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Abstract
Cold-induced vasodilatation (CIVD) has been suggested to be a protective response, minimising the risk of cold injury. As a consequence, many studies to date have investigated interventions that may enhance the CIVD response. Evidence from field studies suggests that chronic exposure to altitude may enhance certain characteristics of the CIVD. Accordingly, we investigated the effect of 28 days of hypoxic training on the CIVD response. The hypoxic training was conducted at the Olympic Sports Centre in Planica (Slovenia). Subjects (N=9) were exposed to a normobaric hypoxic environment simulating altitudes ranging from 2800 to 3200 meters above sea level for at least 9  hours during the night. During the daytime, subjects were exposed to normobaric normoxia, and conducted daily 1 hr training sessions on a cycle ergometer. During the daily exercise training sessions, the work rate was adjusted to maintain heart rate at a level observed at a work rate equivalent to 50% of peak power output. Prior to, and immediately after this 28 day “Sleep high-Train low” (SH-TL) hypoxic training regimen, subjects’ CIVD response to 30 min sequential immersion of the hand and foot in 8°C water was examined. The CIVD response was investigated under normobaric normoxic and normobaric hypoxic (FIO2=0.12) conditions. The results of the present study indicate that 28 days of exercise training combined with daily exposure to hypoxia potentiates the hypoxic CIVD response especially in the exercising body parts. Thus, altitude acclimatisation combined with an exercise training protocol appears to decrease the risk of cold injury in the exercising limb by enhancing the CIVD response.

1.0
INTRODUCTION
During cold exposure central and local mechanisms are activated in humans to prevent cold injury. A local mechanism to reduce heat loss is peripheral vasoconstriction, which limits blood flow and consequently oxygen provision, and thus makes the tissue more prone to non freezing cold injuries [1] especially in the acral parts of the body, due to their high surface area-to-mass ratio. However, a local paradoxical increase in skin temperature is often observed after 5-10 minutes of exposure to cold, due to a local vasodilatation response [2] in the fingers and toes. It is generally accepted that such cold induced vasodilatation (CIVD) has a protective role against cold injuries [3]. Moreover, this cryoprotective mechanism is observed in the ears, hand, and more rarely in the feet [4, 5].
Central and local factors have been implicated in the etiology of CIVD, but the exact mechanism remains unresolved. Factors observed to affect the CIVD response include hyperthermia, hypohydration, diet, alcohol, mental stress and mental activity, age, and gender. There is also evidence that hypoxia [6] and exercise training may also influence the CIVD response. In a field study, Mathew et al. [7] demonstrated that the CIVD response at high altitude during cold (4°C) water immersion of index finger is weaker compared with the response at sea level. A final test upon return to sea level demonstrated a similar CIVD response as that observed before the hypoxic exposure, suggesting that the impairment was specific to the altitude exposure. These results were confirmed by subsequent studies [6, 8]. Unfortunately, these studies had major limitations. Namely, no control of the cold and/or hypoxia stimulus; the CIVD response was investigated in just one finger, although CIVD is not uniform in all fingers or toes [5]. In contrast to the results of these studies there are indications, that prolonged hypoxic exposure can improve the CIVD response. Recently, Felicijan et al. [9] examined 9 Alpinists before and after a high altitude exhibition lasting 3 weeks. They demonstrated an enhanced CIVD response especially in the foot after this period of high altitude exposure. The researchers speculated that this enhancement was due to either hypoxia, acclimatization to cold and/or exercise. Unfortunately, in this study the degree of cold acclimatization was not assessed, the hypoxic exposure was not controlled; also the exercise and physical condition of the subjects were not controlled or monitored. During high altitude expeditions, the hypoxic stimulus is normally combined with physical activity, and the combination of exercise and hypoxia influences the fitness status of the individuals. Since habitual physical exercise affects tissue insulation, as a consequence of its effect on adipose tissue, muscle mass and its vascularisation, as well as the metabolic activity, it is possible that endurance training may influence cold resistance [10]. There is a lack of knowledge of how improved physical fitness may influence peripheral cooling of the extremities, particularly the CIVD response. However, we speculate that central (sympathetic response) and peripheral (vascularization) adaptations after training could have a beneficial influence on CIVD. 
A combination of altitude acclimatization and endurance training is the “Sleep high - Train low” (SH-TL) regimen, which involves sleeping in hypoxic and training in normoxic conditions. This intervention can be beneficial because of the altitude-associated adjustments, primarily haematological changes, which may increase the oxygen carrying capacity of the blood [11, 12] and/or peripheral adaptations such as improved buffering capacity, blood flow and capilarization [13]. 
We hypothesized that the combined effect of chronic hypoxic exposure and exercise training (SH-TL) may enhance the CIVD response observed in fingers and toes. Our main hypotheses were that the number of CIVD waves and average temperature of the fingers and toes will be increased after SH-TL, and that these enhancements will be more prominent in the foot (exercised parts) compared with the hand. Additionally we hypothesized that the perception of temperature and thermal comfort will be improved after the SH-TL training regimen.
2.0 METHODS

Nine healthy male subjects participated in the present study. Their average±SD age, body mass, and height were 23.9±3.0 years, 178.6±5.2 cm, and 70.0±5.4 kg, respectively. The protocol of the study was approved by the National Committee for Medical Ethics at the Ministry of Health (Republic of Slovenia). The subjects abstained from coffee or caffeinated beverages 2 hours prior to all trials. They were also requested not to conduct any physical activity at least 2 hours before the trials. 
2.1 SH-TL 

Subjects participated in a 28-days hypoxic training programme comprising daily exposures to a hypoxic environment, 2800 (first week) to 3200 m (last week) above sea level. During the daytime, subjects were exposed to normobaric normoxia, and conducted 1 hr training sessions on a cycle ergometer, 5 times per week. The SH-TL protocol was conducted at the hypoxic facility (b-Cat B.V., The Netherlands) in the Olympic Sports Centre in Planica (Slovenia). During the exercise training sessions, the external workload was adjusted in order to maintain the heart rate at a level equivalent to 50% of normoxia peak power output before training. Before and at the end of the SH-TL training programme, the maximal aerobic capacity (VO2max) under normobaric normoxic and normobaric hypoxic (FIO2=0.12) conditions was evaluated with an incremental test (increased workload of 30 watts per minute) to exhaustion. The oxygen uptake in the last 30 sec of the trial was averaged and this value considered as the maximal oxygen uptake. This study was part of a larger study investigating the efficiency of different hypoxic training protocols on exercise performance. Thus, the hypoxic exposures and exercise was strictly controlled.
2.2 CIVD TESTING

Before and after the SH-TL, each subject participated in cold-water immersion tests of the hand and foot, under normoxic and hypoxic conditions. The protocol of these 8 immersion trials was identical.  Subjects arrived at the laboratory at least 15 min before the start of the measurements. This allowed them to adapt to the controlled thermo-neutral environment in the laboratory (21.04±0.73°C, 35-49% RH). The trials were conducted at the same time of the day for each subject. During the trials subjects were lightly dressed in a T–shirt and short trousers. After a 20 minute period of adaptation to the laboratory environment, during which they rested on a chair, they were instrumented for the measurement of heart rate, and skin temperature. The immersion of the hand and foot was consecutive, but separated with a 45 min rest period. Once instrumented, the immersion limb (hand or foot) was then covered with a thin plastic bag that was sealed with air permeable tape to the skin, approximately 10 cm above the wrist for the hand, and the same distance above the maleolus for the foot (Fig. 1 and 2). Care was taken to remove all the air from the bag and to free the thermocouple sites from any plastic bag folds. After the start of the measurements, subjects remained in the chair for 3 minutes with their hands at the level of the hips (hand immersion trial), or with the foot without the toes touching the floor (foot immersion trial) and resting parameters were recorded. After 3 min rest, the test limb (either the right hand or right foot) was immersed in warm (35(C) water for 5 min. The level of immersion was up to the ulnar and radial styloids for the hand immersion trial, and 5 cm above the maleolus for the foot immersion trial. After 5 min in warm water, subjects immersed the test limb in cold water (8(C). An air pillow was positioned between the edge of the immersion bath and the forearm, so the arm rested on the pillow and the wrist was 45( flexed in the water. The foot was immersed without the toes having contact with the tank surface, with the knee joint at 90o angle and the hip joint at 30o of flexion. A neoprene pad was positioned at the bottom of the stainless steel immersion bath. The duration of the cold water immersion was 30 min. 

Figure 1: Skin probes attached to the finger pads by Tegaderm.
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Figure 2: Foot immersion trial. Picture shows immersion of the right foot of two subjects.

Data were recorded at regular intervals: every 8 seconds for skin temperatures, every five minutes for heart rate and tympanic temperature, and blood pressure was measured at the 15th and 30th minute of the immersion. In addition, subjects were asked to provide a rating of their perception of temperature at the feet and thermal comfort every five minutes. Subjects were familiarized with the temperature sensation and thermal comfort scales to avoid any misinterpretations of the scales. After 30 min of immersion in cold water, the test limb (hand or foot) was removed from the water, and dried with a towel, if wet. After immersion (rewarming phase) the data were recorded for 5 min and then the trial was terminated. The normoxic and hypoxic limb immersion trials were conducted on separate days. In the normoxic trial subjects breathed room air, whereas during the hypoxic trial they inspired a premixed and calibrated hypoxic gas mixture (12% O2 / 88% N2) that was decompressed from a high pressure cylinder, and then passed through a humidifier to a meteorological balloon. During immersion, tympanic temperature (Tty- ThermoScan IRT 3020, Braun), heart rate (HR- Polar Electro), blood oxygen saturation (SatO2- BCI 3110) and skin temperature of the fingers or toes (T-type thermocouples) were measured. Subjective ratings of thermal sensation (TSS) and comfort (TCS) were reported during the experiments. A three way ANOVA was used to define the differences in CIVD parameters in hand and foot and a two way ANOVA to define the differences in HR, Tty, SatO2. Differences in TSS and TCS between trials were evaluated with a Wilcoxon non-parametric test. The significance level was set at 0.05.
The CIVD response can be described as typical or atypical according to the temperature fluctuations in the fingers or toes. Specifically, during CIVD, skin temperature oscillates almost sinusoidally, with each wave usually lasting several minutes [2, 3].  The characteristics of the CIVD response are (Fig. 3):
1. Number of waves (N) from the finger temperature curve. We set the minimum rise of finger temperature during CIVD to be 0.5 (C. A wave was defined as a rise of finger pad temperature by more than 0.5 (C and duration for a minimum of 3 min. 

2. Average finger temperature (Tavg) defined as an average of all temperature values from the start of immersion time to the end of immersion time. 
3. The temperature amplitudes (dTi, where i = 1, 2, 3,…..n) of the waves calculated from maximum and minimum temperature values, respectively (e.g. dT1 = T max1 - Tmin1).

4. All minimum temperatures (Tmini , where i = 1,2, 3,…n) were defined as minimum temperature values between peak temperature values of all waves.

5. The first and all next maximum temperature values (Tmaxi , where i = 1, 2, 3, …..n) defined as peak values of first and all next consecutive waves, respectively.
6. The recovery temperature (Trec) defined as the finger skin temperature 5 min after cessation of the immersion.
Due to low the low prevalence of, and the atypical nature of the CIVD responses (see results) only the characteristics 1-3 will be presented in this paper.
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Figure 3:  Typical CIVD response and parameters derived from the finger temperature during the immersion of the hand or foot in the cold water.

3.0 results

VO2max significantly increased after SH-TL. Namely, normoxic VO2max was 60.1±8.5 ml·kg·min-1 before, and 63.5±8.7 ml·kg·min-1 after SH-TL; while in hypoxic VO2max was 45.6±9.2 ml·kg·min-1 before, and 48.3±8.5 ml·kg·min-1 after SH-TL. Peak power output (PPO) values were also elevated (normoxia: before 307±42 Watts, after 347±46 Watts; hypoxia: before 270±26 Watts, after 293±23 Watts), compared with the pre-intervention values. Tympanic temperature (Tty), heart rate (HR), and blood O2 saturation (SatO2) values before and after SH-TL in normoxia and hypoxia are presented in Table 1.

Table 1. Tympanic temperature (Tty), heart rate (HR), and blood O2 saturation (SatO2) in normoxia (FiO2=0.21) and hypoxia (FiO2=0.12) values before (Pre) and after (Post) SH-TL regimen. Vales are means ± SD (n=9). (*): Significant differences between Pre and Post SH-TL. (#): Significant differences between normoxia and hypoxia.

	
	NORMOXIA
	
	HYPOXIA

	
	PRE
	POST
	
	PRE
	POST

	
	HAND

	Tty (ºC)
	36.7 ± 0.3
	36.6 ± 0.4
	
	36.5 ± 0.4
	36.6 ± 0.2

	HR (beats·min-1)
	72.2 ± 1.7
	71.0 ± 1.1
	
	86.9 ± 17.3
	74.0 ± 9.1*

	SatO2 (%)
	98.4 ± 0.9
	98.3 ± 0.7 
	
	87.4 ± 1.4#
	87.0 ± 1.0#

	
	FOOT

	Tty (ºC)
	36.7 ± 0.2
	36.6 ± 0.3
	
	36.6 ± 0.3
	36.8 ± 0.2

	HR (beats·min-1)
	71.7 ± 6.5
	72.0 ± 2.9
	
	82.6 ± 3.3
	77.4 ± 2.8*

	SatO2 (%)
	98.8 ± 0.8
	99.0 ± 0.9
	
	85.4 ± 1.5#
	86.2 ± 0.5#


The reported TSS and TCS scores were unchanged before and after SH-TL in normoxia and hypoxia during cold water immersion of the hand (Figure 4). Moreover, the thermal sensation and thermal comfort values during foot immersion were not significantly different before and after SH-TL in the normoxic and hypoxic immersion trials. More specifically, the median of thermal sensation during cold water immersion of the foot in the normoxic trial was 2.0 before and 2.1 after training. In the hypoxic trial, the median values before and after the 4-week period were 2.4 and 2.8 respectively. The median thermal comfort during immersion ranged between 2.1 and 2.4 in the normoxic trials, and between 2.7 and 2.3 in the hypoxic trials, before and after the SH-TL.
Figure 4: Thermal sensation (left; 0: unbearably cold – 9: hot) and thermal comfort (right; 0: comfortable – 5: extremely uncomfortable) values during cold water immersion in normoxia (N) and hypoxia (H) before (pre) and after (post) the training period.
According to the specific CIVD characteristics, after SH-TL there was an average increase in CIVD frequency of 0.53 and 0.60 waves in the normoxic and 0.60 and 1.7 waves in the hypoxic condition; for the hand and foot respectively. The average temperature (Tavg) of the fingers during immersion was lower in hypoxia compared to normoxia before, but similar after the SH-TL. In the toes, Tavg was higher after SH-TL in normoxic by 0.7±0.2 ºC and in hypoxic trial by 0.8±0.3ºC respectively (p<0.05). The mean amplitude of the CIVD waves (dT) was unaffected in normoxia in hand and foot by the SH-TL intervention. In contrast, significant higher values of in dT were observed after SH-TL in the hypoxic trial in hand and foot (p=0.04).
Most of the CIVD characteristics observed in the present study were atypical. Atypical finger and toe temperature (°C) responses to normoxic and hypoxic immersion in 8°C water before (black) and after (red) SH-TL regime are presented in Figure 5. In many cases a big wave was observed at the middle of immersion time (first graph); a response with a CIVD wave in beginning followed by small waves (second graph) or delayed decrease without big CIVD waves (third graph). The typical CIVD response was also observed in some cases.
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Figure 5: Examples of three different responses in fingers or toes skin temperature (°C) under normoxic or hypoxic immersion in 8°C water before (black) and after (red) the SH-TL regimen.

4.0 DISCUSSION
The present study examined cold induced vasodilatation (CIVD) under normoxia (FIO2=0.21) and hypoxia (FIO2=0.12) in hand and foot, before and after 28 days of sleeping in hypoxia and training in normoxia (SH-TL). The main finding of the present study is that 28 days of SH-TL potentiates the CIVD response, predominantly in the foot. Since significant enhancement of CIVD was only observed in the foot and only some specific CIVD characteristics in the hand, we conclude that hypoxic exposure and exercise had a synergistic function. To our knowledge, this is the first well-controlled laboratory study that investigates the effect of SH-TL on CIVD responses especially under normoxic and hypoxic conditions.
During SH-TL, central, via oxygen transport enhancement [14] and peripheral (blood flow, buffering capacity) muscle adaptations [13] have been proposed as factors responsible for performance enhance. The improvement of the CIVD response after SH-TL could be explained by the beneficial adaptations of endurance training and/or acclimatization in both, central and peripheral factors. The SH-TL protocol using advantages of acclimatization to altitude and allow high intensity training at sea level. In the present study, we observed improved aerobic performance upon return to sea level, probably due to altitude acclimatization and improvements in oxygen carrying capacity and usage [15]. These adaptations could serve as a possible mechanism for the CIVD enhancement in our study.

According to the hand CIVD characteristics after SH-TL, our observations during normoxic conditions are in agreement with the study of Felicijan et al. [9] after 4 weeks Alpine expedition. In that study, Tavg and number of waves were not significantly changed in the hand. However, dT was increased in the hand under normoxia. This was probably due to the combined effect of cold and hypoxic exposure on the alpinists. In general, it seems that cold natives or acclimatized individuals have higher finger temperature and more pronounced CIVD response [16]. However the net effect of prolonged cold exposure on CIVD response is not clear. For some studies, the prolonged exposure to cold can affect the CIVD response in the hand [17, 18], while for other studies, CIVD is not affected by prolonged or repeatable cold exposures [4, 19]. In our study, the observed tendency for stronger CIVD response in hands in hypoxic, but not in normoxic condition after the SH-TL protocol could be the result of the acclimatization and less likely the cold (no cold exposure) or training (no hand exercise) effect. Considering that the repeated local cold exposures on the hand [4] and on the foot [20] are insufficient to elicit improvement in CIVD, possibly other factors, as hypoxia and exercise per se or in combination could be responsible for the slight enhancement of the CIVD response. We also observed a reduction in CIVD characteristics (number of waves, dT) during immersion of the hand under hypoxia compared to normoxia, before the SH-TL protocol. These differences were elevated after SH-TL, thus provides a further support of the acclimatization affect to CIVD response. Other studies showed a significant effect of altitude acclimatisation in CIVD response [9]. However, in those studies, the exact effect of hypoxia is not known, due the problem of coexisting stress of hypoxia and cold. Our observations of the stronger appearance and the improved characteristics of the CIVD in foot (exercised part) compared with the hand (non-exercised part), could suggest that this is predominately due to altered functional and structural characteristics of the foot as a result of training [21, 22]. On the other hand, the specific improvement in some CIVD characteristics in the fingers only in hypoxia, in combination with the much higher improvements in toes under hypoxia, leads to the conclusion that altitude acclimatization was also a significant component for the observed differences. Although in the present study it was not possible to define the separate effects of acclimatization and training, their combination seems to be effective for the improvement of the CIVD response. Along these lines, the increased Tavg in normoxic and hypoxic condition after SH-TL on the foot could be the result of the exercise training, or the hypoxic exposure, or their combination. The increased number of waves in the foot during normoxic trial was similar with the respective observed in the hand, while increase for more than one CIVD wave in the foot was observed during hypoxia. This could also underline the significant contribution of acclimatization in CIVD response. We also observed no changes in the dT during normoxic immersion of the foot, while the dT was increased during foot immersion under hypoxia. The increased dT during hypoxic exposure in both, food and hand, enhance the role of acclimatization for the improved CIVD characteristics. Felicijan et al. [9] also found after alpine mountaineering (from 3985 to 6828 m) increased Tavg following immersion of the foot under normoxic conditions. Unfortunately, the level of activity in this study was not reported. Moreover, the altitude acclimatization was combined with cold exposure. Studies that used 3-4 weeks of daily foot immersion in cold water, reported increase [23], decrease [24] or no change [20] in CIVD characteristics. The different results of these studies don’t allow us to speculate the possible role of acclimatization to cold. In Felicijan’s et al. [9] study, an increased number of waves on the foot but not in the hand during normoxic conditions after Alpine expedition was observed. This is meaningful, since CIVD considered a cryoprotective mechanism and Alpinists are more prone to cold injuries in the toes compared with fingers [25]. 

In the presented in the present study most of CIVD responses were atypical before but they had a tendency to be more typical after SH-TL training regimen. Dobnikar et al. [4] observed less frequently CIVD response with fewer “hunting” waves in the toes than in the fingers; moreover, they concluded that CIVD is poorly correlated to the CIVD response in the fingers. He reported a rear classical CIVD response on the foot (30%) while in the hands the observation rate was almost 100%. These observations could explain the higher susceptibility of the feet to cold injury. Moreover, it has been shown that the CIVD of fingers from the same hand can differ substantially during simultaneous immersion [5]. The prevalence of CIVD is not uniform or constant, with high inter and intra- individual variability [26]. Lewis [2] described in his experiments that in rare cases he did not detect any hunting response. However, Daanen [3] found that CIVD response occurred in 93% of all immersions and the rest of the responses were difficult to be specified. Some researchers observed that the magnitude and appearance of CIVD response is reduced especially on the foot. Mekjavic and Chang [5] did not observe any CIVD response on the foot when they immersed it in 8°C cold water for 30 minutes. We can conclude that the CIVD is an unpredictable response and it should be investigated in all five fingers with water immersion of optimal water temperature of 8°C [4] in order to provide a better estimation of CIVD occurrence. 

Therefore we can conclude that the enhancement of CIVD in foot (exercised part) compared with the CIVD response observed in the hand (non-exercised part), could suggest that this is predominately due to altered functional and structural characteristics of the foot as a result of training. However, the specific improvement in some CIVD characteristics in the fingers only in hypoxia, in combination with the much higher improvements in toes under hypoxia, leads to the conclusion that altitude acclimatization was also a significant component for the observed differences in CIVD response. 
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