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Abstract
An increasing number of people are spending time in Polar Regions for work and tourism and this can increase the risk of tis-
sue injuries, e.g. frostbite. The risk would be reduced if beneficial peripheral blood flow adaptions occurred but data regarding 
the trainability of the cold-induced vasodilation (CIVD) response are equivocal. Five healthy males spent almost 8 months 
in Antarctica; five of them at a semi-permanent camp (− 44 °C; 2752 m). CIVD tests (30 min index finger immersion into 
0 °C water) were performed on the 12th, 39–40th, 67–68th, 179th and 234th days of the expedition in a climate-controlled 
caboose. Heart rate (HR), thermal sensation of the finger, pain sensation, and mean arterial pressure (MAP) were recorded. 
Minimum, maximum, and mean finger temperature were greater, onset time was earlier (r = 0.34), and amplitude was greater 
(r = 0.55) on day 234 than day 12 suggesting that adaptation occurred. Time-point data suggested that the adaptations were 
progressive. Cardiovascular and perceptual data also showed some adaptation. MAP was lower on day 234 than day 12 
(r = 0.47 and r = 0.47) but mean HR was higher (r = 0.55). Mean and peak thermal sensation (r = 0.31–0.59; r = 0.31) and 
perceived pain (r = 0.58; r = 0.36) both improved over the course of the expedition. Of interest to Polar Region visitors, ben-
eficial peripheral and perceptual adaptations to prolonged Antarctic exposure can occur with 2 h of daily outdoor exposure 
although the rates at which adaptation occurs differ.
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Introduction

Exposure to cold environmental temperatures induces a 
sympathetically mediated vasoconstriction of the periph-
eral blood vessels which decreases whole-body heat loss 
at the potential expense of local freezing (Ward 1974) and 
non-freezing (Imray et al. 2011) cold injuries. After approxi-
mately 10–15 min of continued cold exposure, this reduc-
tion in peripheral blood flow is often followed by a cyclical 
increase and decrease in skin blood flow and skin tempera-
ture, commonly termed cold-induced vasodilation (CIVD) 
(Lewis 1930; Daanen 2003; Cheung and Daanen 2012), 
which may offer protection against cold injuries (Daanen 
and van der Struijs 2005).

Individuals who live in polar regions appear to have an 
enhanced CIVD response and cold tolerance compared to 
those that do not (Krog et al. 1960; Miller and Irving 1962; 
Purkayastha et al. 1992), suggesting that localised adaptation 
to cold temperatures may occur. Laboratory data have shown 
that the CIVD response may be impaired (Mekjavic et al. 
2008; Daanen et al. 2012), unaffected (Geurts et al. 2006), 
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or improved (Adams and Smith 1962; Geurts et al. 2005), 
by repeated immersions of the whole hand or fingers in cold 
water, and similarly equivocal data have been reported fol-
lowing Arctic and Antarctic expeditions. Ten months of resi-
dency in Antarctica had no effect on the time of CIVD onset, 
the blood flow at onset, or the frequency of CIVD cycles 
but decreased the amplitude of the CIVD response in non-
cold-habituated participants (Elkington 1968). In another 
study, 12 months in Antarctica actually reduced finger tem-
peratures when exposed to 5 °C air (Wyndham et al. 1964). 
Mixed data have been reported following 2 weeks in the 
Arctic with potentially negative [lower mean finger tempera-
ture, lower CIVD onset temperature and later CIVD onset 
time (Livingstone 1976)] and potentially positive [increased 
finger blood flow (Naidu and Sachdeva 1993) and increased 
finger temperatures (Purkayastha et al. 1992; Rintämäki 
et al. 1993)] adaptations having been reported. Eight weeks 
of Arctic exposure was sufficient for individuals who usually 
reside in the tropics to have similar CIVD and peripheral 
blood flow responses (Purkayastha et al. 1992) to those usu-
ally living in the Arctic region suggesting that short-term 
exposure can be sufficient to offset long-term adaptation 
benefits and that adaptation to the cold is possible.

Unlike in the Arctic, during Antarctic expeditions, 
humans face both extreme cold and altitude (mean annual 
ambient temperature: approximately − 50 °C; mean eleva-
tion: approximately 2500 m); however, until recently, the 
cold-induced adaptations made to these combined stressors 
had not been investigated (Keramidas et al. 2018). Acute 
exposure to altitude (3500 m) can transiently reduce the 
CIVD response in lowland natives (Mathew et al. 1977; 
Daanen and van Ruiten 2000); however, normobaric hypoxia 
has no effect unless coupled with regular exercise (Ker-
amidas et al. 2015) and hypobaric hypoxia has no effect in 
normal ambient temperatures (O’Brien et al. 2015). Whilst 
the data regarding the effects of acute altitude exposure of 
CIVD responses are equivocal, responses can be improved 
following long-term exposure. Participants acclimatised to 
5100–7000 m for 45 days had a stronger CIVD response 
than subjects who had only spent 3 days exposed to an alti-
tude of 5100 m (Daanen and van Ruiten 2000) and simi-
lar responses have been observed after 21 (Felicijan et al. 
2008) and 28 (Amon et al. 2012) days of hypoxia. Recently, 
Keramidas et al. (2018) investigated the effects of cold and 
hypoxia on central and local adaptations to the cold during 
an 11-day man-hauling expedition on the South Polar Pla-
teau and observed that peripheral blood flow adaptations can 
occur but the main adaptation appears to be a suppression of 
shivering thermogenesis.

To date, the effects of altitude on the CIVD response has 
largely been ignored in previous Antarctic field studies, with 
measurements often taken at unrecorded elevations (Elk-
ington 1968) or pre/post-expedition in the experimenter’s 

home country at a constant elevation (15–1750 m above sea 
level) (Wyndham et al. 1964; Naidu and Sachdeva 1993; 
Rintämäki et al. 1993). Keramidas et al.’s (2018) study is 
the exception, and data from this short (11 days) polar trek 
support the notion that peripheral adaptations to the cold 
may occur although the exposure duration may have been 
sub-optimal (Daanen and van Ruiten 2000). The aim of the 
present study was to investigate the effect of a prolonged 
(almost 8-month) trans-Antarctica winter traverse on the 
CIVD responses to cold exposure and to quantify the time-
course of any adaptations. The project was conducted as part 
of The Coldest Journey White Mars Science Group.

Materials and methods

Participants

Six male Caucasian participants provided oral and written 
informed consent prior to participating. All participants were 
members of the Trans-Antarctica Winter Traverse expedition 
team and the Coldest Journey White Mars Science Group, 
who were attempting to cross Antarctica. During the ini-
tial depot-laying journey, the expedition leader developed 
second-degree frostbite and returned home, taking no further 
part in the expedition. The five remaining participants had a 
pre-expedition median (range) age of 35 (29–54) years, stat-
ure of 172 (170–178) cm and body mass of 83 (65–86) kg. 
Two participants had no prior polar experience; one par-
ticipant had experience of Antarctic summer seasons; one 
participant had experience of winter and summer seasons 
in Antarctica; and one participant had experienced multiple 
summer and winter seasons in Antarctica and the Arctic Cir-
cle. All participants were right-handed, all were non-smok-
ers at the time of the expedition (two had recently stopped 
smoking), and none suffered from Raynaud’s syndrome. The 
study was approved by the University of Roehampton’s Ethi-
cal Advisory Committee.

The expedition

Following the expedition leader’s exit, the five remaining 
team members started the expedition using vehicles on the 
21st of March 2013. After travelling approximately 335 km 
and reaching Camp 24 (72° 54′ 20.4″ S, 023° 35′ 08.0″ E) on 
the 9th of May 2013, the expedition was abandoned due to 
the danger posed by the crevasses encountered. A semi-per-
manent camp was established for the next 5 months during 
which time the group was largely sedentary, although daily 
checks of the campsite and equipment, together with outside 
exercise when conditions allowed, provided some degree 
of activity. On the 24th of September 2013 the team began 
returning towards their start point at Crown Bay. The final 
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camp was made near Princess Elizabeth Station (71° 57′ S), 
from where the team were flown home (November 2013).

Experimental procedures

Data were collected on the days that data were able to be col-
lected: 12th, 39–40th, 67–68th, 179th and 234th days of the 
expedition (see Table 1 for temperature and altitude data on 
each day). The recorded elevation was likely to be lower than 
the effective altitude, especially during the colder months 
where the partial pressure of oxygen (PIO2) was more likely 
to correspond to approximately 3300 m (West et al. 1983; 
West 2001). The conditions in the caboose were not recorded 
but were maintained so that participants could comfortably 
wear light trousers and a t-shirt (Lambert, personal commu-
nication). Participants wore their usual attire and sat quietly 
throughout each testing session. Each testing session lasted 
40 min and involved 5 min of instrumentation, 30 min of 
immersion of the index finger of their non-dominant hand 
up to the proximal knuckle into an icebox [221 (H) × 158 
(W) × 75 (D) mm] filled with 2 L of ice and water. Water 
temperature was recorded at 1-min intervals. CIVD tests 
took place at the same time of day (16:00 ± 1 h) on each 
occasion.

Measurements

Skin thermistors (THERM 37904, Viamed Ltd, U.K.) were 
used to measure the temperature of the skin lateral to the 
nail bed of the immersed index finger and the temperature 
of the skin superior to the sternal notch. Both thermistors 
were attached using a single layer of transparent dressing 
(Transpore White, 3M Health Care, USA), connected to a 
digital reader (Thermistor Thermometer 5831, DigiTec Cor-
poration, USA). Skin temperatures were recorded at 1-min 
intervals during the immersion (0–30 min).

Heart rate (HR; Polar Electro Oy, Kempele, Finland) 
was recorded at baseline and at 5-min intervals through-
out the immersion (0–30  min) and recovery phases 
(30–35 min). Blood pressure was measured on the domi-
nant, supported arm whilst participants were seated using 
a digital sphygmometer (UA767 Digital blood pressure 
monitor, A&D Company Ltd., Tokyo, Japan) before and 
after the 30-min immersion. Due to time constraints, repeat 
measurements were only taken if the initial test resulted 
in an error message. Mean arterial pressure (MAP) was 
calculated using the formula (DBP*2) + SBP]/3 (where 
DBP = diastolic blood pressure and SBP = systolic blood 
pressure).

Every 5  min participants were asked to rate their 
thermal sensation (TS) for the immersed finger using a 
nine-point scale ranging from 0 (unbearably cold) to 8 
(unbearably hot) with 4 as comfortable (neutral) (Young 
et al. 1987) and their level of pain sensation (PS) using a 
Numeric Pain Distress scale ranging from 0 (no pain) to 
10 (unbearable pain) (Daanen et al. 2012).

Outside temperature and pressure, and the elevation 
above sea level of the caboose was measured at 0600 h and 
1800 h each day. Mean data were calculated from these 
data for each day and are presented in Table 1. The partial 
pressure of oxygen was estimated using these meteorologi-
cal data. Approximate outside exposure time was derived 
from contemporaneous diary records.

Data analyses

Data are presented as median (range) unless stated. Indi-
vidual overall mean, minimum, maximum, and recovery 
temperatures were calculated from each CIVD test and 
the median of these data is presented. The median and 
total number of CIVD responses as well as the amplitude, 
onset time and peak time of the 1st CIVD response were 
calculated using the following definitions (Daanen 2003; 
Mekjavic et al. 2013):

1.	 Number of waves (N): to be characterised as a CIVD 
response an increase in temperature of > 0.5 °C lasting 
for ≥ 3 min must have been observed.

2.	 Minimum temperature (Tmin): the lowest temperature 
prior to the onset of CIVD

3.	 Maximum temperature (Tmax): the highest temperature 
during the CIVD

4.	 Mean temperature (Tmean): the mean temperature during 
the water immersion period (5–30 min)

5.	 Temperature amplitude (ΔT): Tmax − Tmin
6.	 Peak time (Δtpeak): time interval between Tmin and Tmax
7.	 Onset time (Δtonset): time between immersion and Tmin

Table 1   Environmental data during CIVD testing

PiO2 estimated using the following equation: PiO2 = FIO2 × (Baromet-
ric pressure − saturated vapour pressure of water)
*Effective altitude is likely to have been higher and so actual PiO2 
may have been lower than estimation (West et al. 1983; West 2001)

Day of expedition (#) 12 39–40 67–68 179 234

Date 02/04 29–30/04 27–28/05 16/09 11/11
Temperature (°C) − 16 − 34 − 33 − 44 − 11
Elevation above sea 

level (m)*
1296 2696 2752 2752 1367

Barometric pressure 
(mmHg)

617 514 511 512 624

Estimated PiO2 
(mmHg)*

119 98 97 97 121



558	 Polar Biology (2020) 43:555–563

1 3

In addition, the area under the curve (AUC) was calcu-
lated for finger skin temperature data using the trapezoidal 
method.

Comparisons were made to study the separate and inter-
active effects of cold and altitude acclimatisation:

1.	 Data from days 12 to 234 to investigate the overall effect 
of the expedition, and

2.	 Data from day 12 to 179 (inclusive) to investigate the 
effect of short-term and prolonged hypobaric hypoxia.

Wilcoxon signed-rank tests were conducted and effect 
sizes (r) were calculated from the resultant z score. Effect 
sizes were interpreted using the following classifications: 
r < 0.1 = trivial; r = 0.1–0.3 = small; r = 0.3–0.5 = moderate 
effect; r > 0.5 = large effect. Due to the small sample size, 
only moderate or large effect sizes are discussed. Kendall’s 
tau (τ) correlation analyses were run to investigate the rela-
tionship between median perceptual and temperature data.

Results

Between April and October, participants spent a median of 
111 (8–360) min each day outside of the caboose undertak-
ing low-intensity work. The median total duration working 
outside of the caboose was 949 min although individual dif-
ferences were present (individual durations: 650, 778, 949, 
1004 and 1603 min). Ambient testing conditions resulted in 
chest skin temperatures of 33.4 (31.5–34.1) °C. Immersion 
water temperature was maintained at 0.0 (− 0.1–0.4) °C.

Finger temperatures

Tmean, Tmin and Tmax data are presented in Fig. 1. The expedi-
tion overall had a small effect on increasing Tmin from day 
12 to day 234 (r = 0.21) but a large effect on increasing Tmax 
(r = 0.64) and Tmean (r = 0.64) over the same period. Tmax and 
Tmean were greater on day 234 than day 12 in all 5 partici-
pants and Tmin was greater in 4 of the 5 participants. Previous 
polar experience did not appear to have an influence on cold 
adaptation rate or magnitude. Although the greatest increase 
in Tmean between day 12 and 234 was observed in one of the 
two polar novices (filled square marker in Figs. 1a), the other 
novice (cross marker in Fig. 1a) demonstrated the small-
est increase. The greatest adaptation in Tmin and Tmax was 
observed in the most (diamond marker in Fig. 1b and c) and 
third (open circle marker in Fig. 1b and c) most experienced 
members of the expedition team, respectively.

There was a small increase during the move up to high 
altitude from day 12 to day 39 for Tmin (r = 0.23; 2/5 par-
ticipants showed an increase) and Tmax (r = 0.13; n = 2/5 
participants showed an increase), but no effect on Tmean 

(r = 0.04; n = 3/5 participants showed an increase). Com-
paring day 12 to day 67, the 55 extra days in Antarctica 
and movement to altitude had a small effect on increasing 
Tmin (r = 0.13; n = 3/5 participants showed an increase), a 
large effect on increasing Tmax (r = 0.55; n = 4/5 participants 
showed an increase), and a moderate effect on increasing 
Tmean (r = 0.47; n = 4/5 participants showed an increase). 
When at a fixed altitude of 2752 m, the period of time from 
day 67 to day 179 had a small effect on increasing Tmin, Tmax 
and Tmean (r = 0.21 for all; n = 3/5, n = 4/5, and n = 4/5 par-
ticipants showed an increase respectively). The descent from 
2752 (day 179) to 1367 m (day 234) had a moderate effect 
on decreasing Tmin (r = 0.38; n = 3/5 participants showed a 

Fig. 1   Mean (a), minimum (b), and maximum (c) finger temperatures 
during finger immersion over the course of the expedition. Grey lines 
denote individual responses. Black lines denote median response
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decrease) whilst increasing Tmean (r = 0.30; n = 2/5 partici-
pants showed a decrease), and a small effect on increasing 
Tmax (r = 0.21; n = 2/5 participants showed a decrease). The 
finger temperature AUC was greater at every subsequent 
time-point (Table 2).

CIVD responses

Table 2 summarises most of the CIVD data. All five partici-
pants had at least one CIVD episode on each testing occa-
sion. The expedition (day 12 vs. day 234) had a moderate 
effect on inducing an earlier onset time (r = 0.34; n = 4/5 
participants showed an earlier response) and a large effect 
on increasing the amplitude of the response (r = 0.55; n = 4/5 
participants showed a greater response). Short-term hypo-
baric cold exposure (12 vs. 39 days) had a moderate effect 
on inducing an earlier CIVD response (r = 0.47; n = 4/5 par-
ticipants showed an earlier response) and a greater amplitude 
(r = 0.47; n = 4/5 participants showed a greater response) and 
these variables were further enhanced after an additional 
28 days (12 days vs. 67 days: Onset time: r = 0.58; n = 4/5 
participants showed an earlier response; amplitude: r = 0.64; 
n = 5/5 participants showed an earlier response). The peak 
time was greater after 67 days than 12 days (r = 0.30; 4/5 
participants showed a longer response). Onset time was 
later at day 179 compared to day 67 (r = 0.64; n = 5/5 par-
ticipants showed a later response) but neither peak time 
(r = 0.09; n = 2/5 participants showed a greater response) 
nor the amplitude (r = 0.21; n = 1/5 participants showed a 
greater response) was negatively affected by the prolonged 
stay at a stable altitude. Returning to a lower altitude after 

the prolonged stay at 2752 m (day 179 vs. day 234) had 
a moderate effect on reducing the onset time (r = 0.47; 
n = 4/5 participants showed an earlier response) and increas-
ing the amplitude (r = 0.38; n = 3/5 participants showed a 
greater response) but a small effect on increasing peak time 
(r = 0.12; n = 2/5 participants showed a greater response).

Cardiovascular responses

Cardiovascular data are presented in Table 3. The expedi-
tion had a moderate effect on decreasing pre- and post-MAP 
(r = 0.47 and r = 0.47), a small effect on decreasing pre-SBP 
(r = 0.13) and post-DBP (r = 0.29), and a large effect on 
reducing pre-DBP (r = 0.64) and post-SBP (r = 0.64) from 
day 12 to day 234. Mean HR was higher during the CIVD 
test on day 234 than day 12 (r = 0.55).

There was a small decrease from day 12 to day 39 for 
pre- and post-MAP (r = 0.23 and r = 0.13), pre- and post-
SBP (r = 0.21 and r = 0.17) and pre- and post-DBP (r = 0.26 
and r = 0.13). HR was higher during the test on day 39 than 
day 12 (r = 0.51). An extra 55 days in Antarctica had a 
small effect on decreasing pre-test DBP (r = 0.23), a moder-
ate effect on decreasing pre-MAP (r = 0.38) and pre-SBP 
(r = 0.47), a moderate effect on increasing HR (r = 0.30), 
and a large effect on decreasing post-test MAP (r = 0.64), 
SBP (r = 0.64) and DBP (r = 0.55). The extended stay at a 
fixed altitude of 2752 m (day 67 to day 179) had no effect 
on pre-MAP (r = 0.04) but a large effect on increasing post-
test MAP (r = 0.51). The extended stay had a small effect on 
increasing pre-DBP (r = 0.17), a moderate effect on increas-
ing pre-test SBP (r = 0.39) and post-test DBP (r = 0.39), 

Table 2   Median (range) cold-induced vasodilation data during the trans-Antarctic Winter traverse

CIVD1 1st cold-induced vasodilation wave, CIVD2 2nd cold-induced vasodilation wave
a Moderate effect size (r = 0.3 < 0.5) compared to the day numbered
b Large effect size (r ≥ 0.5) compared to the day numbered. Due to the number of responses effect size data were only calculated for the 1st CIVD 
response

Day 12 Day 39–40 Day 67–68 Day 179 Day 234

Area under the curve °C min−1 96 (38–350) 195 (138–201)b12 263 (199–333)b12 b39 289 (168–
400)b12 b39 a67

321 (217–443)b12 b39 

b67 a179

CIVD1
 Responders N (%) 5 (100%) 5 (100%) 5 (100%) 5 (100%) 5 (100%)
 Onset time (Δtonset) Min 11 (9–15)a39, a234, b67 11 (6–11) 7 (4–9)b179 12 (8–16)a234 7 (6–18)
 Peak time (Δtpeak) Min 13 (3–17)a67 10 (6–11) 11 (4–13) 8 (3–14)b234 8 (4–22)
 Amplitude (ΔT) °C 3.7 (2.3–9.4)a39, b67, 

b234
9.3 (5.1–10.7) 8.9 (4.5–10.3) 5.2 (2.1–14.1)a234 12.1 (4.0–18.8)

CIVD2
 Responders N (%) 2 (40%) 1 (20%) 4 (80%) 1 (20%) 1 (20%)
 Onset time (Δtonset) Min 21 (19–23) 25 19.5 (14–23) 18 22
 Peak time (Δtpeak) Min 3 (3–4) 5 6 (2–11) 3 6
 Amplitude (ΔT) °C 3.0 (2.2–3.7) 1.1 4.0 (3.1–5.0) 3.1 7.5
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and a large effect on increasing post-test SBP (r = 0.55) and 
mean HR (r = 0.55). The descent from 2752 (day 179) to 
1367 m (day 234) had no effect on post-test MAP (r < 0.01) 
or mean HR (r = 0.04) but a small effect on decreasing pre-
test MAP (r = 0.21), decreasing pre-test SBP (r = 0.17), 
increasing post-test SBP (r = 0.21) and decreasing post-test 
DBP (r = 0.13). The return to a lower altitude also had a 
moderate effect on reducing pre-test DBP (r = 0.47).

Perceptual responses

The mean and peak level of perceived thermal sensation and 
pain are shown in Table 3. Thermal sensation and perceived 
pain both improved over the course of the expedition, mean 
and peak thermal sensation were lowest on day 12 and high-
est on day 234 (r = 0.59; r = 0.31), whilst mean and peak 
perceived pain decreased from day 12 to day 234 (r = 0.58; 
r = 0.36).

There was a strong, positive correlation between TS and 
finger temperature (τ = 0.56; p < 0.0001) and strong, negative 
correlations between PS and finger temperature (τ = − 0.68; 
p < 0.0001) and between PS and TS (τ = − 0.66; p < 0.0001).

Discussion

An earlier and greater CIVD response would be advanta-
geous because the increased blood flow would minimise 
extremity cooling, potentially decreasing cold injury risks. 
Participants had overall positive CIVD adaptations to cold 
and altitude during 9 months in Antarctica; perceived ther-
mal sensation and pain also improved over the expedition. 
MAP was lowered during the expedition due to moderate-
to-large reductions in post-testing SBP and pre-testing DBP. 

These adaptations occurred progressively over the expedi-
tion, but the rate of onset differed between variables.

CIVD and finger temperature responses

By comparing the 1st (day 12) and last (day 234) measure-
ments, these data show that participants made some positive 
adaptions to the cold during the course of the expedition 
with an earlier onset time for the 1st wave CIVD, greater 
maximum and mean finger temperatures, and a larger 1st 
wave CIVD amplitude. These adaptations occurred over 
the duration of the expedition but time-point data suggest 
that the rate of onset differed between variables as the par-
ticipants were exposed to low temperatures and hypoxic 
conditions.

Acute exposure to altitude can reduce the CIVD response 
in lowland natives, such as those in the present study, 
(Mathew et al. 1977; Daanen and van Ruiten 2000) but 
stronger CIVD responses have been observed following pro-
longed hypoxic exposure (21 days (Felicijan et al. 2008), 
28 days (Amon et al. 2012), and 45 days (Daanen and van 
Ruiten 2000) days). For logistical reasons the 1st CIVD test 
was not conducted until the 12th day of the expedition in the 
present study and so the acute phase was missed and direct 
comparisons with the recent study reporting the responses to 
an 11-day Antarctic expedition are not possible (Keramidas 
et al. 2018). Keramidas et al. (2018) observed that although 
cutaneous vasoconstriction was somewhat blunted, CIVD 
responses were unaffected. Similarly, during the earliest 
phase of the expedition following the first test (days 12–39 
when the majority of the elevation was gained) minimum, 
maximum, and mean finger temperatures were largely unaf-
fected by medium-term hypobaric, cold exposure but the 
first wave CIVD onset and amplitude was earlier and greater, 

Table 3   Median (range) 
cardiovascular and perceptual 
data during the expedition

a Moderate effect size (r = 0.3 < 0.5) compared to the day(s) numbered
b Large effect size (r ≥ 0.5) compared to the day numbered

Day 12 Day 39–40 Day 67–68 Day 179 Day 234

Cardiovascular variables [blood pressure (mmHg); heart rate (b min−1)]
SBP Pre 109 (101–120)a67 103 (100–130)b67 99 (90–114)a179 103 (94–112) 102 (94–124)

Post 110 (96–118) b67, b234 109 (104–127) b67 98 (92–103)b179 101 (94–133) 106 (92–109)
DBP Pre 82 (64–86)b234 72 (68–79) 69 (61–86) 71 (64–79)a234 67 (63–76)

Post 72 (61–85)b67 74 (71–77)a67 69 (58–77)a179 71 (67–87) 70 (64–78)
MAP Pre 88 (79–88)a67, a234 83 (80–91)a67 78 (71–95) 84 (74–90) 77 (73–92)

Post 87 (73–93)a234, b67 87 (82–92)b67 78 (69–86)b179 82 (78–102) 82 (77–87)
HRmean 71 (68–81)b39, a67, b234 78 (73–84)a67 76 (71–85)b179 81 (75–89) 80 (75–86)
Perceptual variables [thermal sensation (0–8); pain sensation (0–10)]
TSmean 2 (1–3)b39, b67, b234 3 (2–4)a67 3 (2–3) 3 (1–4) 3 (3–4)
TSpeak 4 (4–5)a234 4 (4–5) 5 (3–5) 4 (4–5)a234 5 (4–6)
PSmean 2 (0–4)a39, b67, b234 1 (0–1) 0 (0–1) 0 (0–1)a234 0 (0–1)
PSpeak 4 (2–8)b67, a234 4 (1–5)b67 2 (0–3) 1 (0–3)a234 3 (0–4)
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respectively. After 67 days, minimum finger temperatures 
remained similar to day 12 but maximum and mean tempera-
tures were now higher. The first wave CIVD onset time was 
earlier still and the amplitude was further increased whilst 
the peak time was greater. These data suggest an increase 
in peripheral blood flow and an enhanced maintenance of 
tissue temperature during the immersion test and indicate 
beneficial peripheral adaptions to the cold, hypoxic condi-
tions during the earliest phase. During the main body of the 
expedition (days 39–179) participants were at an altitude 
of 2696–2752 m [estimated PIO2 = 97–98 mmHg), which 
allowed for the effect of cold exposure to be considered 
without the confounding effect of hypoxia. Finger tempera-
tures (min, max, and mean), CIVD peak time, and CIVD 
amplitude were unaffected during this period but the first 
CIVD response was delayed on day 179 compared to day 
67. These data suggest that the meaningful adaptations to 
the sustained combination of cold and hypoxia occurred in 
the initial 67 days of the expedition and that the additional 
exposure had no further additive effect and is similar to the 
data of Purkayastha et al. (1992) who reported positive adap-
tations following 7 weeks of polar exposure. The only differ-
ence between data from the 67th to 179th day of the expedi-
tion was a delayed first CIVD wave response. This could 
be viewed as a negative event because it would prolong the 
time spent at low temperatures before warming occurred; 
however, it may be an indirect marker of positive adaptation 
because the increase in finger temperatures observed might 
delay the time taken to reach a triggering onset temperature 
and the progressive increase in finger temperature AUC sup-
ports this.

Natural acclimatisation to cold has been reported to 
shorten (Nelms and Soper 1962) or have no effect (Felicijan 
et al. 2008) on CIVD onset time in pre-adapted populations 
(fishermen and alpinists respectively) and so the current data 
differ from that previously reported. The difference in data 
may be due to the lower levels of pre-adaption in the present 
group or the well-documented variability of CIVD measures 
(e.g. Felicijan et al. 2008) but the exact reason(s) remains 
to be elucidated. The onset time was earlier following the 
descent from 2752 (day 179; estimated PIO2 = 97 mmHg) 
to 1367 m (day 234; estimated PIO2 = 121 mmHg); how-
ever, the descent was matched with an increase in ambient 
temperature and so it is not possible to know whether this 
change was altitude or cold dependent (or co-dependent). In 
combination, these data suggest that peripheral adaptation to 
the cold can occur but that different variables adapt at differ-
ent rates with the CIVD wave onset and amplitude showing 
positive adaptions in advance of skin temperature data. An 
earlier and greater CIVD response would be advantageous 
because it would minimise the time that the periphery spent 
very cold whilst maximising the warm blood redistributed 
back to the at-risk region.

Cardiovascular responses

The understanding of longitudinal cardiovascular responses 
to cold and altitude adaptation remains minimal. Much of 
the research on cold effects on cardiovascular parameters 
involve retrospective, epidemiological studies on ambient 
temperatures and cardiovascular-related deaths (Liu et al. 
2011). Some longitudinal field studies on mountaineers have 
been conducted, such as the American Medical Research 
Expedition to Everest focusing on resting ECG parameters 
(Karliner et al. 1985). MAP was lowered during the expedi-
tion due to reductions in post-testing SBP and pre-testing 
DBP. The decrease was progressive with moderate-to-large 
reductions observed in pre- and post-MAP from day 12 to 
day 67 as a result of moderate-to-large reductions in pre- 
and post-SBP, and post-DBP. Whilst overall blood pressures 
were reduced, increases in pre- and post-SBP, post-DBP, 
and post-test MAP were observed during the period of sus-
tained altitude exposure between day 67 and 179. Acute 
cold exposure increased MAP and such elevations have been 
attributed to a higher sympathetic activation (Sendowski 
et al. 1997; Mekjavic et al. 2013; Tyler et al. 2015). In the 
present study the magnitude of cold exposure during the 
CIVD test was consistent throughout the expedition (0 °C 
water temperature) and a reduction in MAP was observed 
in all comparisons except for pre-test MAP at day 67 vs. 
179 (where the elevation was constant) and post-test MAP 
at day 179 vs. 234 during which time a descent of 1385 m 
was made. The reduction in MAP suggests that the partici-
pants may have adapted to the cold and experienced lower 
sympathetic activation during the CIVD tests; however, the 
elevated HR data refutes this. Mean HR showed a progres-
sive increase throughout the expedition with higher mean 
HRs (r = 0.30–0.55) recorded at each time-point compared 
to baseline. The highest mean HR was recorded on day 179 
and the descent from 2752 to 1367 m had no effect on this 
mean HR. These data suggest that the participants did not 
have lower sympathetic activation during the CIVD tests 
and that altitude did not impact upon these data because 
even when at a fixed altitude, mean HR increased over time. 
Future studies performing longitudinal tracking of cardio-
vascular coupled with autonomic changes to cold exposure 
and/or altitude appear warranted to deepen our understand-
ing of cardiovascular adaptations to extreme environments.

Perceptual responses

Although the changes were small, the perceived thermal 
sensation and pain levels improved throughout the expedi-
tion so that participants reported feeling less cold and less 
pain at the end of the expedition compared to the beginning. 
There was a strong, positive correlation between TS and fin-
ger temperature, and strong, negative correlations between 
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PS and finger temperature and between PS and TS, and so 
these data are likely to be due to the peripheral adaptions 
discussed above. Acute cooling of the skin to temperatures 
below 20 °C activates polymodal nociceptor neurons and 
causes unpleasant thermal sensations and pain (Belmonte 
et al. 2009) and whilst these data suggest that prolonged cold 
exposure may alter this response, as with the data above, 
these data should be interpreted with caution due to the low 
sample size. Reductions in pain sensation following repeated 
cold exposure without accompanying increases in finger skin 
temperature may increase the risk of cold injuries because 
individuals are less likely to take preventative measures 
(e.g. apply gloves) (Daanen et al. 2012); however, in the 
present study, reductions in pain sensation were matched 
with increases in finger skin temperature suggesting a safe 
improvement in pain and thermal perception during the 
expedition.

Conclusion

In conclusion, despite spending the majority of the time 
in a climate-controlled caboose on the ice-shelf, beneficial 
peripheral and perceptual adaptations to prolonged Antarctic 
exposure can occur with approximately 2 h of daily outdoor 
exposure. The rate at which physiological adaptions occur 
appear to differ with CIVD wave onset and amplitude, and 
perceptual adaptions occurring in advance of changes in 
skin temperature. Future expedition research should look to 
establish the mechanisms behind long-term cold adaptation.

Limitations and considerations

Due to the logistically challenging experimental set-up, a 
number of limitations exist. One such limitation of the cur-
rent manuscript is the low sample size (N = 5); however, this 
sample size is similar to other expedition projects (Kerami-
das et al. 2018). Whilst expedition data have been collected 
and reported previously, this is the longest CIVD field data 
collection known to the authors and, albeit fortuitously, 
the longest polar expedition with a period of fixed altitude 
allowing cold adaption to be investigated without the con-
founding effect of hypoxia.

Expeditions such as this provide researchers with a rarely 
accessible research environment; however, they also pro-
vide researchers with methodological challenges. The CIVD 
response may have a central origin and be dependent upon 
core body temperatures (Flouris et al. 2008); however, in 
the present study neither the caboose nor body temperatures 
were recorded due to the logistical challenges of doing so. 
The lack of such data is a limitation but it is worth noting 
that the median chest temperature was consistent between 
trial days [33.4 (31.5–34.1) °C] and that the caboose was 

maintained at a temperature allowing participants to “wear 
light trousers and a t-shirt” (personal correspondence: Dr 
Rob Lambert) so it is likely that body temperatures were 
comparable on testing days. In addition, due to logistical 
constraints, a true baseline was not measured and all data 
are compared to day 12. Data collected on day 12 may be 
lower than they would have been on day 0 due to transient 
reductions in finger skin temperature caused by the initial 
exposure to the stressors; however, 11 days seems insuffi-
cient to induce meaningful adaptations (Keramidas et al. 
2018). Finally, greater hand width and shorter digit length 
have been proposed as evolutionary adaptations against heat 
loss and cold injuries (Payne et al. 2018). Whilst this was not 
recorded in our participants, the trends in adaptive responses 
remain valid due to each participant serving as their own 
control.

Due to logistics (i.e. the high availability of ice), the 
present investigation used 0 °C water for the immersion 
although 8 °C is the water temperature most commonly used 
in CIVD research (Cheung and Daanen 2012). Water at a 
temperature of 8 °C, rather than 0 °C, should be used when 
looking to optimise the number of CIVD waves observed 
and minimise participant discomfort (Mekjavic et al. 2013; 
Tyler et al. 2015); however, 0 °C is a commonly used water 
temperature out of the laboratory environment due to its 
easy achievement with a combination of water and snow/ice 
(Daanen and van Ruiten 2000; Daanen and van der Struijs 
2005). Immersion in water at 0 °C results in a delayed 1st 
CIVD response, a more pronounced and longer wave, lower 
finger temperatures and colder sensations than immersion in 
8 °C (Tyler et al. 2015) and this should be considered when 
comparing the data from this investigation with data using 
8 °C water.
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