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Abstract

Keramidas, Michail E, Roger Kolegard, Igor B. Mekjavic, and Ola Eiken. Acute effects of normobaric hypoxia
on hand-temperature responses during and after local cold stress. High Alt Med Biol. 15:183-191, 2014.—The
purpose was to investigate acute effects of normobaric hypoxia on hand-temperature responses during and after
a cold-water hand immersion test. Fifteen males performed two right-hand immersion tests in 8°C water, during
which they were inspiring either room air (Fio,: 0.21; AIR), or a hypoxic gas mixture (Fio,: 0.14; HYPO). The
tests were conducted in a counterbalanced order and separated by a 1-hour interval. Throughout the 30-min
cold-water immersion (CWI) and the 15-min spontaneous rewarming (RW) phases, finger-skin temperatures
were measured continuously with thermocouple probes; infrared thermography was also employed during the
RW phase to map all segments of the hand. During the CWI phase, the average skin temperature (Tavg) of the
fingers did not differ between the conditions (AIR: 10.2+0.5°C, HYPO: 10.0+0.5°C; p=0.67). However, Tavg
was lower in the HYPO than the AIR RW phase (AIR: 24.5+3.4°C; HYPO: 22.0+3.8°C; p=0.002); a response
that was alike in all regions of the immersed hand. Accordingly, present findings suggest that acute exposure to
normobaric hypoxia does not aggravate the cold-induced drop in hand temperature of normothermic males.

Still, hypoxia markedly impairs the rewarming responses of the hand.
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Introduction

PIDEMIOLOGICAL STUDIES HAVE SHOWN that exposure to

high altitude (>2800m) is associated with high inci-
dence of local cold injury (Hashmi et al., 1998; Harirchi et al.,
2005). In high altitude conditions, hypoxia coexists with a
number of environmental (e.g., cold, wind) and behavioral
(e.g., reduced physical activity and energy intake) compo-
nents that, independently or synergistically, might constitute
risk factors for local cold injury. To establish whether a
causal relationship exists between hypoxia per se and cold
injury, a number of studies (Daanen and van Ruiten, 2000;
Mathew et al., 1977; 1979; Purkayastha et al., 1999; Takeoka
et al., 1993) examining the vasomotor responses of the ex-
tremities during local cold stress in controlled laboratory
conditions at high altitude have suggested that systemic ar-
terial hypoxia exaggerates the cold-induced cutaneous va-
soconstriction and impairs any cold-induced vasodilatation
(CIVD) response.

However, in the above studies (Daanen and van Ruiten,
2000; Mathew et al., 1977; 1979; Takeoka et al., 1993;
Purkayastha et al., 1999), the temperature of the digits prior
to the local cold provocation was significantly lower in the
hypoxic than in the normoxic cold test, despite the similar
general thermal status of the subjects; this effect appears not
to have been taken into account when concluding that hyp-
oxia potentiates the cold-induced vasoconstrictor response.
In view of the fact that the cold tests were performed a few
hours (Daanen and van Ruiten, 2000; Mathew et al., 1977) or
days (Daanen and van Ruiten, 2000; Mathew et al., 1977;
1979; Takeoka et al., 1993; Purkayastha et al., 1999) after the
arrival of the subjects at high altitude, the enhanced periph-
eral vasoconstrictor tone was probably attributable either to
the distinct effects of hypoxia (Heistad and Wheeler, 1970;
Kollai, 1983), or to the synergistic actions of hypoxia and low
ambient temperature (Cipriano and Goldman, 1975). Con-
sidering that the response magnitude of a physiological
function may be significantly affected by its basal level of
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activity (cf. Hodges et al., 2007), it is not clear whether cold-
induced effects on cutaneous circulation would be super-
imposed on, or mask those induced by hypoxia.

Aside from the temperature response during local cold
stress, the skin temperature reaction, in a period of sponta-
neous rewarming following the cold provocation, has been
used as a means to examine the cold sensitivity (cf. Davey
etal., 2013) and to detect certain vascular dysfunctions in the
extremities (cf. Ahle et al., 1990; Brandstrom et al., 2008;
Ruijs et al., 2008). With regard to peripheral rewarming in
hypoxia, a substantial reduction in skin temperature recovery
of the middle fingertip (Fahim, 1992) and the center of the
palm (Rai et al., 1978) has been observed following a short
(1-2min) local cold test. However, the magnitude of the
rewarming response is dependent on the duration of the
cooling phase (Wolff and Pochin, 1949), during which a drop
in the temperature of deeper tissue layers is induced (Barcroft
and Edholm, 1943). Furthermore, whether all exposed seg-
ments of the hand would react in a similar manner during a
hypoxic rewarming period is uncertain, since the neurogenic
control of the cutaneous arterioles differs between the glabrous
and the nonglabrous areas of the hand (cf. Minson, 2003).

Accordingly, the purpose of the present study was to
examine the acute effects of normobaric hypoxia on the hand-
temperature responses of healthy males during and after a
30-min local cold-water immersion test. We hypothesized
that hypoxia would diminish the finger CIVD response dur-
ing the cold-water immersion phase, and also attenuate the
rewarming response of the hand. To accomplish a detailed
mapping of the spontaneous rewarming response of all seg-
ments of the hand and fingers, changes in skin temperature
were monitored using both thermocouple probes and infrared
thermography.

Materials and Methods
Subjects

Fifteen healthy males participated in the study (age:
24.9+3.0 years; body mass: 74.8+8.7; height: 181.0+
5.7cm; body fat: 22.2+5.3%; VOpax: 3.2£0.5 L-min~ Y.
They were nonsmokers, and had no history of any cardio-
vascular, circulatory, hematological, or pulmonary disease.
All subjects were near-sea level residents, and had not been
exposed to altitude >500 m during the month preceding the
experiments. They were physically active on a recreational
basis, and had no, or very limited previous experience with
cold-exposure experiments. The subjects were informed in
detail about the experimental procedures, and gave their
written consent. They were instructed not to engage in any
strenuous activity and to refrain from consuming alcohol or
any caffeinated product a day before the tests. The experi-
mental protocol was approved by the National Committee for
Medical Ethics at the Ministry of Health of the Republic of
Slovenia and conformed to the Declaration of Helsinki.

Experimental protocol

The study was conducted at the Olympic Sports Center
Planica (Ratece, Slovenia) that is situated at an altitude of
940 m. Subjects arrived at the Center 36 hours before the
tests. On a first visit to the laboratory, subjects were thor-
oughly familiarized with the experimental procedure.
Thereafter, they performed two cold-water hand immersion
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tests during which they were breathing either room air (AIR),
or a hypoxic gas mixture (HYPO; Fio,: 0.14; simulated al-
titude of 4000 m). The tests were conducted in a counter-
balanced order and separated by a 60—65 min interval. All
tests were performed in May and at the same time of the day
(morning hours). Subjects were dressed in T-shirts, short
trousers, and socks; and throughout each test they remained
in a sitting position on a chair. Prior to the start of each test,
subjects were accustomed to the conditions of the laboratory
for ~20 min. The mean temperature, relative humidity, and
barometric pressure during the tests were 20.9%0.8°C,
35.1+£5.5%, and 682 +4 mmHg, respectively.

Throughout the HYPO test, subjects breathed through a
low resistance two-way respiratory valve (Model 2, 700
T-Shape, Hans Rudolph, Inc. Shawnee, USA). The inspira-
tory side of the valve was connected via a respiratory
corrugated tubing to a 200L Douglas bag filled with the
pre-mixed humidified breathing gas.

Both tests commenced with a 5-min baseline phase, during
which subjects rested with both hands on an emissivity
neutral, customized hand-support at the level of their hips.
After that, the right hand was covered with a thin plastic bag
(thickness of 0.025 mm) sealed with air permeable tape to the
skin (~10cm above the wrist), and the hand was then im-
mersed up to the ulnar and radial styloids in warm water
(35°C) for 5 min. Subsequently, the hand was removed from
the warm-water tank, and placed without the plastic bag on
the hand-support for ~ 1 min, during which infrared-thermal
images were obtained (see below for details). Thereafter, the
hand was covered with a new plastic bag and was immersed
in a tank containing cold water (8°C; see Mekjavic et al.,
2013) for 30 min (CWI). The temperature of the water was
maintained by means of a cooling system (Haake, Germany),
and a small impeller continuously stirred the water inside the
tank. After the completion of the CWI phase, the hand was
removed from the water, dried with a towel, if necessary, and
a 15-min spontaneous rewarming (RW) phase ensued, during
which both hands were resting on the hand-support as in the
baseline phase. Subjects were instructed to, throughout each
test, keep the non-immersed hand immobile on the hand-
support at the level of the hip.

Instrumentation
Temperature measurements

Thermocouple probes. Throughout the test, the finger
skin temperatures of the immersed hand were measured with
copper-constantan (T-type) thermocouple (each conductor
was 0.2 mm in diameter) probes (Physitemp Instruments Inc,
Clifton, NJ, USA), which were attached to the skin in the
middle of the palmar side of the distal phalanx of each finger.
The primary insulation of the thermocouples was polytetra-
fluoroethylene (PTFE); the non-insulated welded junctions of
the thermocouple were attached directly to the skin with thin
air-permeable tape (Tegaderm, 3M, Healthcare, St. Paul,
MN, USA). All skin temperatures were sampled every sec-
ond with a NI USB-6215 (National Instruments, Austin,
Texas, USA) data acquisition system, processed with Test-
Point software (TestPoint v7®, Norton, Massachusetts,
USA), and stored in a PC (Dell, USA) for further analysis.
Following a manual check of the raw data, a computer pro-
gram written in TestPoint was used to calculate the average
temperature (Tavg) of each finger during every phase, as well
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as the minimum (Tmin) and maximum (Tmax) temperatures
reached during the CWI and RW phases. The same program
was also used to detect any finger CIVD response, defined as
a local skin-temperature wave (N) in terms of > 1°C increase
lasting for a minimum duration of 3 min. In case of a CIVD
response, the following parameters were determined: (i) the
temperature amplitude (AT), which was the difference be-
tween the lowest temperature recorded just before the CIVD
and the highest temperature reached during the CIVD, and
(i) the duration of a local-skin temperature wave (At).

Two additional thermocouple probes measured the Tavg at
two sites of the immersed hand, one being positioned at the
center of the opisthenar region (Topisthenar) and the other on
the radial side of the forearm (midway between the elbow and
the wrist joints; Tforearm). Furthermore, Tavg of the distal
phalanx of the thumb and of the center of the palm of the left
non-immersed hand were also measured with thermocouple
probes. All temperature variables were recorded every sec-
ond using the aforementioned data acquisition system (Na-
tional Instruments, USA).

Infrared thermography. At the end of the baseline phase,
immediately after the warm-water phase, and during the RW
phase (at minutes 1, 2, 3, 4, 5, 10, and 15), the skin temper-
ature from the dorsal and ventral side of the immersed hand
was recorded with an infrared camera (T365, FLIR Systems
AB, Tiby, Sweden), which was calibrated automatically. The
field of the camera’s view was 25°x 19°, the spatial resolu-
tion was 1.36 mrad, the spectral range was 7.5—13 yum and the
infrared detector resolution was 320 x 240 pixels. The distance
between the camera and the hand was ~60cm. After the
completion of the test, the thermal images were transferred to a
PC (Dell, USA) via a USB cable, and subsequently analyzed
using the ThermaCam Researcher PRO software (version
2.10, FLIR Systems, Sweden). Namely, Tavg was determined
for the following anatomical areas of the right hand: (i) the
palmar and the dorsal side of the distal phalanx of each finger,
(ii) the palmar and the dorsal side of the proximal phalanx of
each finger, (iii) the total palm and (iv) opisthenar areas.

Tympanic temperature. During the baseline and RW
phases, the tympanic temperature (Ttympanic) was measured
using a commercially available infrared thermometer
(ThermoScan IRT 3020, Braun, Kronberg, Germany). Two
consecutive measurements were obtained each time and the
higher of the two values was used for subsequent analysis.

Hemodynamic variables. Heart rate (HR) was recorded
using a heart-rate monitor (S800CX; Polar, Kempele, Fin-
land). Systolic (SAP) and diastolic (DAP) arterial pressure
was measured at 5-min intervals using an automated oscil-
lometric sphygmomanometer (Omron M6, Kyoto, Japan)
with the cuff positioned around the distal portion of the left
upper arm. The capillary oxyhemoglobin saturation (Spo,)
was monitored with a pulse oxymeter (BCI 3301, Waukesha,
WI, USA) on the left index finger.

Psychometric response scales. During the baseline,
warm-water, CWI (at minutes 1, 2, 3, 4, 5, and every 5 min
thereafter) and RW phases, the subjects were requested to
provide ratings of their thermal sensation on a 7-point scale
(TS; from 1-cold to 7-hot), thermal comfort on a 4-point scale
(TC; from 1-comfortable to 4-very uncomfortable) and local
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pain on a 10-point scale (LP; from 0-no pain to 10-unbearable
pain). All scales were explained to the subjects by the same
investigator prior to each test.

Statistical analysis

Statistical analyses were performed using Statistica 5.0
(StatSoft, Inc., Tulsa, OK, USA). All data are presented as
mean =+ SD, unless otherwise indicated. A two-way ANOVA
for repeated measures was used for the temperature and he-
modynamic measurements. The Tukey post hoc test was
employed to identify specific differences between means
when ANOV As revealed significant F-ratio for main effects.
Differences in N, TC, TS, and LP were evaluated with a
Wilcoxon matched pairs nonparametric test. The alpha level
of significance was set a priori at 0.05.

Results

Skin-temperature responses: Immersed hand

Baseline and warm-water immersion phases. During the
baseline phase, there were no differences between the two
conditions as regards Tavg of the fingers (AIR: 30.5+4.2°C,
HYPO: 31.0£4.2°C; p=0.67), the Topisthenar (AIR:
30.8+1.8°C, HYPO: 30.4 £2.2°C; p=0.99) or the Tforearm
(Fig. 1). During the warm-water immersion phase, no dif-
ferences were observed between the conditions for the Tavg
of the fingers (AIR: 34.4+1.8°C, HYPO: 34.1+2.1°C;
p=0.42), the Topisthenar (AIR: 34.1+1.0°C, HYPO:
34.1+£1.4°C; P=0.92) or the Tforearm (Fig. 1).

Cold-water immersion phase. Tavg of the fingers was not
different between the first (10.1 £0.6°C) and the second
(10.1£0.5°C) CWI phase of the cold tests ( p=0.81), thereby
excluding any order effect. Tavg and Tmin of the fingers did
not differ between the conditions (Table 1, Fig. 2). However,
Tmax of the fingers was significantly lower in the HYPO than
in the AIR CWI phase (Table 1), albeit the statistical analysis
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FIG. 1. Average temperature of the radial side of the right

forearm (Tforearm) during the control (AIR) and the nor-
mobaric hypoxic (HYPQ) cold-water hand immersion test.
Values are mean+ SD. *Significant difference from B and
WWI(p<0.05); TSigniﬁcant difference from B, WWIand CWI
(p<0.001). B, a 5-min baseline phase, a 5-min warm-water
hand immersion phase, a 30-min cold-water hand immersion
phase; RW, a 15-min rewarming phase; WWI, a 5-min warm-
water hand immersion phase.
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AVERAGE TEMPERATURE (TAVG), MINIMUM TEMPERATURE (TMIN), MAXIMUM TEMPERATURE (TMAX), NUMBER OF LOCAL SKIN-TEMPERATURE WAVES (N),

TABLE 1.
TEMPERATURE AMPLITUDE OF THE WAVE (AT) AND DURATION OF THE WAVE (AT) IN THE PALMAR SIDE OF THE DISTAL PHALANX OF EACH FINGER OF THE RIGHT HAND

OBTAINED DURING THE 30-MIN COLD-WATER HAND IMMERSION IN THE CONTROL (AIR) AND NorMoOBARIC Hyroxic (HYPO) TEsT
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Values are mean = SD. Values are median (range) for N. *Significant difference from the AIR test; (p
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FIG. 2. Average temperature (Tavg) of the palmar side of
the distal phalanx of the right thumb during the control (AIR)
and the normobaric hypoxic (HYPO) cold-water hand immer-
siontest. Values are mean =+ SD. Data are averaged every 30 sec.

did not reveal any post hoc difference for any individual
finger. Regarding the parameters of the finger CIVD re-
sponse, N and At did not vary between the tests (Table 1);
however, a statistical tendency for lower AT was identified
during the HYPO CWI phase (p=0.06; Table 1). The drop in
Topisthenar in the CWI phase was similar in the two condi-
tions (AIR: 12.5£0.9°C, HYPO: 12.5£0.8°C; p=0.95).
Tforearm was significantly reduced during CWI, and there
were no differences between conditions (Fig. 1).

Rewarming phase. At the onset of the RW phase, there
were no temperature differences between the conditions, as
reflected in the similar Tmin of the fingers (AIR: 9.5+0.9°C,
HYPO: 9.3+0.0°C; P=0.63). However, the hand rewarming
response was substantially impaired in the HYPO test (Fig. 3).
Namely, Tavg and Tmax of the fingers were significantly
lower in the HYPO than the AIR RW phase (Fig. 4). At the
10th and the 15th min of the HYPO RW phase, Tavg of the
fingers was markedly reduced on the palmar side of both
distal (AIR: 27.3+4.0°C, HYPO: 25.3+5.3°C; p=0.02) and
proximal (AIR: 26.7+3.8°C, HYPO: 25.1£5.1°C; p=0.03)
phalanges, and on the dorsal side of both phalanges (Fig. 5a, b).
No differences between the tests were observed in To-
pisthenar (AIR: 18.9+2.7°C, HYPO: 17.7£2.1°C; p=0.12).
However, the Tavg of the total area of the palm and opis-
thenar region of the hand was significantly lower during the
HYPO RW phase, in particular 10 and 15 min after the end of
the CWI phase (Fig. 5c, d). Tforearm was further decreased in
the RW phase, and it was significantly lower than in the CWI
phase (p<0.001); no differences between the conditions
were detected (Fig. 1).

Skin temperature responses: Non-immersed hand

Mean and individual changes in the Tavg of the non-
immersed thumb during the entire CWI phase are presented
in Figure 6a. There was a statistical tendency for lower Tavg
in the non-immersed thumb during the CWI phase (-0.8°C;
p=0.06). Specifically, Tavg decreased in ten subjects during
the AIR test, and in eleven subjects during the HYPO test.
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FIG. 3. Representative infrared-thermal images from a single participant during the 5th, 10th, and 15th min of the
rewarming phase of the control (AIR) and normobaric hypoxic (HYPO) test.

Tavg of the non-immersed thumb significantly decreased
(=0.6°C) 90 sec after the immersion of the right hand in the
cold-water, and it reached its nadir value (— 1°C) ~210sec
after the initiation of the CWI phase (Fig. 6b); no differences
between the tests were observed.

Tavg of the center of the non-immersed palm was not
altered throughout the tests (AIR: Baseline phase:
33.8+1.9°C, CWI phase: 34.1+2.3°C; HYPO: Baseline
phase: 33.711.9°C, CWI phase: 34.1£2.1°C; p>0.05).

Ttympanic and hemodynamic responses

There were no differences in Ttympanic between the tests
(AIR: Baseline=36.3+0.6°C, RW=36.310.6°C; HYPO:
Baseline=36.410.6°C, RW=36.31£0.6°C; p=0.57).

The mean values of HR, SAP, DAP, and SpO, obtained
during each phase of the tests are summarized in Table 2.

AIR > HYPO
P = 0.002
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HR was higher (p=0.02) and Spo, was lower (p<0.001)
throughout the HYPO than in the AIR test. No differ-
ences between the tests were observed for SAP and DAP
(p>0.05).

Psychometric responses

There were no inter-condition differences (p>0.05) for
either TS [CWI phase: AIR: 1 (1-4), HYPO: 1 (1-4); RW
phase: AIR: 4 (3-6), HYPO: 4 (3-6)] or LP [CWI phase:
AlIR: 2 (1-5), HYPO: 3 (1-7); RW phase: AIR: 0 (0-1),
HYPO: 0 (0-2)]. Subjects felt more uncomfortable at the
1*" min of the hand immersion HYPO [2 (1-4)] than the AIR
[1 (1-3)] (p=0.04); however, no other differences were
observed between the tests at any other time-point [CWI
phase: AIR: 2 (1-4), HYPO: 3 (1-4); RW phase: AIR: 1 (1-2),
HYPO: 1 (1-2); p>0.05].

AIR > HYPO B AIR
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16 O HYPO
* * *
* & *
=
]
i 32
L
H
: L
o s - m -—
_ 28 1
g
"
g 24
20
I II III v V Average
Finger

FIG. 4. Average (Tavg; left graph) and maximum (Tmax; right graph) temperature of the palmar side of the distal
phalanx of each finger of the right hand during the 15-min rewarming (RW) phase of the control (AIR) and normobaric
hypoxic (HYPO) test. Values are mean £ SD. *Significant difference between AIR and HYPO test. Finger I, thumb; Finger
IL, index; Finger III, middle; Finger IV, ring; Finger V, small.



188 KERAMIDAS ET AL.

a - Distal Phalanx b Proximal Phalanx -0-AIR
g 5 -0-HYPO
~ 28 4 g
3 :
-l -
: E
a 8
& é
s K
g o
é a
c d
5 g
& u
he! a
3 2
B L]
-l
e &
£ 3
2 4
é
B WAI 1 2 3 4 5 10 15 B WAI 1 2 3 4 5 10 15
Time (min) Time (min)

FIG. 5. Average temperature (Tavg) of the dorsal side of (a) the distal and (b) proximal phalanx of the thumb, (¢) the total
area of the palm, and (d) the total opisthenar area of the right hand during the 15-min rewarming phase of the control (AIR)
and normobaric hypoxic (HYPO) test. Values are meantSD. *Significant difference between AIR and HYPO test
(p<0.05). B, a 5-min baseline phase; WWI, a 5-min warm-water hand immersion phase.
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FIG. 6. (a) Mean and individual changes from the warm-water immersion (WWI) phase in the average temperature
(Tavg) of the left non-immersed thumb during the entire control (AIR) and normobaric hypoxic (HYPO) cold-water
immersion phase (CWI). (b) Average temperature (Tavg) in the left non-immersed thumb during the first 420 sec of the
control (AIR) and normobaric hypoxic (HYPO) cold-water immersion phase (CWI). TSignificant difference from WWI
phase (p<0.001).
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TABLE 2. MEAN HEART RATE (HR), SysToLIC ARTERIAL PRESSURE (SAP), DIASTOLIC ARTERIAL PRESSURE (DAP)
AND CAPILLARY OXYHEMOGLOBIN SATURATION (SPO,) OBTAINED DURING THE 5-MIN BASELINE (B), THE 5-MIN
WARM-WATER IMMERSION (WWI), THE 30-MIN COLD-WATER HAND IMMERSION (CWI) AND THE 15-MIN
REWARMING (RW) PHASES IN THE CONTROL (AIR) AND NormoBARIC Hypoxic (HYPO) TEsT

AIR test HYPO test
B WWwWI CWI RW B WwI CWI RW
HR (beats-min_') 79+12 8013 76+ 14 72+14 83+ 13* 87+ 12% 83+ 14* 78 £14%*
SAP (mmHg) 121+9 120+£12 128+ 10 123+10 120+ 10 124 +13 129+9 123+13
DAP (mmHg) 73+14 74+11 868 8217 75+14 77+£13 84+8 8011
Spo, (%) 97+1 97+1 97+1 97+1 92+2%* 90+2%* 89 £ 2% 89 £ 3*

Values are mean* SD; SAP and DAP during CWI were significantly different from B, WWI and RW values (p<0.001); *Significant

difference from the AIR test; (p<0.05).

Discussion
Acute hypoxia during local cold stress

The main finding of the present study is that acute exposure
to normobaric hypoxia did not aggravate the drop in hand
temperature during local cold stress, despite the slightly
lower Tmax (~0.5°C). It may appear that current results are
in conflict with previous studies that have shown an enhanced
cold-induced vasoconstriction during CWI of a hand at
high-altitude (Daanen and van Ruiten, 2000; Mathew et al.,
1977; 1979; Purkayastha et al., 1999; Takeoka et al., 1993).
However, in the aforementioned field studies, wherein the
response to CWI was examined only in one finger, the pre-
immersion temperature of the digit was considerably lower in
the tests performed at high-altitude than in those at sea-level.
The lower initial values in hypoxia, indicating a state of pe-
ripheral vasoconstriction already before the application of the
local cold stimulus, were probably attributable either to dis-
tinct effects of hypoxia (Heistad and Wheeler, 1970; Kollai,
1983), or to the synergistic actions of hypoxia and low am-
bient temperature (Cipriano and Goldman, 1975) on periph-
eral circulation. In agreement with present results, Castellani
et al., (2002) have observed no change in the finger CIVD
response during acute mild hypoxia (Fio,: 0.16), whereas a
marked decrease was obtained after 4 days in the hypoxic
environment; notably, such a depression in the finger CIVD
response was preceded by a reduction in the initial skin
temperature values. Hence, it is postulated that, throughout
the CWI phase, any hypoxia-induced vasoconstrictor effects
in the extremities are masked by those induced by the cold
stimulus, despite the increased overall sympathetic discharge
caused by hypoxia.

Meeuwsen et al., (2009) had also detected no changes in
almost all CIVD parameters, except that the AT was dimin-
ished during the hypoxic cold-water hand immersion. As
recently discussed (Cheung and Daanen, 2012), there is a lack
of consensus in the literature on the definition of CIVD, and
hence on how to quantify this response. In the present study,
the CIVD response was explored by determining a number of
parameters, namely Tavg, N, Tmin, Tmax, AT, and At;
among them, only the Tmax was slightly reduced during the
HYPO CWI phase. Although the CIVD constitutes a complex
physiological response and the impact of each parameter
cannot be determined separately, the data of acclimatization/
habituation studies (Cheung and Daanen, 2012) suggest
that, in terms of its cryoprotective function (Daanen and
van der Struijs, 2005; Mathew et al., 1974), it is the increased

perfusion-induced elevation in Tavg that constitutes the most
decisive parameter during local cooling (cf. Amon et al.,
2012; Keramidas et al., 2010).

Acute hypoxia during spontaneous rewarming

Notwithstanding that acute hypoxia did not influence the
hand temperature responses during the CWI phase, it sig-
nificantly attenuated the rewarming process, in all regions
alike, in the immersed hand. Likewise, previous studies have
shown that hypoxia delayed cutaneous temperature recovery
both for the middle finger (Fahim, 1992) and the palm (Rai
et al., 1978) during hypoxic breathing following a short local
cold provocation. Of interest in this regard is also the report
by Cleophas et al., (1982), who have suggested that hypoxia
induced by acute cigarette smoking hampers the finger skin
temperature recovery after local cold stress.

The lower Tavg during the HYPO RW phase, indicating a
protracted cutaneous vasoconstriction, was presumably me-
diated by sympathetic overactivity in the HYPO test (Heistad
and Wheeler, 1970; Kollai, 1983). Thus, hypoxia is associ-
ated with hyperventilation and hence with hypocapnea,
which lead to a reduced cutaneous perfusion in the distal
portions of the extremities (Barker et al., 1991; Fahim, 1992;
Heistad and Wheeler, 1970). Conceivably, a mild cerebral
impairment induced by the hypoxic stimulus (cf. Virues-
Ortega et al., 2004) could also have caused an inhibition in
the efferent impulses to the periphery, and thus a slower after-
reaction during the HYPO RW phase. A direct effect of
hypoxia on the cutaneous vasculature might also have con-
tributed to the diminished HYPO rewarming rate. That is to
say, a recurring, or sustained sympathetic noradrenergic
nerve activity in glabrous and nonglabrous skin (cf. Minson,
2003) resulted in a lower Tavg during the HYPO CWI phase.
However, the mechanisms underlying the slow rewarming
response in the HYPO test remain speculative, and need to be
further investigated.

Temperature response of the non-immersed regions

Besides the direct effect of cold stress on the immersed
hand segments, a vasoconstriction occurred in regions that
were not in contact with the cold water, as the drop in Tfor-
earm and Tavg of the contralateral thumb indicated during
the initial portion of the CWI phase. It has previously been
suggested that such a cold-induced ‘‘indirect’” vasocon-
striction is orchestrated either by the reflex response to a
noxious stimulus and/or the action of a central mechanism
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excited by the cold blood returning from the skin (Folkow
et al., 1963; Kregel et al., 1992; Pickering, 1932). The in-
creased adrenal secretion triggered by the prolonged cold
application constitutes an additional mechanistic explanation
to the phenomenon (Freeman, 1935). In the present study,
despite the increased general sympathetic discharge during
the HYPO test, no differences in Tforearm and Tavg of the
non-immersed thumb were detected between the tests. In-
deed, this is in line with the findings of a similar degree of
cold-induced vasoconstriction (judging from the Tavg in the
immersed hand) and the similar size of noxious stimuli eli-
cited by the cold stress (judging from the LP) in the AIR and
HYPO tests.

In addition to the cooling during the CWI phase, a pre-
cipitous drop in Tforearm was observed initially during RW
phases in both conditions. This ‘‘after-drop’” was apparently
evoked by the cold blood from the immersed hand rushing
into the skin capillaries after the termination of the local
cooling.

Methodological considerations

Two different noninvasive techniques, viz. the thermal
convection probes (thermocouples) and the infrared ther-
mography, were employed to measure skin temperature
during and after the local cold stress. Although both tech-
niques are considered capable of detecting changes in the
skin microcirculation (Kistler et al.,1998), it should be noted
that they only provide an index of cutaneous vasomotor tone
(Wright et al., 2006). Davey et al., (2013) have recently
shown that the changes in skin temperature during a spon-
taneous rewarming period are not solely due to changes in
skin blood flow, but also reflect the ambient temperature.
Furthermore, skin temperature is but a slow indicator of
temperature changes occurring in deeper tissues (Daanen,
2003).

A potential limitation of the present study is that the sub-
jects were not naive as regards the breathing gas mixture in
each test; given especially, that the CIVD response is sub-
stantially influenced by the emotional status of the individual
(Teichner, 1965). However, the reproducibility of the CIVD
(O’Brien, 2005) and of the rewarming response (Cleophas
et al., 1982), and the fact that no differences in temperature
and psychometric responses were observed between the AIR
and HYPO CWI phases suggest that such subject bias effect,
if any, was minimal, and did not influence the interpretation
of the data.

Lastly, based on the topical debate about potential differ-
ences between normobaric and hypobaric hypoxia (cf.
Loeppky et al., 1997; Savourey et al., 2003), it could be argued
that the present results might not be representative of those
expected in a hypobaric hypoxic setting. However, a previous
study has shown that the hand CIVD responses are similar in
normobaric and hypobaric hypoxia (Meeuwsen et al., 2009).

Perspectives

A number of epidemiological studies have shown that the
incidence of local cold injury is increased by exposure to high
altitude (Harirchi et al., 2005; Hashmi et al., 1998). Present
findings suggest that the previously reported aggravation of
the cold-induced vasoconstrictor response to hypoxia during
local cooling is mainly attributable to the increased baseline
vasomotor tone. On the contrary, the baseline status and the
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level of vasoconstriction during the CWI phase seem to have
negligible impact on the diminished peripheral rewarming
response in hypoxia. Whether such a diminished rewarming
response in hypoxia constitutes a mechanism underlying the
increased risk for cold injury in high-altitude expeditions
remains unknown; especially, in the light of the fact that in
such expeditions, hypoxia is commonly accompanied by
other potential risk factors, such as increased wind, reduced
physical activity, and reduced fluid and energy intake.

Conclusions

In conclusion, present findings demonstrate that acute
exposure to normobaric hypoxia neither aggravates the cold-
induced drop in hand temperature, nor influences the finger
CIVD responses of normothermic males during local cold
stress. However, acute hypoxia markedly attenuates the
spontaneous rewarming responses of both glabrous and
nonglabrous regions of the hand. Hence, further investigation
is needed to examine whether a prolonged period of hypoxic
exposure would counter the adverse rewarming responses
induced by acute hypoxic stimulus.
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