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Abstract

Human thermal responses during prolonged whole body cold water immersion are of interests for military, especially Special Forces, and professional activities. However, fully documented data obtained in realistic conditions are scarce. This study aimed at describes such thermo-physiological responses. Ten trained volunteer SEALS wearing their normal protective device (5.5 mm thick neoprene jacket and pants, hood, gloves and socks with 3.0 mm thick underwear) were randomly assigned to a full immersion in cold water at either 10 or 18 °C during 6 hours. Core (Tc) and 14 skin (Tsk) temperatures, heart rate, oxygen consumption and shivering were assessed during the immersion. 

Every subject completed the 6-hour long full immersion at 10 and 18°C. No difference at any time was observed in mean Tc between both conditions, with the same final value (36.2 ± 0.3 °C). Tsk profiles were similar during the cold exposure with a quick decrease at the beginning than a plateau ( 25.7 ± 0.2 and 29.4 ± 0.2 °C, at 10 and 18 °C, respectively) during the second half of the cold exposure. Most striking is the difference in Tsk among the local points of measure with 14 ± 1.5 and 22 ± 2.0 °C at the extremities at 10 and 18°C, respectively. Other results demonstrate that such exposures were well tolerated by the fit trained subjects who developed adapted physiological reactions but consistently too low to counterbalance the heat losses induced by such conditions. In conclusion, this study shows that standard wet suit provide adequate thermal protection for long duration immersion from a medical point of view, but not from an operational one. It also demonstrates the utility of such field-oriented experiment which affords data for both operations and models, when all the effects of factors of interest are not fully understood.

1.0 Introduction

Human thermal responses during prolonged whole body cold water immersion are of interests for military, especially Special Forces, and professional activities. In these cases, immersion can be prolonged in unfavourable conditions with rough sea and cold water. Maintaining core temperature (Tco) of the body in sea water is particularly challenging because thermal conductance of water is very high (25 times greater than that of air) and body heat is rapidly conducted away from the skin to the water. In water, to insulate the body is thus the only way to allow divers to stay a time sufficient to work.  In most cases, a wetsuit made with neoprene is used to do that. Thermal properties of neoprene are well known (Bardy, 2005), but the global thermal effectiveness of a neoprene wetsuit is more difficult to evaluate because of the detrimental thermal effect of the water circulating between the suit and the skin (Tipton, 1996). Some studies have examined the thermal effect of wet suits (Wolff 1985, Yeon 1987, Arieli 1997) reporting that they do not provide adequate thermal protection in cool water (Shiraki 1986, Arieli 1997) although they reduce the decrease in core body temperature and therefore facilitate longer immersion periods (Shiraki 1986, Wakabayashi, 2006).

The actual protective thermal effect of the wetsuit widely used by the military divers is therefore not well known and consequently whether cold may have an impact on their ability to perform their work or even their safety in long operation. This study was thus designed to investigate the effects of wearing a special “cold-water” wetsuit on body temperatures, thermoregulatory and metabolic responses during a 6-h long total immersion in cool (18 °C) and cold (10 °C) water. 

Data were used thereafter for a simulation study presented in the accompanying paper (Xu et al., n° 17).
2.0 Method

2.1 Subjects and procedures

After approval of the experimental protocol from the institutional ethics committee of the University of Marseilla (CCPPRB Marseille 2), 10 trained SEALS volunteered for the study. Average biometrical data are reported in the table 1; individual data are reported in the accompanying paper (Xu, n° 17).

The body fat composition of each participant was evaluated using the Lohman procedure (1975) which takes into account the body weight (P) and the thickness of two skin folds. VO2 max measurement was performed with an open circuit technique using expired gas samples continuously drawn from a facial mask (Quark, Pulmonary Function Testing-Exercise Testing, ergo, Cosmed, Rome, ) during a maximal incremental test performed on an cycle ergometer (Excalibur Sport, Medical Technology, Groningen, Nederland). The method used to measure gas exchange was the same used during the immersion procedure (see below).
Table 1: anthropometric data of the subjects



Age
Weight
Height
Body fat
VO2max
Body Surface Area



(yr)
(kg)
(cm)
(%)
(mL.min-1.kg-1)
(m2)


Mean ± SD
33 ± 3
77 ± 8.7
173.6 ± 0.2
15.1 ± 0.8
56.6 ± 2.0
1.92 ± 0.14


min-max
29-37
67-98
164-189
11.8-20.2
46.6-66.4
1.77-2.26

Two sets of experiments were carried out differing only by the water temperature: 10 °C and 18 °C. Each subject thus reported twice at the laboratory, one week apart, for the immersion procedure, in a counter-balanced order according to the water temperature to avoid any habituation effect. The day of an experiment, the subject reported at 7:00 am at the laboratory for a standardized breakfast (1400 kcal), then he lets the investigators made basal measurements, put an indwelled catheter (Introcan-W Certo 18GA Becton Dickinson, Sandy, UT, USA) into a superficial vein of the forearm, tape the different electrodes used for medical security and physiological measurements (listed below) and help him to put on the full tailor-made neoprene suit. The suit was identical to that used in the French Navy for cold water with a thin 3.5 mm thick under-garment (socks, pant and shirt) and a full 5.5 mm thick over garment (jacket, pant, hood, boots and gloves).

The subject then sat down on a customized chair and put on a diving mask and the mouth piece of a breathing apparatus (modified Bennett ventilator, Model, Manufacturer) that allowed him to breath without effort during the full experiment. He was then slang down in less than 20 s into the pool with the top of the head just below the water surface even when blood was withdrawn from the catheter. Similar procedure was used to remove him from water at the end of the experiment. 

2.2 Physiological measurements and calculations

Core and skin temperatures were measured throughout the experiment using PT100 thermistors® (IOTECH, DaqBook 216, USA); data were recorded every 10s, with minute averages calculated off-line. Rectal temperature (Tre) was measured using the same kind of probe, inserted in the rectum 100 mm past the anal sphincter. It was used as core temperature. Mean skin temperature (mTsk) was evaluated using the 14-points averaged method of Hardy and DuBois (1938). Mean body temperature (mTb) was calculated from both core temperature and mean skin temperature according to Tikuisis, 1995, as mTb = 0.67 Tre+ 0.33mTsk

For the VO2 measurement, the subjects wore a mouth piece which was connected to a volumetric rotor transducer (bidirectional digital flowmeter), measuring minute ventilation (Quark, Pulmonary Function Testing-Exercise Testing, ergo, Cosmed, Rome, Italy **model, manufacturer). A side port on the mouth piece was connected to a fast-response differential paramagnetic O2 and CO2 analyzers. Ventilation, oxygen consumption and carbon dioxide production were measured during 10 min prior to immersion (basal level) and then for 45 min each hour throughout the 6-h immersion; values were averaged over 5 min increments for statistical analysis. The RER was calculated as the ratio of carbon dioxide production to oxygen uptake. The gas exchange system was calibrated before each experiment and after three hours of immersion. Every hour, the subject was asked to fill in a questionnaire rating the level of perceived shivering using a modified four-level Nielsen scale (no, light, moderate and heavy shivering perception according to Nielsen, 1984).
Blood was collected during the baseline phase (baseline level) then during immersion at 30 min, 1, 3 and 6 h time points. Because of intense vasoconstriction during the immersion, blood sampling was some times not possible. Blood lactate (La), glycerol (Gol) and free fatty acids (FFA) were assayed using a Hitachi 912 automat (Roche Kit). 

Heat loss from the diver’s body was first (HL1) calculated as the sum of the heat content lost from the diver’s body (H, Eq 1) and the heat produced by metabolism calculated from the oxygen consumption of the diver (HO2, Eq 2), as : HL1 = H + HO2 (kJ). H was calculated from the decrease of the mTb during the immersion as: H = mTb·0.83·body mass (BM)·4.18 (kJ, Eq 1). Heat produced by metabolism (HO2) during the immersion was calculated from oxygen consumption assessed during the experiment (assuming a mean heat equivalent of O2 of 20.2 kJ.l-1) as:  HO2 = VO2·20.2 (kJ, Eq 2).

Heat loss was also calculated from the skin to water temperature difference (mTsk - Tw), and the thermal properties of the wet suit (HL2), assuming that there was no water flow between the layers of the suit as well as the suit and the skin, because the divers were not moving in water, as:  HL2 = (mTsk - Tw)·BSA·C ·e-1·t (kJ), with BSA = body surface area, C = conductivity of the neoprene used in the wet suit, e = thickness of the suit and t = time. 

Total insulation (Itot) provided by both body tissue and the swimsuit during water immersion was calculated from the total heat loss from diver’s body surface (BSA) and the core to water temperature difference (Rennie, 1980), as:  Itot = (Tre - Tw)·BSA·HL-1 (°C.m².W-1). Insulation of body tissue (Itissue) was calculated using the following formula based on the assumption that heat loss from the skin is equal to heat loss from the swimsuit surface, as:  Itissue = (Tre - mTsk)·HL-1 (°C.m².W-1). Wetsuit insulation was calculated as the difference between the total insulation and the body insulation as Isuit = Itot - Itissue (°C.m².W-1; Shiraki, 1986).

2.3 Statistical analysis

Data are presented as mean ( SEM throughout. Data were assessed by a two-way (temperature and time) analysis of variance for repeated measures using the STATVIEW package (Abacus Concept, Inc., Berkeley, CA, 1996); Newman-Keuls post hoc analysis were applied when ANOVA was significant. Statistical differences were set at p<0.05 throughout. 
3.0 REsults

The ten subjects performed the two six-hour long experiments; the critical Tre threshold of 35.5°C was never reached. Tre dropped to about 36.2°C at the end of immersion in both conditions without any significant difference in trend or end-point between the test conditions (fig 1a).
mTsk was the same in both conditions when the subjects entered the water. It decreased abruptly during the first minutes of immersion in both conditions, and continued to decrease during the first 3h of immersion then plateaued in both condition during the last 3 hours of immersion (fig. 1b). However, mTsk remained significantly lower at 10 °C than at 18 °C as soon as the 10th min of immersion. In both conditions, the stabilization of skin temperature during the second half of the immersion was not observed for the extremities (hands and feet).

VO2 increased quickly after the immersion in both conditions; it plateaued after the first hour of immersion at 18 °C but continue to increase progressively in 10 °C water, such that VO2 was significantly higher at 10 °C than at 18 °C by the third hour of immersion. It was about 3 and 2 to 2.5 MET during the second half of the immersion in 10 and 18 °C conditions respectively. Fig.2 presents the number of subjects experiencing either no, or mild to moderate or heavy shivering during both immersions. Shivering appears earlier and was more intense at 10 °C than at 18 °C. Heart rate (HR) decreased slowly during the experiment, excepted in the very beginning of the immersion during which a significant and transient increase was observed.

At both 18°C and 10°C, La rose during the immersion (p<0.05 at 1 h, 3 h and 6 h) with higher values at 10°C compared to 18°C (p<0.05 at 1 h and 3 h); an increase of  both Gol and FFA was also observed during the immersion, higher at 10°C than at 18°C and delayed in comparison to the LA increase with a max at 6h immersion. Respiratory exchange ratio (RER) increased during the early phase of immersion then slowly decreased during the whole immersion in both conditions to reach the lowest values at the end of the immersion. This effect was greater at 10°C compared to 18°C. 
Total body insulation decreased dramatically after few minutes in water then stabilized in less then 40 min in both conditions to reach an average value of 0.32 ± 0.02 vs. 0.28 ± 0.01 °C.m².W-1 at 10°C and 18°C respectively (p< 0.001) in the second half of the immersion. The difference was mainly due to a difference in shell insulation, which stabilized at 0.13 ± 0.01 vs. 0.10 ± 0.01 °C.m².W-1 at 10°C and 18°C respectively (p< 0.001) during the same period while insulation provided by the wet suit was 0.18 ± 0.01 vs. 0.17 ± 0.01 °C.m².W-1.

Heat loss calculated from either ∆mTb and VO2 (HL1) or the temperature gradient between skin and water (HL2) featured the same profile stabilizing after 1 hour of immersion, although not at the same level. Both calculations (HL1 and HL2) gave consistent results (r = 0.99 p<0.01) although not identical with a frequent above estimation of HL2.

4.0 Discussion

The most interesting result of this experiment is the profile of core temperature which regularly and continuously decreased all along the six-hour long immersion in divers fully exposed to water. Moreover, the core temperature time-course was quite similar during the cold (10°C) or cool (18°C) water exposure. Only scarce data are available on the thermoregulatory responses of subjects fully protected and exposed to cold water during a long time. In such conditions, a plateau of core temperature is observed in most studies, even in naked subjects exposed to rather cold water. As an example Hayward (1981) studied the lowest water temperature in which subjects are able to maintain their core temperature; they found that some subjects maintain Tco at water temperatures as cold as 12 °C. Several factors could explain this apparent discrepancy with our results. 

The first one is the absolute value of the core temperature decrease our divers experienced, actually it is a drift less than 0.15°C per hour. Although this value is (just) above the threshold set for to define a temperature plateau by Hayward (1981), it is however a rather low rate of change and could be considered as a quasi-plateau if observed during a shorter period of time after a dramatic decrease. The second one is the influence of the thermal protection provided by the wet suit, reducing skin heat loss and therefore the skin thermal drive for both isolative and metabolic thermoregulatory adjustments induced by the cold exposure.
Metabolic heat production increased in both cases, reaching a plateau of about three times the resting value at 10°C and two to two and half times this value at 18°C. Notworthy, the heat produced by the vigorously shivering subjects exposed to the 10°C conditions, would have been sufficient to fully counterbalance the heat loss experienced by the subjects during exposure to 18°C water.  It means that the Tco decrease observed in divers at 18°C is not linked to any inability to produce heat at a sufficient rate, but rather to the integration of the thermal drive at the central level which could explain the insidious decrease of core temperature reported in protected workers fully exposed to cold water (Hayward, 1979).

Shivering occurred in both conditions, though the onset appeared more abrupt at 10°C compared to 18°C, and more subjects experienced a generalized shivering at the end of the immersion at 10°C compared to 18°C, however not all subjects, in accordance to the thermal sensation discussed above. It has been proposed that glycogen availability was needed for muscle shivering (Martineau, 1989; Haman, 2002). Average total oxygen consumption of divers during the 10°C study was about 250 ± 40 L, i.e. 11 Moles, a quantity sufficient to oxidise about 330g of glucose. Evidently most of substrates oxidised by the consumed oxygen was not muscle glycogen, however it could be assumed that shivering muscles were partially glycogen depleted at the end of the study. However, muscles were able to maintain heat production from another metabolic fuel, circulating glucose and  lipids, without any change in mean heat production. Indeed, RER decreased slowly during the second part of the immersion indicating that the metabolic substrates for shivering shifted from a glucidic origin to a lipidic one (Martineau et al. 1989). This effect seem paradoxical since it is more pronounced at 10°C, compared to 18°C, when energy metabolism is at its higher value. It is however quite coherent with plasma metabolite (FFA, Gol, LA) profiles observed during this period.

The pattern of change in mTsk was different from that of core temperature. mTsk decreased dramatically during the first 3 hours then reached steady-state during the second half of the cold exposure at about 25.6 and 29.3°C for the 10 and 18°C water temperature conditions, respectively. Although important differences between areas were observed, with Tsk of head and trunk being higher that Tsk of the limbs, the profiles of change were similar. 
The present data are consistent with the only few data available in wet-suited subjects exposed to cold water. Wolff, 1985, reported mean skin temperature of about 24-25 °C in fully protected subjects resting in 10 °C cold water. Wakabayashi, 2006, studied swimmers wearing either a thin neoprene swimsuit (mild insulation) or a normal light swimsuit (no insulation) and resting in 26 or 29 °C water for one hour. In these experiments, skin temperatures and oxygen consumption plateaued at different levels according to the swimsuit and the water temperature, whereas core temperature decreased slowly but continuously. Even at a water temperature of 10°C, mTsk stabilized above 25°C, a relatively high temperature that reflects the efficiency of the wet suit to insulate the skin. 

Heat losses from the body in the water through the wet suit are proportional to the temperature gradient between the skin and the water; they also depend of the thickness and thermal properties of the wetsuit (for a review, see Bardy, 2005). The mean temperature difference between the skin and the water was quite different in both conditions, in average about 15.6 and 11.3°C at 10 and 18°C water temperature, respectively, at the end of the experiment. The difference between these gradients, (on average 4.3°C, a difference of about 40 % between both conditions), is the most important heat drain induced by the 10°C immersion compared to the 18°C condition. 

During the first three hours of the experiment, the mean temperature difference between mTsk and the water was higher, body heat losses were accordingly higher leading to a heat debt. Three hours for the skin to reach a plateau is very long, much longer than observed in naked subjects submitted to same conditions (Bourdon, 1994).  The protective thermal effect of the suit which slows down the heat loss from the skin is therefore effective. However, Tsk of the extremities actually did not plateau during the immersion, reaching values as low as 13.9 ± 1.2 °C (10°C) and 20.6 ± 0.7 °C (18°C) for the hands and 13.8 ± 1.3 °C (10°C) and 21.6 ± 1.9 °C (18°C) for the feet, at the end of the experiment. This effect is explained by both the geometrical properties (high surface to mean radius ratio) of the extremities and the peripheral vasoconstriction commonly observed in the cold. It caused the main complaint of the subjects during this experiment.

5.0 conclusion

In conclusion, 6h long immersion in cold water in trained fit fully protected subjects is well tolerated. However, it induces a slow decrease of core temperature which appeared unavoidable even in moderately cold water (18°C) and a major discomfort, especially at the level of the extremities. Dexterity impairment in such conditions is one of the major issues, from an operational point of view.
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Fig 2: number of subject experiencing a peripheral (light) or total (heavy) shivering  during the immersion at 10 °C or 18 °C. Questionnaires were filled up about every 30 min from the first 30 min of immersion.








�Fig 1: a) Tre profile and b) mTsk profile, during 10°C (blue diamonds) and 18°C (red circles) water immersions
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