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Abstract

:

The status of trail running races has exponentially grown in recent years. The present study aimed to: (a) evaluate the acute response of ultratrail racing in terms of neuromuscular function, muscle damage and hydration status; (b) analyze if responses could differ according to training levels. Twenty runners participated in the present study. The participants were divided into amateur training level (n = 10; 43.30 ± 4.52 years) or high level competitors (n = 10; 41.40 ± 6.18). Neuromuscular response (squat jump, countermovement jump and Abalakov jump), muscle damage (alanine aminotransferase, bilirubin, creatine kinase and leukocytes) and hydration status (sodium and creatinine) were evaluated before and after the Guara Somontano Ultratrail Race (108 km distance, with an accumulated slope of 5800 m). The height and power achieved by vertical jumps were lower after the race (p < 0.001). The post-race muscle damage and creatinine parameters increased in both groups (p < 0.001). The high-level group obtained lower percentages of change in squat jump and countermovement jump than the amateur-level group (p < 0.05). However, the increase in creatinine was greater for the high-level group (p < 0.05). Ultratrail racing reduces neuromuscular function and increases muscle damage. High-level runners showed less neuromuscular fatigue compared to amateur ones.
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1. Introduction


Ultratrail is a form of very long-distance mountain racing included in trail running. Given its extreme characteristics, this kind of racing can be considered very taxing, or even dangerous, for our organism [1]. Ultratrail racing is performed on routes with adverse orography. Its distance exceeds that of marathons [2,3], and ranges between 80 km and 300 km [4]. The fact that ultratrail runners face unstable environmental and weather conditions for long periods of time, and constant changes in the topography of land and altitude [4], with considerable positive and negative slopes [5], is also emphasized.



Despite trail running races being extremely hard, the organization of the sport has exponentially grown worldwide in recent times [6,7,8], and Spain is no exception [9]. The marked demand expected today of such races has drawn more participants, to the extent that the number of runners in races must be limited, which has led to some runners becoming professionals with enhanced ultratrail race performance [10].



Ultratrail races are multifactorial events that include physiological, neuromuscular, biomechanical and psychological variables [2]. Depending on exertion while running these races, research works indicate that according to ventilator thresholds (VT), in physiological terms these races place mean training intensities at 85.7% for zone I (<VT1), 13.9% for zone II (VT1–VT2) and 0.4% for zone III (>VT2) [11]. Cardiac responses during races lasting between 14 and 7 h present intensities of 64% [12] and 82% [13] of maximum heart rate (HRmax), respectively. Different research works have analyzed lactate kinetics during such races, and have obtained results that are below the onset of blood lactate accumulation (OBLA) [14,15]. Finally, as regards the psychophysiological component, values between 13 and 14 points have been obtained on the rate perceived exertion (RPE) scale [16].



In ultratrail endurance races, optimum performance might depend on high maximal oxygen consumption (VO2max) levels, high VO2max fraction utilization percentages and low oxygen transport cost [2]. Along these lines, it has been demonstrated that maximum aerobic power can be a limiting factor to running on positive slopes [17], which are usual for ultratrail routes. When considering the types of routes that ultratrail races are organized along, it would appear that adapting to exertions, in which eccentric-type activations predominate, could be important for facing the ascents and constant loads that come into play when running on irregular sloping surfaces. The eccentric capacity to maintain maximum racing speed would be a determining factor in zones with negative slopes [18].



The increasing numbers of both participants and ultratrail races have favored different research studies being performed in an attempt to analyze the impact that this racing has on health. Indeed, ultratrail races have been associated with a negative energy balance [13], muscle harm and inflammation [19,20], neuromuscular fatigue [21,22], cardiac dysfunctions, myocardial damage [13] and dehydration [1].



The relationship between hydration status and performance has been described [23,24]. Hydration status is directly related to physical performance [25]. Previous studies have reported the consequences of dehydration at the physical level, which can negatively affect sports performance [26,27]. A small decrement in hydration status impaired physiologic function and performance during a trail running race [28]. In addition, dehydration status could negatively affect the neuromuscular response [29].



Bearing in mind the marked physical stress that the organism is submitted to while running an ultratrail race, it can be stated that running such races in an unplanned and uncontrolled manner can have very negative consequences for the health of the people practicing this sport [1]. Indeed, knowing the limits of the organism’s physiological responses while practicing long intense exercise is necessary to avoid resorting to urgent medical assistance [30]. However, the impact of an ultratrail race could differ from one individual to another because they have distinct training levels. This means that more studies need to be conducted to elucidate this statement [31,32]. The impacts of such races could be very different depending on the participants’ training levels, owing to their distinct physiological profiles [33]. Hence, the objectives of the present study were to: (a) evaluate the acute responses to an ultratrail race in terms of neuromuscular function, muscle damage and hydration status; (b) analyze if responses could differ according to training levels.




2. Materials and Methods


2.1. Participants


Twenty runners participated in this quasiexperimental study, and were divided into an amateur-level group (n = 10) and a high-level group (n = 10) according to their training levels [34]. The high-level group was made up of runners who trained for a minimum of 8 h/week and achieved positive accumulated slopes of more than 50,000 m in the 12 months before the test. The amateur group was formed by those runners who did not meet any of the set requirements. The study was conducted on a population of 176 male participants who completed the race. The minimum sample size was 20 participants (confidence level = 95%; margin of error = 21%). The characteristics of the participants in each group are found in Table 1.



All the participants were informed about the study purpose and signed a consent form before enrolling. The protocol was reviewed and approved by the Ethical Committee of Clinical Research of Aragon (Spain) following the guidelines of the Helsinki Declaration of Ethics, updated at the World Medical Assembly in Fortaleza (2013) for research involving human subjects. A code was assigned to each participant to collect and treat samples in order to maintain their anonymity.



In order to participate in this study, the participants had to meet the following inclusion criteria: (a) male; (b) finished the race route; (c) had no injuries after a race in at least the 2 months prior to the test; (d) not on a special diet or any pharmacological treatment; (e) no cardiovascular or metabolic diseases.




2.2. Procedures


This study was carried out while organizing the Guara Somontano UltraTrail Race (GSUR) (Figure 1), which took place in the town of Alquézar (Huesca, Spain). The total race distance was 108 km, with 5800 meters of positive accumulated slope. The maximum permitted time to finish it in was 24 h. During this race the mean temperature was 14 ± 4.4 ℃ and relative humidity was 57 ± 16.1% (Figure 1).



The week before competition, the participants underwent body composition and physical performance evaluations. In parallel to these evaluations, the runners completed an open ad hoc survey with supplementary information about their experience, and the characteristics of their training over the past year (h/week and accumulated slope). To determine hydration during races, the volumes of liquids drunk by racers were calculated at both supply points and throughout the race according to individual drinking frequency. Volunteers recorded the amounts of water ingested at each supply point using two 250 cc bottles as a reference. At each refreshment point, two 250 cc bottles were given to each participant.




2.3. Anthropometric Measurements


The participants’ morphological characteristics were evaluated in the morning and always under the same conditions. Body height was measured to the nearest 0.1 cm using a wall-mounted stadiometer (Seca 220, Seca, Hamburg, Germany). Body weight was measured to the nearest 0.01 kg on calibrated electronic digital scales (Seca 769, Seca, Hamburg, Germany), barefooted. A Holtain© 610ND (Holtain, Crymych, Wales, UK) skin fold compass, accurate to ±0.2 mm and a tape (Seca 212, Seca, Hamburg, Germany) with an accuracy of ±1 mm were employed to take anthropometric assessments. The obtained anthropometric measurements were height, weight, six skin folds (abdominal, suprailiac, subscapular, tricipital, thigh and leg) and perimeters (arm and leg in a relaxed 90° position). The equations of Yushaz were used to calculate the percentage of fat [35] and the equation according to Lee to determine the percentage of muscle [36]. All the measurements were taken by the same operator, who was skilled in kinanthropometric techniques, and in accordance with the International Society for the Advancement of Kinanthropometry recommendations [37]. Body weight was recorded 2 h before and immediately after the race finished.




2.4. Physical Performance Evaluation


In order to determine the corresponding physical performance values, a progressive and maximum laboratory test was done on a treadmill (Pulsar, h/p/cosmos®, Nussdorf, Germany). The test was run on a 1% slope and began at a speed of 8 km/h, which increased 1 km/h every minute. Before the test began, the participants warmed up for 5 min on the treadmill operating at a speed of 6 km.h−1. Respired gases were collected with an Oxycon Pro analyzer (Erich Jaeger GmbH, Hoechberg, Germany). A pulsometer (Vantage M, Polar, Finland) was used to evaluate the maximal heart rate.




2.5. Neuromuscular Function


Neuromuscular function was evaluated by different jumping tests: squat jump (SJ), countermovement jump (CMJ) and Abalakov jump (ABK) [38,39]. The former tests were chosen to measure the neuromuscular function of leg extensor muscles, because they can perform jumps with a high degree of reliability [40,41]. A jump mat system (Chronojump Boscosystems, Barcelona, Spain) was employed to measure the height and time during jumps. Three attempts were made for all jump types; there was a 30-s rest between jumps. The best jump was selected to be later analyzed. Evaluations were done 2 h before the race began and then immediately after the race finished (approximately 1 to 5 min after the race). The protocols of each jump test were applied by following the original protocol proposed by Bosco et al. [39].



In order to perform SJ, the participants started in a squatting position with knees bent at 90° and arms on hips to avoid influencing the jump. A goniometer was used to verify the knee angle. The participants had to remain in this squatting position for 3 s before performing SJ. For CMJ, the subjects started from an upright standing position with hands on hips to avoid any arm movement. Then as a single sequence, they made a swift downward movement, followed immediately by a rapid vertical movement to jump as high as possible. Finally, during the ABK test, the participants had to begin by squatting and flexing their knees 90°, followed by swinging their arms to help them to jump as high as possible.




2.6. Blood Samples


Twenty milliliters of venous blood (antecubital vein) was withdrawn from each participant in both the pre- and post-race evaluations (90 min before and 10 min after finishing the race). Blood samples were collected in two 5-mL Vacutainer tubes (Vacutainer, beliver industrial state, plymouth PL6 7BP, United Kingdom) without anticoagulant for serum isolation and in two 5-mL tubes containing ethylenediaminetetraacetic acid (EDTA) as an anticoagulant. Once collected, blood samples were coagulated for 25–30 min at room temperature and then centrifuged at 2500 rpm for 10 min to remove the clots. Serum samples were aliquoted into Eppendorf tubes (Eppendorf AG, Hamburg, Germany), previously washed with diluted nitric acid, and conserved at −80℃ until the biochemical analysis.




2.7. Determining Muscle Damage Markers and Hydration Status


A 2-mL blood sample was used to determine leukocytes (leu) with an analyzer model Coulter model AcT diff. The rest, a 3-mL blood sample, was employed to determine creatinine (Cr), alanine aminotransferase (ALT), creatine kinase (CK), sodium (Na) and bilirubin (BIL) by spectrophotometric techniques. Complete biochemistry was processed in the laboratory of the San Jorge University Hospital by a Chemistry Analyzer model Advia 1650 (Bayer, Germany).




2.8. Statistical Analysis


Data were processed with IBM SPSS 25.0 Statistics for Macintosh (IBM Corp., Armonk, NY, USA). A descriptive analysis was performed to show the means and standard deviations. The variables’ normality distribution was analyzed by the Shapiro–Wilk test and the homogeneity of variances by the Levene test. The Student’s t-test was applied to determine differences in the participants’ characteristics and the percentages of change (pre-race vs. post-race). A two-way ANOVA (group effect + race effect) was used to show differences between the studied variables. Effect size was calculated for the two-way ANOVA using partial eta-squared (η2) as a low effect (0.01–0.06), moderate effect (0.06–0.14) and high effect (>0.14) [42]. The p < 0.05 differences were considered statistically significant.





3. Results


Table 2 shows the characteristics of the participants in both groups. Significant differences existed in weekly training hours, annual slope achieved while training, times recorded during the GSUR test, maximum speed and percentage of fat (p < 0.05).



Table 3 and Table 4 indicate the changes in neuromuscular function, muscle damage and dehydration before and after the race, as well as intergroup differences. For these differences, we observed significant differences for ALT and bilirubin (p < 0.05). For the effect that racing had, we found significant differences in SJ, CMJ, ABK, CK, ALT, BIL, leu and Cr (p < 0.001). Finally, we observed significant differences in bilirubin when the group x race interaction was analyzed (p < 0.05).



Figure 2 and Figure 3 depict the percentages of change (pre vs. post) of the previously studied parameters. Figure 2 illustrates the significant differences in the height of both SJ and CMJ, and loss in the high-level group was lower (p < 0.05). Figure 3 shows differences in creatinine (p < 0.05), for which a more marked increase was observed in the high-level group.




4. Discussion


The present study’s objectives were to: (a) evaluate the acute responses of running an ultratrail race in terms of neuromuscular function, muscle damage and hydration status; (b) analyze if responses could differ according to training level. The GSUR reduced the power and height of the SJ, CMJ and ABK jumps for all the participants. The muscle damage and dehydration markers increased in both groups. However, the percentages of loss in the SJ and CMJ heights were lower in the high-level group than in the amateur-level group (p < 0.05). The percentage of increase in creatinine levels was higher in the high-level group (p < 0.05). Research concerning the study of trail running has increased in recent years [43,44,45,46]



In general, the responses observed during the GSUR were similar to those reported in other races [12,13,47,48]. Likewise, the study participants presented similar characteristics to runners, as reported by former studies [22,49]. According to similar studies, ultratrail racing could have a distinct impact, particularly for neuromuscular and creatinine parameters, depending on training level [31,32].



For the neuromuscular function parameters, significant reductions in the height and power of all jumps were noted after the race (Table 3). These results fall in line with those previously reported by other authors. For instance, Martínez-Navarro et al. [50] observed lower SJ heights after races covering 65 km and 107 km. Balducci et al. [51] reported a 20% loss in CMJ after a 75 km race, as Gatterer et al. did [52]. However, Rousanoglou et al. [53] observed no significant differences in CMJ height after a mountain marathon race until 5 after min after finishing the race. Apart from ultratrail races being long-distance runs, they involve marked slopes, which implies engaging a high eccentric force component [47] that can cause high levels of muscle damage and fatigue which, in turn, have been associated with excitation–relaxation coupling failure [54,55]. Excitation–contraction coupling failure results in a lower free calcium level in the cytosol, and thus, in less muscle power [55,56]. Hence, ultratrail endurance mountain racing events strongly impact peripheral fatigue by diminishing muscle function and performance [22,56]. The lower jump heights after racing were expected due to functional alterations and the reduced capacity to produce maximum power induced by racing characteristics [13,53]. On this matter, Millet et al. [22], Giandolini et al. [54] and Saugy et al. [21] respectively observed how voluntary maximum knee extensor contraction diminished (35%, 35% and 13%), as did foot flexor contraction (39%, 28% and 10%), after mountain races. In these circumstances, it is not surprising that jump tests are often employed to evaluate neuromuscular fatigue in muscle groups [57,58,59], especially fatigue induced by ultradistance tests. In fact, after repeatedly applying jump tests after a 90-kilometer race, Chambers et al. [60] reported significant drops in SJ and CMJ heights, which remained for 18 consecutive days after the competition.



Our study also observed how fatigue affected the amateur-level group runners to a greater extent because the reductions in the SJ (Figure 2A) and CMJ (Figure 2C) heights were significantly more marked in this group. These results fall in line with what El-Ashker et al. indicated [61], who found that the subjects with a higher level of training presented better neuromuscular function with fatigue. Nonetheless, these intergroup differences were not noted for either the ABK jump (Figure 2E) or developed power (W) in all jumps (Figure 2B,D,F). These results coincide partly with those from the meta-analysis carried out by Claudino et al. [62] because the achieved CMJ height seemed to better define the degree of the neuromuscular fatigue of knee extensors than other jumps and kinetic parameters, which showed a higher coefficient of variation, such as developed power.



For muscle and liver damage and inflammation, the present study observed higher CK, ALT and bilirubin concentrations after racing. The obtained results fall in line with those reported for mountain races covering different distances: 43 km [63], 54 km [13], 217 km [48], 280 km [64] and 330 km [65]. The CK and liver enzyme levels, among others, were the most widespread markers to indicate skeletal muscle damage [66]. According to data on jump tests, lower jump heights could be related to high CK and ALT levels in blood [67]. This relation suggests that continuous eccentric actions performed on negative slopes might damage muscle fibers, which leads to the release of muscle proteins in the bloodstream, such as CK [13,68]. The fact that ALT rose could be related to both muscle damage caused by eccentric contractions and liver cell lesions [69]. However, it is known that ALT concentrations are higher in the liver and kidneys, and lower in skeletal muscle [70]. It is also known that the degree of liver lesion is proportional to workload [71]. Likewise, a rise in bilirubin levels after a race has been found by others studies [72,73,74]. Increased bilirubin can be caused by hemolysis produced mainly by mechanical factors and the effect of free radicals [75]. The percentage increase in bilirubin in the amateur level group could have been due to the lower amount of antioxidants in this group compared to the high-level group [75]. As an adaptation, regular physical training increases the levels of antioxidants in the body, increasing the efficiency of the antioxidant system [76,77]. The radicals produced during exercise could increase hemolysis and bilirubin levels.



The rising levels of leukocytes observed in the present study fall in line with previous studies [64,78,79]. Leukocytosis caused by running could be due to increased inflammation caused by muscle damage [80,81]. Acute physical exercise can lead to more cardiac output, vascular vasodilatation and blood flow, which exert stronger mechanical forces on the endothelium which, in turn, leads to leukocytes separating from the endothelium and entering circulation [82]. Moreover, catecholamines and cortisol are secreted during exercise, which could also contribute to increase leukocytes [81,83].



No differences were observed in the plasma Na concentration for hydration status. Creatinine levels rose after racing (p < 0.001) and the percentage of change was higher for the high-level group (p < 0.05). These differences are probably related to strong kidney and muscle impacts. After ultratrail races, runners generally suffer dehydration and body weight loss [1,84]. Drinking plenty of liquids during races is recommended to avoid dehydration [1]. Different hydration strategies are used during ultratrail races to avoid dehydration [85]. The problems of dehydration regarding metabolic and neuromuscular performance were previously outlined [25,28]. Acute kidney lesions are often reported after endurance races, with a prevalence of up to 80% during ultratrail running, but most do not pose serious health problems, and kidney function normally recovers completely after a few days [86,87]. The present study found no significant differences between drinking liquids while racing, unlike some other studies [88]. This could be related to no differences being found in Na concentrations. Plasma Na concentration is the most frequently used parameter to evaluate dehydration status [89]. Former studies reported increased Na after trail races [90,91]. The fact that our study found high creatinine concentrations in runners coincides with previous studies [87,92]. These changes would probably have a multifactorial basis, to which both dehydration and a lower exercise-related glomerular filtration rate would contribute [93]. The fact that serum creatinine concentration positively correlates with lean muscle mass and varies with training type has been demonstrated [88,94].



The study has its limitations: (a) its sample size was small; (b) food intake while racing was not controlled, which could have affected the muscle and neuromuscular damage markers, as other studies have reported [56,95]; (c) only the male gender was studied; (d) it did not evaluate the same markers while the race was underway or in post-race hours to evaluate evolution. As each ultratrail race is unique, these results cannot be completely extrapolated to other races.




5. Conclusions


Ultratrail racing lowers neuromuscular function and increases muscle damage/inflammation. High-level runners suffer less neuromuscular fatigue than amateur-level runners. However, the creatinine levels in the high-level group increased more in metabolic terms.



It is worth knowing the impacts of trail racing in order to schedule and adapt training sessions according to race demands. According to the obtained results, training programs and racing strategies must include muscle damage prevention to reduce ultratrail runners’ muscle fatigue.







Author Contributions


Conceptualization, F.P., L.C. and C.C.; methodology, F.P.; C.C. and D.F.; formal analysis, V.T.-R. and C.P.-L.; writing—original draft preparation, F.P., V.T.-R. and L.C.; writing—review and editing, D.F., C.P.-L. and C.C. All authors have read and agreed to the published version of the manuscript.




Funding


The present research was funded by a research grant from the Instituto de Estudios Altoaragoneses of the Diputación Provincial de Huesca (Spain) and with public funds from the Dirección General de Investigación e Innovación del Gobierno de Aragón to the ENFYRED research group.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of the Department of Health and Consumption of the Government of Aragon (protocol code 16/2017; date: 29/09/2017).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Information about the UTGS race is available at http://utgs.es/ (accessed on 11 May 2021).




Acknowledgments


We thank all the runners who participated in this research work and the Centro de Medicina del Deporte del Gobierno de Aragón for its invaluable help and collaboration.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Knechtle, B.; Nikolaidis, P.T. Physiology and Pathophysiology in Ultra-Marathon Running. Front. Physiol. 2018, 9, 634. [Google Scholar] [CrossRef] [PubMed]

	



Garbisu-Hualde, A.; Santos-Concejero, J. What are the Limiting Factors During an Ultra-Marathon? A Systematic Review of the Scientific Literature. J. Hum. Kinet. 2020, 72, 129–139. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Rochat, N.; Gesbert, V.; Seifert, L.; Hauw, D. Enacting Phenomenological Gestalts in Ultra-Trail Running: An Inductive Analysis of Trail Runners’ Courses of Experience. Front. Psychol. 2018, 9, 2038. [Google Scholar] [CrossRef] [PubMed]

	



Vernillo, G.; Savoldelli, A.; Zignoli, A.; Trabucchi, P.; Pellegrini, B.; Millet, G.P.; Schena, F. Influence of the world’s most challenging mountain ultra-marathon on energy cost and running mechanics. Graefe’s Arch. Clin. Exp. Ophthalmol. 2014, 114, 929–939. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Perić, M.; Slavić, N. Event sport tourism business models: The case of trail running. Sport Bus. Manag. Int. J. 2019, 9, 164–184. [Google Scholar] [CrossRef]

	



Peter, L.; Rust, C.; Knechtle, B.; Rosemann, T.; Lepers, R. Sex differences in 24 hour ultra-marathon performance—A retrospective data analysis from 1977 to 2012. Clinics 2014, 69, 38–46. [Google Scholar] [CrossRef]

	



Urbaneja, J.S.; Torbidoni, E.I.F. EI Trail running in Spain. Origin, evolution and current situation. Retos Nuevas Tend. Educ. Física Deport. Recreación 2018, 33, 123–128. [Google Scholar]

	



Scheer, V. Participation Trends of Ultra Endurance Events. Sports Med. Arthrosc. Rev. 2019, 27, 3–7. [Google Scholar] [CrossRef]

	



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. 2017, 36, 1287–1295. [Google Scholar] [CrossRef]

	



Clemente-Suárez, V.J. Psychophysiological response and energy balance during a 14 h ultraendurance mountain running event. Appl. Physiol. Nutr. Metab. 2015, 40, 269–273. [Google Scholar] [CrossRef]

	



Ramos-Campo, D.J.; Ávila-Gandía, V.; Alacid, F.; Soto-Méndez, F.; Alcaraz, P.E.; López-Román, F.J.; Rubio-Arias, J. Ángel Muscle damage, physiological changes, and energy balance in ultra-endurance mountain-event athletes. Appl. Physiol. Nutr. Metab. 2016, 41, 872–878. [Google Scholar] [CrossRef]

	



Linderman, J.K.; Laubach, L.L. Energy balance during 24 hours of treadmill running. J. Exerc. Physiol. Online 2004, 7, 37–44. [Google Scholar]

	



Clemente, V.J. Modificaciones de parámetros bioquímicos después de una maratón de montaña. Eur. J. Hum. Mov. 2011, 27, 75–83. [Google Scholar]

	



Jeukendrup, A.E.; Moseley, L.; Mainwaring, G.I.; Samuels, S.; Perry, S.; Mann, C.H. Exogenous carbohydrate oxidation during ultraendurance exercise. J. Appl. Physiol. 2006, 100, 1134–1141. [Google Scholar] [CrossRef]

	



Townshend, A.D.; Worringham, C.J.; Stewart, I.B. Spontaneous Pacing during Overground Hill Running. Med. Sci. Sports Exerc. 2010, 42, 160–169. [Google Scholar] [CrossRef] [PubMed]

	



Born, D.-P.; Stöggl, T.; Swarén, M.; Björklund, G. Near-Infrared Spectroscopy: More Accurate Than Heart Rate for Monitoring Intensity in Running in Hilly Terrain. Int. J. Sports Physiol. Perform. 2017, 12, 440–447. [Google Scholar] [CrossRef] [PubMed]

	



Rojas-Valverde, D.; Sánchez-Ureña, B.; Pino-Ortega, J.; Gómez-Carmona, C.; Gutiérrez-Vargas, R.; Timón, R.; Olcina, G. External Workload Indicators of Muscle and Kidney Mechanical Injury in Endurance Trail Running. Int. J. Environ. Res. Public Health 2019, 16, 3909. [Google Scholar] [CrossRef]

	



Carmona, G.; Roca, E.; Guerrero, M.; Cussó, R.; Irurtia, A.; Nescolarde, L.; Brotons, D.; Bedini, J.L.; Cadefau, J.A. Sarcomere Disruptions of Slow Fiber Resulting From Mountain Ultramarathon. Int. J. Sports Physiol. Perform. 2015, 10, 1041–1047. [Google Scholar] [CrossRef] [PubMed]

	



Saugy, J.; Place, N.; Millet, G.Y.; Degache, F.; Schena, F.; Millet, G.P. Alterations of Neuromuscular Function after the World’s Most Challenging Mountain Ultra-Marathon. PLoS ONE 2013, 8, e65596. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Judelson, D.A.; Maresh, C.M.; Farrell, M.J.; Yamamoto, L.M.; Armstrong, L.E.; Kraemer, W.J.; Volek, J.S.; Spiering, B.A.; Casa, D.J.; Anderson, J.M. Effect of Hydration State on Strength, Power, and Resistance Exercise Performance. Med. Sci. Sports Exerc. 2007, 39, 1817–1824. [Google Scholar] [CrossRef] [PubMed]

	



Murray, B. Hydration and Physical Performance. J. Am. Coll. Nutr. 2007, 26, 542S–548S. [Google Scholar] [CrossRef]

	



Campa, F.; Piras, A.; Raffi, M.; Trofè, A.; Perazzolo, M.; Mascherini, G.; Toselli, S. The Effects of Dehydration on Metabolic and Neuromuscular Functionality during Cycling. Int. J. Environ. Res. Public Health 2020, 17, 1161. [Google Scholar] [CrossRef]

	



Castro Sepúlveda, M.; Cerda Kohler, H.; Pérez Luco, C.; Monsalves, M.; Andrade, D.C.; Hermann, Z.F.; Báez San Martín, E.; Ramírez Campillo, R. Hydration status after exercise affect resting metabolic rate and heart rate variability. Nutr. Hosp. 2014, 17, 1273–1277. [Google Scholar]

	



Barley, O.R.; Chapman, D.W.; Blazevich, A.J.; Abbiss, C.R. Acute Dehydration Impairs Endurance Without Modulating Neuromuscular Function. Front. Physiol. 2018, 9, 1562. [Google Scholar] [CrossRef] [PubMed]

	



Casa, D.J.; Stearns, R.L.; Lopez, R.M.; Ganio, M.S.; McDermott, B.P.; Yeargin, S.W.; Yamamoto, L.M.; Mazerolle, S.M.; Roti, M.W.; Armstrong, L.E.; et al. Influence of Hydration on Physiological Function and Performance During Trail Running in the Heat. J. Athl. Train. 2010, 45, 147–156. [Google Scholar] [CrossRef] [PubMed]

	



Judelson, D.A.; Maresh, C.M.; Anderson, J.M.; Armstrong, L.E.; Casa, D.J.; Kraemer, W.J.; Volek, J.S. Hydration and Muscular Performance. Sports Med. 2007, 37, 907–921. [Google Scholar] [CrossRef] [PubMed]

	



Rojas-Valverde, D.; Sánchez-Ureña, B.; Crowe, J.; Timón, R.; Olcina, G.J. Exertional rhabdomyolysis and acute kidney injury in endurance sports: A systematic review. Eur. J. Sport Sci. 2021, 21, 261–274. [Google Scholar] [CrossRef] [PubMed]

	



Collado Andrés, C.; Hernando, B.; Hernando, C.; Martínez-Cadenas, C. ¿ Qué repercusión a nivel fisiológico puede tener realizar una carrera de ultratrail? Ágora Salut. 2020, 7, 57–66. [Google Scholar] [CrossRef]

	



Khodaee, M.; Spittler, J.; VanBaak, K.; Changstrom, B.; Hill, J. Effects of Running an Ultramarathon on Cardiac, Hematologic, and Metabolic Biomarkers. Int. J. Sports Med. 2015, 36, 867–871. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira-Rosado, J.; Duarte, J.P.; Sousa-E.-Silva, P.; Costa, D.C.; Martinho, D.V.; Sarmento, H.; Valente-Dos-Santos, J.; Rama, L.M.; Tavares, Ó.M.; Conde, J.; et al. Physiological profile of adult male long-distance trail runners: Variations according to competitive level (national or regional). Einstein (São Paulo) 2020, 18, eAO5256. [Google Scholar] [CrossRef] [PubMed]

	



Hohl, R.; de Rezende, F.N.; Millet, G.Y.; da Mota, G.R.; Marocolo, M. Blood cardiac biomarkers responses are associated with 24 h ultramarathon performance. Heliyon 2019, 5, e01913. [Google Scholar] [CrossRef] [PubMed]

	



Porta, J.; Galiano, D.; Tejedo, A.; González, J.M. Valoración de la composición corporal. Utopías y realidades. In Manual de Cineantropometría; Esparza Ros, F., Ed.; Ágora para la Educación Física y el Deporte: Madrid, Spain, 1993; pp. 113–170. [Google Scholar]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, A.; Marfell-Jones, M. International Society for Advancement of Kinanthropometry International Standards for Anthropometric Assessment; International Society for the Advancement of Kinanthropometry: Lower Hutt, New Zealand, 2011; ISBN 0620362073 9780620362078. [Google Scholar]

	



Komi, P.V.; Bosco, C. Utilization of stored elastic energy in leg extensor muscles by men and women. Med. Sci. Sports 1978, 10, 261–265. [Google Scholar] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Rosell, D.; Mora-Custodio, R.; Franco-Márquez, F.; Yáñez-García, J.M.; González-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. 2017, 31, 196–206. [Google Scholar] [CrossRef] [PubMed]

	



Bosco, C.; Ito, A.; Komi, P.V.; Luhtanen, P.; Rahkila, P.; Rusko, H.; Viitasalo, J.T. Neuromuscular function and mechanical efficiency of human leg extensor muscles during jumping exercises. Acta Physiol. Scand. 1982, 114, 543–550. [Google Scholar] [CrossRef] [PubMed]

	



Hopkins, W.G.; Marshall, S.W.; Batterham, A.M.; Hanin, J. Progressive Statistics for Studies in Sports Medicine and Exercise Science. Med. Sci. Sports Exerc. 2009, 41, 3–12. [Google Scholar] [CrossRef]

	



Méndez-Alonso, D.; Prieto-Saborit, J.; Bahamonde, J.; Jiménez-Arberás, E. Influence of Psychological Factors on the Success of the Ultra-Trail Runner. Int. J. Environ. Res. Public Health 2021, 18, 2704. [Google Scholar] [CrossRef]

	



Suter, D.; Sousa, C.V.; Hill, L.; Scheer, V.; Nikolaidis, P.T.; Knechtle, B. Even Pacing Is Associated with Faster Finishing Times in Ultramarathon Distance Trail Running—The “Ultra-Trail du Mont Blanc” 2008–2019. Int. J. Environ. Res. Public Health 2020, 17, 7074. [Google Scholar] [CrossRef] [PubMed]

	



Robert, M.; Stauffer, E.; Nader, E.; Skinner, S.; Boisson, C.; Cibiel, A.; Feasson, L.; Renoux, C.; Robach, P.; Joly, P.; et al. Impact of Trail Running Races on Blood Viscosity and Its Determinants: Effects of Distance. Int. J. Mol. Sci. 2020, 21, 8531. [Google Scholar] [CrossRef] [PubMed]

	



Matos, S.; Clemente, F.M.; Silva, R.; Pereira, J.; Carral, J.M.C. Performance and Training Load Profiles in Recreational Male Trail Runners: Analyzing Their Interactions during Competitions. Int. J. Environ. Res. Public Health 2020, 17, 8902. [Google Scholar] [CrossRef]

	



Abos, A.; Gonzalez, L.G.; Solana, A.A.; Serrano, J.S.; Sanz, M. RICYDE. Revista internacional de ciencias del deporte. RICYDE. Rev. Int. Cienc. Deport. 2016, 10, 43–56. [Google Scholar] [CrossRef]

	



Belli, T.; Macedo, D.V.; De Araújo, G.G.; Dos Reis, I.G.M.; Scariot, P.P.M.; Lazarim, F.L.; Nunes, L.A.S.; Brenzikofer, R.; Gobatto, C.A. Mountain Ultramarathon Induces Early Increases of Muscle Damage, Inflammation, and Risk for Acute Renal Injury. Front. Physiol. 2018, 9, 1368. [Google Scholar] [CrossRef] [PubMed]

	



Zanchi, D.; Viallon, M.; Le Goff, C.; Millet, G.P.; Giardini, G.; Croisille, P.; Haller, S. Extreme Mountain Ultra-Marathon Leads to Acute but Transient Increase in Cerebral Water Diffusivity and Plasma Biomarkers Levels Changes. Front. Physiol. 2017, 7, 664. [Google Scholar] [CrossRef]

	



Martínez-Navarro, I.; Sanchez-Gómez, J.M.; Aparicio, I.; Priego-Quesada, J.I.; Pérez-Soriano, P.; Collado, E.; Hernando, B.; Hernando, C. Effect of mountain ultramarathon distance competition on biochemical variables, respiratory and lower-limb fatigue. PLoS ONE 2020, 15, e0238846. [Google Scholar] [CrossRef] [PubMed]

	



Balducci, P.; Clémençon, M.; Trama, R.; Blache, Y.; Hautier, C. Performance factors in a mountain ultramarathon. Int. J. Sports Med. 2017, 38, 819–826. [Google Scholar] [CrossRef]

	



Gatterer, H.; Schenk, K.; Wille, M.; Raschner, C.; Faulhaber, M.; Ferrari, M.; Burtscher, M. Race Performance and Exercise Intensity of Male Amateur Mountain Runners During a Multistage Mountain Marathon Competition Are Not Dependent on Muscle Strength Loss or Cardiorespiratory Fitness. J. Strength Cond. Res. 2013, 27, 2149–2156. [Google Scholar] [CrossRef] [PubMed]

	



Rousanoglou, E.N.; Noutsos, K.; Pappas, A.; Bogdanis, G.; Vagenas, G.; Bayios, I.A.; Boudolos, K.D. Alterations of Vertical Jump Mechanics after a Half-Marathon Mountain Running Race. J. Sports Sci. Med. 2016, 15, 277–286. [Google Scholar] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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

	



Urdampilleta, A.; Arribalzaga, S.; Viribay, A.; Castañeda-Babarro, A.; Seco-Calvo, J.; Mielgo-Ayuso, J. Effects of 120 vs. 60 and 90 g/h Carbohydrate Intake during a Trail Marathon on Neuromuscular Function and High Intensity Run Capacity Recovery. Nutrients 2020, 12, 2094. [Google Scholar] [CrossRef] [PubMed]

	



Wu, P.P.-Y.; Sterkenburg, N.; Everett, K.; Chapman, D.W.; White, N.; Mengersen, K. Predicting fatigue using countermovement jump force-time signatures: PCA can distinguish neuromuscular versus metabolic fatigue. PLoS ONE 2019, 14, e0219295. [Google Scholar] [CrossRef] [PubMed]

	



Jiménez-Reyes, P.; Pareja-Blanco, F.; Cuadrado-Peñafiel, V.; Ortega-Becerra, M.; Párraga, J.; González-Badillo, J.J. Jump height loss as an indicator of fatigue during sprint training. J. Sports Sci. 2017, 37, 1029–1037. [Google Scholar] [CrossRef] [PubMed]

	



Watkins, C.M.; Barillas, S.R.; Wong, M.A.; Archer, D.C.; Dobbs, I.J.; Lockie, R.G.; Coburn, J.W.; Tran, T.T.; Brown, L.E. Determination of Vertical Jump as a Measure of Neuromuscular Readiness and Fatigue. J. Strength Cond. Res. 2017, 31, 3305–3310. [Google Scholar] [CrossRef]

	



Chambers, C.; Noakes, T.D.; Lambert, E.V.; Lambert, M.I. Time course of recovery of vertical jump height and heart rate versus running speed after a 90-km foot race. J. Sports Sci. 1998, 16, 645–651. [Google Scholar] [CrossRef]

	



El-Ashker, S.; Chaabene, H.; Prieske, O.; Abdelkafy, A.; Ahmed, M.A.; Muaidi, Q.I.; Granacher, U. Effects of Neuromuscular Fatigue on Eccentric Strength and Electromechanical Delay of the Knee Flexors: The Role of Training Status. Front. Physiol. 2019, 10, 782. [Google Scholar] [CrossRef]

	



Claudino, J.G.; Cronin, J.; Mezêncio, B.; McMaster, D.T.; McGuigan, M.; Tricoli, V.; Amadio, A.C.; Serrão, J.C. The countermovement jump to monitor neuromuscular status: A meta-analysis. J. Sci. Med. Sport 2017, 20, 397–402. [Google Scholar] [CrossRef]

	



Da Ponte, A.; Giovanelli, N.; Antonutto, G.; Nigris, D.; Curcio, F.; Cortese, P.; Lazzer, S. Changes in cardiac and muscle biomarkers following an uphill-only marathon. Res. Sports Med. 2017, 26, 100–111. [Google Scholar] [CrossRef] [PubMed]

	



Kłapcińska, B.; Waśkiewicz, Z.; Chrapusta, S.J.; Sadowska-Krępa, E.; Czuba, M.; Langfort, J. Metabolic responses to a 48-h ultra-marathon run in middle-aged male amateur runners. Graefe’s Arch. Clin. Exp. Ophthalmol. 2013, 113, 2781–2793. [Google Scholar] [CrossRef] [PubMed]

	



Mrakic-Sposta, S.; Gussoni, M.; Moretti, S.; Pratali, L.; Giardini, G.; Tacchini, P.; Dellanoce, C.; Tonacci, A.; Mastorci, F.; Borghini, A.; et al. Effects of Mountain Ultra-Marathon Running on ROS Production and Oxidative Damage by Micro-Invasive Analytic Techniques. PLoS ONE 2015, 10, e0141780. [Google Scholar] [CrossRef] [PubMed]

	



Skenderi, K.P.; Kavouras, S.A.; Anastasiou, C.A.; Yiannakouris, N.; Matalas, A.-L. Exertional Rhabdomyolysis during a 246-km Continuous Running Race. Med. Sci. Sports Exerc. 2006, 38, 1054–1057. [Google Scholar] [CrossRef]

	



Del Coso, J.; Salinero, J.J.; Abián-Vicen, J.; González-Millán, C.; Garde, S.; Vega, P.; Pérez-González, B. Influence of body mass loss and myoglobinuria on the development of muscle fatigue after a marathon in a warm environment. Appl. Physiol. Nutr. Metab. 2013, 38, 286–291. [Google Scholar] [CrossRef]

	



Friden, J.; Sjöström, M.; Ekblom, B. Myofibrillar damage following intense eccentric exercise in man. Int. J. Sports Med. 1983, 4, 170–176. [Google Scholar] [CrossRef]

	



Nagel, D.; Seiler, D.; Franz, H.; Jung, K. Ultra-Long-Distance Running and the Liver*. Int. J. Sports Med. 1990, 11, 441–445. [Google Scholar] [CrossRef]

	



Prati, D.; Taioli, E.; Zanella, A.; Della Torre, E.; Butelli, S.; Del Vecchio, E.; Vianello, L.; Zanuso, F.; Mozzi, F.; Milani, S.; et al. Updated Definitions of Healthy Ranges for Serum Alanine Aminotransferase Levels. Ann. Intern. Med. 2002, 137, 1–10. [Google Scholar] [CrossRef]

	



Wu, H.-J.; Chen, K.-T.; Shee, B.-W.; Chang, H.-C.; Huang, Y.-J.; Yang, R.-S. Effects of 24 h ultra-marathon on biochemical and hematological parameters. World J. Gastroenterol. 2004, 10, 2711–2714. [Google Scholar] [CrossRef]

	



De Paz, J.A.; Villa, J.G.; López, P.; González-Gallego, J. Effects of long-distance running on serum bilirubin. Med. Sci. Sports Exerc. 1995, 27, 1590–1594. [Google Scholar] [CrossRef]

	



Shin, K.; Jee, H.; Lee, Y.; Kim, T.K.; Kim, H.S.; Park, Y.; Kim, Y. Effects of an extreme endurance ultra-marathon on musculoskeletal and hematologic functions. Gazz. Medica Ital. Arch. Sci. Med. 2014, 173, 283–289. [Google Scholar]

	



Jastrzębski, Z.; Żychowska, M.; Jastrzębska, M.; Prusik, K.; Prusik, K.; Kortas, J.; Ratkowski, W.; Konieczna, A.; Radzimiński, Ł. Changes in blood morphology and chosen biochemical parameters in ultra-marathon runners during a 100-km run in relation to the age and speed of runners. Int. J. Occup. Med. Environ. Health 2016, 29, 801–814. [Google Scholar] [CrossRef] [PubMed]

	



Witek, K.; Ścisłowska, J.; Turowski, D.; Lerczak, K.; Lewandowska-Pachecka, S.; Pokrywka, A. Total bilirubin in athletes, determination of reference range. Biol. Sport 2017, 1, 45–48. [Google Scholar] [CrossRef]

	



Mena, P.; Maynar, M.; Gutiérrez, J.M.; Maynar, J.; Timon, J.; Campillo, J.E. Erythrocyte Free Radical Scavenger Enzymes in Bicycle Professional Racers. Adaptation to Training. Int. J. Sports Med. 1991, 12, 563–566. [Google Scholar] [CrossRef]

	



Powers, S.K.; Deminice, R.; Ozdemir, M.; Yoshihara, T.; Bomkamp, M.P.; Hyatt, H. Exercise-induced oxidative stress: Friend or foe? J. Sport Health Sci. 2020, 9, 415–425. [Google Scholar] [CrossRef]

	



Žákovská, A.; Knechtle, B.; Chlíbková, D.; Miličková, M.; Rosemann, T.; Nikolaidis, P.T. The Effect of a 100-km Ultra-Marathon under Freezing Conditions on Selected Immunological and Hematological Parameters. Front. Physiol. 2017, 8, 638. [Google Scholar] [CrossRef]

	



Rowlands, D.S.; Pearce, E.; Aboud, A.; Gillen, J.B.; Gibala, M.J.; Donato, S.; Waddington, J.M.; Green, J.G.; Tarnopolsky, M.A. Oxidative stress, inflammation, and muscle soreness in an 894-km relay trail run. Graefe’s Arch. Clin. Exp. Ophthalmol. 2012, 112, 1839–1848. [Google Scholar] [CrossRef]

	



Wells, C.L.; Stern, J.R.; Hecht, L.H. Hematological changes following a marathon race in male and female runners. Graefe’s Arch. Clin. Exp. Ophthalmol. 1982, 48, 41–49. [Google Scholar] [CrossRef]

	



Tossige-Gomes, R.; Ottone, V.; Oliveira, P.; Viana, D.; Araújo, T.; Gripp, F.; Rocha-Vieira, E. Leukocytosis, muscle damage and increased lymphocyte proliferative response after an adventure sprint race. Braz. J. Med. Biol. Res. 2014, 47, 492–498. [Google Scholar] [CrossRef]

	



Simpson, R.J.; Kunz, H.; Agha, N.; Graff, R. Exercise and the Regulation of Immune Functions. Prog. Mol. Biol. Transl. Sci. 2015, 135, 355–380. [Google Scholar] [CrossRef] [PubMed]

	



Foster, N.K.; Martyn, J.B.; Rangno, R.E.; Hogg, J.C.; Pardy, R.L. Leukocytosis of exercise: Role of cardiac output and catecholamines. J. Appl. Physiol. 1986, 61, 2218–2223. [Google Scholar] [CrossRef] [PubMed]

	



Newmark, S.R.; Toppo, F.R.; Adams, G. Fluid and electrolyte replacement in the ultramarathon runner. Am. J. Sports Med. 1991, 19, 389–391. [Google Scholar] [CrossRef] [PubMed]

	



Bouscaren, N.; Faricier, R.; Millet, G.; Racinais, S. Heat Acclimatization, Cooling Strategies, and Hydration during an Ultra-Trail in Warm and Humid Conditions. Nutrients 2021, 13, 1085. [Google Scholar] [CrossRef] [PubMed]

	



Lipman, G.S.; Krabak, B.J.; Waite, B.L.; Logan, S.B.; Menon, A.; Chan, G.K. A Prospective Cohort Study of Acute Kidney Injury in Multi-stage Ultramarathon Runners: The Biochemistry in Endurance Runner Study (BIERS). Res. Sports Med. 2014, 22, 185–192. [Google Scholar] [CrossRef] [PubMed]

	



Kao, W.-F.; Hou, S.-K.; Chiu, Y.-H.; Chou, S.-L.; Kuo, F.-C.; Wang, S.-H.; Chen, J.-J. Effects of 100-km Ultramarathon on Acute Kidney Injury. Clin. J. Sport Med. 2015, 25, 49–54. [Google Scholar] [CrossRef] [PubMed]

	



Reid, S.A.; King, M.J. Serum Biochemistry and Morbidity Among Runners Presenting for Medical Care After an Australian Mountain Ultramarathon. Clin. J. Sport Med. 2007, 17, 307–310. [Google Scholar] [CrossRef] [PubMed]

	



Chlíbková, D.; Rosemann, T.; Posch, L.; Matoušek, R.; Knechtle, B. Pre- and Post-Race Hydration Status in Hyponatremic and Non-Hyponatremic Ultra-Endurance Athletes. Chin. J. Physiol. 2016, 59, 173–183. [Google Scholar] [CrossRef]

	



Cejka, C.; Knechtle, B.; Knechtle, P.; Rüst, C.A.; Rosemann, T. An increased fluid intake leads to feet swelling in 100-km ultra-marathoners—An observational field study. J. Int. Soc. Sports Nutr. 2012, 9, 11. [Google Scholar] [CrossRef]

	



Burge, J.; Knechtle, B.; Knechtle, P.; Gnädinger, M.; Rüst, C.A.; Rosemann, T. Maintained Serum Sodium in Male Ultra-Marathoners—The Role of Fluid Intake, Vasopressin, and Aldosterone in Fluid and Electrolyte Regulation. Horm. Metab. Res. 2012, 44, 711. [Google Scholar] [CrossRef]

	



Hoffman, M.D.; Stuempfle, K.J.; Fogard, K.; Hew-Butler, T.; Winger, J.; Weiss, R.H. Urine dipstick analysis for identification of runners susceptible to acute kidney injury following an ultramarathon. J. Sports Sci. 2013, 31, 20–31. [Google Scholar] [CrossRef]

	



Noakes, T.D.; Carter, J.W. Biochemical parameters in athletes before and after having run 160 kilometres. South. Afr. Med. J. 1976, 50, 1562–1566. [Google Scholar]

	



Schutte, J.E.; Longhurst, J.C.; Gaffney, F.A.; Bastian, B.C.; Blomqvist, C.G. Total plasma creatinine: An accurate measure of total striated muscle mass. J. Appl. Physiol. 1981, 51, 762–766. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 18 05119 g001 550] 





Figure 1. Race profile (taken from the organization’s website). 
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Figure 2. (A) Percentage of change in height for SJ; (B) percentage of change in power for SJ; (C) percentage of change in height for CMJ; (D) percentage of change in power for CMJ; (E) percentage of change in height for ABK; (F) percentage of change in power for ABK; black circle: values of amateur levels participants; black square: values of high levels participants; SJ: squat jump; CMJ: countermovement jump; SJ: squat jump; ABK: Abalakov jump. 
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Figure 3. (A) Percentage of change in CK; (B) percentage of change in ALT; (C) percentage of change in bilirubin; (D) percentage of change in creatinine; (E) percentage of change in Na; (F) percentage of change in leukocytes; black circle: values of amateur levels participants; black square: values of high levels participants; CK: creatinine kinase; ALT: alanine aminotransferase; Na: sodium. 
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Table 1. Characteristics of our participants.
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	Parameters
	Amateur Level (n = 10)
	High Level (n = 10)
	p





	Age (years)
	43.30 ± 4.52
	41.40 ± 6.18
	0.443



	Height (m)
	1.77 ± 0.06
	1.76 ± 0.06
	0.780



	Experience (year)
	5.80 ± 2.52
	4.60 ± 1.26
	0.196



	Weekly training (h)
	6.50 ± 0.70
	11.05 ± 2.94
	<0.001



	Annual slopes (m)
	33,716.7 ± 4427.7
	56,426.6 ± 8184.6
	0.001
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Table 2. Body composition, physical tests and result during GSUR.
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	Parameters
	Amateur Level (n = 10)
	High Level (n = 10)
	p





	Time during the race (h)
	19.87 ± 1.84
	15.31 ± 0.81
	<0.001



	VO2max (L/min)
	4.11 ± 0.37
	4.46 ± 0.45
	0.079



	HRmax (bpm)
	179.50 ± 7.20
	177.29 ± 6.76
	0.605



	Maximum speed (km/h)
	15.00 ± 0.81
	16.40 ± 0.96
	0.003



	Fat mass (%)
	10.72 ± 2.28
	8.83 ± 1.45
	0.040



	Muscle mass (%)
	43.40 ± 3.65
	45.07 ± 2.93
	0.276



	Water intake (L)
	9.64 ± 3.08
	11.17 ± 3.79
	0.337







VO2max: maximal oxygen consumption; HRmax: maximum heart rate.
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Table 3. Neuromuscular function before and after the race according to training level.
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Parameters

	
Time

	
Amateur Level (n = 10)

	
High Level (n = 10)

	
Group Effect

	
η2

	
Race Effect

	
η2

	
Group x Race

	
η2






	
SJ (cm)

	
Pre

	
25.50 ± 4.38

	
27.12 ± 5.29

	
0.102

	
0.072

	
<0.001

	
0.470

	
0.597

	
0.008




	
Post

	
16.74 ± 3.91

	
19.87 ± 4.31




	
CMJ (cm)

	
Pre

	
29.86 ± 5.08

	
31.14 ± 6.33

	
0.182

	
0.049

	
<0.001

	
0.430

	
0.554

	
0.010




	
Post

	
20.11 ± 5.01

	
23.39 ± 4.64




	
ABK (cm)

	
Pre

	
34.08 ± 6.44

	
36.66 ± 8.93

	
0.189

	
0.047

	
<0.001

	
0.360

	
0.922

	
0.000




	
Post

	
24.52 ± 4.88

	
27.51 ± 5.25




	
SJ (W)

	
Pre

	
810.80 ± 78.87

	
821.20 ± 91.68

	
0.638

	
0.006

	
<0.001

	
0.327

	
0.906

	
0.000




	
Post

	
684.80 ± 71.57

	
702.20 ± 120.62




	
CMJ (W)

	
Pre

	
876.90 ± 84.09

	
866.00 ± 107.53

	
0.659

	
0.005

	
<0.001

	
0.290

	
0.420

	
0.018




	
Post

	
740.10 ± 71.11

	
777.20 ± 103.15




	
ABK (W)

	
Pre

	
935.30 ± 79.98

	
950.20 ± 106.14

	
0.663

	
0.005

	
<0.001

	
0.333

	
0.949

	
0.000




	
Post

	
811.80 ± 95.25

	
822.90 ± 90.97








CMJ: countermovement jump; SJ: squat jump; ABK: Abalakov jump; η2: eta-squared.
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Table 4. Weight, muscle harm parameters and hydration status before and after the race according to training level.
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Parameters

	
Time

	
Amateur Level (n = 10)

	
High Level (n = 10)

	
Group Effect

	
η2

	
Race Effect

	
η2

	
Group x Race

	
η2






	
Weight (kg)

	
Pre

	
76.01 ± 10.84

	
75.23 ± 6.87

	
0.640

	
0.006

	
0.474

	
0.014

	
0.846

	
0.001




	
Post

	
74.52 ± 10.21

	
73.58 ± 8.56




	
CK (U/L)

	
Pre

	
164.30 ± 69.39

	
193.60 ± 42.11

	
0.074

	
0.086

	
<0.001

	
0.817

	
0.091

	
0.077




	
Post

	
3251. 60 ± 1011.89

	
4261.50 ± 1469.60




	
ALT (U/L)

	
Pre

	
18.60 ± 2.50

	
23.50 ± 3.92

	
0.017

	
0.147

	
<0.001

	
0.537

	
0.904

	
0.000




	
Post

	
31.70 ± 9.67

	
37.10 ± 7.46




	
BIL (mg/dL)

	
Pre

	
0.597 ± 0.148

	
0.600 ± 0.156

	
0.028

	
0.128

	
<0.001

	
0.698

	
0.024

	
0.133




	
Post

	
1.219 ± 0.205

	
0.967 ± 0.169




	
Leu (×103/ μL)

	
Pre

	
5.93 ± 1.00

	
5.99 ± 0.93

	
0.589

	
0.008

	
<0.001

	
0.843

	
0.650

	
0.006




	
Post

	
15.04 ± 2.29

	
15.72 ± 3.35




	
Cr (mg/dL)

	
Pre

	
0.900 ± 0.137

	
0.855 ± 0.101

	
0.380

	
0.021

	
<0.001

	
0.634

	
0.081

	
0.082




	
Post

	
1.202 ± 0.239

	
1.335 ± 0.107




	
Na (mmol/L)

	
Pre

	
140.10 ± 2.33

	
140.70 ± 1.76

	
0.194

	
0.046

	
0.432

	
0.017

	
0.599

	
0.008




	
Post

	
140.30 ± 2.11

	
141.70 ± 3.12








CK: creatinine kinase; ALT: alanine aminotransferase; BIL: bilirubin; Leu: leukocytes; Cr: creatinine; Na: sodium; η2: eta-squared.
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