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Background
The aim of this study was to describe the thermoregulatory responses of elite athletes during competitions and training of the international cross-country skiing FIS Scandinavian Cup in Finland, held under cold (subzero) ambient conditions.
Methods
The core and skin temperatures were continuously recorded during two competition formats—a 10-km race (n = 18; 10 m, 8 f) and a 20-km race (n = 14; 9 m, 5 f)—and during training (n = 11; 7 m, 4 f) using electronic temperature pills and temperature sensors fixed on the chest, arm, hand, and thigh, respectively. The heart rate and skiing speed were continuously recorded using heart rate monitors with integrated GPS technology. Ambient temperatures during the measuring period ranged from −13.0 °C to −1.3 °C.
Results
The mean core temperature (Tcore) increased significantly during the 10-km classic (39.0 °C ± 0.4 °C) and the 20-km freestyle (39.2 °C ± 0.7 °C) races (all p < 0.001) and during trainings (38.3 °C ± 0.5 °C). In contrast, skin temperature decreased in all four body parts (all p < 0.001), with the greatest decreases measured on the thigh [18.7 °C ± 4.1 °C (10-km race), 20.7 °C ± 4.6 °C (20-km race), and 18.5 °C ± 3.2 °C (training)]. During both races, the heart rate significantly increased over time while the racing speed decreased (p < 0.001, respectively). The mean skin temperature of the thigh correlated with skiing speed in the 10-km (r = 0.573, p = 0.041) and the 20-km (r = 0.682, p = 0.021) races.
Conclusion
In summary, despite low ambient temperatures under real competition and training conditions, the athletes exhibited high heat generation, which enabled them to maintain a high core temperature. In contrast, the skin temperature dropped sharply during competitions and trainings. The association between the low mean skin temperature and the lower racing speed should be investigated further.
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1 INTRODUCTION
Cross-country skiing is sometimes performed under adverse weather conditions, with temperatures falling under −15 °C. Currently, data on thermoregulatory responses to the diverse demands of cold-weather sport disciplines are scarce. Importantly, an impaired thermoregulatory response may, in addition to negatively impacting exercise performance (Castellani and Young, 2016), be an indirect risk factor in the epidemiology of injuries and illness in athletes.
Cross-country skiing performance continuously involves the lower and upper body, with sustained metabolic heat production (Holmberg, 2015). Given this high energetic demand, it has been suggested that the risk for hypothermia would be rather low (Bergeron et al., 2012). However, when athletes are unable to maintain thermal homeostasis and when heat loss exceeds heat gain induced by individual metabolic heat production, it may compromise cardiovascular (e.g., lower muscle oxygenation) and neuromuscular function and metabolic regulation (e.g., preference on carbohydrate utilization) (Castellani and Young, 2016), with possible adverse effects on performance and health. Recent observations from a field study performed in national team biathletes showed that the skin temperature (Tskin) decreased by 7.5 °C (thigh) during submaximal training at −4 °C (Blokker et al., 2022). A decrease in Tskin can be relevant, as there is a linear relationship between the impairment of neuromuscular function and the fall in muscle temperature (Bergh and Ekblom, 1979a; Bigland-Ritchie et al., 1992; De Ruiter and De Haan, 2000). It has previously been demonstrated that in highly trained male cross-country skiers, the mean double-poling power output was reduced to a greater extent under simulated cold (−14 °C) than under cool (6 °C) conditions (Wiggen Ø et al., 2013), whereas this was not confirmed in females (Renberg et al., 2014).
The competition rules for cross-country skiing (International Ski and Snowboard Federation, FIS) state that competitions will be postponed or canceled if the temperature falls below −20 °C in the coldest part of the course and that other factors such as the duration of exposure, clothing, and “wind chill factor” have to be considered when a decision is made about starting or continuing a competition (FIS, 2022). During the 2022 Winter Olympic Games held in Beijing, China, very low temperatures combined with high wind speeds led to modifications of certain events, including a delay and shortening of the men’s 50-km cross-country mass start to 30 km, bringing safety and coping issues of winter-sport athletes into broader discussion. The Wind Chill Temperature (WTC) Index can be used to estimate the cooling power of the environment (Lankford and Fox, 2021); however, it does not provide additional data on the individual thermoregulatory responses of the athletes. Although the International Olympic Committee (IOC) already emphasized the assessment of the thermoregulatory responses of elite athletes training in the cold years ago to improve their safety, research in this area is scarce (Bergeron et al., 2012).
Therefore, the aim of this study was to characterize the thermal response of elite cross-country skiers training and competing during an international event in the cold, focusing on the core temperature (Tcore) and Tskin alterations.
2 MATERIALS AND METHODS
2.1 Participants and study design
Thermoregulatory data were collected from 21 elite Finnish cross-country skiers [tier 4 (McKay et al., 2022); FIS Points List- International Ski Federation: DI FIS March 4th, list 20–12–23; mean ± SD: 74 ± 30 (males, m) and 98 ± 38 (females, f)] during two international competitions and one regular training in Vuokatti, Finland.
Competitions were part of the second-level international FIS Scandinavian Cup, which was held in Vuokatti, Finland. On the first competition day, 18 athletes [10 m, 8 f; mean ± SD age: 23 ± 4 years (m), 21 ± 3 years (f); body height: 182 ± 4 cm (m), 170 ± 4 cm (f), p < 0.001; body weight: 79 ± 6 kg (m), 67 ± 4 kg (f), p < 0.001] performed a 10-km race in the classical style. On the second competition day, 14 athletes [9 m, 5 f; age: 25 ± 4 years (m), 22 ± 4 years (f); body height: 182 ± 4 cm (m), 170 ± 5 cm (f), p = 0.001; body weight: 78 ± 6 kg (m), 65 ± 3 kg (f), p < 0.001] completed a 20-km freestyle race. A total of 13 athletes took part in both competitions (8 m, 5 f). Tcore and Tskin during training were measured in 11 athletes [7 m, 4 f; age: 24 ± 6 years (m), 19 ± 2 years (f); body height: 180 ± 6 cm (m), 169 ± 4 cm (f) p = 0.030; body weight: 78 ± 7 kg (m), 66 ± 3 kg (f), p = 0.011] over a period of 2 days prior to the competitions.
2.2 Competition and training characteristics
During the races, the athletes skied in a ∼3.3 km course (i.e., three and six laps in the 10-km and 20-km races, respectively). The duration of warm-up was 39.2 ± 9.5 min and 34.1 ± 9.0 min on the 10-km and 20-km race days, respectively. On the training days, the course was selected on an individual basis. Training sessions started with an outdoor 33 ± 7 min warm-up skiing session. The main part of training lasted 35 ± 3 min on average and consisted of several longer intervals (10 min–12 min) at intensities corresponding to ∼70%–80% of the individual maximum heart rate, each interspersed by 2 min–3 min of active recovery, or was performed continuously.
2.3 Environmental conditions and ski track
Data on the environmental conditions including average ambient temperature (°C), wind speed (km·h−1), and relative humidity (%) were obtained from a nearby weather station (Table 1). The starting point of the race was located at an altitude of 150 m, with a maximum elevation reaching 178 m above sea level. The racetrack consisted of several uphill (total distance (td): ∼1,350 m), downhill (td: ∼1,350 m), and flat (td: ∼750 m) sections.
TABLE 1 | Lowest and highest Tcore, Tcore-to-Tskin gradient, and environmental conditions.	Exercise condition	Lowest Tcore (minimum) [°C]	Peak Tcore (maximum) [°C]	Tcore-to-Tskin gradient (last lap) [°C]	Tcore-to-Tskin gradient (all laps) [°C]	Ambient temperature [°C]	Wind speed [km·h−1]	Relative humidity [%]
	Race10 km (m)	37.8 ± 0.6 (37.2)	39.2 ± 0.4 (39.9)	14.6 ± 1.3	14.2 ± 1.0	−6	11	95
	Race10 km (f)	37.8 ± 0.5 (36.7)	39.1 ± 0.5 (39.9)	18.0 ± 1.4**	17.5 ± 1.2**	−7	7	94
	Race20 km (m)	38.0 ± 0.3 (37.5)	39.3 ± 0.6 (39.9)	16.0 ± 1.8	15.4 ± 1.9	−2	20	88
	Race20 km (f)	37.8 ± 0.6 (37.1)	39.0 ± 1.1 (40.0)	20.6 ± 2.2*	19.8 ± 1.4*	−1	18	88
	Training (m)	37.7 ± 0.4 (37.1)	38.5 ± 0.4 (38.9)	-	-	−13	11	92
	Training (f)	37.7 ± 0.3 (37.3)	38.5 ± 0.4 (38.9)	-	-	−13	11	92


Data are presented as the means ± SD (minimum/maximum). (m) males and (f) females. *p ≤ 0.01 and **p ≤ 0.001 for significant differences compared to males. Tcore, core temperature. Tskin, skin temperature. 10-km race (three laps), 20-km race (six laps).
2.4 Measurements
2.4.1 Core and skin temperature
Tcore was recorded via the electronic (gastro-intestinal) temperature pill at 60-s intervals with a precision of 0.1 °C (eCelsius capsule BodyCap, Caen, France). The pill was ingested by the athletes 4 h–6 h before the start of the training/race. Data were transmitted via low-bandwidth radio frequency to a data logger (ePerf Connect Gateway, BodyCap, Caen, France) carried by the athletes during races and trainings. Tskin was continuously measured with a flexible thermistor (eCelsius flex; BodyCap, Caen, France) placed on the chest, forearm, thigh, and back of the hand. The reference baseline for Tcore and Tskin was calculated as an average of a 5-min rest in a temperate room (∼22 °C) before warm-up. For each lap, the mean Tcore and mean T̅skin (regular average of all four locations) were used to calculate the Tcore-to-Tskin gradient.
2.4.2 Heart rate and speed
Heart rate (HR) and speed were continuously recorded using heart rate monitors equipped with GPS (Polar Vantage V3 with Polar H9 chest strap, Polar Electro, Kempele, Finland; Forerunner 35, with HRM-Pro, Garmin, Olathe, KS, United States).
2.4.3 Body mass and sweat loss
Body mass (Detecto, Knorring, Finland) was measured prior to warm-up and immediately after the cool-down period. Sweat loss was indirectly estimated based on body mass changes corrected for food and fluid intake [by weighing food (energy bars/gels/fruits) and beverages (water/sport drinks)] and for urine output (i.e., 0.3L/pee).
2.4.4 Perceptual measures
Thermal sensation and thermal comfort were assessed using a visual color scale ranging from blue (very cold, 0) to red (very hot, 20) and from white (comfortable, 0) to black (very uncomfortable, 20), respectively. Scores were displayed on the back side of the visual scales and were visible only to the research worker. The 15-point BORG scale, ranging from 6 (no exertion at all) to 20 (extremely hard), was used to evaluate the individual subjective level of perceived exertion (Borg, 1982). Thermal sensation, thermal comfort, and perceived exertion were all determined immediately following competitions or training.
2.4.5 Clothing
The outer layer on both the race days and training consisted of a regular racing skin-suit. The clothing on the day of the 10-km race consisted of a thermal base layer, which for 67% of the athletes consisted of a long-sleeved shirt and long base pants, whereas the remaining athletes wore a short-sleeved base layer shirt and short or no base pants. For the 20-km race, athletes wore short base pants (36%) or only underwear (64%), with one athlete using long base pants. On the upper body, 27% of the athletes wore a long shirt, no shirt (27%), or a T-shirt (46%). Moreover, athletes in the 10- and 20-km races wore a headband (42% and 64%) or a beanie hat (58% and 36%), a scarf (25% and 9%), and thin racing gloves (75% and 91%). During warm-up, athletes wore additional warm-up pants and a jacket. During training, the athletes’ clothing consisted of long thermal undergarments including a long shirt and long pants. In addition, they were equipped with thick beanies and thick race gloves.
2.5 Statistical analysis
A Shapiro–Wilk test was applied to test for normal distribution of data. Tcore and Tskin data were averaged for each lap for racing and in 10 segments for training. In addition, the mean T̅skin was calculated as a regular average of the data obtained from all four skin sensor locations. A repeated measures analysis of variance (ANOVA) was then performed to assess changes over time in Tcore and Tskin, HR, and speed. Bonferroni-corrected post hoc comparisons were conducted in case of significant main effects. Changes in bodyweight (pre- to post-competition/training) were examined using a dependent samples t-test. For those athletes who took part in both races (n = 13), a 2 × 3 (setting x time) repeated measures ANOVA was used to compare changes in Tcore and Tskin from lap 1 to lap 3 of the 10-km and 20-km races. In addition, to compare the perceived exertion, thermal sensation, and thermal comfort (10-km vs. 20-km races) in these athletes, dependent samples t-tests were carried out. Differences between males and females in perceived exertion, thermal sensation, and thermal comfort were assessed using independent samples t-tests. The Pearson correlation coefficient was used to assess correlations between individual variables. Data are presented as the means ± standard deviation (M±SD). The statistical significance was accepted at p ≤ 0.05. All calculations were performed using the IBM SPSS statistical software package for Windows (version 29.0; IBM Corporation, Armonk, NY, United States).
3 RESULTS
3.1 Core temperature alterations during the competition
The race Tcore significantly increased over time during the races (p < 0.001, respectively) (Figures 1A, 2A). There was no interaction effect when changes in Tcore from the first to the third lap were compared between the same athletes taking part in the 10-km and 20-km races (p = 0.263). Tcore increased until lap 3 in both races and remained elevated during the second half of the 20-km race (Figure 2A). The violin plot in Figure 3A illustrates the distribution of Tcore recordings during the races. There were no significant differences in the lowest and peak race Tcore (Table 1).
[image: Graphs A to F show temperature changes in different body regions during exercise phases for male, female, and all athletes. Key temperature trends and significant differences are marked with asterisks and lines indicating phases like Baseline, Warm-up, Transition, and Laps 1 to 3. Graph A displays core temperature. Graphs B to E illustrate skin temperatures of chest, arm, thigh, and hand, respectively. Graph F summarizes skin temperature trends for thigh, chest, arm, and hand. Each graph includes separate temperature lines for male and female athletes. Error bars and statistical annotations highlight variations and significance.]FIGURE 1 | Changes in core [(A), n = 13) and skin (B–F), chest (n = 18), arm (n = 16), thigh (n = 17), and hand (n = 13) (E,F)] temperature during the 10-km race. Data are presented as the means ± SD. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 for significant differences. asignificantly lower thigh temperature than chest (lap 1–3: p ≤ 0.001) and arm (lap 1–2: p ≤ 0.001; lap 3: p ≤ 0.01) temperatures. bsignificantly lower hand temperature than the chest (laps 1–2: p ≤ 0.001) and arm (lap 1: p ≤ 0.001; lap 2: p ≤ 0.01) temperatures, respectively. #p ≤ 0.05 and ##p ≤ 0.001 significantly different between males and females. A p-value ≤0.05 was considered statistically significant. Tcore, core temperature. Tskin, skin temperature.[image: Six line graphs display temperature changes in different body areas of male and female athletes across various stages: Baseline, Warm-up, Transition, and Laps 1 to 6. Graph A shows core temperature; B, chest skin; C, arm skin; D, thigh skin; E, hand skin; and F, a comparison of multiple areas. Male data is shown with dashed lines, female with dotted, and combined athletes with solid lines. Significance is indicated with symbols like asterisks. Error bars represent variability.]FIGURE 2 | Changes in core [(A), n = 12) and skin (B–F), chest (n = 12), arm (n = 13), thigh (n = 12), and hand (n = 10)] temperature during the 20-km race. Data are presented as the means ± SD. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 for significant differences. asignificantly lower temperature on the thigh versus the chest (lap 1: p ≤ 0.01). bsignificantly lower hand temperature than chest (lap 1: p ≤ 0.001; lap 2: p ≤ 0.05) and arm (lap 1: p ≤ 0.05) temperatures. #p ≤ 0.05 and ##p ≤ 0.001 significantly different between males and females. A p-value ≤0.05 was considered statistically significant. Tcore, core temperature. Tskin, skin temperature.[image: Panel A displays violin plots comparing core temperatures during different activities for males and females, with females represented in light blue and males in blue. Panel B shows a scatter plot illustrating the relationship between speed and the core-to-skin temperature gradient across three laps, using different markers for each lap.]FIGURE 3 | (A) Violin plots of core temperatures during the 10-km race (n = 13), 20-km race (n = 12), and training (n = 11), including the median (bolt line) and quartiles (dotted lines). (B) Relationship between the Tcore-to-Tskin gradient and skiing speed in laps 1 to 3 of the 10-km race. Tcore, core temperature. Tskin, skin temperature.3.2 Skin temperature alterations during competition
There was a significant time effect for the mean T̅skin in the races (both p < 0.001), with a decrease from 31.2 °C ± 1.5 °C to 22.1 °C ± 2.1 °C and from 31.1 °C ± 1.5 °C to 21.9 °C ± 2.7 °C during the 10-km and 20-km races (p < 0.001, respectively, Figures 1, 2). In addition, the mean T̅skin was significantly lower in the 20-km race than that in the 10-km race (22.3 °C ± 2.7 °C vs. 23.9 °C ± 2.1 °C, respectively; p = 0.010). There was no interaction effect for changes in Tskin from the first to the third lap between the 10-km and 20-km races (p = 0.227, p = 0.655, p = 0.445, and p = 0.179 for Tskin of the thigh, chest, arm, and hand, respectively).
The temperature on each body part significantly changed over time (p < 0.001, respectively). In detail, in both the races, Tskin of each location initially decreased during warm-up (p ≤ 0.05, respectively; Figures 1B–E, 2B–E) and further dropped during the first lap (all p ≤ 0.05), except Tskin of the hand (20 km), showing no further reduction after warm-up. Tskin of the thigh, chest, and arm continued to fall in lap 2 of both the races (all p ≤ 0.05) while remaining constant during the rest of the race.
The lowest individual Tskin during the 10-km race was as follows: 12.7 °C (thigh, lap 3), 17.0 °C (chest, lap 3), 18.0 °C (arm, lap 3), and 14.3 °C (hand, lap 2). During the 20-km race, the lowest Tskin recorded was as follows: 14.4 °C (thigh, lap 6), 14.9 °C (chest, lap 6), 16.9 °C (arm, lap 6), and 14.9 °C (hand, lap 2). Tskin of the thigh was significantly lower during both races in female athletes than in male athletes (all p ≤ 0.05; Figures 1, 2). Differences in Tskin between the body parts are presented in Figures 1F, 2F for the 10-km and 20-km races, respectively.
The Tcore-to-Tskin gradient was higher in females than in males in the 10-km race (p ≤ 0.001) and the 20-km race (p < 0.010) (Table 1). No correlations were observed between Tcore and the racing speed. However, the Tcore-to-Tskin gradient of each lap was inversely related to the racing speed in laps 1 to 3 of the 10-km race (−0.788, p = 0.012; −0.856, p = 0.003; and −0.723, p = 0.028, respectively, Figure 3B) and tended to be related to the speed in laps 1 and 2 of the 20-km race (−0.570, p = 0.085 and −0.585, p = 0.076, respectively).
3.3 Core and skin temperature alterations during training
During training, there was a significant effect of time on Tcore (p < 0.001), showing a first significant increase during warm-up (p < 0.001) and a second one between the 20% and 30% segment (p ≤ 0.05; Figure 4A). The peak individual Tcore were 38.9 °C in both the sexes. The lowest Tcore was 37.1 °C in males and 37.3 °C in females, which were recorded at the beginning of the main training part after warm-up. The mean Tcore during the end of training (38.5 °C ± 0.5 °C; 100% segment) was significantly lower than that in lap 3 (39.2 °C ± 0.4 °C) and lap 6 (39.4 °C ± 0.5 °C) of the 10-km and 20-km race (p = 0.039 and p < 0.001, respectively).
[image: Two graphs illustrate temperature changes. Graph A shows core temperature in degrees Celsius, increasing from baseline to 100% of entire trianing time for all athletes, with comparisons between Day 1 and Day 2. Graph B shows skin temperature changes measured at the thigh, chest, arm, and hand, with temperatures decreasing initially and then fluctuating. Error bars and statistical significance markers are included.]FIGURE 4 | Changes in core [(A), n = 13] and skin (chest, arm, thigh, and hand; (B), n = 5) temperature during training. Data are presented as the means ± SD. Tcore: *p ≤ 0.05 and ***p ≤ 0.001 for significant differences. Tskin: *for significant differences in Tskin of the thigh versus baseline and versus warm-up (p ≤ 0.05, respectively). #,§ denotes significant changes compared to baseline for temperatures measured on the chest (p ≤ 0.05) and arm (p ≤ 0.01), respectively. ‡for trends toward lower Tskin of the hand versus baseline (p ≤ 0.10). A p-value ≤0.05 was considered statistically significant. Tcore, core temperature. Tskin, skin temperature.A significant time effect for the mean T̅skin (all locations) was detected (p < 0.001), declining from 31.4 °C ± 1.4 °C (baseline) to 23.7 °C ± 1.5 °C (100% segment). The mean T̅skin did not differ between females (23.8 °C ± 1.2 °C) and males (23.1 °C ± 1.7 °C; p = 0.55). In addition, temperatures on the thigh, chest, arm, and hand significantly changed over time (p < 0.001, respectively, Figure 4B). Comparisons between the body parts revealed significant differences in Tskin depending on the measured location (Figure 4B). The lowest individual Tskin during training was as follows: 12.6 °C (thigh), 21.5 °C (chest), 18.4 °C (arm), and 15.1 °C (hand).
3.4 Heart rate and speed during the competition and training
Alterations in the competition HR and speed are presented in Table 2. In both races, there was a significant effect of time on the HR (increase) and speed (decrease; p < 0.001, respectively). The magnitudes of the changes over time in the HR and speed were not significantly different between males and females during the 10-km race (p = 0.555 and p = 0.875, respectively) and the 20-km race (p = 0.209 and p = 0.429, respectively). However, the speed was significantly lower in females than in males in each lap of the two races. The mean Tskin of the thigh was significantly related to the racing speed in the 10-km race (r = 0.573, p = 0.041) and the 20-km race (r = 0.682, p = 0.021) (Figure 5). In addition, the change in Tskin of the thigh (baseline to lap 6; 20-km race) was negatively related to the mean racing speed (r = −0.749, p = 0.008).
TABLE 2 | Average changes of heart rate and speed during the 10-km and 20-km races.	Measured variable	Lap 1	Lap 2	Lap 3	Lap 4	Lap 5	Lap 6	ANOVA
Ptime(ηp2)
	HR10 [bpm] (m + f)	175 ± 7	181 ± 6***	182 ± 6***a				<0.001	(0.826)
	HR10[bpm] (m)	175 ± 8	181 ± 7***	183 ± 7***					
	HR10[bpm] (f)	175 ± 3	181 ± 4***	181 ± 2**					
	Speed10 [km/h] (m + f)	20.4 ± 1.8	19.7 ± 1.8**	19.5 ± 1.7**				<0.001	(0.570)
	Speed10[km/h] (m)	21.4 ± 0.7	20.7 ± 1.0*	20.5 ± 0.9**					
	Speed10[km/h] (f)	18.6 ± 1.7b	18.0 ± 1.6b	17.7 ± 1.2*b					
	HR20 [bpm] (m + f)	172 ± 7	179 ± 6***	179 ± 7***	178 ± 6**	177 ± 6	176 ± 5	<0.001	(0.632)
	HR20[bpm] (m)	170 ± 8	178 ± 7***	178 ± 8***	177 ± 7**	176 ± 7*	177 ± 6**		
	HR20[bpm] (f)	176 ± 5	181 ± 3**	182 ± 3*	180 ± 2	178 ± 2	178 ± 2		
	Speed20 [km/h] (m + f)	22.2 ± 1.4	21.8 ± 1.6	21.0 ± 1.5***a	20.4 ± 1.5***	20.2 ± 1.5***	20.4 ± 1.6***	<0.001	(0.763)
	Speed20[km/h] (m)	23.0 ± 0.7	22.7 ± 0.7	21.7 ± 1.1**a	21.1 ± 1.2***	20.9 ± 1.2***	21.2 ± 1.1***		
	Speed20[km/h] (f)	20.5 ± 0.6b	19.7 ± 1.0b	19.3 ± 0.9b	18.9 ± 0.5*b	18.6 ± 0.6**b	18.7 ± 1.2*b		


Data are presented as the means ± SD. 10-km race (n = 14; 9 m, 5f; three laps), 20-km race (n = 13; 9 m, 4f; six laps). Significantly different compared to lap 1 *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
a significantly different compared to the previous lap (p ≤ 0.05).
b significantly different between males and females (p ≤ 0.01). ηp2 = partial eta squared. ANOVA, analysis of variance; HR, heart rate. (m) males and (f) females.
[image: Scatter plot showing the relationship between skin temperature of the thigh (degrees Celsius) and speed (kilometers per hour). Two data sets are plotted: 10 kilometers represented by diamonds, and 20 kilometers by circles. A positive correlation is indicated with dashed trend lines for each set.]FIGURE 5 | Relationship between the mean Tskin of the thigh and skiing speed in the 10-km and the 20-km race.During training, the mean HR was 166 ± 6 bpm and 133 ± 8 bpm for the intense and active recovery parts, respectively. The corresponding skiing speeds were 18 ± 3 km/h and 3 ± 3 km/h.
3.5 Body weight, nutritional intake, and estimated water loss (during the competition and training)
Body weight significantly decreased from pre- to post-skiing during the 10-km race (73.3 ± 8.0 kg to 72.7 ± 8.1 kg; −0.9% ± 0.7%, p < 0.001) and the 20-km race (73.3 ± 8.2 kg to 72.5 ± 8.1 kg; −1.0% ± 0.7%, p < 0.001). During training, body weight changes were not significant (from 72.8 ± 7.8 kg to 72.5 ± 7.4 kg, −0.4% ± 0.7%, p = 0.104). The mean fluid and food intake was 0.8 ± 0.4 kg (10-km race), 0.6 ± 0.3 kg (20-km race), and 0.4 ± 0.2 kg (training). Considering urine output, the estimated sweat loss was 0.8 ± 0.5 L (10-km race), 0.8 ± 0.6 L (20-km race), and 0.6 ± 0.6 L (training).
No effect of sex on changes in body weight over time were observed (p = 0.553). Body weight loss in males and females was −0.5 ± 0.3 kg and −0.8 ± 0.5 kg in the 10-km race and −0.7 ± 0.5 kg and −0.8 ± 0.6 kg in the 20-km race, respectively. Similarly, the estimated sweat loss did not differ between males and females during the 10-km race (−0.8 ± 0.5 L and −0.8 ± 0.5 L, respectively; p = 0.839) and 20-km race (−0.8 ± 0.4 L and −0.8 ± 0.9 L, respectively; p = 0.917).
Body weight changes during training were significantly different between males and females (−0.56 ± 0.46 kg and 0.18 ± 0.31 kg, p = 0.020). In addition, sweat loss was higher in males than in females (−0.84 ± 0.59 L and −0.10 ± 0.33 L, p = 0.048, respectively).
3.6 Perceived exertion and subjective thermal sensation (competition and training)
The mean scores of the Borg scale were 18 ± 2 (10-km race), 17 ± 2 (20-km race), and 14 ± 1 (training). For athletes taking part in both races, the scores tended to be higher in the 10-km race than in the 20-km race (18.0 ± 1.6 and 16.9 ± 2.1, respectively; p = 0.061). Scores were not different between males and females during the 10-km race (17.7 ± 1.6 and 17.6 ± 1.8, respectively; p = 0.976) and the 20-km race (16.8 ± 2.4 and. 17.2 ± 1.5, respectively; p = 0.719).
The athletes’ thermal sensation and thermal comfort was 9.3 ± 3.3 and 6.6 ± 3.8 (10-km race), 10.5 ± 3.8 and 4.9 ± 2.6 (20-km race), and 6.3 ± 2.5 and 8.1 ± 4.4 (training), respectively. Ratings for thermal sensation and thermal comfort in athletes that were examined on both the racing days did not differ (p = 0.21 and p = 0.30, respectively). Thermal sensation was significantly higher during the 10-km race in males than in females (10.9 ± 3.4 vs. 7.3 ± 2.2; p = 0.02) and tended to be higher during the 20-km race (12.3 ± 3.0 vs. 8.1 ± 4.4; p = 0.07). Thermal comfort was not different between males and females in the 10-km and 20-km races (6.3 ± 3.7 vs. 6.9 ± 4.4; p = 0.77 and 4.4 ± 2.7 vs. 5.2 ± 3.0; p = 0.64, respectively).
Thermal comfort was related to changes in Tcore (r = 0.619, p = 0.024) in the 10-km race. In addition, thermal sensation and thermal comfort tended to be negatively related in the 10-km (r = −0.424, p = 0.080) and the 20-km races (r = −0.516, p = 0.059), respectively.
4 DISCUSSION
The aim of the present study was to examine and describe the thermoregulatory response of elite cross-country skiers during international FIS competitions and preparatory trainings. Our findings provide novel insights into the changes of Tcore and Tskin during cross-country skiing competitions performed under cold (sub-zero) environmental conditions, showing that the mean Tcore increased to ≥39 °C during the shorter (10-km race) and the longer (20-km race) distance of the race. Conversely, we observed a considerable decline in skin temperatures at all measured locations.
4.1 Core temperature
There were no athletes with an individual Tcore below the lower cut-off for normal core temperature during the races (i.e., all >36.5 °C, Table 1). Therefore, our results corroborate previous assumptions made for Nordic skiing sports, that is, that metabolic heat production is high and sufficient to compensate for body heat loss under the given environmental, clothing, and race conditions (Bergeron et al., 2012).
We observed a fast reduction in Tcore between the warm-up and the start of the race on the day of the 10-km (−0.4 °C; Figure 1A) and 20-km (−0.3 °C; Figure 2A) races, highlighting the benefit of an appropriate heating strategy to maintain the body temperature during transition periods. This may be of particular relevance, as recent research suggested that such strategies may not be part of the planning of warm-up routines in cross-country skiers (Jones et al., 2022).
The marked increase in Tcore during the race can be explained by the high metabolic demands of the skiing activity, requiring intensive energy expenditure that simultaneously involves muscles of the upper and the lower body (Holmberg, 2015). The hilly terrain poses an additional stressor on the athlete, especially when steep uphill sections have to be managed (Norman et al., 1989). This can be relevant, as generally half of the total race time during comparable competitions is spent in uphill sections, where work rates can clearly exceed 100% of V̇O2peak (Losnegard, 2019). Previous laboratory studies performed in cross-country skiers showed that Tcore significantly increased (>38.0 °C) during 20 min of maximum double-poling exercise at −15 °C (Wiggen Ø et al., 2016) and that submaximal running (−9 °C, wind speed 5 m·s−1) raised Tcore up to 38.5 °C in athletes wearing cross-country skiing racing skin-suits (Sandsund et al., 2012; Renberg et al., 2014). In our study, we add novel knowledge by considering a wider range of factors impacting on the thermoregulatory response, that is, including real outdoor weather conditions combined with specific demands of the competition setting, such as variations in terrain and movement velocity, which are partially responsible for the larger increases in Tcore in our study. Notably, race Tcore recorded in our study significantly exceeded that reported from alpine skiing (37.6 °C) (Alhammoud et al., 2021). Despite the subzero outdoor temperatures, athletes’ Tcore continuously increased until ∼39 °C during the third lap and was maintained throughout the remaining three laps of the 20-km race. By reaching such levels, the cross-country skiers of our study represented values comparable to the mean peak Tcore (39.2 °C) shown in road-racing athletes during the UCI Road Cycling World Championships (Racinais et al., 2019) or running events performed in temperate/hot conditions (Grivas et al., 2024). Thus, even under the cold conditions prevailing in our study, the workload of exercise appears to be a more discriminating factor regulating Tcore than the environment the exercise is performed in.
Our finding that Tcore is not associated with the racing speed is consistent with previous observations made during competitions in the heat (Aylwin et al., 2023), suggesting that factors other than Tcore may also be responsible for the decline in performance when training or competing in a cold environment. Notably, we found that a higher Tcore-to-Tskin gradient was related to a reduced racing performance (Figure 3B). Under hot conditions, a reduced Tcore-to-Tskin gradient has been suggested as a determining factor negatively affecting the exercise capacity during competitions in elite athletes (Racinais et al., 2022). In addition, the Tcore-to-Tskin gradient was found to better reflect fatigue than Tcore in the heat (Cuddy et al., 2014). The lower gradient may be associated with increased skin blood flow, thus diminishing available blood for working muscles, with possible consequences such as reduced oxygen delivery to muscles or higher cardiac strain. Although a high gradient under hot conditions may be associated with better heat tolerance and exercise capacity, a large Tcore-to-Tskin gradient during exercise in the cold may be an indirect indicator of performance degradation. A low skin temperature may result in the cooling of superficial muscles, possibly impairing enzymatic and neural processes (Drinkwater, 2008; Racinais and Oksa, 2010), which are factors that may limit skiing performance. Nevertheless, it is important to consider that our findings do not imply causality.
During training, outdoor temperatures and exercise intensities were considerably lower than those during racing days, yet Tcore increased to 38.3 °C on average (Figure 4A). The magnitude of the Tcore increase despite the colder ambient temperatures combined with lower skiing speeds can be partly explained by the additional clothing worn during the training sessions. Our findings are in line with previous observations, reporting a rise in Tcore during on-snow training in biathletes at comparable exercise intensities (14 min, 78% of HRmax), although changes in Tcore were less pronounced (i.e., from 37.0 °C to 37.5 °C) albeit markedly warmer ambient temperatures (−3.7 °C) (Blokker et al., 2022).
4.2 Skin temperature
Conversely to higher Tcore, skin temperatures declined on all four body parts during races and training, particularly affecting the distal regions (Figures 1B–E, 2B–E, 4). Despite quadriceps musculature being one of the most involved muscles to generate propulsive forces during cross-country skiing movements, we observed large decreases in Tskin measured on the thigh. These results confirm the findings from earlier studies performed under cold conditions in the lab, reporting distinct falls in skin temperature, especially of the thigh (Sandsund et al., 2012; Wiggen Ø et al., 2013; Wiggen Ø et al., 2016). Under milder but real outdoor conditions, Tskin of the thigh was again the most affected, showing a drop down to ∼23 °C (Blokker et al., 2022). Interestingly, the mean Tskin and temperature of the thigh were much lower than the average values previously reported during alpine skiing training (30.5 °C and 29.3 °C, respectively). The underlying mechanism for the decrease in Tskin can be manifold. For example, peripheral vasoconstriction together with a decrease in skin blood flow may diminish convective heat loss as an acute response to cold exposure (Castellani and Young, 2016). Conversely, the sharp reduction in Tskin observed in our study may also stem from high evaporative heat loss. Although outdoor temperatures were in the subzero range, athletes substantially lost body mass (equivalent to a loss of approximately 1% of athletes’ body weight), with evaporative heat loss likely accounting for the most part of this observed change.
We observed some interindividual variability, with faster athletes exhibiting greater average temperatures on their thighs during the races. In the 20-km race, lower mean racing speed was associated with greater decreases in Tskin of the thigh. However, due to the observational nature of the study design, it is not possible to determine if the lower speed was a cause for or consequence of the lower Tskin. Thus, this finding may simply reflect greater muscular heat production because of a higher workload. Yet, we cannot exclude that lower muscle temperature might have limited force production and, thus, impaired performance. A lower skin temperature may be associated with subcutaneous muscle tissue cooling (Oksa et al., 1995; Racinais and Oksa, 2010) and/or can prevent muscle temperature to increase to similar levels as under thermoneutral conditions (Bergh and Ekblom, 1979b). Cooling of the superficial muscles was suggested to appear in a dose-dependent manner (Bortolan et al., 2021), with mild cooling already inducing considerable performance impairments (Oksa et al., 1997). For example, cooling the leg muscles down to 29 °C led to a 38% reduction in time to exhaustion in cycling exercise, rather than when the muscles were at warmer temperatures (e.g., to 34 °C) (Blomstrand et al., 1984). In this regard, dynamic exercise performance was suggested to be more sensitive to variations in muscle temperature than isometric contractions (Wakabayashi et al., 2015).
As the potential underlying mechanism for reduced performance, impairments in neuromuscular function (e.g., slowing down of nerve conduction and muscular contraction velocity), increased co-activation (alteration in the agonist-antagonist relation), changes in the muscle metabolism (reduced blood flow and oxygen uptake), and/or decreases in exercise economy/efficiency have been postulated (Racinais and Oksa, 2010; Wakabayashi et al., 2015; Castellani and Young, 2016). In elite alpine skiers, cold-induced impairments in proprioceptive acuity (i.e., pattern of error) were reported following exposure to cold, whereas cognitive task performance remained unchanged, possibly due to cold habituation (Racinais et al., 2017). Decreased muscular functioning may overload the musculoskeletal system due to the known high demands of cross-country skiing, possibly increasing the risk for muscular disorders or injuries, although evidence underpinning this assumption is still lacking. Cold-induced increase in tissue stiffness and impaired proprioception may be factors affecting the injury risk of athletes (Mäkinen et al., 2005; Racinais and Oksa, 2010; Lauersen et al., 2014).
4.3 Differences between sexes
After the start of the race, Tcore (Figures 1A, 2A), representing heat storage, and HR (Table 2) increased to a similar extent in males and females, however for a lower absolute racing speed in females (Table 2). Due to generally lower body mass, power output in females is lower, which would result in less thermal energy production for the same speed. At the same time, the body surface area is smaller in females, implying less heat dissipation capacity (Notley et al., 2017; Notley et al., 2021). Due to lower body weight, and as thermal energy stored for each °C is proportional to the body mass, females appear to have stored less heat than males.
Interestingly, Renberg et al. (2014) reported no effects of simulated cold temperatures (−14 °C) in females on various performance parameters (e.g., running speed/economy), even though Tskin was significantly lower than that in males under similar conditions (Sandsund et al., 2012). Authors suggested females being able to tolerate lower skin temperatures, possibly due to greater subcutaneous fat thickness, that may have prevented their muscle temperature from falling (Renberg et al., 2014). In addition, skin temperature was shown to decrease more when fat thickness increased (Castellani and Tipton, 2015). Likewise, in our study, Tskin of females was affected more by temperature than that of males. Yet, changes in the racing performance were not significantly different between sexes, as indicated by similar reductions in racing speed (i.e., −0.9 km/h and −1.8 km/h in the 10-km and 20-km races, respectively).
4.4 Thermal sensation and thermal comfort
The significantly lower Tskin of the thigh in females may explain their lower thermal-sensation scores than those of males. However, although Tskin considerably declined in both males and females (particularly on the thigh), this decrease does not seem to be adequately reflected in the ratings of thermal sensation and thermal comfort. This suggests a perception closer to a neutral temperature rather than a true feeling of cold, accompanied by low levels of thermal discomfort. Therefore, there may be a general disparity between temperatures measured on the skin and the athlete’s subjective thermal sensation/comfort on the days of the races. These findings corroborate with previous observations, indicating depressed thermal sensation during exercise in the cold (Ouzzahra et al., 2012; Blokker et al., 2022). As both Tcore and Tskin are known to equally contribute to the sensation of thermal comfort, a factor that is crucial for behavioral thermoeffector initiation (Frank et al., 1999), it is unlikely that the observed discrepancy would be solely based on the high Tcore observed in our study. Nevertheless, relative differences in outdoor temperatures appear to have been adequately sensed by the athletes, showing higher ratings for thermal sensation and lower ratings for thermal comfort on warmer days.
5 LIMITATIONS
We were not able to analyze Tcore data from all the ingested pills. Due to technical issues during data recordings/transfer, five (4 m and 1 f) out of 18 datasets in the 10-km race and two (2 f) out of 14 in the 20-km race could not be retrieved. In addition, we were not able to record the skin temperature data on all locations during races and training (see figure legends).
6 CONCLUSION
In this study, cross-country skiers produced high amounts of body heat, as indicated by large increases in Tcore during real competitions and training in the cold. At the same time, however, Tskin markedly dropped across the races and during training, which can be problematic, as reductions in Tskin may facilitate superficial muscle cooling. It remains to be established how thermoregulation and performance are affected during longer race distances and/or during more adverse conditions, and if Tskin together with the Tcore-to-Tskin gradient could be used as suitable indicators for exercise performance in the cold, even more than core temperature alone.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by the Ethical Committee of the University of Jyväskylä, Finland. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
WS: Writing – original draft, Writing – review and editing, Funding acquisition, Conceptualization. MV: Writing – review and editing, Investigation, Resources, Conceptualization, Project administration. AK: Project administration, Writing – review and editing, Investigation, Formal Analysis. SR: Funding acquisition, Writing – review and editing, Conceptualization, Project administration. YP: Writing – review and editing, Funding acquisition, Resources, Conceptualization. PV: Writing – review and editing, Investigation, Project administration. BM-P: Writing – review and editing, Investigation, Project administration. RM-H: Writing – review and editing, Investigation, Project administration. JI: Writing – review and editing, Project administration, Investigation. DG: Project administration, Investigation, Writing – review and editing. TD: Formal Analysis, Project administration, Data curation, Conceptualization, Funding acquisition, Writing – original draft, Writing – review and editing, Investigation.
FUNDING
The authors declare that financial support was received for the research and/or publication of this article. This study was supported through a grant obtained from the International Olympic Committee (IOC). Further funding was received from the Tiroler Wissenschaftsförderung (TWF), No. F.45030/9-2022). AK was partly supported by a grant from the Austrian Society for Alpine and High-Altitude Medicine (ÖGAHM). MV was supported by a grant from the Academy of Finland.
ACKNOWLEDGEMENTS
The authors thank all athletes for their participation and their time spent during the examinations of this study.
CONFLICT OF INTEREST
Authors WS and AK were employed by Tirol Kliniken GmbH Innsbruck.
Author PV was employed by Human Telemetrics Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
GENERATIVE AI STATEMENT
The authors declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Alhammoud M., Oksa J., Morel B., Hansen C., Chastan D., Racinais S. (2021). Thermoregulation and shivering responses in elite alpine skiers. Eur. J. Sport Sci. 21 (3), 400–411. doi:10.1080/17461391.2020.1754470

	Aylwin P., Havenith G., Cardinale M., Lloyd A., Ihsan M. Taylor L., et al. (2023). Thermoregulatory responses during road races in hot-humid conditions at the 2019 athletics world championships. J. Appl. Physiol. 134 (5), 1300–1311. doi:10.1152/japplphysiol.00348.2022

	Bergeron M. F., Bahr R., Bärtsch P., Bourdon L., Calbet J. A. Carlsen K. H., et al. (2012). International olympic committee consensus statement on thermoregulatory and altitude challenges for high-level athletes. Br. J. Sports Med. 46 (11), 770–779. doi:10.1136/bjsports-2012-091296

	Bergh U., Ekblom B. (1979a). Influence of muscle temperature on maximal muscle strength and power output in human skeletal muscles. Acta Physiol. Scand. 107 (1), 33–37. doi:10.1111/j.1748-1716.1979.tb06439.x

	Bergh U., Ekblom B. (1979b). Physical performance and peak aerobic power at different body temperatures. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 46 (5), 885–889. doi:10.1152/jappl.1979.46.5.885

	Bigland-Ritchie B., Thomas C. K., Rice C. L., Howarth J. V., Woods J. J. (1992). Muscle temperature, contractile speed, and motoneuron firing rates during human voluntary contractions. J. Appl. Physiol. 73 (6), 2457–2461. doi:10.1152/jappl.1992.73.6.2457

	Blokker T., Bucher E., Steiner T., Wehrlin J. P. (2022). Effect of cold ambient temperature on heat flux, skin temperature, and thermal sensation at different body parts in elite biathletes. Front. Sports Act. Living 4, 966203. doi:10.3389/fspor.2022.966203

	Blomstrand E., Bergh U., Essén-Gustavsson B., Ekblom B. (1984). Influence of low muscle temperature on muscle metabolism during intense dynamic exercise. Acta Physiol. Scand. 120 (2), 229–236. doi:10.1111/j.1748-1716.1984.tb00128.x

	Borg G. A. (1982). Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. 14 (5), 377–381. doi:10.1249/00005768-198205000-00012

	Bortolan L., Savoldelli A., Pellegrini B., Modena R., Sacchi M. Holmberg H. C., et al. (2021). Ski mountaineering: perspectives on a novel sport to be introduced at the 2026 winter olympic games. Front. Physiol. 12, 737249. doi:10.3389/fphys.2021.737249

	Castellani J. W., Tipton M. J. (2015). Cold stress effects on exposure tolerance and exercise performance. Compr. Physiol. 6 (1), 443–469. doi:10.1002/cphy.c140081

	Castellani J. W., Young A. J. (2016). Human physiological responses to cold exposure: acute responses and acclimatization to prolonged exposure. Auton. Neurosci. 196, 63–74. doi:10.1016/j.autneu.2016.02.009

	Cuddy J. S., Hailes W. S., Ruby B. C. (2014). A reduced core to skin temperature gradient, not a critical core temperature, affects aerobic capacity in the heat. J. Therm. Biol. 43, 7–12. doi:10.1016/j.jtherbio.2014.04.002

	De Ruiter C. J., De Haan A. (2000). Temperature effect on the force/velocity relationship of the fresh and fatigued human adductor pollicis muscle. Pflugers Arch. 440 (1), 163–170. doi:10.1007/s004240000284

	Drinkwater E. (2008). Effects of peripheral cooling on characteristics of local muscle. Med. Sport Sci. 53, 74–88. doi:10.1159/000151551

	FIS (2022). THE INTERNATIONAL SKI COMPETITION RULES (ICR). Available online at: https://assets.fis-ski.com/image/upload/v1624284540/fis-prod/assets/ICR_CrossCountry_2022_clean.pdf (Accessed April 04, 2022).

	Frank S. M., Raja S. N., Bulcao C. F., Goldstein D. S. (1999). Relative contribution of core and cutaneous temperatures to thermal comfort and autonomic responses in humans. J. Appl. Physiol. 86 (5), 1588–1593. doi:10.1152/jappl.1999.86.5.1588

	Grivas G. V., Muniz-Pardos B., Guppy F., Pitsiladis A., Bundy R. Miller M., et al. (2024). Assessing core body temperature in a cool marathon using two pill ingestion strategies. Transl. Exerc. Biomed. 1(3-4),264–276. doi:10.1515/teb-2024-0012

	Holmberg H. C. (2015). The elite cross-country skier provides unique insights into human exercise physiology. Scand. J. Med. Sci. Sports 25 (Suppl. 4), 100–109. doi:10.1111/sms.12601

	Jones T. W., Govus A. D., Buskqvist A., Andersson E. P., McGawley K. (2022). An analysis of Warm-Up strategies at a cross-country skiing national championship. Int. J. Sports Physiol. Perform. 17 (1), 50–57. doi:10.1123/ijspp.2020-0832

	Lankford H. V., Fox L. R. (2021). The wind-chill index. Wilderness Environ. Med. 32 (3), 392–399. doi:10.1016/j.wem.2021.04.005

	Lauersen J. B., Bertelsen D. M., Andersen L. B. (2014). The effectiveness of exercise interventions to prevent sports injuries: a systematic review and meta-analysis of randomised controlled trials. Br. J. Sports Med. 48 (11), 871–877. doi:10.1136/bjsports-2013-092538

	Losnegard T. (2019). Energy system contribution during competitive cross-country skiing. Eur. J. Appl. Physiol. 119 (8), 1675–1690. doi:10.1007/s00421-019-04158-x

	Mäkinen T. M., Rintamäki H., Korpelainen J. T., Kampman V., Pääkkönen T. Oksa J., et al. (2005). Postural sway during single and repeated cold exposures. Aviat. Space Environ. Med. 76 (10), 947–953.

	McKay A. K. A., Stellingwerff T., Smith E. S., Martin D. T., Mujika I. Goosey-Tolfrey V. L., et al. (2022). Defining training and performance caliber: a participant classification framework. Int. J. Sports Physiol. Perform. 17 (2), 317–331. doi:10.1123/ijspp.2021-0451

	Norman R. W., Ounpuu S., Fraser M., Mitchell R. (1989). Mechanical power output and estimated metabolic rates of nordic skiers during olympic competition. Int. J. Sports Biomech. 5 (2), 169–184. doi:10.1123/ijsb.5.2.169

	Notley S. R., Park J., Tagami K., Ohnishi N., Taylor N. A. S. (2017). Variations in body morphology explain sex differences in thermoeffector function during compensable heat stress. Exp. Physiol. 102 (5), 545–562. doi:10.1113/ep086112

	Notley S. R., Racinais S., Kenny G. P. (2021). Do sex differences in thermoregulation pose a concern for female athletes preparing for the Tokyo olympics?Br. J. Sports Med. 55 (6), 298–299. doi:10.1136/bjsports-2020-102911

	Oksa J., Rintamäki H., Mäkinen T., Hassi J., Rusko H. (1995). Cooling-induced changes in muscular performance and EMG activity of agonist and antagonist muscles. Aviat. Space Environ. Med. 66 (1), 26–31.

	Oksa J., Rintamäki H., Rissanen S. (1997). Muscle performance and electromyogram activity of the lower leg muscles with different levels of cold exposure. Eur. J. Appl. Physiol. Occup. Physiol. 75 (6), 484–490. doi:10.1007/s004210050193

	Ouzzahra Y., Havenith G., Redortier B. (2012). Regional distribution of thermal sensitivity to cold at rest and during mild exercise in males. J. Therm. Biol. 37 (7), 517–523. doi:10.1016/j.jtherbio.2012.06.003

	Racinais S., Oksa J. (2010). Temperature and neuromuscular function. Scand. J. Med. Sci. Sports 20 (Suppl. 3), 1–18. doi:10.1111/j.1600-0838.2010.01204.x

	Racinais S., Gaoua N., Mtibaa K., Whiteley R., Hautier C., Alhammoud M. (2017). Effect of cold on proprioception and cognitive function in elite alpine skiers. Int. J. Sports Physiol. Perform. 12 (1), 69–74. doi:10.1123/ijspp.2016-0002

	Racinais S., Moussay S., Nichols D., Travers G., Belfekih T. Schumacher Y. O., et al. (2019). Core temperature up to 41.5 °C during the UCI road cycling world championships in the heat. Br. J. Sports Med. 53 (7), 426–429. doi:10.1136/bjsports-2018-099881

	Racinais S., Havenith G., Aylwin P., Ihsan M., Taylor L. Adami P. E., et al. (2022). Association between thermal responses, medical events, performance, heat acclimation and health status in Male and female elite athletes during the 2019 Doha world athletics championships. Br. J. Sports Med. 56 (8), 439–445. doi:10.1136/bjsports-2021-104569

	Renberg J., Sandsund M., Wiggen Ø N., Reinertsen R. E. (2014). Effect of ambient temperature on female endurance performance. J. Therm. Biol. 45, 9–14. doi:10.1016/j.jtherbio.2014.06.009

	Sandsund M., Saursaunet V., Wiggen Ø., Renberg J., Færevik H., van Beekvelt M. C. (2012). Effect of ambient temperature on endurance performance while wearing cross-country skiing clothing. Eur. J. Appl. Physiol. 112 (12), 3939–3947. doi:10.1007/s00421-012-2373-1

	Wakabayashi H., Oksa J., Tipton M. J. (2015). Exercise performance in acute and chronic cold exposure. J. Phys. Fit. Sports Med. 4 (2), 177–185. doi:10.7600/jpfsm.4.177

	Wiggen Ø N., Waagaard S. H., Heidelberg C. T., Oksa J. (2013). Effect of cold conditions on double poling sprint performance of well-trained male cross-country skiers. J. Strength Cond. Res. 27 (12), 3377–3383. doi:10.1519/JSC.0b013e3182915e7d

	Wiggen Ø N., Heidelberg C. T., Waagaard S. H., H F. X. E. R., Sandbakk Ø. (2016). The effects of cold environments on double-poling performance and economy in Male cross-country skiers wearing a standard racing suit. Int. J. Sports Physiol. Perform. 11 (6), 776–782. doi:10.1123/ijspp.2015-0232


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Schobersberger, Valtonen, Köck, Racinais, Pitsiladis, Verdoukas, Muniz-Pardos, Mäki-Heikkilä, Ihalainen, Gagnon and Dünnwald. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-16-1709093-g005.jpg
Tskin thigh [°C]

16

18

20
Speed [km/h]

22

24





OPS/images/fphys-16-1709093-g003.jpg
A

Tcore [ac]

40.5
40.0
39.5
39.0
38.5
38.0
37.5
37.0
36.5
36.0

T
10km

T T
20km Training

== Males
Females

B

Teoreto-Tskin gradient [°C]

18.0

16.0

14.0

12.0

i, .
" T b
e Yy -¥-
e T..‘\\. .
‘V\’\. R N
v oy
Sy
oo
T T T T T T T 1
15 16 17 18 19 20 21 22 23

Speed [km/h]

Lap 1
Lap 2
Lap 3





OPS/images/fphys-16-1709093-g004.jpg
39,5 4

39,0

38,5 4

c°]

38,0

36,0 T T T T T T T T T T T J

Q s o oo oo e de de e e oo
SO R U SR SRR S S RN

—— All Athletes === Day 1

- Day 2 ———Thigh =-="- Chest





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Thermoregulatory responses in elite cross-country skiers during international competitions and training		Background

		Methods

		Results

		Conclusion

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Participants and study design

		2.2 Competition and training characteristics

		2.3 Environmental conditions and ski track

		2.4 Measurements		2.4.1 Core and skin temperature

		2.4.2 Heart rate and speed

		2.4.3 Body mass and sweat loss

		2.4.4 Perceptual measures

		2.4.5 Clothing





		2.5 Statistical analysis





		3 RESULTS		3.1 Core temperature alterations during the competition

		3.2 Skin temperature alterations during competition

		3.3 Core and skin temperature alterations during training

		3.4 Heart rate and speed during the competition and training

		3.5 Body weight, nutritional intake, and estimated water loss (during the competition and training)

		3.6 Perceived exertion and subjective thermal sensation (competition and training)





		4 DISCUSSION		4.1 Core temperature

		4.2 Skin temperature

		4.3 Differences between sexes

		4.4 Thermal sensation and thermal comfort





		5 LIMITATIONS

		6 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
@ frontiers | Frontiers in Physiology






OPS/images/fphys-16-1709093-g001.jpg
Baseline W-up transition Lap 1 Lap 2 Lap 3 Baseline Wup transition Lap 1 Lap 2 Lap 3

=== Males eeeeeeee Females All Athletes — - - Males eeeeee Females All Athletes
L2 L] -
N > %)
) — )
32,0 *k K — 32,0 4
830'0 | — 9 30,0 4
o 280 28,0 4
=260 £ 260
E u0 .g’za.,o 1
<| 22,0 = 22,0 4
= 20,0 , 200 4
X 18,0 £18,0 4
= 16,0 % 16,0 4
14,0 14,0 4
12,0 12,0 q
10,0 10,0 - - . : :
Baseline Wup transition Lap 1 Lap 2 Lap 3 Baseline Wup transition Lap 1 Lap 2 Lap 3
=== Males oo Females All Athletes — == Males eeeeee Females All Athletes
36,0 1
E 34,0 4
—_— 32,0
Q) 3004
© _.28,0 4
o 26,0
C 240 A
£ 220
1 20,0 4
£18,0 A
16,0 4
= 14,0 4
12,0 4
10,0 + - : - - : . 10,0 4 . . '
Baseline Wup transition Lap 1 Lap 2 Lap 3 Baseline Lap 1 Lap 2 Lap 3
- = - Males -« Females All Athletes ——Thigh =+ = Chest - - - Hand






OPS/images/fphys-16-1709093-g002.jpg
A 400 - B 360

34,0

39,5 4 — 32,0 {

30,0 A

G 39,0 A |- 28,0 4

» 26,0 4

£.,385 8 240

250 4 22,0 A

8380 2 20,0 -

3754 £180 4

16,0 4

" d
37,0 A 14,0 4
12,0 4
36,5 T T T T T T T T ] 10,0 + T T T T T T T T )
. R & N 9 > > o © R & N 9 ) i \-] ©
fo%‘z}& N &éx\ G G NN N {Z,Q)\Q A ré\é\\ # NN N RS
R4 < 2 B
- == Males oo Females ——— All Athletes === Males wrereeeee Females All Athletes
C gi’g : l% *k D gi’g ] * K ok * % K
32,0 =320
O 300 © 300
o ,28,0 4 =280
26,0 < 26,0
E 240 { 5’24,0
<| 22,0 A = 22,0
20,0 , 200
% 18,0 18,0
[ 16,0 4 16,0
14,0 4 = 14,0
12,0 4 12,0
10,0 10,0
@ R o N % o N ) ©
P N N M N N RN
F @ F
- == Males -eeeeeeeee Females All Athletes

@ Y & N q o i o © 12,0 4
& > .
2 N (\%\\\ N BN N NN AN 10,0 + T T T T T T .
P @ Baseline Lap1 Lap 2 Lap 3 Lap 4 Lap 5 Lap 6
- == Males - Females All Athletes ——Thigh =-:=- Chest «~+Arm === Hand










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





