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I. List of Main Abbreviations  

BAT   Brown adipose tissue 

CRP  C-reactive protein 

D1  YAU checkpoint ñDuring 1ò at 277 km 

D2  YAU checkpoint ñDuring 2ò 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  MontaneÈ 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 ñshortò 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 ï also in extreme climates ï 

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 MontaneÈ 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 athletesô 

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 (SpotÈ, 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 athletesô 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 Yukonôs subarctic winter. The mean 24-

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

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

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

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 YAUôs 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 Charit® 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 participantsô 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 (SensewearÈ, Bodymedia, 

Pittsburgh, PA) (19) and the measurement of the athletesô 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) (PolarÈ Electro 

Oy, Kempele, Finland (21), and FarosÈ, 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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