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Abstract

Purpose

Given the co-existence of post-activation potentiation (PAP) and fatigue within muscle, it is

not known whether PAP could influence performance and pacing during distance running

by moderating fatigue. The aim of this study was to assess the influence of PAP on pacing,

jumping and other physiological measures during a self-paced 30 km trial.

Methods

Eleven male endurance-trained runners (half-marathon runners) volunteered to participate

in this study. Runners participated in a multi-stage 30 km trial. Before the trial started, deter-

mination of baseline blood lactate (bLa) and countermovement jump (CMJ) height was per-

formed. The self-paced 30 km trial consisted of 6 × 5 km splits. At the end of each 5 km split

(60 s break), data on time to complete the split, CMJ height, Rating of Perceived Exertion

(RPE) and blood lactate were collected while heart rate was continuously monitored.

Results

There was a significant decrease in speed (e.g. positive pacing strategy after the 4th split,

p<0.05) with a progressive increase in RPE throughout the trial. Compared with baseline,

CMJ height was significantly (p<0.05) greater than baseline and was maintained until the

end of the trial with an increase after the 5th split, concomitant with a significant reduction in

speed and an increase in RPE. Significant correlations were found between ΔCMJ and

ΔSPEED (r = 0.77 to 0.87, p<0.05) at different time points as well as between RPE and

speed (r = -0.61 to -0.82, p<0.05).
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Conclusion

Our results indicates that fatigue and potentiation co-exist during long lasting endurance

events, and that the observed increase in jump performance towards the end of the trial

could be reflecting a greater potentiation potentially perhaps counteracting the effects of

fatigue and preventing further reductions in speed.

Introduction
Performance in endurance events is the result of an athlete’s ability to achieve and maintain
power output or speed over the course of a competition. This is achieved through strategies
aimed at managing the rate of fatigue development and thus the reduction in speed which
would be detrimental for performance [1, 2]. Consequently, ‘pacing strategy’ is the self-selected
tactic used by athletes from the beginning of an event to distribute their work rate throughout
the competition [1, 3, 4] in order to prevent premature fatigue and thus optimize performance
[4, 5].

Pacing can be influenced by a number of factors, which can influence fatigue development
and impair performance. In long-distance efforts (e.g.> 40 min) it has been suggested that
pacing may be regulated by the perception of effort (often measured with Rating of Perceived
Exertion [RPE] scales) where athletes adjust their running speed by comparing moment-to-
moment the actual with the expected RPE for a given distance [6–8]. Several models have been
proposed to explain fatigue in endurance sports [9]. Yet, it is known that the magnitude and
etiology of fatigue would depend on the exercise under consideration and it has been recom-
mended that the study of muscle fatigue should address both the perceived effort and the
decline in force that occurs during sustained activity [10]. The main focus to explain how
fatigue could influence pacing in endurance sports has been on centrally mediated mechanisms
[3, 6, 11, 12]. However, the study of factors that integrate both peripheral and central fatigue
with pacing strategies should also be of interest to better characterize endurance running
events. This is important in light of evidence showing that group III/IV muscle afferents are
involved in the development of both peripheral and central fatigue [13, 14]. Accordingly, it
would be pertinent to consider that pacing could be regulated by mechanisms acting both at
central and peripheral levels.

It has been pointed out that central fatigue alone cannot explain the entire muscle strength
loss during and after prolonged running exercises [15] and that alterations at the neuromuscu-
lar level may also be involved. One potential factor relating fatigue and pacing could be the
neuromuscular profile of the athletes. Since the classical work of Paavolainen and co-workers
[16] it has been known that improving athlete’s muscle power through strength training
improves endurance performance [17, 18]. More recently, Boullosa et al., [19] showed that,
after a fatiguing running test, endurance-trained runners experienced an improvement in
countermovement jump (CMJ) that correlated with an increase in peak power and a lower
eccentric maximum strength loss during the CMJ. This finding was consistent with that
reported by others [20] and it is believed to be associated with the co-existence of post-activa-
tion potentiation (PAP) and fatigue within the muscle. PAP is defined as an acute improve-
ment of muscular performance characteristics as a result of the contractile history [21] and it
has been suggested that the PAP response after running is specific for endurance-trained ath-
letes [19, 22]. The most important mechanism that has been proposed in literature to explain
PAP is phosphorylation of myosin regulatory light chains, which increases Ca2+ sensitivity of
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the myofilaments [23]. Alternatively, acute changes in muscle architecture and increased
recruitment of higher order motor units have been also proposed as potential mechanisms
[21]. It appears that PAP has its greatest effect during submaximal contractions in which
motor units are firing at relatively low frequencies, such as the case of endurance exercise [24].
Furthermore, it could be argued that PAP might counteract the onset of fatigue [24] at the
peripheral level. In addition, given that submaximal fatigue is defined as the balance between
fatigue-induced impairments and neuromuscular strategies to sustain performance [25], it is
possible that other mechanisms may play a role. Among these mechanisms, those acting to
facilitate muscle performance are likely to be of importance. At a supraspinal level, neural
potentiation could be one of those factors facilitating the maintenance of muscle performance
during prolonged activities, as it has been suggested that ongoing contractions facilitate moto-
neuron excitation and contributes to improved force production [25]. However, while the
acute effect of PAP in endurance athletes after different running exercises has been reported
[26, 27], it is not known whether or not PAP would influence performance and pacing during
endurance activities.

After a 30 km trial in endurance trained runners, Millet and co-workers [28] observed a
~23.5% reduction in maximal voluntary contraction of the knee extensors concomitant with a
decrease in voluntary activation, which was attributed to central fatigue. Additionally, they
found no change in low frequency fatigue and suggested that exercise may have potentiated the
contraction torque and hidden the low frequency fatigue. As previously mentioned, the con-
tractile history of a muscle contributes to both fatigue and potentiation [29] and it has been
pointed out that potentiation can occur after both maximal and submaximal efforts in endur-
ance trained athletes [19, 26, 27, 30]. Moreover, a comparison of endurance and power trained
athletes showed that submaximal exercise can offset fatigue in endurance but not in power ath-
letes [31]. This important difference could be partially attributed to the increase in the content
of fast myosin light chains in slow-twitch fibers in endurance trained subjects, an adaptation
that likely increases the capacity of myosin light chain phosphorylation. Accordingly, despite
the ongoing increase in central fatigue and the reduced muscle activation through central
mechanisms, the potentiation effect could be of importance for long distance runners to main-
tain or prevent further reductions in pacing.

Accordingly, the main purpose of this study was to assess the pacing adopted by a group of
endurance-trained runners during a self-paced 30 km trial, along with perceived exertion,
jump capacity, lactate, and HR responses to evaluate whether these responses, and more specif-
ically the expected jump potentiation, might influence pacing.

Materials and Methods

Participants
Eleven male trained endurance athletes (half-marathon runners) volunteered to participate in
this study (Table 1). For an expected effect size of 0.5 (moderate effect) and a minimum of 6
measurements for most of the variables, a sample of 8 participants would yield a statistical
power of 0.95. All runners had at least five years of experience and were in the middle of their
training macrocycle. The runners were training a mean of 8.6 ± 0.4 sessions and ~152.6 ± 3.9
km (133 to 172 km) per week with a volume per training session ranging from 8 to 25 km.
Before engaging in any test, participants were informed about the risks and benefits of the
study and provided written informed consent. The protocol of the study was approved by the
Ethics Committee of Catholic University of Brasilia.
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Procedures
Runners were required to participate in two separate testing sessions. The first was devoted to
anthropometric measurements [i.e., percentage of body fat (%BF)], the assessment of maxi-
mum aerobic speed (MAS) and familiarization with the CMJ protocol. During the second ses-
sion, a self-paced 30 km trial was carried out which consisted of 6 × 5 km splits on a course
within the University campus. This uncommon competitive distance was selected to avoid the
possible influence of competitive experience on running performance. Based on a previous
study [32], a multi-stage approach was applied for evaluating the evolution of neuromuscular
performance through the whole trial. At the end of each 5 km split, data on CMJ height, RPE
(6–20 scale [33]) and blood lactate (bLA) were collected. In the case of RPE, the participants
were instructed to report the effort perception for the entire previous split (i.e., akin to session
RPE). In addition, heart rate (HR) and speed were monitored. The sessions were separated by
48–72 h to avoid the effects of residual fatigue (Fig 1). The order of the start when various ath-
letes were evaluated in the same day was based on the individual MAS previously measured
(i.e., the fastest runner was the first to start the trial) and subsequent runners started the 30 km
trial every 5 min to avoid the effect of having a “rabbit” on performance [34]. However, it is
worth noting that although faster athletes never surpassed the slower ones, on some occasions
they crossed each other along the course.

Université de Montréal Track Test
The UMTT was carried out on a 400 m synthetic track and its protocol is described elsewhere
[35] but the pacing was set using a bicycle equipped with a speedometer [26]. Briefly, the test
started with a running speed of 8 km�h−1 and increased in 1 km�h−1every 2 min. Participants
were instructed to run behind the bicycle and to avoid drafting. The test was terminated when
the participants could no longer follow the pacing and distance� 3 m from the bicycle. Maxi-
mum aerobic speed (MAS) was defined as the speed achieved in the last completed 2 min stage
with recording of the total final time (TUMTT). Before and immediately after completing the
UMTT the participants performed three CMJs separated by at least 15 s, in order to familiarize
with the jump protocol.

Table 1. Characteristics of the half-marathon runners.

X ± SD

Age (years) 28.5 ± 4.2

Body Mass (kg) 64.35 ± 7.54

Height (m) 1.72 ± 0.08

BMI (kg�m2) 21.5 ± 1.4

%Fat 7.83 ± 10.71

MAS (km�h−1) 20.45 ± 1.63

TUMTT (min) 28.79 ± 2.81

HRrest (bpm) 57 ± 9

HRmax (bpm) 185 ± 9

Values are means ± SD. BMI = body mass index, MAS = maximum aerobic speed, TUMTT = time to

complete the UMTT (Université of Montreal Track Test), HRrest = heart rate at rest, HRmax = maximum

heart rate.

doi:10.1371/journal.pone.0150679.t001
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Countermovement Jump Height (CMJ)
CMJ was selected because is easy to perform and has been shown that it could be used to reflect
the effect of PAP and fatigue in athletes [19]. CMJ was recorded using a contact platform con-
nected to a digital timer through an interface (ChronoJump-BoscoSystem) [36, 37]. The flight
time of each individual jump was recorded and converted automatically to jump height by the
specific software that was connected to a personal computer [37]. In each CMJ, participants
were encouraged to jump as high as possible with the arms in akimbo (both hands on the hips)
position. The depth of each jump was freely chosen by the participants [19]. In addition, the
athletes were instructed to maintain their knees extended during the landing phase.

Self-Paced 30-km Trial
For the 30 km-trial, a 5 km course was demarcated inside the university campus. A global posi-
tion system (GPS) monitor (Garmin Forerunner 305, Garmin Ltd., Olathe, KS, USA) with an
accuracy of 0.05 m�s−1 in steady conditions was used by a researcher to measure the course to
be completed by the runners. Participants arrived at the location at 07:00 h and were equipped
with a heart rate (HR) monitor (Polar RS800 CX, Polar Electro Oy, Finland). Then, after rest-
ing quietly for 15 min, a blood sample was obtained for determination of baseline blood lactate
(bLa) using a dry chemistry analyzer (Lactate Plus, Nova Medical, WalthamMA, USA). Body
mass (BM) was measured using an electronic scale (Filizola ID 500, São Paulo, Brasil). Follow-
ing these procedures, a standard warm-up was carried out consisting of 5 min of jogging at a
personally selected intensity, dynamic stretches and two CMJs. Then, participants performed
two maximal CMJ separated by 15 s to assess baseline CMJ height. The self-paced 30 km trial
started at ~ 07:30 h and consisted of 6 × 5 km splits. The participants were instructed to run
the entire course (i.e., 30 km) as fast as they can and were monitored by one researcher along
the course. Each 5 km split started and finished at the same location. At the end of each split
the runners stopped for measurements of bLA, RPE (6–20 scale [33]), and CMJ height (Fig 1).
The order of the measurements was selected to minimize the time required to collect the data
and was the following: split time, 1st CMJ, bLA and RPE, 2nd CMJ. The mean total time
required for data collection at the end of each split was 60 s. In addition, HR was monitored

Fig 1. Study protocol. UMTT = Université of Montreal Track Test, CMJ = Countermovement Jump, RPE = rate of perceived exertion, bLA = blood lactate.

doi:10.1371/journal.pone.0150679.g001
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continuously during the 30 km self-paced trial. The mean temperature and relative humidity
during data collection was ~24.1°C and ~37.1%. During the trial, carbohydrate-electrolyte bev-
erages (Gatorade1) were provided using labeled bottles for each participant and its consump-
tion was allowed ad-libitum. Percentage dehydration was calculated as the difference between
pre- and post-trial BW relative to pre-trial body mass. For each 5 km split, pacing was calcu-
lated as the percentage of speed variation of each split in relation to the mean speed for the 30
km (i.e., positive numbers implies that runners were faster than the mean speed and negative
numbers implies that runners were slower than mean speed) [38]. ΔSPEED was calculated as
the percentage of speed variation of each split in relation with the MAS (ΔSPEED =MAS—
split speed), ΔCMJ was calculated as CMJ height registered at the end of each split minus the
baseline height, and ΔCMJ% was defined as percentage of change in CMJ height in relation
with baseline CMJ.

Statistical Analysis
Descriptive statistics were performed using mean, standard deviations and 95% confidence
intervals. Normal distribution of the variables was assessed for each data point using the Sha-
piro-Wilk test and visual inspection of Q-Q plots. For those variables showing a non-normal
distribution (e.g, lactate) a natural logarithmic transformation was used, meanwhile those vari-
ables showing a non-normal distribution in spite of transformation (i.e., PSE and HR), were
assessed using non-parametric techniques (Mann-Whitney U Test for pairwise comparisons
and Friedman Test for repeated measures). To assess the effects of time (i.e., stage: 5, 10, 15, 20,
25 and 30 km) an ANOVA for repeated measures was performed. Mauchly’s Sphericity was
tested and if sphericity could not be assumed, then the Greenhouse-Geisser correction was
used. For repeated measures, a Bonferroni post-hoc comparison was used to locate significant
differences. Differences between the 1st and 2nd CMJ in each split were assessed using paired t
tests. Also, the effect size for each condition was tested by Cohen’s d. Coefficient of variation
(CV) was calculated for each variable at all 5 km splits and was averaged to obtain a mean for
the sample. Pearson correlations were performed between different variables and such correla-
tions were thereafter assessed for chances of a true effect using qualitative statistics [39] with
the following thresholds:most unlikely,<0.5%; very unlikely, 0.5–5%; unlikely, 5–25%; possibly,
25–75%; likely, 75–95%; very likely, 95–99.5%; andmost likely,>99.5%. All statistics were per-
formed using IBM SPSS Statistics for Windows1 (Version 20.0; Armonk, NY). The statistical
significance was set at an alpha level of 0.05.

Results
The trial was completed in 118.5 ± 6.0 min with a mean speed of 3.87 ± 0.49 m�s−1 (15.2 ± 0.7
km�h−1). Table 2 shows the comparison of the different parameters obtained along the trial.
Speed was constant from the start until a decrease was observed after the 4th split (p<0.001;
ES = 0.6 to 2.2). The trend for pacing and speed expressed as %MAS was the same as for speed
(p<0.001; ES = 0.7 to 1.5; Table 2). Additionally, speed expressed as a %MAS showed an
increase at the end of the 2nd split (p<0.001; ES = 0.2). CMJ height increased from baseline
(p<0.05, ES = 0.6 to 0.9) and thereafter it was maintained until the end of the trial. Interest-
ingly, CMJ height increased in the 5th split and its value was significantly different from split
4th (p<0.05, ES = 0.2). There were no differences between the 1st and 2nd CMJ assessed within
each split. RPE increased at the end of 4th split and reached the highest value at the end of the
6th split. HR increased significantly at the 2nd in comparison with the 1st split (p<0.05,
ES = 0.6) and was maintained thereafter while HR expressed as a percentage of the HRmax
showed no variation along the trial. Compared to baseline, bLa was higher until the 4th split
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(p<0.05, ES = 1.7 to 2.6) followed by a decrease at the 6th split, which was lower than the 4th

split (p<0.05, ES = 0.7).
The mean body mass loss during the 30 km trial was 2.5 kg, representing a fluid loss of

~3.5%BM while fluid intake was 0.90 ± 0.3 L (0.3 to 1.6 L) yielding a carbohydrate intake of
53.8 ± 20.3 g (18.0 to 99.0 g).

Significant correlations were found between ΔCMJ at 10, 15, 20, 25 and 30 km and ΔSPEED
at the 30 km (Fig 2). Qualitative analysis showed that chances of a true effect in these correla-
tions ranged between very likely (98.7%) to most likely (99.9%). Other significant correlations
between ΔCMJ and ΔSPEED were: ΔCMJ at 10 km vs ΔSPEED at 20 and 25 km (r = 0.63,
p = 0.036 and r = 0.77, p = 0.006, respectively) and ΔCMJ at 15 km vs ΔSPEED at 20 and 25 km
(r = 0.65, p = 0.029 and r = 0.77 p = 0.006, respectively). No other significant correlations were
found between ΔCMJ and ΔSPEED for the rest of the splits. Also, significant and inverse corre-
lations were found between RPE and speed (Table 3) at different splits and between MAS and
ΔCMJ at 30 km (r = 0.77, p<0.05; Fig 3). Additionally, significant correlations were found
between MAS and Speed at 15, 20, 25 km (r = 0.67 to 0.73, p<0.05).

Table 2. Comparison of the values [Mean ± SD and (95%CI)], and coefficient of variation (CV) for speed, pacing, speed as a% of themaximum aero-
bic speed (%MAS), countermovement jump height in absolute (CMJ) and relative (ΔCMJ%) terms, lactate (bLa), perceived exertion (RPE), and
heart rate (HR), heart rate as a percentage of the maximal (%HRmax) and heart rate as a percentage of the reserve heart rate (%HRR) along the dif-
ferent stages of the trial in half marathon runners.

Pre 5 km 10 km 15 km 20 km 25 km 30 km CV

Speed
(km�h−1)

15.6 ± 0.8
(15.1 to 16.2)

16.0 ± 0.6
(15.6–16.4)

15.7 ± 1.0
(15.0–16.4)

15.3 ± 1.1
(14.6–16.1)

14.6 ± 1.2‡§¥
(13.8–15.5)

14.3 ± 0.9†‡
(13.7–14.9)

0.06 ± 0.02

Pacing (%) 2.95 ± 5.64
(-0.84 to 6.74)

5.32 ± 3.26
(3.14 to 7.52)

3.08 ± 3.84
(0.50 to 5.67)

0.61 ± 3.17
(-1.52 to 2.75)

-3.90 ± 3.58‡§¥
(-6.30 to -1.50)

-6.04 ± 5.41†‡
(-9.74 to -2.33)

29.47 ± 26.21

%MAS 77.00 ± 7.00
(72.30 to
81.70)

78.69 ± 5.39†
(75.07 to
82.32)

76.96 ± 4.61
(73.86 to
80.07)

75.12 ± 4.21
(72.30 to
77.96)

71.79 ± 4.85‡§¥
(68.53 to 75.06)

70.19 ± 5.79
†‡§ (66.30 to

74.09)

0.06 ± 0.02

CMJ (cm) 23.7 ± 3.3
(21.5 to
25.9)

27.1 ± 3.8@
(24.6 to 29.7)

27.0 ± 5.1@
(23.6 to 30.5)

26.9 ± 5.8@
(23.0 to 30.8)

27.3 ± 6.4@
(23.0 to 31.7)

28.5 ± 6.9@¥
(23.9 to 33.1)

27.2 ± 6.5@
(22.8 to 31.6)

0.09 ± 0.04

ΔCMJ% 15.09 ± 11.29
(7.50 to 22.68)

14.21 ± 12.93
(5.52 to 22.91)

12.88 ± 13.80
(3.61 to 22.16)

14.66 ± 15.84
(4.02 to 25.31)

19.96 ± 20.12¥
(6.45 to 33.49)

14.24 ± 18.24
(1.99 to 26.50)

-3.01 ± 9.01

bLa
(mmol�L−1)

1.64 ± 0.72
(1.03 to
2.24)

4.53 ± 1.97@
(3.29 to 6.81)

4.59 ± 1.74@
(3.07 to 6.11)

4.76 ± 1.53@
(4.32 to 5.61)

3.54 ± 1.40@
(2.86 to 4.49)

3.16 ± 2.08 (1.73
to 5.52)

2.56 ± 1.43§
(1.53 to 4.19)

0.45 ± 0.14

RPE# 8 ± 2 (7 to 10) 11 ± 2 (9 to 13) 12 ± 2 (11 to
14)

14 ± 2† (12 to
15)

14 ± 3†‡ (12 to
17)

17 ± 2†‡§ (16
to 18)

0.26 ± 0.09

HR (bpm) 160 ± 14 (151
to 169)

168 ± 12† (160
to 177)

168 ± 12 (160
to 177)

168 ± 11 (160
to 176)

166 ± 13 (157 to
174)

165 ± 10 (159
to 173)

0.04 ± 0.02

%HRmax 87 ± 7 (82 to
91)

91 ± 7 (86 to
96)

91 ± 6 (87 to
95)

91 ± 5 (87 to
94)

90 ± 6 (85 to 94) 90 ± 4 (87 to
92)

0.04 ± 0.02

%HRR 80.6 ± 8.7
(74.8 to 86.5)

87.0 ± 9.4
(80.8 to 93.3)

87.0 ± 7.5
(82.0 to 92.0)

86.6 ± 7.2
(81.8 to 91.5)

84.9 ± 9.1 (78.9
to 91.0)

85.0 ± 5.7 (81.2
to 88.8)

0.06 ± 0.04

# Mann-Whitney U Test. @ Significantly different from PRE (p<0.05).
†Significantly different from the same value at the 5 km stage (p<0.05).
‡Significantly different from the same value at the 10 km stage (p<0.05).
§Significantly different from the same value at the 15 km stage (p<0.05).
¥Significantly different from the same value at the 20 km stage (p<0.05).

Lactate was analyzed using a natural logarithmic transformation, but the raw data are presented for clarity purposes. Pacing was calculated as the

percentage of speed variation in each split in relation to the mean total speed for the 30 km (i.e., positive numbers implies that runners were faster than

the mean speed and negative numbers implies that runners were slower than mean speed).

doi:10.1371/journal.pone.0150679.t002
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Fig 2. Correlations with 95% confidence limits betweenΔCMJ (CMJ height at the end of each split minus CMJ height at baseline) at 10, 15, 20, 25
and 30 km and ΔSPEED 30 km (MASminus Speed at the 6th split).

doi:10.1371/journal.pone.0150679.g002
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An index that included both CMJ height and RPE score as CMJ/RPE was calculated and
plotted this index vs. the speed along the trial. The natural logarithm of mean values in each
stage for CMJ/RPE vs. speed showed a 3rd order fit (Fig 4; y = -1.5165x3 + 3.5764x2–2.4485x +
3.1776; r2 = 0.87).

Discussion
To the best of our knowledge this is the first study describing pacing and concurrent fatigue
and potentiation during a self-paced 30 km trial run in endurance athletes. The main findings
were: a decrease in speed and thus in pacing from the 4th split until the end of the trial, con-
comitant with an increase in CMJ from baseline followed by a maintenance of the jump perfor-
mance; and the relationships between jump potentiation and speed decrements over the
running trial. In addition, cardiovascular responses did not change during the trial while the
metabolic responses showed a decline (i.e., ~53% in bLa levels) towards the end of the 30 km.
Furthermore, RPE scores did not change until the end of the 20 km split. These results of a pro-
gressive decline in speed and increase in RPE throughout the trial are in line with previous

Table 3. Correlations between rate of perceived exertion (RPE) and speed at different splits along the trial.

SPEED 5 km SPEED 10 km SPEED 15 km SPEED 20 km SPEED 25 km SPEED 30 km

RPE 5 km -0.140 -0.487 -0.823** -0.670* -0.614* -0.065

RPE 10 km 0.353 -0.563 -0.711* -0.765** -0.582 -0.114

RPE 15 km 0.185 -0.780** -0.695* -0.787** -0.574 -0.037

RPE 20 km 0.191 -0.526 -0.620* -0.667* -0.572 -0.191

RPE 25 km 0.102 -0.455 -0.398 -0.667* -0.658* -0.528

RPE 30 km 0.158 -0.057 0.330 -0.153 -0.201 -0.688*

*Significant at p<0.05.

**Significant at p<0.01.

doi:10.1371/journal.pone.0150679.t003

Fig 3. Correlation with 95% confidence limits betweenΔCMJ at 30 km andmaximal aerobic speed
(MAS).

doi:10.1371/journal.pone.0150679.g003
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studies [7, 8]. On the other hand, the increase and maintenance of CMJ height along the trial
appears to be related to a potentiation effect as described earlier in endurance athletes [19, 20]

In long distance running, it has been suggested that pacing is regulated by the sensation of
fatigue, where RPE acts to evaluate the perception of exertion during exercise [4, 8, 40]. It
would appear that athletes adjust their running speed by comparing moment-to-moment the
actual with the desirable RPE for a given distance [6, 8] based on an exercise template in the
brain that is updated by previous experience and regulates exercise intensity. Our findings sup-
port such a contention given that the speed reduction observed in our runners coincided with
the increase in RPE (Table 2). Furthermore, there is evidence that pacing is influenced by inter-
nal (e.g., glycogen levels) and external (e.g., environmental conditions, previous experience and
competitions) cues [41]. In the present study, we observed an increase in bLA during the first
splits and a decrease towards the end of the trial (Table 2). In this sense; being that carbohy-
drate availability appears to be critical in long-term events (> 90 min) [7], it is possible that
speed reduction and RPE increases could be related to mechanisms associated with glycogen
depletion (not monitored in the present study). It is worth noting that in our study participants
had a fluid consumption of 0.90 ± 0.3 L (0.3 to 1.6 L) yielding a carbohydrate intake of
53.8 ± 20.3 g (18.0 to 99.0 g) during the entire trial. Also, there were no correlations between
carbohydrate intake and the different measured variables. Recently, Gonzalez et al., [42]
showed that carbohydrate ingestion did not prevent muscle glycogen depletion during pro-
longed cycling (3 h-bouts, 50% of peak power output). In fact, carbohydrate intake in the study
of Gonzalez et al., [42] (1.7 g�min−1) was larger than the observed in our study (~0.45 g�min−1).
Thus, it is likely that carbohydrate intake in our study had no substantial effect on muscle gly-
cogen levels. Thus, the classic results from Karlsson and Saltin [43] of different pacing patterns
in glycogen loaded vs. not loaded 30 km racers, argues in favor of the decrease in speed being
attributable to the depletion of muscle glycogen.

While the previous rationale could partially explain the pacing regulation throughout the
trial, it would not explain the increase in CMJ performance observed after the first 10 km and

Fig 4. CMJ/RPE index vs. Speed. Values are the natural logarithm of the mean for each split. The data was
modeled with a 3rd order polynomial (y = -1.5165x3 + 3.5764x2–2.4485x + 3.1776; r2 = 0.875). The order of
splits is reversed due to the logarithmic transformation; therefore the first split is the one on the farthest right.

doi:10.1371/journal.pone.0150679.g004
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the subsequent maintenance of the jump potentiation (Table 2). In other words, despite the
clear evidence of fatigue (decreased speed, elevated RPE), PAP was present throughout the
trial. As previously noted, the study of muscle fatigue should address both the perceived effort
and decline in force that occurs during sustained activity [10]. In this context, it has been
shown that improving the neuromuscular characteristics of endurance athletes would lead to
an improvement in performance. In fact, Damasceno et al., [44] observed that improvement in
neuromuscular characteristics (i.e., half squat maximum dynamic strength and drop jump
height) in recreational long distance runners were accompanied by a faster end-spurt and
improvement of performance for the same RPE during a 10 km running time trial. These
authors suggested that a possible explanation for the enhanced performance could be a higher
motor unit synchronization that might result in strength potentiation and thus delay the onset
of signals related to fatigue. In this context, it has been shown that endurance athletes can
exhibit concurrent fatigue and potentiation [19, 20]. Moreover, as skeletal muscles can respond
to homeostatic disturbances by initiating a facilitatory response to maintain force output [25]
it is also possible that neural potentiation from both supraspinal and afferent input could con-
tribute to the maintenance of force production. It can be argued that the threshold to recruit
motor units is reduced with neural potentiation and thus fast twitch motor units might be eas-
ier to recruit allowing the improvement or maintenance of muscle performance (i.e., jump
height and running speed) [25, 45]. Thus, our finding of an increase of CMJ performance
could be reflecting a mechanism by which potentiation counteracts fatigue during prolonged
exercise. Another appealing candidate for further examination is what has been termed a
“peripheral governor” in skeletal muscle [46]. Recently, Froyd et al., [30] assessed potentiation
and fatigue during an isokinetic knee extension/flexion time trial and found a significant corre-
lation between indices of fatigue (i.e., post-exercise peak torque) and potentiation (i.e., post-
exercise peak torque/pre-exercise peak torque), which would suggest that the same biological
mechanisms that cause potentiation (changes in Ca2+ sensitivity) may also explain the develop-
ment and recovery of peripheral fatigue. Thus, based on these previous findings and our
results, it could be possible to suggest that pacing may be regulated at both central and periph-
eral level.

In line with the previous discussion, we found correlations between ΔCMJ at 10, 15, 20, 25
and 30 km and ΔSPEED at 30 km (Fig 2) meaning that those who exhibited the greater
improvement in jumping performance (i.e., potentiation) also showed the greatest decrease in
speed during the last split. While this could argue against our hypothesis that PAP moderates
the effect of fatigue this also could be related to the fact that those running at higher intensities
are more likely to exhibit potentiation [29] but in time are more prone to express muscular
fatigue. The correlations between MAS and ΔCMJ at 6th split (Fig 3) and between MAS and
Speed at 3rd, 4th and 5th split (r = 0.67 to 0.73, p<0.05) support this contention. Previously,
Vuorimaa et al., [20] found a significant correlation between the enhancement of neuromuscu-
lar parameters during fatigue state and MAS in elite long distance runners which is consistent
with our finding. More recently, Mettler and Griffin [47] have shown that muscular endurance
did not change the pattern of motor unit firing rates but increased endurance time during a
fatiguing task. As a partial explanation, the authors [47] suggested that endurance training
allowed the central nervous system to sustain similar firing rates of motor units over a longer
period of time. In this context, our data shows a clear breaking point after the 4th split (20 km),
with a decrease in speed concomitant with an increase in CMJ height and RPE values
(Table 2). In this sense, after a 30 km trial, Millet et al., [28] showed that subjects with the great-
est knee extensors strength loss also experienced a large activation deficit, which was related
with central fatigue. Additionally Millet et al [28] did not find changes in low frequency fatigue
after a 30 km running trial and suggested that exercise may have potentiated the contraction
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torque and hidden the low frequency fatigue. Therefore, taking into account the current and
previous findings, we may suggest that the observed increases in jumping performance through
the trial may reflect a potentiation effect counterbalancing the effects of fatigue.

We also found an inverse correlation between RPE and speed at different splits (see
Table 3). Previously, Crewe et al., [48] reported that the rise in RPE accurately predicted the
duration of fixed-intensity exercises and suggested that the brain must be able to forecast the
duration of exercise and then set the rate of increase in RPE. This appears to be true for our
athletes as some correlations were observed between RPE at 5 km and speeds at 15–25 km,
although it has been noticed that pace regulation based on effort perception can result in slower
speeds with findings showing that altering perceptions of pace control have an impact on run-
ners’ focus of attention [49]. On one hand these results could be related to the involvement of
afferent information [14] as it has been noted that stimulation of III/IV muscle afferents con-
tributes to the prevention of peripheral fatigue during exercise [13]. However, it has also been
noticed that afferent feedback does not contribute significantly to perception of effort during
exercise and other mechanisms, such as centrally generated forwarding neural signals, may be
involved [50]. On the other hand, given that maximal voluntary muscle activation is considered
a key indicator of central fatigue, our results of a maintained and increased jumping perfor-
mance could suggest that PAP is acting to maintain muscle performance. This is in agreement
with the results of a previous study [51] showing that endurance-trained athletes can maintain
or increase vertical jump performance despite the fatigue induced by an interval training proto-
col through the improvement of mechanical variables via PAP. Consequently, considering all
factors, it is tempting to suggest that in spite of the increase in RPE, the observed increase in
CMJ height could be reflecting a peripheral mechanism counteracting the imbalance between
fatigue and potentiation and thus a further loss in speed (i.e., greater than the observed
decrease). In other words, the neuromuscular system must balance conflicting facilitatory and
inhibitory responses in maintaining submaximal forces [25].

Based on the premise that, on one hand maintenance or increased jump performance would
be associated with an increase or maintenance of speed and, on the other hand the elevated
RPE due to fatigue would be related to a decrease in speed, we calculated an index that included
both CMJ height and RPE score as CMJ/RPE and plotted this index vs. the speed along the trial
(Fig 4). Interestingly, the mean values in each stage for CMJ/RPE vs. speed showed a 3rd order
fit (r2 = 0.87), which might imply that balance between fatigue and potentiation could be mod-
ulating pacing. Even more interesting is that the model would predict a tendency towards
maintenance or reduced CMJ/RPE index, but with a concomitant increase in speed, which
could be due to the balance between fatigue and potentiation.

Although this was a multi-stage trial, it is worth mentioning that this model could be con-
sidered valid [32] to assess muscle function and pacing during prolonged endurance exercise in
a more ecological condition [52]. In activities lasting between 2 min to several hours it has been
suggested that competitors typically employ a U-shaped pacing strategy pattern [4, 53] and
recently, Hanley [54] showed that half-marathon runners exhibit a reverse-J pacing profile dur-
ing competitions with some slight differences between men and women. This, in time is associ-
ated with the concept of planned pacing strategies that regulate performance [4, 54, 55]. In this
sense, although we did not observe such patterns, it is important to note that in our study the
athletes were only males and did not run in groups, whereas the selected distance (i.e., 30 km)
was not a common competitive distance (e.g., marathon or half marathon). Thus, while we
were not able to gather data with a high level of precision within the splits (i.e., GPS), an end-
spurt during the terminal segment of the trial (e.g. last km) might be indicative of an increase
in PAP as a countermeasure to fatigue with more studies needed. Moreover, Santos-Lozano
et al., [38] reported that top runners were those with lower variability in their speed (i.e., CV).
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In agreement with this, we found a moderate correlation between the CV for speed and total
time (r = 0.64, p = 0.035). Therefore it seems that variability of pacing is an issue to consider
when analyzing data from prolonged running.

Finally, given that it is known that fluid loss could influence performance during prolonged
events [56] in warm environments, we monitored the hydration status by accounting for fluid
ingestion and changes in body mass during the trial. The mean body mass loss during the 30
km run was 2.5 kg representing a fluid loss of 3.5%, which is within the acceptable limits of
dehydration [56]. Moreover, recently a meta-analysis by Savoie et al. [57] showed that vertical
jumping ability is not altered by hypohydration but suggested that a water loss equivalent to
~3% BWmay improve performance in BW-dependent tasks. We found that athletes had no
significant differences on hypohydration levels and a covariance analysis using percentage of
dehydration as a covariate did not show significant results. Thus, it is possible to assume that
in our athletes hypohydration had little or no effects on jumping performance.

Conclusions
In conclusion, we found a reduction in speed and pacing in the final 10 km of a 30 km trial con-
comitant with the increase in RPE while jumping performance increased from baseline and
was maintained thereafter. From our results, it could be suggested that pacing can be regulated
by two different mechanisms—one acting as an integrative central center, as reflected in RPE
scores, and other acting at a peripheral level whereby the potentiation response increases mus-
cle performance. The 3rd order polynomial fit of the CMJ/RPE index vs. Speed, could be repre-
sentative of the balance between fatigue and potentiation showing a dual control of the pacing.
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