_jp and a minimum of 18.3 + 2.1 for T¢s_7. FI was also
unchanged throughout the test, ranging from 0.774 4 0.38 at T5p_s5 to 0.841 & 0.38 at minute
T10-15. TL for Ty_5 was 7.65 £ 1.2 and was unchanged throughout the test, with the lowest
value found at Tgog5 (7.264 £ 1.26). SB was unchanged throughout the test, remaining well
below the 1% difference in load between the left and right foot. Therefore, in the context of
a match simulation, these metrics likely do not provide information about player fatigue.
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Table 3. Effect sizes for significant differences (p < 0.05) among workload metrics across time

segments.
Time Seg- . T T T T T T T T T, T T T T T

m ent/M etric 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90

HSR 043 048 057 059 062 063 058 05 061 04 077 09 089 091 085

MaxSpeed NS 083 094 117 104 127 116 108 124 126 114 135 112 114 12

@’;;:ge NS NS NS 08 08 NS 093 08 103 102 114 114 133 133 142

S 077 071 102 11 108  1.02 097 126 135 137 148 159 192 184 167

ACC NS 083 094 117 104 127 116 108 124 126 114 135 112 114 12

DEC NS 077 083 08 095 10 08 075 08 08 125 09 096 127 082

No metrics were significantly different before T15_59. NS = non-significant.

Heart rates during the test were strongly indicative of a high intensity. The average
heart rate was lowest at To_5 (167.52 + 2.1 beats/min) and Ty5_59 (166.61 + 2.6) due to
the effect of low heart rates in the initial 1-2 min from resting values but remained stable
throughout the rest of the time periods at around 177 bpm. Heart rate exertion reflected a
similar pattern, measuring 18.1 £ 1.3 AU at Ty_s and 18.08 £ 1.3 at T45_50 but averaging
23.94 & 1.02 for the rest of the time periods.

3.2. Countermovement Jump Parameters

Generally, changes in countermovement jump performance did not exhibit a pattern
indicative of persistent fatigue. For jump performance with running flats (n = 20), the
jump height showed a significant time effect (p = 0.011). The lowest jump height was
at Ty5 50 (0.286 m £ 0.364), which was significantly lower than T1o_15, T15-20, and T2 25
(0.302 £ 0.035, 0.303 + 0.048, and 0.301 £ 0.040). However, jump height was no different
from the pre-test baseline value at any time. The peak relative propulsive power (W /kg)
also showed a main effect of time (p = 0.008), increasing over the baseline (47.8 & 6.2)
at T5_10, T10_15, T15_20, and T20_25 (501 + 63, 50.5 + 75, 50.2 + 65, and 49.6 + 59, all
p < 0.023 or lower). The relative propulsive net impulse showed a significant effect of time
(p = 0.006), with the lowest value at T45_50 (2.38 Ns £ 0.15), which was significantly lower
than Tq¢-15, T15-20, and Tpp_p5 (2.44 = 0.16, 2.45 & 0.14, and 2.44 £ 0.19). When comparing
jump parameters with cleats (n = 12), there was a time effect for the propulsive phase
(p = 0.006), with the lowest value occurring at Tpgp5 (0.221 £ 0.026), which was dif-
ferent from Ty5 (0.239 £ 0.028), T1p-15 (0.236 £ 0.034), T15-50 (0.233 £ 0.030), Ta0-45
(0.232 £ 0.023), T45-50 (0.238 % 0.038), Tp_65 (0.237 £ 0.031), T7p_y5 (0.239 £ 0.031), and
Tgo-g5 (0.241 £ 0.027), (p-values ranging from 0.001 to 0.038) but not different from the
baseline. Time to takeoff did not vary from baseline (0.674 & 0.092) at any time point, but
reached a peak at T4045 (0.721 & 0.137), which was different from Ts5 39 (0.647 £ 0.072)
and T340 (0.659 £ 0.070) (p = 0.041 and 0.045). The main effect of time had a p-value of
0.002. No other CM]J parameters changed with time. The lack of a fatigue effect may have
been due to the slight delay between the end of the previous running segment and the
measurement of CM], but it may also indicate the general preservation of explosive power.

4. Discussion

This study is the first to fully report on changes in external workload metrics during
a match simulation in collegiate females. Our findings reveal that in match simulations
with externally imposed pacing, significant decreases in speed-related metrics occur as
early as 15 min, as measured by average speed, maximal speed, HSR, and SI (Figures 1-6).
These are unique findings in this population, given that decreases in speed and distance
in a competitive match typically occur near the end of the game [6-9]. At least one study
involving competitive matches had similar results to ours. Datson et al. [12] measured
running in competitive women’s international matches in 5 min increments and found
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that although high-speed running was lowest in the last 15 min of the first and second
halves, players ran a significantly lower distance at high speed in the 16 to 30 min time
period compared to the 0 to 15 min period. These data were obtained from competitive
international matches, which may elicit greater high-intensity running than domestic
games [6,19], potentially accounting for the early decline. The only similar study employing
a match simulation used an equal number of men and women Division I collegiate players,
each running at a prescribed intensity corresponding to their fitness level [20]. The physical
demands were similar to our study, as their participants completed an average of 9.2 km
over the 90 min simulation, compared to our 9050 £ 6.3 m. Measuring running speed,
agility, and kinetic parameters such as vertical stiffness and impedance, they found that
sprint speed declined at each 7.5 min segment, very similar to our study’s observed change
in max speed.

Our participants averaged 876 £ 10.4 m of HSR, using 50% max of individual top
speed as measured by a 40 yd sprint. These values are, at first glance, comparable to
competitive matches with Division I collegiate players, which ranged from 557 m [5] to
approximately 1000 m [21], but since these studies used high-speed running thresholds of
15 km/h, where we used individual thresholds which averaged 13.55 km/h, our partici-
pants may have run less than the average high-speed totals of these previous studies.

ACC was decreased from T(_5 by 31% at Ty_p5, falling by as much as 47% by Ty_7s,
while DEC was significantly lower than Ty_5 at Tog_p5, a 36% decrease, with a 59% decrease
evident by Tgp_g5. This might also be an indicator of fatigue, considering the muscular
effort required to accelerate (concentric actions) and decelerate (eccentric actions). It is
unknown whether this is a consequence of central fatigue or one enforced by alterations
to muscle integrity or energy availability. Nonetheless, given the similarity in time profile
in ACC and DEC decreases with changes in speed metrics, it seems that ACC/min or
DEC/min might be a useful signal of fatigue during a match, although it is possible that
match situations would dictate direction changes differently than in a simulation. ACC
and DEC are not frequently reported in the literature, and like HSR, thresholds can be
varied. Studies of competitive matches using >1 m/s? for ACC ranged from 0.04/min [22]
to 0.86/min [23]. The average of 0.987 ACC/min in our population may not be directly
comparable since we utilized a >0.5 m/s? threshold. Similarly, our average DEC values of
0.52/min were higher than the 0.23-0.3 decelerations/min reported by Ramos et al. [22],
but we used a lower threshold of <—0.5 m/s? in comparison to <—1 m/s? in that study.
Two studies of competitive matches by Trewin et al. [24,25] used a higher threshold of
2.26 m/s? and reported significantly higher accelerations per minute, ranging from 1.65 to
1.95 for various positions and situations, but did not report changes over time. However,
Mara et al. [10] and Panduro et al. [9] reported a decline in accelerations and decelerations
from the first to the second half of competitive matches.

Interestingly, neither DSL nor TL changed during the match simulation, although the
literature from the manufacturer describes these metrics as having the potential to measure
fatigue or accumulated loading. Hypothetically, as a player tires during a match, their
running style might change such that their bodies would absorb greater ground impact
forces, resulting in more accumulated “weighted impacts”, but our data did not support
such a hypothesis. Fatigue index, which is the ratio of DSL/SI, also did not change despite
a 5.9% decrease in SI by Tgs_gp, indicating that it might not be sensitive enough to be used
to measure fatigue. This suggests that SI on its own would be more useful.

There are some comparable data from match simulation studies in higher-level male
players. Huthofer et al. [26], examining professional male players, measured a change in
peak velocity in the 45th and 90th minute compared to the first minute, but no changes
were noted in minute 25. This study used a different match simulation, perhaps accounting
for the different patterns of change. Another study [27] examined changes to PlayerLoad, a
summation of vertical and horizontal forces, during a variable-speed treadmill simulation
involving semiprofessional male players, finding an increase at minute 45 compared to the
0-15 and 15-30 min periods. The authors speculated that changes in running efficiency
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may have contributed to this increase, but the study was conducted on a treadmill, which
may have contributed to changes in stride length and, thus, load on the legs. PlayerLoad
can best be compared to TL, although they are calculated differently.

The physiologic intensity of our simulation was comparable to or perhaps higher than
a typical competitive match. The average heart rate was 178.1 &+ 9.5, or approximately
92.3% age-predicted max HR [28], and did not change throughout the test (excluding the
first segment of each half when the heart rate had not reached a steady state), indicating a
consistent near-maximal effort. By comparison, an examination of elite professional players
during competitive matches found that mean HR ranged from 169 bpm in central defenders
to 173 bpm in “external midfielders” [9].

In competitive matches, players may engage in a pacing strategy, as described by
Edwards and Noakes [13], potentially delaying fatigue, but due to the nature of the match
simulation, that was unlikely in our participants. During the test, participants were told
to follow the verbal cues as closely as possible, so their speed was largely controlled. Fur-
thermore, each 5 min segment included one maximal sprint, and maximal speed declined
significantly by the Ty5 59 (d = 0.6), with the lowest value at Tgy_g5 representing a 9.3%
decrease with a large effect size (d = 1.15). Lastly, heart rates in our participants averaged
92% of the estimated max, evidence of near-maximal effort during each segment. It seems
likely, then, that fatigue during soccer may be as much a function of intensity over a short
period of time as it is of accumulated work. Several studies have shown that an intense
5 min period is followed by a significant drop in running intensity [7,12].

The current study indicates that when the intensity is dictated, rather than being at
the player’s discretion, indicators of fatigue occur much earlier, resulting in decreased
performance throughout the remaining session. This would seem to indirectly validate the
existence and value of pacing in competitive matches.

Jump parameters, including jump height, showed no consistent changes from baseline
that would indicate fatigue. This finding is similar to Cone et al. [20], who showed no
changes in jump height or ground reaction force of two different types of jumps despite
reporting changes in sprint speed over time. Therefore, it seems that the ability to create
maximal power is preserved despite other indicators of fatigue. It is possible that the slight
time delay (approximately 30 s) between running on the field and jump testing in the lab
could have contributed to the lack of change, but since many explosive jumps occur during
headers from corners or free kicks, this delay might be game-realistic, mimicking what
commonly occurs before set pieces. Future studies of jump performance should attempt to
measure jumps within the flow of the running activity, which may limit their relevance in
other ways by requiring the entire match simulation to be performed indoors.

In conclusion, a high-intensity match simulation results in changes to high-speed
running, max and average speed, speed intensity, accelerations, and decelerations, some
of which continue to decline throughout the simulation. In comparison to competitive
matches, the externally imposed intensity results in earlier signs of running fatigue, perhaps
indirectly confirming a pacing strategy in some competitive matches. While the above
metrics might be used as indicators of fatigue during live workload monitoring, some others
are not sensitive enough and should be viewed critically for their inclusion in workload
analysis. Lastly, changes to countermovement jump parameters were not indicative of
fatigue.

5. Practical Applications

The finding that match fatigue is present in the first 15 min of a match simulation,
where intensity is externally imposed, could be most applicable to a team that chooses to
press/counter-press the ball for extended periods during a match, i.e., when the coach is
instructing the team to engage in higher intensity activity rather than pacing themselves.
It seems that HSR and SI may be useful indicators of fatigue during a live match if they
can be tracked on a per-minute or per-segment basis. Likewise, monitoring ACC/min or
DEC/min could be useful in this respect. These metrics could also be used in conditioning
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exercises or high-intensity drills as a measure of fitness or be monitored for improvement
over time in similar-intensity sessions. Maximal speed may not occur frequently enough to
be of use as a fatigue monitor during a match, while our research has not shown DSL, TL,
SB, and FI to be sensitive measures of fatigue.
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