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Abstract

:

The present case study analyzed the pacing in a self-paced world record attempt during a 24 h track cycling event by the current world record holder. The cyclist completed 3767 laps on a 250 m long cycling track and covered a total distance of 941.873 km, breaking the existing world record by 37.99 km. The average cycling speed was 39.2 ± 1.9 km/h (range 35.5–42.8 km/h) and the power output measured was 214.5 ± 23.7 W (range 190.0–266.0 W) during the 24 h of cycling. We found a positive pacing result with negative correlations between cycling speed (r = −0.73, p < 0.001), power output (r = −0.66, p < 0.001), and laps per hour (r = −0.73, p < 0.001) and the covered distance. During the 24 h, we could identify four different phases: the first phase lasting from the start till the fourth hour with a relatively stable speed; the second phase from the fourth till the ninth hour, characterized by the largest decrease in cycling speed; the third phase from the ninth hour till the 22nd hour, showing relatively small changes in cycling speed; and the last phase from the 22nd hour till the end, presenting a final end spurt. The performance in the 24 h track cycling was 45.577 km better than in the 24 h road cycling, where the same athlete cycled slower but with higher power output. In summary, the current world-best ultracyclist covered more kilometers with less power output during the world record 24 h track cycling than during his world record 24 h road cycling. This was most probably due to the more favorable environmental conditions in the velodrome, which has no wind and stable temperatures.
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1. Introduction


Pacing in sports describes how an athlete distributes work and energy during an endurance performance [1]. To date, six different pacing strategies have been described: all-out, positive, negative, even, parabolic-shaped, and variable pacing strategies [1,2]. Pacing has been explored for use in track cycling [3], road cycling [4], and in ultraendurance cycling [5,6]. Furthermore, the 1 h or 24 h cycling world records [6,7] are a specific discipline, consisting of attempts to break a time-limited (i.e., aim to cover the longest distance in a given time) world record.



It is well known that physiological (training [8], performance level [5,9], gross efficiency [10]) and psychological (motivation [11,12], emotion [13], motivational self-talk [14]) variables influence cycling performance in time trials. For instance, the fastest ultraendurance cyclists have been shown to adopt a more even pacing (i.e., less decrease in speed across race) than their slower counterparts [5]. On the other hand, nonelite cyclists—who seem to be enthusiasts and start a race fast—would be expected to decrease speed largely across a race [11,12]. Furthermore, performance might depend on nutritional (fluid intake [8,15,16], hydration status [17,18], food intake [8,19,20]) and other external/technical (prize money [21], time of day [22], equipment [8], starting strategy [3,23], and pacing strategy [3,12,24,25,26]) variables. Overall, the influence of environmental conditions, such as heat, may have the highest impact on cycling performance [11,27,28,29,30,31], with performance generally being impaired when cycling in hot environment [32,33,34].



In time trial cycling, different kinds of time- or distance–limited (i.e., aim to cover a given distance in the shortest time) trials have been investigated [35]. For time-limited cycling, a very specific discipline is the 24 h time trial cycling event [36], where very little is known about the pacing strategy of the athletes. Recently, a case study investigated the pacing in a self-paced world record attempt in 24 h road cycling [6]. The authors found that cycling speed gradually declined during the 24 h (i.e., positive pacing), and environmental influences, such as temperature and wind, showed an effect on performance, with lower temperature and stronger wind being associated with faster race speed. Although this case study improved our understanding of pacing in ultraendurance cycling, its findings could not be generalized to track cycling, which has unique environmental characteristics [37]. Furthermore, limited information exists regarding pacing strategies in track cycling, and the available information concerns relatively short distances [38,39].



Therefore, the aim of the present case study was to examine the attempt of a cyclist to break the current world record in 24 h track cycling. Furthermore, we compared the pacing strategies between the outdoor and indoor trials. We hypothesized that the athlete would achieve longer distance at a given time (24 h) in the indoor trial as he would have minimal environmental influences compared to the outdoor trial, with factors such as temperature, humidity, and air pressure all being typically under thermostatic control indoors.




2. Materials and Methods


2.1. Ethics Approval


All procedures used in the study were approved by the Institutional Review Board of Ethikkommission St Gallen, Switzerland, with a waiver of the requirement for informed consent of the participant given the fact that the study involved the analysis of publicly available data (EKSG 01-06-2010). Written informed consent was obtained by email from the athlete, and he agreed to the analysis and publication of his data as presented in this article.




2.2. The Cyclist


The cyclist (35 years, 76 kg, 1.86 m, body mass index (BMI) 22 kg/m2) is an experienced ultraendurance cyclist. To date, he has won several long-distance cycling races. For instance, he holds the record for the fastest Crossing of America in the “Race across America” (RAAM) in 2014 in 7:15:56 d:h:min with an average cycling speed of 26.43 km/h. RAAM crosses the United States from west to east (4860 km and 35,000 m of altitude). In 2015, he set a world record in the 24 h road cycling event, where he cycled 896 km at an average speed of 37.33 km/h [40].




2.3. The Event


At noon on October 14, 2017, the cyclist started his record attempt in the Tissot Velodrome [41] in Grenchen, Switzerland. The track is a 250 m long and 7 m wide oval built out of wood. Temperature in the velodrome was kept constant at ~20 °C, and humidity was low at ~30% throughout the whole event. The previous record was set on October 8–9, 2010, by Marko Baloh (Slovenia) at the Montichiari Velodrome in Brescia, Italy, by completing 3615 full laps of 250 m and covering a full distance of 903.76 km [42].



The cyclist used a conventional time trial bike (Shiv, S-WORKS, Specialized) with a disc wheel. He used Roval wheels [43] with specially made Turbo Cotton tires. The front brake was omitted for the purpose of aerodynamics; a brake lever and one chain ring had to suffice. The chainwheel had 53 sprockets, while the gear rim pinion had 11–23 sprockets. He changed the gears only to change the pedaling frequency. Power output in W was measured using Power2max NG (Saxonar GmbH, Waldhufen, Germany) [44], which the participant had also used in his last record race. After each hour, the accumulated distance was recorded. The athlete tried to maintain the power output of 230–260 W. Lap times were recorded electronically.




2.4. Statistical Analysis


The acceptable type I error was set at p < 0.05. All data are presented as means and standard deviations. The data were checked for normality using visual inspection of probability–probability plots and the Kolmogorov–Smirnov test. Figures were created using GraphPad Prism v. 7.0 (GraphPad Software, San Diego, CA, USA); all other statistical analyses (descriptive statistics and correlation analysis) were carried out using IBM SPSS v. 23.0 (SPSS, Chicago, IL, USA). The relationship of cycling speed, power, and laps per hour with covered distance, as well as that between cycling speed and power, during the race was examined using the Pearson moment correlation coefficient r. In addition, the coefficient of determination (R2) was calculated. The magnitude of these relationships was evaluated as trivial (r < 0.10), small (0.10 ≤ r < 0.30), moderate (0.30 ≤ r < 0.50), large (0.50 ≤ r < 0.70), very large (0.70 ≤ r < 0.90), and almost perfect (r ≥ 0.90) [45]. Data from the record attempt in 24 h track cycling are presented together with the data from the record attempt in 24 h road cycling from 2015 [6]. Standardized differences in means (Cohen’s d) between indoor and outdoor races were calculated for each phase of the two races.





3. Results


At the beginning of the attempt, the athlete cycled at an average speed of 41 km/h. His support team provided him food and drinks, mainly consisting of water, isotonic sports drinks, and green tea. They provided 400–500 kcal of energy per hour. After 2–3 h, the cyclist suffered from digestive problems, most likely due to the position on the time trial bike. To solve the problem of digestion, the support crew gave him more green tea plus Coca Cola® and Ensure®. After the first two hours, he already had his first problems when low back pain occurred. Moreover, an incident of serious emotional distress after two hours of cycling was recorded by his support team. During the night, he had problems with drowsiness, and the support crew gave him coffee and noncaffeinated chewing gum. He made his first stop of 2.5 min for a toilet break after 21:53 h:min of continuous cycling. Up to this point, he had consumed 15 L of fluids. After 23 h of cycling, he broke the existing world record. In the last hour, he tried to increase his cycling speed [46].



The cyclist covered 941.873 km and completed 3767 laps in 24 h. After 23 h and 10 min, he broke the existing world record. The cycling speed was 39.2 ± 1.9 km/h (range 35.5–42.8 km/h), and the power output was 214.5 ± 23.7 W (range 190.0–266.0 W). The number of laps per hour was 157.0 ± 7.5 (range 142–171), and the time per lap was 22.98 ± 1.07 s (21.05–25.35 s).



Figure 1, Figure 2 and Figure 3 show the relationship of speed, power, and number of laps, respectively, with the distance. In all cases, a negative correlation was observed, ranging from large (i.e., power output) to very large (i.e., cycling speed and number of laps) magnitude. These correlations indicated a positive pacing strategy, i.e., a decrease in cycling speed across the event. Furthermore, four phases could be identified using visual inspection of the nonlinear regressions in the figures of speed, power, and number of laps completed per hour during the race: the first phase lasting from the start till the fourth hour with a relatively stable cycling speed; the second phase from the fourth till the ninth hour, characterized by the largest decrease in cycling speed; the third phase from the ninth hour till the 22nd hour, showing relatively small changes in cycling speed; and the last phase from the 22nd hour (approximately after a 2.5 min break for toilet) till the end, presenting a final end spurt. In addition, cycling speed correlated significantly with power output (Figure 4).



When we compared cycling speed (Figure 1) and power output (Figure 2) between the two attempts, we could see that cycling speed was higher in track cycling compared to road cycling, whereas the opposite trend was shown for power output (Table 1). Considering cycling speed (Figure 1), power output (Figure 2), and the correlation between the two (Figure 4), the goodness of fit was stronger for track cycling, highlighting the influence of “other” factors (e.g., temperature, wind) of road cycling. It should be highlighted that the relationship between power output and cycling speed was linear outdoors and curvilinear indoors.




4. Discussion


In this case report, we analyzed self-selected pacing during a 24 h track cycling world record. As hypothesized, the athlete’s new world record in 24 h track cycling was better than his world record in 24 h road cycling although his power output was lower. When we compared the two 24 h cycling world records, he had improved on the existing world record in track cycling (903.76 km) held by Marko Baloh by ~38 km (4.2%); in 2015, he had improved on the existing world record in 24 h road cycling of 834.77 km, set in 2004 by the Slovenian Jure Robič, by ~61 km (7.4%).



The performance in the 24 h track cycling was 45.577 km better than in the 24 h road cycling. For the world record attempt in 24 h road cycling, he was riding at a mean cycling speed of 37.34 km/h and achieved an average power output of 250.2 W [6], while the mean cycling speed in the 24 h track cycling world record was 39.2 ± 1.9 km/h with a mean power output of 214.5 ± 23.7 W. It should be highlighted that the cycling speed did not correlate perfectly with the power output. The absence of a perfect relationship between cycling speed and power output should be attributed to the fact that power output depends not only on cycling speed but also on the bicycle’s design, the cyclist’s size and position, and environmental factors, such as wind and road surface [37,47].



In the corresponding world record in road cycling, the decrease in cycling speed and power output throughout the laps could be modeled linearly, and the ambient air temperature and wind speed were related to cycling speed for the whole event. In that event, the air temperature was 13 °C at the start and dropped to 2 °C in the night at 03:00 a.m.; a low temperature is associated with fast speed and vice versa [6]. It is well known that environmental influences, such as heat [31] and cold [32], have an influence on pacing in cycling time trials, with hot temperatures inducing larger decrease in performance, i.e., a more positive pacing. However, heat and cold seem to influence performance differently [32]. A review of the influence of environmental factors (e.g., temperature and wind) on cycling performance concluded that ambient temperature and wind exerted a small effect in outdoor events, whereas power output seemed to be maintained at moderate temperatures during indoor trials [34].



For cyclists competing in the RAAM, the change in temperature and altitude had an influence on cycling speed and power output, with temperature having a positive and altitude having a negative influence on power output for all finishers [5]. In the actual track cycling event, the athlete had no problems with temperature (constant at 20 °C) or wind (no wind), remained in the same sitting position throughout the 24 h, and was therefore able to ride faster (1.86 km/h faster) with a lower power output (35.7 W less on average). The higher cycling speed at a lower power output was most probably due to the surface of the velodrome, which is smoother than the asphalt of a road. A smoother surface decreases rolling resistance compared to asphalt, and a cyclist can consequently attain faster speed for less power output. Moreover, a cyclist can adopt a more aerodynamic position indoors than outdoors with a lower cross-sectional area in a thermostatically controlled environment, reducing wind resistance against a constant air pressure and thus increasing speed [47,48].



Regarding pacing in cycling, differences regarding pacing strategy seem to exist between distance- and duration-based trials of short and long duration. Cyclists starting in distance-based time trials begin the event at relatively higher power outputs than a similar time-based trial. This may result from discrete differences in cyclists’ ability to judge or predict an exercise endpoint when performing time- and distance-based trials [35].



Overall, in our study, the cycling speed decreased continuously during the athlete’s record attempt, corresponding to a positive pacing accompanied by an end spurt. This pacing is the only possibility for ultraendurance cyclists, as has already been reported by the world record in 24 h road cycling [6] and by elite cyclists in the RAAM [5]. The decrease in cycling speed and power output seemed to be curvilinear, as has already been described in this world record attempt in the 24 h road cycling event [6]. Moreover, a positive pacing strategy was observed in mountain bike racing [49] and in a 20 min uphill cycling time trial [50].



However, regarding new studies, an even-pacing strategy would be more appropriate [51] in order to attenuate perturbations in the physiological response and to lower perception of effort in comparison to self- and variable-paced strategies [26]. An even distribution of power output is both physiologically and biophysically optimal for longer time trials held in conditions of unvarying wind and gradient. From a biophysical standpoint, the optimum pacing strategy for road time trials may involve increasing power in headwinds and uphill sections and decreasing power in tailwinds and when travelling downhill [52].



Using visual inspection of the nonlinear regressions in the figures of speed, power, and number of laps completed per hour during the race, four distinct phases during the record attempt were highlighted: (a) a stable speed in the first four hours, (b) a decrease in cycling speed between the fourth and the ninth hour, (c) small changes in cycling speed from the ninth to the 22nd hour, and (d) a final end spurt in the last two hours. This change in cycling speed is most likely explained by aspects such as mood, reduced fuel availability, fatigue, and pain perception, which might have an influence on cycling speed [53,54]. It has been reported that hydration status affects mood in ultracycling, with dehydrated athletes experiencing greater fatigue and pain than euhydrated athletes in an ultracycling race [55].



During the night, the cyclist had problems with drowsiness and suffered from monotonicity. He even reported serious emotional distress after two hours of cycling. The aspect of emotion should not be ignored in ultraendurance performance [56]. It has been shown that cyclists competing in the RAAM reported experiencing an optimal emotional state for less than 50% of the total race time [57]. Furthermore, it has been observed that perception of pain, freshness, and motivation differed between a completed and a noncompleted 100 mile running race [56]. Also, the aspect of caffeinated drinks in cycling performance is of importance. Caffeine use in cycling time trial performance has reported mixed effects, with some studies showing improved performance [58,59,60], whereas other research reported no improvement [61,62]. Such variation on the effectiveness of caffeinated drinks might depend on factors such as heat, familiarization with caffeine consumption, quantity of caffeine consumption, and exercise duration [58,59,60,61,62].



A consideration of the present case study was the specific characteristics of the race in terms of exercise duration and environmental conditions; thus, caution is needed to transfer the findings to other settings. For instance, with regard to the role of environmental conditions, it has been observed that cycling a 30 km time trial was faster in 24 °C than in 35 °C (68% relative humidity in both cases) [27]. Furthermore, as a field study that relied on secondary analysis of data produced by the cyclist, it presents the inherent pros (e.g., close to the reality of the sport) and cons (e.g., limited control over variables compared to a laboratory setting). The strength of this case study is that the same participant performed attempts in both road [6] and track cycling (present study), and this offered the opportunity to compare the two cycling formats during a similar time period (24 h). Furthermore, the cyclist used the same bike and the same system to measure power output in both cases (road and track cycling). It has previously been shown that technical and equipment characteristics, e.g., riding with hands on the brake woods and using an aerodynamic wheel set, would improve performance [8]. Thus, the findings of the present study are of great practical value for cycling coaches as well as scientists interested in the differences between these two formats of 24 h cycling.




5. Conclusions


In the present world record in the 24 h track cycling event, the current world-best ultracyclist achieved more kilometers with less power output than in his world record in the 24 h road cycling competition [6]. Considering the more favorable environmental conditions on the track (i.e., no wind and stable temperatures) than in the road cycling world record, it is reasonable to assume that these environmental conditions influenced pacing and power output during the 24 h world record attempt in ultracycling.







Author Contributions


Conceptualization, B.K. and P.T.N.; methodology, B.K. and P.T.N.; software, B.K. and P.T.N.; validation, B.K. and P.T.N.; formal analysis, B.K. and P.T.N.; investigation, B.K. and P.T.N.; resources, B.K. and P.T.N.; data curation, B.K. and P.T.N.; writing—original draft preparation, B.K., T.R., and P.T.N.; writing—review and editing, B.K., T.R., and P.T.N.; visualization, B.K. and P.T.N.; supervision, B.K. and P.T.N.; project administration, B.K. and P.T.N.; funding acquisition, B.K. and T.R.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abbiss, C.R.; Laursen, P.B. Describing and understanding pacing strategies during athletic competition. Sports Med. 2008, 38, 239–252. [Google Scholar] [CrossRef] [PubMed]

	



Angehrn, N.; Rüst, C.A.; Nikolaidis, P.T.; Rosemann, T.; Knechtle, B. Positive pacing in elite ironman triathletes. Chin. J. Physiol. 2016, 59, 305–314. [Google Scholar] [CrossRef] [PubMed]

	



Corbett, J. An analysis of the pacing strategies adopted by elite athletes during track cycling. Int. J. Sports Physiol. Perform. 2009, 4, 195–205. [Google Scholar] [CrossRef] [PubMed]

	



Abbiss, C.R.; Straker, L.; Quod, M.J.; Martin, D.T.; Laursen, P.B. Examining pacing profiles in elite female road cyclists using exposure variation analysis. Br. J. Sports Med. 2010, 44, 437–442. [Google Scholar] [CrossRef] [PubMed]

	



Heidenfelder, A.; Rosemann, T.; Rüst, C.A.; Knechtle, B. Pacing strategies of ultracyclists in the “race across America”. Int. J. Sports Physiol. Perform. 2016, 11, 319–327. [Google Scholar] [CrossRef] [PubMed]

	



Knechtle, B.; Bragazzi, N.L.; Rosemann, T.; Rüst, C.A. Pacing in a self-paced world record attempt in 24-h road cycling. SpringerPlus 2015, 4, 650. [Google Scholar] [CrossRef]

	



Padilla, S.; Mujika, I.; Angulo, F.; Goiriena, J.J. Scientific approach to the 1-h cycling world record: A case study. J. Appl. Physiol. 2000, 89, 1522–1527. [Google Scholar] [CrossRef]

	



Jeukendrup, A.E.; Martin, J. Improving cycling performance: How should we spend our time and money. Sports Med. 2001, 31, 559–569. [Google Scholar] [CrossRef]

	



Hibbert, A.W.; Billaut, F.; Varley, M.C.; Polman, R.C.J. Goal orientation and the presence of competitors influence cycling performance. Front. Psychol. 2018, 9, 1212. [Google Scholar] [CrossRef]

	



Noordhof, D.A.; Mulder, R.C.M.; Malterer, K.R.; Foster, C.; De Koning, J.J. The decline in gross efficiency in relation to cycling time-trial length. Int. J. Sports Physiol. Perform. 2015, 10, 64–70. [Google Scholar] [CrossRef]

	



Davies, M.J.; Clark, B.; Welvaert, M.; Skorski, S.; Garvican-Lewis, L.A.; Saunders, P.; Thompson, K.G. Effect of environmental and feedback interventions on pacing profiles in cycling: A meta-analysis. Front. Physiol. 2016, 7, 591. [Google Scholar] [CrossRef] [PubMed]

	



Jones, H.S.; Williams, E.L.; Marchant, D.; Sparks, S.A.; Bridge, C.A.; Midgley, A.W.; Mc Naughton, L.R. Improvements in cycling time trial performance are not sustained following the acute provision of challenging and deceptive feedback. Front. Physiol. 2016, 7, 399. [Google Scholar] [CrossRef] [PubMed]

	



Wagstaff, C.R.D. Emotion regulation and sport performance. J. Sport Exerc. Psychol. 2014, 36, 401–412. [Google Scholar] [CrossRef] [PubMed]

	



Barwood, M.J.; Corbett, J.; Wagstaff, C.R.D.; McVeigh, D.; Thelwell, R.C. Improvement of 10-km time-trial cycling with motivational self-talk compared with neutral self-talk. Int. J. Sports Physiol. Perform. 2015, 10, 166–171. [Google Scholar] [CrossRef] [PubMed]

	



Berkulo, M.A.R.; Bol, S.; Levels, K.; Lamberts, R.P.; Daanen, H.A.M.; Noakes, T.D. Ad-libitum drinking and performance during a 40-km cycling time trial in the heat. Eur. J. Sport Sci. 2016, 16, 213–220. [Google Scholar] [CrossRef]

	



Backx, K.; Van Someren, K.A.; Palmer, G.S. One hour cycling performance is not affected by ingested fluid volume. Int. J. Sport Nutr. Exerc. Metab. 2003, 13, 333–342. [Google Scholar] [CrossRef]

	



Bardis, C.N.; Kavouras, S.A.; Arnaoutis, G.; Panagiotakos, D.B.; Sidossis, L.S. Mild dehydration and cycling performance during 5-kilometer hill climbing. J. Athl. Train. 2013, 48, 741–747. [Google Scholar] [CrossRef]

	



Bardis, C.N.; Kavouras, S.A.; Kosti, L.; Markousi, M.; Sidossis, L.S. Mild hypohydration decreases cycling performance in the heat. Med. Sci. Sports Exerc. 2013, 45, 1782–1789. [Google Scholar] [CrossRef]

	



Folland, J.P.; Stern, R.; Brickley, G. Sodium phosphate loading improves laboratory cycling time-trial performance in trained cyclists. J. Sci. Med. Sport 2008, 11, 464–468. [Google Scholar] [CrossRef]

	



Palmer, G.S.; Clancy, M.C.; Hawley, J.A.; Rodger, I.M.; Burke, L.M.; Noakes, T.D. Carbohydrate ingestion immediately before exercise does not improve 20 km time trial performance in well trained cyclists. Int. J. Sports Med. 1998, 19, 415–418. [Google Scholar] [CrossRef]

	



Skorski, S.; Thompson, K.G.; Keegan, R.J.; Meyer, T.; Abbiss, C.R. A monetary reward alters pacing but not performance in competitive cyclists. Front. Physiol. 2017, 8, 741. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, A.L.; Lopes-Silva, J.P.; Bertuzzi, R.; Casarini, D.E.; Arita, D.Y.; Bishop, D.J.; Lima-Silva, A.E. Effect of time of day on performance, hormonal and metabolic response during a 1000-m cycling time trial. PLoS ONE 2014, 9, e109954. [Google Scholar] [CrossRef] [PubMed]

	



Abbiss, C.R.; Peiffer, J.J.; Wall, B.A.; Martin, D.T.; Laursen, P.B. Influence of starting strategy on cycling time trial performance in the heat. Int. J. Sports Med. 2009, 30, 188–193. [Google Scholar] [CrossRef] [PubMed]

	



Williams, E.L.; Jones, H.S.; Andy Sparks, S.; Marchant, D.C.; Midgley, A.W.; Bridge, C.A.; McNaughton, L.R. Deceptive manipulation of competitive starting strategies influences subsequent pacing, physiological status, and perceptual responses during cycling time trials. Front. Physiol. 2016, 7, 536. [Google Scholar] [CrossRef] [PubMed]

	



Konings, M.J.; Schoenmakers, P.P.J.M.; Walker, A.J.; Hettinga, F.J. The behavior of an opponent alters pacing decisions in 4-km cycling time trials. Physiol. Behav. 2016, 158, 1–5. [Google Scholar] [CrossRef]

	



Thomas, K.; Stone, M.R.; Thompson, K.G.; Gibson, A.S.C.; Ansley, L. The effect of self-even-and variable-pacing strategies on the physiological and perceptual response to cycling. Eur. J. Appl. Physiol. 2012, 112, 3069–3078. [Google Scholar] [CrossRef] [PubMed]

	



Maia-Lima, A.; Ramos, G.; Moraes, M.; Pacheco, D.S.; De Oliveira, G.A.; De Barros, C.M.; Prado, L.; Garcia, E. Effects of precooling on 30-km cycling performance and pacing in hot and temperate environments. Int. J. Sports Med. 2017, 38, 48–54. [Google Scholar] [CrossRef]

	



Schmit, C.; Le Meur, Y.; Duffield, R.; Robach, P.; Oussedik, N.; Coutts, A.J.; Hausswirth, C. Heat-acclimatization and pre-cooling: A further boost for endurance performance? Scand. J. Med. Sci. Sports 2017, 27, 55–65. [Google Scholar] [CrossRef]

	



Racinais, S.; Périard, J.D.; Karlsen, A.; Nybo, L. Effect of heat and heat acclimatization on cycling time trial performance and pacing. Med. Sci. Sports Exerc. 2014, 47, 601–606. [Google Scholar] [CrossRef]

	



Levels, K.; de Koning, J.; Broekhuijzen, I.; Zwaan, T.; Foster, C.; Daanen, H. Effects of radiant heat exposure on pacing pattern during a 15-km cycling time trial. J. Sports Sci. 2014, 32, 845–852. [Google Scholar] [CrossRef]

	



Peiffer, J.J.; Abbiss, C.R. Influence of environmental temperature on 40 km cycling time-trial performance. Int. J. Sports Physiol. Perform. 2011, 6, 208–220. [Google Scholar] [CrossRef] [PubMed]

	



Abbiss, C.R.; Burnett, A.; Nosaka, K.; Green, J.P.; Foster, J.K.; Laursen, P.B. Effect of hot versus cold climates on power output, muscle activation, and perceived fatigue during a dynamic 100-km cycling trial. J. Sports Sci. 2010, 28, 117–125. [Google Scholar] [CrossRef] [PubMed]

	



Altareki, N.; Drust, B.; Atkinson, G.; Cable, T.; Gregson, W. Effects of environmental heat stress (35 °C) with simulated air movement on the thermoregulatory responses during a 4-km cycling time trial. Int. J. Sports Med. 2009, 30, 9–15. [Google Scholar] [CrossRef] [PubMed]

	



Junge, N.; Jorgensen, R.; Flouris, A.D.; Nybo, L. Prolonged self-paced exercise in the heat—Environmental factors affecting performance. Temperature (Austin Tex.) 2016, 3, 539–548. [Google Scholar] [CrossRef] [PubMed]

	



Abbiss, C.R.; Thompson, K.G.; Lipski, M.; Meyer, T.; Skorski, S. Difference in pacing between time- and distance-based time trials in trained cyclists. Int. J. Sports Physiol. Perform. 2016, 11, 1018–1023. [Google Scholar] [CrossRef] [PubMed]

	



White, J.A.; Ward, C.; Nelson, H. Ergogenic demands of a 24 hour cycling event. Br. J. Sports Med. 1984, 18, 165–171. [Google Scholar] [CrossRef]

	



Craig, N.P.; Norton, K.I. Characteristics of track cycling. Sports Med. 2001, 31, 457–468. [Google Scholar] [CrossRef]

	



Gill, K.S.; White, C.; Worsfold, P.R. Track cycling: An analysis of the pacing strategies employed during the devil elimination race. Int. J. Perform. Anal. Sport 2014, 14, 330–344. [Google Scholar] [CrossRef]

	



Mauger, A.R.; Jones, A.M.; Williams, C.A. The effect of non-contingent and accurate performance feedback on pacing and time trial performance in 4-km track cycling. Br. J. Sports Med. 2011, 45, 225–229. [Google Scholar] [CrossRef]

	



Christoph Strasser. Available online: www.christophstrasser.at/erfolge_berichte_archiv/erfolge/ (accessed on 24 July 2019).

	



Tissot Velodrome. Available online: www.tissotvelodrome.ch/ (accessed on 24 July 2019).

	



Greatest Distance Cycled Unpaced in 24 Hours (WUCA) (Male). Available online: www.guinnessworldrecords.com/world-records/greatest-distance-cycled-in-24-hours-(unpaced)- (accessed on 24 July 2019).

	



The World’s Winningest Wheel. Available online: https://rovalcomponents.com/ (accessed on 24 July 2019).

	



Power2max NG. Available online: http://ngpowermeter.power2max.com/en/ (accessed on 24 July 2019).

	



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]

	



24-h-Bahn-Weltrekord-Christoph-Strasser. Available online: https://bikeboard.at/Board/24-h-Bahn-Weltrekord-Christoph-Strasser-th237283 (accessed on 24 July 2019).

	



Too, D. Biomechanics of cycling and factors affecting performance. Sports Med. (Auckland N.Z.) 1990, 10, 286–302. [Google Scholar] [CrossRef]

	



Faria, I.E. Energy expenditure, aerodynamics and medical problems in cycling. An update. Sports Med. (Auckland N.Z.) 1992, 14, 43–63. [Google Scholar] [CrossRef] [PubMed]

	



Viana, B.F.; Pires, F.O.; Inoue, A.; Santos, T.M. Pacing strategy during simulated mountain bike racing. Int. J. Sports Physiol. Perform. 2018, 13, 208–213. [Google Scholar] [CrossRef] [PubMed]

	



Bossi, A.H.; Lima, P.; Lima, J.P.; Hopker, J. Laboratory predictors of uphill cycling performance in trained cyclists. J. Sports Sci. 2017, 35, 1364–1371. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, K.; Stone, M.; Gibson, A.S.C.; Thompson, K.; Ansley, L. The effect of an even-pacing strategy on exercise tolerance in well-trained cyclists. Eur. J. Appl. Physiol. 2013, 113, 3001–3010. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, G.; Davison, R.; Jeukendrup, A.; Passfield, L. Science and cycling: Current knowledge and future directions for research. J. Sports Sci. 2003, 21, 767–787. [Google Scholar] [CrossRef] [PubMed]

	



Baron, B.; Moullan, F.; Deruelle, F.; Noakes, T.D. The role of emotions on pacing strategies and performance in middle and long duration sport events. Br. J. Sports Med. 2011, 45, 511–517. [Google Scholar] [CrossRef] [PubMed]

	



Tucker, R.; Noakes, T.D. The physiological regulation of pacing strategy during exercise: A critical review. Br. J. Sports Med. 2009, 43, e1. [Google Scholar] [CrossRef] [PubMed]

	



Moyen, N.E.; Ganio, M.S.; Wiersma, L.D.; Kavouras, S.A.; Gray, M.; McDermott, B.P.; Adams, J.D.; Binns, A.P.; Judelson, D.A.; McKenzie, A.M.Y.L.; et al. Hydration status affects mood state and pain sensation during ultra-endurance cycling. J. Sports Sci. 2015, 33, 1962–1969. [Google Scholar] [CrossRef] [PubMed]

	



Best, R.; Barwick, B.; Best, A.; Berger, N.; Harrison, C.; Wright, M.; Sparrow, J. Changes in Pain and Nutritional Intake Modulate Ultra-Running Performance: A Case Report. Sports 2018, 6, 111. [Google Scholar] [CrossRef]

	



Lahart, I.M.; Lane, A.M.; Hulton, A.; Williams, K.; Godfrey, R.; Pedlar, C.; Wilson, M.G.; Whyte, G.P. Challenges in maintaining emotion regulation in a sleep and energy deprived state induced by the 4800 km ultra-endurance bicycle race; the race across america (raam). J. Sports Sci. Med. 2013, 12, 481–488. [Google Scholar] [PubMed]

	



Pitchford, N.W.; Fell, J.W.; Leveritt, M.D.; Desbrow, B.; Shing, C.M. Effect of caffeine on cycling time-trial performance in the heat. J. Sci. Med. Sport 2014, 17, 445–449. [Google Scholar] [CrossRef] [PubMed]

	



Graham-Paulson, T.; Perret, C.; Goosey-Tolfrey, V. Improvements in Cycling But not Handcycling 10 km Time Trial Performance in Habitual Caffeine Users. Nutrients 2016, 8, 393. [Google Scholar] [CrossRef] [PubMed]

	



Desbrow, B.; Biddulph, C.; Devlin, B.; Grant, G.D.; Anoopkumar-Dukie, S.; Leveritt, M.D. The effects of different doses of caffeine on endurance cycling time trial performance. J. Sports Sci. 2012, 30, 115–120. [Google Scholar] [CrossRef] [PubMed]

	



Bortolotti, H.; Altimari, L.R.; Vitor-Costa, M.; Cyrino, E.S. Performance during a 20-km cycling time-trial after caffeine ingestion. J. Int. Soc. Sports Nutr. 2014, 11, 45. [Google Scholar] [CrossRef] [PubMed]

	



Hunter, A.M.; St. Clair Gibson, A.; Collins, M.; Lambert, M.; Noakes, T.D. Caffeine ingestion does not alter performance during a 100-km cycling time-trial performance. Int. J. Sport Nutr. Exerc. Metab. 2002, 12, 438–452. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 16 02943 g001 550]





Figure 1. Cycling speed (km/h) during the record attempt. Latin numbers (I, II, III, IV) denote the phases of the race, which are separated by vertical dashed lines. The present record attempt (track cycling) is presented by ●, whereas the previous attempt (road cycling) is presented by ◯. R2 estimates the goodness of fit. 
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[image: Ijerph 16 02943 g001]







[image: Ijerph 16 02943 g002 550]





Figure 2. Power output (W) during the record attempt. Latin numbers (I, II, III, IV) denote the phases of the race, which are separated by vertical dashed lines. The present record attempt (track cycling) is presented by ●, whereas the previous attempt (road cycling) is represented by ◯. R2 estimates the goodness of fit. 
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Figure 3. Number of laps per hour during the record attempt. Latin numbers (I, II, III, IV) denote the phases of the race, which are separated by vertical dashed lines. The previous attempt (road cycling) is not presented due to different lap distance. R2 estimates the goodness of fit. 
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Figure 4. Relationship between power output and cycling speed. Latin numbers (I, II, III, IV) denote the phases of the race, which are separated by vertical dashed lines. The present record attempt (track cycling) is presented by ●, whereas the previous attempt (road cycling) is represented by ◯. R2 estimates the goodness of fit. 
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Table 1. Comparison between indoor and outdoor performances by phase of the race. d = (Cohen’s d)
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Phase

	
Speed (km/h)

	
Power (W)




	
Indoor

	
Outdoor

	
Difference

	
Outdoor

	
Indoor

	
Difference






	
I

	
42.56 ± 0.24

	
40.93 ± 0.21

	
d = 7.23

	
260.3 ± 4.5

	
274.9 ± 2.4

	
d = 4.05




	
II

	
39.55 ± 1.15

	
38.76 ± 2.12

	
d = 0.46

	
213.8 ± 15.4

	
263.8 ± 12.4

	
d = 3.58




	
III

	
38.06 ± 0.97

	
36.36 ± 2.02

	
d = 1.07

	
199.8 ± 7.2

	
238.8 ± 22.8

	
d = 2.31




	
IV

	
39.50 ± 0.35

	
35.81 ± 2.03

	
d = 2.53

	
220.5 ± 2.1

	
236.6 ± 27.0

	
d = 0.84
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