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This study examined the effects of acute hypoxia on maximal and explosive torque and

fatigability in knee extensors of skiers. Twenty-two elite male alpine skiers performed

35 maximal, repeated isokinetic knee extensions at 180◦s−1 (total exercise duration

61.25 s) in normoxia (NOR, FiO2 0.21) and normobaric hypoxia (HYP, FiO2 0.13) in a

randomized, single-blind design. Peak torque and rate of torque development (RTD)

from 0 to 100 ms and associated Vastus Lateralis peak EMG activity and rate of EMG

rise (RER) were determined for each contraction. Relative changes in deoxyhemoglobin

concentration of the VL muscle were monitored by near-infrared spectroscopy. Peak

torque and peak EMG activity did not differ between conditions and decreased similarly

with fatigue (p < 0.001), with peak torque decreasing continuously but EMG activity

decreasing significantly after 30 contractions only. Compared to NOR, RTD, and

RER values were lower in HYP during the first 12 and 9 contractions, respectively

(both p < 0.05). Deoxyhemoglobin concentration during the last five contractions was

higher in HYP than NOR (p = 0.050) but the delta between maximal and minimal

deoxyhemoglobin for each contraction was similar in HYP and NOR suggesting a

similar muscle O2 utilization. Post-exercise heart rate (138 ± 24 bpm) and blood lactate

concentration (5.8 ± 3.1 mmol.l−1) did not differ between conditions. Arterial oxygen

saturation was significantly lower (84 ± 4 vs. 98 ± 1%, p < 0.001) and ratings of

perceived exertion higher (6 ± 1 vs. 5 ± 1, p < 0.001) in HYP than NOR. In summary,

hypoxia limits RTD via a decrease in neural drive in elite alpine skiers undertaking

maximal repeated isokinetic knee extensions, but the effect of hypoxic exposure is

negated as fatigue develops. Isokinetic testing protocols for elite alpine skiers should

incorporate RTD and RER measurements as they display a higher sensitivity than peak

torque and EMG activity.

Keywords: isokinetic, maximal torque production, near-infrared spectroscopy, neural drive, repeated knee

extensions, simulated altitude
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INTRODUCTION

Alpine skiing requires a high activation level of the knee
extensor muscles to sustain repeated, near maximal contractions
(Ferguson, 2010) for 45–120 s (Berg and Eiken, 1999). Exercise-
induced muscle fatigue can be defined as a reduction in
the maximum force that a muscle can exert and/or sustain
(Enoka, 2002). Reportedly, skiing-induced fatigue is manifested
by decreases in hamstring and quadriceps eccentric torque for
1–24 h following a 4-h skiing session (Koller et al., 2015).
Hence, skiing-induced fatigue alters force production capacity
and electromyographic (EMG) activity in the lower extremities
(Kröll et al., 2005, 2011; Ushiyama et al., 2005; Akutsu et al.,
2008; Tomazin et al., 2008; Kiryu et al., 2011). Neuromuscular
consequences of fatigue development for the vastus lateralis (VL)
muscle also include a decline in mean power frequency in the first
half of a 1–2 min ski run (Ushiyama et al., 2005) and the presence
of high-frequency fatigue after ∼45 s of slalom (Tomazin et al.,
2008).

Recent studies have suggested that the rate of torque
development (RTD) within the initial phase of a contraction
represents a more functional outcome measure than maximal
torque per se (Girard and Millet, 2009; Jordan et al.,
2015). A decreased in RTD was also associated with poor
jumping/hopping performance and abnormal knee loading,
potentially increasing injury risk (Pua et al., 2017). RTD is
important to stabilize the musculo-skeletal system in response
to mechanical perturbation (Folland et al., 2014). This may
especially be true in skiing where the time available to develop
force is short. Arguably, a high RTD may help preventing falls
and injury in alpine skiing, where anterior cruciate ligament
(ACL) injury typically occurs in a time-window of 200 ms (Bere
et al., 2011). Indeed, alpine skiing requires immediate postural
adjustments to prevent falls in response to a loss of balance onto
uneven ski slopes at high speed. Importantly, a greater injury
risk was reported in World Cup skiers in the final section of
the course pointing out fatigue as a possible contributing factor
(Bere et al., 2014). Thus, studying the effect of fatigue on RTD
may help to shed more light on the underpinning neuromuscular
factors responsible for the high injury rate in elite skiers (Jordan
et al., 2015, 2017; Haaland et al., 2016).

The repetition of near maximal contractions while skiing also
generate high intramuscular pressures, likely reducing muscle
perfusion and thereby oxygen delivery/waste removal (Szmedra
et al., 2001). This effect may be more prominent in Giant Slalom
(GS) than Slalom (SL) due to a more flex position with higher
forces (Turnbull et al., 2009), and even more pronounced in
Super Giant Slalom where the average knee angular velocity is
low (Berg and Eiken, 1999). Using near-infrared spectroscopy
(NIRS) a 33% greater oxygen desaturation of the VL along with
a 30% greater blood volume change have been reported during
GS than SL (Szmedra et al., 2001). In competitive speed-skating,
increased deoxygenation in the capillary bed of the exercising
quadriceps was demonstrated during characteristic low sitting

Abbreviations: EMGpeak, peak EMG; HYP, normobaric hypoxia; NOR,
normoxia; RER, rate of EMG rise; Tpeak, peak torque.

versus upright position (Rundell et al., 1997). Given that the
rhythmic pattern of GS or SL only allows a partial reperfusion
of working muscles in alpine skiers (Szmedra et al., 2001), a
comprehensive investigation of the time course and etiology of
fatigue development in skiers should also include quadriceps
muscle deoxygenation trends.

Lastly, the vascular occlusions during the forceful contractions
of ski racing (Tesch et al., 1978) increase lactate production,
as does the hypoxic environment when competing at altitude
(Turnbull et al., 2009). Indeed, alpine skiing is performed at
moderate-to-high terrestrial altitude, with sometimes starting
gate as high as ∼3,500 m above sea level (Beaver Creek, CO,
United States), creating a unique challenge on skiers. Hypoxia has
been demonstrated to impair exercise capacity during repeated,
maximal leg extensions (Goodall et al., 2010; Christian et al.,
2014) partly through an alteration in neural drive (Amann and
Calbet, 2008; Goodall et al., 2010; Billaut et al., 2013). Such
alterations, when altitude severity is >2000 m, can increase risk
of fall and injury occurrence in recreational skiers (Burtscher
et al., 2009). The acute effects of hypoxia on performance
involving repeated bouts of short high intensity efforts without
long recovery time are not negligible and deserve more research
attention in elite skiers (Chapman et al., 2010).

The aim of this study was to assess the time course and
magnitude of changes in peak and rapid torque production
together with neuromuscular and metabolic adjustments in
the VL during repeated maximal leg extensions in elite
alpine skiers. We hypothesized that, compared to normoxia,
hypoxia exposure would exacerbate muscle deoxygenation
causing further reductions in maximal torque and rapid torque
development through a lower central motor drive.

MATERIALS AND METHODS

Participants
Twenty-two elite male alpine skiers (mean ± SD stature
179 ± 4 cm, body mass 83 ± 6 kg, age 26 ± 4 years) participated
in this study. All were members of the French national team
(including world champions and Olympic medalists) with a
background training of >200 days per year for several years.
The project was approved by the Aspetar scientific committee
(approval number CMO/000058/fj) and the ADL-Q ethics
committee (approval number E20140000011). All subjects gave
written informed consent in accordance with the Declaration of
Helsinki.

Experimental Design
Participants performed a fatiguing exercise (see below) in
normoxic [NOR, sea level, inspired O2 fraction (FiO2) 0.21]
and normobaric hypoxic (HYP, simulated altitude of 3,800 m,
FiO2 0.13) conditions, in a random order and using a single-
blind design. The two exercise tests took place on the same
day and were separated by 2 h, during which the participants
resting quietly on a chair with no specific recovery intervention.
This was based on the observation that 10–30-min rest periods
allow an almost complete recovery of neuromuscular function
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parameters after high-intensity single-joint quadriceps exercise
(Gruet et al., 2014) or repeated sprint running exercise (Perrey
et al., 2010). Additionally, the elite athletes recruited here were
used to train twice a day and were accustomed to heavy resistance
training. This procedure also permitted to keep the EMG sensors
at the exact same location to avoid methodological difficulty in
comparing EMG data on separate days. All participants were
tested between 9:00 and 19:00 in a temperate room, with no other
training done on that day. Participants were instructed to avoid
strenuous activities for 48 h before testing and to follow their
normal diet and sleeping habits. Prior to the fatiguing exercise,
participants completed a standardized warm-up including 10min
of cycling at 1W·kg−1 followed by knee extensions (8× 240◦s−1;
6 × 180◦s−1; 4 × 90◦s−1; 2 × 30◦s−1; 2 × 0◦s−1; with
45 s recovery between sets) at progressively increased subjective
awareness of effort (70–100% of maximal perceived intensity).
Thereafter, participants rested in a seated position for 5 min
before exercise commencement. For both trials, a facemask
connected to a portable hypoxic generator (Altitrainer, SMTEC,
Nyon, Switzerland), controlling the FiO2 at the required level
during the warm-up knee extensions and the fatiguing exercise,
was attached on subjects. All participants were used to the system
as they regularly use it during their training. However, they were
not specifically acclimated to hypoxia when experiments were
conducted as testing occurred during the early pre-season (June),
approximately 1 month before engaging in a complete block of
altitude training (July–August).

Exercise
The fatigue protocol was performed on an isokinetic
dynamometer (Contrex, CMV AG, Dübendorf, Switzerland).
Calculation of the limb weight was carried out during passive
movements and gravity correction was performed with
the ConTrex-MJ software (Contrex, CMV AG, Dübendorf,
Switzerland). The subjects were seated with their hip joint angles
set at 80◦ (0◦ is full extension) and their chest and working
leg tightly fixed against the chair. They were asked to cross
their arms over the chest during the contractions. The protocol
consisted of 35 maximal, repeated isokinetic knee extensions of
the dominant leg at 180◦·s−1, from 90◦ to 45◦ of knee flexion (0◦
is full knee extension). Each contraction lasted 250 ms and the
total exercise duration was 61.25 s. At the end of each maximal
knee extension, the participants were instructed to relax their
leg while the isokinetic device returned to its initial position
at 30◦s−1 (i.e., 1.5 s). Participants were instructed to “push as
fast and as hard as possible.” While the protocol involves the
completion of 35 knee extensions only the first 34 were further
analyzed to avoid the bias of the apparatus stop. Participants were
provided with a real-time feedback allowing them to visualize the
torque produced during each maximal knee extension. Strong
verbal encouragement was provided throughout.

Torque Measurements
Torque and angular velocity were recorded (sampling rate:
256 Hz) to calculate peak torque (Tpeak) and RTD. RTD was
calculated as the slope of the torque vs. time curve between 0 and
100ms relative to the contraction onset.We have decided to focus

our analysis on the initial 100 ms after contraction onset for the
following reasons: (1) RTD seems to be mainly determined by
the capacity to produce maximal voluntary activation in the early
phase of an explosive contraction (within 100ms) particularly as a
result of increased motor unit discharge rate; (2) there is a greater
variability during the early phase of the contraction (especially
the first 50ms); (3) despite rapidmuscle activation being a critical
determinant of RTD, the voluntary RTD becomes increasingly
influenced by muscle properties and maximal force for duration
longer than 100 ms (Maffiuletti et al., 2016).

Electromyography
EMG activity of the VL was recorded using surface electrodes
(EMG Triode, nickel-plated brass, electrode diameter = 1 cm,
inter-electrode distance = 2 cm, Thought Technology, Montreal,
QC, Canada). The same electrodes were kept in place for both
tests sessions to ensure that EMG activity signals representative
of the same muscle area could be compared by using repeated
measures. Albeit surface EMG recordings can be affected by
extreme environmental temperatures (Bell, 1993; Racinais, 2013),
the current protocol was performed under temperate ambient
conditions. EMG signals were sampled at 2048 Hz using
the Flexcomp Infiniti system (Thought Technology, Montreal,
Canada). The system had an input impedance and common
mode rejection ratio of 2M� and>110 dB, respectively. The skin
was shaved and cleaned with alcohol before placing electrodes
to improve the contact between skin and electrode and to
reduce skin impedance. Raw EMGs were filtered (Butterworth
order 2, bandpass 10-500 Hz) and amplified (gain = 500)
before calculating root mean squared values (RMS) with a 50-
ms moving rectangular window (MATLAB scripts, Mathworks,
Natick, MA). The onset of the RMS bursts was detected using
the threshold method described by Morel et al. (2015) based
on ± 3 SD of the resting baseline. For each contraction, the
following EMG variables were extracted: Peak EMG (EMGpeak)
calculated over a 50ms period and RER defined as the slope of the
EMG–time curve between 0 and 100 ms relative to the activation
onset.

Muscle Oxygenation Trends
Relative changes in deoxyhemoglobin concentration [HHb] of
the VL muscle were monitored (sampling frequency 20 Hz) by
NIRS (Portamon, Artinis, Zetten, Netherlands). Whereas various
parameters can be extracted by NIRS, we selected [HHb] as it
is insensitive to blood volume during exercise (De Blasi et al.,
1993; Ferrari et al., 1997), and thus represents a reliable indicator
of changes in oxygen extraction when investigating exercise-
induced fatigue (De Blasi et al., 1994; Ferrari et al., 1997).
The optodes were fixed at 40 mm distance between the light
source and the detector. The optode assembly was secured on
the cleaned skin surface with tape and then covered with a
black cotton tissue. The light emitted by the infrared probe is
assumed to reach a tissue depth of 50% of the interoptode spacing
(Matsushita et al., 1998). Skinfold thickness was measured using
a skinfold caliper. The obtained value was 6.5 ± 2.9 mm, which
was well below the penetration depth of the NIRS photons.
A differential pathlength factor of 3.8 was used for the VL muscle
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(DeLorey et al., 2005). Changes in [HHb] were reported as an
absolute change from baseline that was measured during 1 min at
rest before the exercise and were used as an estimator of changes
in intramuscular oxygenation. Total hemoglobin (tHb) was also
calculated. Changes in [HHb] and tHb during the exercise
were analyzed during the last 5 contractions (i.e., at steady
state) as the mean difference between maximal and minimal
values (� min-max [HHb], � min-max tHb, respectively)
(Figure 1).

Systemic Responses
Heart Rate
Heart rate (HR) was continuously monitored at 5-s intervals
during all trials using a heart rate monitor connected to a chest
strap (RS800, Polar Electro OY, Kempele, Finland) and the resting
and post-exercise (i.e., 15 s after exercise cessation) values were
extracted.

Ratings of Perceived Exertion
After each session, participants were asked to indicate their
ratings of perceived exertion (RPE) using a Borg CR-10 scale
(Borg, 1990).

FIGURE 1 | Typical traces of deoxyhemoglobin concentration [HHb] (A) and

total hemoglobin (tHb) (B) during the fatiguing protocol in normoxia (black line)

and hypoxia (gray line) for one subject. Triangles represent maximal and

minimal values measured during the last five contractions (mean values are

presented in Table 1).

Arterial Saturation
Percent arterial oxygen saturation (SpO2, %) was measured
before and at the end of the exercise using a fingertip
pulse oximeter (Onyx II, Model 9560, Nonin, Plymouth, MN,
United States).

Blood Lactate
A micro blood sample was taken from the fingertip before and
3 min after the end of the exercise. The sample was analyzed
for lactate concentration using a Lactate Pro (LT-1710, Arkray,
Japan) portable analyzer.

Statistical Analysis
Data were analyzed with Statistica 8.0 Software (Stat Soft Inc. R©,
Tulsa, OK, United States). The normality of the error distribution
was examined with Lilliefors’ test. Homogeneity of variance was
verified using Levene’s test. With the assumption of normality
and homogeneity of variance confirmed, data were analyzed
using two-ways repeated-measures ANOVAs (time x condition).
Tukey’s post hoc tests were used. Finally, a paired Student’s t-test
was performed to compare the blood lactate accumulation, SpO2,
end exercise heart rate, and rate of perceived exertion during
NOR and HYP. Effect-sizes are described in terms of partial eta-
squared (η2, with η2 ≥ 0.06 representing a moderate effect and
η2 ≥ 0.14 a large effect). Alpha level for statistical significance was
set at p≤ 0.05. Data are presented asmeans± StandardDeviation
(SD). 95% confidence interval (CI95%) are reported for [HHb]
and tHb data.

RESULTS

Torque
Tpeak decreased steadily during the exercise (Figure 2A,
p < 0.001; η2 = 0.84), without a significant difference between
conditions (p = 0.992) or any interaction effect (p = 0.725).
Conversely, there was an interaction effect on RTD (Figure 2B,
p = 0.002; η2 = 0.50) with significantly lower values in HYP
vs. NOR during the first 12 contractions only. Compared to
the first contraction, RTD values decreased significantly from
the nineteenth contraction in NOR and from the twenty-eighth
contraction in HYP.

EMG
EMGpeak significantly decreased with fatigue (p < 0.001;
η2 = 0.24) and was lower during the last four contractions as
compared to the first contraction (Figure 3A), yet without a
significant difference between conditions (p = 0.951) or any
interaction effect (p = 0.324). Conversely, there was an interaction
effect on RER (Figure 3B, p < 0.001; η2 = 0.43) with significantly
lower values in HYP vs. NOR during the first 9 contractions
only. RER significantly decreased with fatigue in NOR, whereas
it remained unchanged in HYP (Figure 3B).

Muscle Deoxygenation
The maximal [HHb] (p = 0.050; η2 = 0.25) but not tHb
(p = 0.186; η2 = 0.12) measured during the last 5 contractions
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TABLE 1 | Deoxyhemoglobin [HHb] and total hemoglobin (tHb) averaged over the last five contractions in normoxia and hypoxia.

[HHb] tHb

Normoxia Hypoxia Normoxia Hypoxia

Peak value (a.u.) 38.9 ± 15.7 41.0 ± 12.8∗ 17.5 ± 8.6 15.8 ± 8.1

CI95% peak 32.3–45.4 35.6–46.3 13.9–21.1 12.4–19.2

�min-max (a.u.) 10.1 ± 9.8 11.0 ± 5.5 14.6 ± 8.7 13.9 ± 7.2

CI95% �min-max 6.0–14.2 8.7–13.2 10.9–18.2 10.9–16.9

∗p ≤ 0.05.

FIGURE 2 | Maximal torque (A) and rate of torque development (B) values

measured during the 34 maximal contractions performed in normoxia (black

dots) and hypoxia (open circle). Data are means ± SD for 22 participants.

#p < 0.05 hypoxia versus normoxia; ∗p < 0.001 effect of fatigue.

was higher in HYP compared to NOR (Table 1 and Figure 1).
However, the delta between maximal and minimal [HHb]
and tHb throughout the last five contractions (Table 1) did
not differ between conditions (�[HHb] p = 0.956, �tHb
p = 0.252).

Systemic Responses
HR (77 ± 16 vs. 138 ± 24 bpm; p < 0.001; η2 = 0.90)
and lactate (2.5 ± 1.4 vs. 5.8 ± 3.1 mmol.l−1; p < 0.001;

FIGURE 3 | Peak EMG (A) and rate of EMG rise (B) measured during the 34

maximal contractions performed in normoxia (black dots) and hypoxia (open

circle). Data are means ± SD for 22 participants. #p < 0.05 hypoxia versus

normoxia; ∗p < 0.001 effect of fatigue.

η2 = 0.72) increased from pre to post-exercise (both p < 0.001),
independently of condition (HR p = 0.890, lactate p = 0.630).
A significant interaction between time and condition was
revealed for SpO2 (p < 0.001; η2 = 0.81); SpO2 values
decreased from pre to post-exercise in HYP (92 ± 2% vs.
84 ± 4%; p < 0.001), whereas it did not change in NOR
(98 ± 2% vs. 98 ± 1%; p = 0.99). RPE values were higher
in HYP (5.9 ± 2.8) vs. NOR (5.1 ± 1.1) (p < 0.001;
η2 = 0.56).
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DISCUSSION

The objective of the present study was to determine the effects
of acute hypoxic exposure on alterations in maximal and
rapid torque production and accompanying neuromuscular and
metabolic adjustments during maximal, repeated isokinetic knee
extensions in elite alpine skiers. Our main findings were that
hypoxia caused reductions in RTD and RER, whereas Tpeak
and EMGpeak remained unchanged. Importantly, the subsequent
exercise-induced decreases in RTD and RER were of smaller
magnitude when exercising under hypoxia, leading to similar
end-exercise values with also matched muscle de-oxygenation
levels between conditions.

Tpeak and EMGpeak
In line with previous studies (Kawahara et al., 2008; Goodall et al.,
2012; Christian et al., 2014), hypoxia exposure per se had no
effect onmaximal torque during a single contraction (Figure 2A).
However, the effect of hypoxia on fatigue when contractions are
repeated is more contentious in the literature with some studies
reporting larger decline in torque in HYP than NOR (Goodall
et al., 2010; Christian et al., 2014), whereas other concluded to no
differences (Kawahara et al., 2008). Our current results confirmed
the later, with a similar decrement in Tpeak induced by fatigue
in HYP and NOR. However, with only one single severity of
altitude simulation tested, it remains to be verified if graded
hypoxia (with lower or more severe hypoxic conditions) actually
modifies the extent of maximal force and EMG responses to
our exhaustive exercise. Interestingly, the magnitude and nature
(contribution of neural vs. peripheral factors) of fatigue-induced
adjustments in neuromuscular function after unilateral knee
extensions is dependent of hypoxia severity (Goodall et al., 2010).
This implies that interpretation of our results remains specific to
FiO2 0.13 (3,800 m), acknowledging that there is currently no
alpine ski race starting at a higher altitude. The current results
may also be specific to the population tested who is possibly
less vulnerable to fatigue. Indeed, the skiers participating in this
study routinely trained at altitude and elite athletes are likely to
have a higher capillary density and capillary-to-fiber ratio than
untrained participants (Zoladz et al., 2005); fatigue and recovery
has been correlated with capillary density (Tesch and Wright,
1983) in the VL after 50 repeated consecutive maximal voluntary
contractions at 180◦s−1 but not with fiber type distribution.

As for Tpeak, our data show an effect of fatigue on EMGpeak
but no effect of hypoxia (Figure 3A). This indicates that hypoxia
didn’t exaggerate fatigue-induced decrease in maximal neural
drive to the VL of elite skiers. This partly differs from a
previous report suggesting that a diminished O2 availability in
the brain could cause a failure of drive from the motor cortex
during whole-body exercise (Goodall et al., 2012), with the
downregulation in quadriceps muscle recruitment under hypoxia
limiting muscle fatigue (Billaut et al., 2013). However, this is in
line with the observation that hypoxia does not modify central
regulation of motor drive during localized exercise involving a
small muscle mass (Rupp et al., 2015). EMGpeak was maintained
for the first 15 contractions in the current study despite an
overall decrease in Tpeak and a lower SpO2 in HYP, suggesting

that the decrease in Tpeak was mainly due to peripheral fatigue
with no or limited recruitment downregulation during maximal
contractions. This also complete previous reports showing that
elite skiers better tolerate fatigue (Akutsu et al., 2008) or
environmental conditions such as cold (Racinais et al., 2017) than
the general population.

RTD and RER
There has been a shift toward power training and heavier skiers
over the past years in alpine ski racing (Turnbull et al., 2009) and
top-level power athletes are characterized by a markedly greater
knee extensor RTD measured during the initial 150 ms than
habitually active individuals (Tillin et al., 2010). However, our
results showed that RTD is reduced by hypoxia, i.e., a common
environmental stressor for alpine skiers. The unique finding that
hypoxia impairs RTD with a preserved Tpeak might at first appear
in contradiction with the further reduction in Tpeak, but not
RTD, that was previously reported following repeated sprints in
hypoxia (Girard et al., 2016). However, in that previous study, the
neuromuscular test battery was performed in normoxia before
and after the fatiguing task. When only considering end of
exercise values, our results also failed to show any significant
difference in RTD between HYP and NOR. In the current study,
RTD was reduced in HYP compared to NOR during the first
12 contractions only (Figure 2B). According to Edman and
Josephson (Edman and Josephson, 2007), RTD is influenced by
passive stiffness, fiber type composition, cross-bridge kinetics and
neural drive. Because the two first muscular factors were probably
not modified under hypoxia at the beginning of the protocol,
RTD decrease could possibly be explained by cross-bridge
kinetics and neural drive. Cross-bridge kinetics is influenced by
metabolites accumulation and it is unlikely that this parameter
was different during the first few contractions between HYP and
NOR. Thus, a lower neural drive, as demonstrated by the lower
RER under hypoxia in the first contractions (Figure 3B), likely
is the primarily cause of hypoxia-induced decrement in RTD.
While it may appear counterintuitive that HYP affected RER
during the first 9 contractions, it should be clarified that some
physiological responses were already impacted by HYP from the
beginning of the exercise (e.g., SpO2 was 92% in HYP vs. 98% in
NOR). No changes in EMGpeak were observed with such rather
narrow (yet clinically relevant) difference in SpO2, which may,
however, have triggered a decrement in RER by teleoanticipation
of the upcoming 61 s of exercise. In support, it was previously
demonstrated that “all-out” pacing strategies are adopted for
exercise up to 15 s, but pacing becomes apparent when exercise
is expected to last 30 s or more despite the instruction to go “all-
out” (Wittekind et al., 2011). This observation adds to a previous
report that whereas Tpeak alterations are related to peripheral
perturbations, RTD losses were associated to both central and
peripheral fatigue in non-athletes in normoxic environment
(Morel et al., 2015).

It should be acknowledged that other factors (not investigated
in the current protocol) are also likely to affect RTD while skiing.
Indeed, skiing is generally performed in cold environments.
Both cold and hypoxia exposure individually decrease constant-
workload (high-intensity) knee extension time to exhaustion,
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with the decrements being additive when both stressors are
combined (Lloyd et al., 2016). This decrease was attributed to
a faster rate of peripheral fatigue development (Lloyd et al.,
2016). Moreover, colder muscle temperature is also known to
specifically decrease RTD (Zhou et al., 1998). Lastly, there is
an ongoing debate on the potential physiological differences
between hypobaric and normobaric hypoxia (Millet et al., 2012).
However, this debate mainly concerns aerobic adaptations or
acute mountain sickness rather than neuromuscular function
adjustments (Millet et al., 2012). The only specificity of real
altitude while skiing relates to a decrease in aerodynamic
resistances, which remains challenging to replicate under
controlled laboratory conditions.

SpO2 and NIRS Data
As expected, hypoxia lowered SpO2 before and after the
exercise, which occurred along with higher muscle [HHb] values
(Figures 1A,B). It should, however, be acknowledged that muscle
oxygen desaturation may be larger during skiing than during
isokinetic testing due to low posture, prolonged near-maximal
muscle contraction and a rhythmic pattern with insufficient time
to adequately re-perfuse working muscle (Szmedra et al., 2001).
This may affect blood flow and oxygen delivery to working
muscle. Reportedly, changes in hemoglobin/myoglobin oxygen
desaturation between rest and exercise, expressed relatively to
maximal oxygen desaturation determined with cuff ischemia,
are greater during GS (79.2%) than SL (65.7%) (Szmedra et al.,
2001). Because our data were not normalized to maximal oxygen
desaturation obtained with cuff ischemia, no comparison could
be made for the relative desaturation observed in the current
study with this previous literature. However, irrespectively, of
the absolute levels, it is of interest to note that the delta
between maximal and minimal [HHb] values calculated during
the last contractions were identical in the two conditions,
using repeated measures with the same methods, indicating
that muscle O2 utilization was similar. In addition, the blood
lactate accumulation was similar in NOR and HYP, suggesting
an identical anaerobic energy production. These observations
differ from Calbet et al. (2003) who proposed that aerobic ATP
production is reduced under hypoxia and compensated by an
enhanced anaerobic energy production during a Wingate test.
However, the active muscle mass was relatively small in the
present study compared to cycling sprint, and O2 delivery to the
quadriceps muscle may thus be sufficient to maintain the aerobic
energy supply even when oxygen availability is reduced. Thus, the
similar O2 utilization and lactate production, with lower SpO2
and higher RPE in HYP, indicate similar muscle energy turnover
but higher whole-body stress during single leg exercise under
reduced O2 availability.

Limitations
We selected the first 100 ms as the importance of a high RTD
for superior sprint/acceleration capacity, in rugby players for
instance, was strongly related to the proportion of maximal
force achieved in the initial phase (i.e., only for RTD 100 ms)
of explosive-isometric squats (Tillin et al., 2013). However, the
relative contribution of the central and peripheral factors to

RTD throughout the rising phase of the force-time curve may
depend on the time intervals considered for analysis. A number
of different windows (0–50, 50–100, 0–150, or 100–200 ms) have
been used in previous studies (Jordan et al., 2015;Maffiuletti et al.,
2016) and shorter (<100 ms) or longer (>100 ms) analyses may
have shown slightly different results, shorter windows beingmore
influenced by central factors (Maffiuletti et al., 2016).

In order to mimic alpine skiing, it would be necessary to
sequentially decrease the severity of hypoxic exposure during
the exercise as vertical drop in official competition typically
ranges from 180 m (SL) to 1100 m (Downhill) within 2 min.
In addition, the exercise-to-rest ratio together with the number
of contractions of the fatiguing protocol could also be extended.
Indeed, the gate number is 55–75 for a SL and above 30 gates
for GS. Besides, the angular velocity chosen and contraction
mode (concentric) may not be representative of alpine skiing
discipline, even though an angular velocity of 180◦/s has often
been used in fatigue isokinetic protocols in footballers (Sangnier
and Tourny-Chollet, 2008). Indeed, lower angular velocity (20–
70◦/s) with deeper knee flexion (67–140◦) and predominance
of eccentric/isometric work in a closed kinetic chain has
been previously seen in alpine skiing (Berg and Eiken, 1999).
However, RTD is typically measured under isometric conditions
despite speed-related differences in motor unit activation pattern
influencing rapid muscle force production (Maffiuletti et al.,
2016). Occasionally, RTD has been measured during squat or
leg-press which may be more relevant for practical outcomes
(Maffiuletti et al., 2016). Thus, future studies should consider
measuring RTD in skiers with press or during squat exercises and
testing movement patterns that mimic the ski activity pattern.
We acknowledge that our protocol may not be representative
of alpine skiing exercise for the above-mentioned reasons,
nonetheless we choose it as it allowed assessing RTD under
controlled conditions.

Practical Applications
Recent reviews point out the critical need to develop ski-specific
neuromuscular screening tests and prevention programs (Jordan
et al., 2017). Our results seem to support the notion that isokinetic
testing protocols for elite skiers should incorporate RTD
measurements. Amore specific testing should also incorporate an
evaluation of fatigue and hypoxia effects to better understand the
skier neuromuscular function in a practical context of performing
a ski run at altitude.

Because of the tremendous strength demands of ski
racing especially on the quadriceps (Abe et al., 1992), the
implementation of regular hamstring and quadriceps strength
assessments with special reference to RTD seems warranted
in the physical evaluation of uninjured skiers. In addition,
Jordan et al. (2015) observed quadriceps maximal torque and
RTD deficits in the ACL-reconstructed limb of the skiers up to
25 months after the surgery, whereas skiers received medical
clearance to return to full competition. These deficits led to
an inflated hamstring / quadriceps ratio compared with that
in uninjured controls. Considering the high ACL injury and
re-injury rate in elite skiers (Pujol et al., 2007), hamstring
and quadriceps strength should be assessed over a long-term
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period after surgery to identify chronic strength deficits in
ACL-reconstructed skiers. In summary, developing higher RTD
values may help preventing falls and injury in alpine skiing,
where ACL injury typically occurs within the first 200 ms of
muscle contraction (Bere et al., 2011). Practically, RTD can
be improved both by heavy-resistance and explosive strength
training through hypertrophic and neural adaptations (Aagaard
et al., 2002; Maffiuletti et al., 2016), which is already included in
strength and conditioning program in elite skiers.

Resistance training in hypoxia (either systemic or with
blood flow restriction) is a novel and popular training method
potentially causing greater muscular development and strength
gains versus similar training at sea level (Heitkamp, 2015; Inness
et al., 2016) and a decreased fatigue in repeated sprints (Ramos-
Campo et al., 2018a). Nevertheless, a recent meta-analysis
concluded that resistance training in hypoxia did not produce
significant change in muscular size or maximal strength when
compared to normoxic resistance training (Ramos-Campo et al.,
2018b). These strength gains concern usually maximal voluntary
contraction but remain unclear for RTD as hypoxia-mediated
neural adaptations have not yet been discovered. Further studies
are therefore needed to evaluate the effectiveness of training
using repeated maximal explosive contractions under simulated
altitude as well as to document the dose-response relationship.
We would expect an improvement in fatigue resistance on
RTD (lesser drop), which is often considered a more sensitive
parameter than maximal torque.

CONCLUSION

Whereas fatigue-induced decrements in peak torque and EMG
were similar in normoxia and hypoxia, the RTD and RER were

initially lower during repeated, maximal isokinetic contractions
in elite alpine skiers when oxygen availability was reduced. This
suggests that hypoxia limits RTD via decreased neural drive to
active musculature, but this effect is negated by fatigue as muscle
oxygenation trends as well as RTD and RER decrements were
of smaller magnitude under hypoxia. As such, muscle function
integrity may be first negatively impacted by hypoxia exposure
before fatigue mediated its effect on rapid torque production
during alpine ski races.
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This study used a portative wireless technology to investigate the kinematic characteristics of the four alpine skiing disciplines.
Knee and hip angles were measured in 20 national team alpine skiers during 253 ski runs under FIS regulation, including: 85 Slalom
(SL), 123 Giant Slalom (GS), 29 Super Giant Slalom (SG) and 16 Downhill (DH). Data were analyzed by cycle and separated into outside
(OL, n=2087) and inside leg (IL, n=2015). The differences in knee angles between discipline did not reach significance (p=0.064) but
the hip maximum angles were lower in DH than GS and SL (p<0.033), suggesting the maintenance of a tuck position without trunk
extension phases. The knee concentric velocity was higher in SL than other disciplines on the outside leg only (p<0.001), whereas
the knee eccentric velocity was higher in SL than other disciplines on both legs (p<0.001). The proportion of the knee concentric
phase was higher in SL than GS and in GS than SG on both legs (p<0.019). Conversely, the relative proportion of the knee eccentric
and concentric phases were higher in SL and lower in DH with some leg specificities. In summary, the quasi-isometric phase was
overlooked in previous study but is crucial to consider; all disciplines but DH showed an asymmetrical behavior of the legs; there
are similarities between GS and SG challenging the traditional partition of speed (DH/SG) versus technical (SL/GS) disciplines. The
current data may be used to train the outside (open angles) and inside leg (closed angles) specificities incorporating specific
contraction modes and exercises.

  

 
Contribution to the field

Alpine skiing was historically described as an activity alternating slow knee flexion (eccentric work of the knee extensors) and
extension phases (concentric work of the knee extensors). However, equipment design and movement pattern have markedly
changed during the last decades, especially with the introduction of parabolic skis (carving). This study used a portative wireless
technology to investigate the kinematic characteristics of the four alpine skiing disciplines. Knee and hip angles were measured in
20 national team alpine skiers during 253 ski runs under FIS regulation, including: 85 Slalom (SL), 123 Giant Slalom (GS), 29 Super
Giant Slalom (SG) and 16 Downhill (DH). Data showed that the quasi-isometric phase was overlooked in previous study but is crucial
in modern skiing. Data also showed similarities between GS and SG challenging the traditional partition of speed (DH/SG) versus
technical (SL/GS) disciplines. All disciplines but DH showed an asymmetrical behavior of the legs, and DH showed lower hip
maximum angles than GS and SL, suggesting the maintenance of a tuck position without trunk extension phases. The current data
may be used to train the outside (open angles) and inside leg (closed angles) specificities incorporating specific contraction modes
and exercises.
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Effect of Cold on Proprioception and Cognitive Function  

in Elite Alpine Skiers

Sebastien Racinais, Nadia Gaoua, Khouloud Mtibaa, Rodney Whiteley, Christophe Hautier,  

and Marine Alhammoud

Purpose: To determine the effect of cold ambient conditions on proprioception and cognitive function in elite alpine skiers. 
Methods: 22 high-level alpine skiers and 14 control participants performed a proprioceptive-acuity (active movement-extent 
discrimination) and a cognitive (planning task) test in cold (8°C) and temperate (24°C) ambient conditions. Results: All par-
ticipants displayed an increase in thermal discomfort and the amount of negative affects in the cold environment (all P < .05). 
Average proprioceptive acuity was significantly better in the elite skiers (0.46° ± 0.12°) than in the control group (0.55° ± 0.12°) 
(P < .05) and was not affected by cold ambient conditions, except for a shift in the pattern of error (over- vs underestimation, P 
< .05). Cognitive performance was similar between elite skiers and control participants in temperate environments but decreased 
in the cold in the control group only (P < .05) becoming lower than in elite skiers (P < .05). Conclusion: Elite alpine skiers 
showed a significantly better proprioceptive acuity than a control population and were able to maintain their performance during 
a cognitive task in a cold environment.

Keywords: temperature, AMEDA, ski, exercise, environment

Winter-sport athletes, as well as many other outdoor athletes, 
are routinely exposed to cold during both training and competition. 
Whereas recreational alpine skiers wear well-insulated garments, 
competitive alpine skiers wear thin permeable racing suits. Elite 
alpine skiers are therefore exposed to cold on the chairlift or while 
waiting for the race start (ie, skiers remove additional garments 
approximately 10 min before the start), with ambient temperatures 
during winter Olympics ranging from –5°C to +8°C1 and even 
lower in many ski races. The risk of hypothermia and/or frostbite at 
these temperatures is generally considered minimal for most trained 
athletes due to high metabolic rates (eg, cross-country skiing) or 
brief exposure duration (eg, alpine skiing).1 However, alpine skiing 
requires a variety of complex motor abilities including agility, 
coordination, and proprioception2 for which the effects of racing 
or waiting in a cold environment are not known.

In cold environments, an increase in shivering and muscle 
coactivation and a decrease in muscle-contraction velocity, nerve-
conduction velocity and stretch-reflex response3 are likely to affect 
fine motor control, postural control, balance, and proprioception.4 
Of note, the effect of cold exposure on postural sway remained 
the same before or after cold habituation,4 suggesting that winter-
sport athlete are not exempt from such alterations. Proprioception 
has been shown to be a key component of performance2 but also 
injury risk.5 Proprioception corresponds to the ability to determine 
and coordinate body-segment positions and movements in space.6 

It depends on neural pathways and cognitive programming,7 both 
being potentially affected by cold environmental temperatures.3,8

To date, several studies have investigated the effect of therapeu-
tic cryotherapy (ie, localized cooling) on various balance and pro-
prioception tests, but those studies have reported conflicting results9 
depending on the cooling methods and exposed area. For example, 
the Star Excursion Balance Test is impaired when cooling the entire 
leg (ie, from the foot up to the hip) but not when cooling only the 
ankle or the lower leg.10 The effect of cold ambient conditions on 
winter-sport athletes remains to be investigated during whole-body 
cold exposure rather than during or after localized segmental cool-
ing. In addition, even if cold acclimatization is minimal in humans,1 
repeated cold exposures induce psychological adaptations such 
as an increase in thermal comfort,11 and elite alpine skiers might 
therefore display different responses than the general population.

The aim of this study was to determine the effect of cold 
ambient conditions on proprioception and cognitive function in 
elite alpine skiers. We hypothesized that cold exposure would alter 
both active movement-based proprioception and cognitive function.

Methods

Participants

Twenty-two high-level alpine skiers (179 ± 4 cm, 83 ± 6 kg, 26 
± 4 y) and 14 control participants (178 ± 5 cm, 78 ± 5 kg, 33 ± 6 
y) participated in this study after providing their written informed 
consent. The skiers were white men, part of the French Alpine 
national ski team (6 Europa Cup skiers and 16 World Cup skiers, 
including several Olympic medalists and world champions) and 
were accustomed to training and competing in cold environments 
for approximately 200 d/y for several years. The control participants 
were white male recreational athletes (competitor or fitness instruc-
tor, with a ski level ranging from beginner to intermediate) who 
were living and training in a warm environment (ie, Middle East). 
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No participants were under medication except 1 of the skiers taking 
NSAIDs. The protocol conformed to the recommendations of the 
Declaration of Helsinki. The project was approved by the Aspetar 
scientific committee (approval number CMO/000058/fj) and the 
ADL-Q ethics committee (approval number E20140000011).

General Procedure

After a familiarization session, the participants underwent 2 addi-
tional experimental sessions in thermoneutral (Control, CON, 
24°C) and cold (COLD, 8°C) environments, in a counterbalanced 
order, wearing shorts and T-shirts in the 2 sessions. Each of the 
experimental sessions included a rest period (10 min) followed by 
a proprioception test (~10 min) and a cognitive test (~10 min), in 
randomized order between participants.

Physiological and Subjective Responses

Environmental temperature was maintained constant inside an 
environmental chamber (Tescor, Warminster, PA, USA). Skin tem-
peratures were recorded over the chest (under the T-shirt), hand, and 
calf (above the ski boot) using skin thermistors (precision 0.1°C, 
range –1.0°C to +50.0°C, DM 852, Ellab, Denmark) to calculate 
the mean skin temperature based on the Burton12 formula as 0.5 
chest + 0.14 hand + 0.36 calf temperatures. Due to ski-boots tight-
ness, no temperature sensors were placed at the ankle level to avoid 
affecting the proprioception test.

Measures for thermal sensation and thermal discomfort were 
recorded at the beginning and end of the test using visual analogue 
scales ranging from very cold to very hot (blue to red scale) and from 
very comfortable to very uncomfortable (white to black graduation 
scale), respectively. Corresponding scores ranging from 0 (very 
cold/very comfortable) to 20 (very hot/very uncomfortable) were 
on the reverse side of both scales and visible only to the researcher.

Before starting the cognitive assessment the subjects completed 
the Positive and Negative Affect Schedule (PANAS).13 The PANAS 
is a 20-item self-report psychometric scale developed to measure the 
largely independent constructs of positive and negative affects as 
both states and traits.13 PANAS has a high internal consistency and 
displays good test–retest reliability across different time frames, as 
well as good external validity for general psychological stress and 
depressed affect.13 High negative affect reflects subjective distress 
and unpleasurable engagement, and low negative affect, the absence 
of these feelings. By contrast, positive affect represents the extent 
to which an individual experiences pleasurable engagement with 
the environment. The positive- and negative-affect scores were 
computed and the negative:positive affect ratio was calculated.

Proprioception Test

Proprioceptive acuity was assessed as the ability to discriminate 
between movements using an Active Movement Extent Discrimina-
tion Apparatus (AMEDA, Figure 1).14 Participants were wearing 
ski boots fixed to ski bindings. The left binding was attached to a 
fixed support and the right binding was attached to a mobile sup-
port. The mobile support could freely move until a fixed stop set at 
5 different eversion angles (10.5°, 11.2°, 11.9°, 12.6°, and 13.3°) 
in a random order. Participants had to actively evert the foot and 
recognize the angle allowed by pressing a keypad numbered from 
1 to 5. After 3 practice trials at each angle, participants underwent 

a total of 50 trials (10 at each angle, random order). Participants 
were facing a white wall and could not see the apparatus. High 
intraclass correlation coefficients (ICCs), of .85 and .89,15 have 
been previously reported for such active movement-discrimination 
procedures.16 The average absolute error was computed in degrees. 
The numbers of overestimations (ie, an estimated eversion deeper 
than the real one) and underestimations (ie, an estimated eversion 
smaller than the real one) were also recorded.

Cognitive Evaluation

Participants were seated in an upright position in front of a desk 
and performed a planning task (OTS: One Touch Stockings of 
Cambridge) using Cantab software (CANTABeclipse, Cambridge 

Figure 1 — Proprioceptive acuity estimated by the Active Movement 
Extent Discrimination Apparatus (AMEDA). Participants were equipped 
with ski boots fixed to ski bindings. (A) The right binding was attached to a 
mobile support moving freely until a fixed stop randomly set at 5 different 
eversion angles by an engine. The (B) average absolute error and (C) the 
numbers of overestimation (ie, an estimated eversion deeper than the real 
one) and underestimation (ie, an estimated eversion smaller than the real 
one) were computed from 50 trials in cold (8°C, gray bars) and temperate 
(24°C, white bars) environments in elite skiers (dashed bars) and control 
participants (plain bars), mean ± SD. #Difference between groups, *dif-
ference between condition, P < .05. 
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Cognition, Cambridge, UK) and hardware (tactile screen). Partici-
pants were shown 2 horizontal displays containing 3 colored balls. 
The displays were presented in such a way that they could be per-
ceived as stacks of colored balls held in stockings suspended from 
a beam. Participants were required to mentally solve the minimum 
number of moves required to reproduce on the lower display the 
same pattern as on the upper display. Participants were then required 
to indicate the correct solution at the bottom of the screen by select-
ing a number from 1 to 7. In case of error, the test continued until 
finding the correct response. Participants were instructed to first 
prioritize the accuracy of the response and second to respond as 
quickly as possible as soon as they knew the answer. The outcome 
measure was the number of problems solved on the first choice (ie, 
accuracy), the latency to first response, and the latency to correct 
response. Measures were analyzed for 2 different levels of com-
plexity requiring 4 (OTS-4) and 6 moves (OTS-6). Each measure 
was obtained by averaging the score obtained over 4 trials. This 
test depends on frontal-lobe functioning and is sensitive to the 
environmental conditions.17

Statistical Analysis

Data were coded in SPSS 20 (SPSS, Chicago, IL, US). Data were 
analyzed using a 2-way ANOVA with 2 groups (ski vs control, 
between subjects) × 2 conditions (temperate vs cold, within sub-
jects). Least-significant-difference (LSD) pairwise comparisons 
were used to compare the effect of condition at each time interval 
in case of significant condition × task interaction. The level of sta-
tistical significance was set at P < .05. Effect sizes are described 
in terms of partial eta-squared (η2, with η2 ≥ .06 representing a 
moderate difference and η2 ≥ .14 a large difference).

Results

Physiological and Subjective Responses

Skin temperature and thermal sensation were lower and thermal 
discomfort was higher in cold than temperate ambient conditions 
(all P < .001, η2 > .57; Table 1). In addition, the amount of nega-
tive affects (P = .003, η2 = .23), but not positive affects (P = .286, 

η2 = .03), was higher in cold than temperate ambient conditions, 
leading to a higher negative:positive affects ratio in the cold (P < 
.001, η2 = .32; Table 1).

Neither temperatures, thermal sensation, nor thermal discom-
fort were significantly different between groups or displayed an 
interaction effect (all P > .116, η2 < .05; Table 1). The elite skiers 
participating in this study reported more pronounced positive (P = 
.020, η2 = .15) and negative (P = .049, η2 = .11) affects than the 
control group (Table 1). This overall effect was independent of the 
condition (both P > .16, η2 < .06), and the ratio of negative to posi-
tive affects was identical between the groups (P = .952, η2 < .01).

Proprioceptive Acuity

The pattern of response to the AMEDA test is displayed in Figure 
1. The average error was significantly lower in the elite skiers than 
in the control group (P = .010, η2 = .18; Figure 1) but was not dif-
ferent in cold and temperate ambient conditions (P = .31, η2 = .03). 
However, whereas the errors were predominantly due to underes-
timation in temperate ambient conditions, this pattern changed in 
cold ambient conditions (P = .010, η2 = .18; Figure 1).

Cognitive Evaluation

There was a significant interaction effect between group and condi-
tion for both the simple (OTS-4; P = .017, η2 = .16) and the complex 
(OTS-6; P = .007, η2 = .20) cognitive task. Cognitive performances 
were similar between the elite skiers and the control population 
in the temperate environment (OTS-4 P = .482, OTS-6 P = .727). 
However, accuracy decreased with cold exposure in the control 
group only (OTS-4 P = .026, OTS-6 P = .015), becoming lower 
than in the elite skiers (OTS-4 P = .003, OTS-6 P = .007) (Figure 2).

Of note, the elite athletes participating to this study tend to 
take more time before answering than the control group (OTS-4 
P = .083, η2 = .09; OTS-6 P = .056, η2 ≥ .11). This difference 
became significant when performing the complex task (OTS-6) in 
the cold environment, where, in parallel with better accuracy, the 
skiers took significantly more time before answering (P = .046) 
and before finding the correct answer (P = .013) than the control 
participants (Figure 3).

Table 1 Physiological and Subjective Responses to Cold Exposure

Temperate Cold

Control Ski Control Ski Effect of cold exposure

Mean skin temperature (°C) 30.3 ± 0.9 31.2 ± 0.9 24.3 ± 1.4 27.1 ± 1.0 P < .001

Subjective scales (/20)

 sensation 9.9 ± 1.5 10.4 ± 1.4 4.3 ± 1.7 4.1 ± 1.0 P < .001

 discomfort 5.4 ± 4.0 7.1 ± 3.6 14.1 ± 2.9 14.5 ± 1.7 P < .001

Affects (arbitrary units)

 positive 30.9 ± 6.7 34.0 ± 4.6 28.6 ± 7.7 34.4 ± 5.4 P = .286

 negative 11.4 ± 1.6 14.3 ± 4.5 14.3 ± 3.2 16.5 ± 5.6 P = .003

 ratio (%) 38.3 ± 8.2 42.3 ± 12.9 54.1 ± 20.6 49.5 ± 19.7 P < .001
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Figure 2 — Cognitive performance. Percentage of successful trials on the 
first attempt over a total of 4 trials for a planning task requiring 4 (OTS-4) 
or 6 (OTS-6) movements in cold (8°C) and temperate (24°C) environments 
in elite skiers (dashed bars) and control participants (plain bars), mean ± 
SD. #Difference between groups, *difference between condition, P < .05.

Figure 3 — Response times during cognitive testing. Time to (A, B) first 
and (C, D) correct answer for a planning task requiring 4 (OTS-4; A, C) or 
6 (OTS-6; B, D) movements in cold (8°C) and temperate (24°C) environ-
ments in elite skiers (dashed bars) and control participants (plain bars), 
mean ± SD. #Difference between groups, P < .05.

Discussion

The aim of this study was to determine the effect of cold ambient 
conditions on proprioception and cognitive function in elite alpine 
skiers. Our data showed that elite skiers had significantly better 
active proprioceptive acuity than control participants, the pattern of 
error during the AMEDA test was different in cold and temperate 
ambient conditions but the average error remained similar, and a cold 
environment impaired accuracy during a cognitive task in the control 
participants but not in the elite skiers. These data partly validate 
the original hypothesis that active movement-based proprioception 
and cognitive function would be impaired in a cold environment. 
However, the impairment in proprioceptive acuity does not affect 
the average error, and elite skiers were able to maintain their level 
of accuracy during the cognitive task in cold ambient conditions.

Better Proprioceptive Acuity Displayed by Elite 

Skiers 

There is an equipoise in the literature regarding the effect of 
exercise training on proprioception.18 Some studies have reported 
an improvement in knee proprioception after training,19–21 but 
sometimes without concomitant improvement in the foot/ankle 
complex.21 Moreover, there was no improvement in ankle-position 
sense after 5 months of ballet training.22 Proprioception scores for 
the ankle, knee, shoulder, spine, or fingers have been shown to be 
associated with performance level achieved but did not correlate 
with the number of years of sport-specific training.23 The only study 
investigating ski expertise reported that skiers of national level had 
postural control similar to that of skiers of regional level with ski 
boots but displayed an impaired postural stability without ski boots, 
speculatively in relation with a long-term effect of repeatedly wear-
ing ski boots.24 The current data add to the debate that elite skiers 
have better active proprioceptive acuity than the general population 
during an eversion task reproducing their sporting activity with ski 
boots (Figure 1).

This better proprioceptive acuity is only 1 of the aspects charac-
terizing elite alpine skiers, and the current results do not allow us to 
discriminate whether elite skiers acquired this better proprioception 
through their training or have inherently better proprioception as part 
of the skills that led them to reach this level of ski expertise. Given 
that skiing is performed in a cold environment, we hypothesized that, 
irrespective of being acquired or inherent, the better proprioception 
of the elite skiers would be more marked in a cold environment. 
The various methodology and cold treatment (mostly localized 
cryotherapy) used in the literature failed to unequivocally charac-
terize the effect of cold on proprioception.9 The current study does 
not allow conclusions on the effect of a localized aggressive cool-
ing on proprioception, but our data suggest that the average active 
proprioceptive acuity is not different in cold and temperate environ-
ments, even when using a test sensitive enough to differentiate ski 
expertise. Of note, despite similar average proprioceptive-acuity 
errors in cold and temperate environments, cold exposure modified 
the pattern of error (Figure 1). Speculatively, we could suggest that 
this may be a flawed response likely to modify the perception of 
the skier and therefore the required accurate ski placement to safely 
execute turning and other skiing maneuvers. In any case, the effects 
of cold ambient conditions on the proprioception test were similar 
for the skiers and the control participants, supporting previous data 
showing that the effect of cold exposure on postural sway remained 
the same before or after cold habituation.4
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Cognitive Function Affected by Cold Exposure 

The current data showed a decrease in cognitive performance (plan-
ning task) with cold exposure in the control group (Figure 2). This 
observation confirms that cold environmental temperatures can 
significantly affect cognitive performance8 including concentration, 
vigilance, memory, and reasoning.25 Of note, whereas hot ambient 
conditions have previously been reported to impair complex (OTS-
6) but not simple (OTS-4) planning tasks,26 the impairment in cold 
ambient conditions observed in the current study was similar for 
both tasks. It has been suggested that these impairments in cognitive 
performance might be related to a decrease in available resources 
due to the distraction caused by cold discomfort that could consume 
central attention resources.27 This mechanism is supported, at least 
for the control group, by the current data showing an increase in 
thermal discomfort with cold exposure (Table 1).

However, despite similar levels of discomfort, the elite skiers 
were able to maintain their cognitive function in the cold. Even if 
the current data failed to show significant differences in thermal 
sensation and discomfort responses between the control group and 
the elite skiers, previous studies showed that cold adaptation/habitu-
ation can improve thermal sensation and comfort.11 In the absence 
of a “cold habituation” intervention, we can only speculate that 
their usual training in cold environments may have made it possible 
for elite skiers to maintain their attention focused on the task. This 
occurred at the expense of higher latency to response and a longer 
duration to find the correct answer during OTS-6 (Figure 3). In 
accordance with M kinen et al28 and following arousal theory, the 
skiers became more aroused or engaged in performing the task given 
that they perceived the cold as a challenge and consequently devoted 
greater attention (and time) to completing the task. Conversely, the 
control group viewed it as too a stressful situation and could not, or 
did not want to, increase the time allocated to the task in the cold.

This model is supported by the PANAS results from the current 
experiment showing that skiers exhibited more intense positive and 
negative responses to the PANAS. This could be related to the fact 
that athletes exhibit higher emotional intelligence,29 making them 
more aware of their own emotions. By better recognizing their 
positive and negative affects, skiers might be able to trigger the 
appropriate responses and coping strategies in difficult situations.30

Perspectives

Proprioception has been recognized as an important factor for 
both injury risk5 and the recovery of athletic performance31 and 
is of particular importance in alpine skiing.2 Consequently, it is 
now highly recommended to include a proprioceptive component 
in sports-medicine practice training as well as rehabilitation pro-
grams.18 To maximize the ecological validity of the proprioception 
testing, the participants of the current study were tested in a weight-
bearing situation, wearing ski boots and actively moving the ski 
bindings at their own pace. Active movements made by the subject 
are discrete and self-initiated and result in a functional interaction 
with the environment. However, other environmental variables (eg, 
visibility, change in snow-surface conditions) remain to be inves-
tigated to characterize the environmental factors affecting injury 
risk and performance.

The current protocol included a passive cold exposure similar to 
the conditions and duration experienced by the skiers on the chairlift 
during training32 or before the start in competition. Indeed, skiers 
remove their pants and jacket approximately 10 minutes before 
the start of the race and wear only a thin 1-piece racing suit over 

a single underlayer while standing in the cold. Racing suits must 
have a minimum permeability of 30 L · m–2 · s–1 (alpine international 
ski-competition rules, version of July 2015) and therefore provide 
limited cold protection. In the current study, to allow for comparison 
with a control group, the skiers did not wear a racing suit and the 
temperature was therefore set at the high end of the ambient tem-
peratures reported during winter Olympics (–5 to +8°C).1 Further 
studies are required to estimate the impact of colder environments.

Conclusion

The current data showed a significantly better proprioceptive acuity 
in elite alpine skiers than a control population. This difference 
remained across environmental conditions. Proprioception was 
not markedly altered in cold ambient conditions, other than a shift 
in the pattern of error. Moreover, despite more errors during the 
planning task performed in cold than temperate environments in 
the control group, elite alpine skiers were able to maintain their 
level of cognitive performance.

Practical Implications

• Elite skiers have better proprioceptive acuity of the ankle ever-
sion in ski boots than a control population.

• Cognitive functions are altered in a cold environment in control 
participants but not in elite skiers.
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METHODS: Nine subjects status-post ACL injury participated in this study. After determining the subjects’ preoperative isometric quadriceps strength on a Biodex and their 1 
repetition maximum on each piece of exercise equipment, they then performed a 4-week BFRT protocol. Training was performed at 30% of the subject’s 1 rep maximum with BFRT 
optimal pressure determined per manufacturer instructions. Four quadriceps strengthening exercises were performed at each session. Three sets of 10-30 repetitions were performed 
for each exercise. At the end of 4 weeks, quadriceps strength was reassessed. A paired t-test was used to compare pre and post intervention quadriceps strength normalized to body 
weight, and limb symmetry indexes were calculated. 
RESULTS: Quadriceps strength of the involved side significantly increased (p<0.000) from 2.24 ± 0.67 Nm/kg to 2.82 ± 0.71 Nm/kg. The limb symmetry index improved from 0.70 pre-
BFRT to 0.88 post-BFRT. 
CONCLUSIONS: A four-week blood flow restricted training protocol significantly increases quadriceps strength in a preoperative ACL reconstruction population. By training at 30% 
of the individual’s 1RM, the risk of further injury or pain is minimized. Restoring quadriceps strength before surgery may result in a faster recovery and better long term outcomes. 
Further research should investigate if blood flow restrictive training is appropriate for other injured populations and for postoperative care of patients who have had an ACL 
reconstruction. 
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Effect of Fatigue on The Neuromuscular Transmission of Hamstrings During Eccentric Muscle Action 
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(No relevant relationships reported) 

 
Electromechanical delay (EMD) is a key to evaluate the ability of neuromuscular transmission, and fatigue is believed to be associated with altered neuromuscular transmission of 
hamstrings, which may increase the risk of non-contact anterior cruciate ligament (ACL) injury. However, experiment evidence supporting this relationship is insufficient.  
PURPOSE: The purpose of this study is to investigate the effect of fatigue on electromechanical delay times of hamstrings during eccentric muscle action.  
METHODS: Twenty female (20±2 yrs) volunteers participated in the study and EMD of semitendinosus (ST), semimembranosus (SM) and biceps femoris (BF) were determined before 
and after fatigue during eccentric muscle action at 120 and 240°/s. All subjects followed an isokinetic fatigue protocol until flexion torque fell below 50% of initial torque for three 
consecutive repetitions. A 2*2*3 ANOVA was used to calculate the effect of fatigue, movement velocity, type of muscle and their interaction on EMD.  
RESULTS: There was no significant difference in the EMD of the 3 muscles examined (BF: 119.0±25.3ms vs. SM: 118.9±24.0ms vs. ST: 12 0.3±24.9ms, P>0.05), irrespective of 
fatigue status or movement velocity. Fatigue caused a significant increase on EMD of 3 muscles examined (non-fatigue: 98.4±11.5ms vs. fatigue: 140±13.8ms, P<0.001). Irrespective of 
fatigue, EMD of the 3 muscles significantly increased with increasing movement velocity (low angular velocity: 107.8±20.9ms vs. high angular velocity: 131.0±22.5ms, P<0.001). 
CONCLUSIONS: Our findings suggest that fatigue decrease the ability of neuromuscular transmission of hamstrings during eccentric muscle action, irrespective of movement velocity. 
This would suggest that improving resistance to fatigue of hamstrings may be an effective prevention tool of non-contact ACL injury. 
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Differences In The Mitochondrial Capacity Of The Right And Left Biceps Brachii Muscle 
Elizabeth Pryor, Katie Luquire, Kevin McCully, FACSM. University of Georgia, Athens, GA. (Sponsor: Dr. Kevin McCully, FACSM) 
(No relevant relationships reported) 

 
PURPOSE: Near infrared spectroscopy (NIRS) has been used to measure mitochondrial capacity of various muscles, but not specifically the biceps brachii. PURPOSE: Measure 
mitochondrial capacity using NIRS in the dominant and non-dominant arms of young healthy adults.  
METHODS: Five untrained subjects (mean age 20.4±0.7 years) were tested in the supine position with a NIRS device (Artinis, Ltd) placed in the middle of the biceps brachii muscle. 
Electrical stimulation (6 Hz, 25-40 mAmps) was used to activate the muscle. A 5 cm blood pressure cuff was placed proximal to the NIRS device and used for arterial occlusion (225 
mmHg). The protocol consisted of 30 seconds of resting metabolism, 30 seconds of post stimulation metabolism, three minutes of ischemia followed by reperfusion to measure the rate of 
reoxygenation, and two mitochondrial capacity tests. The mitochondrial capacity test consisted of electrical stimulation followed by a series of 22 ischemic cuffs lasting from 5-10 
seconds, each allowing muscle reoxygenation.  
RESULTS: There was no difference in mitochondrial capacity between the dominant and non-dominant arms of the untrained subjects (Lf Tc=43.8 ± 6.8 s, Rt Tc=43.4 ± 10 s, P = 0.93).  
CONCLUSIONS: The biceps brachii muscle had mitochondrial capacity values similar to the forearm values from previous studies, and slower than values for the gastrocnemius and 
quadriceps muscles. We found no evidence for differences between the dominant versus non-dominant biceps brachii muscles. Supported in part by CURO Assistantship. 
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Annecy, France. 2Le Mans University, Le Mans, France. 3Ski and Snowboard National training Centre (CNSS), Albertville, France. 4Physiotherapy 
Center of Seynod, Annecy, France. 5High Level Sport Medicine Center, Hospital of Albertville-Moûtiers, Albertville, France. 6University Claude 
Bernard Lyon 1, Villeurbanne, France. (Sponsor: Lee Taylor, FACSM) 
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PURPOSE: Examine the influence of discipline and gender on hamstring and quadriceps strength of elite alpine skiers.  
METHODS: Twenty-eight French national team skiers (14 male) undertook isokinetic dynamometry evaluation. Skiers were split by discipline into technical (Slalom and Giant 
Slalom, GpT, n=14) or speed (Super Giant and Downhill, GpS, n=14). Maximal conventional ratios (i.e. concentric) at 60°.s-1 and 180°.s-1 and maximal functional ratios at 60°.s-1 and 
90°.s-1 were calculated for Hamstring- to-Quadriceps (HQ) ratio, together with isoangular HQ ratios between 30° and 90° (0° representing full extension).  
RESULTS: No gender difference in HQ peak torque ratios was apparent, yet females demonstrated a delayed quadriceps Angle of Maximal Torque (AMT). Statistical parametric 
mapping demonstrated lower hamstring torque and a low HQ ratio near full knee extension in female skiers regardless of velocity. A greater hamstring AMT in GpT skiers compared to 
GpS was observed, along with greater dynamic quadriceps strength after 72° of knee flexion in GpT skiers.  
CONCLUSION: Discipline and gender both influence the HQ strength profile of elite alpine skiers, which are further modified according to the joint angle and angular velocity 
employed. The data provide normative values based on gender and discipline which may be of use during pre- season isokinetic screening, which is common in practice and often used 
to inform subsequent knee injury prevention intervention. 
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EMG Analysis of Lower Limb Muscle Activation During 6-Minute Treadmill Walking Following Novel Over-Ground Locomotor 
Training in Incomplete Spinal Cord Injury 
Donal Murray, Andrew A. Guccione, Kerry J. Bollen, Brian T. Neville, Caitlin A. Bryson, Randall E. Keyser, FACSM. George Mason 
University, Fairfax, VA. (Sponsor: Randall E. Keyser, FACSM) 
(No relevant relationships reported) 

 
Physiological impairments in incomplete spinal cord injury (iSCI) can include muscle weakness and altered skeletal muscle activation. Reduced voluntary muscle activation in iSCI can cause 
inadequate fibre recruitment and in turn the muscle may undergo adverse morphological adaptations. 
PURPOSE: The study aimed to characterize, the level of lower limb muscle activation using surface electromyography (EMG) during 6 minutes of treadmill walking in iSCI following 12 weeks 
of a novel overground locomotor training (OLT) program. 
METHODS: A convenience sample of 3 individuals with iSCI (Age: 39±15.5 years, AIS C or D, >6months post-SCI) completed 12 weeks of OLT, which consisted of two 90-minute sessions 
per week. The principles of OLT included the motor learning concepts of task specificity, practice variability and progressive overload. Sessions were broken down into 5 segments: joint 

Copyright © 2018 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.
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2274 Board #21 May 29, 11:00 AM - 12:30 PM 
The Influence Of Exercise On Cognitive Performance In Normobaric Hypoxia 
Yongsuk Seo1, Keith Burns1, Curtis Fennell1, Jung-Hyun Kim2, John Gunstad1, John McDaniel1, Ellen L. Glickman, FACSM1. 1Kent State University, Kent, 
OH. 2Center for Disease Control and Prevention, Pittsburgh, PA.  
(No relationships reported) 

INTRODUCTION: Cognitive dysfunction can easily lead to dangerous outcomes because affected individuals may not be able to detect their compromised cognitive state. Although previous 
reports indicate that exercise improves cognitive function at normoxia, the influence of exercise on cognitive function in hypoxia is unknown. 
PURPOSE: The purpose of this study was to quantify the effects of two exercise intensities on cognitive function in normobaric hypoxia. 
METHODS: 16 young healthy men completed the ANAM versions of the Go/No-Go task and Running Memory Continuous Performance Task (RMCPT) during baseline (21% O2) as well as 
during rest and cycling at workloads that elicited 40 and 60% of adjusted VO2max in normobaric hypoxia (12.5% O2). 
RESULTS: At rest in hypoxia, the % correct (Baseline; 97±3 vs. Rest; 92±5%) (p≤0.001) and throughput score (Baseline; 111±14 vs. Rest; 103±15) (p≤0.001) in RMCPT were significantly 
impaired compared to baseline. During exercise at 40% (Rest; 103±15 vs. 40%; 109±14) (p=0.023) and 60% (Rest; 103±15 vs. 60%; 112±15) (p=0 .006) of adjusted VO2max improved 
throughput score in RMCPT compared to 60 min resting. There was no significant difference in throughput score between the two exercise intensities. SaO2 significantly decreased at rest in 
hypoxia (Baseline; 98±0 vs Rest; 84±2) (p≤0.001) and further decreased at 40% (Rest; 84±2 vs. 40%; 79±3) (p≤0.001) and 60% (Rest; 84±2 vs.60%; 79±4) (p≤0.001) exercise. There is no 
significant difference in SaO2 between two exercise intensities. Average of left and right cerebral oxygenation was reduced at 60 min rest (Baseline; 73±7 vs. Rest; 56 ±8) (p≤0.001) and 
further decreased at 40% (Rest; 56±8 vs. 40%; 54±7) (p=0.05) and 60% (Rest; 56±8 vs. 60%; 53±7) (p=0.039). There was no significant difference in cerebral oxygenation between the two 
exercise intensities. 
CONCLUSION: Moderate exercise (i.e., 40-60% adjusted VO2max) maybe beneficial for individuals to reduce the risk of impaired cognitive function that may ensue while exposed to 
normobaric hypoxia. 

2275 Board #22 May 29, 11:00 AM - 12:30 PM 
Cerebral Autoregulation Index at High Altitude Assessed by Leg Cuff and Transfer Function Analysis Techniques 
Robert J. Langolf1, Andrew W. Subudhi, FACSM2, Katalin Grajzel2, Robert C. Roach3, Ronney B. Panerai4, John E. Davis1. 1Alma College, Alma, MI. 
2University of Colorado Colorado Springs, Colorado Springs, CO. 3University of Colorado Altitude Research Center, Aurora, CO. 4University of Leicester, 
Leicester, United Kingdom. (Sponsor: Andrew Subudhi, FACSM) 
Email: langolf1rj@alma.edu 
(No relationships reported) 

The occurrence and implications of changes in cerebral autoregulation (CA) at high altitude are controversial and confounded by differences in methods used to assess CA.  
PURPOSE: To assess cerebral autoregulation using leg cuff and transfer function analysis techniques at high altitude.  
METHODS: To compare two of the most common methods of dynamic CA assessment, we studied 11 young, healthy sea-level residents (6 female, 5 male; 20.5 ± 2.3 years) as they ascended 
and acclimatized to 3417m over 13 days. A common autoregulation index (ARI) was calculated from 1) transfer function analysis (TFA ARI) of resting oscillations in arterial blood pressure 
(ABP; finger plethysmography) and middle cerebral artery blood velocity (MCAv; transcranial Doppler), and 2) MCAv responses following large, abrupt drops in ABP using the classic thigh 
cuff technique (Cuff ARI). Symptoms of acute mountain sickness (AMS) were monitored using the Lake Louise Questionnaire.  
RESULTS: Cuff ARI scores decreased as subjects ascended from low to high altitude (4.7± 1.5 vs. 3.2 ± 1.6; P=0.037) and remained lower after 13 days of acclimatization (4.7± 1.5 vs. 2.9 ± 
1.3; P=0.037). TFA ARI scores were not affected by ascent or acclimatization to 3417m. Neither Cuff nor TFA ARI scores were correlated with AMS symptoms.  
CONCLUSIONS: These findings suggest that the cerebral vasculature of healthy individuals may become less able to buffer large step changes in ABP, while still maintaining the ability to 
regulate slow rhythmical oscillations, during periods of moderate hypoxemia. Given the inherent differences in the autoregulatory stimulus between methods, multiple assessment techniques 
may be needed to clarify the implications of changes in cerebrovascular regulation at high altitude. 

2276 Board #23 May 29, 11:00 AM - 12:30 PM 
Effect Of Altitude On Muscle Torque And Proprioception In Elite Alpine Skiers 
Sebastien Racinais1, Marine Alhammoud2, Baptiste Morel3, Violaine Sevrez3, Christophe Hautier3. 1ASPETAR, Doha, Qatar. 2French Ski Federation, 
Annecy, France. 3University of Lyon, Lyon, France. (Sponsor: Ollie Jay, FACSM) 
Email: sebastien.racinais@aspetar.com 
(No relationships reported) 

The effects of hypoxia on muscle function remain contentious. Some studies report no modifications, while others have observed a decrease in performance during repeated or sustain muscle 
contractions attributed to modified neuronal activity. However, none of these studies were specific to athletes competing in high altitude environments, such as Alpine skiers. Currently, it 
remains unknown how hypoxia influences various muscle performance and injury factors, such as proprioception. 
PURPOSE: The aim of this study was to determine the effects of hypoxia on proprioception. 
METHODS: The proprioceptive status of the right knee of 22 elite alpine skiers (26 ±4 yr, 180 ±4 cm, 83 ±7 kg, all members of a national team) was assessed using a threshold to detection of 
passive movement test (3 flexions and 3 extensions, at 0.2 deg/s,), before and immediately after a fatiguing maximal leg extension test (30 deg/s, 34 repetitions in 150 s), both at sea level (Con, 
200m) and at simulated altitude (Alt, 3800m, FiO2 0.13). The conditions were applied in a counterbalanced order and participants were blinded to the conditions. 
RESULTS: Data showed that acute hypoxia did not significantly affect maximal peak torque (247 ±24 vs. 251 ±25 Nm in Con vs. Alt, p>0.05) or total work (96 ±11 vs. 99 ±9 J in Con vs. Alt, 
p>0.05) in this group of athletes. Moreover, there was no effect of hypoxia on the movement detection delay, both pre (1.5 ±0.5 vs 1.5 ±0.7 deg in Con vs. Alt) and post (1.7 ±0.7 vs 1.7 ±0.7 
deg in Con vs. Alt) the fatiguing task. 
CONCLUSIONS: These data suggest that proprioception is not affected by hypoxia during a short duration exercise, which replicate the duration of a competitive alpine ski race. 

2277 Board #24 May 29, 11:00 AM - 12:30 PM 
Effect of Nitrate Supplementation on Cognitive Function and Neurovascular Coupling in Hypoxia 
Wesley K. Lefferts, William E. Hughes, Tom D. Brutsaert, Corey N. White, Kevin S. Heffernan. Syracuse University, Syracuse, NY. (Sponsor: Patricia 
Fehling, FACSM) 
Email: wleffert@syr.edu 
(No relationships reported) 

Cognitive dysfunction at high altitude (HA) may result from suboptimal matching of oxygen supply to neural demand (i.e. neurovascular coupling [NVC]). NVC is modulated by nitric oxide 
(NO) which initially decreases at HA.  
PURPOSE: Investigate the effect of NO-donor (nitrate) supplementation on NVC and cognitive function at HA.  



Thermoregulatory responses in elite alpine skiers 

AIM To characterize the thermoregulatory responses of elite 
alpine skiers. 

Marine Alhammoud 1,2, Sebastien Racinais 3

INTRODUCTION METHODSMETHODS

CONCLUSION  Elite alpine skiers can slightly increase their core temperature while skiing in cold environment, likely due to metabolic heat 
production. However, the values remain lower than what is reported in team sports or endurance summer sports. In addition, skiers cannot sustain their 
skin temperatures when wearing their racing suit, potentially affecting neuromuscular control.

RESULTSRESULTS

Prolonged cold exposure 
between runs

Risk of hypothermia?

Alpine
skiing

High velocity
during runs

Risk of frosbite?

Athletes don’t wear protective clothing but exercise
Staff wear protective clothing but don’t exercise

EMG activity
measured on the chairlift
estimate shivering

Average Tcore was higher in skiers than staffs (37.5 0.2 vs 
37.2 0.2ºC, p<0.001)

Average Tskin did not reach statistical difference different between skiers and 
staffs (30.5 0.4 vs 31.2 0.8ºC, p=0.093), BUT skiers reached lower minimal 
Tskin during their training than staffs (28.4 0.7 vs 30.3 0.9ºC, p=0.001)

Core temperature Skin temperature

Skiers

Staff

Chest
Arm

Thigh
Shin

18 skiers
x sessions

16 staffs
x sessions

Core temperature
ingestible capsule

Skin temperature
0.3*chest + 0.3*arm
+ 0.2* thigh + 0.2*shin

Training sessions:
2h20 to 3h30

Cold

Core temperatureSkin temperature

Environmental 
temperature:
0.2 1.7ºC. 

Staff

Skiers

Tcore slightly increased
(first/last 10%: 37.3/37.6ºC, p<0.001)

This difference was due to lower minimal temperature on the upper body (chest: 
28.5 1.0 vs 32.5 1.3 p<0.001; arm: 29.7 0.5 vs 31.0 1.0 p=0.009),
without differences on the lower body (thigh: 26.6 1.3 vs 26.8 1.6 p=0.888; 
shin: 26.4 1.3 vs 27.1 1.7 p=0.451).

In skiers (during session)

Tskin slightly decreased
(first/last 10%: 31.4/30.1ºC, p<0.001)



Im
pa

ct
 o

f D
is

ci
pl

in
e 

an
d 

G
en

de
r 

on
 H

am
st

ri
ng

 a
nd

 
Q

ua
dr

ic
ep

s S
tr

en
gt

h 
in

 E
lit

e A
lp

in
e 

Sk
ie

rs
 

A
bs

tr
ac

t

C
on

cl
us

io
n

M
et

ho
ds

R
es

ul
ts

°

R
c m
a
x

R
fK
F m

a
x

R
fK
E
m
a
x

R
c m

a
x

In
tr

od
uc

tio
n

o o o



Effect of cold on proprioception and cognitive function 
in elite alpine skiers 

AIM To determine the effect of cold ambient conditions on 
proprioception and cognitive functions in elite alpine 
skiers 

Marine Alhammoud1,2, Nadia Gaoua3,4, Khouloud Mtibaa1,3, Rodney Whiteley3, Nicolas Cabaret2, Thibaut Trameau2, 
Christophe Hautier1, Sebastien Racinais3  

INTRODUCTION METHODS METHODS

CONCLUSION  The current data showed a significantly better proprioceptive acuity in elite alpine skiers than a control 
population. This difference remained across environmental conditions. Proprioception was not markedly altered in moderatly cold ambient 
conditions, other than a shift in the pattern of error. We cannot infer on the injury risk related to such shift but the effect of cold exposure on 
movement discrimination seems to be minor. 
Moreover, despite more errors during the planning task performed in cold than temperate environments in the control group, elite alpine 
skiers were able to maintain their level of cognitive performance. Many factors are yet to be investigated to characterize the 
environmental factors affecting injury risk and performance. 

RESULTS 

1 Center of Research and Innovation on Sport, University of Lyon 1, Villeurbanne, France. 2 French Ski Federation, Annecy, France. 3 Athlete Health and Performance Research Centre, 
Aspetar Orthopaedic and Sports Medicine Hospital, Doha, Qatar. 4 School of Applied Science, London South Bank University, UK. 

RESULTS

Elite alpine skiers are passively exposed to cold for at 
least 10min before racing . 

1) Winter Olympics’ temperatures range -5 to +8ºC 

  Hypothermia = minimal (heat production) 
  Frosbite = minimal (short duration) 
  Neuromuscular alterations? 

2) In elite athlete: 

Proprioception affects both performance and injury risk 

3) Proprioception is an important component of alpine skiing 

Effect of sport expertise 

Effect of cold ambient conditions 

Controls, n=14 
(178 cm, 78 kg, 33 yrs) 

Elite skiers, n=22 
(179 cm, 83 kg, 26 yrs) 

Temperate 
(24ºC) 

Cold 
(8ºC) 

Tests & Measures 

Proprioception: Active 
Movement Extent Discrimination 
Apparatus (AMEDA) 

Cognitive function: 
Planning task (OTS, 
Cantab) 

Skin Tº Thermal 
sensation 

Thermal 
discomfort 

Positive and 
negative 
affects 
(PANAS) 

  Skin temperature and thermal sensation were lower and thermal discomfort was higher in 
cold than temperate ambient conditions. 

  The amount of negative affects, but not positive affects, was higher in cold than 
temperate ambient conditions, leading to a higher negative/positive affects ratio in the cold. 

  The average error was significantly lower in the elite skiers than in the control 
group 
  but was not different in cold and temperate ambient conditions. 

  However, whereas the errors were predominantly due to underestimation in 
temperate ambient conditions, this pattern changed in cold ambient conditions.  

Elite skiers display a better proprioceptive acuity 

  Cognitive performances were similar between the elite skiers and the control 
population in temperate environment. 
  However, accuracy decreased with cold exposure in the control group only 

becoming lower than in the elite skiers. 

  Of note, in parallel of a better accuracy, the skiers took significantly longer 
before answering in cold ambient conditions than the control participants. 

Cold exposure affects cognitive function in control group only 

Contact: marinealhammoud@hotmail.com 
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