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Abstract

In this study, a six cylinder thermoregulatory model (SCTM) was applied to data from volunteers completely immersed in cold water to gain insight into the physiological responses.  SCTM takes into account several thermoregulatory mechanisms: vasomotor change, sweat production, metabolic heat production and shivering exhaustion. It defines thermal characteristics of each individual using height, weight, % fat, age and VO2max. Ten volunteers wearing multi-layered wetsuit were immersed in 10°C and 18°C water for 6 hours, and their physiological responses were measured. The wetsuit was further evaluated using an immersible heated manikin and found to have a value of insulation 0.66 clo. Volunteers were able to maintain thermal balance or near thermal balance at both conditions, likely due to the high insulation of the wetsuit. Predicted core temperature (Tcore), skin temperature (Tskin), hand temperature (Thand) and foot temperature (Tfoot) for each individual were compared with measured data. Predicted results, except predicted Tcore at 18°C immersion, were close to measured results. According to SCTM prediction, thermal responses at 10°C and 18° immersion would be significantly different when no wetsuit or a 0.3 clo wetsuit was worn.  Overall, SCTM prediction was considered acceptable and thus can be used to predict physiological responses to whole body immersion, and used for mission planning of immersion operation and selection of protective gear.
1.0
Introduction

Prolonged whole body immersion in cold water may be encountered during military, rescue, commercial and recreational operations.  Hypothermia is one of the major physiological threats during immersion and is one of major factors that limit operational duration.  Therefore, it is important to understand human thermal response to whole body immersion in order to take necessary measures to prevent hypothermia and ensure operational safety.  Few ethically-approved human studies of whole body immersion have been conducted, likely due to the hardship experienced by the test volunteers. A whole body head-in or head-out immersion study found that head submersion increased core cooling rate much more than it increased the total heat loss  QUOTE "(Pretorius et al. 2006)" 
(Pretorius et al. 2006)
, but subjects were immersed for only 45 minutes. Recently, the Institute of Naval Medicine for Armed Force Health Service (Institut de Médecine Navale du Service de Santé des Armées) has studied human thermal and metabolic responses to 6 hour whole body head-in immersions. The tests were conducted at two temperatures (10°C, 18°C) while wearing a heavily insulated wetsuit. The results demonstrated that subjects were able to maintain thermal balance or near thermal balance status, and complete a 6 hour immersion. From a practical point of view, the following question needs to be answered: what would happen if a different wetsuit was worn or water temperature changed?

The US Army Research Institute of Environmental Medicine has developed mathematical models to predict human thermal response to heat, cold and immersion conditions.  The models have been used in operation planning, doctrine development, and research and development of personal protective systems. One of the models applicable to water immersion conditions is the Six Cylinder Thermoregulatory Model (SCTM)  QUOTE "(Xu and Werner 1997; Xu et al. 2005)" 
(Xu and Werner 1997; Xu et al. 2005)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00S\00\00\001C:\5CProgram Files\5CProCite5\5CDatabase\5CXuDatabase.pdt\1EXu, Tikuisis, et al. 2005 #178\01\04\00\02\00àà\00\00\00¿H\00\084\15\00\14\00\00\00\01\00\00\00\00\00\00\00\00\00\00\00\10\00\00\00\00\00\00\00\02\00\00\00\00\00\00\00\00\00,\00\00\00\01\00\00\00Lô\12\00=\11J\00,\00\00\00xô\12\00Lô\12\00\08\00àà\00\00\00¿H\00\084\15\00\14\00\00\00\01\00\00\00\00\00\00\00\00\00\00\00\10\00\00\00\00\00\00\00\12\00\00\00\00\00\00ÿÿÿÎÃÂwçÃÂw,\00\00\00Dò\12\00.ÄÂw,\00\00\00\00\00\00\00 
. The SCTM has been validated with human data during head out immersion in cold water  QUOTE "(Xu et al. 2005; Xu et al. 2007; Castellani et al. 2007)" 
(Xu et al. 2005; Xu et al. 2007; Castellani et al. 2007)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00\1A\01\00\001C:\5CProgram Files\5CProCite5\5CDatabase\5CXuDatabase.pdt Xu, Castellani, et al. 2007 #580\01\04\00\02\00àà\00\00\00¿H\00Ð3\14\00\14\00\00\00\01\00\00\00\00\00\00\00\00\00\00\00\10\00\00\00\00\00\00\00\02\00\00\00\00\00\00\00\00\00,\00\00\00\01\00\00\00Lô\12\00=\11J\00,\00\00\00xô\12\00Lô\12\00\0A\00àà\00\00\00¿H\00Ð3\14\00\14\00\00\00\01\00\00\00\00\00\00\00\00\00\00\00\10\00\00\00\00\00\00\00\12\00\00\00\00\00\00ÿÿÿÎÃÂwçÃÂw,\00\00\00Dò\12\00.ÄÂw,\00\00\00\00\00\00\00 

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00S\00\00\001C:\5CProgram Files\5CProCite5\5CDatabase\5CXuDatabase.pdt\1EXu, Tikuisis, et al. 2005 #178\01\04\00\02\00àà\00\00\00¿H\00\084\15\00\14\00\00\00\01\00\00\00\00\00\00\00\00\00\00\00\10\00\00\00\00\00\00\00\02\00\00\00\00\00\00\00\00\00,\00\00\00\01\00\00\00Lô\12\00=\11J\00,\00\00\00xô\12\00Lô\12\00\08\00àà\00\00\00¿H\00\084\15\00\14\00\00\00\01\00\00\00\00\00\00\00\00\00\00\00\10\00\00\00\00\00\00\00\12\00\00\00\00\00\00ÿÿÿÎÃÂwçÃÂw,\00\00\00Dò\12\00.ÄÂw,\00\00\00\00\00\00\00 
. The French study provides an opportunity to assess the validity of SCTM under whole body immersion conditions. 

The aims of the present study were to use the SCTM to analyze the physiological data of the French immersion study, and gain insight into the physiological responses to cold water immersion.

2.0
Method

2.1
Six Cylinder Thermoregulatory Model
In the SCTM, the human body is represented by six cylinders, head, trunk, arm, hand, leg and foot. Each cylinder is divided into concentric compartments representing the core, muscle, fat, and skin. The outer cylinder has an additional clothing layer. Blood is represented as a one-loop circulatory system and is an independent compartment. Thus, the human body is represented by 25 compartments. The sizes of the compartments are determined from height, weight and % fat  QUOTE "(1996)" 
(1996)
.

In the active system, an integrated thermal signal to the thermoregulatory controller is composed of the weighted thermal input from thermal receptors at various sites distributed throughout the body. The integrated body temperature is weighted using the core, muscle and skin compartment temperatures. The afferent signal is the difference between this temperature and its threshold, which activates thermoregulatory mechanisms including vasomotor changes, sweat production and metabolic heat production  QUOTE "(Xu and Werner 1997)" 
(Xu and Werner 1997)
. Shivering thermogenesis (i.e., part of metabolic heat production) is a function of core and mean skin temperatures, and includes an intensity adjustment, maximal capability, shivering exhaustion, and inhibition due to a low core temperature  QUOTE "(Xu et al. 2005)" 
(Xu et al. 2005)
. The maximal shivering intensity was estimated from the height, weight, VO2 max and age  QUOTE "(Eyolfson et al. 2001)" 
(Eyolfson et al. 2001)
.

SCTM inputs include individual characteristics (i.e., height, weight, % fat, age, VO2max) and exercise intensity, as well as environmental (i.e., temperature, humidity, and wind velocity) and clothing (clothing insulation clo, moisture permeability index im) properties for each of the six cylinders.

2.2
Physiology Test

The details of the physiology study are reported in a companion paper  QUOTE "(Bourdon et al. 2008)" 
(Bourdon et al. 2008)
 and thus only a brief description is included here. Ten trained volunteers participated in the two 6-hour immersion trials. Their physical characteristics are listed in Table 1. They wore a custom-made wet suit including neoprene jacket, pans, hood, gloves and socks. The subjects were completely immersed with the top of the head just below the water surface. They breathed medical air through a mouth piece. Measurements included core temperature, 14 skin temperatures, and metabolic rate. 

Table 1 Physical characteristics of the ten subjects
	Subject
	Age
	Weight
	Height
	Body fat
	VO2 max

	
	(yr)
	(kg)
	(cm)
	(%)
	(ml·min-1·kg-1)

	1
	29
	83
	178
	13.8
	60.4

	2
	29
	66.9
	170
	13
	56.4

	3
	29
	76.8
	174
	12.9
	53.1

	4
	30
	68.2
	170
	11.8
	46.6

	5
	36
	72.9
	170
	14.4
	60.6

	6
	37
	77.8
	180
	15.9
	66.4

	7
	37
	79.5
	171
	20.2
	61.8

	8
	37
	98.8
	189
	16.5
	46.9

	9
	33
	72.7
	164
	18.4
	61.8

	10
	34
	84.4
	170
	14.3
	51.8

	Mean ± SD
	33.1 ± 3.6
	78.1 ± 9.3
	173.6 ± 7.1
	15.1 ± 2.6
	56.6 ± 6.7


2.3
Measurement of wetsuit insulation
The wetsuit ensemble was evaluated on an immersible thermal manikin at the US Navy Clothing and Textile Research Facility, Natick, Massachusetts.  The manikin was a state-of-the-art, 21-zone thermal manikin that determines the suit insulation values by measuring power delivery to each zone with skin temperatures maintained at 30°C while submerged in a constant temperature pool. The water was slowly circulated.  The articulation of the manikin allowed researchers to place the manikin into the same posture as the volunteers assumed during the immersion study.  The total insulation was 0.66 clo. Insulations values for the head, torso, arm, hand, leg and foot sections were 0.23, 1.29, 0.78, 0.32, 0.79 and 0.51 clo, respectively.

3.0
Results

SCTM predicted thermal responses of each individual to 10°C and 18°C immersion, including core temperature, skin temperature of six regions, and metabolic rate. The measured core temperature (Tcore), mean skin temperature (Tskin), hand temperature (Thand) and foot temperature (Tfoot) were compared with the predicted results.
Figure 1 shows the mean of measured results ± standard deviation (SD) and predicted results for Tcore, Tskin, Thand and Tfoot at 10°C immersion. For both Tcore and Tskin, the predicted values were close to observed results and fell within the SD bounders. The predicted Thand and Tfoot were close to their observed results at the end of immersion although the predicted results dropped faster than those actually measured during first 1-2 hours of immersion.  Figure 2 shows the mean of measured values ± SD and predicted values for Tcore, Tskin, Thand and Tfoot at 18°C immersion. The predicted Tcore was higher than the observed Tcore, especially during the last 2-3 hours of immersion. The predicted Tskin was close to observed Tskin and generally fell within a SD. Similar to the results at 10°C immersion, the predicted Thand and Tfoot were close to their observed results at the end of 18°C immersion, although predicted temperatures dropped faster than the measured values.  
Wetsuit insulation has significant effects on the thermal responses and duration of immersion. Functional time was used to compare how wetsuit insulation may influence tolerable duration of immersion. Functional time is defined as the time when Tcore falls below 35.5°C which is commonly used as one of the criteria for terminating human experimental immersion. SCTM predicted functional times for each subject when no wetsuit was worn during immersion or when a wetsuit with less insulation (~5 mm thick or 0.3 clo for all section of the body) was worn (Table 2). With no wetsuit, functional times ranged from 40 to 70 minutes at 10°C immersion and from 60 to 360 minutes at 18°C immersion. With 0.3 clo wetsuit, functional times ranged from 130 to 360 minutes at 10°C immersion and were 360 minutes (+360 means more than 360 minutes) at 18°C immersion.

Table 2 Predicted functional time (min) when no wetsuit or a 0.3 clo wetsuit was worn 
	
	no wetsuit
	0.3 clo wetsuit

	Subject
	10°C
	18°C
	10°C
	18°C

	1
	50
	110
	+360
	+360

	2
	40
	70
	150
	+360

	3
	50
	90
	+360
	+360

	4
	40
	60
	130
	+360

	5
	50
	90
	290
	+360

	6
	50
	100
	230
	+360

	7
	70
	360
	360
	+360

	8
	70
	280
	340
	+360

	9
	60
	180
	360
	+360

	10
	60
	220
	300
	+360


Figure 1 Measured results ± SD and predicted results for the core, mean skin,

hand and foot temperatures at 10°C water immersion


Figure 2 Measured results ± SD and predicted results for the core, mean skin, 

hand and foot temperatures at 18°C water immersion

4.0
Discussion

To our knowledge, this was the first attempt to simulate human thermal responses during prolonged whole body immersion in cold water.  Given the complexity of human thermal responses to long term cold immersion and significant differences in individual responses, the predictions are considered acceptable and thus SCTM can be used to generate useful predictions in whole body immersion conditions. Several factors may contribute to differences between prediction and simulation, and it is worth discussing the possible underlying mechanisms.

The subjects were in thermal balance or near thermal balance at both 10°C and 18°C immersions; core temperatures dropped less than 1.0°C within 6 hours, and mean skin temperatures were stable during the last 2-3 hours of immersion. Under this special thermal status, the core temperature does not seem to represent levels of cold stress well. The observed Tcore values at 10°C immersion were almost the same as at 18°C immersion. A similar phenomenon has been observed in other cold studies. For example, after exposure to 0, 5 and 10°C air for 2 hours, Tcore at 10°C air was the lowest and Tcore at 0°C air was the highest  QUOTE "(Bittel et al. 1988)" 
(Bittel et al. 1988)
.  No difference in Tcore was observed after exposure to 0, -20 and -30°C air for about 1-2 hours, and Tcore at the end of the exposure were higher than Tcore at the beginning  QUOTE "(Gonzalez et al. 1998)" 
(Gonzalez et al. 1998)
. The tests were often terminated due to extremity temperature lower than 5°C, or reasons other than a Tcore lower than 35.5°C. Tcore were almost the same after immersion in 18, 22 and 26°C water for 1.5 hours  QUOTE "(Glickman-Weiss et al. 1991)" 
(Glickman-Weiss et al. 1991)
. Therefore, Tcore appears not to be an accurate indictor of cold stress level when human body is able to maintain thermal balance or near thermal balance. More parameters, e.g. extremity temperatures, should be taken into account to assess cold stress level. Therefore, SCTM can be used in whole body immersion conditions even though predicted Tcore at 18°C immersion were not close to the observed Tcore. Specifically, in addition to core temperatures, SCTM predicts six regional skin temperatures and metabolic rates, and thus allows an overall assessment of human conditions during whole body immersion.

It is interesting to observe that the core temperature decreased slowly and continuously over a 6 hour immersion period, while skin temperature was stable during the last 1-2 hour of immersion. Stable skin temperature indicated stable heat loss to water, which is dependent on the temperature difference between skin and water temperature. The slow and continuous drop in Tcore was likely a result of blood redistribution within the body in response to cold stress and immersion. Head immersion could also partly contribute to this decrease in core temperature. Because head immersion may cause redistribution of blood flow in response to stimulation of thermosensitive and/or trigeminal receptors in the scalp, neck and face, thus increase core cooling rate  QUOTE "(Pretorius et al. 2006)" 
(Pretorius et al. 2006)
.  The physiological mechanism of blood redistribution is not clearly understood yet, thus it is not considered in the SCTM. 

Predicted skin temperatures closely matched the observed skin temperatures. However, predicted hand and foot temperatures were close to the observed results only during last 1-2 hours of immersion, but were lower than observed results during first 1-2 hours of immersion. The predicted foot temperature decreased much faster than the observed foot temperature. The slower responses of measured Tfoot, also Tskin and Thand, were likely due to the heat capacity of the wetsuit. The clothing model in SCTM assumes that the clothing is always in heat balance. However, for heavy clothing, such as the wetsuit used in this study, it would take time for the clothing to respond to changes in environmental conditions due to its heat capacity. In other words, the clothing temperature could not respond to environmental changes as fast as the mode assumed. The delay in response of the clothing would further cause the delay of response of skin temperature. If the heat capacity of clothing were taken into account, the accuracy of the predicted Tfoot and skin temperature would be improved. On the other hand, the fact that predicted extremity temperature dropped faster than the observed results, indicated that the prediction tended to be conservative. The predicted extremity temperature would fall below the critical threshold 5°C earlier than measured results.  Human studies at our Institute require keeping extremity temperature above 5°C. When extremity temperature falls below 5°C for a defined period, cold injury may occur.

The high insulation of the wetsuit clearly played an important role in maintaining the heat balance of the subjects during immersion. The physiological responses would be different if the insulation was reduced. As shown in Table 2, when no wetsuit was worn, the functional times at 10°C immersion were shorter than at 18°C immersion. When the wetsuit insulation was reduced to 0.3 clo, some subjects would even not be able to complete the 6 hour immersion at 10°C, but all could complete the immersion at 18°C. The high insulation of the wetsuit in this physiology study provided sufficient protection of subjects but reduced differences in observed physiological responses, i.e., Tcore.

5.0
conclusion

The SCTM predicts physiological responses to whole body immersion with acceptable accuracy. It can be used to assist the selection of wetsuit type according to operation duration and water temperature, or can be used to assist planning of operations, and predicting possible functional time according to a given wetsuit and operational conditions.
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