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LMaitn oAbbreviati ons

BAT Brown adipose tissue

CRP Creactive protein

D1 YAkheckpoint ADuring 10 at 277 Kkm
D2 YAUlheckpoint ADuring 20 at 383 km
ECG El ectrocardiography

FFM Fat free mass

FGF Fi broblast growth factor

FM Fat mass

G X Gl ycocal yx

HS Heparan sul fate

HRV Heart rate variability

HYA Hyal ur onan

MET Met abolic equival ent

NPY Neaprepti de Y

NFPrBNPN-t er nprnoanor mone of brain natriuretic p
POMSF Profil estoat emso,bodshort form

POST YAkheckpoint after the finish at 690 k

PRE YAkheckpoint before the start
RPE Ratings of perceived exertion
SYN Syndec-Aad8CD

TBW Tot al body water

TOR Tot al qguality of recovery

YA U Montfamé&on Arctic Ultra
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Metabolic Responses to the Yukon Arctic
Ultra: Longest and Coldest in the World

ROBERT H. COKER', ALYSSA N. WEAVER', MELYNDA S. COKER', CARL J. MURPHY?,
HANNS-CHRISTIAN GUNGA?, and MATHIAS STEINACH?

! Institute of Arctic Biology, University of Alaska-Fairbanks, Fairbanks, AK; *Molecular Imaging Facility, University of
Alaska-Fairbanks, Fairbanks, AK; and “Center for Space Medicine and Extreme Environments, Berlin, GERMANY

ABSTRACT

COKER, R. H., A. N. WEAVER, M. S. COKER, C. J. MURPHY, H.-C. GUNGA, and M. STEINACH. Metabolic Responses to the
Yukon Arctic Ultra: Longest and Coldest in the World. Med. Sci. Sports Exerc., Vol. 49, No. 2, pp. 357-362, 201 7. Purpoese: The Yukon
Arctic Ultra is considered the longest and coldest ultraecndurance event in the world. Cold exposure and exercise has been reported to
influence circulating levels of myokines, adipokines, and hepatokines that may influence considerable alterations in the regulation of
metabolism. The purpose of the study was to evaluate the influence of the Yukon Arctic Ultra (430-mile event) on potential activators of
brown fat, metabolites, and body composition in healthy individuals. Methods: Eight male and female participants (mean + SEM: age, 44 +
3 yr; body mass index, 23 .4 + 0.9) were recruited for participation. Blood samples were collected at pre-event, mid-event, and post-event
checkpoints. Results: The temperature during the event ranged from —45°C to —8°C. Because of these extremely challenging conditions,
50% of the participants withdrew from competition by the 300-mile mark, and those that surpassed 300 miles lost a significant (P =
0.002; P=0.01) amount of body weight (76 + 5kg to 73 + 4 kg) and fat mass (13 + | kg to 12 + 3 kg), respectively. With respect to
serum irisin, there was a trend (P = 0.06) toward significance from pre-event (1033 + 88 ng'-mL 1), mid-event (1265 23 ngmL Hto
post-event (1289 + 24 ng'mL ~'). Serum meteorin-like and fibroblast growth factor-21 remained stable throughout the event. There were no
changes in creatinine, acetoacetate, acetate, and valine. Serum lactate decreased (P = 0.04) during the event. Conclusions: The influence
of cold exposure and extreme physical exertion may promote substantial increases in serum irisin, and specific alterations in substrate
metabolism that largely preserve skeletal muscle and physiological resilience. Key Words: COLD EXPOSURE, EXERCISE,
METABOLISM, EXERTION

ong-term cold exposure promotes nonshivering ther-
mogenesis (7). Recent studies have demonstrated the
activation of brown adipose tissue due to cold stress in
humans (6,24). Although the influence of nonshivering ther-
mogenesis may have beneficial implications with respect to
weight loss (31), the combination of chronic physical exertion
and cold exposure could lead to sustained periods of negative
caloric balance. Preservation of lean body mass may be stressed
and diminish physiological resilience for military and/or
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emergency personnel who operate under such conditions
(8,16,21,29). To understand the potential significance of these
factors, physiological responses in a dynamic field setting must
be directly measured under such arduous conditions (5,11,17).

Modest cold exposure (i.e., 12°C) and/or acute aerobic
exercise have been reported to promote an increase in cir-
culating irisin and meteorin-like (15,23,24). These myokines
are primarily released from skeletal muscle but adipose tis-
sue may also contribute to cold-induced and/or exercise-
induced stimuli (15,23). The release of fibroblast growth
factor (FGF)-21 from the liver under similar conditions may
enhance mitochondrial metabolism (15). Collectively, irisin,
meteorin-like, and FGF-21 may foster changes in white and/or
brown fat that promotes elevations in the thermogenic profile
(15,20,23).

Given the exciting data from preclinical studies that
demonstrated a reversal of diet-induced obesity by increas-
ing brown adipocyte-like cell abundance (22), the concom-
itant physiological challenge of cold stress and exercise may
have even greater implications on the regulation of substrate
metabolism (33). There is a paucity of field-derived data
available in humans who have been exposed to extreme cold
during continuous physical activity. Unlike well-controlled
laboratory settings that do not include the combined stress

12

>
5
B
=
™
O
wn
Q
m
=
N
T
wn




(Va)
Ll
O
=
|
U
(V)
()
J
—
a
(a8
<

of shelter requirements, nutrient provisions and logistical
challenges, we choose to evaluate metabolic regulation dur-
ing the Yukon Arctic Ultra (YAU). The YAU is considered
the longest and coldest ultra in the world. Therefore, we hy-
pothesized that participation in the 430-mile distance of the
YAU would promote elevations in irisin, meteorin-like, and
FGF-21 in conjunction with alterations in metabolic pathways
as determined by metabolomics (19). Moreover, we anticipated
that these alterations in metabolic regulation would have a
significant influence on body composition, including the po-
tential loss of skeletal muscle.

METHODS

Subjects. Eight healthy individuals (mean + SEM; 44 +
3 yr; body mass index [BMI] = 23.3 + 0.9) participating in
the 430-mile YAU were recruited for the study. The course
for the YAU follows the first 430 miles of the noted Yukon
Quest Trail that is considered to be the most difficult
mushing event in the world. The race begins every year
during the first week of February. Because of the adverse
winter conditions caused by the time of year, the course it-
self and the overall length of the event, the YAU is consis-
tently ranked as one of the most difficult events in the world.
Athletes participating in the event for the first time are re-
quired to complete a training course that covers first aid,
shelter (especially for snow, cold, and rewarming), gear dis-
cussions, nutritional recommendations, an overview of trail
conditions, and is designed to prepare all athletes for the
conditions of the event that require sufficient planning,
proper provisions, and sufficient experience. All competi-
tors must be self-reliant and either pull a sled (pulk) or at-
tach necessary items to their bike. It should contain adequate
food, water, clothing, cooking equipment, and emergency
items. An adequate sleeping system is essential and typically
contains a small tent or bivy sack along with an arctic sleeping
bag and a mattress.

The event takes place in the Yukon Territory during the
month of February. Temperature conditions range from daily
lows of approximately —25°C to daily highs of —12°C.
Combined with wind conditions of 5 to 25 mph, the risk of
hypothermia and/or frostbite is extreme. Although it was
beyond the scope of the present study to evaluate energy
expenditure or total hours of activity, historical data from
the event suggest an average speed of 2-3 mph and 2-6 h of

sleep per night. Exposure to extreme conditions of cold
stress is inevitable and continuous.

Four women and four men were initially recruited for
the study. One woman and one man had dropped out by the
173-mile checkpoint. By the second checkpoint at 239 miles,
two additional females had dropped out. Because of the harsh
conditions, only 50% of the participants completed at least
300 miles of the event and only individual completed the
entire distance. Blood samples under room temperature
conditions at pre-event, checkpoint 1, checkpoint 2, and post-
event (Fig. 1).

We provided comprehensive explanations of study de-
tails and implications, and the participants were given due
time to clarify further questions and to express their desire
to partake in the study. Each one ofthe participants provided
their written informed consent. The study was approved by the
local ethics committee at Charité Universititsmedizin Berlin,
and received an exemption from the University of Alaska
Fairbanks Institutional Review Board. All procedures were
conducted in accordance with the Declaration of Helsinki re-
garding human subjects.

Body weight and composition. We measured body
mass, BMI, and body composition prerace, during-race, and
postrace checkpoints. Anthropometric data of the study par-
ticipants were gathered using standard equipment (medical
scale and height meter; SECA, Germany) while participants
were dressed with minimal clothing. We used an Akern BIA
101 (Florence, Italy) to measure fat mass, lean tissue mass,
soft lean mass, and percent body fat using bioelectrical im-
pedance analysis via the tetrapolar electrode method on all
participants pre-event, at two checkpoints and post-event.
Tests were conducted at indoor checkpoints under well-
controlled and comfortable temperature conditions. Partic-
ipants were instructed to lie supine for 10 min before the
measurement, and the same physician performed the ex-
amination each time to maintain the consistency of the
measurement. The BIA 101 measures resistance and a fixed
constant sine current of 50 kHz for the determination of
reactance in human tissue. The device and method has been
clinically validated and provided a mobile platform of data
collection during the YAU (12). The BIA 101 is a reference
class instrument that has received certification in Europe
(medical CE) and the United States (FDA) (27).

Collection and analysis of irisin, meteorin-like, and
FGF-21. Serum samples were collected while participants

Participant

Recruitment* Pre-Event

Checkpoint 1**
(173 miles)

Post-Event**
(300-430 miles)

Checkpoint 2**
(239 miles)

*All individuals were briefed on the details of the study and informed consent was obtained.
**Serum samples were collected and body composition measurements were completed under

ambient room temperature conditions.

~Only 50% of the participants completed at least 300 miles of the event and only individual

completed the entire 430 mile distance.

FIGURE 1—Protocol schematic.
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were seated in comfortable position by a physician at pre-
event, checkpoint 1, checkpoint 2, and post-event locations
under consistent room temperature conditions. These samples
were analyzed using a solid-phase competitive enzyme-
linked immunosorbent assay kit. The intra-assay %CV was
<10% for irisin, <10% for meteorin-like and a sensitivity of
<10 pgmL ' for FGF-21.

NMR analysis. Serum samples for the determination of
creatinine, acetoacetate, acetate, valine, and isoleucine were
collected pre-event, checkpoint 1, checkpoint 2, and post-
event under room temperature conditions. These samples
were introduced to deuterium oxide (D-O, 99.8% Alfa
Aesar, Ward Hill, MA) and transferred into 5-mm NMR
tubes (Wilmad Lab Glass, Buena, NIJ). 'H-NMR spectra
were acquired at 17°C (based on Methanol calibration) with
a 600-MHz Bruker Avance-III system running TopSpin 3.2
software (Bruker Biospin, Fremont, CA) using a dual reso-
nance high-resolution SmartProbe with single axis Z-gradient
(18). The water signal was suppressed using NOESY pre-
saturation followed by CPMG relaxation editing for sup-
pression of macromolecules (“PROF_CPMG™ parameter set
in TopSpin 3.2). A standard, trimethylsilyl propionic-2,2,3,3-
tetradeuteropropionic acid (TMSP) (3.87 mM in D,0O)
contained in a sealed insert and placed in the NMR tube was
used for metabolite quantification of fully relaxed "H-NMR
spectra and as a 'H chemical shift reference (0.0 ppm). The
'H-NMR peaks for single metabolites were identified and
referred to published chemical shift or a metabolite chemical
shift library. After Fourier transformation, phasing, and base-
line correction in TopSpin, each 'H peak was integrated (2).
The absolute concentration of each metabolite was then re-
ferred to the TMSP integral and calculated according to the
equation adapted from Serkova et al (28): C, = (L:N, x C)/
I:9, where C, is metabolite concentration (umol-mL '), I.is
integral of metabolite "H peak, N, is number of protons in
metabolite 'H peak, C is TMSP concentration, and / is inte-
gral of TMSP 'H peak at 0 ppm (this is nine as TMSP con-
tains nine protons). An additional correction factor of 10.041
was applied to adjust for the differences in diameters between
the NMR tube and the insert (experimental determined from
reference samples) (28). The final metabolite concentrations
were expressed as millimolar per liter.

Statistical comparisons over time were made using one-
way ANOVA, and Bonferroni post hoc tests were applied to
significant group—time in interactions. Data are reported as
means + SEM.

RESULTS

Subjects. Eight individuals (four women and four men)
who were participating in the 430-mile distance of the YAU
were recruited and enrolled in the study. Due to the especially
challenging environmental conditions during the first 100 miles
of the event (ie., —45°C), four of the participants had dropped
out shortly before or after the midpoint of the event. Only one
study-participant completed the entire 430-mile distance. The

only remaining woman withdrew at the 300-mile mark, skipped
30 miles then reentered and eventually completely withdrew at
the 400-mile mark. The third and fourth participants withdrew
at 300 and 320 miles, respectively. We report post-event data as
those individuals who completed at least the 300-mile distance.
Finish times for all participants in the event ranged from 174 to
298 h. Body composition and blood samples were acquired
immediately at the terminus of their effort under room temper-
ature conditions.

Body weight. Pre-event body weight and BMI was 68.1 +
3.8 kg and 23.4 + 0.9 kg'm 2, respectively, for all eight in-
dividuals at the start of the event. The individuals with a
lower pre-event body weight (P = 0.03) dropped out before
midpoint (Table 1). In the individuals who completed at least
300 miles of the event, there was a significant decrease in
overall body weight (P = 0.002) (Table 1). Surprisingly,
the individuals (three men, one woman) that completed at
least 300 miles retained almost all of their lean body mass
but lost almost 2 kg of fat mass as derived from bioelectrical
impedance (Table 1).

Irisin, meteorin-like, and FGF-21. Serum irisin was
1033 + 88 ng'mL ' at pre-event and rose (P = 0.06) up to
1289 + 24 ng'mL ' by the end of the event (Fig. 2). Serum
meteorin-like remained stable 7.7 + 0.1 ngmL " (pre-event)
to 7.4 + 0.3 ngmL ' (post-event) (Fig. 3). Despite an ab-
solute increase in FGF-21 due to a marked elevation in one
participant (i.e., A + 110 pgmL "), there was no change
from pre-event (46 + 4 pgmL ') to post-event (79 +
36 pgmL ') (Fig. 4).

Metabolites. Serum lactate was within normal values at
pre-event and decreased (P = 0.04) at post-event (Table 2).
Serum creatinine, acetoacetate, acetate, valine, and isoleu-
cine were within normal values at pre-event and remained
stable at post-event (Table 2).

DISCUSSION

We studied the influence of chronic exposure to extreme
cold and physical activity during the YAU on serum
adipokines, hepatokines and myokines, and alterations in
metabolic pathways using a metabolomic approach. It was
our assertion that if preclinical studies or those performed

TABLE 1. Clinical characteristics.

Checkpoint Checkpoint

Pre-Event 1 2 Post-Event
Age, yr 44+ 3 (38+4) 41+3 38+4 38:4
Sex 4M4F@M1F) 3M3F@BM1F 3M1F 3M1F
Height (cm) 171+3 (170 £3) 152+£12(170£3) 170+3 170+ 3
Weight (kg) 68+4(76+5%) 69+6(76+5*) 74+3 T73+4**
BMI (kg:m~?) 23+1(25+1) 23+1(25+£1) 25+1 25+1
Fat-free mass (kg) 55+ 4 (62 + 2) 57 £5(63+5) 61+2 61+3
Fat mass (kg) 13+£1(14+2) 12+1(13£2) 131 12+3***

Data presented without parentheses represent to mean + SEM of all individuals in the
event at that time. Parentheses provided in the first two columns represent the mean +
SEM for those individuals who finished at least 300 miles of the YAU.

* Significant difference between individuals who completed the event versus those who
did not (P = 0.03).

**Significant decrease from pre-event to post-event (P = 0.007).

***Significant decrease from pre-event to post-event (P= 0.03).

F, female; M, male.
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FIGURE 2—Serum irisin concentrations during the pre-event, mid-
event, and post-event checkpoints. Data presented reflect the num-
ber of individuals participating in the event at that time point. Closed
circles reflect data from participants that completed at least 300 miles.
(open circles) Data from those individuals who dropped out before the
300-mile mark. Data are presented as means + SEM.

under modest laboratory conditions supported the role of
cold exposure and/or exercise on these factors, the extreme
stress (i.e., physiological, temperature, and mental) of the
YAU should provide truly remarkable data. The results of
the present study have demonstrated that although serum
meteorin-like and FGF-21 did not increase during the YAU,
irisin was significantly elevated before the event and tended
to rise toward the end of the event. Lactate levels decreased
significantly by the end of the event.

Body weight was reduced during the event, and the pre-
event body weight of the participants who completed the
majority of the event was significantly greater than those
who dropped out before the midpoint of the event. Although
the only man that did not complete at least 300 miles of the
Y AU had the lowest body weight for a man, the only woman

Serum Meteorin
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FIGURE 3—Serum meteorin-like concentrations during the pre-event,
mid-event, and post-event checkpoints. Data presented reflect the
number of individuals participating in the event at that time point.
(closed circles) Data from participants that completed at least 300 miles.
(open circles) Data from those individuals who dropped out before the
300-mile mark. Data are presented as means + SEM.
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FIGURE 4—Serum FGF-21 concentrations during the pre-event, mid-
event, and post-event checkpoints. Data presented reflect the number
of individuals participating in the event at that time point. (closed
circles) Data from participants that completed at least 300 miles.
(open circles) Data from those individuals who dropped out before the
300-mile mark. Data are presented as means + SEM.

that completed at least 300 miles of the YAU had a relatively
average weight for a woman in this study. Even so, these
data suggest that body weight may play a role in the suc-
cessful completion of the YAU that combines extreme cold,
isolation, and sustained physical activity.

The conditions of the YAU promoted definitive eleva-
tions in pre-event serum irisin that modestly increased
throughout the event. In other clinical studies, irisin levels
were modestly increased (i.e., 1.2-fold) with aerobic and
resistance exercise training in overweight, untrained in-
dividuals but still did not reach the high levels found in
YAU athletes (20). In the original manuscript that described
the influence of exercise on irisin levels in humans, a 10-wk
exercise training program promoted substantial increases in
irisin that were linked to improvements in oxygen con-
sumption, decreased body weight and improved glucose
tolerance in pre-clinical models (3). Remarkably, irisin
levels were already much higher than those reported in these
previous studies but there are some important differences (15),
including wide variations in fitness levels, length of training,
acclimatization to cold and extreme cold. Notably, most ath-
letes that participate in the YAU arrive in Whitehorse, YT, at
least 1 wk before the start of the event. The demands of travel
from countries ranging from Austria, Brazil, Czech Republic,
Denmark, England, Germany, Italy, Scotland, South Africa,

TABLE 2. Serum metabolites.

Pre-Event Checkpoint 1 Post-Event
Tyrosine (pmol-L™") 22 £1 29£2 21 £1
Creatining (umol-L™") 36+2 34+3 37+3
Acetoacetate (wmol-L™") 5146 121 + 40 57+9
Acetate (mol-L~") 71+4 73+34 40+7
Valine (mol-L™") 130 £ 10 270 + 120 290 + 120
Isoleucing (uwmolL™") 48 +3 111 £ 46 49+3
Lactate (mmolL™") 1.5+0.2 12+ 01 08+01*

Data are presented as means + SEM. Four men and four women were included in the
pre-event data, three males and three females were included in checkpoint 1 data, and
three men and one woman were included in post-event data.

*Significant difference pre-event and post-event (P = 0.02).
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Switzerland, and Taiwan to the far reaches of the Yukon
Territory in the middle of winter are significant. The dy-
namic and extreme nature of the event and the physiological
condition of the athletes may be responsible for the marked
pre-event elevations in irisin. All athletes must complete
a pre-event training session that is necessary to “prove”
their ability to perform tasks that are necessary for survival
under the frigid conditions, and this requirement may have
influenced pre-event data.

Although the sustained elevations in circulating irisin were
remarkable in the YAU athletes, it is unclear why serum
meteorin-like and FGF-21 were not influenced by the physio-
logical conditioning of the athletes and/or the extreme nature of
the event. To our knowledge, the studies by Rao et al. (23) pro-
vide the only data on changes in meteorin-like elicited by exer-
cise in humans. Baseline meteorin-like levels were also twofold
higher than the levels reported in our current study and increased
with a combination of aerobic and resistance exercise training
(23). It has been delineated that the PGC-1a4 gene responsible
for the secretion of meteorin-like is largely influenced by resis-
tance exercise and that was not a major part of the physical
activity in the YAU. Even though FGF-21 has been posited as
a key element that induces a thermogenic response in brown
adipose tissue in response to cold exposure, our data did not
provide a consistent response and more work is needed to
understand the regulation of FGF-21 in response to cold ex-
posure. Unfortunately, little if any data exists on the effects of
cold exposure on meteorin-like and FGF-21 levels, making
the interpretation of these data even more challenging.

Previous studies have recently noted a significant alteration
in gene expression specific to glucose uptake, glycolysis, and
glycogen metabolism in the brown adipose tissue of rodents
expose to a cold environment for 2-4 d (13). Recent preclinical
studies have demonstrated the importance of cold-induced
glucose uptake and how mammalian rapamycin complex 2 is
activated in brown adipocytes. Although we did not study
substrate kinetics per se, our data that demonstrate stable
concentrations of other metabolites that remained within nor-
mal limits throughout the event demonstrate a general lack of
overall ketosis (32). Normal levels of acetoacetate also dem-
onstrate that there were no limitations with regard to carbohy-
drate intake or the athletes’ ability to metabolize carbohydrates.
The reduction in lactate levels may indicate a potential increase
in gluconeogenic demand but we did not assess changes in
substrate kinetics during this study. From data collected during
the 2013 YAU, energy intake likely supplied less than 50% of
the overall energy demand (12).

Although we were able to determine an impressive level
of metabolic resilience under challenging conditions with
regard to physical exertion and cold exposure, our results
with respect to the retention of skeletal muscle under these
conditions were even more surprising. These values derived
from bioelectrical impedance methodology were consistent
with no change in serum creatinine that can represent alter-
ations in skeletal muscle (1). Because of the preexisting el-
evations in serum irisin that persisted during the entire event,

we would have anticipated increased “browning™ of adipose
tissue, increased uncoupled ATP synthesis in conjunction
with exercise-induced caloric expenditure (10). Even though
we have reported the preservation of skeletal muscle during
exercise-induced weight loss in middle-age overweight in-
dividuals with low fitness levels (4), we were not sure if
skeletal muscle would be sufficiently resilient under the
demands of extreme cold and prolonged exercise. The Tors
de Géants, physical exertion (i.e., 322 km with a total posi-
tive and negative elevation change of ~24,000 m) is con-
sidered by many to be the longest and hardest “Mountain
Ultra Marathon” and is relatively similar in terms of overall
physical exertion. The Tors de Géants has a shorter overall
distance (~230 miles shorter), greater changes in elevation
(24,000 m in positive and negative elevation) that ultimately
results in similar rates of attrition of around 50%-60%.
Unlike the YAU, there are 43 “refreshment stations” where
participants can eat and sleep, and seven “life bases™ where
they can obtain medical care in the Tors de Géants. Finish
times range from a minimum of 80 h to a maximum of 150 h
(roughly 25%-50% of the duration encountered in the
YAU). Recent investigations conducted on athletes finishing
the Tors de Géants have reported up to almost 100% muscle
preservation (25). However, the temperature conditions of
the Tors de Géants are quite comfortable with relatively
no heat or cold stress and multiple aid stations compared
with the extreme cold and isolated conditions of the YAU.
Other ultramarathons with shorter distances completed
without concomitant environmental stress have reported
muscle preservation as well (9,14,30). Even with a lim-
ited number of participants, our data provide the first re-
port of almost complete muscle preservation under the
extreme conditions of prolonged cold exposure experi-
enced in the YAU.

In conclusion, serum irisin, meteorin-like, and FGF-21 did
not respond in a similar fashion to the conditions of the YAU.
Irisin was elevated before the event, increased somewhat, and
remained high in the individuals that finished the event. Lac-
tate levels were reduced and potentially implicated the im-
portance of gluconeogenesis in sustaining physical exertion
under the additional stress of extreme cold. Even under ex-
treme conditions of physiological, temperature, and mental
stress promoted by participation in the YAU, a tremendous
degree of resilience was exhibited by the athletes, including
the preservation of lean body mass. Future studies are planned
to obtain precise measurements of energy expenditure, sleep
quality, and dietary intake along with the molecular compo-
nents of protein metabolism that may be potentially respon-
sible for the relative preservation of lean body mass in these
athletes competing at all distances (26, 100, 300, and 430 miles)
of the YAU.
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Arctic Biology, University of Alaska-Fairbanks, Fairbanks, AK, United States, * Department of Physiological Sciences,
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Studies on human physical performance in extreme environments have effectively
approached the investigation of adaptation mechanisms and their physiological limits.
As scientific interest in the interplay between physiological and psychological aspects
of performance is growing, we aimed to investigate cardiac autonomic control, by
means of heart rate variability, and psychological correlates, in competitors of a subarctic
ultramarathon, taking place over a 690km course (temperatures between +5 and
—47°C). At baseline (PRE), after 277 km (D1), 383km (D2), and post-race (POST,
690 km), heart rate (HR) recordings (supine, 15 min), psychometric measurements (Profile
of Mood States/POMS, Borg fatigue, and Karolinska Sleepiness Scale scores both upon
arrival and departure) were obtained in 16 competitors (12 men, 4 women, 38.6 +
9.5 years). As not all participants reached the finish line, comparison of finishers (FIN,
n = 10) and non-finishers (NON, n = 6), allowed differential assessment of performance.
Resting HR increased overall significantly at D1 (FIN +15.9; NON +14.0 bpm), due to
a significant decrease in parasympathetic drive. This decrease was in FIN only partially
recovered toward POST. In FIN only, baseline HR was negatively correlated with mean
velocity [r —0.63 (P.04)] and parasympathetic drive [pNN50+: r —0.67 (P.03)], a lower HR
and a higher vagal tone predicting a better performance. Moreover, in FIN, a persistent
increase of the long-term self-similarity coefficient, assessed by detrended fluctuation
analysis (DFAa2), was retrieved, possibly due to higher alertness. As for psychometrics,
at D1, POMS Vigor decreased (FIN: —7.0; NON: —3.8), while Fatigue augmented (FIN:
+6.9; NON: +5.0). Sleepiness increased only in NON, while Borg scales did not exhibit
changes. Baseline comparison of mood states with normative data for athletes displayed
significantly higher positive mood in our athletes. Results show that: the race conditions
induced early decreases in parasympathetic drive; the extent of vagal withdrawal,
associated to the timing of its recovery, is crucial for success; pre-competition lower
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resting HR predicts a better performance; psychological profile is reliably depicted by
POMS, but not by Borg fatigue scales. Therefore, assessment of heart rate variability
and psychological profile may monitor and partly predict performance in long-duration
ultramarathon in extreme cold environment.

Keywords: cold, exercise performance, extreme environments, fatigue, heart rate variability, mood, subarctic

ultramarathon, ultra-endurance

INTRODUCTION

Human physiology is characterized by continuous reactive
adaptation to internal and external conditions and stressors
(Ramirez et al, 1999; Hawley et al., 2014). Subjects exposed
to extreme conditions and environments display astounding
adaptive potential, which ultimately ensures optimal adjustment
to current organismic demands and external stress (Kilin
et al, 2012; Gunga, 2014). Assessment of autonomic cardiac
modulation by means of heart rate variability (HRV) has
shown to be a reliable tool to evaluate not only physiological
changes (Taralov et al., 2015; Kobayashi et al.,, 2016), but also
psychological aspects of human reactive adaptation to different
stressors (Souza et al., 2013). Therefore, HRV assessment may
describe human resilience, as it represents a bridge between
physiology and psychology, and, by integrating these two
aspects, it mirrors human adaptive ability (Thayer et al., 2009;
Spangler and Friedman, 2015). Particularly in endurance athletes,
training effects, performance level and physical wellbeing may
be contextualized through HRV assessment (Atlaoui et al., 2007;
Plews et al, 2013a; Buchheit, 2014; Bellenger et al, 2016a).
Successful adaptation to increased training load, resulting in
improved performance, is associated with increased HRYV, as well
as enhanced parasympathetic predominance at rest (Plews et al.,
2013b; Stanley et al., 2015; Lucini et al., 2017). Assessment of
autonomic cardiac modulation conducted directly post-exercise
or after competitions, demonstrated a decrease in HRV and a
parasympathetic withdrawal (Bricout et al., 2010; Buchheit et al.,
2010; Bellenger et al., 2016a), which, however, was effectively
recovered depending on the intensity of the preceding exercise
(Martinmaki and Rusko, 2008; Manzi et al., 2009; Stanley et al.,
2015), and on the individual’s training status (Bricout et al., 2010;
Buchheit et al., 2010; Bellenger et al., 2016a). This has been
vastly evidenced in endurance exercisers (Buchheit et al., 2010;
Plews et al., 2012; Da Silva et al., 2014; Kiviniemi et al., 2014),
and investigations of cardiac autonomic function in response
to extreme endurance exercise, such as ultramarathon, display
similar findings (Gratze et al., 2005; Scott et al., 2009; Foulds et al.,
2014), even though specific studies related to cardiac autonomic
modulation during ultramarathon, are still scarce in comparison.
On the other hand, in ultra-endurance athletes, physical exertion
has been commonly associated with mental fatigue and increased
mood disturbance (Anglem et al, 2008; Siegl et al., 2017),
especially in participants who experience adverse incidents, then
perform poorly or are forced to prematurely withdraw (Parry
etal, 2011; Joslin et al., 2014).

Ultramarathon is mostly defined by course lengths exceeding
marathon distance and is characterized by the combination

of extremely challenging highly intensive exercise (e.g., track
lengths >300km or great elevation gains), often under
strenuous environmental conditions, with concurrently impaired
possibilities to recover. The Yukon Arctic Ultra (YAU) is
considered to be one of the worlds toughest ultramarathons
(Coker et al.,, 2017), as it combines the great course distance
of 690 km with extreme environmental conditions typical of a
subarctic winter. Except for several in-race checkpoints, there
are no indoors sleeping vacancies, so that competitors have to
camp on the race-course and experience complete environmental
exposition. Therefore, YAU competitors are challenged by a
three-folded stress stimulus of (i) long-term strenuous exercise,
(ii) extreme cold exposure, and (iii) impaired resting conditions,
due to in-race camping. So far, among studies on ultra-endurance
exercise, research objectives mostly diverge from evaluation of
autonomic cardiac function in ultramarathon runners (Degache
et al., 2014; Hurdiel et al, 2015; Mrakic-Sposta et al., 2015;
Wiithrich et al, 2015; Tonacci et al, 2017), which, to our
knowledge, was only implemented in three previous studies
(Gratze et al, 2005; Scott et al., 2009; Foulds et al., 2014).
However, these investigations differed regarding (i) the race
length (e.g., 160 km ultramarathon, or Ironman competition
with a total distance of 226.35 km), (ii) study protocol (i.e., pre-
vs. post-race comparison only), (iii) environmental conditions
(mild climate, summer), and (iv) terrain characteristics (e.g.,
mountain, large altitude variation, etc.). Therefore, this is the
first study to assess cardiac autonomic modulation in competitors
of an extremely long (i.e., 690 km) ultramarathon on a mostly
flat course, in subarctic climate, which may provide essential
insights into the adaptive capacity, as, aside from exercise, HRV is
associated with numerous external and internal factors (Rajendra
Acharya et al., 2006; Shaffer et al., 2014).

With outdoor temperatures ranging from +5 to —47°C and
the air humidity accounting for up to 100%, YAU competitors
face extreme subarctic weather conditions. Comparable scientific
knowledge is, however, insufficient. Autonomic balance has been
observed to shift toward greater parasympathetic predominance
during Antarctic stays (Farrace et al, 2003; Harinath et al,
2005), but these results were obtained in expeditioners confined
to indoors housing. Moreover, a significant interplay between
autonomic cardiac regulation and psychological wellbeing has
been observed (Sakuragi et al., 2002; Karavidas et al., 2007;
Sgoifo et al,, 2015), so that psychometric assessment may also
serve to contextualize findings about HRV (Bellenger et al,
2016b; Flatt et al., 2017b). Increased performance and greater
parasympathetic drive in cardiac autonomic regulation are
associated with increased psychological wellbeing (Cervantes
Blasquez et al,, 2009; Bisschoff et al., 2016). Conversely, fatigued
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states and increased mood disturbance have been related to
decreased indexes of total HRV, as well as parasympathetic tone
(Nuissier et al., 2007; Leti and Bricout, 2013; Schmitt et al., 2013;
Flatt et al., 2017a). In this context, impaired resting conditions
present another vital influence on cardiac autonomic regulation.
Assessment under concurrent sleep-deprivation, which itself
is again related to impaired both cognitive and physical
performance (Marcora et al., 2009; Fullagar et al., 2015), shows
decreased HRV indexes in the parasympathetic domain (Dettoni
etal,, 2012; Glos et al., 2014; Tobaldini et al., 2014).

To our knowledge, exposition to such a particular
combination of stress-stimuli as presented by competition
in the YAU has never been investigated regarding cardiac
autonomic function and psychological profile. Therefore, we
assessed autonomic cardiac regulation in terms of HR/HRYV,
as well as psychometric measurements including mood states,
indicators of sleepiness, exertion and recovery, to investigate
adaptation to extreme conditions and performance, by analyzing
cardiac autonomic control and its interplay with mood and
fatigue. We hypothesized that higher performing competitors,
compared to less successful athletes, would exhibit differential
profiles of autonomic cardiac regulation associated with
optimal psychometric profile, overall characterized by higher
adaptability and greater resilience to the extreme challenges of
the three-folded stress stimulus.

MATERIALS AND METHODS
Subjects and Study Implementation

This study is part of a larger investigation regarding
“Physiological changes of participants of the Yukon Arctic
Ultra - an ultramarathon in extremely cold climate]” where it is
planned to assess a variety of different physiological parameters
and their interplay.

From a total number of 78 athletes partaking in the 690 km
foot-race category of the YAU during the years 2013, 2015, and
2017, 27 (20 men, 7 women) volunteers enrolled in the study
(8 in 2013, 9 in 2015 and 10 in 2017). Due to issues related to
data collection, from the 27 participants, only 16 (ALL: 12 men, 4
women) were included in the data analysis (see section Statistics).
The majority (n = 15) were of Caucasian descent and one was of
Asian origin. Their anthropometric data are presented in Table 1.

The recruitment for this study was conducted with the
support of the event organizers. A call for participants, with a
brief description of the study and planned measurements, was
transmitted to the athletes who had enrolled in the 690km foot-
race category. The organizers were encouraged to predominantly
contact experienced athletes, who had along history of completed
endurance events and/or who had completed the YAU before.
Athletes who were interested in the study contacted the principal
investigator via e-mail and received further detailed information.
The potential study participants had several weeks to ask
questions via e-mail and to decide whether to partake in the study
or not. There were no further inclusion or exclusion criteria: all
athletes enrolled in the 690 km foot-race category were eligible
to enter the study. All athletes were required to present to
the event organizers a health certificate issued by their home

TABLE 1 | Subject demographics.

Age,years Weight, kg Height, cm BMI, kg/m2
mean (S.D.) mean (S.D.) mean (S.D.) mean (S.D.)

Group Gender n

AN Men 7 42(10) 80 (9) 176 (6) 25.7 (3.0)
Women 3  38(10) 61(2) 168 (10) 21.7 (3.4)
Al 10 40(9) 74 (12) 174 (8) 24.5(3.5)

NON  Men 5 33(7) 79(12) 179 (10) 24.7(1.7)
Women 1 51(0) 58 (0) 170 (0) 20.1 (0)
Al 6  36(10) 76 (14) 177 (10) 23.9(2.4)

ALL  Men 12 38(10) 80 (10) 177 (7) 25.2 (2.5)
Women 4 41(11) 60(2) 169 (9) 21.3(2.9)
Al 16 39(10) 75(12) 175 (8) 24.3(3.1)

Subject demographics at baseline for all participants (ALL) and in subgroups (FIN and
NON). No significant differences between groups.

physician, in order to be enrolled in the race. During a meeting in
Whitehorse, Yukon Territory, Canada, 4-5 days before the race
start, the potential study participants met with the investigators
in person, had the chance to ask further questions and to finally
give their informed written consent to partake in the study. The
study was approved by the Charité Ethics Board (review number
EA4/109/12), and all measurements and procedures complied
with the Declaration of Helsinki (54th Revision 2008, Korea)'
regarding the treatment of human subjects.

All study participants included in the final analysis had
completed either one marathon (9.6 + 24.4) or ultramarathon
(14.4 £ 24) prior to their study-participation. The mean longest
ultramarathon distance completed by the athletes before their
YAU participation was 380 £ 220km. In addition, seven of
the study participants had previously participated in the YAU
foot-race in various distance categories, with a mean longest
completed distance of 478 &= 219 km. Thus, the study participants
were experienced endurance athletes, which is also reflected by
their self-reported sedentary HR of 52.6 & 7.3 bpm. From one
participant, this background data was not made available.

The Yukon Arctic Ultra: The Longest, the

Coldest Ultramarathon

The Montane® YAU ultra-endurance race takes part in the
beginning of February, covering a 690 km distance between
Whitehorse and Dawson City in the Canadian Yukon Territory.
Besides the foot-race, the YAU also allows the competition
in cross-country-skiing and mountain-biking. The first and
last sections of the trail account for elevations between 500
and 700 m, however, especially in the last 200 km, the terrain
along the Yukon river partly exhibits great elevation gains
(up to 1,000m). The YAU is not an orientation race, as the
trail is marked and prepared with snow-mobiles. Via GPS
devices, athletes can be tracked on the course and have the
possibility to call for assistance in case of an emergency. To

Thitps://www.wma.net/policies- post/wma- declaration-of-helsinki-ethical-
principles- for-medical-research-involving-human-subjects/
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further increase their safety, the time until the race has to
be completed is limited to 14 days and additionally, medical
screenings are administered at the 10 checkpoints which are
located (mostly about 50 km apart) along the route. Despite these
partly indoor vacancies (otherwise, tents were provided), during
the race, competitors face complete exposition to the subarctic
environment, with outdoor temperatures in February ranging
between +5°C (highest temperature measured in February 2013
in Whitehorse) and —47°C (lowest temperature measured in
February 2015 in Dawson City). Additionally, the extremely high
air humidity (up to 100% as measured in February 2013 in
Whitehorse) contributes to the possible onset of frostbite, which,
along with other (medical) concerns, may lead to immediate
disqualification. Importantly, the weather conditions between
editions were not significantly different (Figure 1), detailed
information on weather conditions can be assessed in respective
weather archives?.

Notably, participants walked between 12 and 15h per day
whilst pulling their gear on a sled-like pulk (accounting for 30—
40 kg; additionally, participants were allowed up to three drop
bags) and, apart from the checkpoints, had to eat, rest and make
toiletry arrangements in the outdoor conditions of the Yukon
Territory.

More detailed information about the Montane® YAU is
provided on the official website of the event?.

Experimental Protocol and Measurements
Experimental protocol details are depicted in Figure 2. At two
out of ten in-race checkpoints, we respectively implemented two
in-race assessments, so that, in summary, measurements were
performed: (1) at baseline during the 3 days preceding the race
in Whitehorse (PRE), (2) at the Carmacks in-race checkpoint
at 277km (During 1, DI1), (3) at the Pelly Crossing in-race
checkpoint at 383km (During, D2) and (4) immediately after
completion of the race in Dawson City at 690 km (POST).

The in-race checkpoints had to be selected for measurement
implementation due to essential practical concerns. They
had to be indoors facilities buildings with sufficient space,
comfortable ambient temperature and low noise in order to
perform measurements under controlled conditions, as well
available electricity and that it was accessible by car for the
investigators. Exemplarily, several of the race checkpoints were
mere tents that did not meet these criteria and therefore,
the study checkpoints were chosen as they were. Thus, the
distance between the race start (i.e., PRE) and the first in-
race assessment (D1) accounted for over a third (277 km) of
the entire race-course and additionally, in this period, athletes
would face the most strenuous weather conditions (which
tend to ameliorate toward the second half of the month;
see Figurel). As the second assessment was performed at
383km (D2), the distance between D1 and D2 (as well as
the time to cover it, which accounted for only 30h in some
subjects) was the shortest between the measurements and,
in fact, more than 50% less than the other two distances.

2 http://climate.weather.gc.ca/historical_data/search_historic_data_e.html.
*http:/farcticultra.defen.

Conversely, the distance between D2 and POST was again
very high (307km) and additionally, the terrain in the last
third of the course accounted for the greatest elevation gains
(see section The Yukon Arctic Ultra: The Longest, the Coldest
Ultramarathon).

Baseline Assessment

During the three race-preceding days (PRE), baseline
anthropometric data (age, weight and height) were obtained.
Weight was measured using a calibrated scale (Seca® GmbH,
Hamburg, Germany) and height was taken from the participants’
interview.

Fifteen minutes baseline recordings of beat-to-beat HR to
assess HRV were collected with a HR monitor (RS800CX
Polar Electro Oy, Kempele, Finland), which is widely used
and validated for HRV assessment (Wallén et al., 2012). HR
recordings were performed in supine position upon awakening
(between 5 and 10a.m.) directly after participants had slept
6-8h the previous night. The athletes had not consumed
food, beverages or stimulants (e.g., coffee) in the 2h before
the recording and were instructed to breathe normally, avoid
speaking and moving during the data collection. Additionally,
it was ensured by the investigators that subjects would not fall
asleep. With the limitations of this specific in-field study, special
attention was devoted to performing data collection sessions in a
quiet and comfortable setting, with participants lying in a bed or
on a sleeping sleeping mattress, ambient temperatures between
17 and 23°C, and reduced light.

On the morning of the race start before departure,
additionally, psychometric assessment was performed (see
Figure 2 and section Psychometric Assessment).

In-Race and POST Assessment

Upon arrival at the in-race checkpoints, as well as at the
race finish, psychometric scales were administered according
to physiological needs and conditions of arriving competitors.
Participants then had a few hours of rest (ranging from 4 up to
6-8 h) and upon awakening (at morning, between 5and 10 a.m.),
HR data was collected, as at baseline, to assess HRV. Afterwards,
before departure, psychometric assessment again took place (see
Figure 2 and section Psychometric Assessment).

Indoors ambient conditions between the different
measurement facilities were comparable, with special attention
dedicated to a quiet and comfortably warm setting with reduced
light exposure.

Moreover, throughout the entire race, participants were
continuously (day and night) monitored by means of a heart rate
monitor (RS800CX Polar Electro Oy, Kempele, Finland - sample
rate 15s).

Data Analysis

Performance Assessment and Heart Rate Continuous
Recordings

The official time at the end of the race for each participant who
reached the finish line was collected, together with the times and
the respectively completed distance for each participant who had
to withdraw. Subsequently, the mean running velocity of the race
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was calculated from the total recorded time and the total distance
covered [time (h)/space (km) = velocity (km/h)]. By collection of
in- and out-going times at in-race measurement points for each
participant, both split times and velocities could be computed,
allowing detailed assessment of performance. Additionally,
continuous HR measurements served to determine exercise
intensity, as well as resting quality (in respect to HR expressed
as a percentage of calculated maximal HR). The continuous HR
recordings, collected during the race, were screened for quality
(no more than 3% signal lost/disturbed). The average, maximum
and minimum HR were determined per each selected race period,
and the values were normalized with respect to the individual
age-related maximal HR (HRya) (Tanaka et al, 2001). This
provided further information about exercise intensity and quality
of rest. Specifically, data were divided into four time-segments,
according to the selected period of recording: (i) HR recorded in

*Data taken from https://www.timeanddate.com/weather/canada/whitehorse/
historic, https://www.timeanddate.com/weather/canada/dawson- city/historic and
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html (last
accessed December 13, 2017).

the first 36h following the race start (Dla), (ii) during the
24 h before arriving at D1 (D1b), (iii) during the 24 h before
arriving at D2 (D2a), and (iv) HR recorded during the last
24h before finishing the race (D2b). Collected HR data were
then expressed as a percentage of the HRpyy, for average
exercise intensity (ExHR) and average resting HR (RestHR).
This approach was selected to allow comparison with parameters
assessed at checkpoints (i.e., psychometric and HRV analysis)
and, by classifying data, served to better interpret findings.

Heart Rate Variability Assessment

An expert operator visually inspected the R-R interval series, and
with the support of a dedicated software (Kubios HRV ver. 2.1,
Kuopio, Finland), premature beats or artifacts were removed.
The filter threshold was set at the “low” level (Tarvainen et al.,
2014) and only files 15-min long and including less than 0.3%
of beats recognized as artifacts were considered; then the last
10 min were selected for HRV assessment, to better standardize
the analysis. After providing the normal-to-normal (NN) interval
series, HRV was assessed as validated indices of autonomic
cardiac modulation, based on time-domain, frequency-domain,
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