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I. List of Main Abbreviations  

BAT   Brown adipose tissue 

CRP  C-reactive protein 

D1  YAU checkpoint “During 1” at 277 km 

D2  YAU checkpoint “During 2” at 383 km 

ECG  Electrocardiography 

FFM  Fat free mass 

FGF  Fibroblast growth factor 

FM  Fat mass 

GX  Glycocalyx 

HS  Heparan sulfate 

HRV  Heart rate variability 

HYA  Hyaluronan 

MET  Metabolic equivalent 

NPY  Neuropeptide Y 

NT-Pro BNP N-terminal prohormone of brain natriuretic peptide 

POMS-SF Profile of mood states, short form 

POST  YAU checkpoint after the finish at 690 km 

PRE  YAU checkpoint before the start  

RPE   Ratings of perceived exertion 

SYN  Syndecan CD-138 

TBW  Total body water 

TQR  Total quality of recovery 

YAU  Montane® Yukon Arctic Ultra  
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1. Introduction 

1.1 Study Background 

While a great and growing number of people worldwide suffer from consequences of a 

sedentary lifestyle (1, 2), an increasing number of people engage in endurance exercise (3, 4) 

known to ameliorate and protect against these detrimental outcomes (5). Yet, the knowledge 

about physiological changes in athletes participating in very long endurance events is scarce. 

While up to tens of thousands of athletes compete in hundreds of classic marathons each year, 

only a few hundred do so in ultramarathons, i.e., over distances longer than 42.195 km. 

Nevertheless, the number of such athletes continually increased over the last decades (6) and 

furthermore, the number of athletes participating in extreme environments, such as cold or hot 

environments, and their achieved performances, are increasing as well (7, 8).  

Several previous studies have shown tremendous physiological changes in participants of 

marathon and ultramarathon foot races, as in energy expenditure, body composition, vegetative 

control, cardiac markers, and markers of muscular strain; some of which were of pathological 

relevance (9-12). Yet, the performance levels during “short” ultramarathons may still be very 

high, e.g., at running speeds of up to 14 km/h over 80 km distance and of up to 13 km/h over 

160 km distance (8). Current literature, however, lacks information regarding changes during 

ultramarathons of very long distances (i.e., several hundred kilometers) at very low intensity, 

i.e., walking instead of running. In addition, adverse conditions like very cold climate and sleep 

deprivation have not been investigated in such settings. Furthermore, the physiological 

processes linking functions like energy expenditure, metabolism, stress, and resilience, are still 

not well understood or lack investigation all together. The few existing studies, however, used 

different approaches, varied in distances and environments, investigated different parameters 

and are therefore hardly comparable, while it has been noted that studies undertaken in the filed 

cannot be easily replicated in a laboratory (13). In addition, many studies still recruited only 

male participants even though more women enter such extreme events (7).  

As the number of ultramarathon foot races of very long distances – also in extreme climates – 

increases, as well as the number of athletes partaking in them, there is a growing need to 

investigate the physiological changes that take place among the athletes during such events. It 

has furthermore been surmised that investigating such events provide an excellent opportunity 

to increase our knowledge about human adaptability and resilience (14-16). 

The Yukon Arctic Ultra (YAU) has been coined to be the longest and the coldest ultramarathon 

in the world, as it challenges athletes to complete the very long distance of 690 km under the 
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extremely cold climate conditions of North-Canadian subarctic winter (17). The YAU athletes 

face the challenges of long-term endurance exercise in a very cold climate and under diminished 

resting conditions. Thusly, the YAU served as a model to investigate physiological changes 

among healthy athletes during an ultra-long endurance exercise in extremely cold climate. The 

approach was to conduct an integrative evaluation of various physiological parameters that are 

described further below and to develop this study into a broader investigation over several 

editions of this race in order to include a sufficient number of participants. Figure 1 depicts key 

features of the YAU and the conducted investigation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The YAU ultramarathon, taking place biennially over its longest distance in subarctic  

climate in the Yukon Territory (white map area) served as study model for the investigations  

during the years 2013-2019. (Graphic created by Mathias Steinach) 

The YAU organizers were contacted regarding a possible collaboration in 2012 and the first 

feasibility study was performed in 2013. From that study arose a collaboration with the 

University of Alaska, Fairbanks that was strengthened and continued over the several YAU-

studies. Other collaborations ensued as well, such as with the department of anesthesiology of 

the Ludwig-Maximilians-University Munich, and several doctoral students were able to write 

their doctoral theses within this topic, some of whom conducted their research on-site during 

the YAU editions of 2017, and 2019.  
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1.2 The Yukon Arctic Ultra 

The Montane® Yukon Arctic Ultra is an ultramarathon-race, taking place in the Yukon Territory 

of North-Western Canada (17). It starts the first Sunday of each February and distances alternate 

biennially so that the longest distance of 690 km (430 mi) is conducted in every odd-numbered 

year. The YAU comprises of three race-categories in which athletes may enroll: a hiking 

footrace, cross-country skiing, and mountain biking. The duration of the YAU is limited to 14 

days during which the race must be finished. The YAU trail is prepared by volunteers using 

snowmobiles making the surface even and relatively stable to hike upon and to pull sleds, which 

may weigh up to 20 kg containing the athletes gear, e.g., tent, sleeping bag, snowshoes, shovel, 

cooking utensils, clothing, food provisions, et cetera. Nevertheless, fresh snowfall or water 

overflow on the trail can lead to severe impairment of movement. To support the athletes’ 

orientation, the trail is marked with poles about every 20 to 30 meters and athletes use GPS-

devices and maps to navigate the trail. The trail-surface is mostly flat, however, for sections on 

the Yukon-river, piled-up ice floes may form cumbersome formations that are difficult to 

traverse. Furthermore, there are general gains in elevation of about 500 to 700 meters for the 

first and last sections of the YAU.  

Each athlete carries a GPS-device (Spot®, Spot LLC, Virginia, USA), which allows being 

tracked by the race-organizers and athletes may use the device in cases of emergency to call for 

assistance. Nevertheless, athletes must partake in a mandatory training course regarding the 

possible hazards of the race and must demonstrate to the organizers their ability to handle the 

challenges presented by the environment, e.g., to use their equipment properly, to be able to 

make a fire in a certain time, demonstrate skills how to avoid hypothermia and frostbite, to 

manage minor injuries like blisters, et cetera. In addition, all athletes must present a certificate 

issued by their physicians confirming their health. Medical staff is on duty at ten checkpoints, 

which are about 50 km apart and either located indoors or within large tents, to administer 

medical support, and to screen for injuries like frostbite, in which case the concerning athlete 

would be disqualified from the race to ensure the athletes’ safety and health.  

Except for those few indoor resting possibilities, all athletes are required to conduct all 

activities, including preparation of meals, resting and sleeping, personal hygiene, et cetera, on 

the trail whilst being exposed to the environment of the Yukon’s subarctic winter. The mean 24-

hour temperatures in Whitehorse during the start of each YAU in 2013, 2015, 2017, and 2019 

were: ‒17.0°C, ‒26.6°C, ‒21.1°C, and ‒30.5°C, respectively; the mean 24-hour temperatures 

in Dawson, each two weeks later at the finish were: ‒19.4°C, ‒12.6°C, ‒24.0°C, and ‒22.9°C, 

respectively, indicating comparable and very cold climates during each investigated year.  
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1.3 Study Implementation: Participants, Measurements, and Parameters  

Participants 

A total number of 117 endurance athletes enrolled in the 690 km YAU footrace during the 

investigated years 2013 (24), 2015 (19), 2017 (35), and 2019 (39) in order to compete in that 

category. From those 117 athletes, n = 40 (13 female and 27 male) volunteered to take part in 

the study (8 in 2013, 9 in 2015, 10 in 2017, and 13 in 2019), so that 34% of all 690 km YAU 

footrace competitors of the investigated years took part in the study. Most study participants  

(n = 39) were of Caucasian descent and one male athlete was of Asian origin.  

From the 40 study participants, n = 19 (6 female and 13 male) were able to complete the entire 

distance of 690 km. In addition, a considerable number of participants reached the first 

measurement checkpoint after 277 km (n = 32) and the second after 383 (n = 20) and thusly 

yielded data and serum samples. In 2019, a control group of n = 7 (5 female, 2 male) was 

included in the investigation. That group consisted of the YAU’s medical staff, race volunteers, 

and scientists during the YAU 2019, who were not conducting the race itself, but who were 

exposed considerably to the same environmental factors as the athletes (e.g., cold exposure, 

day-night cycle). 

The recruitment for this investigation took place through the YAU organizers. A call for 

participants, with a description of all planned measurements and the overall study, was 

transmitted to the athletes enrolled in the 690 km footrace category as well as to the volunteers 

and medical staff for the control group in 2019. The organizers predominantly contacted 

experienced athletes, who had completed several prior ultramarathons and / or who had also 

completed the YAU before. Interested athletes then contacted the principal investigator through 

e-mail and received further detailed information regarding the investigation. The potential study 

participants had several weeks of time to pose any questions and to decide whether or not to 

take part in the study. All adult athletes enrolled in the YAU 690 km footrace category and adult 

volunteers in 2019 were eligible for the study; there existed no further inclusion or exclusion 

criteria. Four to seven days prior to the race-start, the potential study participants met with the 

investigators in Whitehorse, Yukon, Canada, and had the chance to personally discuss further 

questions and to finally give their informed written consent to take part in the study.  

The study was approved by the Charité Ethics Board (IRB-number: EA4/109/12). All 

conducted procedures and measurements complied with the Declaration of Helsinki (7th 

revised version, 64th World Medical Association meeting, Fortaleza, Brazil) regarding the 

treatment of human subjects (18).  
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Measurements 

During three to seven days preceding the race (PRE), baseline data were obtained in the city of 

Whitehorse, the capital of the Yukon Territory. The measurements comprised of weighing, 

determination of body composition through Bioimpedance analysis, collection of 

questionnaires, obtainment of ECGs, and collection of blood samples that were processed into 

serum samples and frozen for consecutive analysis. In addition, continuous measurements 

consisted of actigraphy throughout the YAU to evaluate the participants’ energy expenditure. 

The conducted measurements during each edition of the YAU are explained in detail for each 

publication further below. 

To evaluate the changes taking place whilst participating in the YAU, measurements and serum 

collections were conducted at two in-race checkpoints and at the finish. The checkpoints were 

chosen for accessibility by car, availability of running water and uninterrupted electrical power, 

being indoors with adequate space, as well as providing reasonable quietness and ambient 

temperature to perform all procedures under comparable and controlled conditions such as at 

during PRE. To this end, the first checkpoint during the race (During 1, D1) was located after 

277 in the city of Carmacks, the second checkpoint (During 2, D2) was located after 383 km in 

the city of Pelly Crossing, and finally the post measurements (POST) were conducted after 690 

km in Dawson City.  

Only the above-mentioned locations met the criteria (e.g., in community centers) so that the 

first and final third stretch between measurements were rather long (between PRE and D1: 277 

km; between D2 and POST: 307 km) while the second one was shorter (between D1 and D2: 

106 km). Figure 2 illustrates the distances between the checkpoints.  

 

 

 

 

 

 

 

Figure 2: Depiction of the YAU start and finish line and of the study  

checkpoints at Carmacks and Pelly Crossing. (Photos taken by Mathias Steinach) 
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 Parameters  

The aim of the overall investigation was to attempt an integrative approach from the systemic 

to the molecular level into investigating physiological changes caused by ultralong endurance 

exercise at low intensities in an extreme environment. Key aspects were therefore the 

continuous measurements of energy expenditure through actigraphy (Sensewear®, Bodymedia, 

Pittsburgh, PA) (19) and the measurement of the athletes’ body composition with the 

differentiation between fat mass (FM), fat free mass (FFM), and total body water (TBW), at the 

four checkpoints through bioimpedance analysis (BIA) (20). After the feasibility study in 2013, 

a collaboration with the University of Alaska (group of Prof. Coker, Institute of Arctic Biology) 

was formed that allowed analysis of serum samples so that various parameters of metabolism, 

stress, inflammation, and endothelial change could be evaluated during YAU 2015 to 2019. 

In addition, further measurements were undertaken, such as of heart rate variability (HRV) 

through the use of miniaturized RR-sampling and electrocardiography (ECG) (Polar® Electro 

Oy, Kempele, Finland (21), and Faros®, Bittium, Oulo, Finland (22)), which allowed an 

estimation of both physiological and psychological aspects of human adaptation to stressors 

(23, 24). Furthermore, questionnaires were taken profile of mood states short form (POMS-SF), 

rating of perceived exertion (RPE), and of total quality of recovery (TQR) that allowed the 

evaluation of changes in mood, affect, and perceived exertion (25, 26) among the athletes during 

the YAU and which were evaluated in conjunction with other obtained parameters to form an 

integrative picture of the physiological changes that occur during the YAU. Figure 3 illustrates 

the interplay of the various measurements and evaluations of the investigation.  

 

  

 

 

 

  

 

 

Figure 3: Study parameters and their integrated evaluation as combination of all published  

manuscripts where these parameters were analyzed. (Graphic created by Mathias Steinach)  
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2. Own Publications 

The investigation was intended to allow integrated analyses of various physiological changes 

from the systemic to the molecular level among the YAU athletes. Naturally, a field 

investigation under circumstances as difficult as in subarctic northern Canada, must consider 

practical implications, such as the overall feasibility of the project, availability of measurement 

devices and their operational capability under the harsh field conditions, processing and 

transport of serum samples, the achievable number of successful participants per event, but also 

the availability and involvement of the various scientists and their working groups. It was 

therefore decided to start off with an evaluation of the impact on body composition, metabolism, 

and cold exposure-related myokines. Already, measurements were taken for the second 

evaluation regarding autonomous regulation, mood, and resilience. As more successful 

participants could be included, further evaluations were possible regarding energy balance and 

body composition, stress parameters and resilience, and finally a more specialized analysis of 

endothelial changes in context with stress parameters. Figure 4 depicts the time-course of the 

investigation and the main focus of each study block.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Chronological order of the integrated evaluation. (Graphic created by Mathias Steinach) 
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2.1 First paper: Body Composition and Metabolism 

Coker, R.H., Weaver, A.N., Coker, M.S., Murphy, C.J., Gunga, H.C., Steinach, M.: Metabolic 

Responses to the Yukon Arctic Ultra: Longest and Coldest in the World. Med Sci Sport Exer., 

2017 

In this first paper we evaluated the changes in body composition along with several metabolic 

markers among the YAU study participants of 2015. Eight participants were included in this 

evaluation of which four reached the finish after 690 km. It was the focus of this work to assess 

the influence of the continuous cold exposure and ultralong low intensity endurance exercise 

of the YAU on myokines irisin and meteorin-like and on fibroblast-growth factor (FGF)-21 

along with changes in fat free mass (FFM) and fat mass (FM). In addition, further metabolic 

markers such as creatinine, acetoacetate, acetate, valine, and isoleucine were also evaluated.  

Cold exposure has been shown to promote an increase in serum irisin and meteorin-like as well 

as in FGF-21 (27-29), which in turn may change the profile of white-to-brown adipose tissue 

and lead to heightened non-shivering thermogenesis (27, 28, 30). Elevated activity of brown 

adipose tissue (BAT) can alter substrate metabolism (31) and may lead to a caloric deficit and 

changes in body mass and composition (32), which in combination with continuous endurance 

exercise might have implications on resilience and performance capacity of personnel working 

under such conditions (33, 34). It was therefore of interest to evaluate changes in these 

parameters under the field conditions of the YAU. Figure 5 depicts the evaluated parameters of 

this study in the context of the integrated evaluation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Evaluated parameters (dark blue boxes) in the first paper. (Graphic created by Mathias Steinach)

YAU 2015 
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2.2 Second paper: Heart Rate Variability and Mood Changes 

Rundfeldt, L.C., Maggioni, M.A., Coker, R.H., Gunga, H.C., Riveros-Rivera, A., Schalt, A., 

Steinach, M.: Cardiac Autonomic Modulations and Psychological Correlates in the Yukon 

Arctic Ultra: The Longest and the Coldest Ultramarathon. Front Physiol., 2018 

In this second paper we evaluated the changes in heart rate variability as well as in psychometric 

measures among the YAU study participants of 2013, 2015, and 2017. 16 participants were 

included in this evaluation of which ten reached the finish after 690 km. It was the focus of this 

work to assess the influence the YAU on vegetative control expressed through changes in heart 

rate variability (HRV) in conjunction with changes in mood and perceived exertion.  

It has been shown that endurance training effects and performance level can be evaluated 

through HRV assessment (35, 36), leading to an increased HRV and predominance of the 

parasympathetic drive at rest (37), while periods immediately after exercise were shown to be 

associated with decreased HRV and parasympathetic withdrawal (38, 39), which has also been 

described for ultramarathon athletes (9). On the other hand, ultra-endurance exertion has been 

associated with mental fatigue and disturbances in mood (40, 41). It was therefore of interest to 

evaluate changes in these parameters through measurements of HRV, e.g., root mean square of 

successive RR differences (RMSSD), low frequency to high frequency-ratio (LF/HF-ratio), 

along with psychometric measures using questionnaires, e.g., profile of mood states short form 

(POMS-SF), total quality of recovery (TQR) under the field conditions of the YAU, especially 

since mood changes may reflect in changes of HRV (42). Figure 6 depicts the evaluated 

parameters of this study in the context of the integrated evaluation. 

 

 

 

 

 

 

 

 

Figure 6: Evaluated parameters (dark blue boxes) in the second paper. (Graphic created by Mathias Steinach)
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2.3 Third paper: Energy Expenditure, Body Composition, and Metabolism 

Schalt, A., Johannsen, M., Kim, J., Chen, R., Murphy, C.J., Coker, M.S., Gunga, H.C., Coker, 

R.H., Steinach, M.: Negative Energy Balance does not alter Fat Free Mass during the Yukon 

Arctic Ultra – the Longest and the Coldest Ultramarathon. Front Physiol., 2018 

In this third paper we evaluated changes in energy expenditure, body composition, and 

metabolism among the YAU study participants of 2017. Ten participants were included of which 

five reached the finish after 690 km. It was the focus of this work to assess energy balance in 

conjunction with changes in FM, FFM, and total body water (TBW). Furthermore, muscle 

proliferation markers myostatin and follistatin were evaluated as well as serum markers of 

carbohydrate, protein, and fat metabolism (e.g., lactate, alanine, fatty acids, acetoacetate).  

It has been shown that athletes traversing ultra-long distances in very cold climate relied on a 

high fat metabolism, with a great amount of expended energy, while retaining positive protein 

synthesis and preserving fat free mass (43, 44). However, the preservation of fat free mass under 

the circumstances of a chronic energy deficit in conjunction with muscle proliferation markers 

has not been thoroughly investigated. Myostatin and follistatin have been shown to play a role 

in muscle growth and proliferation where myostatin inhibits and follistatin enhances muscle 

growth (45, 46). Since it was shown that myostatin is inhibited through cold exposure (47) and 

exercise (48), it was of interest to evaluate muscle proliferation markers during the YAU while 

also evaluating metabolism substrates and estimating energy balance through the measurement 

of energy expenditure using actigraphy and energy input through dietary reports. Figure 7 

depicts the evaluated parameters of this study in the context of the integrated evaluation. 

 

 

 

 

 

 

 

 

Figure 7: Evaluated parameters (dark blue boxes) in the third paper. (Graphic created by Mathias Steinach) 

YAU 2017 
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2.4 Fourth paper: Stress, Mood, and Resilience  

Kienast, C., Biere, K., Coker, R.H., Genov, N.N., Jörres, M., Maggioni, M.A., Mascarell-

Maricic, L., Schalt, A., Genov, M., Gunga, H.C., Steinach, M.: Adiponectin, leptin, cortisol, 

neuropeptide Y and profile of mood states in athletes participating in an ultramarathon during 

winter: An observational study. Front Physiol., 2022 

In this fourth paper we evaluated changes in stress and resilience related parameters along with 

psychometric measures among the YAU participants of 2015, 2017, and 2019. 32 athletes were 

evaluated of which ten reached the finish after 690 km and seven control. It was the focus of 

this work to assess stress and resilience parameters along with mood and perceived exertion.  

It was shown that ultramarathons can induce mood changes (49), while releasing stress 

hormones and negatively affect physiological functions such as in musculature, heart and 

kidneys (50, 51). Very cold environments may impair cognitive ability (52), which in 

combination with sleep loss and disturbed thermoregulation further cognitive impairment (53, 

54). In addition, gastrointestinal symptoms common during ultramarathons may lead to mood 

disturbances (55), which are enhanced through consequential reduced nutritional intake (50). 

On the other hand, peptides such as the orexigenic neuropeptide Y (NPY) are being released 

during stress that may strengthen mental and physical performance (56), while its 

counterplayer, the adipocyte-derived anorexigenic hormone leptin decreases (57). In addition, 

exercise has been shown to increase the release of NPY (57) as well as adiponectin (58). It was 

therefore of interest to evaluate these peptides known to be affecting mood (56) as well as stress 

hormones along with psychometric measures of mood (POMS-SF). Figure 8 depicts the 

evaluated parameters of this study in the context of the integrated evaluation. 

 

 

 

 

 

 

 

 

Figure 8: Evaluated parameters (dark blue boxes) in the fourth paper. (Graphic created by Mathias Steinach)

YAU 2015, 2017, 2019 
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2.5 Fifth paper: Glycocalyx, Stress, Body Composition, and Energy Expenditure 

Steinach, M., Biere, K., Coker, R.H., Gaul, A.L., Hoerl, M., Jörres, M., Kienast, C., Mascarell-

Maricic, L., Schalt, A., Gunga, H.C., Choukér, A., Rehm, M.: Influences on glycocalyx shedding 

during the Yukon Arctic Ultra: the longest and the coldest ultramarathon. J Appl Physiol., 2022 

In this fifth paper we evaluated the changes in the endothelial lining along with stress, body 

composition and energy expenditure among the YAU study participants of 2015, 2017, and 

2019. 13 participants were included in this evaluation of which ten reached the finish after 690 

km. Seven volunteers served as control. It was the focus of this work to assess the influence the 

YAU on endothelial changes expressed through serum glycocalyx (GX) parameters in 

conjunction with changes in stress parameters, body composition, and energy expenditure.  

The endothelial GX lines the lumen of every blood vessel maintaining its integrity and 

controlling vascular function (59). Stress and trauma may lead to degradation (“shedding”) of 

the GX (60), so that its elements can be quantified in peripheral blood. High intensity exercise 

has been shown to induce shedding (61-63), however, no studies have investigated shedding of 

GX elements among healthy athletes in reaction to a marathon or ultramarathon, let alone in 

subarctic climate. Furthermore, previous studies regarding exercise induces GX shedding only 

investigated changes in male participants but not among women. It was therefore of interest to 

evaluate GX changes during the YAU and to evaluate any changes regarding influences of age, 

sex, body composition, energy expenditure, and to relate such changes to other stress 

parameters, such as creatine kinase, cortisol, CRP, and NT-Pro BNP. Figure 9 depicts the 

evaluated parameters of this study in the context of the integrated evaluation. 

 

 

 

 

 

 

 

 

Figure 9: Evaluated parameters (dark blue boxes) in the fifth paper. (Graphic created by Mathias Steinach)

YAU 2015, 2017, 2019 
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3. Discussion 

3.1 Energy Expenditure, Body Composition, and Metabolism 

The results from actigraphy revealed considerable mean daily energy expenditures of about 

26,000 kJ among the participants – with daily peak values of up to 38,000 kJ –, which borders 

on the assumed upper limits of daily human endurance exercise expenditure (64). Stated in 

metabolic equivalents (MET), where 1 MET resembles resting metabolic rate (65), this 

surmounts to a an average 3.25-fold increase – and even 4.75-fold increase at peak – compared 

to resting metabolic rate, which again is close to the assumed maximal human physical activity 

level per day of about 5 MET that can be sustained to several days (66). It should be noted that 

this enormous energy expenditure increase among the YAU participants was not being achieved 

through running at high speeds or other peak power activities, but contrarily through continuous 

long-term exercise at mere walking speed. The participants’ GPS data allowed the precise 

analysis of their moving velocity (i.e., excluding sleeping and resting states), which revealed 

that at average the participants moved at about 4.1 km/h. Interestingly, the fastest participants 

were overall not much “faster” than the slow ones but simply spent more time moving on the 

YAU track – and thusly more time above a certain activity level expressed in MET – compared 

to the slower participants, as Figure 10 illustrates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Histogram of the cumulative energy expenditure in MET of the A) fastest and the B) slowest YAU 

participant in 2013 and of a control (C, medical student who engaged in 120 minutes of general physical exercise 

per week). The slower participant had spent 68% of the time at ≥ 3 MET while the faster participant had spent 

75% of the time at ≥ 3 MET. Previously unpublished data. (Graphic created by Mathias Steinach) 
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At the same time, the YAU participants exhibited to a remarkable energy deficit of about 10,000 

kJ per day, as described for ultramarathons (67) and during military training (68). It was shown 

that a prolonged energy deficit negatively affects protein turnover rate and maintenance of FFM 

(69), leading to muscle atrophy and a reduction in physical performance (70, 71). The effects 

appear even greater when the energy deficit is combined with extended physical exertion (72). 

Contrarily, participants of ultramarathons, also in cold environments, have shown to retain FFM 

(43, 73) and recent research showed that strenuous military training in a winter environment 

with negative energy balance does not lead to reduction in physical performance (74).  

The retention of FFM among the YAU participants, despite the marked energy deficit and 

prolonged endurance exercise, might be attributed to the observed increase of follistatin shown 

to preserve muscle mass (45), and a possible interorgan transfer of amino acids thereby 

conserving musculature (75). In addition, exercise intensity has been shown to greatly influence 

protein breakdown during exercise with a liner relationship between intensity and amino acid 

oxidation (76), while fat oxidation has been shown to be highest at low to moderate intensities 

at around 60% VO2max (77). Thusly, the preservation of FFM among the YAU participants 

might also be attributed to the low intensity of this particular ultramarathon conducted at 

walking speed. In addition, the observed energy deficit, while significant, was less severe than 

during other ultramarathons with a deficit of up to 28,000 kJ per day (67).  

The utilization of fat as an important fuel during the YAU is supported by the eightfold rise of 

plasma acetoacetate during the race indicating an increased reliance on ketones as energy source 

(78), which can be understood as a fuel source from fat during endurance exercise (79, 80). This 

is supported by the observation that endurance training augments the utilization of fatty acids 

by musculature (81) with an increased activity of fat-metabolizing enzymes and whole-body 

fat oxidation at a given intensity (82). Consequentially, we observed a significant decrease in 

FM among the YAU participants, which has been shown among ultramarathon athletes in 

various settings (51, 83, 84). The reductions of FM during the YAU could also be attributed to 

the changes in cytokines linked to the BAT. Irisin showed an increase in 2013, while there were 

no changes for meteorin-like and only modest increases for FGF-21. On the other hand, there 

was an increase for follistatin during the YAU 2017. Both irisin and follistatin have been 

associated with activation of BAT (27, 46), so that the observed rises of these cytokines could 

have led to activation of BAT among the YAU participants and thereby increasing fat oxidation 

and energy expenditure (85). Furthermore, not only cold exposure but also exercise has been 

associated with transformation of white into beige adipose tissue (86), showing similarities with 

BAT (87), which might have further contributed to the increased fat utilization during the YAU.  
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Although not evaluated regarding change in body composition, the adipokines adiponectin and 

leptin were analyzed in the fourth publication. There, we found a marked decrease in leptin by 

about 68% among the YAU athletes compared to no changes among the control group. This 

corresponds to several reports of leptin reduction during prolonged endurance exercise (88, 89), 

especially when combined with negative energy balance (90), as well as reduction of circulating 

leptin through cold exposure (91), thusly signaling insufficient energy stores (92).  

For adiponectin, one previous investigation found no change (89), while another found an 

increase towards the end of an ultramarathon (12). We found a marked increase for adiponectin 

during the YAU, especially among the finishers, with a 2.5-fold increase, while there were no 

changes over time among the control. This corresponds to previous studies where serum 

concentrations of adiponectin were negatively correlated with fat mass (93, 94) and that 

exercise (95) and reduction of fat mass led to an increased secretion of adiponectin (96), with 

the function of a starvation hormone, inducing food-seeking behavior and insulin sensitization 

(97). In addition, adiponectin secretion was shown to be augmented through cold exposure (98).  

NPY, as an orexigenic peptide, influences appetite and thusly energy metabolism (99). During 

the YAU, there was an increase in NPY towards the middle of the race that returned to baseline 

among the athletes, while there was an initial rise form already heightened values that decreased 

at the end among the control, so the differences between the groups were less obvious for NPY. 

Studies about the effects of endurance exercise on NPY are scarce and one previous study 

revealed no changes of 4 week training in highly trained rowers (100), while another study 

found an increase in NPY after a 25 km swim competition (57). Cold exposure has been shown 

to increase NPY expression in rodents (101), where NPY may act as a limiting factor to reduce 

heat loss through attenuated BAT activity (102), thusly conserving energy stores. 

The participation in the YAU elicits comparable changes in leptin, adiponectin, and NPY as in 

previous analyses, although both the decrease in leptin and increase in adiponectin during the 

YAU were greater than in many previous reports (89, 90, 98) and the reduction in leptin was 

greater than in a fasting study where 52 hours of zero-calorie fasting led to a leptin reduction 

of 61-63% in both obese and normal-weighted individuals (103), so the observed changes 

during the YAU were remarkable since the YAU participants were endurance trained individuals 

with relatively low fat mass.  

It is conceivable that the challenges of the YAU, like long-term endurance exercise and 

prolonged cold exposure, multiply and have led to the observed changes with high energy 

expenditure, reduction in FM and altered adipokine profile.  



84 

3.2 Stress Parameters 

The fourth and fifth publication evaluated stress parameters in different contexts, although the 

stress parameters only functioned as secondary outcomes. Stress parameters cortisol, CK, CRP, 

and NT-Pro BNP correlated positively with a shed glycocalyx parameter (hyaluronan), which 

also correlated with covered distance during the YAU. This is in line with many other 

ultramarathon studies that have shown an increase in cortisol (104, 105), CK (84, 106), CRP 

(58, 107), and NT-Pro BNP (84, 108).  

However, the changes in cortisol observed among the YAU athletes were modest and already 

started at elevated values, which may in part be attributed to the stress of race preparation (109) 

and the stress of traveling to the Yukon, as has been described for long-distance flights (110). 

The comparably modest changes could be explained by the relatively low intensity at which the 

YAU is conducted, i.e., at walking speed. It has been shown before that, in general, exercise 

intensity is associated with cortisol release with higher intensities resulting in cortisol elevation 

while low intensities might even lower circulating cortisol (111) and that shorter ultramarathon 

completion times (i.e., races conducted at higher race speeds) led to greater rises in cortisol 

(112). Cold exposure has been shown to lead to increased stress responses with heightened 

cortisol levels (113), although also a blunting of cortisol response during long-term exposure to 

cold environments has been found, indicating a habituation effect of the pituitary-adrenal cortex 

axis to cold exposure (114). 

CK, has extensively been used as a serum marker for muscle use and breakdown (115), both 

for endurance exercise (116) as well as short-term resistive exercise (117). The parameter was 

shown to be related to muscle fatigue (118) and it was recommended to monitor CK in order to 

avoid rhabdomyolysis-related complications after endurance competition events (119). Since 

the rise of CK among the YAU participants with an about 10-fold increase was relatively modest 

compared to other studies, where more than 200-fold increases were found among marathon 

(120) and ultramarathon runners (84), it could be derived that the impact of the YAU on muscle 

breakdown, while not negligible, has been low in comparison to other endurance events. Again, 

exercise intensity has to be taken into consideration, where greater endurance intensity was 

associated with greater increases in CK (121), while – as discussed before – the intensity during 

the YAU was relatively low. Furthermore, training status was shown to impact CK responses 

after exercise with greater values among less trained individuals (122), while the YAU athletes 

were relatively well trained. In addition, cold exposure has also been described as influence on 

CK increases, although with a low increase (123) so that the impact of exercise appears to be 

of greater importance than that of cold exposure. 
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CRP as an inflammation marker has been used to assess the impact of exercise on human 

physiology with notable increases during exercise (124). However, it has been found that long-

term regular moderate exercise leads to decreased release of pro-inflammatory markers, such 

as tumor necrosis factor-α, interleukin 1-α (125), which in turn reduces the release of CRP from 

the liver among individuals who exercise regularly (126). For this parameter, the analysis 

revealed an about 20-fold increase during the YAU, which is comparable to other reports with 

about 5- to 25-fold increases during ultramarathons (58, 127-129), but considerably less 

compared to clinical acute-phase-reactions, where CRP concentrations can increase 1000-fold 

(130). Cold injuries such as frostbite have shown to increase CRP concentrations (131) and 

although the YAU athletes were screened regularly for cold-related injuries, it may still be 

conceivable that the cold exposure may have contributed to the elevated CRP concentrations.  

NT-Pro BNP is released in response cardiac volume load through stretching of cardiomyocytes 

and thusly used to assess cardiac stress (132) and specifically in the diagnosis of congestive 

heart failure (133), but also with increases during marathon and half-marathon runs (134), and 

during ultramarathons (9, 135). The analysis during the YAU revealed an about 8-fold increase, 

which is in line with previous studies during ultramarathons (9, 135), although shorter 

ultramarathons also reported smaller increases around a 2-fold rise (136), which was also shown 

for marathon runners (137). It has been reported that less the intensity, but exercise duration is 

of relevance to the NT-Pro BNP elevation (84), so it is comprehensible that despite the low 

intensity there is a marked increase during the long-duration YAU. Indeed, there are no studies 

so far to have evaluated the possible impact of cold exposure on this marker, it thusly remains 

unclear to what extend the cold climate might have contributed to its changes during the YAU. 

 

3.3 Heart Rate Variability 

Acute exercise is often associated with a reduction in parasympathetic drive and HRV (39), 

while parasympathetic dominance is usually restored post-exercise leading to an increase in 

HRV, which has also been described for ultramarathons (9, 138, 139). Due to the considerable 

length of the YAU, this vagal tone recovery could already be seen among the successful YAU 

athletes around the last third of the race, where resting heart rates began to decrease again with 

respect to an initial rise at the first part of the race. This demonstrated that successful 

competitors were able to adapt to the race stress by recovering to baseline conditions, which 

has been described before regarding functional overreaching training interventions (36). Among 

the non-finisher group, the parasympathetic drive reduction during the YAU was greater 

compared to the finisher. Since stress has been associated with reduced HRV and reduced 
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parasympathetic drive (140) as well as its negative influence to fall asleep (141), this indicates 

that the unsuccessful athletes might have been less able to cope with the race demands, while 

the successful athletes were able to sufficiently relax and rest under the conditions of the YAU. 

This supports the hypothesis that vagal tone flexibility may reflect one’s capacity for adaptation 

to environmental stressors (142). On the other hand, the analysis of the long-term self-similarity 

coefficient α2, which has been associated with increased alertness and vigilance (143), revealed 

that only among the finisher this parameter was increased throughout the entire YAU, which 

could indicate their ability to induce heightened alertness and need for vigilance, e.g., when 

sleeping in the wilderness, making the correct decisions, et cetera. It was furthermore shown 

that cold exposure influences autonomous control as expressed through HRV, with increased 

sympathetic drive before cold adaptation and a heightened parasympathetic drive after such 

cold adaptation had taken place (144), so that the successful athletes appear to have been better 

adapted to the climate influence during the YAU than the less successful athletes. The HRV 

analysis thusly revealed relevant differences between the finisher and non-finisher groups in 

reaction to long-duration endurance exercise and cold exposure.  

 

3.4 Mood and Resilience 

Stress as an environmental factor appears to be most influential on the development of mood-

related disorders like depression (145), while the term “resilience” refers to the ability to 

withstand and cope with stressful events without developing a pathology (146). Various aspects 

have been shown to be associated with the development of mood-disorders as well as the 

resilience against it, such as oxidative stress (147), inflammatory reactions (148), and changes 

in the gut microbiome (149) – all of which may be challenged during an ultramarathon (51, 

150, 151). In addition, it has been shown that personality traits are inherited (152) and affected 

by childhood experiences (153), thereby influencing stress-coping mechanisms and resilience 

(154), so that some individuals would be better equipped to cope with stress while other may 

be more susceptible to it (155). 

Several studies exist that have investigated mood and resilience with regards to ultramarathons. 

It was shown that during a 80.5 km treadmill run, participants with greater emotional 

intelligence, defined as the ability to regulate one’s emotions (156), showed lower mood 

disturbance and less perceived effort than those with lower emotional intelligence (157). Mental 

toughness, defined as the ability to produce consistently high levels of subjective or objective 

performance despite present stressors (158), was found to be higher among ultramarathon 

runners of a Hawaiian 100 mile ultramarathon than athletes from other sports (159), and mental 
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toughness was found to be associated with reduced depression and anger and increased vigor 

during a 120 mile ultramarathon in cold climate (160). These previous findings are in line with 

the results from the YAU, taken from POMS-SF questionnaires (161). YAU athletes exhibited 

less depression, anger, fatigue, and confusion before the race compared to normative data, while 

after the race there were no differences to normative data except lower vigor among the YAU 

athletes. In addition, vigor reduced throughout the race to rise again after completion, and 

fatigue increased complementary and decreased after the race but remained above the baseline, 

while tension continually decreased throughout all time points. These results reveal that mental 

toughness may be higher in YAU athletes compared to the general population, while the 

exceptional demands of the race take their toll and eventually diminish these differences 

towards the end of the race. It is further of interest to note that before the YAU start, there were 

no differences in tension, anger, and depression between the later finisher and non-finisher 

groups, however, at D1, non-finisher scored higher in these categories than finisher, indicating 

that their own perception at early stages of the run may influence and predict the eventual 

outcome.  

Compared to the classic marathon run, or shorter ultramarathons in temperate climates, YAU 

athletes are faced with an up to 14 day long challenge not only of their athleticism and 

endurance, but overall ability to cope with numerous stressors, to make correct decisions, and 

to apply their skills to field conditions, e.g., clothing and food management, setting up shelter, 

being able to make fire in a certain time, et cetera. Mental toughness, resilience against stressors, 

and the confidence in one’s own abilities may play an important role in this regard as it has 

been suggested that “perceived self-efficacy is concerned with judgements of how well one can 

execute courses of action required to deal with prospective situations” (162). Comparable 

results were found during an Antarctic expedition consisting of 26-day ship travel followed by 

24-day stay in the Antarctic field, where negative dimensions like depression increased while 

vigor decreased over time (163). Furthermore, it was shown that cold stress led to increased 

negative mood among soldiers (34) and that cold-related negative mood could be reduced 

through exercise where continuous exercise was more effective than intermittent bouts (164), 

so it is conceivable that the more active YAU athletes, i.e., the ones who spent more time 

moving, were able to generate more heat and thusly also regulated their mood towards a more 

positive state. In general, it has been shown that exercise leads to a more positive mood with 

greater vigor and that regular exercisers show a greater effect than those who do not regularly 

exercise.   



88 

3.5 Endothelial Changes 

The endothelial glycocalyx fulfills numerous important functions maintaining and controlling 

vascular stability (165), permeability (166), mechanotransduction (62), vasodilation, and 

coagulation (167). Previous investigations have shown that the GX may be disrupted and shed 

in response to high-intensity exercise (61-63). However, no previous study had investigated GX 

changes in response to long-duration endurance exercise, let alone in cold climate. Furthermore, 

all previous studies had only included men, so that any influence of sex were of interest.  

During the YAU, no changes for the three investigated GX parameters HS, HYA, and SYN were 

found among the control group, however, there was an increase among the athletes for HYA 

and a decrease for SYN, which indicates that shedding of GX elements takes place during long-

duration endurance exercise of the YAU. Furthermore, it demonstrates that the glycocalyx 

elements appear to be differently susceptible to shedding, possibly because of their different 

structure within the GX network (168) and their different reactions to outside influences on that 

network (169). The causes might lie in the increased formation of reactive oxygen species 

known to occur during prolonged endurance exercise (170), of which the GX network was 

shown to be highly sensitive (171). In addition, high shear stress has been discussed as a cause 

for GX shedding both among humans (61) and in a rodent model with an exercise-induced 

shedding model characterized by continuously stimulated muscle up to four days (172). 

Shedding of GX elements during the YAU is therefore conceivable since continuously activated 

and strained musculature is a key characteristic of this long-duration ultramarathon. Clinical 

conditions like trauma and sepsis often lead to three- to fourfold increases of GX elements in 

peripheral blood (60), so the results found during the YAU seem to be in line as they resemble 

comparable changes but also underscore the complex reactions of the different GX elements.  

It should be noted that shed GX elements are subject to renal elimination (173), so that any GX 

elements detectable in serum would depend on rates of synthesis, shedding, and elimination. 

Sex appeared to be an influence as men showed greater values at D1 for HYA, with one possible 

reason being the faster moving speed of men and thusly shear stress (174), while ovarian and 

menstrual cycles may had an influence on GX shedding (175, 176). In addition, age seemed to 

have an influence with about twofold greater values of SYN during the race for older athletes.  

The observed GX changes during the YAU may have contributed to endothelial lesions, fluid 

shift toward the interstitial space, and edema formation, because of the disruption of the GX 

barrier (177) – symptoms that have previously been described in association with exercise-

induced endothelial dysfunction during ultramarathons (178). Although no studies exist 
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regarding the influence of cold stress on GX shedding, it is conceivable that the harsh conditions 

of the YAU may have contributed to the observed reactions, since some studies have indicated 

cold injuries, e.g., frostbite, to be associated with endothelial lesions (179). 

Finally, it should be noted that the observed changes should not necessarily be construed as a 

destructive effect but as a reorganization of GX elements within the network (169). In addition, 

it was shown that shed GX elements released into the blood stream may serve physiological 

functions there, such as HS with an anticoagulative effect (167). GX shedding might even be a 

necessary step in endurance training adaptation on the endothelial level since it was shown that 

shedding may enable leucocytes to access endothelial E-selectin with subsequent expression of 

vascular endothelial growth factor (180), which then may lead to the build-up of new capillaries 

and enhances tissue oxygen uptake (181). Since the endothelium and GX network seems to be 

involved in adaptation to endurance exercise in this manner, it becomes comprehensible that 

moderate endurance training has a positive influence on glycocalyx layer integrity itself (182).  

 

3.6 Integrated Aspects 

As discussed for energy expenditure, body composition, and metabolism, changes in either area 

will affect the other (183). Aside from the discussed possible interactions, stress hormones may 

also have contributed to the observed effects, since cortisol and CRP may contribute to muscle 

catabolism and CK to indicate muscle breakdown (184). Except for CRP, which was in 

comparable ranges of serum concentration as during other ultramarathons (58, 127-129), the 

increases in cortisol and CK were modest, indicating that the exercise intensity during the YAU 

conducted at walking speed was low enough to limit muscle breakdown and thusly to preserve 

FFM. In addition, cold exposure might not only have influenced metabolism and increased 

energy expenditure as discussed, but cold-induced changes in metabolites might have also 

contributed to preservation of FFM, as was shown for irisin, follistatin, and FGF-21 (185). 

The possible influence of sex on energy expenditure and metabolism should also be considered. 

The female study participants during the YAU were quite successful: 46% were able to 

complete the entire distance of 690 km, compared to 48% among the male participants. 

However, when accounting for the overall completed distance, i.e., including covered distance 

beyond the D2 checkpoint before having to quit the race, women indeed covered a greater 

distance than men (682 km vs. 635 km). This is in line with other investigations that have shown 

that women may outperform men in ultra-long endurance competition (186). Furthermore, 

women during the YAU exhibited a lower moving speed (3.7 km/h vs. 4.6 km/h), thereby likely 
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conserving energy stores (187) and being less prone to injuries (188). With regards to energy 

use, it was shown that the female metabolism favors fat metabolism (189), which appears to 

allow female endurance athletes to access a more prolonged fuel source (190). It was 

furthermore shown that women may have a higher pain tolerance than men (191), which, 

considering the continuous musculoskeletal strain and cold exposure during the YAU, would 

be advantageous for women and could explain why women might be more successful in ultra-

endurance competition (192), especially under extreme circumstances as the YAU. 

The analyses of HRV in conjunction with psychometric measurements revealed that the finisher 

group, i.e., the athletes who would eventually complete the YAU, were able to restore their 

positive mood and wellbeing after D1, with a decrease in tension and increase in vigor traits 

along with an observed recovery in vagal tone, which is in line with previous studies that have 

shown associations of an enhanced parasympathetic drive and POMS vigor among well trained 

athletes (193), as well as patients suffering from chronic fatigue (194). Furthermore, lower 

POMS total scores, indicating reduced mood disturbance, were associated with higher scores 

in Borg total quality of recovery (TQR) scores. This is in line with previous research that 

showed that intensive training leads to disturbed mood and a decreased quality of recovery 

(195). Reduced resting capability and sleep disturbances during ultramarathons and its impact 

on exercise performance have been shown before, leading to reduced endurance capacity, like 

the time to exhaustion (196). Further research has shown less qualitative sleep among patients 

suffering from post-traumatic stress disorder associated with impaired vegetative control 

compared to resilient individuals (23). As discussed, higher values of positive mood restoration 

along with a greater recovery in vagal tone were found among the successful finisher group and 

thusly might have led to a higher quality of recovery and overall better sleep, which is 

underscored by the observation that the less successful non-finisher group scored higher in 

sleepiness before the start. Overall, resilience has been found to be positively associated with 

better sleep (197). Lower sleepiness and higher alertness would be essential to cope with the 

YAU, so it seems comprehensible that more resilient and better rested athletes would experience 

less cognitive and physical impairment and would thusly yield better performance (198).  

Regarding resilience, NPY has been proposed as a possible transmitter (199). As discussed, 

NPY was shown to increase during endurance events as well as cold exposure and to act as an 

orexigenic peptide, influencing energy metabolism. NPY, however, also appears to be involved 

with strengthening mental and physical performance (56). During the YAU, NPY was correlated 

positively with TQR among finishers as well as negatively correlated with the confusion trait. 

This is in line with previous works where NPY was found to counteract negative impact on 
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mood, emotional processing, and stress resilience (200). Another study revealed that the highly 

resilient U.S. Special Forces soldiers produced greater concentrations of NPY during stressful 

training along with enhanced performance compared to regular soldiers (201). It was suggested 

that elevated concentrations in NPY might improve self-confidence (202), which was 

underscored by a study that showed genetic variations for NPY (NPY haplotypes) to be 

associated with increased vulnerability to anxiety symptoms (203). 

The analysis on GX shedding showed GX shedding takes place in reaction to an ultramarathon 

in cold climate. The evaluation in conjunction with other stress parameters revealed a positive 

correlation of HYA with CK and NT-Pro BNP, indicating an increase of HYA as CK and NT-

Pro BNP increased, respectively, among the YAU finishers. HYA also positively correlated with 

completed distance indicating that this GX element was being increasingly shed as the distance 

increased. The increase along with CK might reflect simple collinearity with muscular 

breakdown in reaction to the muscular strain of the YAU (115, 116). On the other hand, NT-Pro 

BNP has been shown to increase during ultramarathons of low intensity (84) and it was 

furthermore shown that A-, B-, and C-natriuretic peptides may induce glycocalyx shedding 

(204). Since bioimpedance measurements revealed hyperhydration among the finisher group – 

with an increase of TBW from 41.1 liter at PRE to 44.8 liter at POST, while the body weight 

decreased from 71.8 kg to 68.7 kg – it is conceivable that this hyperhydration may have led to 

the observed increase in NT-Pro BNP (205) and that the increased concentrations in NT-Pro 

BNP may have induced shedding in HYA among the YAU athletes (206). 

All in all, the analyses indicate a network of interactions taking place during the YAU, where 

changes in various physiological systems influence and complement each other.  

 

3.7 Application 

Application of the findings of this investigation would be areas of occupational health regarding 

physical labor in a cold environment, e.g., military personnel, emergency workers, bush pilots, 

workers on oil rigs, et cetera. They may have clinical implications when considering that vast 

proportions of Western populations suffer from a sedentary lifestyle (1, 2) and overfeeding 

(207), while it shows that an increase – not of intensity – but in exercise duration each day can 

lead to a significantly heightened energy expenditure and that a significant reduction in serum 

fatty acids as well as body fat may occur while lean body mass is being retained. Although some 

of this knowledge has already been incorporated in health guidelines, e.g., to increase general 

daily activity (208-210), still the prevalence of inactivity and obesity are high and to some part 
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even increasing (211-213), so that results from events like the YAU may help in the efforts to 

reduce inactivity and the prevalence of associated diseases. Of course, events like the YAU are 

extreme and cannot be understood as a general recommendation to the public or even patients, 

however, it demonstrates human’s capability for adaptation and does so in a time-lapse manner, 

i.e., in a very short time, whereupon it has been proposed that ultramarathons are an outstanding 

model to study human adaptability under unique and stressful circumstances (214). It shares 

this characteristic with studies in other extreme environments, e.g., regarding real or artificial 

weightlessness or in confined and isolated places such as Antarctica (215-217), where changes 

under such conditions occur very rapidly to be studied and applied to clinical fields (218).  

 

3.8 Limitations and Outlook 

Like all studies, the presented investigation has its limitations. The Yukon Arctic Ultra poses a 

specific set of circumstances (distance, climate, altitude, circadian setting) that cannot readily 

be generalized or applied to other settings. Furthermore, although the investigation included a 

considerable number of participants (about 34% of all competitors during the investigated years 

in the longest distance took part as study participants) and included both sexes (one third of all 

participants were women and eventually about half of all finishers were female) the number is 

still small compared to studies in marathons, where far greater numbers can be achieved. In 

addition, the setting of a field study during a competition race in an extreme environment 

demands compromises, so that only a limited number of measurements can be taken at a given 

time in order not to exceed the participants’ tolerance and compliance.  

The five studies introduced here represent the work of the past ten years and several results of 

high interest and significance could be discovered. Nevertheless, the investigation continues. 

Future studies are planned to evaluate energy balance along with macronutrient intake. In 

addition, stress parameters shall be evaluated as primary outcomes. Furthermore, sleep 

measurements will be analyzed in conjunction with HRV data. In a broader perspective, it is 

also planned to employ the study at ultramarathons in other extreme environments such as hot 

climates and in high altitudes, which might allow an even more comprehensive evaluation.  

All in all, this research, although difficult and demanding to conduct, has been very productive 

and not only exemplifies the adaptability of the human body to extreme environments and helps 

to increase our knowledge of physiological processes, but has also proven invaluable to bundle 

the expertise of scientists of different research topics and to interest students and doctoral 

candidates to this field and to encourage them to pursue a career in the science of physiology.  
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4. Summary 

The Yukon Arctic Ultra is a unique ultramarathon that poses manyfold challenges to its 

participants: ultra-long endurance exercise of up to 690 km distance, exposure to subarctic 

climate, and diminished resting conditions. The presented investigation revealed considerable 

increases in energy expenditure among the athletes, of up to more than four times resting 

metabolic rate, along with a marked energy deficit, changes in body composition with 

reductions in fat mass while fat free mass could mostly be retained, possibly to the exercise- 

and cold-induced release of myokines like irisin and follistatin.  

Furthermore, analysis of vegetative control expressed through heart rate variability, as well as 

of mood through psychometric measurements, revealed that the more successful athletes, who 

would eventually be able to finish the race, showed better adaptation to the race demands, with 

less depression, anxiety and anger, but greater vigor and higher alertness. They also exhibited 

a faster restoration of vagal predominance during the race with a better ability to relax and 

restore, leading to less sleepiness and greater vigilance compared to the non-finishing athletes.  

Resilience, as the ability to cope with stressful events, appears to be a key element during such 

a race and neuropeptide Y has been discussed as a mediator in resilience reactions. The analyses 

revealed that during this race, neuropeptide Y was associated with less confusion and better 

quality of recovery among the finisher group and that overall neuropeptide Y was increasingly 

released among the athletes compared to the less challenged control group.  

Another influence was the factor sex, indicating that the female athletes were not only as 

successful as the male participants to complete the whole race, but that women completed an 

overall greater distance, when accounting for all covered distances. Women, with a moving 

speed of 3.7 km/h, were considerably slower than men at 4.6 km/h, which may have saved 

energy stores and allowed them to predominantly use fat as a long-term energy source.  

In addition, it was shown that ultra-long endurance exercise may lead to shedding of endothelial 

glycocalyx elements and that these elements appear to be differently susceptible to that 

shedding. Sex, age, and covered distance all appeared to have an influence and hyperhydration 

with subsequent release of NT-Pro BNP may have contributed to the observed changes. 

The analyses of physiological changes during the Yukon Arctic Ultra have revealed a multitude 

of endurance- and cold-exposure-related alterations. This ultramarathon has thusly proven to 

be an outstanding model to study human adaptation capabilities to extreme environments under 

real-life field conditions that could otherwise not be replicated in a laboratory setting.  



94 

5. References 

1. Gonzalez K, Fuentes J, Marquez JL. Physical Inactivity, Sedentary Behavior and Chronic Diseases. Korean 

J Fam Med. 2017;38(3):111-5. 

2. Arocha Rodulfo JI. Sedentary lifestyle a disease from xxi century. Clin Investig Arterioscler. 

2019;31(5):233-40. 

3. Burfoot A. The history of the marathon : 1976-present. Sports Med. 2007;37(4-5):284-7. 

4. Nikolaidis PT, Knechtle B, Vancini R, Gomes M, Sousa C. Participation and Performance in the Oldest 

Ultramarathon-Comrades Marathon 1921-2019. Int J Sports Med. 2020. 

5. Battista F, Ermolao A, van Baak MA, Beaulieu K, Blundell JE, Busetto L, et al. Effect of exercise on 

cardiometabolic health of adults with overweight or obesity: Focus on blood pressure, insulin resistance, 

and intrahepatic fat-A systematic review and meta-analysis. Obes Rev. 2021:e13269. 

6. Cejka N, Rust CA, Lepers R, Onywera V, Rosemann T, Knechtle B. Participation and performance trends 

in 100-km ultra-marathons worldwide. J Sports Sci. 2014;32(4):354-66. 

7. Whyte G. Age, sex and (the) race: gender and geriatrics in the ultra-endurance age. Extrem Physiol Med. 

2014;3(1):1. 

8. Zingg MA, Knechtle B, Rosemann T, Rust CA. Performance differences between sexes in 50-mile to 

3,100-mile ultramarathons. Open Access J Sports Med. 2015;6:7-21. 

9. Scott JM, Esch BT, Shave R, Warburton DE, Gaze D, George K. Cardiovascular consequences of 

completing a 160-km ultramarathon. Med Sci Sports Exerc. 2009;41(1):26-34. 

10. Klapcinska B, Waskiewicz Z, Chrapusta SJ, Sadowska-Krepa E, Czuba M, Langfort J. Metabolic responses 

to a 48-h ultra-marathon run in middle-aged male amateur runners. Eur J Appl Physiol. 2013;113(11):2781-

93. 

11. Sedaghat-Hamedani F, Kayvanpour E, Frankenstein L, Mereles D, Amr A, Buss S, et al. Biomarker 

changes after strenuous exercise can mimic pulmonary embolism and cardiac injury--a metaanalysis of 45 

studies. Clin Chem. 2015;61(10):1246-55. 

12. Arakawa K, Hosono A, Shibata K, Ghadimi R, Fuku M, Goto C, et al. Changes in blood biochemical 

markers before, during, and after a 2-day ultramarathon. Open Access J Sports Med. 2016;7:43-50. 

13. Burgess RG. In the Field: An Introduction to Field Research: Routledge; 2002. 

14. George KP, Warburton DE, Oxborough D, Scott JM, Esch BT, Williams K, et al. Upper limits of 

physiological cardiac adaptation in ultramarathon runners. J Am Coll Cardiol. 2011;57(6):754-5. 

15. Roebuck GS, Urquhart DM, Knox L, Fitzgerald PB, Cicuttini FM, Lee S, et al. Psychological Factors 

Associated With Ultramarathon Runners' Supranormal Pain Tolerance: A Pilot Study. J Pain. 

2018;19(12):1406-15. 

16. Gajda R, Samelko A, Czuba M, Piotrowska-Nowak A, Tonska K, Zekanowski C, et al. To Be a Champion 

of the 24-h Ultramarathon Race. If Not the Heart ... Mosaic Theory? Int J Environ Res Public Health. 

2021;18(5). 

17. The Montane® Yukon Arctic Ultra - Official Website: https://arcticultra.de, Accessed June 1st 2022. 

18. World Medical A. World Medical Association Declaration of Helsinki: ethical principles for medical 

research involving human subjects. JAMA. 2013;310(20):2191-4. 

19. Santos-Lozano A, Hernandez-Vicente A, Perez-Isaac R, Santin-Medeiros F, Cristi-Montero C, Casajus JA, 

et al. Is the SenseWear Armband accurate enough to quantify and estimate energy expenditure in healthy 

adults? Ann Transl Med. 2017;5(5):97. 

20. Moon JR. Body composition in athletes and sports nutrition: an examination of the bioimpedance analysis 

technique. Eur J Clin Nutr. 2013;67 Suppl 1:S54-9. 

21. Wallen MB, Hasson D, Theorell T, Canlon B, Osika W. Possibilities and limitations of the Polar RS800 in 

measuring heart rate variability at rest. Eur J Appl Physiol. 2012;112(3):1153-65. 

22. Hinde K, White G, Armstrong N. Wearable Devices Suitable for Monitoring Twenty Four Hour Heart Rate 

Variability in Military Populations. Sensors (Basel). 2021;21(4). 

23. Kobayashi I, Lavela J, Bell K, Mellman TA. The impact of posttraumatic stress disorder versus resilience 

on nocturnal autonomic nervous system activity as functions of sleep stage and time of sleep. Physiol 

Behav. 2016;164(Pt A):11-8. 

24. Souza GG, Magalhaes LN, Cruz TA, Mendonca-De-Souza AC, Duarte AF, Fischer NL, et al. Resting vagal 

control and resilience as predictors of cardiovascular allostasis in peacekeepers. Stress. 2013;16(4):377-83. 

25. Shacham S. A shortened version of the Profile of Mood States. J Pers Assess. 1983;47(3):305-6. 

https://arcticultra.de/


95 

26. Kentta G, Hassmen P. Overtraining and recovery. A conceptual model. Sports Med. 1998;26(1):1-16. 

27. Lee P, Linderman JD, Smith S, Brychta RJ, Wang J, Idelson C, et al. Irisin and FGF21 are cold-induced 

endocrine activators of brown fat function in humans. Cell Metab. 2014;19(2):302-9. 

28. Rao RR, Long JZ, White JP, Svensson KJ, Lou J, Lokurkar I, et al. Meteorin-like is a hormone that 

regulates immune-adipose interactions to increase beige fat thermogenesis. Cell. 2014;157(6):1279-91. 

29. Saito M, Okamatsu-Ogura Y, Matsushita M, Watanabe K, Yoneshiro T, Nio-Kobayashi J, et al. High 

incidence of metabolically active brown adipose tissue in healthy adult humans: effects of cold exposure 

and adiposity. Diabetes. 2009;58(7):1526-31. 

30. Norheim F, Langleite TM, Hjorth M, Holen T, Kielland A, Stadheim HK, et al. The effects of acute and 

chronic exercise on PGC-1alpha, irisin and browning of subcutaneous adipose tissue in humans. FEBS J. 

2014;281(3):739-49. 

31. Yoneshiro T, Aita S, Matsushita M, Kayahara T, Kameya T, Kawai Y, et al. Recruited brown adipose tissue 

as an antiobesity agent in humans. J Clin Invest. 2013;123(8):3404-8. 

32. Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, et al. Functional brown adipose 

tissue in healthy adults. N Engl J Med. 2009;360(15):1518-25. 

33. Palinkas LA. Mental and cognitive performance in the cold. Int J Circumpolar Health. 2001;60(3):430-9. 

34. Lieberman HR, Castellani JW, Young AJ. Cognitive function and mood during acute cold stress after 

extended military training and recovery. Aviat Space Environ Med. 2009;80(7):629-36. 

35. Plews DJ, Laursen PB, Stanley J, Kilding AE, Buchheit M. Training adaptation and heart rate variability in 

elite endurance athletes: opening the door to effective monitoring. Sports Med. 2013;43(9):773-81. 

36. Bellenger CR, Thomson RL, Robertson EY, Davison K, Nelson MJ, Karavirta L, et al. The effect of 

functional overreaching on parameters of autonomic heart rate regulation. Eur J Appl Physiol. 

2017;117(3):541-50. 

37. Lucini D, Marchetti I, Spataro A, Malacarne M, Benzi M, Tamorri S, et al. Heart rate variability to monitor 

performance in elite athletes: Criticalities and avoidable pitfalls. Int J Cardiol. 2017;240:307-12. 

38. Bricout VA, Dechenaud S, Favre-Juvin A. Analyses of heart rate variability in young soccer players: the 

effects of sport activity. Auton Neurosci. 2010;154(1-2):112-6. 

39. Buchheit M, Chivot A, Parouty J, Mercier D, Al Haddad H, Laursen PB, et al. Monitoring endurance 

running performance using cardiac parasympathetic function. Eur J Appl Physiol. 2010;108(6):1153-67. 

40. Anglem N, Lucas SJ, Rose EA, Cotter JD. Mood, illness and injury responses and recovery with adventure 

racing. Wilderness Environ Med. 2008;19(1):30-8. 

41. Siegl A, E MK, Tam N, Koschnick S, Langerak NG, Skorski S, et al. Submaximal Markers of Fatigue and 

Overreaching; Implications for Monitoring Athletes. Int J Sports Med. 2017;38(9):675-82. 

42. Sgoifo A, Carnevali L, Alfonso Mde L, Amore M. Autonomic dysfunction and heart rate variability in 

depression. Stress. 2015;18(3):343-52. 

43. Stroud MA, Jackson AA, Waterlow JC. Protein turnover rates of two human subjects during an unassisted 

crossing of Antarctica. Br J Nutr. 1996;76(2):165-74. 

44. Johannsen MM, Shin KJ, Priebe K, Coker RH. Alaska Mountain Wilderness Ski Classic: Alterations in 

Caloric Expenditure and Body Composition. Wilderness Environ Med. 2018;29(2):221-5. 

45. Lee SJ, Lee YS, Zimmers TA, Soleimani A, Matzuk MM, Tsuchida K, et al. Regulation of muscle mass by 

follistatin and activins. Mol Endocrinol. 2010;24(10):1998-2008. 

46. Braga M, Reddy ST, Vergnes L, Pervin S, Grijalva V, Stout D, et al. Follistatin promotes adipocyte 

differentiation, browning, and energy metabolism. J Lipid Res. 2014;55(3):375-84. 

47. Ijiri D, Kanai Y, Hirabayashi M. Possible roles of myostatin and PGC-1alpha in the increase of skeletal 

muscle and transformation of fiber type in cold-exposed chicks: expression of myostatin and PGC-1alpha 

in chicks exposed to cold. Domest Anim Endocrinol. 2009;37(1):12-22. 

48. Zak RB, Hassenstab BM, Zuehlke LK, Heesch MWS, Shute RJ, Laursen TL, et al. Impact of local heating 

and cooling on skeletal muscle transcriptional response related to myogenesis and proteolysis. Eur J Appl 

Physiol. 2018;118(1):101-9. 

49. Brager AJ, Demiral S, Choynowski J, Kim J, Campbell B, Capaldi VF, et al. Earlier shift in race pacing can 

predict future performance during a single-effort ultramarathon under sleep deprivation. Sleep Sci. 

2020;13(1):25-31. 

50. Costa RJ, Snipe R, Camoes-Costa V, Scheer V, Murray A. The Impact of Gastrointestinal Symptoms and 

Dermatological Injuries on Nutritional Intake and Hydration Status During Ultramarathon Events. Sports 

Med Open. 2016;2:16. 



96 

51. Knechtle B, Nikolaidis PT. Physiology and Pathophysiology in Ultra-Marathon Running. Front Physiol. 

2018;9:634. 

52. Falla M, Micarelli A, Hufner K, Strapazzon G. The Effect of Cold Exposure on Cognitive Performance in 

Healthy Adults: A Systematic Review. Int J Environ Res Public Health. 2021;18(18). 

53. Dewasmes G, Bothorel B, Hoeft A, Candas V. Regulation of local sweating in sleep-deprived exercising 

humans. Eur J Appl Physiol Occup Physiol. 1993;66(6):542-6. 

54. Hurdiel R, Peze T, Daugherty J, Girard J, Poussel M, Poletti L, et al. Combined effects of sleep deprivation 

and strenuous exercise on cognitive performances during The North Face(R) Ultra Trail du Mont Blanc(R) 

(UTMB(R)). J Sports Sci. 2015;33(7):670-4. 

55. Urwin CS, Main LC, Mikocka-Walus A, Skvarc DR, Roberts SSH, Condo D, et al. The Relationship 

Between Psychological Stress and Anxiety with Gastrointestinal Symptoms Before and During a 56 km 

Ultramarathon Running Race. Sports Med Open. 2021;7(1):93. 

56. Kienast C, Gunga H-C, Steinach M. Neuropeptide Y – its role in human performance and extreme 

environments. REACH. 2019;14-15:100032–1032. 

57. Karamouzis I, Karamouzis M, Vrabas IS, Christoulas K, Kyriazis N, Giannoulis E, et al. The effects of 

marathon swimming on serum leptin and plasma neuropeptide Y levels. Clin Chem Lab Med. 

2002;40(2):132-6. 

58. Czajkowska A, Ambroszkiewicz J, Mroz A, Witek K, Nowicki D, Malek L. The Effect of the Ultra-

Marathon Run at a Distance of 100 Kilometers on the Concentration of Selected Adipokines in Adult Men. 

Int J Environ Res Public Health. 2020;17(12). 

59. Pries AR, Kuebler WM. Normal endothelium. Handb Exp Pharmacol. 2006(176 Pt 1):1-40. 

60. Hahn RG, Patel V, Dull RO. Human glycocalyx shedding: Systematic review and critical appraisal. Acta 

Anaesthesiol Scand. 2021;65(5):590-606. 

61. Lee S, Kolset SO, Birkeland KI, Drevon CA, Reine TM. Acute exercise increases syndecan-1 and -4 serum 

concentrations. Glycoconj J. 2019;36(2):113-25. 

62. Sapp RM, Evans WS, Eagan LE, Chesney CA, Zietowski EM, Prior SJ, et al. The effects of moderate and 

high-intensity exercise on circulating markers of endothelial integrity and activation in young, healthy men. 

J Appl Physiol (1985). 2019;127(5):1245-56. 

63. Kropfl JM, Beltrami FG, Rehm M, Gruber HJ, Stelzer I, Spengler CM. Acute exercise-induced glycocalyx 

shedding does not differ between exercise modalities, but is associated with total antioxidative capacity. J 

Sci Med Sport. 2021. 

64. Noakes TD. The limits of endurance exercise. Basic Res Cardiol. 2006;101(5):408-17. 

65. Ainsworth BE, Haskell WL, Leon AS, Jacobs DR, Jr., Montoye HJ, Sallis JF, et al. Compendium of 

physical activities: classification of energy costs of human physical activities. Med Sci Sports Exerc. 

1993;25(1):71-80. 

66. Cooper JA, Nguyen DD, Ruby BC, Schoeller DA. Maximal sustained levels of energy expenditure in 

humans during exercise. Med Sci Sports Exerc. 2011;43(12):2359-67. 

67. Nikolaidis PT, Veniamakis E, Rosemann T, Knechtle B. Nutrition in Ultra-Endurance: State of the Art. 

Nutrients. 2018;10(12). 

68. Charlot K. Negative energy balance during military training: The role of contextual limitations. Appetite. 

2021;164:105263. 

69. Pasiakos SM, Vislocky LM, Carbone JW, Altieri N, Konopelski K, Freake HC, et al. Acute energy 

deprivation affects skeletal muscle protein synthesis and associated intracellular signaling proteins in 

physically active adults. J Nutr. 2010;140(4):745-51. 

70. Murphy NE, Carrigan CT, Philip Karl J, Pasiakos SM, Margolis LM. Threshold of Energy Deficit and 

Lower-Body Performance Declines in Military Personnel: A Meta-Regression. Sports Med. 

2018;48(9):2169-78. 

71. Nindl BC, Barnes BR, Alemany JA, Frykman PN, Shippee RL, Friedl KE. Physiological consequences of 

U.S. Army Ranger training. Med Sci Sports Exerc. 2007;39(8):1380-7. 

72. Tassone EC, Baker BA. Body weight and body composition changes during military training and 

deployment involving the use of combat rations: a systematic literature review. Br J Nutr. 2017;117(6):897-

910. 

73. Saugy J, Place N, Millet GY, Degache F, Schena F, Millet GP. Alterations of Neuromuscular Function after 

the World's Most Challenging Mountain Ultra-Marathon. PLoS One. 2013;8(6):e65596. 



97 

74. Nykanen T, Ojanen T, Vaara JP, Pihlainen K, Heikkinen R, Kyrolainen H, et al. Energy Balance, Hormonal 

Status, and Military Performance in Strenuous Winter Training. Int J Environ Res Public Health. 

2023;20(5). 

75. Williams BD, Wolfe RR, Bracy DP, Wasserman DH. Gut proteolysis contributes essential amino acids 

during exercise. Am J Physiol. 1996;270(1 Pt 1):E85-90. 

76. Millward DJ, Davies CT, Halliday D, Wolman SL, Matthews D, Rennie M. Effect of exercise on protein 

metabolism in humans as explored with stable isotopes. Fed Proc. 1982;41(10):2686-91. 

77. Hargreaves M, Spriet LL. Skeletal muscle energy metabolism during exercise. Nat Metab. 2020;2(9):817-

28. 

78. Galvin RD, Harris JA, Johnson RE. Urinary excretion of beta-hydroxybutyrate and acetoacetate during 

experimental ketosis. Q J Exp Physiol Cogn Med Sci. 1968;53(2):181-93. 

79. Zajac A, Poprzecki S, Maszczyk A, Czuba M, Michalczyk M, Zydek G. The effects of a ketogenic diet on 

exercise metabolism and physical performance in off-road cyclists. Nutrients. 2014;6(7):2493-508. 

80. Pitsiladis YP, Smith I, Maughan RJ. Increased fat availability enhances the capacity of trained individuals 

to perform prolonged exercise. Med Sci Sports Exerc. 1999;31(11):1570-9. 

81. Turcotte LP, Richter EA, Kiens B. Increased plasma FFA uptake and oxidation during prolonged exercise in 

trained vs. untrained humans. Am J Physiol. 1992;262(6 Pt 1):E791-9. 

82. Hurley BF, Nemeth PM, Martin WH, 3rd, Hagberg JM, Dalsky GP, Holloszy JO. Muscle triglyceride 

utilization during exercise: effect of training. J Appl Physiol (1985). 1986;60(2):562-7. 

83. Nikolaidis PT, Knechtle C, Ramirez-Campillo R, Vancini RL, Rosemann T, Knechtle B. Training and Body 

Composition during Preparation for a 48-Hour Ultra-Marathon Race: A Case Study of a Master Athlete. Int 

J Environ Res Public Health. 2019;16(6). 

84. Jorres M, Gunga HC, Steinach M. Physiological Changes, Activity, and Stress During a 100-km-24-h 

Walking-March. Front Physiol. 2021;12:640710. 

85. Townsend KL, Tseng YH. Brown fat fuel utilization and thermogenesis. Trends Endocrinol Metab. 

2014;25(4):168-77. 

86. Mika A, Macaluso F, Barone R, Di Felice V, Sledzinski T. Effect of Exercise on Fatty Acid Metabolism and 

Adipokine Secretion in Adipose Tissue. Front Physiol. 2019;10:26. 

87. Vidal P, Stanford KI. Exercise-Induced Adaptations to Adipose Tissue Thermogenesis. Front Endocrinol 

(Lausanne). 2020;11:270. 

88. Zaccaria M, Ermolao A, Roi GS, Englaro P, Tegon G, Varnier M. Leptin reduction after endurance races 

differing in duration and energy expenditure. Eur J Appl Physiol. 2002;87(2):108-11. 

89. Roupas ND, Mamali I, Maragkos S, Leonidou L, Armeni AK, Markantes GK, et al. The effect of prolonged 

aerobic exercise on serum adipokine levels during an ultra-marathon endurance race. Hormones (Athens). 

2013;12(2):275-82. 

90. Kraemer RR, Chu H, Castracane VD. Leptin and exercise. Exp Biol Med (Maywood). 2002;227(9):701-8. 

91. Caron A, Lee S, Elmquist JK, Gautron L. Leptin and brain-adipose crosstalks. Nat Rev Neurosci. 

2018;19(3):153-65. 

92. Myers MG, Cowley MA, Munzberg H. Mechanisms of leptin action and leptin resistance. Annu Rev 

Physiol. 2008;70:537-56. 

93. Cnop M, Havel PJ, Utzschneider KM, Carr DB, Sinha MK, Boyko EJ, et al. Relationship of adiponectin to 

body fat distribution, insulin sensitivity and plasma lipoproteins: evidence for independent roles of age and 

sex. Diabetologia. 2003;46(4):459-69. 

94. Park KG, Park KS, Kim MJ, Kim HS, Suh YS, Ahn JD, et al. Relationship between serum adiponectin and 

leptin concentrations and body fat distribution. Diabetes Res Clin Pract. 2004;63(2):135-42. 

95. Simpson KA, Singh MA. Effects of exercise on adiponectin: a systematic review. Obesity (Silver Spring). 

2008;16(2):241-56. 

96. Kelly KR, Navaneethan SD, Solomon TP, Haus JM, Cook M, Barkoukis H, et al. Lifestyle-induced 

decrease in fat mass improves adiponectin secretion in obese adults. Med Sci Sports Exerc. 

2014;46(5):920-6. 

97. Lee B, Shao J. Adiponectin and energy homeostasis. Rev Endocr Metab Disord. 2014;15(2):149-56. 

98. Imbeault P, Depault I, Haman F. Cold exposure increases adiponectin levels in men. Metabolism. 

2009;58(4):552-9. 

99. Marcos P, Covenas R. Regulation of Homeostasis by Neuropeptide Y: Involvement in Food Intake. Curr 

Med Chem. 2022;29(23):4026-49. 



98 

100. Ramson R, Jurimae J, Jurimae T, Maestu J. The effect of 4-week training period on plasma neuropeptide Y, 

leptin and ghrelin responses in male rowers. Eur J Appl Physiol. 2012;112(5):1873-80. 

101. Han S, Chen X, Yang CL, Vickery L, Wu Y, Naes L, et al. Influence of cold stress on neuropeptide Y and 

sympathetic neurotransmission. Peptides. 2005;26(12):2603-9. 

102. Shi YC, Lau J, Lin Z, Zhang H, Zhai L, Sperk G, et al. Arcuate NPY controls sympathetic output and BAT 

function via a relay of tyrosine hydroxylase neurons in the PVN. Cell Metab. 2013;17(2):236-48. 

103. Boden G, Chen X, Mozzoli M, Ryan I. Effect of fasting on serum leptin in normal human subjects. J Clin 

Endocrinol Metab. 1996;81(9):3419-23. 

104. Villanueva AL, Schlosser C, Hopper B, Liu JH, Hoffman DI, Rebar RW. Increased cortisol production in 

women runners. J Clin Endocrinol Metab. 1986;63(1):133-6. 

105. Pestell RG, Hurley DM, Vandongen R. Biochemical and hormonal changes during a 1000 km 

ultramarathon. Clin Exp Pharmacol Physiol. 1989;16(5):353-61. 

106. Hoppel F, Calabria E, Pesta D, Kantner-Rumplmair W, Gnaiger E, Burtscher M. Physiological and 

Pathophysiological Responses to Ultramarathon Running in Non-elite Runners. Front Physiol. 

2019;10:1300. 

107. Kaufmann CC, Wegberger C, Tscharre M, Haller PM, Piackova E, Vujasin I, et al. Effect of marathon and 

ultra-marathon on inflammation and iron homeostasis. Scand J Med Sci Sports. 2021;31(3):542-52. 

108. Tchou I, Margeli A, Tsironi M, Skenderi K, Barnet M, Kanaka-Gantenbein C, et al. Growth-differentiation 

factor-15, endoglin and N-terminal pro-brain natriuretic peptide induction in athletes participating in an 

ultramarathon foot race. Biomarkers. 2009;14(6):418-22. 

109. Botonis PG, Toubekis AG. Intensified Olympic Preparation: Sleep and Training-Related Hormonal and 

Immune Responses in Water Polo. Int J Sports Physiol Perform. 2023;18(2):187-94. 

110. Cho K, Ennaceur A, Cole JC, Suh CK. Chronic jet lag produces cognitive deficits. J Neurosci. 

2000;20(6):RC66. 

111. Hill EE, Zack E, Battaglini C, Viru M, Viru A, Hackney AC. Exercise and circulating cortisol levels: the 

intensity threshold effect. J Endocrinol Invest. 2008;31(7):587-91. 

112. Tauler P, Martinez S, Moreno C, Martinez P, Aguilo A. Changes in salivary hormones, immunoglobulin A, 

and C-reactive protein in response to ultra-endurance exercises. Appl Physiol Nutr Metab. 2014;39(5):560-

5. 

113. LaVoy EC, McFarlin BK, Simpson RJ. Immune responses to exercising in a cold environment. Wilderness 

Environ Med. 2011;22(4):343-51. 

114. Leppaluoto J, Westerlund T, Huttunen P, Oksa J, Smolander J, Dugue B, et al. Effects of long-term whole-

body cold exposures on plasma concentrations of ACTH, beta-endorphin, cortisol, catecholamines and 

cytokines in healthy females. Scand J Clin Lab Invest. 2008;68(2):145-53. 

115. Brancaccio P, Maffulli N, Limongelli FM. Creatine kinase monitoring in sport medicine. Br Med Bull. 

2007;81-82:209-30. 

116. Waskiewicz Z, Klapcinska B, Sadowska-Krepa E, Czuba M, Kempa K, Kimsa E, et al. Acute metabolic 

responses to a 24-h ultra-marathon race in male amateur runners. Eur J Appl Physiol. 2012;112(5):1679-88. 

117. Franklin ME, Currier D, Franklin RC. The Effect of One Session of Muscle Soreness-Inducing Weight 

Lifting Exercise on WBC Count, Serum Creatine Kinase, and Plasma Volume. J Orthop Sports Phys Ther. 

1991;13(6):316-21. 

118. Hody S, Rogister B, Leprince P, Wang F, Croisier JL. Muscle fatigue experienced during maximal eccentric 

exercise is predictive of the plasma creatine kinase (CK) response. Scand J Med Sci Sports. 

2013;23(4):501-7. 

119. Backer HC, Richards JT, Kienzle A, Cunningham J, Braun KF. Exertional Rhabdomyolysis in Athletes: 

Systematic Review and Current Perspectives. Clin J Sport Med. 2023;33(2):187-94. 

120. Tokinoya K, Ishikura K, Ra SG, Ebina K, Miyakawa S, Ohmori H. Relationship between early-onset 

muscle soreness and indirect muscle damage markers and their dynamics after a full marathon. J Exerc Sci 

Fit. 2020;18(3):115-21. 

121. Banfi G, Colombini A, Lombardi G, Lubkowska A. Metabolic markers in sports medicine. Adv Clin Chem. 

2012;56:1-54. 

122. Vincent HK, Vincent KR. The effect of training status on the serum creatine kinase response, soreness and 

muscle function following resistance exercise. Int J Sports Med. 1997;18(6):431-7. 

123. Teleglow A, Romanovski V, Skowron B, Mucha D, Tota L, Rosinczuk J, et al. The Effect of Extreme Cold 

on Complete Blood Count and Biochemical Indicators: A Case Study. Int J Environ Res Public Health. 

2021;19(1). 



99 

124. Kasapis C, Thompson PD. The effects of physical activity on serum C-reactive protein and inflammatory 

markers: a systematic review. J Am Coll Cardiol. 2005;45(10):1563-9. 

125. Smith JK, Dykes R, Douglas JE, Krishnaswamy G, Berk S. Long-term exercise and atherogenic activity of 

blood mononuclear cells in persons at risk of developing ischemic heart disease. JAMA. 

1999;281(18):1722-7. 

126. Albert MA, Glynn RJ, Ridker PM. Effect of physical activity on serum C-reactive protein. Am J Cardiol. 

2004;93(2):221-5. 

127. Wolyniec W, Ratkowski W, Kasprowicz K, Malgorzewicz S, Aleksandrowicz E, Zdrojewski T, et al. 

Factors influencing post-exercise proteinuria after marathon and ultramarathon races. Biol Sport. 

2020;37(1):33-40. 

128. Weight LM, Alexander D, Jacobs P. Strenuous exercise: analogous to the acute-phase response? Clin Sci 

(Lond). 1991;81(5):677-83. 

129. Strachan AF, Noakes TD, Kotzenberg G, Nel AE, de Beer FC. C reactive protein concentrations during 

long distance running. Br Med J (Clin Res Ed). 1984;289(6454):1249-51. 

130. Eklund CM. Proinflammatory cytokines in CRP baseline regulation. Adv Clin Chem. 2009;48:111-36. 

131. Choi JK, Kim HC, Shin H.K. Clinical Analysis of Frostbite. Journal of Trauma and Injury. 2015;28(3):158-

69. 

132. Nakagawa O, Ogawa Y, Itoh H, Suga S, Komatsu Y, Kishimoto I, et al. Rapid transcriptional activation and 

early mRNA turnover of brain natriuretic peptide in cardiocyte hypertrophy. Evidence for brain natriuretic 

peptide as an "emergency" cardiac hormone against ventricular overload. J Clin Invest. 1995;96(3):1280-7. 

133. Maisel AS, Krishnaswamy P, Nowak RM, McCord J, Hollander JE, Duc P, et al. Rapid measurement of B-

type natriuretic peptide in the emergency diagnosis of heart failure. N Engl J Med. 2002;347(3):161-7. 

134. Vilela EM, Bettencourt-Silva R, Nunes JP, Ribeiro VG. BNP and NT-proBNP elevation after running--a 

systematic review. Acta Cardiol. 2015;70(5):501-9. 

135. Kim YJ, Shin YO, Lee JB, Lee YH, Shin KA, Kim AC, et al. The effects of running a 308 km ultra-

marathon on cardiac markers. Eur J Sport Sci. 2014;14 Suppl 1:S92-7. 

136. Salvagno GL, Schena F, Gelati M, Danese E, Cervellin G, Guidi GC, et al. The concentration of high-

sensitivity troponin I, galectin-3 and NT-proBNP substantially increase after a 60-km ultramarathon. Clin 

Chem Lab Med. 2014;52(2):267-72. 

137. Neilan TG, Januzzi JL, Lee-Lewandrowski E, Ton-Nu TT, Yoerger DM, Jassal DS, et al. Myocardial injury 

and ventricular dysfunction related to training levels among nonelite participants in the Boston marathon. 

Circulation. 2006;114(22):2325-33. 

138. Foulds HJ, Cote AT, Phillips AA, Charlesworth SA, Bredin SS, Burr JF, et al. Characterisation of baroreflex 

sensitivity of recreational ultra-endurance athletes. Eur J Sport Sci. 2014;14(7):686-94. 

139. Paech C, Schrieber S, Daehnert I, Schmidt-Hellinger PJ, Wolfarth B, Wuestenfeld J, et al. Influence of a 

100-mile ultramarathon on heart rate and heart rate variability. BMJ Open Sport Exerc Med. 

2021;7(2):e001005. 

140. Nuissier F, Chapelot D, Vallet C, Pichon A. Relations between psychometric profiles and cardiovascular 

autonomic regulation in physical education students. Eur J Appl Physiol. 2007;99(6):615-22. 

141. Tobaldini E, Nobili L, Strada S, Casali KR, Braghiroli A, Montano N. Heart rate variability in normal and 

pathological sleep. Front Physiol. 2013;4:294. 

142. Spangler DP, McGinley JJ. Vagal Flexibility Mediates the Association Between Resting Vagal Activity and 

Cognitive Performance Stability Across Varying Socioemotional Demands. Front Psychol. 2020;11:2093. 

143. Ivanov P, Bunde A, Amaral LA, Havlin S, Fritsch-Yelle J, Baevsky RM, et al. Sleep-wake differences in 

scaling behavior of the human heartbeat: analysis of terrestrial and long-term space flight data. Europhys 

Lett. 1999;48(5):594-600. 

144. Makinen TM, Mantysaari M, Paakkonen T, Jokelainen J, Palinkas LA, Hassi J, et al. Autonomic nervous 

function during whole-body cold exposure before and after cold acclimation. Aviat Space Environ Med. 

2008;79(9):875-82. 

145. Russo SJ, Murrough JW, Han MH, Charney DS, Nestler EJ. Neurobiology of resilience. Nat Neurosci. 

2012;15(11):1475-84. 

146. Fletcher D, Sarkar M. Psychological resilience. European psychologist. 2013. 

147. Majnaric LT, Bosnic Z, Guljas S, Vucic D, Kurevija T, Volaric M, et al. Low Psychological Resilience in 

Older Individuals: An Association with Increased Inflammation, Oxidative Stress and the Presence of 

Chronic Medical Conditions. Int J Mol Sci. 2021;22(16). 



100 

148. Danese A, Moffitt TE, Pariante CM, Ambler A, Poulton R, Caspi A. Elevated inflammation levels in 

depressed adults with a history of childhood maltreatment. Arch Gen Psychiatry. 2008;65(4):409-15. 

149. Shandilya S, Kumar S, Kumar Jha N, Kumar Kesari K, Ruokolainen J. Interplay of gut microbiota and 

oxidative stress: Perspective on neurodegeneration and neuroprotection. J Adv Res. 2022;38:223-44. 

150. Hattori N, Hayashi T, Nakachi K, Ichikawa H, Goto C, Tokudome Y, et al. Changes of ROS during a two-

day ultra-marathon race. Int J Sports Med. 2009;30(6):426-9. 

151. Sato M, Suzuki Y. Alterations in intestinal microbiota in ultramarathon runners. Sci Rep. 2022;12(1):6984. 

152. Bouchard Jr TJ. Genetic influence on human psychological traits: A survey. Current directions in 

psychological science. 2004;13(4):148-51. 

153. Gillespie CF, Phifer J, Bradley B, Ressler KJ. Risk and resilience: genetic and environmental influences on 

development of the stress response. Depress Anxiety. 2009;26(11):984-92. 

154. Navrady LB, Zeng Y, Clarke TK, Adams MJ, Howard DM, Deary IJ, et al. Genetic and environmental 

contributions to psychological resilience and coping. Wellcome Open Res. 2018;3:12. 

155. Takano A, Arakawa R, Hayashi M, Takahashi H, Ito H, Suhara T. Relationship between neuroticism 

personality trait and serotonin transporter binding. Biol Psychiatry. 2007;62(6):588-92. 

156. Schutte NS, Malouff JM, Hall LE, Haggerty DJ, Cooper JT, Golden CJ, et al. Development and validation 

of a measure of emotional intelligence. Personality and Individual Differences. 1998;25(2):167-77. 

157. Howe CCF, Pummell E, Pang S, Spendiff O, Moir HJ. Emotional intelligence and mood states impact on 

the stress response to a treadmill ultramarathon. J Sci Med Sport. 2019;22(7):763-8. 

158. Gucciardi DF, Hanton S, Gordon S, Mallett CJ, Temby P. The concept of mental toughness: tests of 

dimensionality, nomological network, and traitness. J Pers. 2015;83(1):26-44. 

159. Brace AW, George K, Lovell GP. Mental toughness and self-efficacy of elite ultra-marathon runners. PLoS 

One. 2020;15(11):e0241284. 

160. Graham SM, Martindale RJJ, McKinley M, Connaboy C, Andronikos G, Susmarski A. The examination of 

mental toughness, sleep, mood and injury rates in an Arctic ultra-marathon. Eur J Sport Sci. 

2021;21(1):100-6. 

161. Curran SL, Andrykowski MA, Studts JL. Short Form of the Profile of Mood States (POMS-SF): 

Psychometric information. Psychological Assessment. 1995;7:80-3. 

162. Bandura A. Self-efficacy mechanism in human agency. American psychologist. 1982;37(2):122. 

163. Moraes MM, Bruzzi RS, Martins YAT, Mendes TT, Maluf CB, Ladeira RVP, et al. Hormonal, autonomic 

cardiac and mood states changes during an Antarctic expedition: From ship travel to camping in Snow 

Island. Physiol Behav. 2020;224:113069. 

164. Muller MD, Muller SM, Kim CH, Ryan EJ, Gunstad J, Glickman EL. Mood and selective attention in the 

cold: the effect of interval versus continuous exercise. Eur J Appl Physiol. 2011;111(7):1321-8. 

165. Lennon FE, Singleton PA. Hyaluronan regulation of vascular integrity. Am J Cardiovasc Dis. 

2011;1(3):200-13. 

166. Becker BF, Chappell D, Jacob M. Endothelial glycocalyx and coronary vascular permeability: the fringe 

benefit. Basic Res Cardiol. 2010;105(6):687-701. 

167. Pries AR, Secomb TW, Gaehtgens P. The endothelial surface layer. Pflugers Arch. 2000;440(5):653-66. 

168. Moore KH, Murphy HA, George EM. The glycocalyx: a central regulator of vascular function. Am J 

Physiol Regul Integr Comp Physiol. 2021;320(4):R508-R18. 

169. Zeng Y, Waters M, Andrews A, Honarmandi P, Ebong EE, Rizzo V, et al. Fluid shear stress induces the 

clustering of heparan sulfate via mobility of glypican-1 in lipid rafts. Am J Physiol Heart Circ Physiol. 

2013;305(6):H811-20. 

170. Turner JE, Hodges NJ, Bosch JA, Aldred S. Prolonged depletion of antioxidant capacity after 

ultraendurance exercise. Med Sci Sports Exerc. 2011;43(9):1770-6. 

171. van Golen RF, Reiniers MJ, Vrisekoop N, Zuurbier CJ, Olthof PB, van Rheenen J, et al. The mechanisms 

and physiological relevance of glycocalyx degradation in hepatic ischemia/reperfusion injury. Antioxid 

Redox Signal. 2014;21(7):1098-118. 

172. Brown MD, Egginton S, Hudlicka O, Zhou AL. Appearance of the capillary endothelial glycocalyx in 

chronically stimulated rat skeletal muscles in relation to angiogenesis. Exp Physiol. 1996;81(6):1043-6. 

173. Hahn RG, Hasselgren E, Bjorne H, Zdolsek M, Zdolsek J. Biomarkers of endothelial injury in plasma are 

dependent on kidney function. Clin Hemorheol Microcirc. 2019;72(2):161-8. 



101 

174. Montalvo S, Gomez M, Lozano A, Arias S, Rodriguez L, Morales-Acuna F, et al. Differences in Blood 

Flow Patterns and Endothelial Shear Stress at the Carotid Artery Using Different Exercise Modalities and 

Intensities. Front Physiol. 2022;13:857816. 

175. Hulde N, Rogenhofer N, Brettner F, Eckert NC, Fetz I, Buchheim JI, et al. Effects of controlled ovarian 

stimulation on vascular barrier and endothelial glycocalyx: a pilot study. J Assist Reprod Genet. 

2021;38(9):2273-82. 

176. Hulde N, Rogenhofer N, Brettner F, Eckert NC, Götzfried I, Nguyen T, et al. The CYCLOCALYX study: 

Ovulatory cycle affects circulating compartments of the endothelial glycocalyx in blood. American Journal 

of Reproductive Immunology. 2018;79(1):e12767. 

177. Schlommer C, Meier J. Inflammatory response in trauma patients: are there ways to decrease the 

inflammatory reaction? Curr Opin Anaesthesiol. 2020;33(2):253-8. 

178. King TJ, Coates AM, Tremblay JC, Slysz JT, Petrick HL, Pignanelli C, et al. Vascular Function Is 

Differentially Altered by Distance after Prolonged Running. Med Sci Sports Exerc. 2021;53(3):597-605. 

179. Marzella L, Jesudass RR, Manson PN, Myers RA, Bulkley GB. Morphologic characterization of acute 

injury to vascular endothelium of skin after frostbite. Plast Reconstr Surg. 1989;83(1):67-76. 

180. Sakuma K, Aoki M, Kannagi R. Transcription factors c-Myc and CDX2 mediate E-selectin ligand 

expression in colon cancer cells undergoing EGF/bFGF-induced epithelial-mesenchymal transition. Proc 

Natl Acad Sci U S A. 2012;109(20):7776-81. 

181. Oh IY, Yoon CH, Hur J, Kim JH, Kim TY, Lee CS, et al. Involvement of E-selectin in recruitment of 

endothelial progenitor cells and angiogenesis in ischemic muscle. Blood. 2007;110(12):3891-9. 

182. Majerczak J, Grandys M, Duda K, Zakrzewska A, Balcerczyk A, Kolodziejski L, et al. Moderate-intensity 

endurance training improves endothelial glycocalyx layer integrity in healthy young men. Exp Physiol. 

2017;102(1):70-85. 

183. Muller MJ, Enderle J, Bosy-Westphal A. Changes in Energy Expenditure with Weight Gain and Weight 

Loss in Humans. Curr Obes Rep. 2016;5(4):413-23. 

184. Urhausen A, Kindermann W. Diagnosis of overtraining: what tools do we have? Sports Med. 

2002;32(2):95-102. 

185. Jiang S, Bae JH, Wang Y, Song W. The Potential Roles of Myokines in Adipose Tissue Metabolism with 

Exercise and Cold Exposure. Int J Mol Sci. 2022;23(19). 

186. Knechtle B, Rosemann T, Lepers R, Rust CA. Women outperform men in ultradistance swimming: the 

Manhattan Island Marathon Swim from 1983 to 2013. Int J Sports Physiol Perform. 2014;9(6):913-24. 

187. Holloszy JO, Kohrt WM, Hansen PA. The regulation of carbohydrate and fat metabolism during and after 

exercise. Front Biosci. 1998;3:D1011-27. 

188. Scheer V, Krabak BJ. Musculoskeletal Injuries in Ultra-Endurance Running: A Scoping Review. Front 

Physiol. 2021;12:664071. 

189. Melanson EL, Sharp TA, Seagle HM, Horton TJ, Donahoo WT, Grunwald GK, et al. Effect of exercise 

intensity on 24-h energy expenditure and nutrient oxidation. J Appl Physiol (1985). 2002;92(3):1045-52. 

190. Venables MC, Achten J, Jeukendrup AE. Determinants of fat oxidation during exercise in healthy men and 

women: a cross-sectional study. J Appl Physiol (1985). 2005;98(1):160-7. 

191. Garofalo JP, Lawler C, Robinson R, Morgan M, Kenworthy-Heinige T. The role of mood states underlying 

sex differences in the perception and tolerance of pain. Pain Pract. 2006;6(3):186-96. 

192. Tiller NB, Elliott-Sale KJ, Knechtle B, Wilson PB, Roberts JD, Millet GY. Do Sex Differences in 

Physiology Confer a Female Advantage in Ultra-Endurance Sport? Sports Med. 2021;51(5):895-915. 

193. Bisschoff CA, Coetzee B, Esco MR. Relationship between Autonomic Markers of Heart Rate and 

Subjective Indicators of Recovery Status in Male, Elite Badminton Players. J Sports Sci Med. 

2016;15(4):658-69. 

194. Oka T, Tanahashi T, Sudo N, Lkhagvasuren B, Yamada Y. Changes in fatigue, autonomic functions, and 

blood biomarkers due to sitting isometric yoga in patients with chronic fatigue syndrome. Biopsychosoc 

Med. 2018;12:3. 

195. Selmi O, Levitt DE, Ouergui I, Aydi B, Bouassida A, Weiss K, et al. Effect of Intensified Training Camp on 

Psychometric Status, Mood State, and Hematological Markers in Youth Soccer Players. Children (Basel). 

2022;9(12). 

196. VanHelder T, Radomski MW. Sleep deprivation and the effect on exercise performance. Sports Med. 

1989;7(4):235-47. 



102 

197. Arora T, Grey I, Ostlundh L, Alamoodi A, Omar OM, Hubert Lam KB, et al. A systematic review and meta-

analysis to assess the relationship between sleep duration/quality, mental toughness and resilience amongst 

healthy individuals. Sleep Med Rev. 2022;62:101593. 

198. Fullagar HH, Skorski S, Duffield R, Hammes D, Coutts AJ, Meyer T. Sleep and athletic performance: the 

effects of sleep loss on exercise performance, and physiological and cognitive responses to exercise. Sports 

Med. 2015;45(2):161-86. 

199. Heilig M, Widerlov E. Neurobiology and clinical aspects of neuropeptide Y. Crit Rev Neurobiol. 1995;9(2-

3):115-36. 

200. Farzi A, Reichmann F, Holzer P. The homeostatic role of neuropeptide Y in immune function and its impact 

on mood and behaviour. Acta Physiol (Oxf). 2015;213(3):603-27. 

201. Morgan CA, 3rd, Wang S, Southwick SM, Rasmusson A, Hazlett G, Hauger RL, et al. Plasma 

neuropeptide-Y concentrations in humans exposed to military survival training. Biol Psychiatry. 

2000;47(10):902-9. 

202. Morgan CA, 3rd, Rasmusson AM, Wang S, Hoyt G, Hauger RL, Hazlett G. Neuropeptide-Y, cortisol, and 

subjective distress in humans exposed to acute stress: replication and extension of previous report. Biol 

Psychiatry. 2002;52(2):136-42. 

203. Donner J, Sipila T, Ripatti S, Kananen L, Chen X, Kendler KS, et al. Support for involvement of glutamate 

decarboxylase 1 and neuropeptide Y in anxiety susceptibility. Am J Med Genet B Neuropsychiatr Genet. 

2012;159B(3):316-27. 

204. Jacob M, Saller T, Chappell D, Rehm M, Welsch U, Becker BF. Physiological levels of A-, B- and C-type 

natriuretic peptide shed the endothelial glycocalyx and enhance vascular permeability. Basic Res Cardiol. 

2013;108(3):347. 

205. Yilmaz Z, Yildirim Y, Aydin FY, Aydin E, Kadiroglu AK, Yilmaz ME, et al. Relationship between fluid 

status as assessed by bioimpedance analysis and NT-pro BNP, blood pressure and left ventricular mass 

index in hemodialysis patients. Clin Ter. 2014;165(1):e52-8. 

206. Stenberg J, Melin J, Lindberg M, Furuland H. Brain natriuretic peptide reflects individual variation in 

hydration status in hemodialysis patients. Hemodial Int. 2019;23(3):402-13. 

207. Boden G, Homko C, Barrero CA, Stein TP, Chen X, Cheung P, et al. Excessive caloric intake acutely 

causes oxidative stress, GLUT4 carbonylation, and insulin resistance in healthy men. Sci Transl Med. 

2015;7(304):304re7. 

208. Payn T, Pfeiffer KA, Hutto B, Vena JE, LaMonte MJ, Blair SN, et al. Daily steps in midlife and older 

adults: relationship with demographic, self-rated health, and self-reported physical activity. Res Q Exerc 

Sport. 2008;79(2):128-32. 

209. Mayorga-Vega D, Casado-Robles C, Viciana J, Lopez-Fernandez I. Daily Step-Based Recommendations 

Related to Moderate-to-Vigorous Physical Activity and Sedentary Behavior in Adolescents. J Sports Sci 

Med. 2019;18(4):586-95. 

210. How much physical activity do adults need? : Centers for Disease Control and Prevention; 2023 [Available 

from: https://www.cdc.gov/physicalactivity/basics/adults/index.htm. 

211. Friedrich MJ. Epidemic of obesity expands its spread to developing countries. JAMA. 2002;287(11):1382-

6. 

212. Jackson-Leach R, Lobstein T. Estimated burden of paediatric obesity and co-morbidities in Europe. Part 1. 

The increase in the prevalence of child obesity in Europe is itself increasing. Int J Pediatr Obes. 

2006;1(1):26-32. 

213. Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, Flegal KM. Prevalence of overweight and 

obesity in the United States, 1999-2004. JAMA. 2006;295(13):1549-55. 

214. Millet GP, Millet GY. Ultramarathon is an outstanding model for the study of adaptive responses to extreme 

load and stress. BMC Med. 2012;10:77. 

215. Steinach M, Kohlberg E, Maggioni MA, Mendt S, Opatz O, Stahn A, et al. Changes of 25-OH-Vitamin D 

during Overwintering at the German Antarctic Stations Neumayer II and III. PLoS One. 

2015;10(12):e0144130. 

216. Steinach M, Kohlberg E, Maggioni MA, Mendt S, Opatz O, Stahn A, et al. Sleep Quality Changes during 

Overwintering at the German Antarctic Stations Neumayer II and III: The Gender Factor. PLoS One. 

2016;11(2):e0150099. 

217. Mendt S, Gunga HC, Felsenberg D, Belavy DL, Steinach M, Stahn AC. Regular exercise counteracts 

circadian shifts in core body temperature during long-duration bed rest. NPJ Microgravity. 2021;7(1):1. 

218. Gunga HC. Human Physiology in Extreme Environments. 2nd Edition ed: Elsevier; 2020. 

https://www.cdc.gov/physicalactivity/basics/adults/index.htm


103 

6. Acknowledgements 

 

I owe gratitude to many people who have made this work possible. I would like to thank:  

 

Prof. Hanns-Christian Gunga, who took me into his team at the Center for Space Medicine and 

Extreme Environments in 2006 and who has continuously been supportive and encouraging of 

my intention to perform this kind of research. His support but also his openness, curiosity, his 

ability to look beyond the treaded paths, and to think outside the box, have always been a great 

help and inspiration for me. His encouragement to understand human physiology from an 

integrative perspective and to study it in extreme environments and under extreme conditions 

have led me to my field of research. Furthermore, his ability to remain calm under pressure, to 

differentiate between the significant and the superficial, and to see the big picture, have shaped 

this research and also me as a scientist and person, for which I will always be very grateful.  

All study participants of the Yukon Arctic Ultra, for their interest and for taking part in this 

investigation and especially for their relentless patience and generosity to allow all 

measurements under difficult circumstances. 

Mr. Robert Pollhammer, the founder and organizer of the Yukon Arctic Ultra, who has been 

supportive to me from day one to conduct research during this extreme race, even though it 

meant difficulties for him and his crew in the process. 

Dr. Robert Coker, of the Montana Center for Work Physiology and Exercise Metabolism, 

University of Montana, who has been nothing but supportive in our collaborative efforts during 

the past Yukon Arctic Ultra races and whose hands-on-support made the many measurements 

possible.  

Prof. Alexander Choukér and Prof. Rehm and all from their team at the Dept. of Anesthesiology 

of the LMU for our collaboration regarding the analysis of glycocalyx parameters, which made 

the latest work presented here possible.  

My colleagues at the Center for Space Medicine and Extreme Environments, PD Dr. Martina 

Anna Maggioni, Dr. Stefan Mendt, Dr. Oliver Opatz, and PD Dr. Alexander Stahn, as well as 

Prof. Kübler, the director of the Institute of Physiology and all colleagues who were always 

supportive under the many difficulties of everyday work.  

The German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt, DLR), which 

contributed funding for the various laboratory analyses, for which I am very grateful, as well 

as to the Charité library and the German Research Foundation (Deutsche Forschungs-

gemeinschaft, DFG) publication fund that allowed publication in open access journals. 

The doctoral students Mrs. Adriane Schalt, Mrs. Lea-Christiane Rundfeldt, Mrs. Camilla 

Kienast, who have worked long and hard to complete their own scientific theses within this 

project, and especially Mrs. Schalt and Mrs. Kienast, who accompanied me in 2017 and 2019, 

while sharing the risk of not gaining much data under such extreme research conditions.   

Finally, I would like to express my gratitude to my wife, Mrs. Alexandra Steinach, who has 

nothing but supportive during all the years, although I know that it must not have been easy to 

be with an unorthodox scientist – or rather an unorthodox person – like me. Thankfully, I am 

blessed by your calm and rationale, but also your encouragement, and by our shared love for 

cold and rugged nature. Thank you, Frau Vogt. 



104 

7. Eidesstattliche Erklärung 

 

Hiermit erkläre ich an Eides Statt, dass 

 

- weder früher noch gleichzeitig ein Habilitationsverfahren durchgeführt oder 

angemeldet wurde, 

 

- die vorliegende Habilitationsschrift ohne fremde Hilfe verfasst, die beschriebenen 

Erkenntnisse selbst gewonnen sowie die verwendeten Hilfsmittel, die Zusammen-

arbeit mit anderen Wissenschaftlern bzw. Wissenschaftlerinnen und mit technischen 

Hilfskräften und die verwendete Literatur vollumfänglich in der Habilitationsschrift 

angegeben wurden,  

 

- mir die geltende Habilitationsordnung bekannt ist.  

 

Ich erkläre ferner, dass mir die Satzung der Charité – Universitätsmedizin Berlin zur 

Sicherung guter Wissenschaftlicher Praxis bekannt ist und ich mich zur Einhaltung dieser 

Satzung verpflichte.  

 


