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Abstract: Background: Current carbohydrate (CHO) intake recommendations for ultra-trail activities
lasting more than 2.5 h is 90 g/h. However, the benefits of ingesting 120 g/h during a mountain
marathon in terms of post-exercise muscle damage have been recently demonstrated. Therefore,
the aim of this study was to analyze and compare the effects of 120 g/h CHO intake with the
recommendations (90 g/h) and the usual intake for ultra-endurance athletes (60 g/h) during a
mountain marathon on internal exercise load, and post-exercise neuromuscular function and recovery
of high intensity run capacity. Methods: Twenty-six elite trail-runners were randomly distributed
into three groups: LOW (60 g/h), MED (90 g/h) and HIGH (120 g/h), according to CHO intake during
a 4000-m cumulative slope mountain marathon. Runners were measured using the Abalakov Jump
test, a maximum a half-squat test and an aerobic power-capacity test at baseline (T1) and 24 h after
completing the race (T2). Results: Changes in Abalakov jump time (ABKJT), Abalakov jump height
(ABKH), half-squat test 1 repetition maximum (HST1RM) between T1 and T2 showed significant
differences by Wilcoxon signed rank test only in LOW and MED (p < 0.05), but not in the HIGH group
(p > 0.05). Internal load was significantly lower in the HIGH group (p = 0.017) regarding LOW and
MED by Mann Whitney u test. A significantly lower change during the study in ABKJT (p = 0.038),
ABKH (p = 0.038) HST1RM (p = 0.041) and in terms of fatigue (p = 0.018) and lactate (p = 0.012) within
the aerobic power-capacity test was presented in HIGH relative to LOW and MED. Conclusions:
120 g/h CHO intake during a mountain marathon might limit neuromuscular fatigue and improve
recovery of high intensity run capacity 24 h after a physiologically challenging event when compared
to 90 g/h and 60 g/h.
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1. Introduction

Participation in ultra-endurance mountain race events (>4 h) has increased in recent years [1].
The different distances run by participants range from mountain marathons (42,195 m) to multistage
ultra-marathons (up to 350 km), with an accumulative altitude gain of 24,000 m during the most extreme
events [2]. In addition, mountain athletes are exposed to different environmental conditions, such as
irregular terrains with a variety of geographical and topographic characteristics, climatic conditions,
altitude exposure and temperature fluctuations [2–4]. This results in extreme physiological demands
which may cause, among other things, negative energy balance, dehydration, decrease in blood
glucose levels, muscle and hepatic glycogen depletion, exercise induced muscle damage (EIMD) and
inflammation [2–5], and therefore might induce high levels of neuromuscular fatigue [2,6]. In this sense,
the fatigue experienced by the runner could be quantified by monitoring the internal exercise load
(determined by intensity (measured or perceived) × time) endured by an athlete during exercise [7,8]
and by looking for different strategies that allow it to be delayed [7].

Carbohydrate (CHO) intake during endurance exercise has been shown to delay neuromuscular
fatigue and improve exercise capacity and work rate significantly in a dose–response relationship [9,10].
In this sense, although the current recommendations in events lasting more than 2.5 h include the
90 g /h CHO intake [11,12], a gut training avoids gastrointestinal discomfort that it could facilitate
the intake of greater amounts of CHO to the recommendations [13]. In this sense, although >90 g/h
CHO intake may have controversial results [9,14], Pfeiffer et al. showed that athletes who consumed
120 g/h were among the fastest during two ultraendurance events, indicating a delay in the onset of
fatigue [10]. In addition a study carried out by our lab has recently demonstrated that higher CHO
intake (120 g/h) than recommended could be a determining factor in the internal exercise load response
and could limit exercise-induced muscle damage (EIMD) in elite trail runners 24 h after completing a
mountain marathon, suggesting that recovery time after such an endurance event could be shortened
by a suitable CHO intake during exercise [15]. In addition, it is well known that CHO substrate
availability plays a central role in peripheral fatigue, but also within the central nervous system and,
thus, in central fatigue [16]. Stewart et al. [17] showed that glucose intake (1.23 ± 0.11 g/kg body mass)
during exercise with a 15-min frequency in 15 untrained participants improved muscle function due
to attenuated disturbances in the membrane excitability, suggesting that peripheral fatigue could be
delayed by CHO intake during exercise.

Peripheral fatigue is understood as the failure of local mechanisms in the muscle and, therefore,
the decrease in the contraction and relaxation function that are related with the energetic status
of the muscle cell [18,19]. Among these mechanisms, the potential action in the sarcolemma,
the excitation–contraction (E-C) coupling and the interaction between actin and myosin proteins that
allowed the muscle to contract and relax [20]. In this sense, the link between localized intramyofibrillar
glycogen content and muscle function, mediated by the Ca2+ release from the sarcoplasmic reticulum
(SR), has been established in the literature [21,22]. A study conducted on elite cross-country skiers
showed a correlation between the reduction in skeletal muscle glycogen and release rate of Ca2+ after
completing 1 h of maximum effort [22]. Moreover, significant differences were found in glycogen
content and Ca2+ release after 4 h post-exercise between the group that consumed CHO (1 g/kg body
weight/h) and the placebo one (water), suggesting that CHO intake during exercise might take on a
major role in improving short term glycogen replenishment and muscle function [22].

Additionally, both short- and long-term recovery periods following exercise play an important
role in ensuring a suitable return to physiological and metabolic homeostasis in athletes. When the
neuromuscular function has been affected, replenishment of glycogen stores is required to restore
muscle function [23,24]. After exhaustive exercise and glycogen depletion, 36–48 h of high CHO
diet (>7–9 g/kg body mass-BM) is needed to compensate muscle glycogen content [25]. However,
when EIMD takes place, replenishment capacity is highly compromised, delaying this process by up to
10 days [26]. Moreover, the recovery kinetics of the neuromuscular function were studied following
an ultra-marathon race, showing interesting results regarding peripheral and central fatigue [3].
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While maximal voluntary activation and low frequency fatigue were recovered within 2 days, plasmatic
Ca2+ was still reduced at this point and muscle damage biomarkers returned to the baseline on day
5 [3]. In general, authors found that the majority of central and peripheral function indexes were
recovered within 9 days [3], although it is generally accepted that central fatigue persists longer than
peripheral fatigue [27]. Furthermore and with regard to glycogen replenishment and Ca2+ release
from the SR, Ortenblad et al. [22] found that after ingesting a high CHO diet within 22 h post-exercise,
both glycogen content and the Ca2+ release rate returned to baseline levels.

Optimal nutritional protocols to ensure recovery following exercise have been extensively documented
in the literature regarding glycogen resynthesis, protein synthesis and rehydration [25,28–30]. Although
few studies have been conducted with the ingestion of protein and carbohydrates during the exercise
with the aim of improving recovery [31–33], ingested CHO quantities were lower than currently
recommended [11]. To the best of the authors’ knowledge, no research has been conducted using
only CHO in high doses during exercise to optimize post-exercise recovery, which could prove very
interesting when it comes to improving training capacity and performance in multi-stage competitions.
As CHO intake represents a possible methodology not only to help improve performance during
exercise, but also to improve recovery through different mechanisms such as limiting EIMD, decreasing
internal exercise load and neuromuscular fatigue, maintaining suitable levels of blood glucose and
sparing muscle and hepatic glycogen, the purpose of this research was to analyze the effects of a
high CHO (120 g/h) intake during a mountain marathon on 24 h recovery in elite runners in terms of
neuromuscular function and high intensity run capacity in elite male ultra-endurance athletes.

The main hypothesis of this research was to ascertain whether 120 g /h CHO intake could reduce
neuromuscular fatigue by internal exercise load and improve long term recovery compared to current
recommendations for ultra-endurance events (90 g/h) [34,35], and regular CHO intake on the part of
athletes during such races (60 g/h) [36].

2. Materials and Methods

2.1. Participants and Experimental Protocol

The current research was put together as a randomized trial with the aim of examining the effects
of 120 g/h of CHO intake during a trail marathon race on internal exercise load during exercise and
muscle recovery 24 h following exercise. The 120 g/h of CHO supplementation was compared to
international references for ultra-endurance events (90 g/h) [34,35], and regular CHO intake of athletes
during such races (60 g/h) [36]. The use of 120 g/h was determined because previous studies have
shown that after a training of gut tract it is possible to tolerate this amount [10,37] and because 120 g/h
of CHO during an ultraendurance race has shown a lower internal exercise load and lower EIMD [15].

Thirty-one elite male athletes were assessed for eligibility in this study (including 2 trail skyrunner
world champions from the International Trail Running Association (ITRA) and the International
Association of Athletics Federations (IAAF)). After removing 5 athletes because they failed to meet the
inclusion criteria (>5 years’ experience in ultra-endurance training, having undertaken personalized
training of the gut tract to enhance CHO absorption capacity and tolerance and not taken any drugs or
performance supplements [38] to avoid any possible interference in the recovery process during the
1-week period prior to the race), 26 athletes were involved in the randomization process and went on
to take part in the mountain marathon race. These 26 athletes were inspected by a medical doctor prior
to the study in order to check they had no injury or disease. None of the runners were suffering from
any disease, and none of them were taking any medication.

The runners were randomized into three different groups by an independent statistician via a
randomization sequence using SPSS software as follows: (I) group that was supplemented with 60 g/h
of CHO (LOW; n = 8; BMI: 23.0 ± 2.9 kg/m2), (II) group that was supplemented with 90 g/h of CHO
(MED; n = 9; BMI: 22.4 ± 2.6 kg/m2) and (III) group that was supplemented with 120 g/h of CHO (HIGH;
n = 9; BMI: 22.1 ± 3.0 kg/m2). The runners were instructed that as soon as they felt any damage and/or



Nutrients 2020, 12, 2094 4 of 17

gastrointestinal distress which might compromise their athletic performance, they should withdraw
from the marathon to avoid interference in the results. As a result, 6 athletes withdrew during the
race (3 with gastrointestinal discomfort–flatulence and/or reflux and 3 with injury). The remaining
athletes finished the marathon without experiencing any injuries and/or gastrointestinal difficulties.
Consequently, the sample included in the current research comprised 20 athletes, including 2 world
champions (6 runners for the LOW, 7 runners for the MED and 7 runners for the HIGH) [15].

All participants ingested CHO during the race using the same gels made for this research at
the University of Valladolid Physiology Laboratory (Soria) by an experienced pharmacist using a
gel packaging machine. The gels contained 30 g of maltodextrin (glucose) and fructose (ratio 2:1) to
increase exogenous CHO oxidation during exercise [39]. The athletes carried previously configured
GPS alarms to notify them that they should intake CHO gels every 15, 20 and 30 min during the
mountain marathon race, with runners needing to consume 1/4, 1/3 or 1/2 of the total g of CHO per
hour according to their group (HIGH, MED, LOW, respectively) (Figure 1). Although athletes drank
water ad libitum during the race, the participants ingested no food other than the gels. The athletes
were instructed to extract the maximum content of the gels so that the residual amount was minimal.
Likewise, all the athletes who finished the race confirmed through a questionnaire that all the gels had
been taken at the time and in the manner previously indicated.
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Figure 1. Experimental design of study including pre- and post- tests and race fueling protocol and
timing. CHO: Carbohydrate.

The “marathon of Oiartzun” is a mountain marathon race (42.195 km) which began at 9:00 am
in Oiartzun (Guipúzcoa-Spain) (10 ◦C, 60% humidity and 10 km/h wind speed) and was controlled
by official chronometers. The race consisted of an entry and exit to a circuit that the runners had to
complete 3 times. The height accumulated gradient of the mountain marathon race was 3980.80 m
(1990.40 m positive and negative, respectively) (Figure 1), while the maximum and minimum height
was 638.20 m and 3.80 m, respectively.

During the race, the heat rate (HR) was documented using a HR monitor, and the mean HR
(HRmean) and maximum HR (HRmax) during the event were also recorded.

Prior to commencement of the study, all athletes received information about the purpose of it
and associated risks and benefits. Subsequently, everyone signed an informed consent. The study
was designed according to the guidelines laid out in the Declaration of Helsinki and approved by the
Human Ethics Committee at the Valladolid Health Area, Valladolid, Spain (PI 19-1345).
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2.2. Dietary Assessment

By way of an inclusion criterion, it was stated that all athletes should have undertaken gut training
which involved ensuring >90 g/h CHO intakes > 2 days/week over the 4 weeks prior to the race [13,40].

Regarding diets and menus during the research period, all were put together individually for
each athlete in accordance with international recommendations for ultra-endurance sports [34,35] by
the same certified sport dietitian-nutritionist.

The athletes obtained a personalized diet for a 48-h period prior to T1 and marathon race day with
9 g CHO/kg BM/day, 1.5 g protein/kg BM/day and 0.5 g fat/kg BM/day to adjust their glycogen content.
This diet comprised, among other foods, vegetables, olive oil and fish, although it did not contain any
fatty meat or butter [41]. Moreover, runners had breakfast (2 g CHO/kg BM) at the ElikaEsport Health
Center 3 h prior to commencement of the mountain marathon race. This breakfast consisted of rice or
paste, corn cereals with oat drink, cooked fruit and biscuits with jam, sweet quince or cheese.

At the end of the marathon, each athlete ingested 1.2 g of CHO/kg BM with 0.3 g of whey isolate
protein/kg BM in the recovery shakes.

Within the next 24 h until T2, each runner consumed a suitable diet (9g CHO/kg BM, 1.5 g
protein/kg BM and 0.5 g fat/kg BM) in order to replenish glycogen levels to almost 90–93% of previous
muscle glycogen [25,42].

2.3. Athletic Performance Test

Runners attended the laboratory for an athletic performance test the week prior to the trail
marathon race (T1) and 24 h after it (T2). The internal exercise load was estimated by training impulse
(TRIMP) and athletic recovery was assessed using the Abalakov jump test (ABK), Drop jump test (DJ),
Half Squat test (HST) and aerobic power-capacity test.

The two test sessions were carried out at the ElikaEsport Health Center under standard conditions
(temperature: 20 ◦C and humidity: 55%) for both test sessions, and the tests were completed following
a standardized 15-min warm-up. The warm-up involved 10 min of running with two 1-min speeding
up (at 3 min and 5 min) and 5 min of injury prevention drills consisting of general movements,
dynamic/static stretching and core stability.

2.3.1. Neuromuscular Function

Abalakov jump test [43] and half squat [44] test were chosen to measure the neuromuscular
function of leg extensor muscles in athletes and recreationally active men given that they can achieve
this with a high degree of reliability.

Abalakov jump test: Participants made 3 countermovement with 30-s breaks between jumps [45].
All runners had to start from an upright position and performed a knee flexion of 90◦ followed
by an extension as fast as possible to reach the highest possible jump height. An optical (infrared)
data collection was used (Optojump Next Microgate, Bolzano, Italy) to measure jump time (ABKJT),
and Abalakov jump height (ABKH) was calculated [46]. The best of the three records was used for
statistical analysis.

Half Squat test: 5-min following Abalakov jump test, runners performed a 1-repetition maximum
test (1RM) of half squat test (HST1-RM) using a Multipower machine (BH Max Rack LD400, Vitoria,
Spain). After 5 min rest from HST1-RM the runners performed three repetitions at maximal speed
for a load of 70% of their 1-RM in this half-squad exercise, with 1-min rest between repetitions to
determinate the concentric movement speed of half-squad test (HSTSpeed). During half squat test the
athletes performed a knee flexion until the thigh was parallel to the ground (90◦ knee angle) and,
following a command, moved the bar up as fast as possible, without their shoulder losing contact with
the bar [47]. They then had to wait 3 s to remove the elastic component, after which they were given an
external signal to perform a concentric extension of the lower limbs until reaching 180◦ at the highest
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possible speed. The average concentric movement speed was measured using the PowerLiftversion
4.2.4 app for Iphone [48].

2.3.2. High Intensity Run Capacity

Aerobic power-capacity test: Runners performed a maximum aerobic power test on an ergometric
tape (Tunturi Pure 6.1, Almere, The Netherlands). The protocol used involved maintaining a constant
speed of 20 km/h, with a slope of 1%—this being the maximum possible time until exhaustion [46].
During the test, the maximum HR (HRmax) was recorded using HR monitors (Polar V800, Kempele,
Finland) taking as reference the highest HR achieved by the athletes during the test. Likewise, at the
end of this test a blood sample was obtained from the earlobe to detect blood lactate using a Lactate
Scout analyzer (SensLab GmbH, Leipzig, Germany), and at the end of the test athletes also indicated
the rate of perceived exertion (RPE) based on the Borg scale [49].

2.4. Internal Exercise Load

During the mountain marathon racing, the heat rate (HR) of all runners was monitored continuously
using the same HR monitors as used in the aerobic power-capacity test. Likewise, during the race the
HRmean and HRmax were recorded, and internal exercise load was also calculated using individualized
training impulse (TRIMP) [49,50]. TRIMP was obtained as the product of trail marathon duration
and intensity multiplied by a nonlinear metabolic adjustment factor. For its part, the trail marathon
intensity was calculated as: ∆HR = (HRmean − resting HR)/(HRmax − resting HR).

2.5. Anthropometry and Body Composition

All anthropometric and measurements were administered by an internationally certified level
3 anthropometrist. The anthropometrist administered measurements at T1 in accordance with the
International Society for the Advancement of Kineanthrometry (ISAK). All measurements were taken in
duplicate, with the exception of those that exceeded 5% difference between each other, which required
a third measurement.

BM (kg) and height (cm) were measured using a scale (Mod. 220; SECA Medical, Bradford,
MA, USA), with 0.1 kg and 1 mm precision respectively. Body Mass Index (BMI) was considered in
accordance with the equation: BM/height2 (kg/m2), while triceps, subscapular, suprailiac, abdominal,
front thigh and medial calf skinfolds were examined using a skinfold caliber (Harpenden Skinfold
Caliber, British Indicators Ltd., London, UK), with 0.2 mm precision. The sum of these 6 skinfolds
(mm) was then calculated. A Lufkin model W606PM measuring tape with 1 mm precision was used to
measure the perimeters (relaxed arm, mid-thigh and calf) in cm. These girths were all corrected for the
skinfold at the site using the following formula: (corrected girth = girth − (π × skinfold thickness at
the site)). Relaxed arm girth was corrected for triceps skinfold (CAG), mid-thigh girth corrected for
front thigh skinfold (CTG), and calf girth was corrected for medial calf skinfold (CCG). Muscle mass
(MM) was predicted using the Lee [51] equation for males and Caucasian athletes:

MM = height × (0.00744 × CAG2 + 0.00088 × CTG2 + 0.00441 × CCG2) + 2.4 − 0.048 × age + 7.8.

2.6. Statistical Data Analyses

Statistical analysis was completed by Statistical Package for the Social Sciences 24.0 (SPSS Inc.,
Chicago, IL, USA), with results being shown as mean and standard deviation. The significance level
for all analyses was set at p < 0.05.

Although the data obtained presented a parametric distribution after using the Shapiro–Wilk
test (n < 50), non-parametric tests were performed because the sample in each of the study group
was very small. The percentage changes of the physical test between T1 and T2 were considered as ∆
(%): ((T2 − T1)/T1) × 100. ∆ (%) of athletic recovery (Abalakov jump test, half-squad test and aerobic
power-capacity test) was compared among 3 CHO intake groups using Kruskal–Wallis test with the
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CHO intake groups as the fixed factor. A Mann Whitney u tests test was completed for pairwise
comparisons between groups.

Similarly, differences between T1 and T2 in each athletic recovery test in each CHO intake group
were assessed using a Wilcoxon signed rank test.

3. Results

Table 1 shows race time, age, body composition and anthropometric characteristics of subjects
at T1 according to each study group. No significant differences were observed for race time, age or
anthropometric characteristics between groups (p > 0.05).

Table 1. Race time, age, anthropometric characteristics and body composition in low (LOW), medium
(MED) and high (HIGH) groups at baseline (T1).

Variables LOW MED HIGH p

Race Time (min) 278.2 ± 43.6 284.1 ± 40.0 271.7 ± 41.7 0.063
Age (years) 37.8 ± 9.4 37.2 ± 5.4 38.0 ± 6.8 0.639
Height (cm) 175.6 ± 10.3 172.3 ± 7.0 174.2 ± 3.5 0.361
Weight (kg) 71.8 ± 10.3 66.6 ± 10.1 67.4 ± 11.1 0.607

BMI 23.3 ± 2.9 22.4 ± 2.6 22.1 ± 3.0 0.747∑
6S (mm) 58.8 ± 21.5 55.4 ± 21.6 43.7 ± 21.6 0.467

Muscle Mass (kg) 29.8 ± 4.7 28.4 ± 5.1 30.4 ± 3.2 0.412

Table 2 shows the values obtained from the Abalakov and half-squat test at T1 and T2 in the three
study groups. A significant decrease was noted in ABKJT and ABKH in LOW and MED (p < 0.05), while
the HIGH did not show any significant differences in these parameters between T1 and T2 (p > 0.05).

Table 2. Results of the Abalakov jump and half-squad test in low (LOW), medium (MED) and high
(HIGH) groups at T1 and T2.

Study Time LOW MED HIGH p

ABKJT (s)

T1 0.54 ± 0.05 0.53 ± 0.06 0.53 ± 0.05 0.867
T2 0.51 ± 0.05 * 0.50 ± 0.04 * 0.53 ± 0.04 0.867

ABKH (cm)

T1 36.57 ± 6.36 34.86 ± 7.37 34.46 ± 6.55 0.861
T2 32.42 ± 6.52 * 31.06 ± 4.97 * 34.47 ± 4.78 0.584

HST1-RM (kg)

T1 103.32 ± 35.67 109.07 ± 33.62 97.17 ± 8.60 0.991
T2 81.66 ± 32.42 91.91 ± 25.54 90.09 ± 14.20 0.659

HSTSpeed (m/s)

T1 0.65 ± 0.06 0.63 ± 0.10 0.57 ± 0.14 0.728
T2 0.60 ± 0.11 0.50 ± 0.09 * 0.55 ± 0.18 0.370

Data are indicated as mean ± standard deviation. p: Statistical differences among groups in each time point by
Kruskal–Wallis test. * Significant differences (p < 0.05) between time points (T1 vs. T2) within the same group as
determined by Wilcoxon signed rank test.

On the other hand, although there was a tendency towards a smaller loss in HST1-RM in HSTSpeed

in the HIGH (HST1-RM: T1: 97.17 ± 8.60 vs. T2: 90.09 ± 14.20 Kg; HSTSpeed: T1: 0.57 ± 0.14 vs. T2:
0.55 ± 0.18 m/s) in terms of LOW (HST1-RM: T1: 103.32 ± 35.67 vs. T2: 81.66 ± 32.42 Kg; HSTSpeed: T1:
0.65 ± 0.06 vs. T2: 0.60 ± 0.11 m/s) and MED (HST1-RM: T1: 109.07 ± 33.62 vs. T2: 91.91 ± 25.54 Kg;
HSTSpeed: T1: 0.63 ± 0.10 vs. T2: 0.50 ± 0.09 m/s), no significant differences were observed in the
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group-by-time for these parameters (p > 0.05). However, there were significant declines in HSTSpeed in
MED between T1 and T2 (p < 0.05).

Table 3. Sets out the aerobic power-capacity test results of the three groups at T1 and T2.
A significant decrease was shown in aerobic power-capacity test time in MED between T1 (104.0± 48.1 s)
and T2 (87.9 ± 39.4 s) (p < 0.05). Moreover, although there was a tendency for a decreased lactate in
MED (T1: 5.80 ± 0.91 vs. T2: 4.79 ± 1.35 mmol/l; p < 0.05)), only LOW evidenced a significant reduction
in lactate between T1 (7.45 ± 1.42 mmol/l) and T2 (5.65 ± 1.27 mmol/l) (p < 0.05). However, HR max
showed significant declines both in LOW and MED between T1 and T2 (p < 0.05). On the other hand,
Borg showed a significant decrease in HIGH throughout the study (T1: 18.29 ± 0.76 vs. T2: 17.00 ± 1.00;
p < 0.05), and the Borg value in T2 was significantly less compared to LOW (18.83 ± 0.98) and MED
(18.71 ± 1.38) (p < 0.05).

Table 3. Results of the aerobic power-capacity test in low (LOW), medium (MED) and high (HIGH)
groups before (T1) and after (T2) completing the competition.

Study Time LOW MED HIGH p

Time (s)

T1 102.8 ± 38.3 104.0 ± 48.1 108.0 ± 46.5 0.962
T2 89.8 ± 37.1 87.9 ± 39.4 * 110.1 ± 48.4 0.537

Lactate (mmol/L)

T1 7.45 ± 1.42 5.80 ± 0.91 6.79 ± 2.30 0.200
T2 5.65 ± 1.27 * 4.79 ± 1.35 6.70 ± 2.07 0.131

HR max (bpm)

T1 184.8 ± 14.2 186.0 ± 11.0 179.6 ± 9.0 0.791
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Figure 2 shows the TRIMP during the trail marathon, with a significant difference in TRIMP being
evidenced between groups (p = 0.017). Specifically, a significant higher TRIMP was observed in LOW
(399.8 ± 17.5) and MED (371.2 ± 16.2) compared to HIGH (314.8 ± 16.2).

Figure 3 displays the percentage of change of ABK and HST between T1 and T2 in the three study
groups. Significant differences were observed among groups in ABKJT (p = 0.038) and ABKH (p = 0.038).
In this sense, there were significant improvements (p < 0.05) in ABKJT in the HIGH (0.53 ± 5.12%)
compared to LOW (−5.90 ± 4.18%) and MED (−5.02 ± 4.22%). Likewise, there was a significant
improvement (p < 0.05) in ABKH in the HIGH (1.19 ± 8.05%) regarding LOW (−11.33 ± 8.00%) and
MED (−9.66 ± 8.19%). Figure 4 also shows significant percentage differences in HST1-RM among groups
between T1 and T2 (p = 0.041). Specifically, a significant smaller decline was noted (p < 0.05) in HST1-RM

in HIGH (−2.35 ± 7.23%) compared to LOW (15.30 ± 7.54%) and MED (−13.84 ± 9.74%) between T1
and T2, while HIGH (−4.19 ± 11.31%) evidenced a significant smaller decline (p < 0.05) in HSTSpeed

compared to MED (−20.06 ± 14.75%) during the study.
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Figure 4 shows significant differences in percentage change of time in aerobic power-capacity test
(p = 0.018) between T1 and T2. Specifically, HIGH (1.28 ± 8.55%) showed a significantly better change
in time in aerobic power-capacity test compared to LOW (−14.09 ± 14.98%) and MED (−14.87 ± 11.86%)
between T1 and T2 (p < 0.05). Likewise, HIGH (1.69 ± 11.78%) displayed a significantly higher increase
in lactate (p = 0.012) compared to LOW (−22.69 ± 9.38%) and MED (−13.94 ± 12.41%). Furthermore,
although the percentage change in HIGH showed a tendency towards better values in Borg compared
to LOW and MED, these differences were not significant (p = 0.066).
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4. Discussion

The main purpose of this study was to analyze the effects of 120 g/h CHO intake during a
mountain marathon on long-term recovery and compare it to current international recommendations
for endurance exercise (90 g/h) [34,35] and regular CHO intake by athletes during ultra-endurance
events (60 g/h) [36]. It was hypothesized that a greater amount of CHO ingestion during exercise
could result in better recovery parameters, allowing runners to optimize their performance in the
24 h following a race. To this end, this study focused on measuring two main physiological and
metabolic qualities involved in the trail running discipline that are determinants for performance:
neuromuscular function and high intensity run capacity [3,46,52]. The main findings showed that
neuromuscular function, measured by an Abalakov jump test, had a better response 24 h following
the mountain marathon race in the HIGH (120 g/h) group compared to MED (90 g/h) and LOW
(60 g/h). Moreover, HIGH significantly limited HST performance loss in terms of LOW and MED.
Regarding high intensity run capacity, runners that consumed 120 g CHO/h during the mountain
marathon evidenced significantly higher lactate production and better performance in the aerobic
power-capacity test carried out 24 h after the race compared to MED (90 g/h) and LOW (60 g/h).
These results suggest that a higher CHO intake than recommended during a mountain marathon might
improve long-term recovery of neuromuscular function and high intensity run capacity and limit the
decrease in performance capacity 24 h following a challenging race.

Mountain running events such as marathons and ultra-marathons represent extreme physiological
and metabolic challenges as they involve long distances and high exercise intensities, combined
with a wide variety of up and down terrain [2]. The runners may find their performance is limited
during these events, among other reasons owing to negative energy balance, dehydration, decrease
in blood glucose levels, muscle and hepatic glycogen depletion, exercise induced muscle damage
and inflammation, and neuromuscular fatigue [2–5]. In order to face these major challenges to delay
fatigue and improve performance, runners should be properly prepared in both neuromuscular and
metabolic capacities [3,6] and use several nutritional protocols [12]. Some authors have shown that
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CHO intake during high load exercise, such as occurs during a mountain marathon, has beneficial
effects on performance, fosters faster muscle function and delays fatigue [17,34,53–55]. In the present
study, although performance did not show any significant improvement, it did show a tendency for
runners who ingested 120 g/h of CHO during the marathon race to be faster than those who took 60 g/h
and 90 g/h. In addition, runners who took more CHO (HIGH) during the marathon evidenced a lower
internal exercise load (TRIMP) compared to the other groups (LOW and MED), which might indicate
that the HIGH group suffered less fatigue [7,8].

Although fatigue is multifactorial, neuromuscular fatigue represents a determining factor in
mountain endurance events [3,20], and both glycogen content and high intensity run capacity are
also supposed to be determinants in endurance and high intensity exercises [12,34,42]. In this study,
a significantly lower TRIMP was reported in those athletes that consumed 120 g CHO/h compared with
90 and 60 g/h. Moreover, HIGH showed better neuromuscular function and high intensity running
capacity after 24 h relative to LOW and MED, suggesting that the intake of CHO could impact positively
on these performance parameters. Neuromuscular fatigue comes when the force production in the
muscle is lowered due to disturbances in the central and peripheral nervous system function [19].
Specifically, peripheral fatigue is related to the local muscle mechanisms that impair muscle contraction
and relaxation [18,19]. Briefly, distal or peripheral fatigue involves three main components of the
muscle function as follows: (I) the transmission of potential action from the sarcolemma, (II) the
excitation–contraction (E-C) coupling regulated by the Calcium (Ca2+ release from the sarcoplasmic
reticulum (SR)) and (III) the interaction between actin-myosin proteins [20]. In this respect, EIMD is
an important factor that limits the muscle function affecting these three main components [27,56,57].
Although none of these where directly measured in present study, the results showed previously by
our lab where lower EIMD was found with 120 g CHO/h intake [15], could explain the significantly
better neuromuscular function recovery reported in this study HIGH group.

Moreover, it has been shown that mountain running endurance events have a high impact
on peripheral fatigue, reducing muscle function and performance [3,20,58]. Specifically, changes in
excitation–contraction (E-C) coupling failure and neuromuscular propagation reduction may contribute
to a decrease in maximal force production [58]. In the same line, downhill running induced eccentric
contractions and EIMD are related to so-called low-frequency fatigue (LFF), which has been closely
associated with E-C coupling failure and, as explained, with muscle force reduction [20,59–61]. In fact,
E-C coupling failure results in a decrease in free Ca2+ concentration in the cytosol mediated by the
reduced Ca2+ release from the SR [61]. This Ca2+ reduction could be explained by three main factors:
(I) failure in translation of the neural command in the plasma membrane [62], (II) uncoupling between
the calcium release channels and depolarization signaling in the T-tubule and (III) the depletion of the
intramyofibrillar glycogen [22]. The results obtained in this study could be explained by the delay on
the glycogen depletion induced by a higher CHO intake during exercise, as previously reported in
the literature [22,63]. In the current study, it has been demonstrated that 120 g/h of CHO evidenced a
significantly better neuromuscular function 24 h post-exercise compared to 90 g/h and 60 g/h intakes.
Moreover, although peripheral neuromuscular function was not directly measured, runners’ high
intensity run capacity and lactate concentrations were significantly better in the HIGH group, suggesting
that protection of membrane excitability could be a possible reason behind understanding these results.
As previously reported, CHO supplementation during exercise has evidenced improvements in muscle
function with attenuation of the muscle membrane excitability disturbances [17], suggesting that
CHO intake might protect the peripheral neuromuscular function. Along these lines, it is known that
higher concentrations of lactate in the muscle improve membrane excitability and, therefore, muscle
function [64]. As lactate is the main product of glycolysis, it is mainly stimulated by a higher glycolytic
flux which, at the same time, depends on glycogen content and glucose availability [65]. Thus, it is
reasonable to hypothesize that a higher exogenous CHO intake, together with the better high intensity
run capacity maintained as a consequence, could delay neuromuscular fatigue. Moreover, CHO intake
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during exercise has been shown to improve short-term muscle function recovery due to a greater
intramyofibrillar glycogen content and sarcoplasmic Ca2+ release [22].

As the athletes in the HIGH group had significantly higher blood lactate concentrations and it
was correlated, at the same point, with a significantly greater high intensity running capacity 24 h
post-marathon, it is possible to state that they showed a higher glycolytic capacity. In endurance events,
the metabolic flexibility, which is described as referring to the capacity to use different substrates
according to acute metabolic demands of the exercise, constitutes a determining factor in exercise
performance and may be indirectly assessed by blood lactate concentration, determining the capacity
to use glucose as a fuel during high intensity efforts [66]. In this sense, higher glycolytic capacity,
as found in this study and reported previously [66], can be translated into a better lactate tolerance
and, therefore, a greater work capacity that allows athletes to perform longer at higher intensities.
As described previously, the glycolytic pathway is directly regulated by glycogen content and glucose
availability and, thus, lower glycogen and glucose disposal might limit this capacity [67]. It has been
demonstrated that CHO intake during exercise could delay glycogen content and maintain blood
glucose [54,68] and, hence, maintain greater high intensity run capacity. Therefore, the results obtained
in this study could be explained by these mechanisms.

As glycogen represents a major regulator of glycolysis and, therefore, performance capacity [42,67],
its resynthesis is a priority for athletes when constant efforts are required, such as multi-stage
competitions or daily training sessions [25,28]. Thus, although glycogen resynthesis following exercise
is a determining factor in ensuring suitable recovery and day-to-day performance, it is limited by
muscle damage [25,69,70]. Therefore, lower EIMD could optimize glycogen resynthesis and shorten
the recovery period following exercise. In this sense, we have recently demonstrated that 120 g/h
CHO intake during exercise could limit muscle damage biomarkers 24 h following a mountain
marathon [15]. This suggests that CHO intake during exercise could delay internal fatigue and limit
EIMD and, thus, improve post- exercise glycogen replenishment and recovery. The results obtained
in the present study have shown that, 24 h after completing a mountain marathon with ingestion
of 120 g/h CHO, the time in terms of fatigue and blood lactate concentrations in glycolytic intensity
(aerobic power-capacity test) was longer compared to current recommendations for ultra-endurance
events (90 g/h) [34,35] and regular CHO intake by ultra-endurance runners (60 g/h) [36]. These findings
led us to understand that a higher high intensity run capacity is maintained 24 h post-exercise by
ingestion of a greater amount of CHO during the race, possibly due to a better glycogen content and,
at the same point, because of less muscle damage. Overall, these results might confirm that CHO intake
during exercise could represent not only a suitable strategy for enhancing performance as described
in the literature [12,71], but also for optimizing long-term recovery and, thus, maintaining exercise
performance in multi-stage competitions.

4.1. Limitations, Strengths and Future Lines of Research

This study presents some methodological limitations that could have improved the quality of
the conclusions drawn. First of all, the activity was not carried out in a laboratory and, therefore,
some relevant physiological variables such as oxygen consumption and substrate oxidation were not
measured. As these could add important information about the athlete’s physiological and metabolic
intensity during exercise, the authors assume this to be a major limitation. Moreover, the absence of
glycogen measurements might represent a major limitation that could have enabled us to understand
the mechanisms of and reasons for the findings [72]. A direct assessment of both central and peripheral
neuromuscular function, was not carried out using specific tools such as electrical stimulation and
electromyographic recordings, as done previously in this sports discipline [3,18,58]. On the other
hand, using the same speed for all participants during the high intensity run capacity (20 km/h) could
be a limitation. However, all the runners carried out the test between 1 and 3 min in both periods,
which the interindividual variations allow to interpret individual fatigue. Lastly, although the athletes
were instructed to extract the maximum content of the gels, a small part of this content could remain in
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the gel wrapper, which meant that the effective amount ingested by the athletes could be somewhat
less than the theoretical amount.

Additionally, the study shows some strengths that justify its practical importance in the current
literature. It was fully completed under real conditions with a mountain race organized by the authors.
This involved a realistic effort from athletes and a unique opportunity for researchers to look into the
real effects of CHO intake in a mountain marathon. In this sense, the fact that this trial was carried out
in a real scenario helps us to understand the real effects of different CHO intakes in performance and
recovery. As demonstrated in our previous research [15] this trial has allowed us to understand that
120 g/h CHO could be well tolerated in a physiologically highly demanding competition following
suitable nutritional and gut training. This could prove to be highly relevant, as it contributes towards
additional evidence provided by previous laboratory work [9,14,37].

These findings might open up some relevant future lines of research about the potential benefits
of ingesting CHO during exercise to delay neuromuscular fatigue and high intensity run capacity,
thus improving post-exercise recovery. Thus, more research is needed in order to understand the best
recovery strategies in the field of sports and, specifically, in those multi-stage events in which recovery
time is limited and plays a major role in performance. Moreover, this study, besides the previous
one published by our group [15] showed that, within a practical and physiologically challenging
scenario, the intake of 120 g/h CHO could be possible without resulting in any serious gastrointestinal
problems, suggesting that current science-based recommendations of 90 g/h CHO for endurance events
lasting more than 2.5 h could be subject to a rethink [11,35,71]. Accordingly, new lines of research
could be opened up in order to understand which CHO ratio could be considered optimal in order
to attain high amounts of ingestion. Moreover, as digestion, absorption and metabolic mechanisms
are not well understood yet, future research is needed to move in line with scientific evidence. Lastly,
this study highlights the need to (I) train the gut for endurance athletes to improve CHO intake,
digestion, absorption and utilization during exercise and (II) research into the effects of training the
gut to understand the mechanisms of these potential adaptations.

4.2. Practical Applications

This study underscores the importance of CHO ingestion during highly demanding endurance
events in order to delay fatigue and improve recovery. Athletes competing in endurance and
ultra-endurance events should train in nutritional planning and carry out gut training protocols to
optimize performance and recovery from competitions. Moreover, coaches and nutritionists could use
high CHO intake during exercise to improve high intensity run capacity and post-exercise recovery in
multi-stage competitions or during extreme load training programs. It is our understanding that every
athlete should focus on working on the individual maximum CHO intake possible (up to 120 g/h) to
ingest without experiencing any gastrointestinal problems. Lastly, 2:1 glucose–fructose ratio could
be considered a suitable composition for attaining high amounts of CHO ingestion, although more
research is needed in this area.

5. Conclusions

An intake of 120 g/h CHO during a mountain marathon could limit neuromuscular fatigue.
In addition, 120 g/h CHO during a mountain marathon would seem to improve long-term muscle
recovery by limiting the decrease in neuromuscular function and high intensity run capacity 24 h
following a challenging race compared to current recommendations for ultra-endurance events (90 g/h
CHO) and regular intake by these athletes (60 g/h CHO). Therefore, high CHO intakes during highly
demanding exercises of up to 120 g/h could represent a new, more suitable strategy for optimizing
post-exercise recovery during consecutive efforts. Moreover, it has been demonstrated that 120 g/h
CHO might be well tolerated in physiologically extreme conditions following a gut training plan.



Nutrients 2020, 12, 2094 14 of 17

Author Contributions: A.U.: conception and design of study. J.M.-A.: design; obtaining, analysis and
interpretation of the data, drafting of the paper, critical review, and approval of the final version. A.V.:
analysis and interpretation of the data, drafting of the paper, critical review, and approval of the final version.
S.A., A.C.-B., and J.S.-C.: drafting of the paper, critical review, and approval of the final version. P.L.-G.: obtaining
data, critical review, and approval of the final version. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank the athletes and research assistants involved in this research
for their help, enthusiasm, cooperation and participation. In addition, the authors would also like to thank the
Laboratorios Uriarte for their support in blood analysis, and Elika Esport Health Center for their collaboration
in infrastructures.

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

References

1. Hoffman, M.D.; Ong, J.C.; Wang, G. Historical Analysis of Participation in 161 km Ultramarathons in North
America. Int. J. Hist. Sport 2010, 27, 1877–1891. [CrossRef]

2. Fornasiero, A.; Savoldelli, A.; Fruet, D.; Boccia, G.; Pellegrini, B.; Schena, F. Physiological intensity profile,
exercise load and performance predictors of a 65-km mountain ultra-marathon. J. Sports Sci. 2018, 36,
1287–1295. [CrossRef]

3. Millet, G.Y.; Tomazin, K.; Verges, S.; Vincent, C.; Bonnefoy, R.; Boisson, R.C.; Gergelé, L.; Féasson, L.; Martin, V.
Neuromuscular consequences of an extreme mountain ultra-marathon. PLoS ONE 2011, 6, e17059. [CrossRef]

4. Hoppel, F.; Calabria, E.; Pesta, D.; Kantner-Rumplmair, W.; Gnaiger, E.; Burtscher, M. Physiological and
Pathophysiological Responses to Ultramarathon Running in Non-elite Runners. Front. Physiol. 2019, 10,
1300. [CrossRef]

5. Martinez, S.; Aguilo, A.; Rodas, L.; Lozano, L.; Moreno, C.; Tauler, P. Energy, macronutrient and water intake
during a mountain ultramarathon event: The influence of distance. J. Sports Sci. 2018, 36, 333–339. [CrossRef]

6. Millet, G.P.; Millet, G.Y. Ultramarathon is an outstanding model for the study of adaptive responses to
extreme load and stress. BMC Med. 2012, 10, 77. [CrossRef]

7. Halson, S.L. Monitoring Training Load to Understand Fatigue in Athletes. Sports Med. 2014, 44, 139–147.
[CrossRef]

8. Fernandes, J.; Lamb, K.; Twist, C. Internal Loads, but Not External Loads and Fatigue, Are Similar in
Young and Middle-Aged Resistance-Trained Males during High Volume Squatting Exercise. J. Funct.
Morphol. Kinesiol. 2018, 3, 45. [CrossRef]

9. King, A.J.; O’Hara, J.P.; Morrison, D.J.; Preston, T.; King, R.F.G.J. Carbohydrate dose influences liver and
muscle glycogen oxidation and performance during prolonged exercise. Physiol. Rep. 2018, 6. [CrossRef]

10. Pfeiffer, B.; Stellingwerff, T.; Hodgson, A.B.; Randell, R.; Pöttgen, K.; Res, P.; Jeukendrup, A.E. Nutritional
intake and gastrointestinal problems during competitive endurance events. Med. Sci. Sports Exerc. 2012, 44,
344–351. [CrossRef]

11. Jeukendrup, A. A step towards personalized sports nutrition: Carbohydrate intake during exercise.
Sports Med. 2014, 44, 25–33. [CrossRef]

12. Close, G.L.; Hamilton, D.L.; Philp, A.; Burke, L.M.; Morton, J.P. New strategies in sport nutrition to increase
exercise performance. Free Radic. Biol. Med. 2016, 98, 144–158. [CrossRef]

13. Costa, R.; Miall, A.; Khoo, A.; Rauch, C.; Snipe, R.; Costa, V.; Gibson, P. Gut-training: The impact of two
weeks repetitive gut-challenge during exercise on gastrointestinal status, glucose availability, fuel kinetics,
and running performance. Appl. Physiol. Nutr. Metab. 2017, 42, 547–557. [CrossRef]

14. King, A.J.; O’Hara, J.P.; Arjomandkhah, N.C.; Rowe, J.; Morrison, D.J.; Preston, T.; King, R.F.G.J. Liver
and muscle glycogen oxidation and performance with dose variation of glucose-fructose ingestion during
prolonged (3 h) exercise. Eur. J. Appl. Physiol. 2019, 119, 1157–1169. [CrossRef]

15. Viribay, A.; Arribalzaga, S.; Mielgo-Ayuso, J.; Castañeda-Babarro, A.; Seco-Calvo, J.; Urdampilleta, A. Effects
of 120 g/h of Carbohydrates Intake during a Mountain Marathon on Exercise-Induced Muscle Damage in
Elite Runners. Nutrients 2020, 12, 1367. [CrossRef]

16. Khong, T.K.; Selvanayagam, V.S.; Sidhu, S.K.; Yusof, A. Role of carbohydrate in central fatigue: A systematic
review. Scand. J. Med. Sci. Sports 2017, 27, 376–384. [CrossRef]

http://dx.doi.org/10.1080/09523367.2010.494385
http://dx.doi.org/10.1080/02640414.2017.1374707
http://dx.doi.org/10.1371/journal.pone.0017059
http://dx.doi.org/10.3389/fphys.2019.01300
http://dx.doi.org/10.1080/02640414.2017.1306092
http://dx.doi.org/10.1186/1741-7015-10-77
http://dx.doi.org/10.1007/s40279-014-0253-z
http://dx.doi.org/10.3390/jfmk3030045
http://dx.doi.org/10.14814/phy2.13555
http://dx.doi.org/10.1249/MSS.0b013e31822dc809
http://dx.doi.org/10.1007/s40279-014-0148-z
http://dx.doi.org/10.1016/j.freeradbiomed.2016.01.016
http://dx.doi.org/10.1139/apnm-2016-0453
http://dx.doi.org/10.1007/s00421-019-04106-9
http://dx.doi.org/10.3390/nu12051367
http://dx.doi.org/10.1111/sms.12754


Nutrients 2020, 12, 2094 15 of 17

17. Stewart, R.D.; Duhamel, T.A.; Foley, K.P.; Ouyang, J.; Smith, I.C.; Green, H.J. Protection of muscle membrane
excitability during prolonged cycle exercise with glucose supplementation. J. Appl. Physiol. 2007, 103,
331–339. [CrossRef]

18. Millet, G.Y.; Martin, V.; Martin, A.; Vergès, S. Electrical stimulation for testing neuromuscular function:
From sport to pathology. Eur. J. Appl. Physiol. 2011, 111, 2489–2500. [CrossRef]

19. Gandevia, S.C. Spinal and supraspinal factors in human muscle fatigue. Physiol. Rev. 2001, 81, 1725–1789.
[CrossRef]

20. Giandolini, M.; Gimenez, P.; Temesi, J.; Arnal, P.J.; Martin, V.; Rupp, T.; Morin, J.B.; Samozino, P.; Millet, G.Y.
Effect of the Fatigue Induced by a 110-km Ultramarathon on Tibial Impact Acceleration and Lower Leg
Kinematics. PLoS ONE 2016, 11, e0151687. [CrossRef]

21. Ørtenblad, N.; Nielsen, J. Muscle glycogen and cell function—Location, location, location. Scand. J. Med.
Sci. Sports 2015, 25 (Suppl. 4), 34–40. [CrossRef]

22. Ørtenblad, N.; Nielsen, J.; Saltin, B.; Holmberg, H.-C. Role of glycogen availability in sarcoplasmic reticulum
Ca2+ kinetics in human skeletal muscle. J. Physiol. 2011, 589, 711–725. [CrossRef]

23. Doyle, J.A.; Sherman, W.M.; Strauss, R.L. Effects of eccentric and concentric exercise on muscle glycogen
replenishment. J. Appl. Physiol. 1993, 74, 1848–1855. [CrossRef]

24. Gavin, J.P.; Myers, S.D.; Willems, M.E.T. Effect of eccentric exercise with reduced muscle glycogen on plasma
interleukin-6 and neuromuscular responses of musculus quadriceps femoris. J. Appl. Physiol. 2016, 121,
173–184. [CrossRef]

25. Burke, L.M.; van Loon, L.J.C.; Hawley, J.A. Postexercise muscle glycogen resynthesis in humans.
J. Appl. Physiol. 2017, 122, 1055–1067. [CrossRef]

26. O’Reilly, K.P.; Warhol, M.J.; Fielding, R.A.; Frontera, W.R.; Meredith, C.N.; Evans, W.J. Eccentric
exercise-induced muscle damage impairs muscle glycogen repletion. J. Appl. Physiol. 1987, 63, 252–256.
[CrossRef]

27. Carroll, T.J.; Taylor, J.L.; Gandevia, S.C. Recovery of central and peripheral neuromuscular fatigue after
exercise. J. Appl. Physiol. 2017, 122, 1068–1076. [CrossRef]

28. Alghannam, A.F.; Gonzalez, J.T.; Betts, J.A. Restoration of Muscle Glycogen and Functional Capacity: Role of
Post-Exercise Carbohydrate and Protein Co-Ingestion. Nutrients 2018, 10, 253. [CrossRef] [PubMed]

29. Baker, L.B.; Jeukendrup, A.E. Optimal composition of fluid-replacement beverages. Compr. Physiol. 2014, 4,
575–620. [CrossRef]

30. Kerksick, C.M.; Arent, S.; Schoenfeld, B.J.; Stout, J.R.; Campbell, B.; Wilborn, C.D.; Taylor, L.; Kalman, D.;
Smith-Ryan, A.E.; Kreider, R.B.; et al. International society of sports nutrition position stand: Nutrient timing.
J. Int. Soc. Sports Nutr. 2017, 14, 1–21. [CrossRef]

31. Saunders, M.J.; Kane, M.D.; Todd, M.K. Effects of a carbohydrate-protein beverage on cycling endurance and
muscle damage. Med. Sci. Sports Exerc. 2004, 36, 1233–1238. [CrossRef] [PubMed]

32. Cockburn, E.; Stevenson, E.; Hayes, P.R.; Robson-Ansley, P.; Howatson, G. Effect of milk-based
carbohydrate-protein supplement timing on the attenuation of exercise-induced muscle damage. Appl. Physiol.
Nutr. Metab. 2010, 35, 270–277. [CrossRef]

33. Hall, A.H.; Leveritt, M.D.; Ahuja, K.D.K.; Shing, C.M. Coingestion of carbohydrate and protein during
training reduces training stress and enhances subsequent exercise performance. Appl. Physiol. Nutr. Metab.
2013, 38, 597–604. [CrossRef] [PubMed]

34. Jeukendrup, A.E. Nutrition for endurance sports: Marathon, triathlon, and road cycling. J. Sports Sci. 2011,
29. [CrossRef]

35. Thomas, D.T.; Erdman, K.A.; Burke, L.M. American College of Sports Medicine Joint Position Statement.
Nutrition and Athletic Performance. Med. Sci. Sports Exerc. 2016, 48, 543–568. [CrossRef]

36. Tiller, N.B.; Roberts, J.D.; Beasley, L.; Chapman, S.; Pinto, J.M.; Smith, L.; Wiffin, M.; Russell, M.; Sparks, S.A.;
Duckworth, L.; et al. International Society of Sports Nutrition Position Stand: Nutritional considerations for
single-stage ultra-marathon training and racing. J. Int. Soc. Sports Nutr. 2019, 16, 1–58. [CrossRef]

37. Smith, J.W.; Pascoe, D.D.; Passe, D.H.; Ruby, B.C.; Stewart, L.K.; Baker, L.B.; Zachwieja, J.J. Curvilinear
dose-response relationship of carbohydrate (0-120 g.h(-1)) and performance. Med. Sci. Sports Exerc. 2013, 45,
336–341. [CrossRef]

38. Australian Institute of Sport. ABCD Classification System. 2017. Available online: https://www.ausport.gov.
au/ais/nutrition/supplements/classification (accessed on 10 July 2020).

http://dx.doi.org/10.1152/japplphysiol.01170.2006
http://dx.doi.org/10.1007/s00421-011-1996-y
http://dx.doi.org/10.1152/physrev.2001.81.4.1725
http://dx.doi.org/10.1371/journal.pone.0151687
http://dx.doi.org/10.1111/sms.12599
http://dx.doi.org/10.1113/jphysiol.2010.195982
http://dx.doi.org/10.1152/jappl.1993.74.4.1848
http://dx.doi.org/10.1152/japplphysiol.00383.2015
http://dx.doi.org/10.1152/japplphysiol.00860.2016
http://dx.doi.org/10.1152/jappl.1987.63.1.252
http://dx.doi.org/10.1152/japplphysiol.00775.2016
http://dx.doi.org/10.3390/nu10020253
http://www.ncbi.nlm.nih.gov/pubmed/29473893
http://dx.doi.org/10.1002/cphy.c130014
http://dx.doi.org/10.1186/s12970-017-0189-4
http://dx.doi.org/10.1249/01.MSS.0000132377.66177.9F
http://www.ncbi.nlm.nih.gov/pubmed/15235331
http://dx.doi.org/10.1139/H10-017
http://dx.doi.org/10.1139/apnm-2012-0281
http://www.ncbi.nlm.nih.gov/pubmed/23724875
http://dx.doi.org/10.1080/02640414.2011.610348
http://dx.doi.org/10.1249/MSS.0000000000000852
http://dx.doi.org/10.1186/s12970-019-0312-9
http://dx.doi.org/10.1249/MSS.0b013e31827205d1
https://www.ausport.gov.au/ais/nutrition/supplements/classification
https://www.ausport.gov.au/ais/nutrition/supplements/classification


Nutrients 2020, 12, 2094 16 of 17

39. Trommelen, J.; Fuchs, C.J.; Beelen, M.; Lenaerts, K.; Jeukendrup, A.E.; Cermak, N.M.; Van Loon, L.J.C.
Fructose and sucrose intake increase exogenous carbohydrate oxidation during exercise. Nutrients 2017, 9,
167. [CrossRef]

40. Jeukendrup, A.E. Training the Gut for Athletes. Sports Med. 2017, 47, 101–110. [CrossRef]
41. Mielgo-Ayuso, J.; Calleja-González, J.; Refoyo, I.; León-Guereño, P.; Cordova, A.; Del Coso, J. Exercise-Induced

Muscle Damage and Cardiac Stress During a Marathon Could be Associated with Dietary Intake During the
Week Before the Race. Nutrients 2020, 12, 316. [CrossRef] [PubMed]

42. Murray, B.; Rosenbloom, C. Fundamentals of glycogen metabolism for coaches and athletes. Nutr. Rev. 2018,
76, 243–259. [CrossRef] [PubMed]

43. Rodriguez Rosell, D.; Mora Custodio, R.; Franco-Márquez, F.; Yáñez García, J.; Badillo, J.J. Traditional vs.
Sport-Specific Vertical Jump Tests: Reliability, Validity, and Relationship with the Legs Strength and Sprint
Performance in Adult and Teen Soccer and Basketball Players. J. Strength Cond. Res. 2016, 31, 196–206.
[CrossRef] [PubMed]

44. Drake, D.; Kennedy, R.; Wallace, E. Familiarization, validity and smallest detectable difference of the isometric
squat test in evaluating maximal strength. J. Sports Sci. 2018, 36, 2087–2095. [CrossRef] [PubMed]

45. Bosco, C.; Luhtanen, P.; Komi, P.V. A simple method for measurement of mechanical power in jumping.
Eur. J. Appl. Physiol. Occup. Physiol. 1983, 50, 273–282. [CrossRef]

46. Landart, A.; Cámara, J.; Urdampilleta, A.; Santos-Concejero, J.; Gomez, J.; Yanci, J. Análisis de la fatiga
neuromuscular y cardiovascular tras disputar una maratón de montaña. RICYDE Rev. Int. Cienc. Deport.
2019, 16, 43–56. [CrossRef]

47. Hartmann, H.; Wirth, K.; Klusemann, M. Analysis of the load on the knee joint and vertebral column with
changes in squatting depth and weight load. Sports Med. 2013, 43, 993–1008. [CrossRef]

48. Balsalobre-Fernandez, C.; Marchante, D.; Munoz-Lopez, M.; Jimenez, S.L. Validity and reliability of a novel
iPhone app for the measurement of barbell velocity and 1RM on the bench-press exercise. J. Sports Sci. 2018,
36, 64–70. [CrossRef]

49. Foster, C.; Daines, E.; Hector, L.; Snyder, A.C.; Welsh, R. Athletic performance in relation to training load.
Wis. Med. J. 1996, 95, 370–374.

50. Borresen, J.; Lambert, M.I. Quantifying training load: A comparison of subjective and objective methods.
Int. J. Sports Physiol. Perform. 2008, 3, 16–30. [CrossRef]

51. Lee, R.C.; Wang, Z.; Heo, M.; Ross, R.; Janssen, I.; Heymsfield, S.B. Total-body skeletal muscle mass:
Development and cross-validation of anthropometric prediction models. Am. J. Clin. Nutr. 2000, 72, 796–803.
[CrossRef]

52. Balducci, P.; Clémençon, M.; Trama, R.; Blache, Y.; Hautier, C. Performance Factors in a Mountain
Ultramarathon. Int. J. Sports Med. 2017, 38, 819–826. [CrossRef]

53. Stellingwerff, T.; Boon, H.; Gijsen, A.; Stegen, J.; Kuipers, H.; Loon, L. Carbohydrate supplementation during
prolonged cycling spares muscle glycogen but does not affect intramyocellular lipid use. Pflug. Arch. 2007,
454, 635–647. [CrossRef]

54. Stellingwerff, T. Competition nutrition practices of elite ultramarathon runners. Int. J. Sport Nutr. Exerc. Metab.
2016, 26, 93–99. [CrossRef]

55. Jeukendrup, A.E.; McLaughlin, J. Carbohydrate ingestion during exercise: Effects on performance, training
adaptations and trainability of the gut. Nestle Nutr. Inst. Workshop Ser. 2011, 69, 1–17. [CrossRef]

56. Owens, D.J.; Twist, C.; Cobley, J.N.; Howatson, G.; Close, G.L. Exercise-induced muscle damage: What is it,
what causes it and what are the nutritional solutions? Eur. J. Sport Sci. 2019, 19, 71–85. [CrossRef]

57. Fatouros, I.G.; Jamurtas, A.Z. Insights into the molecular etiology of exercise-induced inflammation:
Opportunities for optimizing performance. J. Inflamm. Res. 2016, 9, 175–186. [CrossRef]

58. Millet, G.Y.; Martin, V.; Temesi, J. The role of the nervous system in neuromuscular fatigue induced by
ultra-endurance exercise. Appl. Physiol. Nutr. Metab. 2018, 43, 1151–1157. [CrossRef]

59. Hill, C.A.; Thompson, M.W.; Ruell, P.A.; Thom, J.M.; White, M.J. Sarcoplasmic reticulum function and muscle
contractile character following fatiguing exercise in humans. J. Physiol. 2001, 531, 871–878. [CrossRef]

60. Kyparos, A.; Matziari, C.; Albani, M.; Arsos, G.; Sotiriadou, S.; Deligiannis, A. A decrease in soleus muscle
force generation in rats after downhill running. Can. J. Appl. Physiol. 2001, 26, 323–335. [CrossRef] [PubMed]

61. Fitts, R.H. Cellular mechanisms of muscle fatigue. Physiol. Rev. 1994, 74, 49–94. [CrossRef]

http://dx.doi.org/10.3390/nu9020167
http://dx.doi.org/10.1007/s40279-017-0690-6
http://dx.doi.org/10.3390/nu12020316
http://www.ncbi.nlm.nih.gov/pubmed/31991778
http://dx.doi.org/10.1093/nutrit/nuy001
http://www.ncbi.nlm.nih.gov/pubmed/29444266
http://dx.doi.org/10.1519/JSC.0000000000001476
http://www.ncbi.nlm.nih.gov/pubmed/27172267
http://dx.doi.org/10.1080/02640414.2018.1436857
http://www.ncbi.nlm.nih.gov/pubmed/29405842
http://dx.doi.org/10.1007/BF00422166
http://dx.doi.org/10.5232/ricyde2020.05904
http://dx.doi.org/10.1007/s40279-013-0073-6
http://dx.doi.org/10.1080/02640414.2017.1280610
http://dx.doi.org/10.1123/ijspp.3.1.16
http://dx.doi.org/10.1093/ajcn/72.3.796
http://dx.doi.org/10.1055/s-0043-112342
http://dx.doi.org/10.1007/s00424-007-0236-0
http://dx.doi.org/10.1123/ijsnem.2015-0030
http://dx.doi.org/10.1159/000329268
http://dx.doi.org/10.1080/17461391.2018.1505957
http://dx.doi.org/10.2147/JIR.S114635
http://dx.doi.org/10.1139/apnm-2018-0161
http://dx.doi.org/10.1111/j.1469-7793.2001.0871h.x
http://dx.doi.org/10.1139/h01-020
http://www.ncbi.nlm.nih.gov/pubmed/11487706
http://dx.doi.org/10.1152/physrev.1994.74.1.49


Nutrients 2020, 12, 2094 17 of 17

62. Allen, D.G.; Lannergren, J.; Westerblad, H. Muscle cell function during prolonged activity: Cellular
mechanisms of fatigue. Exp. Physiol. 1995, 80, 497–527. [CrossRef] [PubMed]

63. Nielsen, J.; Holmberg, H.-C.; Schrøder, H.D.; Saltin, B.; Ortenblad, N. Human skeletal muscle glycogen
utilization in exhaustive exercise: Role of subcellular localization and fibre type. J. Physiol. 2011, 589,
2871–2885. [CrossRef] [PubMed]

64. De Paoli, F.V.; Ørtenblad, N.; Pedersen, T.H.; Jørgensen, R.; Nielsen, O.B. Lactate per se improves the
excitability of depolarized rat skeletal muscle by reducing the Cl- conductance. J. Physiol. 2010, 588,
4785–4794. [CrossRef]

65. Brooks, G.A. Lactate as a fulcrum of metabolism. Redox Biol. 2020, 35, 101454. [CrossRef]
66. San-Millán, I.; Brooks, G.A. Assessment of Metabolic Flexibility by Means of Measuring Blood Lactate,

Fat, and Carbohydrate Oxidation Responses to Exercise in Professional Endurance Athletes and Less-Fit
Individuals. Sports Med. 2018, 48, 467–479. [CrossRef] [PubMed]

67. Hearris, M.A.; Hammond, K.M.; Fell, J.M.; Morton, J.P. Regulation of Muscle Glycogen Metabolism during
Exercise: Implications for Endurance Performance and Training Adaptations. Nutrients 2018, 10, 298.
[CrossRef]

68. Gonzalez, J.T.; Fuchs, C.J.; Smith, F.E.; Thelwall, P.E.; Taylor, R.; Stevenson, E.J.; Trenell, M.I.; Cermak, N.M.;
van Loon, L.J.C. Ingestion of glucose or sucrose prevents liver but not muscle glycogen depletion during
prolonged endurance-type exercise in trained cyclists. Am. J. Physiol. Endocrinol. Metab. 2015, 309,
E1032–E1039. [CrossRef]

69. Widrick, J.J.; Costill, D.L.; McConell, G.K.; Anderson, D.E.; Pearson, D.R.; Zachwieja, J.J. Time course of
glycogen accumulation after eccentric exercise. J. Appl. Physiol. 1992, 72, 1999–2004. [CrossRef] [PubMed]

70. Costill, D.L.; Pascoe, D.D.; Fink, W.J.; Robergs, R.A.; Barr, S.I.; Pearson, D. Impaired muscle glycogen
resynthesis after eccentric exercise. J. Appl. Physiol. 1990, 69, 46–50. [CrossRef]

71. Burke, L.M.; Jeukendrup, A.E.; Jones, A.M.; Mooses, M. Contemporary Nutrition Strategies to Optimize
Performance in Distance Runners and Race Walkers. Int. J. Sport Nutr. Exerc. Metab. 2019, 29, 117–129.
[CrossRef]

72. Nielsen, J.; Krustrup, P.; Nybo, L.; Gunnarsson, T.P.; Madsen, K.; Schrøder, H.D.; Bangsbo, J.; Ortenblad, N.
Skeletal muscle glycogen content and particle size of distinct subcellular localizations in the recovery period
after a high-level soccer match. Eur. J. Appl. Physiol. 2012, 112, 3559–3567. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1113/expphysiol.1995.sp003864
http://www.ncbi.nlm.nih.gov/pubmed/7576593
http://dx.doi.org/10.1113/jphysiol.2010.204487
http://www.ncbi.nlm.nih.gov/pubmed/21486810
http://dx.doi.org/10.1113/jphysiol.2010.196568
http://dx.doi.org/10.1016/j.redox.2020.101454
http://dx.doi.org/10.1007/s40279-017-0751-x
http://www.ncbi.nlm.nih.gov/pubmed/28623613
http://dx.doi.org/10.3390/nu10030298
http://dx.doi.org/10.1152/ajpendo.00376.2015
http://dx.doi.org/10.1152/jappl.1992.72.5.1999
http://www.ncbi.nlm.nih.gov/pubmed/1601811
http://dx.doi.org/10.1152/jappl.1990.69.1.46
http://dx.doi.org/10.1123/ijsnem.2019-0004
http://dx.doi.org/10.1007/s00421-012-2341-9
http://www.ncbi.nlm.nih.gov/pubmed/22323299
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants and Experimental Protocol 
	Dietary Assessment 
	Athletic Performance Test 
	Neuromuscular Function 
	High Intensity Run Capacity 

	Internal Exercise Load 
	Anthropometry and Body Composition 
	Statistical Data Analyses 

	Results 
	Discussion 
	Limitations, Strengths and Future Lines of Research 
	Practical Applications 

	Conclusions 
	References

