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Schematic representation of human challenges and coping possibilities in a chronic or intermittent setting.
Human Environments in Perspective (Modified from: Piantadosi CA. (2003). The biology of human survival : Life and
death in extreme environments. Oxford University Press, New York.

Understanding how humans cope in extreme environments has expanded our
knowledge of the physiological and psychological challenges involved and helped
us to quit our comfortable paradigms built on “steady states”. Furthermore, measuring
our reactions to intermittent stressors and determining the oscillations of our
coping mechanisms has led us to unexpected understandings. This methodology
has also directly improved our translational or multidisciplinary approach to the
subject. Studying healthy individuals in extreme environments could improve our
understanding of patients with impaired physiological capacities (who are coping with
an environment that becomes extreme to them) and also improve our understanding
of physiology and psychology in the elderly.
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human/animal physiology and psychology.
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Editorial on Research Topic
Extreme Environments in Movement Science and Sport Psychology

If we want simply to depict what extreme environments are, we can consider them as primarily
depending on two parameters: temperature and pressure. Gravitational and radiation changes can
both also be added.

As a matter of fact, both dimensions are also well-linked together. Depending on those two
parameters, hydration, gas partial pressures, effort, work of breathing, metabolism, gene expression
and many other essential “ingredients” of human life and performance can vary widely.

Human studies in extreme environments (altitude hypoxia, microgravity, hyperbaric, and
terrestrial extreme climatic conditions) over the last decades have expanded knowledge in
physiology, highlighting new routes of regulation, breaking previous old concepts, and offering
new models of some physiopathological troubles in patients (Trivella et al., 2017; Burtscher et al.,
2018).

Some years ago, on the physiological side, the two parameters that characterize extreme
environments were identified to elicit the production of two particular elements: Hypoxia inducible
factors and heat shock proteins. Surprisingly, these two elements can be triggered by either
hypobaric/hypoxic or hyperbaric/hyperoxic environments. The reason is that, in biologym what
is mostly being sensed is the fluctuation rather than absolute values.

The two are ubiquitous and essential to cellular life. The first is a factor that triggers around 200
genes responsible for vascular, cellular, and metabolic homeostasis as well as apoptosis. In fact, its
beneficial actions on the fight against cancer cells have recently been advocated (De Bels et al., 2011;
Khalife et al., 2018). The second is a family of proteins acting as chaperones for other proteins and
resetting impaired proteic structures (Kopecek et al., 2001; Gjovaag and Dahl, 2006; Hageman et al.,
2011).

Some psychological aspects have been explored independently or sometimes combined
with physiology. However, little is known about cognition and neuronal plasticity in extreme
environments, although adaptation to extremes is an integrative matter that the body and brain
have to solve conjointly. How do peripheral body signals, homeothermic regulation, energy
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expenditure, and psychological and cognitive functions interact
with each other? New insights on how extreme external factors
may change emotional and cognitive functions of self-perception
and the perception of the surrounding environment, and what
impact this has on decision-making processes, are matters of
interest.

It has long been established that a general law applies
to humans in extreme environments: the Yerkes-Dodson
Law (Calabrese, 2008). The relationship between arousal
and performance is known and discussed (Balestra et al.,
2018), but we seldomly know up to what point the
positive effect on performance/coping exists in extreme
environments (Mair et al., 2011; Rietschel et al., 2011).

Not so long ago it has been shown that environments are
also able to interact with the genome. In fact, epigenetics
seems to be a major point in extreme environments, especially
when partial oxygen pressure changes are involved (Lautridou
et al, 2017b; Kiboub et al, 2018b), but remains poorly
investigated.

The proposed research topic has addressed most of the
psychological and physiological reflexions needed in extreme
environments, opening for future research and progress.

New challenges are also important in changing gravity
environments. Although physiological and psychological
parameters have been widely investigated, cognitive functions
during long term missions in space remain to be evaluated.
For example, spatial cognition, including the self-perception,
orientation and navigation required during 3D robotic arm
control, rendez-vous docking and extra-vehicular activities are all
affected by the loss of gravity-related sensors. Koppelmans et al.
(2013) consequently, the next challenging step is understanding
how decision making, spatial cognition, emotional aspects,
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recent data will support the preparation for human solar system
exploration, firstly to Mars. Understanding how humans cope
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challenges has helped us to leave our comfortable paradigms
built on stable “steady states” (Balestra, 2012). Today’s
measurement systems allow us to analyze our reactions to
intermittent stressors and follow the oscillations of our coping
mechanisms. This new approach has led us to unexpected
understandings (Lautridou et al., 2017a) since most of the
results expressed in this research topic are unexpected or even
counterintuitive.

This methodology has also directly improved our translational
or multidisciplinary (integrative) approach as well as the
idea that studying humans in good health at extremes could
help us to understand both patients (Khalife et al, 2018;
Kiboub et al, 2018a) with impaired physiological capacities
coping with our environment (which) becomes extreme to
them), or better understanding physiology/psychology of the
elderly, or to better prepare people working in constraining
environments.
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Introduction: Drowning is a leading cause of accidental death. In cold-water,
sudden skin cooling triggers the life-threatening cold shock response (CSR). The CSR
comprises tachycardia, peripheral vasoconstriction, hypertension, inspiratory gasp,
and hyperventilation with the hyperventilatory component inducing hypocapnia and
increasing risk of aspirating water to the lungs. Some CSR components can be reduced
by habituation (i.e., reduced response to stimulus of same magnitude) induced by 3-5
short cold-water immersions (CWI). However, high levels of acute anxiety, a plausible
emotion on CWI: magnifies the CSR in unhabituated participants, reverses habituated
components of the CSR and prevents/delays habituation when high levels of anxiety are
experienced concurrent to immersions suggesting anxiety is integral to the CSR.

Purpose: To examine the predictive relationship that prior ratings of acute anxiety have
with the CSR. Secondly, to examine whether anxiety ratings correlated with components
of the CSR during immersion before and after induction of habituation.

Methods: Forty-eight unhabituated participants completed one (CON1) 7-min
immersion in to cold water (15°C). Of that cohort, twenty-five completed four further
CWIs that would ordinarily induce CSR habituation. They then completed two counter-
balanced immersions where anxiety levels were increased (CWI-ANX) or were not
manipulated (CON2). Acute anxiety and the cardiorespiratory responses (cardiac
frequency [fc], respiratory frequency [fg], tidal volume [V4], minute ventilation [Vg]) were
measured. Multiple regression was used to identify components of the CSR from the
most life-threatening period of immersion (15! minute) predicted by the anxiety rating
prior to immersion. Relationships between anxiety rating and CSR components during
immersion were assessed by correlation.

Results: Anxiety rating predicted the f; component of the CSR in unhabituated
participants (CON1; p < 0.05, r = 0.536, r? = 0.190). After habituation immersions
(i.e., cohort 2), anxiety rating predicted the fr component of the CSR when anxiety

Frontiers in Psychology | www.frontiersin.org 10

April 2018 | Volume 9 | Article 510


https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2018.00510
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpsyg.2018.00510
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2018.00510&domain=pdf&date_stamp=2018-04-11
https://www.frontiersin.org/articles/10.3389/fpsyg.2018.00510/full
http://loop.frontiersin.org/people/379122/overview
http://loop.frontiersin.org/people/268885/overview
http://loop.frontiersin.org/people/385436/overview
http://loop.frontiersin.org/people/339796/overview
http://loop.frontiersin.org/people/368633/overview
http://loop.frontiersin.org/people/336812/overview
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Barwood et al.

Psychophysiological Responses to Cold Water Immersion

levels were lowered (CON2; p < 0.05, r = 0.566, r° = 0.320) but predicted the

fc component of the CSR (p < 0.05, r =

0.518, r? = 0.197) when anxiety was

increased suggesting different drivers of the CSR when anxiety levels were manipulated;
correlation data supported these relationships.

Discussion: Acute anxiety is integral to the CSR before and after habituation. We
offer a new integrated model including neuroanatomical, perceptual and attentional
components of the CSR to explain these data.

Keywords: drowning prevention, cold water, “float first”, cold-water survival, open water safety

INTRODUCTION

A conservative estimate suggests that approximately 375,000
people unintentionally enter in to water and drown each
year (World Health Organization, 2014) although the true
figure may be four or five times higher (Bierens et al., 2016).
Consequently, death by drowning is the second most common
cause of accidental death in adults and the third most common
cause in children in most countries (Bierens et al., 2002). If
the water is cold, the physiological responses evoked during
the first few minutes of whole body cold water immersion
(CWI) are life threatening (Tipton, 2003) and are strongly
implicated in this drowning statistic (Tipton, 1989) even in
strong swimmers or those with basic survival skills (Golden
et al., 1986; Bowes et al., 2016). The responses evoked by CWI,
known collectively as the cold shock response (CSR Tipton,
1989), include an “inspiratory gasp,” (Burke and Mekjavic, 1991)
hyperventilation, a resultant hypocapnia, tachycardia, peripheral
vasoconstriction and hypertension (Keatinge and Nadel, 1965;
Cooper et al., 1976). The hyperventilatory component of the CSR
significantly decreases maximum breath hold time in the majority
of participants, thus increasing the chances of involuntarily
aspirating water and drowning (Hayward and French, 1989;
Tipton and Vincent, 1989); this represents a further hazard
to that posed by the high cardiovascular strain (Tipton et al.,
1994). The current behavioral recommendation to survive acute
accidental CWT is to “float first” (Barwood et al., 2011) and for
those who are unable to float without aid to “float first and
kick for your life” thereby providing some further buoyancy
(Barwood et al., 2016). The CSR subsides after the initial peak
at 60-90 s and swimming to safe refuge or executing a survival
strategy may become possible (Golden et al., 1986; Bowes et al,,
2016).

For those at risk individuals (e.g., pilots, naval personnel,
persons recreating on/near water), protective steps should be
taken to reduce the magnitude of CSR on water entry. For
example protective clothing may mitigate the rapid skin cooling
that evokes the CSR (Tipton, 1991; Power et al., 2016) but this
is not always feasible, especially if immersion is unexpected.
An alternative may be to induce an habituation of the CSR
which can be achieved by undergoing a minimum of four short
CWIs following which the CSR is significantly blunted (Tipton
et al., 1998; Barwood et al.,, 2007); habituation is defined as
reduced response to a stimulus of the same magnitude (Zald,
2003). The consequence of habituation is a significantly reduced

cardiorespiratory response to CWI which may be retained
for 7 months and partially present up to 14 months later
(Tipton et al, 2000). Reducing the CSR may confer some
benefit to defending the airway in the emergency scenario as
the hyperventilatory drive seen in unhabituated participants
is significantly reduced (Tipton et al., 1998), although large
variability in the habituation of the response is often seen
(Barwood et al., 2007).

Part of the variability between individuals in the CSR could
be accounted for by differences in psychological state both
prior to, and during a CWI (e.g, Barwood et al, 2006,
2007, 2013, 2014). Indeed, it has been shown that there
are salient moderating influences on the extent of the CSR
which are, at least in part, caused by high in contrast to
low levels of anxiety (Glaser et al, 1959; Barwood et al,
2017). It has also been shown that components of the
CSR can be influenced positively by psychological training
thereby inducing an 80% improvement in maximal breath hold
time on CWI (Barwood et al., 2006). Moreover, familiarity
with the immersion scenario, thereby reducing the associated
anxiety with immersion also has a beneficial effect. We
showed that repeatedly experiencing the immersion sequence
(i.e., repeated thermoneutral water immersion; 35°C) in the
absence of a repeated cold-water stimulus leads to a small but
significant reduction in respiratory tidal volume on subsequent
CWI (Barwood et al., 2014). Accordingly, we concluded that
repeated immersion in thermoneutral water induces a perceptual
habituation of the threat posed by imminent immersion and this
confers some benefit even when the water temperature is cold.
Most recently we have shown that the concurrent experience of
high levels of acute anxiety throughout a series of habituation
immersions prevents or delays CSR habituation (Barwood et al.,
2017). We suggested that the concomitant experience of anxiety
disinhibits the transmission of thermal afferent information such
that it magnifies the CSR response or prevents habituation;
a mechanism first suggested by Glaser et al. (1959). Most
importantly we suggested that the high levels of anxiety prevented
or delayed the learned control of ventilation that we believe
occurs during habituation since ventilation is under greater
voluntary control than cardiac components (Barwood et al,
2017). Given that respiratory impairment is the primary threat
to otherwise healthy individuals on CWI (Tipton, 2003), the
consequences of impaired respiratory control caused by high
anxiety levels in the emergency scenario may increase the risk of
death by drowning.
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Clearly the valence of the psychological experience prior to
and during CWT1 is a potential driver of the physiological response
that is seen; it is no longer appropriate to consider the CSR
as solely a physiological phenomenon. The observations above
question the reliability and potential practical value of inducing
habituation to defend against the CSR in the emergency scenario.
They may suggest that anxiety levels could underpin at least
some of the variation in the CSR that is evident before and after
habituation and suggest that the CSR should be considered as
an integrative psychophysiological experience. If the extent of
anxiety is an important mediator in the resultant CSR then the
CSR should be altered by the experience of high(er) by contrast
to low(er) levels of anxiety (Barwood et al., 2017).

Accordingly, from our database of recent immersions (n = 48),
the present study examined the predictive relationship that prior
ratings of acute anxiety have with components of the CSR on the
first minute of immersion; the period widely accepted as critical
in determining survival chances and thought to be under minimal
voluntary influence (Tipton, 1989). Subsequently, we examined
whether the anxiety we recorded during immersion correlated
with components of the CSR before and after habituation of the
CSR. Lastly, we examined whether these relationships changed
when we experimentally induced increases in anxiety when
contrasted to low(er) anxiety levels. We tested the experimental
hypothesis that, if anxiety levels were an important mediator
of the CSR, they would predict components of the CSR (H;).
Secondly, we hypothesized that prior to a series of habituation
immersions (i.e., on the first CWI) high levels of anxiety would
predict the cardiac component of the CSR as learned control of
ventilation was yet to occur (H,). Subsequently, we hypothesized
that after repeated CWIs low(er) levels of anxiety would predict
respiratory components of the CSR as low levels of anxiety would
be permissive of voluntary respiratory control whereas high(er)
levels of acute anxiety would predict cardiac components of the
CSR which are under lesser voluntary control; thereby inferring
the directional nature of the anxiety response.

MATERIALS AND METHODS

Participants

The University of Portsmouth Science Faculty Research Ethics
Committee provided ethical approval for the studies from which
the data are drawn. The study was conducted in accordance with
the Declaration of Helsinki and all participants provided written
informed consent following a verbal and written briefing. The
onward use of data, as in the case in the present analysis, was
included in the consent procedure. The participants were non-
smokers and were not cold water habituated, i.e., had not been
exposed to cold water in the preceding year. They abstained
from alcohol and caffeine consumption for 24 h before each
test and from undertaking any exercise on the day of the
test. The participants included in the present tests were pooled
from our previous studies (Barwood et al.,, 2013, 2014, 2017)
culminating in a maximum of 48 participants to choose from.
To address our research questions we considered two cohorts;
some of the participants were common between cohorts. Cohort

FIGURE 1 | Order of experimental conditions and manipulations for
participants in cohort 2; note: the participants were combined from two
studies to make a total of 25 participants for analysis after the habituation
immersions were complete.

1 included forty-eight unhabituated participants (34 male, 14
female; mean[SD] age 20[2] years, height 1.75[0.1]m, mass
76.2[16.7]kg); these data were used to examine the relationships
between the anxiety ratings and the CSR before habituation
(i.e., during one of their first two immersions and when anxiety
levels were not manipulated). Cohort 2 included 25 (16 male,
9 female; age 20[2] years, height 1.75[0.1]m, mass 77.9[17.2]kg)
participants who completed further CWTIs.

Experimental Design

Participants were recruited on the basis of undertaking a within
participant, repeated measures, experimental design and acted as
their own control; the experimental designs and manipulations in
the respective studies are reported in detail elsewhere (Barwood
et al, 2013, 2014, 2017). Briefly, all participants completed
an initial CWI where anxiety levels were not manipulated
but were expected to be naturally high due to novelty and
unfamiliarity with CWI; forming cohort 1 (CONI1; n = 48).
In two of our four previous studies, participants underwent
four further CWIs which would be sufficient to induce a
habituation forming cohort 2 (see Figure 1; n = 25); albeit
with different manipulations of anxiety levels during these
immersions. Participants in cohort 2 completed two further
counter-balanced CWIs during which time their anxiety levels
were manipulated to be increased (CWI-ANX,. or CWI-ANXep
described as CWI-ANX hereafter) or were not manipulated
(CON2). The order of CWIs and manipulations of anxiety
therein are described in Figure 1. All immersions included in
the present analysis were conducted at the same time of day
within-participant.

Immersion Protocol
Following arrival at the Extreme Environments Laboratory, each
participant’s height (m) and mass (kg) was recorded using a
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FIGURE 2 | Correlation coefficients between acute anxiety ratings in the 1st
minute of immersion and the fg (A) and f¢ (B) components of the CSR in
unhabituated participants (n = 48).

stadiometer (Bodycare Stadiometer, Leicester, United Kingdom)
and calibrated weighing scales (OHAUS digital weighing scales,
Parsippany, NJ, United States). Each participant changed into
their swimming costume. Males wore swimming trunks and
females wore a swimsuit; the same swimming costume was
worn by each participant on each occasion. Participants
were then instrumented with a 3-lead ECG (HME Lifepulse,
England) and entered an ambient temperature (T,) controlled
laboratory. They sat on an immersion chair attached to
an electrical winch (CPM, F1-8; 2-8; 5-4, Yale, Shropshire,
United Kingdom) with a seat belt fastened around their
waist to counteract buoyancy on immersion. The participant
inserted a two-way mouthpiece (Harvard, United States)
and attached a nose clip. The mouthpiece was connected
to a spirometer (spirometric transducer module, KL Eng.
Co, Northridge, CA, United States) by respiratory tubing in
order to measure the respiratory responses to immersion.
The participant was winched above the immersion tank to
rest for 1-min. Thirty seconds into the 1-min rest period
participants provided a rating of their state anxiety on a visual
analog scale (Cella and Perry, 1986); they were familiarized
with the scale in advance of the study. Toward the end

of the 1-min period a 10-s verbal countdown preceded the
participant being lowered at a reproducible rate (8 m min~!)
until immersed to the clavicle in stirred water. Participants
remained seated and with their limbs stationary during
the immersion. After 1, 3, 5, and 7-min of immersion
they again reported their anxiety rating, following which
they were winched from the immersion tank. They then
had a hot shower, re-dressed and left the laboratory. Each
immersion was standardized immersing the participant to the
same depth, at the same rate and in to stirred 15°C cold
water.

Anxiety Manipulations

In cohort 2 (i.e., see Figure 1), in either their penultimate or
final immersion the participants were told by an independent
researcher 2 min prior to immersion that the water temperature
would be 5°C colder than their first immersion but in reality it
was unchanged. This was achieved by slightly different means
(i.e., perceived 1°C reductions across 4 immersions or one
perceived 5°C reduction) to meet the experimental aims of the
particular study (see Barwood et al., 2013, 2017); the cohorts
are being grouped here to improve the statistical power of our
observations.

Measurements

Water temperature (Ty) and T, were measured and recorded
using a calibrated thermistor [Grant Instruments (Cambridge)
Ltd, Shepreth, United Kingdom) secured to the wall of the
immersion tank and a Wet Bulb Globe Thermometer station
respectively, both attached to a data logger [1000 series, Squirrel
Data Logger, Grant Instruments (Cambridge) Ltd, Shepreth,
United Kingdom]. Average T,, was closely matched within
participant (4-0.2°C) between CON1, and the sixth and seventh
immersions (i.e., CON2, CWI-ANX). During the habituation
immersions (i.e., immersions 2-5) the Ty, was = 0.5°C of 15°C.

Cardiorespiratory Responses

The ECG and spirometer were interfaced with a digital
data acquisition system (16SP PowerLab, Castle Hill, NSW,
Australia) which captured data continuously throughout the
rest and immersion periods. Chart analysis software (Chart
version 6, AD Instruments Ltd, Oxford, United Kingdom) was
used to automatically identify R-waves from the ECG and
calculate cardiac frequency (f); movement artifacts were visually
identified and excluded from analysis. The spirometer was
calibrated using a syringe of known volume (3 L syringe, Harvard
Instruments, Harvard, United States). Respiratory frequency (fr)
was recorded by Chart analysis software using auto-recognition
of the peak after inspiration. The peak value after the onset of
inspiration was recorded as tidal volume (V1) and multiplied by
the calculated fR to generate minute ventilation (V).

Anxiety Perceptual Responses

The state anxiety response to immersion was quantified
using a 20 cm visual analogue scale (VAS) with descriptive
phrases ranging from 0 cm (not at all anxious) to 20 cm
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FIGURE 3 | Correlation coefficients between acute anxiety ratings in the 1st minute of immersion and the fr and f, components of the CSR in habituated
participants where anxiety levels were experimentally increased (CWI-ANX; A,B; n = 25) and anxiety levels were not manipulated (CON2; panels C,D; n = 25).

(extremely anxious; Cella and Perry, 1986. Participants reported
their anxiety by drawing a horizontal line on the vertical scale
(see example in Figures 2, 3, y axes) that corresponded to their
feeling of anxiety with the distance between points in centimeters
providing a numerical value for the measure.

Statistical Analysis

In order to examine the possible predictive relationship between
prior anxiety levels on the resultant CSR during immersion,
stepwise multiple regression analyses were undertaken between
the anxiety rating recorded prior to immersion and the
components of the CSR recorded in the first minute of immersion
(i.e., the most life threatening period of acute immersion when
the CSR peaks); comparisons were made to 1-min averages for f,
fRr, V and V. This analysis was also undertaken for cohort 2 for
immersions 6 and 7; i.e., the counter-balanced immersions after
habituation when anxiety levels were manipulated to be high(er)
or low(er).

In order to examine how the relationship between anxiety
rating and components of the CSR developed throughout each
immersion before and after completion of the habituation
immersions, Pearson’s moment correlation coefficients were
calculated across the Ist, 3rd, 5th, and 7th minutes of CONI,
CON2 and CWI-ANX immersions. Analyses were undertaken
using SPSS v22 and Prism 6.0 to an alpha level of 0.05.

RESULTS

Multiple Regression Analysis

Anxiety rating prior to immersion was predictive (p < 0.05).
The f. component of the CSR was predicted in the unhabituated
cohort (CONI; r = 0.536, r*= 0.190, n = 48). After
habituation immersions the prior anxiety rating predicted
different components of the CSR depending on whether anxiety
rating was high, where f. was again predicted in the CWI-
ANX condition (r = 0.518, r* = 0.197, n = 25) or low where
fr was predicted in CON2 (r = 0.566, 2 = 0.320, n = 25).
Collectively, the anxiety rating prior to immersion predicted
different components of the CSR before and after habituation
immersions had taken place dependent upon whether anxiety
ratings were high or low. In higher anxiety conditions (e.g.,
CWI-ANX and CONI1 where in the latter case anxiety rating
was high due to novelty), the anxiety rating predicted the f
component of the CSR. When anxiety levels were low the anxiety
rating predicted the fr component of the CSR. The strength of
the predictive relationship was far stronger when anxiety levels
were low.

Correlation Analysis
Correlation data support the directional relationships suggested
by the regression model. In CON1 when anxiety levels were
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high the anxiety rating was correlated with f. but not fr in the
15t minute of immersion (see Figures 2A,B). In the 3rd and
5th minute of immersion the anxiety rating was correlated with
fRr; see Table 1. An identical set of results was evident after
habituation immersions (see Figures 3A,B for 1st minute data)
when anxiety levels were manipulated to be higher (i.e., CWI-
ANX) although this did not extend in to the 5th minute of
immersion. Collectively the r-values indicated weak to moderate
strength relationships (r = 0.29-0.52); see Table 2.

DISCUSSION

We hypothesized that if anxiety levels were an important
mediator of the CSR they would predict components of the
CSR prior to immersion; we support our hypothesis (H;). Our
data support the idea that high levels of anxiety, which occurred
instinctively before an initial immersion (i.e., CON1) and were
manipulated to be increased on one occasion after habituation
immersions (i.e., CWI-ANX), would be predictive of the cardiac
component of the CSR. By contrast, when anxiety levels were
allowed to fall after habituation immersions, the low(er) levels of
anxiety were predictive of the respiratory frequency component
of the CSR; this finding infers a mediating role for anxiety level.
Given that first minute of immersion is the most life-threatening
as it is when the CSR peaks (Tipton, 1989), it seems prudent that
interventions to aid those at risk of CWI should additionally aim
to reduce anxiety prior to and on immersion.

We also examined the relationships that were evident between
components of the CSR and acute anxiety ratings during
immersions. The results in the first minute of immersion support
the predictive relationship evident with our regression model
with high levels of anxiety associated with priming the cardiac
component of the CSR and low(er) levels associated with driving
the respiratory frequency component of the response. The clarity
of this relationship is not sustained in to the 3rd, 5th, and
7th minutes of immersion with the resultant effect of high
anxiety levels not necessarily exclusively associated with one
or other component of the CSR thereafter (see Tables 1, 2).
However, it is clear that the significant relationships seen with
high(er) levels of anxiety (i.e., CON1 and CWI-ANX) by contrast
to low(er) levels (i.e., CON2) temporally oppose one another
(view Tables 1-3). Moreover, when anxiety levels were not
manipulated to be increased after habituation immersions (i.e.,
CON2), the anxiety rating is less variable, more consistently and
strongly associated with the respiratory frequency component
(i.e., it approached a significant relationship in the 3rd minute
of immersion and was significant in the 1st and 5th). Although
correlation does not confer causation, the observation from our
regression model provides some quantifiable evidence of this
effect with approximately 20% of the variance in f. explained
when anxiety levels are high whereas 32% of the variance is
explained by fr when anxiety levels are allowed to fall. Clearly,
some of the evident variation in CSR seen in previous studies
must be accounted for by differing levels of anxiety about
impending immersion and it is also clear that the predictability
of the CSR is improved when anxiety levels are lowered (see

Figures 2, 3); a further reason to target lowering anxiety levels
by way of preparatory training for those at risk. It is also possible
that this benefit would extend to improving breath-hold time on
immersion which may be a requirement in some situations (e.g.,
ditched helicopter egress).

The protective benefit that habituation would provide in the
real life scenario is now questionable given that: we have shown
previously that habituation is prevented/delayed when anxiety
levels are not concurrently reduced during repeated immersions
(Barwood et al., 2017); habituation is partially reversed (cardiac
component only) when subsequent high levels of anxiety are
experienced (Barwood et al., 2013); conversely and as shown in
the present study, low levels of anxiety which are less plausible
in the emergency scenario are permissive of respiratory control.
Consequently, we contend that the specificity of the habituation
stimulus (also see Leblanc and Potvin, 1966) in reflecting the
real-world scenario plays an important role in the response that
is evoked. Therefore, our habituation techniques (e.g., survival
training) in preparing at risk individuals should be as reflective
of the true stimulus as is possible. The resultant effects of
anxiety on different components of the CSR are also important
given that the primary risk on accidental CWI is caused by
a loss of respiratory control and the associated increased risk
of aspirating water to the lungs (Tipton, 1989). It has been
speculated that this mechanism accounts for a significantly larger
proportion of sudden immersion deaths with the remainder
(~10%) accounted for by a sudden cardiac event (Tipton,
2003). Hence a significantly increased heart rate would be of
a lesser concern than a raised respiratory rate on immersion
in an otherwise healthy individual. Our previous finding in
unhabituated participants that high levels of anxiety augment
both the ventilatory and cardiac components of the CSR probably
applies to the majority of those who are accidentally immersed
(Barwood etal., 2013). Collectively, this suggests that anxiety level
should be added to our future measurements of the CSR and
an integrated psychophysiological model is required to consider
the multifactorial CSR drivers. Accordingly we offer some novel
insights on potential neuroanatomical, perceptual and attentional
components that may be responsible for our observations.

Neuroanatomy of the Stress Response

Concurrent to an activated thermal neural network, we suggest
that emotion (e.g., panic and anxiety), attentional processing
and behavior could all influence respiratory motor output as
has been observed in studies examining respiratory responses
to panic and fear (Masaoka and Homma, 2001). Areas of the
hypothalamus, forebrain, limbic and cortical structures have been
implicated in the biological systems that process information
from the external environment resulting in stimulation of spinal
respiratory motor neurones thereby increasing respiratory rate
(fr) but not ventilatory depth (V; Masaoka and Homma, 2001,
2004); we also saw no change in V. These anatomy also share a
common anatomical connection with the spinal lamina I neurons
which convey the thermoafferent volley triggered by sudden
skin cooling (see Craig, 2002) which also evoke the CSR (for
reviews see Tipton, 1989; Datta and Tipton, 2006; Tipton et al.,
2017). Small afferent Lamina I neurons are part of the Lamina I
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TABLE 1 | Correlation between acute anxiety rating and components of the CSR in the 1st, 3rd, 5th, and 7th minutes of the first immersion (n = 48); *denotes significant

correlation (p < 0.05).

CSR Component
Immersion period Correlation result fr (breaths.min~1) fc (bt-min—1) Vr (L-min~1) Vg (L-min~1)
1st min r-value 0.14 0.33 —0.10 —0.02
p-value 0.36 0.02* 0.52 0.89
3rd min r value 0.30 0.24 0.09 0.28
p-value 0.04* 0.10 0.53 0.06
5th min r-value 0.29 0.18 0.03 0.21
p-value 0.04* 0.21 0.84 0.16
7th min r-value 0.10 0.26 0.25 0.32
p-value 0.50 0.08 0.09 0.03*

TABLE 2 | Correlation between acute anxiety rating and components of the CSR in the 1st, 3rd, 5th, and 7th minutes of the anxiety inducing immersions (i.e., immersion
6 or 7; CWI-ANX) after habituation immersions (n = 25); *denotes significant correlation (o < 0.05).

CSR component

Immersion period Correlation result fr (breaths.min—1) fc (bt-min—1) Vr (L-min~1) Ve (L-min~1)
1st min r-value 0.33 0.52 —-0.25 0.05
p-value 0.1 0.01* 0.23 0.82
3rd min r-value 0.40 0.28 —-0.28 —0.01
p-value 0.04* 0.18 0.18 0.97
5th min r-value 0.32 0.25 —0.01 0.18
p-value 0.11 0.22 0.97 0.40
7th min r-value 0.33 0.11 —0.01 0.24
p-value 0.1 0.61 0.96 0.25

In contrast, in the 1st minute of the CON2 (n = 25) immersion acute anxiety levels were positively correlated with fr but not f; (see Figures 3C,D); a relationship also
evident in the 5th minute of immersion. Anxiety ratings were correlated with the f. component of the CSR in the 3rd minute of immersion; see Table 3. Collectively the

r-values more consistently indicated moderate strength relationships (r = 0.40-0.58).

TABLE 3 | Correlation between acute anxiety rating and components of the CSR in the 1st, 3rd, 5th, and 7th minutes of the control immersion (i.e., immersion 6 or 7;
CONZ2) after habituation immersions (n = 25); *denotes significant correlation (p < 0.05).

CSR Component

Immersion period Correlation result fr (breaths-min—1) fc (bt-min—1) Vr (L-min—1) Ve (L-min~1)

1st min r-value 0.58 0.23 —0.09 0.45
p-value 0.00* 0.28 0.68 0.02

3rd min r-value 0.36 0.40 0.06 0.14
p-value 0.08 0.05* 0.78 0.51

5th min r-value 0.49 0.37 0.16 0.49
p-value 0.01* 0.07 0.44 0.01

7th min r-value 0.37 0.21 —0.09 0.1
p-value 0.07 0.32 0.67 0.61

spinothalamocortical pathway that relay afferent information to
the main homeostatic integration sites in the brainstem (Todd
et al., 2005). The brainstem projects to the insula cortex, which
also receives afferent input from the somatosensory cortex (Craig,
2002) both of which we suggest are important in producing
the sensory experiences prior to and on immersion. When
immersion is planned as in the present studies we suggest that,
based on the ideas of Craig et al. (2000) model of interoception,

the dorsolateral (DL)PFC provides the insula with corollary
discharge which predicts the expected sensory consequences of
the immersion. On receiving the afferent feedback the insula
compares the predications with the actual afferent information
in order to generate a current awareness state (Craig, 2002;
Gu et al,, 2013). We speculate that discrepancies between the
actual and expected afferent signals, magnified by our high
compared to low anxiety conditions, may produce an altered
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physiological response and differential activation of f. in the
high anxiety condition and fr in the low anxiety condition.
Craig (2002) and others (Medford et al., 2010) suggest that other
brain areas including the anterior cingulate cortex (ACC), medial
(m)PFC and DLPFC are important in generating this awareness
state with the insula cortex and ACC also including neural
connections to the amygdala (Shi and Cassell, 1998) which may
account in part for the emotional effects found in our previous
research (Barwood et al., 2013, 2017).

Thermal and Stress Habituation

In understanding the likely interaction between the repeated
thermal and perceptual stress induced by our experiments it
is important to consider the central site and mechanism by
which thermal stimulation may be consolidated and habituation
mediated. Historically, studies of CWI habituation have linked
the frontal cortex to habituation of the CSR (Glaser and Griffin,
1962; Griffin, 1963). More recently, the sub-division of the
cerebral cortex, the prefrontal cortex (PFC) has been linked with
behavioral and cognitive flexibility (i.e., the process by which
environmental feedback is used to modify behavior) the normal
function of which is absent in stress related disorders (Campeau
et al,, 2011). Animal studies involving cold stress have been
shown to impact the orbitofrontal subregion of the PFC whereas
the prelimbic and infralimbic cortices are more specifically linked
to responses to chronic psychological stressors (Campeau et al.,
2011). In line with the mechanism outlined above, the spinal
Lamina I pathway includes projections to the orbitofrontal sub-
region of the mPFC, which consists of Brodmann’s areas 10,
11, and 47 and is thought to play a major role in cold stress
interpretation and the associated hedonic tone (i.e., pleasant or
unpleasant nature) of a given event (Kringelbach, 2005). This
is consistent with the idea that the orbitofrontal cortex encodes
the outcome expectations of a given situation (Schoenbaum
et al., 2009) which were manipulated in the present study in the
high compared to low anxiety conditions. This region has also
been found to play a major role in risk avoidance (Brown and
Braver, 2007). The mPFC, in turn, sends ascending projections
to the DLPFC which, following habituation, is responsible for re-
configuration of predictions of sensory effects that it will pass to
the insula cortex in the form of corollary discharge (Kringelbach,
2005) during future immersion situations.

Perceptual and Attentional Demands
of CWI

We have previously hypothesized that a model of stress and
coping may prevail in the emergency scenario that may ultimately
increase or decrease the perceptual component and resultant
anxiety response depending upon the primary and secondary
appraisal of the stimulus (Barwood et al., 2013, 2014, 2017)
thereby stimulating or mitigating the activity of the multiple
neural networks involved on CWI. Accordingly, anxiety level
may be increased if a victim is confronted with a highly
novel and important stimulus (primary appraisal) which may
be compounded by the perception that coping resources are
limited or absent to deal with this situation (i.e., secondary

appraisal) thereby resulting in a perceived threat (Lazarus and
Folkman, 1984). Anxiety levels may be reduced if the stimulus
were appraised as familiar, consequently less important and when
accompanied by a perceived high level of coping resource, as
might be the case in those who receive survival training or basic
survival skills for the immersion scenario. Models of attentional
processing are required to explain the real time attentional
demands of accidental immersion given its critical nature. One
proposition is that, when under duress, the brain has a finite
processing capability that is narrowed by increased arousal levels
as might be expected in the emergency scenario (Rejeski and
Ribsl, 1980). Evidently, filtering multiple relevant environmental
and behavioral cues (i.e, ‘floating first, waiting for CSR to
subside, keeping the airway above the water; Barwood et al., 2011,
2016) whilst ignoring the irrelevant cues may not be feasible
when attentional capacity is limited. Similarly, a processing
efficiency theory would contend that, under stress, working
memory is taken up with worry, anxiety and intrusive thoughts
that consume limited working memory capacity and deny
ressources for processing important task-relevant information
(Eysenck and Calvo, 1992). Both theories suggest that processing
capacity would be limited in the acute, accidental immersion
scenario whereby survival training or basic survival skills could
be used to guide behavior at a time when attentional demand
is high and the resultant decisions are critical. The concurrent
decline in cerebral blood flow on immersion (Mantoni et al.,
2007; Button et al, 2015) may compound any decrement
to cognitive performance and increase the risk of drowning.
One such possibility to improve any cognitive decrement on
accidental immersion is to integrate a form of psychological skills
training (PST) technique into survival training techniques or
safety behavior messages. Such techniques have been shown to
extend maximal breath-hold duration by up 80% on CWTI in
unhabituated participants (Barwood et al., 2006) and 120% (of
that seen in air) in habituated participants (Barwood et al., 2007).
Safety statements such as ‘float first’ include important procedural
and environmental behavioral cues, similar to the embedded
cognitive principles of PST, that convey important information
in a succinct manner.

Limitations

Clearly it is not ideal that we are considering the resultant
effects of high(er) compared to low(er) acute anxiety after
habituation immersions which included different experimental
manipulations. Observations from animal studies (i.e., Kelly
et al, 2011) may suggest that participants experiencing
CWI concurrent to psychological stress (i.e., CWI-ANXp
see Figure 1) would experience independent, and potentially
additive, serotonergic drivers of the stress response resulting in
different or absent habituation (see Barwood et al., 2017). Yet,
irrespective of whether anxiety is manipulated or not during
habituation immersions, it is experimentally very difficult to
entirely remove the anxiety associated with impending and
ensuing immersion. The tentative findings we show here with our
combined analysis require subsequent verification; as is the case
with all novel experimental findings. Yet we acknowledge that the
neural mechanisms we outline above may have been stimulated
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differently in some of our participants during the habituation
immersions despite experiencing an identical thermal stimulus.
However, most importantly, the high vs. low level anxiety
conditions we feature in the present study clearly showed a
separation in the predictive and related components of the CSR
despite the manipulations in the habituation immersions; hence
we have been able to interrogate our hypotheses.

The water temperature used in the present experiments and
our indices of the CSR may allow a mediating role for acute
anxiety when none would be evident. In the case of our CSR
indices, it is possible that a better index of respiratory drive than
the one used here (e.g., mouth occlusion pressure at 100 ms
of inspiration; P0.1) would share a different relationship with
anxiety level than respiratory frequency does. P0.1 has been
shown to more closely track the thermally induced neural drive
to breathe during immersion whilst ventilation was shown to
plateau (Mekjavic et al., 1987; Burke and Mekjavic, 1991). Hence
the contribution of anxiety may not be truly reflected in our
chosen index of respiratory drive after ventilation has plateaued.
Given that the most critical period of the CSR is the first 60—
90 s during which ventilation has yet to plateau, the issue of
misrepresentation of respiratory drive by respiratory frequency
is more likely to be a factor later in the 7-min immersion period
we have studied here. In the case of water temperature, the
CSR is suggested to be maximally evoked at water temperatures
between 5°C and 15°C (Goode et al, 1975; Tipton et al,
1991) although nocioceptors may be activated at temperatures
below 10°C. Indeed, studies that examine the cardiorespiratory
response to pain in anesthetized patients (Eger et al., 1972;
Borgbjerg et al., 1995) and decerebrate cats (Waldrop et al,
1984) suggest that neural pain networks transmit nocioceptive
information to the bulbar respiratory nuclei without involving
higher cortical centers. Hence, nocioceptors and thermoreceptors
share a relatively direct and uncomplicated neural pathway to
the respiratory centers the former of which may have an additive
effect on the CSR that is seen. However, it must be noted that
the anticipation of pain does stimulate higher cortical centers
and result in an increase in respiratory frequency (Willer, 1975).
In the present study, a water temperature of 15°C reduces the
possibility that pain networks are also driving the response.
A theoretical maximum CSR must exist for each immersed
individual and we speculate this lies at the saturation point of
the sympathetic branch of the autonomic nervous system with
thermal, pain and perceptual stimuli.
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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
(Martinméki 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 world’s toughest ultramarathons
(Coker et al,, 2017), as it combines the great course distance
of 690km 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., 160km ultramarathon, or Ironman competition
with a total distance of 226.35km), (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
et al., 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 690 km foot-
race category. The organizers were encouraged to predominantly
contact experienced athletes, who had a long 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/m?2
mean (S.D.) mean (S.D.) mean (S.D.) mean (S.D.)

Group Gender n

FIN  Men 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) 247 (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) 213 (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 diifferences 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 690km 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

Uhttps://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 (277km) 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.

Zhttp://climate.weather.gc.ca/historical_data/search_historic_data_e.html.
Shttp://arcticultra.de/en.

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
6-8h) and upon awakening (at morning, between 5 and 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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FIGURE 1 | Weather conditions across editions. Mean temperature and mean humidity as measured in Whitehorse and Dawson City in February 2013 (solid line),
February 2015 (long dashed line), and February 2017 (dotted line). (A) Mean temperature in Whitehorse. (B) Mean temperature in Dawson City. (C) Mean humidity in
Whitehorse. (D) Mean humidity in Dawson City. No significant differences between editions or locations?.

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 (HRp,x) (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

4Data 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
24h before arriving at D1 (D1b), (iii) during the 24h 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 HRpyax, 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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FIGURE 2 | Experimental protocol. Schematic representation of the study protocol and experimental procedure employed in all three YAU races of 2013, 2015, and
2017, except for psychometric assessment (included only in the 2015 and 2017 races).

and complexity (European Society of Cardiology and the
North American Society of Pacing and Electrophysiology, 1996).
Specifically, as for time-domain analysis, the root mean square
of the successive RR differences (RMSSD), an indirect index of
vagal activity, was calculated. Furthermore, NN50 statistics were
computed, specifically, the hourly number of increases (NN50+)
or decreases (NN50-) between consecutive NN intervals larger
than 50 ms (Ewing et al., 1984), as well as the percentage of
such differences with respect to the total number of NN intervals
(pPNN50+ and pNN50-) (Bigger et al., 1988; Merati et al., 2015).
The NN50 statistics may reflect the rate of “vagal bursts,” as bursts
of vagal outflow are producing NN intervals greater than 50 ms
(Ewing et al., 1984). In the frequency domain, the total spectral
power density (TP) was assessed together with its components:
(i) high frequency (HF) band (0.15-0.40 Hz), which depends
mainly on parasympathetic activity and is synchronous with
the respiratory sinus arrhythmia; (ii) low frequency (LF) band
(0.04-0.15Hz), which depends on both parasympathetic and
sympathetic activity; and (iii) LF/HF ratio, which is currently

considered a marker of sympathovagal balance (Ewing et al,
1984). In the non-linear domain, as for complexity analysis,
the following indices were assessed: (i) the HR sample entropy
(SampEn), which measures the level of irregularity of the NN
interval series and mirrors vagal activations or sympathetic
deactivations (Porta et al., 2008); (ii) the short-term self-
similarity coefficient (1) and long-term self-similarity coefficient
(a2) of NN intervals, as assessed by detrended fluctuation
analysis (DFA), mentioned here respectively as DFAal and
DFAa2 (Peng et al, 1995). Both indices may be affected by
parasympathetic tone, whereas, for example, higher DFAal is
associated with sympathovagal balance increase or vagal tone
decrease (Penttild et al., 2003). The significance of DFAa2 has
not yet been completely elucidated, as there is indeed only
scarce evidence within the literature. However, it seems to
be associated with alertness (Ivanov et al., 1999) and may be
influenced by sleep stages, being higher in awake states and REM
sleep with respect to light and deep sleep (Schumann et al.,
2010).
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All HRV indices, except for NN50 statistics (manually
calculated), were assessed by means of the Kubios HRV software,
ver. 2.1 (Kuopio, Finland), a free available software to assess HRV,
widely used in the scientific literature, especially in the field of
sport sciences (Tarvainen et al., 2014).

Psychometric Assessment

Karolinska Sleepiness Scale

The Karolinska Sleepiness Scale (KSS) (Kaida et al., 2006),
which has been highly validated to sensitively depict objective
sleepiness (Kaida et al, 2006; Sallinen et al, 2008), was
administered both after rest (before departure in the morning:
KSS Departure) and upon arrival (KSS Arrival) (see Figure 2).
The athletes were asked to rate their subjective sleepiness on
a numerical scale ranging from 1 to 10. Specifically, 1-6 are
assigned to an “active state” of alertness (1 corresponding to
“extremely alert” and 6 to “some signs of sleepiness”) and 7-
10 to a “sleepy state” (7 corresponding to “sleepy, but no
difficulty remaining awake” and 10 to “falling asleep all the
time”).

Borg Scales

After rest (before in-race departure and at the finish), subjects
were administered the Borg Total Quality of Recovery (TQR)
questionnaire (Kenttd and Hassmén, 1998). The Borg TQR
has been demonstrated to sensitively represent the individual
recovery status (Freitas et al, 2014), whereas the use of
recovery and wellness indicators has exhibited important
validity in the monitoring of athletes (Buchheit, 2015; Bisschoff
et al., 2016). It consists of a 6-20 numerical scale, with 6
being equivalent to “very, very poor recovery” and 20 to
“very, very good recovery, so that the obtained score allows
determination of the athlete’s subjectively evaluated quality of
recovery.

Upon arrival at checkpoints or the finish (Figure2),
participants were administered the Borg Rating of Perceived
Exertion (RPE) scale (Borg, 1982; Scherr et al., 2013), which
is commonly used in athletes to monitor exertion and also
the current subjective workload, additionally, in association
with cardiac autonomic regulation (Parry et al., 2011; Thorpe
et al., 2016; Siegl et al., 2017) and performance (Suzuki et al.,
2006). It again consists of a 6-20 numerical scale, 6 being
“very, very light” and 20 “very, very hard’ the individual
score indicating the athlete’s degree of subjectively perceived
exertion.

Profile of Mood States

At morning, after rest, mood states in the YAU participants were
investigated through the Profile of Mood States questionnaire in
the short-form (POMS-SE here referred to as POMS) (Curran
et al,, 1995). This extensively validated tool is commonly used
in athletic monitoring (Hedelin et al., 2000; Leti and Bricout,
2013; Bisschoff et al., 2016) and has been variously observed to
be associated with both HRV and performance (Hedelin et al.,
2000; Leti and Bricout, 2013; Comotto et al.,, 2015; Bisschoff
et al,, 2016). The POMS required participants to state the
extent of emotions currently experienced during the last hours

(respectively operationalized as “not at all” providing a subscore
of 1; up to “extremely,” providing a subscore of 5). Analysis
of individual subscores in emotional subcategories subsequently
provided an individual raw score representing the 6 main mood
states Depression, Vigor, Fatigue, Tension, Confusion and Anger,
as well as a total sum score of mood disturbance (POMS
Total).

The psychometric assessment of mood states in our subjects
was further analyzed by comparison with normative data for
an athletic sample (Terry and Lane, 2000). This data had been
obtained in mixed general athletic samples as well as, amongst
others, subgroups of athletes at different competition levels
and situations (pre- or post-competition, etc.) (Terry and Lane,
2000). In accordance with Terry, raw scores were transformed
to a normalized T-Score (using the individual raw score, group
mean and group standard deviation) through the formula:
T-Score = 50 + [10 + (raw score — group mean)]/SD. This
transformation converted raw scores to normalized scores on
a standard scale with a mean of 50 and a standard deviation
of 10, so that individual results could be compared with
normative sample data. POMS normative scores of athletes
from various sport disciplines, plotted against college student
norms originally obtained by McNair in 1971 (McNair et al.,
1971), show a distinctive pattern of mood states in athletes
compared to sedentary populations, which is referred to as
the Iceberg Profile (Figure 9A). Specifically, athletes have been
found to account for significantly higher Vigor, whereas all
other (negative) dimension scores remain below mean values
for non-athletes, i.e, “under the surface.” This distinctive
profile has been proposed to indicate greater mental health
and reduced mood disturbances in athletic subjects compared
to sedentary populations. By plotting individually obtained
values against normative data, this specific pattern of higher
positive mood and mental health in our participants compared
to normative data of sedentary subjects could therefore be
assessed.

Moreover, by analyzing result scores of the administered
psychometric scales, the so-called psychological wellbeing (Scully
et al., 1998; Johnston et al., 2015; Saw et al., 2016) was evaluated.
A higher psychological wellbeing would correspond to an overall
low score both for POMS Total (i.e., higher Vigor, lower Fatigue,
Tension, Confusion, Anger and Depression scores) and for
fatigue scales (i.e., Borg RPE and KSS), and inversely higher
scores for Borg TQR.

Statistics

Data are reported as means + standard deviations (m =+
SD), if not otherwise stated. From 27 enrolled competitors,
we included 16 in the statistical analysis (due to early
dropouts before D1, as well as related to HRV-data availability
and quality). As a result of the extreme conditions of
the competition, several participants withdrew before course
completion (see section Performance). Therefore, after the
race, the entire sample of all participants (ALL) was divided
into two subgroups: finishers (FIN: measurements throughout
the race until POST) and non-finishers (NON: measurements
until D1) (see Table 1). Normal distribution was tested with
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Shapiro-Wilk and variance with the Equal-Variance-Test. A log-
transformation was applied to frequency domain indices to
attain normal distribution (Castiglioni et al., 2011). According
to the distribution, the variance of HRV parameters, exercise
intensity and rest quality and psychometric measurements over
the entire race-course in FIN was tested with one-way repeated
measures analysis of variance (One-Way RM ANOVA) and
post-hoc Student’s-Newman-Keuls-Test, or Friedman ANOVA
on ranks with post-hoc assessment through Tukey’s Test (i.e.,
RMSSD, pNN50+, POMS Depression, Borg TQR). In addition,
differences in weather conditions between editions were assessed
with One-Way RM ANOVA. As all participants reached the
first checkpoint, we could implement a direct comparison
between the two groups regarding PRE and D1 by applying
two-way repeated measures ANOVA (Two-Way RM ANOVA),
after normality was passed. Psychometric assessment of mood
states was further analyzed through comparison with normative
data for athletic samples. In accordance with Terry (Terry
and Lane, 2000), raw values of mood states were conversed
to standardized T-Scores. Hence, T-Scores could be plotted
against the athletic sample mean in order to assess expression
of the Iceberg Profile, which represents specific mood profiles
in athletic subjects. Unpaired Student’s t-Test was used on raw
values, as well as computed T-Scores, to allow comparison of
significant differences between YAU participants and normative
data for mixed athletic samples. In order to further analyze mood
states in YAU competitors, comparison of baseline values (as
individual raw scores) with normative data obtained in athletes
directly pre-competition, as well as with normative data obtained
in athletes post-competition, was performed by application of
unpaired Students t-Test. Correlations between HRV indices
and psychometric measurements, as well as correlations between
HRYV indices or psychometric measurements and performance
were assessed with Pearson Product-Moment-Correlation or, if
normality was not passed, Spearman Correlation. All statistical
analyses were performed using SigmaPlot 12.3 (Systat Software,
San José, CA, USA). The significance level was set at p < 0.05.

RESULTS

Performance

Of the 16 participants included in the statistical analysis (ALL), 10
successfully completed the course (FIN). Due to general fatigue,
cardiovascular distress or gastrointestinal problems, as well as
injuries (e.g., sprained ankle), 6 withdrew from the competition
at earlier points (NON). Baseline anthropometric characteristics
of the two subgroups, based on the completion of the race, are
presented in Table 1. Details of performance are depicted in
Table 2. The official times recorded among FIN ranged between
225 and 312 h. Specifically, analysis of split times displayed that
FIN accounted for 82 & 15h (velocity 3.6 £ 0.6 km/h) to reach
D1, whereas for NON it took 91 = 17 h (moving at a velocity of
3.2 £ 0.8km/h). For FIN, 41 £ 6h were required to reach D2
(velocity 2.7 £ 0.4km/h) and 125 & 21 h to reach the finish line
(at a velocity of 2.5 £ 0.4km/h), so that the overall total finish
time (i.e., excluding resting time at checkpoints) was 248 & 36 h
(velocity 2.8 £ 0.3 km/h). A positive correlation between the split

TABLE 2 | Performance data.

Group Gender Distance, km Finish Time, h Velocity, km/h
mean (S.D.) mean (S.D.) mean (S.D.)
FIN Men 690.0 (0.0) 254.6 (21.8) 2.7 (0.2)
Women 690.0 (0.0) 300.2 (18.8) 2.3(0.2)
All 690.0 (0.0) 268.3 (29.7) 2.6 (0.3
NON Men 384.3 (107.4) 139.3 (60.0) 3.1(1.2)
Women 278.4 (0.0) 92.0 (0.0) 3.0 (0.0
All 366.7 (105.4) 131.4 (57.0) 3.1(1.0
ALL Men 350.3 (106.4) 206.6 (71.4) 2.9(0.8)
Women 358.3 (124.3) 248.1 (105.2) 2.5(0.4)
All 352.3 (106.7) 217.0 (79.3) 2.8(0.7)

Performance data of subgroups (FIN and NON), as well as of all participants (ALL). The
overall completed distance and total time to cover it are reported, as well as the overall
mean velocity (including resting times). No significant differences between groups.

times PRE-D1 and D2-POST with respect to the finish time was
retrieved (r 0.83, p 0.01 and r 0.93, p 0.001, respectively). This
shows that the participants, who were the fastest both in the first
and in the last part of the race, also accounted for the best overall
time at the end of the race. Such correlations were not found for
the split time between D1 and D2.

Heart Rate Continuous Recordings

A total of 185 recordings fulfilled the criteria for analytic
inclusion. They were obtained in 15 participants, as one
competitor of the 2017 race belatedly volunteered to participate
in the study and could not be equipped with the measuring device
anymore. As reported above, recorded HR was used as a marker
of exercise intensity, by normalizing absolute values with respect
to the calculated HRpax. A similar approach was used to define
the quality of rest during the actual race, i.e., the time spent at
checkpoints was excluded. Results of ExHR (mean HR during
exercise as percentage of HRpmax) and RestHR (mean HR during
rest in between checkpoints, as a percentage of HR ), classified
according to the 4 segments mentioned above, i.e., D1a (36 h after
race start), D1b (24 h before arriving at D1), D2a (24 h before
reaching D2), D2b (24 h before arrival at the finishing line), are
displayed in Table 3.

Heart Rate Variability

For all 16 participants, a total of 53 R-R interval recordings
were available and exhibited sufficient quality for analysis and
assessment of HRV. 16 recordings corresponded to PRE, 13 to
D1, and 10 to both D2 and POST. Morning HR pre-, post-
and in-race (at checkpoints) is depicted in Figure 3 and HRV
results are depicted in Figures 4, 5. Figure 4 shows the significant
decrease of parasympathetic tone in both groups at D1 compared
to PRE, and in the following in-race time-points as for FIN
only. Figure 5 depicts sympathovagal balance indices, where a
significant decrease at D1 in both groups of log LF lead to no
variations of log LF/HE, whereas in FIN a significant increase
of DFAa2 across all time-points was retrieved, and in NON
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TABLE 3 | Average exercise intensity and rest quality.

Group n HR rec. ExHR, % RestHR, %
time- mean (S.D.) mean (S.D.)
point

FIN 9 Dia 70.9 (5.3) 47.4(8.3)

8 D1b 62.0 (3.9)" 38.4 (4.4)*
8 D2a 62.1 (2.6)" 40.0 (3.6)*
7 D2b 59.1 (4.4)* 37.0 4.7)*
NON 6 D1a 66.9 (5.6) 44.6 (4.9)
6 D1b 59.1 (5.8)* 40.0 (3.6)
ALL 14 Dia 69.5 (5.6) 46.4 (7.2)
14 D1b 60.7 (4.8) 39.1 (4.0)
10 D2a 60.9 (3.5) 39.6 (3.7)
8 D2b 57.0(7.1) 36.2 (4.9)

Average HR during exercise (ExHR) and at rest (RestHR) across time-points. Data are
presented as a percentage of the maximal HR (HRmax) for mean HR during exercise
(ExHR) and mean HR during rest periods (RestHR). D1a: HR recorded in the first 36 h;
D1b: HR recorded during the 24 h before arriving at D1; D2a: HR recorded during the
24 h before arriving at D2; D2b: HR recorded during the last 24 h before reaching the
finish line. Data for the whole sample (ALL) are also reported. *p < 0.05 vs. PRE within
subgroup (One-Way RM ANOVA).

FIGURE 3 | Heart Rate (HR) in FIN (black line) and in NON (gray line) across
time-points. *p < 0.05 vs. PRE within subgroup (One-Way RM ANOVA). §p <
0.05 vs. D1 (One-Way RM ANOVA).

only a significant increase at D1 as for DFAal. Between PRE
and D1, an overall decrease in TP could be observed in both
groups (FIN: —1,964.7 ms? and NON: —3,699.6 ms?), but the
decrease was only significant (p 0.02) in NON. In fact, in NON
the decrease in parasympathetic drive was to some extent greater
when compared to FIN, as indicated by DFAal, which was
significantly higher at D1 only in NON (Figure 5), and by the
difference between PRE and D1 in values of RMSSD: —34.1 ms in
NON (p 0.01) and —18.1 ms in FIN (ns) and log HF: —0.8 ms?> (p
0.04) in NON and —0.5 ms? (ns) in FIN.

Only in FIN, a significant negative correlation between HR
and mean running velocity, as well as between HR and pNN50+,

was detected at PRE (Figure 6). The negative correlation between
HR and vagal tone indices was observed also at D1, as for pNN50-
(r —0.82 p 0.02), and NN50- (r —0.82, p 0.02) with respect to HR.
This could not be detected in NON.

Psychometric Scales

Psychometric measurements were performed in competitors of
the 2015 and 2017 races, so that a total of 45 assessments (13 in
PRE, 13 in D1, 10 in D2 and 9 in POST) were included in the
statistical analysis. Results of the POMS questionnaire revealed
significant decreases in POMS Vigor and Tension, associated
with an increase in Fatigue and POMS Total scores (Figure 7).
No changes in POMS Depression, Confusion and Anger scores
were observed, nor significant differences between FIN and NON
at D1. As for fatigue scales, i.e., Borg RPE, Borg TQR and KSS,
results are depicted in Figure 8. In NON, values of KSS Departure
scores were significantly higher at D1 than at PRE. However, as
for the other psychometric scores, no significant between-group
differences could be detected.

Nevertheless, at PRE, positive correlations between several
indices of vagal tone (RMSSD: r 0.86, p 0.03; NN50+: r 0.90, p
0.01; NN50-: r 0.89, p 0.02; pNN50+: r 0.87, p 0.03; pNN50-:
r 0.87, p 0.03; log HF: r 0.87, p 0.03) and Borg TQR were
detected in NON only, so the higher the vagal tone, the higher
the TQR score. Moreover, at PRE, again in NON only, a negative
correlation between POMS Fatigue and pNN50+ (r —0.82, p
0.04) was observed, which indicates that the lower the vagal
tone, the higher POMS Fatigue. On the other hand, in FIN at
DI, a negative correlation was observed between HR and KSS
Departure (r —0.85, p 0.02), indicating that the lower the HR,
the higher the KSS Departure score; this was associated with a
positive correlation between both pNN50- (r 0.84, p 0.02) and
NN50- (r 0.84, p 0.02) and KSS Departure, which confirmed
that a lower HR and a higher vagal drive were coupled with
higher sleepiness; additionally in FIN at D1, there was a positive
correlation between Borg TQR and DFAa2 (r 0.81, p 0.03): the
higher the TQR score, so the quality of recovery after rest, the
higher the DFA«2.

POMS T-Scores of YAU participants were plotted against
normative data to provide the above-mentioned Iceberg Profile
(Terry and Lane, 2000), which depicts POMS Vigor to be
significantly higher and all other (negative) dimension scores to
be significantly lower compared to mean values for a sedentary
population. Analysis of variance between YAU participants and
normative athletic data revealed distinctive differences, which
are depicted in detail in Figure 9B. In comparison to the
athletic sample, raw and T-Scores at baseline were significantly
lower in ALL regarding POMS Depression, Anger, Fatigue
and Confusion, but also Vigor. This was similarly observed
when plotting YAU scores against normative data for athletes
before and after competition. Compared to pre-competition
normative data, YAU subjects at PRE displayed significantly
lower Depression, Anger, Confusion and Fatigue, whereas
Tension and Vigor were not different (Figure 9C). At POST,
there were no significant differences between normative data for
athletes in post-competition situations and the YAU subjects,
except for significantly lower Vigor in YAU (Figure 9D).
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ANOVA; pNN50+-: Friedman ANOVA).

FIGURE 4 | Vagal modulation indices in FIN (black line) and in NON (gray line) across time-points. *p < 0.05 vs. PRE within subgroup (all variables: One-Way RM

DISCUSSION

To our knowledge, this is the first study investigating cardiac
autonomic modulation and psychological correlates during
ultramarathon in a subarctic environment. This setting provided
the unique combination of three extreme environments: (i) ultra-
endurance exercise performance (Perini and Veicsteinas, 2003;
Scott et al., 2009), (ii) arduous environmental circumstances
(Maughan et al, 2007), such as severe continuous cold
exposition, and (iii) sleep deprivation/disturbances, induced by
the condition of outdoor living during the race (Stein and Pu,
2012). The interplay of each single component of this three-
folded stress stimulus, amplifies and affects several physiological
and psychological aspects, which may be reflected in physical
performance outcomes. Regarding race results, 10 of 16 subjects
successfully completed the 690 km ultramarathon. Taking into
account characteristics and conditions of the competition (see
section The Yukon Arctic Ultra: The Longest, the Coldest

Ultramarathon), the distribution of measurements sessions (see
section Experimental Protocol and Measurements and Figure 2)
holds great importance to interpret observations. In fact, the
greatest effect on autonomic cardiac modulation, mood and
fatigue was observed in the race segment between PRE and D1
(i.e., more than one third of the entire race); this may have
been related to: (i) the initial stress of entering the race (ie.,
performance demands coupled with environmental conditions),
(ii) the different characteristics of the three parts of the race
(see section Experimental Protocol and Measurements), and
(iii) the running strategy of successful participants. Indeed,
by analyzing the split times between measurement sessions, a
positive correlation between the first and the final split time
was found. This indicates that the fastest competitors in PRE-
D1 (and D2-POST), were also the fastest finishers. The challenge
of this first part of the race would be significantly underlined
by this observation, and it provided ulterior evidence of the
central role of the ability to cope with in-race demands at
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FIGURE 5 | Sympathovagal balance indices in FIN (black line) and in NON (gray line) across time-points. *o < 0.05 vs. PRE within subgroup (One-Way RM ANOVA).

—0.67; p = 0.03).

FIGURE 6 | Correlations at PRE in FIN group. (A) Correlation between HR and mean velocity (r

—0.63; p = 0.04). (B) Correlation between HR and pNN50+ (- =

very early time-points (i.e., directly after entering the race)
for optimal adaptation. Therefore, during the first kilometers,
successful competitors could already be recognized. This is
in line with previous investigations on early recognition of
successful competitors by their initial pacing strategies (Renfree
et al, 2016; Bossi et al, 2017). Specifically, Lambert et al.
observed more successful competitors in a 100 km ultramarathon
to display higher velocities than lower performing athletes in
the early race stages (Lambert et al., 2004). Moreover, the
continuous significant decrease in ExHR in FIN, associated
to a concomitant decrease of RestHR (p < 0.05 across all
time-points vs. PRE), reflected decrements in performance,
while the need of rest increased. On the other hand, the

continuous decrease in RestHR may also indicate higher
quality of recovery (Waldeck and Lambert, 2003; Silvani and
Dampney, 2013), demonstrating that successful competitors had
higher recovery potential, as they attained a higher quality
of rest. Indeed, by comparing FIN and NON, we found a
significant decrease of RestHR between PRE and D1 in FIN
only.

In line with Millet (Millet and Millet, 2012), our observations
show that ultramarathon might be an excellent model to test
the adaptive potential under extreme conditions. However,
in our case, we have to take into account not only potential
effects of ultraendurance exercise, but the interplay of three
factors (i.e., three-folded stress stimulus) on influencing
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FIGURE 7 | POMS mood state scores in FIN (black line) and in NON (gray line) across time-points: *p < 0.05 vs. PRE within subgroup; §p < 0.05vs. D1; #p < 0.05
vs. D2 (One-Way RM ANOVA).

FIGURE 8 | Fatigue scale scores. Borg and KSS scores in FIN (black line) and in NON (gray line) across time-points. *p < 0.05 vs. PRE within subgroup; §p < 0.05
vs. D1 (One-Way RM ANOVA).

autonomic cardiac modulation and psychometric aspects: Autonomic Cardiac Control and Endurance
strenuous exercise, living outdoors in subarctic winter and sleep ~ An overall reduction of vagal drive, as well as total HRV, has been
deprivation/disturbances. widely observed during acute exercise and competition (Perini
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FIGURE 9 | Comparison of POMS results with normative data (Unpaired Student’s t-Test). (A) lceberg profile of mood states in an athletic sample (dashed line) plotted
against sedentary subject norms (dotted line), (B) Mood states in all YAU subjects (ALL, solid line) plotted against normative data for mixed athletic samples (dashed
line), (C) Mood states in ALL at PRE (solid line) plotted against normative data for pre-competition assessment (dashed line), (D) Mood states in ALL at POST (solid
line) plotted against normative data for post-competition assessment (dashed line): *p < 0.05 between groups.

and Veicsteinas, 2003; Buchheit et al., 2010). After cessation of
exercise, parasympathetic predominance is gradually restored,
depending on the preceding intensity, the training status and
the quality of recovery, as reported also in previous studies on
ultramarathon (Gratze et al., 2005; Scott et al., 2009; Foulds et al.,
2014), and this is in line with our results. However, due to the
very long distance of YAU we did observe already a vagal tone
recovery before the end of the race, in successful participants
(Figure 4). Considering that our HR recordings were collected
after several hours of rest, early at morning during the race,
the significant increase in HR (Figure 3) clearly describes the
inability for participants to recover completely, as HR remained
significantly higher at both D1 and D2. Nevertheless, at D2,
HR decreased again with respect to D1 (—7.8 bpm, p 0.03),
remaining, however, significantly above baseline values. At POST,
HR was significantly lower than at D1 (—11.3 bpm, p 0.004) and
not different from PRE. This would demonstrate that successful
competitors (i.e., FIN) were able to positively adapt by recovering
toward baseline conditions. This specific trend of HR can also be
compared with observations in functional overreaching training
interventions, where, initially, the increased training stimulus
promotes a decrease in vagal drive (i.e., increase in HR), but, due
to optimal adaptation, this is subsequently recovered (Buchheit,
2015; Bellenger et al., 2017). Indeed, in our participants, the
increased HR between PRE and D1 was modulated via a
significant attenuation in vagal tone in both groups (Figure 4).

This, associated with a significant concomitant decrease of log
LFE, lead to an overall reduced HRV (see result section for TP).
Additionally, evidence of reduced parasympathetic drive at D1
was further underlined by significant decreases in SampEn in
FIN (Figure 4). In line with previously investigated implications
of reduced SampEn values, this suggest lower responsiveness
to environmental stimuli under attenuated entropy (Sassi et al,,
2015). Interestingly, our findings indicate that in unsuccessful
participants (i.e., NON), this parasympathetic drive decrease was
to some extent greater than in FIN. This was shown firstly by
the significantly higher DFAal at D1 in NON only (Figure 5),
which has been associated to vagal tone decrease (Penttild et al.,
2003), and secondly by the difference in values of RMSSD and
log HF for NON vs. FIN between PRE and D1 (see results
section). Taking into account that in athletic subjects, stress has
been associated to lower HRV and depressed parasympathetic
drive (Nuissier et al., 2007; Cervantes Blasquez et al., 2009), this
suggests that successful participants were able to efficiently relax
and therefore fall asleep. The stronger decrease of vagal tone in
NON, indeed, may indicate that these participants, ultimately
unable to complete the race, were characterized by an impaired
ability to cope with the in-race demands, already at early points
of the competition, which may be reflected by lower quality of
recovery (i.e., sleep quality impairment), whereas FIN displayed
higher recovery potential. In turn, this supports the hypothesis
that in such extreme conditions, vagal tone modulations may
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mirror the individual’s ability to adapt, showing in resilient
individuals earlier and efficient increase of parasympathetic tone,
after the large initial decrement. Between PRE and D1, we also
observed the typical reduction of overall HRV, which normally
occurs during exercise, as well as a significant reduction of log
LF in both groups, thus leading to non-significant changes in log
LF/HF ratio (Figure 5). Only in FIN, DFAa2 was significantly
higher at D1 compared to baseline and remained higher at
both D2 and POST. As the exact implications of this non-
linear HRV index have not been elucidated, this is an interesting
finding. Previous investigations have reported that DFAa2 would
decrease after the application of clonidine, an imidazoline-
derived centrally-acting a2-adrenergic agonist and hypothalamic
inductor of hypotension, which affects the overall sympathetic
activity by resetting it to a lower setpoint (Castiglioni et al.,
2011). Conversely, increased DFAa2 values have been reported
in subjects who were awake compared to when asleep, but have
also been linked to sleep stages, being higher in awake states and
REM sleep than during light and deep sleep (Schumann et al.,
2010). These findings allow us to hypothesize a link between
increased DFAa2 and hyperarousal or enhanced alertness and
vigilance, which in this case would be driven by the sympathetic
branch of the vegetative nervous system. As we reported a
significant increase in DFAa2 during the race, which persisted
up until POST, this interpretation concurs very well with our
observations (Figure 5). Higher values of DFAa2 could have
been induced by an increased need for vigilance (i.e., sleeping
outdoors during the subarctic winter in the Yukon Territory),
leading to sleep impairment and/or deprivation, and to a general
acute stress response promoting hyperarousal. Furthermore, the
negative correlation between HR and velocity, paired with the
negative correlation between pNN50+ and HR at PRE only in
FIN (Figure 6), indicated that a lower HR in association with a
higher vagal tone would predict a better performance. In FIN, the
persistency of the above-mentioned negative correlation of vagal
indices with HR at D1 (see Results section), demonstrated how,
in our study, the observed increase in HR was specifically driven
by a decrease of parasympathetic tone. This mechanism was
mirrored mainly by time domain indices of vagal drive, i.e., NN50
and pNN50 statistics, which are linked to mean HR. Indeed,
while pNN50+ quantifies the rate of HR decelerations (increase
in successive R-R intervals), NN50- quantifies the rate of HR
accelerations (decrease in successive R-R intervals) (Merati et al.,
2015). At PRE, our data showed a negative correlation between
HR and pNN50+ (i.e., rate of successive HR decelerations)
and at D1, HR correlated negatively with both pNN50- and
NN50- (i.e., rate of successive HR accelerations). Differences
in the distribution of HR decelerations and accelerations have
been associated with the enhanced presence of sympathetic
modulations, whereas the HR decelerations have been identified
as a better marker of vagal activity (Merati et al., 2015). This
further demonstrates that at the beginning of the race, between
PRE and D1, the reduction of vagal tone determined the increase
in HR. Indeed, at D2 and POST, no correlation between vagal
indices and HR could be detected. During this second in-
between measurement section, HR decreased with respect to
D1. Concomitantly, a slight increase of vagal tone was observed

(Figures 3, 4). After D1, the correlation between HR and vagal
tone disappeared, indicating that the increase of parasympathetic
tone was not able to elicit per se the decrease in HR. Instead, it
would be suggested that the observed HR reduction also occurred
due to other concurrent factors as for example psychological
states. In fact, at D2, a significant reduction of POMS Total scores
(indicating increased negative mood states or disturbance) with
respect to D1 was found (Figure 7). This was associated with a
decrease of Borg RPE at D2 (although not significant), suggesting
that psychological factors were involved in recovering overall
wellbeing, and thus were associated with reducing the HR (see
section Psychological Wellbeing).

Psychological Wellbeing

We observed an overall decrease of psychological wellbeing
across the whole ultramarathon (Figures 7, 8). Interestingly,
the POMS Tension item exhibited significantly higher values
already at PRE with respect to D1 in both groups, in particular
in NON (+6.7 vs. 4+2.6 in NON vs. FIN). This may reflect
pre-competition anxiety. In fact, during the subsequent race,
POMS Tension decreased significantly across all time-points. The
concurrent increase in Vigor from D2 onwards (as POST values
were no longer significantly lower in respect to PRE), may be
related to the recovering process of positive mood, but also to the
fact that participants were succeeding in the race and the finishing
line was getting closer. Between PRE and D1, a significant
reduction of positive mood items (lower POMS Vigor and higher
Fatigue as well as POMS Total scores) had been observed.
Therefore, we can infer that psychometric measurements
sensitively reflected the impact of this extremely demanding
competition on different subgroups, more strongly affecting
those subjects that were unable to cope with the in-race demands.
Nevertheless, after D1, it was possible to recognize a particular
pattern in FIN, who recovered their wellbeing and positive mood.
Indeed, not only POMS Tension scores continuously decreased,
but also Vigor again attained values comparable to baseline
at POST. Enhanced positive mood or motivation may have
furthermore contributed to the observed recovery of vagal tone.
In fact, previous investigations have demonstrated associations
between enhanced parasympathetic drive in the frequency
domain and POMS Vigor, as well as energy index (i.e., the
POMS Vigor/Fatigue ratio) (Bisschoff et al., 2016), and the Vigor
subscale has been proposed as a marker of the overall autonomic
nervous system modulatory activity (Nuissier et al., 2007).

As mentioned above, this finding could be related to the
fact that completion of the race was approaching. On the
other hand, we found significantly lower POMS Total scores
(indicating reduced mood disturbance) paired with higher Borg
TQR values at D2 compared to D1 (even if not reaching statistical
significance). This reflects a trend of increase in psychological
wellbeing. As at POST, POMS Total was similar to PRE values,
but significantly higher than at D1 and D2, successful recovery of
mood disturbance in FIN is accentuated.

Moreover, during the first part of the race, as mentioned
above, the increased HR depicted the inability of participants to
recover completely. However, this event was not reported by data
of the Borg RPE scale (Figure 8), which, although in-race values
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had decreased, did not exhibit any significant changes across
the race. In this sense, it is likely that in the case of the YAU
competitors, the Borg RPE failed to detect the perceived exertion.

Results of Borg TQR in NON showed a significant correlation
between vagal indices and TQR scores at PRE, which may
suggest that the higher the parasympathetic tone, the higher
the perceived quality of recovery, underlining previous findings
about the effect of parasympathetic tone on perceived fatigue in
athletes (Bisschoff et al., 2016). However, this correlation was not
found at DI. Instead, only in NON, KSS Departure scores were
higher at PRE compared to D1. As the KSS has been extensively
validated to depict objective sleepiness (Kaida et al., 2006), this
subjective measurement indicates greater sleepiness, probably
due to impaired rest and insufficient recovery in NON compared
to FIN.

At PRE, no correlation between psychometric scales and HRV
indices was found in FIN. Nonetheless, at D1, KSS Departure
correlated negatively with the HR and positively with vagal
indices in FIN, i.e., the lower the HR and the higher the vagal
tone, the higher the subjective sleepiness upon departure. On
the other hand, the concomitant positive correlation between
Borg TQR and DFAa2 could suggest that subjects with higher
recovery and better sleep quality, were also in a state of
enhanced vigilance and alertness, ready to continue on the
trail. Nevertheless, we must admit that as we recorded HR
early in the morning, just after awakening, and DFAa2 has
been reported to be higher in awake states and REM sleep
than in light and deep sleep (Schumann et al., 2010), our
observations could also be influenced by the circumstances
of the measurement sessions, immediately after waking up.
The high adaptive potential in our FIN subjects promoting
recovery of initially increased mood disturbance, exertion and
sleepiness, paired with a concurrently re-increasing subjective
recovery status, presents several implications. Possibly, lower
sleepiness and therefore higher alertness would yield essential
importance for coping with the environmental challenges of
the YAU competition. Moreover, sleepiness and fatigue have
been associated with impaired cognitive, as well as physical,
function and performance (Fullagar et al., 2015). Therefore, the
ability to recover from attenuated psychometric wellbeing in
our high-achieving FIN once more underlines the importance of
adaptability.

Finally, comparison of mood states with normative data for
athletic samples (Terry and Lane, 2000) generally displayed
lower mood disturbance in our competitors (Figure9). At
baseline, POMS Depression, Fatigue, Confusion and Anger
were lower, with Vigor conversely being higher compared to
normative scores. Further comparison with normative data for
pre- and post-competitive assessment again confirmed the great
mental health in our participants, who had significantly higher
positive mood than compared to pre-competitive normative
values. During the first stages of the race, mood disturbance
significantly increased under the exhausting demands, but
recovered. Therefore, at POST, mood states in YAU participants
(except for Vigor scores) did not significantly differ from
normative data in post-competition assessment. To conclude, the
high adaptive capacity in our subjects, who attained recuperation

of gravely impacted mood states after enduring the extreme
in-race conditions and stress stimuli, is again underlined.
Practical applications of these findings are related to training
methods, highlighting the importance of high and/or fast
increasing vagal tone, and of mood states: the “mind,” i.e., mood
state and motivation, plays a crucial role, especially with respect
to such a long-lasting and highly demanding competition. In fact,
successful competitors were able to perform greatly also in the
second part of the race, where the decrease of HR was not coupled
directly with higher vagal drive (as instead was in the first part
of the race for FIN only), and the intervention of psychological
aspects could be hypothesized (see above). All in all, assessment
of HRV and psychological profile may contribute to monitor and
partly predict performance in such extreme environments.

LIMITATIONS

Given that this is an in-field study in extreme environments, a
number of possible limitations must be addressed.

First of all, the sample size of 16 may appear small, however,
considering that a total number of only 78 athletes competed
in the three investigated editions and 27 of them enrolled in
our study, we regard this number to be quite considerable and
sufficient under these specific conditions.

Moreover, there is a substantial difference in the distance
between the in-race checkpoints (i.e., D1, D2) selected to perform
measurement sessions and a study protocol over three equispaced
checkpoints may have been favorable. However, the choice of
measurement implementation was due to essential practical
concerns, as previously mentioned (see section Experimental
Protocol and Measurements). These concerns also held essential
importance for standardizing as much as possible measurement
conditions, (i.e., indoors facility, comfortable setting regarding
space, temperature, noise, and light exposure), especially
regarding HR beat-to-beat recordings.

Furthermore, we aimed to allow comparison of additional
data from HR continuous measurements with HRV and
psychometric parameters obtained at measurement points.
Therefore, continuous HR recording data were clustered and
were split up in the above-mentioned four sections (see
section Performance Assessment and Heart Rate Continuous
Recordings).

CONCLUSION

The main findings of this study are: (i) the extent of the early
vagal withdrawal, associated to the timing and potential of its
recovery, is crucial for success in this specific competition, (ii)
a pre-competition lower resting HR, coupled with a higher
vagal tone, would predict a better performance, as already
reported in the literature for endurance sports (Gratze et al,
2005; Buchheit, 2014), and (iii) psychological profile and
wellbeing is reliably depicted by mood state assessment with
the POMS questionnaire, but not by Borg fatigue scales, and
again associated with autonomic cardiac modulation. Successful
ultramarathoners were coping better already in early stages of
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the competition, which allowed recovery of cardiac autonomic
balance and positive mood, thus associated with higher athletic
achievement. Therefore, assessment of HRV and psychological
profile may contribute to monitor and partly predict performance
in such extreme long-duration competitions in extremely cold
environments.
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We evaluated gender-specific effects of two types of undergarments on exercise-
induced physiological and psychological stress and subsequent recovery in cold
conditions for male and female participants. Ten healthy men and eleven healthy women
(25.0 £ 1.5 versus 23.4 £ 1.2 years old, respectively) completed the experimental
session twice with two different types of undergarments: polyester or merino wool
leggings and long-sleeve tops; specifically, merino fabric had greater thermal resistance
and water absorbency, and less water vapor as well as air permeability than polyester.
Experimental sessions involved performing 1 h of exercise on a cycle ergometer at
8°C ambient temperature and 55% relative humidity, holding at 70-80 revolutions per
minute and 60% of each participant’s predetermined maximal power output (assessed
by maximal oxygen uptake test), followed by 1 h recovery in the same environment.
Every 5 min during exercise and every 10 min during recovery, rectal temperature, heart
rate, subjective ratings for thermal, shivering/sweating and clothing wetness sensations,
and clothing next-to-skin and outer side surface temperature and humidity on the
chest, back and thigh were recorded. All participants experienced high physiological
stress (assessed by physiological strain index) during exercise. No significant gender
differences were found in core temperature or heart rate changes during exercise, but
women cooled down faster during recovery. Next-to-skin humidity was similar between
genders and different garment sets during exercise and recovery, but such temperatures
at the chest during exercise and at the thigh during exercise and recovery were lower
in women with both sets of garments. Subjective thermal sensations were similar in all
cases. In the last 20 min of cycling, women started to feel wetter than men (P < 0.05)
for both garment sets. Shivering was reported as stronger in women in the last 10 min
of recovery. Most of the changes in the garment microclimates during exercise and
recovery in the cold were associated with gender-related differences rather than with
fabric-related differences.

Keywords: polyester, merino wool, undergarment, hyperthermia, physiological strain index, psychological stress
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INTRODUCTION

While exercising in a cold environment, the elevation of body
core temperature (Sawka and Young, 2006) causes an increase
in sweating (Sato, 1993). Mainly because of heat transfer by
water, which is 25 times greater than by air alone (Toner
and McArdle, 2011), heat loss in a cold ambient temperature
(T4) 5°C has been found to be twice as high when skin and
clothing are wet than when dry (Kaufman and Bothe, 1986). Heat
production during high-intensity exercise prevents a decrease
in core temperature, so warm clothing is unnecessary, but this
clothing might not protect the wearer after completion of the
exercise, or after being forced to stop exercise because of fatigue
or injury (Sawka and Young, 2006). In such health-threatening
conditions, an important feature of garments is to evaporate
sweat as quickly as possible from the body surface through high
water vapor permeability; rather than retaining evaporated sweat,
which normally condenses on the outer side of garments with a
knitted fabric structure. Garments should also keep the body as
warm as possible with low air permeability.

Synthetic garment materials such as polyester (PES)
(Gonzalez, 1987) or wool fiber are widely used during physical
activity. PES is characterized by poor absorbency, but with
organic additives comprising hollow fibers with an inner
hydrophobic layer and an outer hydrophilic surface, PES wicks
sweat away from the skin better than the more traditional cotton
fibers (Watkins, 1984). PES garments resulted in a lower heart
rate (HR) and core body rectal temperature (T,,) during 1 h
cycling at a T, of 23°C (Zhang et al., 2001), but during moderate
walking and following recovery at a T, of 2°C, participants
felt wetter with PES compared with cotton garments (Ha et al,,
1996). In general, wool fibers are both hydrophobic (repelling
water) and hygroscopic (absorbing moisture when dry), so
they can absorb or give off moisture. They also have better
thermal insulating properties than cotton or PES (Holcombe and
Hoschke, 1983; Hearle and Morton, 1986). Such properties of
wool can help regulate the skin temperature and the microclimate
of temperature and relative humidity (RH) in the space between
skin and the garment, which in turn can keep the wearer more
comfortable under a range of conditions (Li et al., 1992). Among
the different wool fibers, merino wool (MER) has been shown
to have the greatest amount of crimp and the maximum density
of scales, and these two characteristics contribute to its superior
thermal insulating capability (Holmér, 1985).

For next-to-skin garments, some physiological benefits (i.e.,
lower HR and later onset of a sweating response) in wearers
have been reported for upper-body single layer MER garments
compared with PES garments while exercising. This consisted
of 30 min running at 70% of maximal oxygen consumption
(VO2max), 10 min walking at 40% of VOyay in a T, 8°C
with an air flow of ~11 km/h during running and ~6 km/h
during walking (Laing et al., 2008). However, these benefits
disappeared when an air flow of ~7.2 km/h was applied during
the same exercise and T, conditions (MacRae et al., 2014).
These two studies revealed no differences for any perception of
wearer responses between first-layer garments (MER vs. PES).
Exercise-induced analgesia persisting to the recovery period (up

to 30 min) (Beaumont and Hughes, 1979) seems likely to have
blunted the wearers’ perceptions of any differences between the
undergarment types. Moreover, wool can easily absorb up to 30%
of its weight in moisture without feeling damp or clammy, and
that helps keep a layer of dry air next to the skin which, in turn,
helps to hold in body heat. Therefore, the 3-4 g of moisture
absorbed by MER and PES garments during exercise (MacRae
etal., 2014) might have failed to negate any impact of the clothing
type. However, to test this garment-specific response hypothesis,
a study involving a longer exercise-induced sweat release and
post-exercise recovery in a T, 8°C (to induce a shift from heat
to cold thermogenesis) (Gavit et al., 2001; Brazaitis et al., 2010) is
necessary.

In general, manufacturers do not separate sportswear
materials for women and men. Men have higher sweating rates
(Keatisuwan et al., 1996) and predominantly show evaporative
heat loss (Inoue et al, 2005) and commonly have a greater
total lean body mass than women (Anderson, 1999). In contrast,
women generally have a greater body surface area (BSA)-to-mass
ratio and higher percentage of body fat (Anderson, 1999), and
lose more heat by convection (Inoue et al., 2005). Nevertheless,
in the present study we questioned whether garments from the
same sportswear materials and knit structure could be equally
physiologically and/or psychologically efficient for male and
female subjects while exercising and recovering in the cold. It
has been demonstrated that whole body cooling in cold water
(2°C) after exercise-induced hyperthermia (T,, 39.5°C) had a
greater cooling rate in female than in male subjects (Lemire et al.,
2009), but this gender-specific difference disappeared when an
acute cold stress was induced by immersion in 14°C water from
normothermic conditions (Solianik et al., 2014, 2015). Moreover,
women are more sensitive to thermal stimuli and experience
greater thermal discomfort related to temperature changes than
men (Lautenbacher and Strian, 1991; Golja et al., 2003; Gerrett
et al., 2014). Hence, there is a question as to whether whole
body cooling after exercise-induced hyperthermia in cold air has
a similar gender-specific response on cooling rate to that found
in cold water, and whether wearing MER or PES full-length first
layer garments can modulate or prevent these health threatening
responses.

In this study, we aimed to evaluate gender-specific effects
on exercise-induced physiological and psychological stresses
followed by recovery in cold ambient conditions in subjects
wearing two different types of undergarments. Microclimates
created by the different first layer of garment sets were analyzed
without adding extra microclimates created by second layers,
which could blunt the true response (MacRae et al., 2014). We
expected that MER fibers compared with PES fibers might have
a greater capacity to absorb moisture and release heat to/from
surrounding air or skin, in a temperature- and RH gradient-
dependent manner (Shin et al., 2016). We hypothesized that both
genders, when carrying out similar intensity exercise regimens,
would reach alower T,, and HR while wearing the MER garment
set compared with the PES set because of higher water absorption
in the former. The high-intensity exercise used in this study
aimed to induce a high level of physiological stress [assessed by
physiological strain index (PSI), Moran et al., 1998], which might
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blunt sensitivity to wearing (Beaumont and Hughes, 1979) the
different garment types in both genders. During the post-exercise
resting period in T, 8°C conditions, hyperthermic women might
cool down faster than hyperthermic men and feel higher thermal
discomfort (Gerrett et al., 2014) and heat loss while wearing the
PES garment set compared with the MER set.

MATERIALS AND METHODS

Participants
After being informed of the purpose, experimental procedures
and known risks of the study, 10 men and 11 women volunteered
and signed a written informed consent to participate to this
study. They were considered healthy and physically active
with (1) age 20-30 years; (2) homogeneous relative VOaax
(ml-min_l'kg_l); (3) no excessive sport activities, i.e., <3 times
per week; (4) no involvement in any temperature-manipulation
program or extreme temperature exposure for >3 months;
(5) non-smokers; and (6) no medications that could affect
natural thermoregulation and/or tolerance to fatigue. Subjects
with Raynaud’s syndrome, asthma, neurological pathology,
or conditions that could be worsened by exposure to cold
environment or by high intensity exercise were excluded from
this study.

All procedures were approved by LUHS Kaunas Region
Biomedical Research Ethics Committee.

Experimental Design

Rationale for the Experiment

The experiment was designed to induce whole-body moderate
hyperthermia (T,, ~38.5°C; Lucas et al., 2015) and heat stress-
induced sweat release (0.8-1.4 L/h; Armstrong et al.,, 1993) in
subjects performing sustained high-intensity aerobic exercise
(60 min) and thereafter induce a thermoregulatory shift from
heat to cold thermogenesis during their post-exercise recovery
phase (60 min) in a T, 8°C, and to investigate the physiological
and psychological gender-specific responses in male and female
subjects wearing full-length first-layer garments made of MER or
PES.

Experimental Garments

The physical characteristics of the experimental clothing sets
are given in Table 1. All garments were made by the same
manufacturer (Omniteksas, Raudondvaris, Lithuania). Each
subject was provided with two types of garments, consisting of
a long-sleeved shirt and full-length leggings. Subjects were asked
for their typical garment size, and the sizes for the two garment
sets for each subject were the same. Each set was worn only once.
For each subject, the order in which the garment sets were tested
was randomized. For permeability to air we used the LST EN
ISO 9234:1997 testing standard, for water vapor permeability the
cup method STP-1:2014, for absorption ISO 18696:2006 and for
thermal resistance the LST EN ISO 11092:2015 testing standard.
At 24 h before study, all garments were placed at a thermally
neutral T, of 23°C and RH 30-40%.

Preliminary Procedures

Each participant visited the laboratory three times. The first time
was approximately 1 week before the experiment for assessing
maximal oxygen uptake (VOguay) (Stasiule et al., 2014). The
load for the experimental protocol was calculated based on this
capacity. Increasing ramp cycling load (ICL) was performed
on an electronically braked cycle Ergometrics—800S ergometer
(Ergo Line, Medical Measurement Systems, Binz, Germany) at
a pedal cadence of 70-80 RPM. The test was started by 3 min
of baseline pedaling at 20 W and was increased by 2 W every
5 s until the intensity of cycling could not be maintained at
the required level for longer than 10 s. The seat and handlebar
positions on the cycle ergometer were adjusted for each subject
prior to the initial exercise test and maintained in that position for
subsequent tests. VO34 was assessed using a mobile spirometry
system (Oxygen Mobile, Jaeger/VIASYS Healthcare, Hoechberg,
Germany). VOyay was used to determine the ICL setting for
work intensity based on the highest value of VO, reached
during 15 s of exercise. The relative VOy,4 was calculated by
dividing the absolute VO, per min with the body mass of the
subject.

Experimental Protocol

Each participant completed the experimental session twice, each
time with a different garment set (the order of testing was
randomized), but at the same time of the day, and with sessions
at least 5 days apart. Participants were asked to avoid strenuous
exercise within 40 h before, food within 3 h, and to avoid any
eating or drinking during all experiment sessions (from the first
to second weighing). First, the subject’s nude body was weighed.
After that, the participant inserted the T,. thermocouple by
themselves, as mentioned above, dressed in the relevant test
garment set and then entered the climatic chamber (Design
Environmental Ltd., Gwent, South Wales, United Kingdom).
In the climatic chamber, the subject sat at rest for 10 min.
Then, all measured parameters (T,., HR, subjective ratings, and
temperature and humidity of the clothing microclimates) were
recorded (set as time tp). They then underwent 1 h exercise ata T,
of 8°C and RH 55% on a cycle ergometer holding at 70-80 RPM
and at 60% of the subject’s predetermined maximal power output.
Every 5 min, T,,, HR, subjective ratings, and clothing surface
temperature and humidity were recorded. After the test session,
each participant had a recovery period. They sat on a stool
for 1 h in the same environment as when they performed the
exercise. Every 10 min, all measured parameters were recorded.
At the end of experiment each subject was weighed in the
nude.

Experimental Measurements

Physical Characteristics of the Participants

Each subjects anthropometric characteristics (Tanita UK
Ltd., Philpots Close, United Kingdom, accuracy £ 0.1 kg)
were estimated. The subjects body surface area (BSA, m?)
was  calculating  using  the  following  equations:
BSA = 128.1 x weight®* x height®®® (m?) for men and
BSA = 1474 x weighto'47 X heighto'55 (m?) for women
(Tikuisis et al., 2001). The body’s sweat loss was calculated by
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TABLE 1 | Physical characteristics of the experimental clothing fabrics.

Fabric Rib Air permeability Water vapor permeability Water Thermal resistance, Rg¢
(mm/s) (9/m2 per 24 h) absorbed (%) (M2K/W)

Merino wool (MER) 1+1 2411.5 4177 86.2 0.053

Polyester (PES) 1+1 2769.1 4439 53.5 0.027

subtracting the body mass measured after the experiment from
that measured before the experiment. Skinfold thickness (in mm)
was measured using a skinfold caliper (SH5020, Saehan, Masan,
South Korea) at 10 body regions (chin, subscapular, pectoral,
suprailiac, midaxillary, abdomen, triceps, anterior thigh, medial
collateral ligament and medial calf). Mean skinfold thickness was
calculated from these 10 skinfold sites (McArdle et al., 1992).

Measurements of Core Body Temperature and
Cardiovascular Responses

The T/, was measured using a rectal thermocouple (Rectal Probe,
Ellab, Hvidovre, Denmark; accuracy = 0.01°C) inserted to 12 cm
past the anal sphincter. This was inserted by each participant.
The HR was measured (S-625X, Polar Electro, Kempele, Finland)
throughout the testing and then consecutive 5 s average HR was
used for the analysis. T), and HR values were recorded after
10 min sitting at rest in the climatic chamber (time to) with an
T, of 8°C and RH 55%; every 5 min during the exercise and every
10 min during recovery. To assess physiological heat stress, we
calculated the PSI as described by Moran et al. (1998):

PSI = 5(Tret — Treo) X (39.5 — Treo) ™"

+5(HR; —HRy) x (180 — HRy) !

The T, and HRy measurements were taken before exercise;
Tt and HR; measurements were taken after 60 min of exercise.
This index was scaled to a range from 1 (no heat stress) to 10
(very high heat stress) within the limits of the following values:
36.5 < Tye < 39.5°C and 60 < HR < 180 beats min~".

Subjective Ratings

The method described by Ha et al. (1996) and adapted by
Brazaitis et al. (2010) was used to measure subjective ratings
for thermal, shivering/sweating and clothing wetness sensations.
Thermal sensation ratings ranged from 1 (very cold) to 9 (very
hot), with 5 being neutral. Shivering/sweating ratings ranged
from 1 (heavily sweating) to 7 (vigorously shivering), with four
being neutral. Reported sensations of clothing wetness ranged
from 1 (dry) to 6 (dripping wet). During exercise, participants
also were asked about perceived exertion using a Borg rating
scale (Borg, 1970) ranging from 6 (no exertion at all) to 20
(maximal exertion). Subjective ratings were recorded at the same
time points as the T,, and HR measurements.

Temperature and Humidity of Clothing Microclimates

The clothing surface temperature and humidity were measured
from six points: three between the skin and the experimental
clothing (defined as ‘next-to-skin’) and three points from the
outer sides of the garments. However, sweat rates on the chest,

back and thigh are greater in men than in women (Ichinose-
Kuwahara et al., 2010; Gagnon and Kenny, 2012), so thermistors
and humidity sensors (HMP-35A, Vaisala, Helsinki, Finland)
were placed on the chest, back and one thigh of all participants.
The temperature and humidity of the clothing were recorded
every 5 min during the exercise, and every 10 min during the
recovery period after exercise (at the same time points as T,,, HR
and subjective ratings).

Statistical Analysis

Data was analyzed using IBM SPSS statistics. The data are
presented as the mean =+ standard error of the mean (SEM).
The data were tested for normality of distribution using
the Kolmogorov-Smirnov test. Repeated-measures analysis of
variance (ANOVA) considering time x garment material (PES
vs. MER) x gender was used to analyze the differences
in thermophysiological responses of T,,, HR and in fabric
properties (microclimate temperature and next-to-skin and
outside humidity values). Where a significant main effect was
found, a post hoc test with Siddk correction was applied to clarify
significant differences. Changes during the exercise and recovery
were evaluated separately, using the same statistical analysis.
Paired-sample Student’s ¢-tests were used to estimate differences
in mean PSI and body sweat loss. The non-parametric Wilcoxon
signed-rank exact test was used to compare changes in subjective
ratings of perceptions (thermal, shivering/sweating and clothing
wittedness sensations) and perceived exertion levels. The changes
were calculated between genders with the same garment sets and
between different garment sets, but for the same gender during
exercise and recovery. For all statistical analyses, P < 0.05 was
considered significant.

RESULTS

Physical Characteristics of the
Participants

The female group compared with male group had significantly
lower height, body mass, body mass index and BSA, but they
had a higher body fat percentage and greater BSA-to-mass ratio
(P < 0.05) (Table 2). The groups did not differ in age, mean
skinfold thickness and relative VO,

Physiological Variables
Exercise Intensity
All participants performed exercise at the same relative intensity.

The 60% load of maximal power output for women was
138.25 + 6.15 W; for men, it was 174.55 + 6.90 W.
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TABLE 2 | Physical characteristics of the participants.

Male (n = 10) Female (n = 11)
Age, y 250+15 234+£12
Height, m 1.84 + 0.01 1.69 + 0.02*
Mass, kg 78.67 £1.9 60.07 + 1.7*
Body mass index, kg-m~2 23.31 £ 0.49 20.96 + 0.41*
Body fat, % 14.49 + 0.70 20.02 £ 1.27*
Body surface area, m? 2.00 +0.03 1.69 + 0.03*
Surface to mass ratio, cm?-kg~' 25414 +£ 317 284.16 + 3.04*
Mean skinfolds thickness, mm 10.42 + 0.96 12.33 +1.08
VO, max, ml-min~"-kg~" 4226+ 1.8 39.49+ 25

Values are shown as the mean + SEM. *P < 0.05 for women compared with men.

Rectal Temperatures

Ty values (all in °C) increased significantly during exercise in
all cases (Figures 1A,B). Women started performing exercise
with significantly higher absolute T, values (37.4 £ 0.1 for
PES and 37.5 £ 0.1 for MER) than men (37.2 = 0.1 for PES
and 37.1 £ 0.1 for MER) and reached significantly higher
T,. values at the end of exercise (38.7 &+ 0.1 for PES and
38.7 £ 0.1 for MER) compared with men (384 + 0.1 for
PES and 38.3 £ 0.1 for MER). Both genders with both sets
of garments reached moderate hyperthermic conditions at the
end of exercising. There were no significant differences between
the two fabrics or between genders for changes in T,, during
exercise.

During the recovery phase, men reached their initial T, faster
with PES garments (within 30 min, to 37.4 & 0.06) than with
MER (within 40 min, to 37.2 & 0.07). The men’s T,, did not
fall below their initial temperature during the remaining recovery
period. Women cooled down to their initial T, within 30 min of
recovery and, at the end of recovery, their T,, was significantly
lower (P < 0.05) than their initial T,, value; there was no
difference between the PES and MER garment sets. With the MER
set, women had significantly lower (P < 0.05) Ty, values than
did men.

Heart Rate

Changes in HR during exercise and recovery for the PES and
MER garment sets are shown in Figures 1A,B. Augmentation of
HR (all in beats min~!) was significant (P < 0.05) during exercise
in all cases (PES 99.90 & 3.31 and MER 102.30 &+ 4.62 for men;
PES 103.36 & 3.12 and MER 102.09 £ 2.74 for women), but
there were no significant main group effects. The HR recovered to
initial values only in men with the MER garments (within 50 min
of recovery). In all other cases, the HR stayed significantly higher
than the pre-exercise values. Overall, there were no significant
differences in the changes in HR between clothing conditions or
genders.

Physiological Stress
All participants experienced high physiological stress (increased
PSI) during exercise (Table 3). There were no significant

FIGURE 1 | Absolute variation of rectal temperature (T, in °C) and heart rate (HR in b-min~") of individuals wearing polyester (PES) or merino wool (MER) as ‘first
layer’ garment sets during exercise and recovery. Pre-exercise value (to) is taken as reference for variation calculation. T, values in women, 37.4 & 0.1 for PES (A)
and 37.5 + 0.1 for MER (B); in men, 37.2 £ 0.1 for PES (A) and 37.1 & 0.1 for MER (B). HR values in women, 72.2 + 3.3 for PES (C) and 74.3 + 2.7 for MER (D);
in men, 66.0 + 3.2 for PES (C) and 63.9 + 3.3 for MER (D). Values are shown as the mean + SEM (10 men, 11 women). *P < 0.05 compared with pre-exercise

values; *P < 0.05 between genders.
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main group effects seen when comparing genders and clothing
conditions.

Sweat Loss

Absolute sweat loss in women was significantly (P < 0.05) lower
than in men (PES 0.69 = 0.08 kg and MER 0.74 = 0.63 kg for men;
PES 0.53 =+ 0.04 kg and MER 0.57 = 0.05 kg for women), but the
ratio of sweat loss to BSA (Table 3) was similar between genders.
Both men and women had significantly higher (P < 0.05) relative
sweat losses when wearing the MER garment sets than with the
PES sets.

Perceptual Variables

Perceived Exertion

Subjective ratings of perceived exertion increased significantly
within 15 min of exercise and by the end of exercise reached a
rating of ‘very hard’ (Figure 2). No significant main group effects
were found.

Thermal Sensation

Figures 3A,B display the responses in thermal sensation during
exercise and following recovery in PES and MER clothing
conditions for both genders. There was a significant main
effect for time (P < 0.05), but there were no significant
differences between the genders or clothing conditions. Men
rated themselves as between ‘warm’ and ‘hot’; women between
‘hot’ and ‘very hot’ in the end of exercise. During recovery, there
was a shift from a heat-generated response to cold stress and all
participants started to rate themselves as being between ‘cool’ and
‘cold”’

Sweating/Shivering Sensation

Figures 3C,D display the responses in sweating/shivering
sensation during exercise and following recovery in PES and
MER clothing conditions for both genders. During exercise
there was a significant main effect for time (P < 0.05), but
there were no significant differences between genders or clothing
conditions. All participants rated themselves as being between
‘moderately sweating’ and ‘heavily sweating’ at the end of
exercise. During recovery, after shifting from heat to cold
stressors, women wearing the MER set reported a significantly
higher shivering rating than men with the MER set (between
slightly’ and ‘moderately shivering’ vs. between ‘not at all’
and Sslightly shivering, respectively) in the last 10 min of
recovery.

TABLE 3 | Physiological strain index (PSI) and relative changes in body mass
(sweat loss/BSA).

PSI Sweat loss/BSA, kg/m?
Male PES 7.21 £0.22 0.88 + 0.09
Male MER 7.08 +£0.33 0.94 + 0.08*
Female PES 7.60 £0.34 0.89 + 0.08
Female MER 7.62 +£0.31 0.96 + 0.09*

Values are shown as the mean + SEM (10 men, 11 women). BSA, body surface
area in m?. *P < 0.05 for wearing different garment fabrics in the same gender.

FIGURE 2 | Subjective ratings of perceived exertion. Values are shown as the
mean £+ SEM (10 men, 11 women). *P < 0.05 compared the fifth and
subsequent minutes.

Wetness Sensation

Figures 3E,F display the responses in wetness sensation during
exercise and post-exercise recovery in PES and MER clothing
conditions for both genders. There was a significant main effect
for time (P < 0.05), but there were no significant differences
between the clothing conditions. For both PES and MER garment
sets, wetness sensation was greater in women than in men
after 45 min of exercise. At the end of exercise, women rated
themselves as between ‘wet’ and ‘dripping wet’ when wearing the
PES set, and between ‘sticky’ and ‘wet’ when wearing the MER set;
men rated themselves as between ‘sticky’ and ‘wet’ when wearing
the PES set, and between ‘damp’ and ‘sticky’ when wearing the
MER set.

Garment Microclimates

Humidity Transfer

There were no differences in next-to-skin humidity between
genders or types of garment (Figure 4). All changes involved
differences in humidity outside the garments. A comparison of
temporal changes (Figure 5) showed that sweat permeability was
significantly higher (P < 0.05) in men than in women at the
back for both garment sets and at the thigh when wearing the
MER set during exercise. Sweat permeability at the back differed
significantly (P < 0.05) between the PES and MER garment
sets in men during recovery. Garment humidity returned to
the initial values at the thigh in all cases during the recovery
phase, but did not reach the initial values at the chest or
back.

Temperature

The next-to-skin temperature (Figure 6) and differences in
temperature between the next-to-skin microclimate and the outer
side of garment (Figure 7) was significantly (P < 0.05) higher
in men at the chest and thigh and did not differ at the back
(compared with women) during exercise, for both PES and MER
garment sets. The next-to-skin temperature was significantly
higher (P < 0.05) at the thigh in men than in women during
recovery for both clothing sets. The differences in temperature
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FIGURE 3 | A comparison of temporal changes in thermal sensation wearing (A) polyester (PES) or (B) merino wool (MER); shivering/sweating sensations wearing
(C) polyester (PES) and (D) merino wool (MER); and wetness sensations wearing (E) PES and (F) MER garment sets. Values are shown as the mean + SEM (10
men, 11 women). *P < 0.05 compared with pre-exercise values; P < 0.05 between genders.

between the next-to-skin microclimate and the outer side of
garment was significantly (P < 0.05) higher in men at chest
and thigh (compared with women), and significantly (P < 0.05)
higher in men at thigh compared PES and MER.

DISCUSSION

This study aimed to determine whether high-intensity aerobic
exercise followed by prolonged recovery (60 min) in a cold
environment (8°C) would induce gender-specific physiological
or psychological changes and whether wearing MER (natural) vs.
PES (synthetic) full-length first layer garments could modulate
such responses. In this study, we observed that although
both genders experienced similar levels of exercise-induced
physiological stresses (increased PSI), which accompanied similar

perceived sensations of exertion, women had a greater post-
exercise recovery cooling rate (decrease in T,,) than men in
cold air. These data agree with those of Lemire et al. (2009)
who showed that women had an approximately 1.7-fold greater
rectal cooling rate than men when recovering from exercise-
induced hyperthermia in cold water (2°C). They also suggested
that the BSA-to-mass ratio and body adiposity did not influence
core (rectal) cooling rates in previously hyperthermic individuals,
and attributed the differences in cooling rates to gender-specific
physical differences in lean body mass (Lemire et al., 2009).
In our study, men also had significantly higher mean lean
body mass (67.3 kg) than women (47.0 kg). Interestingly,
there were no gender differences in the rates of core cooling
when normothermic participants were immersed in 14°C water
(Solianik et al., 2014, 2015), suggesting that differences in lean
body mass alone do not fully explain the differences in cooling
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mean £+ SEM (10 men, 11 women). *P < 0.05 compared with pre-exercise values.

FIGURE 4 | A comparison of temporal changes in garment microclimate humidity next-to-skin values at the chest wearing (A) polyester (PES) and (B) merino wool
(MER) garment sets; at the back wearing (C) PES and (D) MER garment sets; at the thigh wearing (E) PES and (F) MER garment sets. Values are shown as the

rates. The greater cooling rates in hypothermic women might
be affected by their dominant cutaneous vasodilation heat loss
mechanism (Inoue et al., 2005). It is known that women lose
more heat by convection than by evaporation, whereas men
predominantly show evaporative heat loss (Inoue et al., 2005).
Women have a significantly greater BSA-to-mass ratio than
men (Table 2), and this is one of the indicators for a higher
cooling rate (McArdle et al., 1984). Furthermore, it has been
demonstrated that temperatures in active and inactive muscles
in women stay higher for a longer time after dynamic exercise
compared with men (Kenny and Jay, 2007), suggesting a larger
blood circulation in skin and muscles recovering from exercise
(Halliwill, 2001). Thus, it seems likely that in our study cutaneous
vasodilation, heat convection and low ambient temperature
played a major role for the greater heat loss seen in hyperthermic
women than in hyperthermic men during their recovery in cold
conditions.

According to Nielsen and Endrusick (1990) the perception
of humidity is mainly correlated with skin dampness. In our

study, despite the similar next-to-skin humidity of garments in
all measured locations (comparing genders and different fabrics),
women felt more wetness than men. Filingeri et al. (2013) showed
that humans could mistakenly have a sensation of local skin
wetness when in contact with a cold dry surface producing skin
cooling rates of 0.14-0.41°C/s. In our case, women had a lower
next-to-skin temperature at the chest and thigh during exercise,
which could create a sensation of dampness. Humans do not
have humidity receptors (Clark and Edholm, 1985) and how we
feel ‘wetness’ is still unknown. Ackerley et al. (2012) suggested
that humans feel this sensation from complex somatosensory
interactions integrating temperature and mechanical inputs at
different anatomical levels (Cappe et al., 2009; Ackerley et al.,
2012). Wet clothing in a cold environment feels colder then dry
clothing. Low temperatures perceived through thermoreceptors
such as small myelinated A3 and unmyelinated C-fibers could
play an important role in the perception of local skin wetness
(Campero and Bostock, 2010; Filingeri et al., 2013). Wet clothing
is also heavier then dry, so it creates higher friction and gives a

Frontiers in Psychology | www.frontiersin.org

46

August 2017 | Volume 8 | Article 1344


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Cernych et al.

Gender-Specific Responses in a Cold

FIGURE 5 | A comparison of temporal changes in garment humidity values at the chest wearing (A) polyester (PES) and (B) merino wool (MER) garment sets; at the
back wearing (C) PES and (D) MER garment sets; at the thigh wearing (E) PES and (F) MER garment sets. Results are shown as differences in humidity between
next-to-skin values and the outer side of garments. Values are shown as the mean + SEM (10 men, 11 women). *P < 0.05 compared with pre-exercise values;

#P < 0.05 between genders; &P < 0.05 significant difference between men when wearing different garment fabrics.

stronger stimulus to tactile receptors than a dry garment (Nielsen
and Endrusick, 1990). Women respond to acute stressors with
more intensely negative effects than men because of their
greater activity in brain regions that translate stress responses to
subjective awareness. This greater activity is found particularly
in limbic regions dense with gonadal hormone receptors (Ordaz
and Luna, 2012). Therefore, we speculate that the feeling of
humidity affects higher central nervous system levels, which are
more sensitive in women than in men.

We show that, despite the lower next-to-skin temperature in
women, thermal sensation did not differ between genders. We
probably feel hot while exercising in the cold by integrating
information about increased core temperature, and because the
skin receives warmer blood from the body’s center via peripheral
vasodilatation. The body core and dermis sense temperature
through spino-reticulo-hypothalamic pathways, which project
to the preoptic anterior hypothalamus and induce autonomic
thermoeffector responses. Two other pathways project to the
insula via the spino-thalamo-cortical route and cause thermal

and sweating sensations. During post-exercise recovery, when we
are sensitive to temperature changes, epidermal thermoreceptors
react to decreased heat production in combination with
low ambient temperature through the spino-thalamo-cortical
pathways, and trigger cold sensations and a shivering response
(Romanovsky, 2007; Nakamura and Morrison, 2008). In our
study, all participants showed high PSI values during exercise.
All stressors affect the activation of specific cognitive processes
(Feldman et al, 1995). Thus, exercise-linked stress causes
exercise-induced analgesia (EIA) as described by Beaumont
and Hughes (1979). They showed that performing exercise
with an intensity greater than 50% of VOgax for longer than
10 min elicits EIA associated with activation of the endogenous
opioid system via neural and hormonal changes during exercise.
This has similar effects to morphine and reduces sensitivity
to subjective perceptions (Ouzzahra et al., 2012). Therefore, it
seems likely that in our study sensitivity to thermal stimuli
was suppressed via such EIA and even higher absolute T,,
values in women did not influence stronger sensations of
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FIGURE 6 | A comparison of temporal changes in garment microclimate next-to-skin temperature at the chest wearing (A) polyester (PES) and (B) merino wool
(MER) garment sets; at the back wearing (C) PES and (D) MER garment sets; at the thigh wearing (E) PES and (F) MER garment sets. Values are shown as the
mean + SEM (10 men, 11 women). *P < 0.05 compared with pre-exercise values; #P < 0.05 between genders.

warmth. In post-exercise recovery, despite the women’s greater
shivering ratings while wearing the MER garment set, subjective
ratings of thermal sensations did not differ between genders.
Hoffman et al. (2004) showed that EIA-reduced pain ratings
persisted into a 30-min recovery phase after exercising at 75%
VO2max for 30 min. Here, we observed that during post-exercise
recovery in a cold environment, heat-induced stressors changed
to cold-induced stressors (Figures 1, 3). This suggests that EIA
together with a shift from heat-induced thermogenesis to cold-
induced thermogenesis had no gender-specific effect on thermal
perception during post-exercise recovery in a cold environment.

Proper selection of clothing layers is an important and
effective strategy in enabling the wearer to withstand prolonged
exposure to cool and cold environmental conditions (MacRae
et al., 2014). In general, the effectiveness of clothing as an
insulator is mainly because of the entrapment of air (a poor
conductor) between the body and garment, within the fabric

itself, and bound to body and garment surfaces. There is
experimental evidence showing that, compared with synthetic
fibers, wool can better mitigate the accumulation of free
moisture between fibers and yarns in a fabric (Schneider et al.,
1992), and buffer changes in both temperature and humidity
under transient conditions (Li et al., 1992). Considering this,
in our study we expected that the MER garment set with
lower thermal permeability than the PES fabric, together with
its higher thermal resistance, and specifically containing both
hydrophobic and hygroscopic properties would demonstrate
superior microclimate responses for humidity and temperature
transfer during exercise and recovery in the cold. However, we
found that for most of the variables measured in our conditions
both the PES and MER garment sets performed similarly in
terms of garment microclimate, and the subjects’ physiological
and psychological responses. Moreover, variability in clothing
microclimate during exercise and recovery highlights that overall
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FIGURE 7 | A comparison of temporal changes in garment temperatures at the chest wearing (A) polyester (PES) and (B) merino wool (MER) garment sets; at the
back wearing (C) PES) and (D) MER garment sets; at the thigh wearing (E) PES and (F) MER garment sets. Results are shown as differences in temperature
between the next-to-skin microclimate and the outer side of garment. Values are shown as the mean + SEM (10 men, 11 women). *P < 0.05 compared with
pre-exercise values; P < 0.05 between genders; &P < 0.05 significant difference between women wearing different garment fabrics.

clothing performance is governed by multiple factors in the
context of dynamic and realistic wearing conditions. This finding
provides further evidence that the performance of clothing
systems during exercise is complex, and comparisons based
on fiber or fabric characteristics alone are unlikely to reflect
this complexity (MacRae et al., 2014). In addition, changes
in garment microclimate during exercise and recovery in cold
environments had a gender-specific response in our study.
Experimental evidence has shown that men have higher local
sweat rates on the back, chest (Havenith et al., 2008) and
thigh (Inoue et al., 2014) than women. Consistent with this,
we observed greater local sweat release in men than women
on warmer skin surfaces, which wet both fabrics and then
spread out and evaporated. Thus, our results indicate that
sweat was properly adjusted by transfer from next-to-skin to
the outer side in both garment sets. However, the lack of
statistical significance between the two garment types might

have been because of insufficient sweat was released and the
high variabilities in humidity and temperatures measured within
subjects.

Despite the similar microclimates in terms of humidity and
temperature, it seems that MER garments, rather than PES
fabrics, induced relatively greater sweating in the cold for both
genders. It has been suggested that fabrics with poorer absorptive
capacity retain moisture on the skin and inhibit further sweat
stimulation, thereby reducing fluid losses (Laing et al., 2008). Ha
etal. (2010) found a similar tendency in thatlocal sweat rates were
greater in cotton clothing with high moisture absorption and
high air retention than in polyester clothing with low moisture
absorption and high air permeability. Presumably, some sweat
was absorbed by the MER fabric in our study because of merino
yarn’s ability to absorb liquids, but poor capacity to wick sweat
away;, as for PES fabrics. MER garments accumulate sweat within
the fabric, and in combination with long lasting cutaneous
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vasodilation after exercise in women, MER rather than PES
garments were associated with greater cooling rate and shivering
sensations during recovery. According to Moyen et al. (2014),
increases in RH also increase sweating rates, so we hypothesize
that the MER garments, which cover the body with absorbed
sweat, induced an effect similar to a humid environment. Because
of that, the relative sweating rates were higher when wearing MER
garment sets during exercise compared with the PES sets.

Limitations

The complexity of garment end performance during wear is
often not reflected adequately in comparisons based upon
fabric properties alone (MacRae et al, 2014). In agreement
with this, we observed high variabilities together with lack of
statistical significance between the microclimate of two garment
types measured within subjects during wear while exercising
and recovering in a cold environment. Conceivably, some
of our results might have reached significance with a larger
sample size. The present study is not statistically underpowered;
that said, power analysis indicated a power of 0.80-1.00 for
significant variables with low sample size (10 men and 11
women). Moreover, our environmental conditions were carefully
controlled, which makes it difficult to transfer conclusions to
real-life varying conditions. Thus, inferences about garment
characteristics drawn from fabric properties should be made
in cognisance of these limitations. Another point to consider
is that reproductive hormones in females may influence the
thermoregulatory system (Brooks et al., 1997; Farage et al., 2008),
mood (Miller and Miller, 2001), perception (Gescheider et al.,
1984), mental and physical function (Farage et al., 2008) during
exercise and recovery in the cold. Estrogen and progesterone
levels are reported to alter baseline core temperature (Brooks
et al., 1997; Farage et al, 2008). In the present study, there
were no significant differences in baseline T,, in female subjects
between two experimental visits, suggesting similar menstrual
cycle condition (i.e., similar hormone level). Moreover, effects
of different menstrual cycle phases on investigated physiological
and psychological responses in our study were out of scope
and thus not evaluated. Another limitation of our study is that
weaker thermoregulatory, perception and neuromuscular system
response to exercise and temperature conditions in children and
older people (Kenney and Munce, 2003; Gorianovas et al., 2013;
Brazaitis et al., 2017) suggest that the results of the present study
may not be directly applicable to children or older people.
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The aim of this study was to verify the hypothesis that hyperthermia represents a
cognitive load limiting available resources for executing concurrent cognitive tasks.
Electroencephalographic activity (EEG: alpha and theta power) was obtained in 10
hyperthermic participants in HOT (50°C, 50% RH) conditions and in a normothermic
state in CON (25°C, 50% RH) conditions in counterbalanced order. In each trial, EEG
was measured over the frontal lobe prior to task engagement (PRE) in each condition
and during simple (One Touch Stockings of Cambridge, OTS-4) and complex (OTS-6)
cognitive tasks. Core (39.5 + 0.5 vs. 36.9 + 0.2°C) and mean skin (39.06 + 0.3 vs.
31.6 4+ 0.6°C) temperatures were significantly higher in HOT than CON (p < 0.005).
Theta power significantly increased with task demand (p = 0.017, n? = 0.36) and was
significantly higher in HOT than CON (p = 0.041, 2 = 0.39). The difference between
HOT and CON was large (n? = 0.40) and significant (o = 0.036) PRE, large (n? = 0.20)
but not significant (p = 0.17) during OTS-4, and disappeared during OTS-6 (p = 0.87,
n2 = 0.00). Those changes in theta power suggest that hyperthermia may act as an
additional cognitive load. However, this load disappeared during OTS-6 together with
an impaired performance, suggesting a potential saturation of the available resources.

Keywords: EEG, hyperthermia, cognitive tasks, task complexity, overload

INTRODUCTION

Exposure to heat stress leads to the development of hyperthermia when the prevailing ambient
conditions become uncompensable. When hyperthermic, individuals stimulated with cold report
feelings of pleasure, whereas displeasure is expressed when heat stress is further increased
(Cabanac, 1987). Along with influencing the perception of pleasure, heat stress has been shown
to influence cognitive function. Indeed, marked increases in core and/or skin temperature have
been demonstrated to impair complex cognitive task performance (Hancock, 1986; Simmons et al.,
2008). Recently, a hypothesis was developed linking this impairment to the alliesthesial change
accompanying compensatory physiological responses to hot environmental conditions (i.e., strain
related to thermoregulation) (Gaoua et al., 2012). More specifically, increases in temperature
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during heat exposure generated unpleasant stimuli, as measured
by the Positive and Negative Affect Schedule (PANAS), which
could be considered as a ‘cognitive load.” It was proposed that
this load might reduce the available resources for concurrent
cognitive tasks. Interestingly, this could explain why reducing
thermal discomfort, by cooling the head, for example, can restore
some complex cognitive function in a hot environment (Gaoua
etal., 2011b).

It has been suggested that performance of cognitive tasks
under heat stress deteriorates when the total cognitive resources
are insufficient for both the task and the thermal stress (Hocking
etal., 2001). However, these findings have not been demonstrated
empirically. Electroencephalography (EEG) measures recorded
during cognitive tasks carried out in hot environments could
provide insight into this process. Most EEG studies have focused
on fluctuations in the theta (3-8 Hz) and alpha (8-12 Hz)
power bands (Klimesch, 1999; Smith et al., 2001, 2004), as this
allows discrimination between tasks having different workloads,
under both simulated and actual working conditions (Wilson and
Russell, 2003). Changes in alpha power are inversely related to
cognitive processing with Lang et al. (1988) reporting decreased
alpha activity when performing a concept formation task. Several
other reports have also shown decreased alpha activity in
association with increased task difficulty and the highest working
memory loads during several cognitive tasks (Earle and Pikus,
1982; Gundel and Wilson, 1992). Conversely, an increase in theta
power relative to rest has been reported during working memory
(Gevins et al., 1997; Ishii et al., 1999; Mizuhara et al., 2004)
and concentration tasks (Gevins et al., 1997; Ishii et al., 1999;
Aftanas and Golocheikine, 2001; Jensen and Tesche, 2002). Such
an increase in theta power over the frontal lobe is suggested to
indicate an increase in the workload and demand on working
memory (Kahana et al.,, 1999; Bastiaansen et al., 2002). Mean
theta activity has also been shown to increase toward the end
of difficult task sessions (Gevins et al., 1997) and when subjects
are tired, but attempting to remain vigilant (Paus et al., 1997;
Caldwell et al., 2003). An increase of theta power has also been
reported at the frontal midline sites of the scalp during working
memory and mental arithmetic tasks in the heat (Gevins et al,,
1997; Ishii et al,, 1999; Mizuhara et al., 2004). The elevated
theta power is associated with an increase in concentration and
heightened attention (Ishii et al., 1999; Aftanas and Golocheikine,
2001; Jensen and Tesche, 2002). This suggests that theta activity
is not strictly related to the amount of information being
manipulated, but to the level of mental effort being expended to
cope with the task. As such, theta oscillations may be the best
indicator of mental workload (Smith et al., 2001) and cognitive
fatigue (Smith et al., 2004).

Therefore, the aim of this study was to determine whether
cognitive resources are overloaded during passive hyperthermia
by investigating the EEG responses to tasks of varying
complexity. It was hypothesized that hyperthermia would
represent a load and, as such, limit the resources available for
performing cognitive tasks. This load would be characterized by
a decrease in alpha activity and increase in theta activity under
thermal strain, while an ‘overload’ during complex cognitive tasks
would lead to an impairment in performance.

MATERIALS AND METHODS

Participants

A total of 10 healthy males (35 £ 3 years, 79 + 11 kg,
175 &£ 5 cm; for age, weight, and height, respectively) volunteered
for the study. Participants were asked to avoid all vigorous
physical activity for the 24 h preceding the experiment. They
were also asked to avoid caffeine and nicotine intake, as well
as maintain their sleeping habits in the 24 h preceding each
trial. The Institutional Human Ethics Committee approved the
study, which was conducted in accordance with the Helsinki
Declaration.

General Procedure

After a familiarization trial, participants completed two
experimental trials: one in a hyperthermic state in hot conditions
(HOT: 50°C and 50% relative humidity) and another in a
normothermic control state in temperate (CON: 25°C and
50% relative humidity) condition, separated by 4-7 days,
in a counterbalanced design. Both experimental trials were
conducted at the same time of day in an environmental chamber
(Tescor, Warminster, PA, United States), with constant noise,
light (212 Ix), and ventilation (0.5-0.6 ms~!). During both
trials, participants wore shorts and a T-shirt. In order to avoid
the confounding effects of dehydration, water was provided ad
libitum throughout both experimental trials.

Familiarization Session

Commencing the experimental trials 1 week before, participants
completed a familiarization session during which they performed
the complete cognitive testing protocol and were accustomed
to EEG procedures. In addition, the cognitive testing software
(testing battery described below) provided a brief familiarization
that was repeated before each test.

Experimental Sessions

Before the experimental sessions, participants provided a urine
sample for the measurement of urine-specific gravity (Pal-10-S,
Vitech Scientific Ltd., West Sussex, United Kingdom) and
were then weighed (nude body mass). After 20 min of rest
for EEG electrode placement, they entered the environmental
chamber. Participants initially walked for 10 min on a motorized
treadmill (T170, COSMED, Rome, Italy) at 4 km.h~!. This
procedure was done to minimize the initial decrease in core
temperature (Tcore) related to the peripheral vasodilation. This
protocol has been employed by previous studies to promote
heat production without causing fatigue (Racinais et al., 2008).
After walking, subjects sat resting in the upright position inside
the environmental chamber for 35 min (CON) or until the
target Tcore Of 39°C (HOT) was reached. This target Tcore
was selected based on previous studies showing decrements in
cognitive performance from 38.7°C (Gaoua et al, 2011a) and
to avoid subjects reaching too high temperatures by the end
of the cognitive task. At this time, a planning task (OTS: One
Touch Stockings of Cambridge) with on-going EEG recording
was conducted. Prior to the cognitive testing, EEG recordings
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with eyes open were collected for 30 s in HOT or CON
conditions.

Temperature Recording

Core and skin temperatures were monitored using the
VitalSense® system (precision £ 0.01°C, Mini Mitter,
Respironics, Herrsching, Germany). A wireless Jonah™
ingestible thermometer pill, swallowed 5-7 h before the testing
session, was used to measure Tcore. The validity of ingestible
thermometer pills for monitoring Tcore has been confirmed
during both rest and exercise, making them a viable substitute
for more invasive methods (Casa et al., 2005). Wireless XTP
dermal adhesive temperature patches were used to measure
chest (Tchest), hand (Thang), and calf (T.yf) skin temperatures.
Both internal and external sensors sent data by telemetry to a
single data logger every 60 s. Mean skin temperature (T,)
was calculated using Burton’s (1934) weighted formula: 0.5
Tehest + 0.14 Thang + 0.36 Tear.

Cognitive Testing

The OTS test was performed upon reaching 39°C in HOT or
after 35 min of seated rest in CON. This test has been used in
previous studies investigating the effect of hot environmental
conditions on cognitive performance and was shown to be a valid
tool to differentiate the effects of heat on simple and complex
tasks (Gaoua et al., 2011a, 2012). This test was also used because
instead of categorizing different tasks as simple and complex, it
manipulates the complexity within the same task (Gaoua, 2010).
Hence, the mechanism required to perform the task and the
brain area being assessed remain constant, but the cognitive load
required to successfully complete the task is manipulated.

The OTS was performed during each trial using Cantab
software (CANTABeclipse, Cambridge Cognition, Cambridge,
United Kingdom) and hardware (a tactile screen and a touch
pad). Subjects were shown two displays containing three colored
balls. The displays were presented in such a way that they could
be perceived as stacks of colored balls held in stockings suspended
from a beam. Along the bottom of the screen, there was a
row of numbered boxes. Subjects were initially shown how to
move the balls in the lower display to copy the pattern in the
upper display. The experimenter completed one demonstration
problem, where the solution required one move, following which
the subjects completed three further practice problems, one each
of two, three, and four moves before starting the test. For the
test itself, subjects were shown further problems, requiring 2,
3, 4, 5, or 6 moves. Four of each of the task complexities
was randomly presented to the participants. Participants had to
mentally calculate the minimum number of moves required to
solve the problems, and then to touch the corresponding box
(1-6) at the bottom of the screen to indicate their response.
The outcome measures were the number of problems solved
on the first attempt, the latency to first responses (whether
correct or wrong) and the latency to correct responses. Measures
were analyzed for two different levels of complexity requiring
either 4 (OTS-4, simple) or 6 moves (OTS-6, complex). Each
measure was calculated by averaging the scores obtained over 4
trials.

EEG Recordings

Continuous EEG data was recorded using the NicoletOne LTM
system (Viasys Healthcare, Madison, WI, United States). Genuine
gold cup electrodes (10 mm diameter, Grass Technologies, West
Warwick, RI, United States) were affixed to the scalp with
conductive paste (EC2, Grass Technologies, West Warwick, R,
United States) and secured with a small gauze pad. A lightweight
hairnet was used to prevent the electrodes from moving. The
primary recording electrode was placed at the Fz position
and recorded with a paired mastoid reference and grounding
electrode at the Fpz position according to the International 10-
20 System (Homan et al.,, 1987). The frontal midline area has
been shown to be a primary activity region within the brain
during working memory tasks (Gevins et al., 1997; Ishii et al,,
1999; Mizuhara et al., 2004). All electrode impedances were
maintained below 10 kOhm. EEG data was sampled at 256 Hz,
low pass filtered at 0.3 Hz, high pass filtered at 35 Hz, and
stored on a computer hard disk for subsequent analysis. A Fast
Fourier Transformation (FFT) was calculated with 2-s bins using
a Hanning window with 75% overlap to yield the absolute power
values for the theta (3-8 Hz) and alpha (8-12 Hz) frequency
bands. These signal frequencies have been previously shown
to have very high test-retest reliability when measured in the
context of working memory tasks (McEvoy et al., 2000). Each
measure was obtained by averaging the values from consecutively
recorded 2-s data segments preceding correct responses during
all OTS-4 and OTS-6 tasks. Digital markers were applied during
data acquisition to represent the start and end (correct answer)
of each task. When correct answers were given in less than 2 s,
they were not used for analysis due to the limitations of the FFT
analysis (i.e., at least 2 s of data were required for analysis). For the
purpose of this study, measures at rest just before the cognitive
tests (PRE) during the OTS-4 and the OTS-6 were analyzed.

Thermal Perception

Thermal comfort and thermal sensation were recorded on
visual analogic scales ranging from very comfortable (0) to very
uncomfortable (20, white to black scale) and from very cold
(0) to very hot (20, blue to red scale). The scores ranging
from 0 to 20 were on the reverse sides of both scales and
only visible to the researcher. Higher scores represented feeling
less comfortable and hotter for thermal comfort and thermal
sensation, respectively.

Statistical Analysis

We used Shapiro-Wilk test and confirm that all data were
normally distributed. Data were coded and analyzed in SPSS
Version 17 software (SPSS, Chicago, IL, United States). A one-
way within-subjects ANOVA was performed to study the effect
of condition (CON, HOT). In addition, a two-way within-
subjects ANOVA was performed to analyze the effect of condition
as well as the effect of task (i.e., PRE, OTS-4, and OTS-
6) and potential interaction on EEG data. All variables were
tested using Mauchly’s procedure for sphericity. If a significant
condition x task interaction was found, pairwise comparisons
using a Bonferroni correction were used to compare the effect of
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condition at each time interval. The level of statistical significance
was set at p < 0.05. Moreover, effect-sizes are described in terms
of partial eta-squared (n?; with n? > 0.06 representing a moderate
effect and 2 > 0.14 a large effect, Cohen, 1969, pp. 278-280).

RESULTS

Temperature and Thermal Perception

The Tcore during the cognitive tasks was significantly higher
in HOT (39.1 £ 0.3°C) than in CON (369 =+ 0.2°C;
p < 0.05 12 = 0.97). Tgin was also significantly higher in
HOT (39.5 £ 0.5°C) than in CON (31.6 £ 0.6°C; p < 0.05,
n% = 1). Participants reported a higher thermal sensation in HOT
(16.2 £ 2.2) compared with CON (9.2 & 1.5; p < 0.05, 1% =0.95),
as well as higher thermal discomfort in HOT (12.7 &£ 5.3) relative
to CON (5.8 & 2.7; p < 0.05, n?> = 0.80). Body mass did not
change from the start to the end of the CON trial (+0.1%;
p > 0.05); however, a 0.4% body mass loss did occur during
the HOT trial (p < 0.05). Urine-specific gravity prior to the
experimental sessions was within the normal range for both HOT
and CON (1.011 =£ 0.007 vs. 1.016 = 0.008 g/ml).

Cognitive Function

During the OTS-4, latency to first response was shorter in
HOT than in CON (p = 0.018, n* = 0.48; Table 1). There
were no differences between conditions in the latency to the
correct answer (p = 0.38, n? = 0.09; Table 1) and the number
of problems solved on first choice (i.e., accuracy) (p = 0.59,
n? = 0.03; Figure 1). For OTS-6, accuracy was significantly
reduced in HOT compared with CON (p = 0.003, n? = 0.64;
Figure 1). The difference in the latency to the first response did
not reach significance (p = 0.058), however, presented a large
effect (n> = 0.34; Table 1). Moreover, latency to the correct
response was longer in HOT than in CON (p = 0.07, n> = 0.57;
Table 1).

EEG Responses

Theta power significantly increased with task demand (p = 0.017,
n? = 0.36) and was significantly higher in HOT than CON
(p = 0.041, n> = 0.39; Figure 2). The difference between HOT
and CON was large (n? = 0.40) and significant (p = 0.036) PRE,
large (n> = 0.20) but not significant (p = 0.17) during OTS-
4, and disappeared during OTS-6 (p = 0.87, n?> = 0.00). Alpha
power tended to decrease with task engagement with higher alpha
power PRE (2.06 + 0.8 wv?) compared to OTS-4 (1.4 £ 0.5 wvZ;

TABLE 1 | Latency to first choice and to the correct response for the OTS-4 and
OTS-6 in CON and HOT presented in mean + SEM.

CON HOT
oTS-4 Latency to first choice (s) 9.28 + 2.56 710 +£1.76*
Latency to correct (s) 10.13 £ 4.04 11.65 £ 3.52
OTS-6 Latency to first choice (s) 24,70 £ 14.27 15.93 + 5.85
Latency to correct (s) 2192 +£7.21 35.32 £ 9.72*

*Significant difference between conditions, p < 0.05.

FIGURE 1 | Number of problems solved on first choice during OTS-4 and
OTS-6 in CON (white bars) and HOT (black bars) environments. Values are
mean + SEM. *Significant difference between HOT and CON conditions.

FIGURE 2 | Theta power values obtained at PRE, during OTS-4 and OTS-6 in
CON (white bars) and HOT (black bars) environments. Values are
mean + SEM. *Significant difference between HOT and CON conditions.

p =0.102, n> = 0.28; Figure 3), but did not further decrease with
task complexity during the OTS-6 (1.4 & 0.6 LWV?). Changes in
alpha power were not associated with Tcore (p = 0.68, 1% =0.02).

DISCUSSION

The aim of this study was to determine whether cognitive
resources are overloaded during passive hyperthermia by
investigating the EEG response (i.e., alpha and theta power) in
the frontal lobe during simple and complex cognitive tasks. In
accordance with previous studies, our data indicate that accuracy
during complex cognitive tasks decreases in hot environments
with and without an increase in Tcore (Hancock, 1986; Racinais
et al., 2008; Gaoua et al,, 2011a,b). This decrease was previously
associated with a dynamic change in T¢ore (Hancock, 1986; Gaoua
et al., 2011b). Our study shows a similar decrease with a non-
compensable but stable increase in Tcore (239°C).

In the current study, hyperthermia was associated with a
reduction in accuracy in the number of problems solved on
first choice during the OTS-6 as well as an increase in the
latency to the correct response (Table 1). For the first time,
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FIGURE 3 | Alpha power values obtained at PRE, during OTS-4 and OTS-6 in
CON (white bars) and HOT (black bars) environments. Values are
mean + SEM.

our data provide some EEG insight to explain these results.
Indeed, EEG theta power was significantly elevated prior to
task engagement (PRE, Figure 2), suggesting that hyperthermia
imposed a cognitive load possibly related to the significant
increase in thermal discomfort. Despite this, the simple task
was successfully completed (Figure 1), but at a higher theta
activity (OTS-4, Figure 2). However, it appears that theta power
reached a threshold during the complex task beyond which it was
not possible to allocate additional cognitive resources (OTS-6,
Figure 2) to successfully complete the task, hence performance
decreased (Figure 1).

It was previously suggested that theta power increases with
greater memory demands (Gevins et al, 1997; Bastiaansen
et al, 2002). The current results confirm that theta power
significantly increases with task demand, as observed during
the complex cognitive task in CON (Figure 2). However, the
current data further shows that theta power also increases with
hyperthermia. This increase in theta power could be related
to the impact of physiological responses during heat stress on
cognitive function. It is interesting to note that at this time
subjects were hyperthermic but not actively engaged in any task
(PRE). Accordingly, heat stress may represent a load that drains
cognitive resources as in a dual task paradigm (Gaoua et al,
2011a,b).

Previous studies from Dubois et al. (1980, 1981) demonstrated
a general slowing of EEG activity in clinical patients suffering
from fever with a T¢ore 0f 38-40°C in association with an increase
in theta power (Dubois et al., 1980, 1981). In the current study,
the rise in Tcore to ~39°C induced an increase in theta power,
which was higher both PRE and during the OTS-4 in HOT
than in CON, despite there being no difference in performance.
Similar results were observed in a study using steady-state visual
evoked potentials (Hocking et al., 2001). This study demonstrated
that with increasing Tcore, the potentials increased in amplitude
and decreased in latency in the frontal lobe for working memory
tasks and in occipito-parietal regions for vigilance tasks, with
no significant difference in task performance compared to

control conditions (Hocking et al., 2001). This indicates that
despite changes in the underlying theta activity supporting task
performance during hyperthermia, OTS-4 accuracy was not
negatively impacted (Figure 1).

According to the multiple-resource theory, tasks using
separate resources may be performed simultaneously without
interference and, in the presence of resource conflict, the required
resource can allocate part of its processing time to each task
(Navon and Gopher, 1979). However, in the current experiment,
hyperthermia was an ongoing factor during the cognitive task
(i.e., concurrent processing time) and may have used similar
cerebral resources as the cognitive task (i.e., frontal lobe resource
conflict). This may have had an additive effect on cerebral
resources in the area involved, rather than involving new brain
areas (Adcock et al., 2000). The current data suggest that when
performing a simple task in a hot environment (e.g., OTS-4),
the cognitive load of the task and of the heat stress cumulate
and lead to a higher load, as indicated by the higher theta
values (Figure 2). Hence, working memory resources during
the OTS-4 were increased to maintain task performance. In
accordance with previous studies (Gaoua et al., 2011b), the speed
of response to the first choice during the OTS 4 was higher
in HOT compared to CON (Table 1) possibly in relation to
an increase in nerve conduction velocity and in impulsivity,
as previously observed in similar tasks performed in a hot
environment (Racinais et al., 2008; Gaoua et al., 2011b). However,
the latency to correct is a measure of both the time to process
the information and the time to register the response on the
screen. The absence of a difference between conditions in the
latency to correct response may indicate that when hyperthermic,
mental processing for a given task takes longer. The current
data show that during the more complex OTS-6 task, speed
of response was not different between conditions, but that
more mistakes were made in HOT. This result is different
from previous studies that have observed an improvement
in reaction time during complex cognitive tasks in the heat
(Simmons et al, 2008; Gaoua et al, 2012), and may relate
to additional efforts being made to mobilize greater mental
resources during the complex task. This premise is supported by
the increase in theta power noted during OTS-6 compared to
OTS-4 in CON.

Interestingly, our data showed that performance during the
complex task (ie., OTS-6) was impaired in HOT. This may
be due to interference between two concurrent tasks requiring
activation of the same part of the neural cortex (Klingberg, 1998).
Indeed, interference has been observed between two cognitive
tasks (Jaeggi et al., 2003), two motor tasks (Wenderoth et al,
2005), during the combination of a cognitive and a motor task in a
temperate environment (Lorist et al., 2002), and during exercise-
induced fatigue in a hot environment (Hocking et al., 2001). Our
data suggest that heat stress also interferes with complex cognitive
task performance and that cognitive resources may reach a critical
threshold and become overloaded during hyperthermia, resulting
in a decrease in performance. This supports the idea that there
is a single pool of cognitive resources one can withdraw from
(Kahneman, 1973) and that cognitive performance is impaired
when combined with heat stress, but not when it is completed in
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normothermic conditions. In this case, the absence of a dual-task
decrement during the OTS-4 can be explained by single resource
theory on the assumption that the combination of tasks, or in the
current study the combination of the OTS-4 and hyperthermia,
does not exceed the upper threshold on the available resources
(i.e., the task can be completed without interference) (Kahneman,
1973). It is worth noting that participants in the current
study were passively exposed to heat stress with no option for
behavioral thermoregulation, other than hydration. Hence, the
decrement in resources could only influence the cognitive task
(OTS-6).

Several reports have shown decreased alpha activity in the
occipital and parietal regions of the brain in association with
increased task difficulty and the highest working memory
loads during several cognitive tasks (Earle and Pikus, 1982;
Gundel and Wilson, 1992). Our study shows that this decrease
in alpha activity also occurs in the frontal area with task
engagement (OTS-4 and OTS-6, Figure 3). Higher alpha
power is associated with reduced cortical activity and has
been described as cortical idling, with a greater availability of
resources for engagement in cognitive tasks (Klimesch, 1999).
Interestingly, in the HOT condition alpha power appeared to
be slightly higher during the OTS-6 than the OTS-4 (Figure 3).
However, this task-related increase in alpha power during
working memory tasks has been observed elsewhere (Jensen
et al.,, 2002; Busch and Herrmann, 2003; Cooper et al., 2003;
Sauseng et al., 2005, 2009). This paradoxical response in alpha
activity during task engagement has been suggested to reflect
the inhibition of task-irrelevant/interfering processes (Klimesch
et al, 2011), such as the environmental and physiological
heat stress in our experiment. Thus, we conclude that despite
the attempt to manage the cognitive load associated with
hyperthermia, there was no re-allocating of additional working
memory resources as seen by no further increase in theta
activity.

This study is not without limitations. Despite using a
familiarization session and randomizing the trials in HOT and
CON, it is possible that some other factors may have influenced
cognitive performance and the associated EEG responses. These
factors may include differences in motivation, fatigue, and
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The present study investigated the cortical areas engaged in the perception of
graviceptive information embedded in biological motion (BM). To this end, functional
magnetic resonance imaging was used to assess the cortical areas active during the
observation of human movements performed under normogravity and microgravity
(parabolic flight). Movements were defined by motion cues alone using point-light
displays. We found that gravity modulated the activation of a restricted set of regions
of the network subtending BM perception, including form-from-motion areas of the
visual system (kinetic occipital region, lingual gyrus, cuneus) and motor-related areas
(primary motor and somatosensory cortices). These findings suggest that compliance
of observed movements with normal gravity was carried out by mapping them onto the
observer’'s motor system and by extracting their overall form from local motion of the
moving light points. We propose that judgment on graviceptive information embedded
in BM can be established based on motor resonance and visual familiarity mechanisms
and not necessarily by accessing the internal model of gravitational motion stored in the
vestibular cortex.

Keywords: biological motion, gravity, functional MRI, motor resonance, form-from-motion perception

INTRODUCTION

Earth’s gravity is an important factor that influences visual perception. Psychophysical experiments
demonstrated that several spatiotemporal characteristics of a visual scene are estimated employing
implicit knowledge about the effects of gravity on moving objects in the physical world. For
instance, visual gravity cues contribute to the perception of size, distance and flight time of falling
objects (Watson et al., 1992; Huber and Krist, 2004; Brouwer et al., 2006; Moscatelli and Lacquaniti,
2011). Motion naturalness of a freely swinging pendulum is also established judging violations of
the natural relation between period and length imposed by gravitational acceleration (Pittenger,
1990). Furthermore, manual interception of falling objects under microgravity is not accurately
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timed given the lack of object acceleration (McIntyre et al., 2001;
Senot et al., 2012). Based on the fact that the visual system is
quite poor at estimating image accelerations (Werkhoven et al.,
1992), the above predictive behaviors in visual perception and
interceptive responses involving knowledge about gravity were
in favor of the existence of an internal model of gravitational
motion internalized in the human brain. Functional magnetic
resonance imaging (fMRI) experiments tested this hypothesis
and demonstrated that an internal model implemented within
a vestibular neural network, including the posterior insula, the
retroinsular cortex and the temporoparietal junction, transforms
the gravity vector into an abstract representation accessible by the
visual system to establish judgments on gravitational motion of
objects (Indovina et al., 2005; Lacquaniti et al., 2013). Likewise,
Indovina et al. (2013) showed that a similar network is engaged
during vertical self-motion coherent with natural gravity.

There is also evidence that gravity cues are critical for the
visual perception of biological motion (BM) as presented with
point-light displays (Jokisch and Troje, 2003; Shipley, 2003;
Troje and Westhoff, 2006). Such displays, first described by
Johansson (1973), convey a vivid impression of figures in
motion, which is already decoded by young infants (Fox and
McDaniel, 1982). The rudimentary information contained in
point-light displays of BM is sufficient even to solve sophisticated
recognition tasks, including identity and gender recognition
(Cutting and Kozlowski, 1977; Kozlowski and Cutting, 1977;
Pollick et al., 2005), emotion recognition (Pollick et al., 2001),
and understanding of social interactions (Centelles et al., 2011).
Interestingly, the detection and recognition of BM from point-
light displays are disrupted once they are turned upside down
(Sumi, 1984; Pavlova and Sokolov, 2000). An explanation for this
‘inversion effect’ would be that the novel orientation of the display
makes the form of the stimuli unfamiliar so that individuals are
no longer able to extract form and then determine the action
(Reed et al., 2003). Nevertheless, it has been demonstrated that
even when form information is disrupted, perception of the
displays is still subjected to an inversion effect, which in turn
likely results from the violation of the familiar (earth-based)
spatiotemporal relations between body joints specified by the
kinematics (Shipley, 2003; Troje and Westhoft, 2006). Therefore,
the visual perception of BM from point light displays involves
picking-up dynamic information from the kinematics of body
movements that relies on the natural gravity.

At the brain level, a sensitivity to the inversion effect (as
obtained by contrasting intact and inverted point-light displays)
was found in several regions belonging to the BM perception
network (Saygin et al., 2004), especially the occipito-temporal
cortex and regions in the parietal (ie., intraparietal sulcus)
and frontal (ie., caudal part of the middle/inferior frontal
gyrus) lobes (Grezes et al, 2001; Grossman and Blake, 2001;
Pavlova et al., 2004; Peuskens et al., 2005). With respect to the
occipito-temporal cortex, data from Maffei et al. (2015) suggest
that activity changes induced by displays with a non-normal
gravitational kinematics is related to backward modulatory
influences from regions that internalize the effects of Earth
gravity on visual motion in general, namely the insula and the
temporoparietal junction (Indovina et al., 2005, 2013; Lacquaniti

etal.,,2013). Thus, modulation of activity in the occipito-temporal
cortex would signal mismatches (errors) between incoming and
expected stimuli as predicted by the internal model of gravity
stored in the vestibular cortex, meaning that predictive coding of
gravity effects contributes to BM interpretation. However, there is
no evidence that activation gradients in the previously mentioned
posterior parietal and frontal regions when inverting BM displays
constitute prediction errors that relate to the internal model of
gravitational motion. It can only be argued that these regions are
commonly involved during the execution and the observation of
movements (Rizzolatti and Craighero, 2004; Dinstein et al., 2007;
Kilner et al., 2007; Chong et al., 2008; Kilner et al., 2009; Saygin
et al., 2012), or otherwise are core nodes of the mirror-neuron
system (MNS) whose activation is often interpreted within the
framework of motor resonance, whereby an observed action is
understood through mapping onto the observer’s own motor
representation. In this framework, interpreting gravitational cues
embedded in BM would rely on a mechanism that §udges’ the
compliance of the observed BM with naturalistic (Earth-based)
BM stored in the observer sensorimotor repertoire, that is a
sort of implicit coding of gravity effects that may not require a
predictive code from the internal model of gravity.

Relevant to this explanatory framework is the fact that
activity within the MNS was found to be sensitive to human
kinematic invariants during action/motion observation (Dayan
et al., 2007; Casile et al., 2010). In particular, these experiments
reported that compliance of the moving stimuli with a natural
law of motion (i.e., the two-thirds power law) was reflected
in stronger activation in certain areas of the MNS, especially
motor-related areas (e.g., ventral premotor cortex). Therefore,
the more plausible the kinematics of the observed action, the
stronger the resonance of the MNS. Alternatively, studies also
examined the hypothesis that regions of the MNS, including
motor-related and parietal areas, should not be active during
the observation of biomechanically impossible movements that
are not part of the observer’s motor repertoire (Stevens et al.,
2000; Costantini et al., 2005). Although findings by Stevens et al.
(2000) suggest that motor and parietal cortices are selectively
activated to process movement that conforms to the capabilities
of the observer, Costantini et al. (2005) showed that premotor
areas coded movement regardless of whether it is biologically
possible or impossible while parietal areas coded for movement
plausibility (i.e., an activation gradient between possible and
impossible movements). Overall, despite certain discrepancies, all
these studies tend to demonstrate that violations of the physical
laws that apply on Earth in displayed movements is inferred using
motor resonance, with the sensory inputs being mapped onto
one’s own body motor repertoire and thus coding the possibility
of actually performing the same movements.

The present fMRI study investigated the cortical regions
responsible for detecting graviceptive information during
visual perception of BM. Gravity cues were manipulated by
presenting point-light displays depicting a person moving under
normogravity or microgravity, the displays having been recorded
during parabolic flights (see Materials and Methods for details).
The displayed avatars executed the same movements in both
normogravity and microgravity so that shape characteristics
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changed only marginally between the two conditions but with
different kinematic characteristics. We expected that coding of
gravitational content in BM displays engages motor resonance,
which should be reflected in a larger activity in regions of the
MNS (i.e., a larger motor resonance) for normogravity BM
displays given the closer match between the observed action and
the observers’ own sensorimotor representations.

MATERIALS AND METHODS

Participants

Twenty healthy right-handed volunteers (mean = SD [range] age:
36 & 8 [27-45] years; 9 females) participated in the study. All the
participants were naive as to the purpose of the study and never
experienced microgravity. This study was reviewed and approved
by the local Ethics Committee “CPP Sud-Méditerranée 1.” Before
the study, all participants provided written informed consent.
This study was carried out in accordance with the Declaration
of Helsinki.

Stimuli

The stimuli were three-second silent point-light displays of
human movements. The displays were created by videotaping
actors (1 woman and 1 man) who performed various movements
of everyday life, including standing-up from or sitting on a chair,
crouching, moving the arms/legs in isolation or in combination,
touching the floor from a sitted position, stepping aside, and
tilting forward or backward. Specifically, the displacements of
22 markers (15 mm in diameter) taped onto major body parts
(top of the head, acromions, elbows, wrists, metacarpophalangeal
joint of the index fingers, manubrium, xiphoid process, navel,
hips, greater trochanters, knees, ankles, toes) of the actors were
sampled at a rate of 120 Hz with a four cameras SMART-E motion
analysis system (BTS, Milan, Italy). Accordingly, each actor was
depicted by a set of white dots moving against a black background
(Figure 1).

The recordings took place onboard the French Airbus A300-
Zero G (Novespace) during three parabolic flights. In parabolic
flight, the aircraft is put into a suborbital trajectory (30 parabolas
per flight) that provides free-fall. Each parabola includes a pull-up
phase and a pull-out phase, each 20-22 s long, where occupants
are subjected to around 1.75 times the force of gravity, and a
microgravity phase in the middle that lasts about 20 s where
gravity is close to zero (0.02 & 0.018 g). Each parabola is followed
by 2 min of normogravity (1 g). Therefore, we recorded the
actors’ movements during the microgravity and normogravity
phases. In the microgravity phase, the actors always had at least
one foot attached on the floor of the aircraft, so that they were
not free-floating. This ensured that form characteristics of the
point-light displays were comparable under both microgravity
and normogravity for similar movements. Furthermore, the
starting positions of the different movements depicted in the
displays were standardized, the actors having either executed
the movement starting from a standing upright position or sitting
on a chair. Besides, the viewpoints could differ from one point-
light display to another depending on the movement performed

and each point-light display was presented in two different
viewpoints to increase the number of stimuli. The set of stimuli
was composed of 84 point-light displays in total, including 42
normogravity displays and 42 microgravity displays. The 42
displays per condition corresponded to 21 different movements
multiplied by the two viewpoints.

Experimental Design

The participants, lying inside the fMRI scanner, had to watch
the point-light displays and indicate whether the movements
were performed under normogravity or microgravity (Figure 1).
The task consisted of three runs of 84 trials each. Each
experimental run lasted approximately 11 min. A trial included
a point-light display (3 s), followed by an instruction display
asking whether the movement was performed on Earth (ie.,
normogravity) or in Space (i.e., microgravity). The participants
had 2 s maximum to respond as accurately as possible with
either of two buttons on a keyboard corresponding to a green
or red rectangle on the screen, with the former rectangle coding
for a movement performed on Earth and the latter rectangle
for a movement performed in Space. A fixation cross was
then displayed during the inter-trial interval for an average
of 3 s (range 1-12 s), obtained from exponential distribution
(Hagberg et al., 2001). The order of the point light displays,
including 42 normogravity and 42 microgravity displays per
run, and the left-right locations of the rectangles on the
screen were randomized across participants and across the three
runs.

Stimuli were back-projected onto a semiopaque screen placed
at the back end of the MRI tunnel. Participants viewed
the displays through tilted mirrors placed over their eyes.
They responded with their right index and middle fingers
using an MRI-compatible response box. Responses (accuracy)
were recorded using a custom software developed using
LabVIEW (National Instruments, Austin, TX, United States).
Before scanning, the participants had been instructed and had
performed a few practice trials on a computer outside the
scanning room to ensure understanding of the task.

fMRI Data Acquisition

The experiment was performed using a 3-T fMRI scanner
(Medspec 30/80 AVANCE, Bruker, Ettlingen, Germany). EPI
BOLD images were acquired over the three runs (i.e., three fMRI
time series) with a T2* weighted gradient echo-planar imaging
sequence [repetition time: 2133.3 ms; echo time: 30 ms; flip
angle: 79.5°; 3 mm isotropic voxel size; reco matrix: 64 x 64;
32 interleaved axial slices with 1 mm gap; field of view (FOV):
192 mm x 192 mm]. The scanning planes were parallel to
the anterior commissure/posterior commissure and covered the
whole brain from the top of the cortex down to the base of the
cerebellum. Structural MRI data was acquired using a standard
T1-weighted scanning sequence of 1 mm? resolution (MPRAGE;
repetition time: 9.4 ms; echo time: 4.424 ms; inversion time:
800 ms; FOV: 256 mm x 256 mm X 180 mm, reco matrix:
256 x 256 x 180) to allow anatomical localization of brain
activation.

Frontiers in Psychology | www.frontiersin.org

August 2017 | Volume 8 | Article 1396


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Cignetti et al.

Gravity Cues in the Brain

3 s during which a fixation cross was displayed at the center of the screen.

FIGURE 1 | Task procedure. Participants observed the display (either normogravity or microgravity) on the screen for 3 s and had 2 s afterward to indicate whether
the movement was performed on Earth (green rectangle) or in Space (red rectangle). Trials were separated by a jittered inter-trial interval (ITl) with a mean duration of

fMRI Data Preprocessing and Analysis

Data preprocessing was conducted following the standard SPM8
(Wellcome Department of Imaging Neuroscience, London,
United Kingdom') workflow for fMRI (Friston et al., 1995;
Henson et al.,, 1999). Each run consisted of 317 scans, including
six dummy images of magnetic field saturation that were
discarded before analysis. The remaining images were slice-time
corrected. After discarding the last two volumes, these images
were realigned to the first image of the time series (6-parameter
rigid body) to correct for head movement between scans, and a
mean realigned image was created. The realigned images were
also “unwarped” to reduce residual movement-related variance
(Andersson et al., 2001). Each structural MRI was co-registered
to the corresponding mean realigned image, and normalized to a
template in the stereotactic space of the Montreal Neurological
Institute (MNI) by matching gray matter with a priori gray
matter template (Ashburner and Friston, 2005). Normalization
was then applied to the functional images before smoothing with
a6 mm X 6 mm X 6 mm Gaussian kernel. The absence of gross
normalization errors was visually confirmed by an experienced
operator for all participants. No excessive head motion were
observed (i.e., cumulative translation and rotation <3 mm and
3° and mean point-to-point translation and rotation <0.15 mm
and 0.1°).

Statistical analysis of the fMRI time series was based on the
general linear model (GLM) approach (Friston et al., 1994, 1995).
The GLM design matrix included the two gravity conditions
(i.e., normogravity and microgravity), the instruction, and the
fixation cross, which were modeled as boxcar regressors and were
convolved with the canonical hemodynamic response function

Thttp://www.fil.ion.ucl.ac.uk/spm/software/spm8

of SPM8. Furthermore, the design matrix also included the
participant’s realignment parameters, to regress out residual
movement-related variance. Low-frequency drifts were removed
from images using high-pass filtering (1/128 Hz). Contrasts
of interest were defined at the first level of analysis (ie.,
participant-level) to reveal areas coding for: (i) the perception
of human movement in point-light displays (i.e., voxels where
parameter estimates of the normogravity and microgravity
regressors were significantly greater than baseline; labeled
“normogravity > baseline” and “microgravity > baseline”); and
(ii) gravity information embedded in the displays (i.e., voxels
where parameter estimate of the normogravity regressor was
significantly greater than that of the microgravity regressor,
and inversely; labeled “normogravity > microgravity” and
“microgravity > normogravity”). For contrasts (i), active voxels
common to both normogravity and microgravity effects were
identified by using the contrast “microgravity > baseline” as
an inclusive mask of the contrast “normogravity > baseline.”
Exclusive masking was also conducted to reveal areas that
might have been specifically activated by normogravity or
microgravity, although results were insignificant (see Results
section). Contrasts (ii), i.e., “normogravity > microgravity” and
“microgravity > normogravity,” were masked inclusively with
the contrast “normogravity > baseline” to discard any voxel
whose activation was unrelated to gravity information (i.e., voxel
that can be considered as false positive). Individual contrast
maps were then entered into a second level (random effect)
full group GLM. It is worth emphasizing that identical results
were obtained when implicit baseline (zero) was replaced by
the weight of the regressor modeling the fixation periods (see
Results section). With respect to group-level analyses, multiple
comparisons correction of statistical maps was conducted using a
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cluster-based extent thresholding for p < 0.05 (FWER-corrected)
calculated based on the Gaussian random field method and
following previous recommendations (Woo et al., 2014).

RESULTS

All participants were successful in performing the categorization
task inside the scanner, with a good and similar categorization
accuracy for both the normogravity and the microgravity displays
as assessed using independent two-sample t-test (mean + SD:
75.85 £ 7.55% and 72.98 & 8.22%, respectively; t = 1.15; p = 0.25;
d=10.36).

As previously mentioned, a first analysis of the fMRI data
consisted in identifying brain regions that were similarly
activated during the observation of point light displays
independently of whether the movements were performed
under normogravity or microgravity. For this purpose,
we identified voxels that were common to the contrasts
“normogravity > baseline” and “microgravity > baseline,” by

masking inclusively (p = 0.05) the latter contrast with the
former contrast (Figure 2 and Table 1). Results indicated that
the observation of point light displays moving either under
normogravity or microgravity led to a widespread pattern of
activity, with significant clusters of activation located in frontal,
parietal and occipito-temporal regions. In particular, regions
subtending the pattern of activity included the middle occipital
gyrus, the lingual gyrus, the fusiform gyrus, the superior,
middle and inferior temporal gyrus, the cuneus, the inferior and
superior parietal lobules, motor-related areas (primary motor
cortex, primary somatosensory cortex, pre-motor cortex, and
pre-supplementary motor area) and the inferior frontal gyrus.
On the other hand, neither the “normogravity > baseline”
contrast nor the “microgravity > baseline” contrast revealed
exclusive clusters of significant activation, as examined by
looking for activated voxels in either contrasts while using an
exclusive masking approach (i.e., “normogravity > baseline”
masked exclusively by “microgravity > baseline,” and inversely).
Therefore, the networks subtending the perception of human
movement under either microgravity or normogravity perfectly

gyrus; LgG, lingual gyrus; MOG, middle occipital gyrus.

FIGURE 2 | Brain areas activated by the point light displays independently of the gravity condition. The activation pattern was obtained by masking inclusively

(p = 0.05) the contrast “microgravity > baseline” with the contrast “normogravity > baseline.” Activations are thresholded at p < 0.001 (uncorrected) at the voxel
level and at p < 0.05 (FWE-corrected) at the cluster level. Abbreviations: M1/S1, primary motor and somatosensory cortices; PMd, dorsal premotor cortex; PMv,
ventral premotor cortex; pre-SMA, pre-supplementary motor area; IFG, inferior frontal gyrus; IPS, intraparietal sulcus; STS, superior temporal sulcus; FG, fusiform
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TABLE 1 | Activated brain regions during the observation of point light displays, as
obtained by masking inclusively (p = 0.05) the contrast “microgravity > baseline”
with the contrast “normogravity > baseline.”

Region BA Side XY,z V4
Cluster #1: 6082 voxels
Middle occipital gyrus 18/19 R 30, —87, 12 >8
30, -84, 21 >8
L —30, —93, 12 >8
-30, —87,12 >8
—-27,-90, 15 >8
Fusiform gyrus 19 R 27, =75, -12 7.79
L —21, -81, -12 >8
Lingual gyrus 18 R 9, —87, —6 6.28
L -6, —87, -9 7.33
Superior temporal gyrus 22 R 60, —36, 21 7.69
L —62, =37, 20 6.06
Middle temporal gyrus 37 R 48, —63, 3 >8
L —42, —66, 6 >8
Inferior temporal gyrus 19 R 48, —62, —4 >8
L —45, -72, 0 >8
Cuneus 17 R 12, -96, 3 7.82
L —15, —96, 6 >8
Inferior parietal lobule 40 R 60, —35, 21 7.69
L —57, -38, 24 5.93
Superior parietal lobule 7 R 33, —60, 54 7.65
L —27, —57,54 6.78
Cluster #2: 2069 voxels
M1/S1 4 R 51, -12,39 6.58
L —46, —14, 49 6.32
3 R 54, -9, 48 5.72
L —50, —18, 40 5.05
PMd 6 R 39, -3, 51 6.40
L —27, —6, 48 7.25
PMv 6 L —48, 3, 33 6.57
—42, -3, 42 6.20
—48, 0, 48 5.69
R 33, -9, 48 6.33
48, 0, 45 5.94
Pre-SMA 6 R 9,12, 51 6.57
6,9, 54 6.28
9,0, 66 512
L -3,9, 51 6.34
-6, 6, 54 6.32
—-12, —6, 69 4.78
Insula 13 R 30,24,0 5.55
L -30,21,3 4.91
Inferior frontal gyrus 9 R 45, 3, 33 7.37
L —48, 6, 27 7.37
46 R 51, 36, 12 4.79
L —45, 33, 15 4.81

For each region, MNI coordinates at the center of gravity are specified along with
the corresponding Brodmann area (BA). Z-values refer to significant activation
peaks at p < 0.0017 (uncorrected for multiple comparisons). In addition, all reported
regions were significantly active at p < 0.05 (FWE correction). Abbreviations: L,
left hemisphere; R, Right hemisphere; M1, primary motor cortex; S1, primary
somatosensory cortex. PMd, dorsal premotor cortex; PMv, ventral premotor cortex;
pre-SMA, pre-supplementary motor area.

overlapped. Furthermore, the same network was identified
when baseline was modeled as the fixation period. Significant
clusters of activation were located along the regions previously
identified, although the spatial extent of activation was reduced
(Supplementary Figure S1).

In the second analysis, we identified regions where activation
was modulated by the gravity condition of the displays (Figure 3
and Table 2). Three significant clusters of activation were
revealed by the contrast normogravity > microgravity. The
first cluster was located in the primary motor cortex (BA
4). Activation also extended into the primary somatosensory
cortex (BA 3), as shown in greater detail in Supplementary
Figure S2. The other clusters belonged to the kinetic occipital
region (BA 18) in both the right and left hemispheres. The
reverse contrast, namely microgravity > normogravity, revealed
increased activation of a cluster that included regions of the right
and left lingual gyrus and cuneus.

DISCUSSION

The present study investigated whether gravity-related changes
in movement kinematics is reflected through activation gradients
in regions of the MNS, which would support the premise
that coding of gravitational content in BM displays relies
on motor resonance. For this purpose, we examined BOLD
signal when participants were observing point-light displays of
human movements performed under either normogravity or
microgravity. The result is twofold: first, independently of the
gravity conditions, the perception of human movement relied
on a large-scale network that encompassed frontal (inferior
frontal gyrus, motor-related areas), parietal (inferior and superior
parietal lobules), and occipito-temporal (superior temporal
sulcus region, inferior temporal gyrus, fusiform gyrus, lingual
gyrus, middle occipital gyrus) regions, which is in keeping with
previous findings on the perception of point-light BM (Vaina
et al,, 2001; Saygin et al., 2004); and second, gravity information
modulated the activation of a restricted set of regions of the
network including visual (kinetic occipital region, lingual gyrus,
cuneus) and motor-related (primary motor and somatosensory
cortices) areas. Notably, the portions of the primary motor cortex
along with those of the primary somatosensory cortex were
significantly more active when acceleration in the point-light
displays was consistent with natural (Earth) gravity. Previous
studies on the neuronal encoding of the kinematic laws of motion
during both abstract (cloud of dots) motion observation (Dayan
et al., 2007) and human action observation (Casile et al., 2010)
already demonstrated a larger involvement of the motor-related
regions in processing normal kinematics compared to perturbed
kinematics. The authors proposed that cortical representations
of motion are optimally tuned to the kinematic invariants
characterizing biological actions, with discrimination of normal
vs. abnormal kinematics being carried out via a motor-matching
process of the observed movements onto the observer’s motor
system. The present finding adds to this view by providing
evidence that compliance of gravity cues embedded in the
kinematics of human motion with normal gravity is encoded
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FIGURE 3 | Brain areas showing an activation gradient as a function of the gravity information embedded in the point light displays. Activations are thresholded at
p < 0.001 (uncorrected) at the voxel level and at p < 0.05 (FWE-corrected) at the cluster level. An inclusive mask (o = 0.05, “normogravity > baseline” contrast) was
applied. Abbreviations: M1, primary motor cortex; S1, primary somatosensory cortex; Cun, Cuneus; LgG, lingual gyrus; KO, kinetic occipital region.

TABLE 2 | Activated brain regions during the observation of normogravity displays
vs. microgravity displays and microgravity displays vs. normogravity displays.

Region BA Side ) V4 z
Normogravity > Microgravity
Middle occipital gyrus 18/19 R 27, -90, 0 411
k: 101 voxels L —24,-93, 3 4.23
—27,-83, -3 4.15
-21,-99,6 3.46
Motor-related areas (M1/S1) 4 R 51, —12, 39 418
k: 45 voxels 56, —8, 48 3.99
3 R 54, -9, 48 3.98
Microgravity > Normogravity
Lingual gyrus 18 R 9,-84,3 4.01
k: 107 voxels L -9, -78,0 4.29
Cuneus 17 R 12, —-90, 18 3.77
15, —983, 24 3.63
18, -84, 18 3.54
L -3, -90,6 3.98

For each region, MNI coordinates at the center of gravity are specified along with
the corresponding Brodmann area (BA). Z-values refer to significant activation
peaks at p < 0.001 (uncorrected for multiple comparisons). In addition, all reported
regions were significantly active at p < 0.05 (FWE correction). Abbreviations: L,
left hemisphere; R, Right hemisphere; M1, primary motor cortex; S1, primary
somatosensory cortex.

in motor-related areas, possibly by transforming the visual
inputs into the specific motor capabilities of the observer and
thus coding the plausibility of actually performing the same
movements.

Although the above result favors our hypothesis that the
interpretation of gravitational cues embedded in BM relies on

a mechanism of motor resonance, the primary motor and
sensorimotor cortices are not classically considered to be part of
the human MNS subtending motor resonance whose core regions
are the inferior frontal/ventral premotor and posterior parietal
areas (Rizzolatti and Craighero, 2004; Iacoboni and Dapretto,
2006). In particular, several studies that manipulated indirectly
the kinematic characteristics of the movement, by contrasting
the observation of natural as opposed to unnatural movements
(Stevens et al., 2000; Tai et al., 2004; Costantini et al., 2005;
Gazzola et al., 2007; Lestou et al., 2008), revealed a further
involvement of these core regions in processing movement
displays that conform with normal kinematics. However, there
is growing evidence that mirror activity extends beyond brain
regions identified as being part of the classical MNS, including
the primary somatosensory cortex (Keysers and Gazzola, 2009;
Molenberghs et al., 2012) and the primary motor cortex (Fadiga
et al., 2005; Tkach et al, 2007; Dushanova and Donoghue,
2010). Thus, it is reasonable to assume that the individuals
discriminated between normogravity and microgravity displays
via the mirror property of these two regions, by simulating the
motor commands and their sensory consequences for observed
movements.

Such an implicit coding of gravity effects through motor
resonance contrasts with a recent study by Maffei et al. (2015)
where judgment on graviceptive information embedded in point-
light BM is proposed to result from a predictive code generated
by an internal model of gravity effects (whose primary sites are
in temporo-parietal junction and insula) that is conveyed to the
occipito-temporal cortex where it is compared to the incoming
stimuli to produce a prediction error, and thereby an activation.
Specifically, BM stimuli under a condition of abnormal gravity
evoked stronger activation in occipito-temporal regions than BM
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stimuli under normal gravity. Studies on the recognition of BM
when stimuli are displayed upside down (i.e., violation of physical
gravity) reconcile this result with our own. Indeed, it was reported
a sensitivity to the inversion effect in the occipito-temporal cortex
(Grezes et al., 2001; Grossman and Blake, 2001; Pavlova et al.,
2004; Peuskens et al., 2005) as well as in parietal (i.e., intraparietal
sulcus) and frontal (i.e., caudal part of the middle/inferior frontal
gyrus) areas (Grezes et al., 2001; Pavlova et al., 2004) that belong
to the MNS. The discrepancy between results from Maffei et al.
(2015) and ours may have to do with differences in the complexity
of the portrayed movements. They used gait movements that are
likely to be of lower complexity than the movements used in our
experiment. Exploring gait movements and complex movements
close to those used in our experiment, Jastorff and Orban (2009)
showed enhanced activations by complex biological kinematics
in the occipito-temporal cortex and in frontal regions belonging
to the MNS, therefore suggesting that one destination of the BM
signals is the occipito-temporal cortex and another destination is
the MNS. Accordingly, gravity cues are likely coded in these two
main loci of BM processing, with a hierarchy from the occipito-
temporal cortex to the MNS as BM becomes more complex.
Another intriguing result was that gravity discrimination
between displays also relied on visual regions known to be
involved in form-from-motion perception, defined as the ability
to extract the form of a stimuli entirely from motion cues. The
kinetic occipital region, which was found to be more active
for movements performed under normogravity, is selective to
kinetic boundaries (Dupont et al., 1997; Van Oostende et al.,
1997). In the case of point-light BM, Vaina et al. (2001) showed
that this region integrates local motion of the light points
with the goal of determining whether they altogether constitute
the outline of a human silhouette. The lingual gyrus at the
cuneus border, which was inversely found to be more active
for movements performed under microgravity, is also involved
in processing motion and deriving global form information
in the perception of BM (Servos et al., 2002). Accordingly,
variations of gravity information in point-light displays of
human movement was likely also coded based on the familiarity
of the human form reconstructed from the moving dots.
Furthermore, the opposite pattern of activation found between
the kinetic occipital region (i.e., more active in normogravity)
and the lingual gyrus/cuneus complex (i.e., more active in
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Evidence from extreme environments suggests that there are relationships between
difficulties of adaptation and psychological factors such as personality. In the framework
of microgravity research on humans, the aim of this exploratory study was to investigate
inter-individual differences of parabonauts on the basis of quality of adaptation to the
physical demands of parabolic flights. The personality characteristics of two groups
of parabonauts with a different quality of adaptation (an Adaptive group, N = 7, and
a Maladaptive group, N = 15) were assessed using the Sensation Seeking Scale,
Brief COPE, and MSSQ-Short. Compared to the Maladaptive group, the individuals
of the Adaptive group scored higher on Boredom Susceptibility (i.e., a subscale of the
Sensation Seeking Scale), lower on scales of susceptibility to motion sickness (MSSQ-
Short) and tended to score lower on Instrumental Support Seeking (i.e., a subscale
of the Brief COPE). These results suggest that individuals of the Adaptive group are
more intolerant to monotony, present an aversion to repetitive and routine activities, are
less susceptible to motion sickness and less dependent on problem-focused strategies.
These characteristics may have contributed to developing a certain degree of flexibility in
these subjects when faced with the parabolic flight situation and thus, may have favored
them. The identification of differences of personality characteristics between individuals
who have expressed difficulties of adaptation from those who have adapted successfully
could help to prevent the risk of maladaptation and improve the well-being of (future)
commercial or occupational aerospace passengers. More generally, these results could
be extended to extreme environments and professional and/or sports domains likely to
involve risk taking and unusual situations.

Keywords: adaptation, parabolic flights, microgravity, sensation seeking, coping strategies, motion sickness
susceptibility, parabonauts’ characteristics, Zero-G fliers

INTRODUCTION

Described as mimicking spaceflight-associated conditions (e.g., Strewe et al., 2012), parabolic
flights constitute the best ecological model on earth to investigate the effects of microgravity
and/or different gravity transitions and, thus, to study human adaptation to these physical demands
presented by the space environment. In fact, microgravity and gravitational changes that involve
unique physical demands lead to perceptual mismatches between various information from the
vestibular system on the one hand (i.e., canal-otolith conflict) and between information from the
visual system and from the vestibular system on the other hand (i.e., visuo-vestibular conflict)
(Reason, 1978; Benson, 2002; Baker et al., 2008; Schmiil, 2013). These sensory conflicts can induce
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maladaptation (i.e., motion sickness symptoms) and seem to
affect people differently (Reason and Brand, 1975; Davis et al.,
1988; Reschke, 1990; Lackner and DiZio, 2006; Golding et al.,
2017). In fact, studies carried out in a microgravity environment
have reported differences not only in the frequency of appearance
of maladaptation but also in their severity (e.g., Davis et al.,
1988; Benson, 2002; Golding et al., 2017). Consequently, these
studies suggest the existence of individual differences faced
with the physical demands of the unusual environment (ie.,
microgravity and gravitational changes). Interestingly, it should
be noted that ground-based studies in the context of a broader
field of research have suggested an influence of psychological
factors such as dispositional characteristics in adaptation to
the physical demands of the environment (e.g., Collins and
Lentz, 1977; Bick, 1983; Fox and Arnon, 1988; Gordon et al.,
1994; Paillard et al., 2013). Among dispositional characteristics,
personality has been studied in relation to the difficulties of
adapting to a physical environment on earth (i.e., susceptibility
to air sickness, seasickness, etc.). On the basis of several studies,
evidence suggests a relationship between the characteristics
of personality and difficulties of adaptation to a physical
environment (Collins and Lentz, 1977; Bick, 1983; Gordon et al.,
1994; Paillard et al., 2013). Moreover, studies on other extreme
environments highlight the fact that personality could influence
the extent to which an individual adapts effectively. Although
each extreme environment contains unique physical (and social)
demands, some characteristics such as emotional instability, high
neuroticism, sensation seeking or anxiety seem to be unfavorable
overall to adapting (Gunderson, 1974; Steel et al., 1997; Abraini
et al., 1998; Palinkas et al., 2000; Palinkas and Suedfeld, 2008;
Lafére et al., 2017). Consequently, personality plays a crucial
role in the adaptation process. It can therefore compromise this
adaptation process (e.g., Sandal et al., 1996; Palinkas et al., 2000;
Bolmont et al., 2001; Bolmont and Collado, 2014).

In parabolic flight situations, recent studies have investigated
the psychological factors affecting people participating in
parabolic flights (i.e., parabonauts) in order to try to identify
possible predictors of maladaptation on one hand (e.g., Chouker
et al,, 2010; Strewe et al., 2012; Van Ombergen et al., 2016;
Collado et al., 2017; Golding et al., 2017) and to better describe
this specific population on the other hand (e.g., Collado et al,
2014; Montag et al., 2016). Most studies carried out on possible
predictors of maladaptation signs have mainly focused on the
situational characteristics of the voluntary participants (Chouker
et al,, 2010; Strewe et al., 2012; Van Ombergen et al., 2016;
Collado et al,, 2017; Golding et al., 2017). It should be noted that
few studies have investigated the dispositional characteristics of
people participating in parabolic flight and have highlighted a
specific personality profile characterizing parabonauts (Collado
et al., 2014; Montag et al, 2016). Parabonauts appear to be
stimulation seekers who are conscientious, emotionally stable,
less anxious and who tolerate stress better than the general
population (Collado et al., 2014) or than a control group
(Montag et al., 2016). In their study, Collado et al. (2014)
revealed that people attracted by parabolic flights scored higher
on Extraversion and differed in four out of six NEO-PI-R
facets of this domain (e.g., Activity, Excitement-Seeking, Positive

Emotions). These distinctive facets suggest that voluntary
participants have a more rapid pace of living, and need to be
more stimulated by the environment than the general population.
Given that parabonauts need to be permanently stimulated by
their environment, and as suggested previously (Collado et al,,
2014), it would be interesting to focus on sensation seeking
in parabonauts in order to examine whether this dispositional
characteristic can provide information on quality of adaptation
to the physical demands of parabolic flights. Interestingly, a study
on major affective disorders has shown that a sensation seeking
pattern could predict hyperthymic temperament (Engel-Yeger
et al,, 2016), a personal disposition with “positive” traits such as
being optimistic, fun-loving, confident, outgoing, jocular, on the
go but also being a risk-taker (Akiskal et al., 2005). It should be
noted that sensation seeking has been investigated in a recent
parabolic flight study (Montag et al., 2016). However, the authors
only assessed this dispositional characteristic in a control group
without the possibility of considering parabonauts.

Considering the unique physical demands of parabolic flights
that are likely to hinder adaptation and the involvement of
the personality in the adaptation process on the one hand
(Sandal et al., 1996; Palinkas et al., 2000; Bolmont and Collado,
2014), and given the involvement of personality domains in
dispositional coping on the other (e.g., Costa et al., 1996; Watson
and Hubbard, 1996; Ferguson, 2001), the main objective of
this exploratory study is to identify differences in dispositional
characteristics such as sensation seeking or trait coping strategies
on the basis of the quality of adaptation (successfully adapted
or not) to the physical demands of parabolic flights. In the
present study, our hypothesis was that parabonauts who have
expressed difficulties adapting could present differences in trait-
coping strategies or subscales of sensation seeking that are likely
to hinder their adaptation compared to parabonauts who have
adapted successfully.

MATERIALS AND METHODS

Participants

The data presented in this study were drawn from a larger ETAP-
0g Project study, which investigated behavioral, psychological,
and physiological parameters during parabolic flights. Data was
collected over 2 parabolic flight campaigns, scheduled between
2010 and 2011. The study was approved in advance by the
CNES and the local institutional ethics committee (CPP OUEST
II-Angers; approval no. 2007/18). Participants were informed
about the experimental procedure and the parabola profile. They
were also notified that they were voluntary, anonymous and
that their data were protected by the applicable legislation. Each
subject was then asked to fill out an informed consent form in
accordance with the Declaration of Helsinki, and all participants
provided this written consent before participating. The selection
criteria for the ETAP-0g Project study were as follows: subjects
had to be healthy men, with at least a second-year university
level education, have no previous experience in parabolic flight,
no history of severe motion sickness, no history of psychiatric,
neurological or vestibular disorders, and comply with the medical
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requirements for parabolic flights. During the parabolic flight,
all participants were only “subjects of the experiment” to the
exclusion of any other role, and were assigned to perform the
same tasks with relatively simple reaction times under the same
conditions, i.e., to press a response-button as quickly as possible
as soon as they perceived a stimulus (results presented below).
Caffeine and alcohol were strictly prohibited 24 h before the
beginning of the flight. No anti-emetics were used before or
during the flight.

A total of 24 participants were involved in this study (mean
age: 24.71 £ 4.88 year). In order to recruit a large group for
this exploratory study, the sex variable was excluded. Because
women respond to stress differently from men (e.g., intra-
individual hormonal variability) and present more limitations for
participation in parabolic flights (i.e., risk of pregnancy), only
men were recruited to participate in this study during parabolic
flights.

Assessment

Personality characteristics and susceptibility to motion sickness
were assessed on the basis of forms filled out after the parabolic
flights during the laboratory session (second phase) of the
ETAP-0g Project. The objective was to limit response biases (i.e.,
to eliminate individuals who could respond in an overly desirable
manner in order to be selected for this experiment).

Sensation Seeking Scale

Sensation seeking was assessed by the Zuckerman’s Sensation
Seeking Scale-V (Zuckerman et al., 1978; French version by
Carton et al, 1992) which consists of 40 items in which
participants have to choose between two statements per item. The
Sensation Seeking Scale has four item subscales, each of them
ranging from 0 to 10: (1) Disinhibition (i.e., adoption of socially
“uninhibited” and extraverted behaviors, seeking stimulation
through various sexual experiences or psychoactive substances),
(2) Thrill and Adventure Seeking (i.e., a set of sports and activities
that include a risk-taking dimension), (3) Experience Seeking
(i.e., seeking an unconventional lifestyle and new sensory or
intellectual experiences), and (4) Boredom Susceptibility (i.e.,
intolerance to monotony manifested by an aversion to repetitive
and routine activities). In the present sample, the Sensation
Seeking Scale-V was characterized by a Cronbach’s alpha of 0.81.
The subscales ranged from 0.51 to 0.71.

Brief COPE

Trait coping was assessed by the Brief COPE (Carver, 1997;
French version by Muller and Spitz, 2003) which consists in
a self-evaluation questionnaire about the usual way individuals
deal with the stressors of everyday life. The Brief COPE consists
of 28 items divided into 14 scales allowing assessment of 14
distinct dimensions of coping: (1) active coping, (2) planning,
(3) using instrumental support, (4) using emotional support, (5)
venting, (6) behavioral disengagement, (7) self-distraction, (8)
self-blame, (9) positive reframing, (10) humor, (11) denial, (12)
acceptance, (13) religion, and (14) substance use. Each items
scored on a four-point scale and scores for each dimension
have a range from 2to 8. The Brief COPE was characterized

by a Cronbach’s alpha of0.72. Internal consistencies of the
questionnaire were satisfactory ranging from 0.58 to 1.00. Self-
blame and Acceptance were excluded from analysis, because of
low internal consistencies (i.e., <0.5).

MSSQ-Short

Susceptibility to motion sickness was assessed by the MSSQ-Short
questionnaire (i.e., Motion Sickness Susceptibility Questionnaire
Short-form, Golding, 1998; French version by Paillard et al.,
2013). This short self-assessment questionnaire consists of two
parts evaluating the general experience of motion sickness
symptoms in childhood (before the age of 12 years, Child section
A, ie, MSA score) and in the last 10 years (section Adult
section B, i.e., MSB score). The subject must indicate how often
he has felt sick or nauseated in different situations (e.g., cars,
trains, ships, swings, and roundabouts in playgrounds, fairground
rides...) by varying their intensity on the following scale: “Not
Applicable - Never Travelled,” “Never Felt Sick;,” “Rarely Felt
Sick,” “Sometimes Felt Sick,” and “Frequently Felt Sick.” MSA and
MSB raw scores range from 0 to 27 and add up to give a total MSS
score that ranges from 0 to 54. Cronbach’s alpha was 0.83.

Maladaptation/Adaptation

Maladaptation during parabolic flights was assessed after the
flight by questionnaires listing potential symptoms of motion
sickness (sweating, drowsiness, headache, stomach discomfort,
nausea, vomiting), their frequency and severity. Self-reported
symptoms in the form of observations by subjects were collected
and compared to the experimenters’ observations in order to
check data consistency. Because this study was exploratory,
frequency, and severity were only noted in order to remove
any doubt about identification of the occurrence of adaptation
difficulties. Data from two participants were removed from the
analyses due to their inability to perform required reaction time
tasks during parabolic flights. From this cohort (n = 22), two
groups were constituted. The subjects who presented signs of
maladaptation with at least one symptom of motion sickness
constituted the Maladaptive group (25.33 £ 5.63 year; n = 15).
The others formed the Adaptive group (23.00 = 3.46 year; n = 7).

Procedure

Experiments were performed during parabolic flight campaigns
(three flights per campaign) aboard the A300 ZeroG (Bordeaux
International Airport, France). These flights are funded by the
CNES (Centre National d’Etudes Spatiales: French national space
research center) and organized by Novespace. They are run under
the authority of the Centre d’Essais en Vol. The parabolic flights
have a standard profile defined by Novespace. They each last
about two and half hours (between 9:30 and 12:00) and consist
in 30 experimental parabolas preceded by a preliminary test
parabola. The parabolas are executed in sets of five with 90 s
intervals between parabolas and with 4-8 min intervals between
sets of parabolas. A parabolic flight maneuver is characterized by
gravitational changes from 1 to 1.8G to 0G to 1.8G to 1G. Each
change lasts approximately 20-30 s. Consequently, each parabola
lasts approximately 70 s. The complete parabola is followed by
90 s of flight at 1G level.
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Statistical Analyses

Shapiro-Wilk and Levene tests were used to check the
normality of distribution and the homogeneity of variance
respectively. Because the assumption of normality of distribution
and/or homogeneity of variance was contradicted (except for
demographic characteristics for which a Student test were
applied), non-parametric analyses were conducted in order
to determine whether differences existed between the groups.
Comparisons between these groups were carried out using a
Mann-Whitney U-test in order to determine whether differences
existed in sensation seeking, coping strategies, and motion
sickness susceptibility. Logistic regression was carried out
to test the existence of possible predictors for the binary
variable “successfully adapted” versus “not successfully adapted.”
Because this study was exploratory, and given the sample
for all subscales tested that was too small, only the most
relevant characteristics for which the inter-group difference
was significant were considered. For all statistical analysis,
we considered p-values less than 0.05 to be statistically
significant.

RESULTS

Demographic Characteristics

The demographic characteristics of the Adaptive group and the
Maladaptive group are presented in Table 1. No inter-group
differences were found for age (t = —0.63; ns, n? = 0.05) and
Trait-Anxiety (t = —1.00; ns, 12 = 0.02) assessed by the YA
form of the Spielberger State-Trait Anxiety Inventory (i.e., STAIL;
Spielberger et al., 1983).

Sensation Seeking

The differences between the Adaptive group and the Maladaptive
group on the Sensation Seeking Scale are presented in Figure 1.
The results showed a significant difference in one out of
four subscales. The Adaptive group scored higher than the
Maladaptive group on Boredom Susceptibility (U = 24.5, z=2.01,
p < 0.05, 1 = 0.21). No significant differences were found for
Disinhibition (U = 42.5, z = 0.71, ns, 1% = 0.02), Thrill and
Adventure Seeking (U = 43.5, z = —0.69, ns, n? = 0.05), and
Experience Seeking (U = 37.5, z = —1.07, ns, n? =0.04).

Trait Coping
The differences between the Adaptive group and the Maladaptive
group in the framework of the dimensions of the Brief COPE

TABLE 1 | Demographic characteristics by group.

Adaptive group (n = 7) Maladaptive group (n= 15)

Mean + SD Mean + SD
Age (years) 23.00 + 3.46 25.33 + 5.63
Trait-Anxiety 34.71 £ 5.06 36.53 + 6.84

are presented in Table 2. A trend was observed for coping
Using instrumental support. Individuals in the Maladaptive
group scored higher than those in the Adaptive group (U = 27,
z=—194, p = 0.078, n* = 0.17). No significant differences were
found for Active coping (U = 42.5, z = —0.75, ns, n? = 0.03),
Planning (U = 47, z = —0.41, ns, n? = 0.02), Using emotional
support (U = 43, z = —0.69, ns, 1> = 0.04), Venting (U = 52,
z = 0.04, ns, 1> < 0.01), Behavioral disengagement (U = 34,
z = —1.43, ns, 0% = 0.07), Self-distraction (U = 45, z = 1.46, ns,

FIGURE 1 | Medians and interquartile ranges of Sensation Seeking subscales
in the Adaptive group and the Maladaptive group. Significant differences
between the scores of the Adaptive group and the Maladaptive group have
been marked as follows: *p < 0.05.

TABLE 2 | Comparison of Brief COPE between Adaptive group and Maladaptive

group.
Adaptive group Maladaptive p-Value
n=7) group (n = 15)
Median (IQR) Median (IQR)
Active coping 6.00 (6.00-6.50) 6.00 (6.00-8.00) ns
Planning 6.00 (6.00-7.00) 6.00 (6.00-7.50) ns
Using instrumental 4.00 (4.00-4.00) 5.00 (4.00-6.00) ns
support
Using emotional support 6.00 (4.00-7.50) 7.00 (6.00-7.00) ns
Venting 6.00 (5.00-7.50) 6.00 (5.50-7.00) ns
Behavioral 4.00 (3.50-4.00) 4.00 (4.00-5.00) ns
disengagement
Self-distraction 2.00 (2.00-2.00) 2.00 (2.00-2.00) ns
Positive reframing 4.00 (3.00-4.50) 4.00 (3.00-5.50) ns
Humor 5.00 (4.50-6.00) 5.00 (4.00-6.00) ns
Denial 2.00 (2.00-2.00) 2.00 (2.00-2.00) ns
Religion 2.00 (2.00-3.50) 2.00 (2.00-3.00) ns
Substance use 2.00 (2.00-2.00) 2.00 (2.00-2.00) ns

Means and standard deviations for the Age and the Trait-Anxiety (STAI) scores of
the Adaptive group and the Maladaptive group.

Medlians and interquartile ranges (IQR) for the Brief COPE scores of the Adaptive

group and the Maladaptive group.
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1% =0.10), Positive reframing (U = 47.5, z = —0.37, ns, % = 0.01),
Humor (U = 46.5, z = 0.44, ns, 12> = 0.02), Denial (U = 42,
z=—1.24, ns,1? = 0.06), Religion (U = 48, z=0.37, ns, 1> < 0.01),
and Substance use (U = 49, z = —0.68, ns, 1> = 0.02).

Motion Sickness Susceptibility

Differences between the Adaptive group and the Maladaptive
group for the MSSQ-Short are presented in Table 3. The results
showed significant differences in the MSA score (Childhood), the
MSB score (Adulthood) and Total MSS score. Compared with
the Adaptive group, individuals in the Maladaptive group scored
higher on the MSA score (U =21, z= —2.26, p < 0.05, 1 =0.22),
the MSB score (U = 16.5, z = —2.67, p < 0.01, 1% = 0.16) and the
Total MSS score (U = 17, z = —2.52, p < 0.05, 1% = 0.22).

Predictors of Maladaptation Signs

The total MSS score and the Boredom Susceptibility score were
included in the logistic regression model. The logistic regression
model (x? = 13.26, df = 2, p < 0.001; Nagelkerke R? = 0.63) gave
93.33% correct classification for “not successfully adapted” and
showed that “not successfully adapted” was predicted by the Total
MSS score (p < 0.01) and the Boredom Susceptibility (p < 0.05).

DISCUSSION

The objective of this exploratory study was to identify differences
in dispositional characteristics such as sensation seeking or
trait coping strategies according to the quality of adaptation
(successfully adapted or not) to the physical demands of
parabolic flights. Compared to the individuals in the Maladaptive
group, those in the Adaptive group scored higher on Boredom
Susceptibility (i.e., a subscale of the Sensation Seeking Scale)
and lower on scales of susceptibility to motion sickness. A low
level of Boredom Susceptibility and a high Total MSS score
were found to predict Maladaptive group membership. No
significant differences were found in the subscale of the Brief
COPE, except for a trend in Instrumental Support Seeking (i.e.,
p = 0.078)—a problem-focused strategy that corresponds to
seeking information, assistance and/or advice (Muller and Spitz,
2003) with a higher score for the Maladaptive group compared to
the Adaptive group.

TABLE 3 | Comparison of Motion Sickness Susceptibility between the Adaptive
group and the Maladaptive group.

Adaptive group Maladaptive group
(n=7) (n=15)
Median (IQR) Median (IQR)
MSA score (Child section) 0.00 (0.00-2.25) 5.63 (1.75-7.71)*
MSB score (Adult section) 0.00 (0.00-0.00) 1.29 (0.50-2.50)**
Total MSS score 1.00 (0.00-2.25) 6.75 (2.50-8.92)*

Medians and interquartile ranges (IQR) for the Motion Sickness Susceptibility
Questionnaire Short-form (MSSQ-Short) scores of the Adaptive group and the
Maladaptive group. *Significantly different from the Adaptive group (p < 0.05).
**Significantly different from the Adaptive group (p < 0.01).

With respect to the scales of susceptibility to motion
sickness (i.e., MSSQ), the Adaptive group showed a lower score
in the raw score, the childhood and the adulthood section
compared to the Maladaptive group. These results seem to be
consistent with the distinction criteria applied in this study
in order to separate individuals with adaptation difficulties
from those who have successfully adapted to parabolic flight
conditions. This distinction criterion was also confirmed by
our logistic regression model which identifies the motion
sickness raw score as a “not successfully adapted” predictor.
Interestingly, a recent study conducted on the predictors of
motion sickness in parabolic flights has shown that participants
who vomited had significantly higher MSSQ scores, but
concluded that the MSSQ failed as a vomiting predictor
(Golding et al., 2017). In their study, Golding et al. (2017)
used the binary variable “vomiting versus no vomiting” in
their predictor model. In our study, as well as in a previous
study (i.e., Collado etal.,2017), individuals who successfully
adapted showed significant differences with individuals who
manifested at least one symptom of motion sickness (e.g.,
sweating, drowsiness, headache, stomach discomfort, nausea,
vomiting) and a not exclusively vomiting symptom. Thus, the
binary variable “vomiting versus no vomiting” used by Golding
et al. (2017) may not be sufficiently discriminating, and this
distinction criterion could have been broader (presence or
absence of motion sickness symptoms), given that our results
supported this. Moreover, on the basis of Golding’s average and
conversions table (Golding, 1998), both groups of our subjects
appear to be less sensitive than the general population average.
This result agrees with previous studies conducted on motion
sickness, which have shown low motion sickness susceptibility
in participants in parabolic flights compared with the general
population, and which have carried out a self-selection of the
volunteers (Gaudeau et al., 2002; Golding, 2006; Golding et al.,
2017). Nevertheless, although both groups are below Golding’s
average, there appear to be two levels of adaptation. Individuals
with very low MSSQ-Short scores have adapted successfully to
this particular situation, while the environment may have been
too novel and disruptive for the others. Thus, it seems that
individuals in the lowest 10th percentile of Golding’s conversions
table will have no trouble adapting to the demanding situation of
parabolic flights.

As far as the Sensation Seeking Scale is concerned,
the Adaptive group scored significantly higher in Boredom
Susceptibility than the Maladaptive group. As far as the other
subscales are concerned, it should be noted that the lack of
any difference for Experience Seeking and Thrill and Adventure
Seeking does not seem surprising for a population that had been
described previously as sensation seekers (Collado et al., 2014;
Montag et al., 2016). However, Boredom Susceptibility could be
a more subtle behavioral characteristic that would have made
individuals in the Adaptive group more dynamic and proactive
in their sensation seeking. In fact, Boredom Susceptibility is
described as an intolerance to monotony with an aversion to
repetitive and routine activities (Zuckerman et al., 1978; Carton
et al., 1992). Individuals with a high Boredom Susceptibility
score would therefore be regularly looking for new activities.
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According to Zuckerman (1971), this subscale “incorporates
the need for change and variety more than any of the other
factors.” In our study, individuals of the Adaptive group may be
more accustomed to seeking and experimenting with all sorts of
new activities that are related to sensation seeking. This habit,
which regularly exposes members of the Adaptive group to new
situations, could have led them to develop a certain degree
of flexibility when faced with the parabolic flights situation.
Given that previous studies from a larger area highlighted
the resilient characteristic of sensation seeking behavior (e.g.,
Engel-Yeger et al., 2016), our results may suggest a ‘protective’
effect on a particular subscale of Sensation Seeking (i.e., the
Boredom Susceptibility). Thus, and as corroborated by the
logistic regression result, such novelty seeking behavior could,
in the context of parabolic flights, have favored the subjects in
the Adaptive group to adapt compared to the individuals in the
Maladaptive group.

Opverall, the individuals who successfully adapted in parabolic
flights appear to be more susceptible to boredom with an aversion
to routine activities and less susceptible to motion sickness
than individuals with difficulties adapting. These dispositional
characteristics could have preserved individuals of the Adaptive
group faced with the challenging and unusual parabolic flights
situation. Although the difference was not significant, coping
strategies also seem to distinguish both groups, which have clearly
shown differences of symptoms manifested during parabolic
flights. As parabolic flights constitute a particular situation in
which it is difficult to have a direct action on the “problem” (i.e.,
different gravity transitions), use of a problem-focused strategy
may not have been advantageous in this context. Nevertheless,
caution is needed given the small samples of our study but
also the use of an abbreviated version of a dispositional coping
questionnaire. This result must be completed and refined in
future studies with a larger sample and/or another trait coping
questionnaire. Moreover, because the quality of adaptation in
parabolic flights could be multifactorial, further data are required
in order to investigate the involvement of other psychological
parameters such as state coping strategies or motivation but also
other characteristics such as degree of adaptation (parabolic)
flight experience or gender. As part of the development and
use of a potential tool to prevent adaptation difficulties in
parabolic flights, the results of this exploratory study suggest
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that it is necessary to consider (1) out of all the motion
sickness symptoms (not just vomiting), the presence of at
least one characteristic symptom of motion sickness that may
reveal the beginnings of difficulties and, (2) the dispositional
characteristics of the candidate for parabolic flights. In addition,
in future studies, it would be interesting to develop a more
suitable tool in order to subtly detect the degree of adaptation
difficulties under parabolic flight conditions. A tool like this
could refine the detection of adaptation difficulties in parabolic
flights and be used for future research. Moreover, in order
to achieve a powerful statistical model of predictability, future
investigations need to recruit a very large number of subjects.
This would lead to substantial, homogeneous groups with
different degrees of adaptation difficulties. Nevertheless, because
very few studies have been conducted on the psychological
aspects of parabonauts, this study enhances the database on the
dispositional characteristics of parabonauts and could help to
improve the selection of participants for experimental research
and/or to adapt the design of future research but could also help
prevent the risk of maladaptation and improve the well-being
of (future) commercial or occupational aerospace passengers.
Finally, the results of this present study primarily confirm the
need to consider the quality of adaptation, which is likely to
influence the behavior of individuals involved in parabolic flight
studies, or more broadly, in extreme environments with high
physical demands such as deep-sea diving or very high altitude
expeditions.

AUTHOR CONT