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Abstract
Deployment of military personnel in cold outdoor climates requires complex planning of appropriate combinations of clothing ensembles to ensure prevention of cold injury. Clothing ensembles should maintain heat exchange between the body and external environment, such that excessive displacements in core temperature are avoided regardless of the level of activity of the wearer. The aim of the present study was to evaluate the ability of the thermoregulatory model developed by Wissler, to predict the thermoregulatory responses of military personnel (N=10) during 3 hr guard duty, and a 3 hr hike during the winter months in the Julian Alps. During the hike, test persons carried a 20 kg knapsack. During both guard duty and hiking we measured skin temperature (6 sites), heat flux (6 sites), gastric temperature (radio pill), forearm-fingertip and calf-toe skin temperature gradients (indices of vasomotor tone in the fingers and toes, respectively), heart rate, ventilation, and oxygen uptake. Ambient temperature, relative humidity, radiant temperature, and wind speed were monitored continuously during the hike and guard duty, albeit only in one location. Input parameters for the model included the test persons’ physical characteristics, initial thermal status, activity, thermal insulation of the clothing, and the micrometeorological conditions. Predictions of the thermoregulatory model, namely core and skin temperature, were compared with observed values. Results confirm that the thermoregulatory model of Wissler adequately predicts the thermal status of personnel while hiking and during guard duty in subzero ambient conditions. This study is part of a larger effort, the aim of which is to develop an interactive software platform, which provides logistical support in equipping military personnel with appropriate personal protective equipment for a variety of ambient conditions and levels of activity, and to model the anticipated thermoregulatory responses to exposure to any given environment accounting for the level of activity and the physical characteristics of the test person and clothing.
1.0
INTRODUCTION

Development and evaluation of protective equipment for soldiers involves a variety of factors that depend on physical requirements of the mission and environmental conditions to which personnel are exposed. Under normal conditions, a soldier’s comfort is of primary importance, but under extreme environmental conditions, prevention of cold injury may become the principal objective. An adequate multilayer clothing system allows heat exchange between the body and the surroundings so that excessive displacement of core temperature is prevented regardless of the wearer’s activity level. Thermal properties of clothing depend on the physical properties of fabric from which it is made, the fit which is affected by body posture and motion, and environmental conditions [1]. 

The aim of the present study was to investigate physiological responses of military personnel who conducted two different activities using combat equipment of the Slovene Armed Forces.  Results obtained from a field study conducted during the winter months in the Julian Alps were used to evaluate a new thermoregulatory model developed by one of the authors. The model was used to predict thermoregulatory responses of military personnel while hiking and during guard duty. 

Human thermal models have been developed with several purposes in mind. One is to provide a theoretical framework for understanding human responses to exercise under various environmental conditions, and another is to provide a rational basis for predicting human responses to exercise under various conditions. Clearly the second objective depends on the first. Even though our understanding of many important physiological phenomena remains incomplete, it seems to be sufficient to allow the use of modeling for prediction human response to stressful conditions; although a model should only be used for prediction after it has been adequately validated by the comparison with the results of careful experimental studies.

The model employed in this study is an improved version of an earlier model that has been used for various purposes during the past 30 years [2]. That model was used for some of the first predictions of expected survival time during accidental immersion in cold water [3]. Other applications were prediction of expected survival time during a “lost bell” accident [4], analysis of performance while wearing a CBR garment [5], and analysis of astronaut performance during a space walk [6, 7]. Important differences between the new and old models are that the new model provides much better spatial resolution for the time-dependent temperature field, and physiological control functions are more firmly based on experimental data.  For example, more realistic computation of cutaneous blood flow in the new model [8] is based on the results of numerous experimental studies conducted during the last fifty years.

2.0    HUMAN THERMAL MODEL

The model used in this study represents human geometry by 21 cylindrical elements as shown in Fig. 1. In each major element, temperature is computed as a function of time at fifteen points along twelve equally spaced radius vectors. Each cylindrical element is divided into 157 small regions defined by 15 cylindrical shells subdivided into 12 angular sections. 
Temperature, and physical and physiological properties, such as density, specific heat, thermal conductivity, rate of metabolic heat generation, and perfusion rate, are computed for each of the 157 small regions. An additional 6 radial shells divided into 12 angular sections are used to define the properties of clothing on each major element. Longitudinal conduction of heat is neglected, and transport of heat between major elements is affected by arterial and venous blood flow. The model makes allowance for counter-current heat transfer between arterial and venous blood in each element.
An atlas of human anatomy [9] was used to position bone, brain, lung, viscera, muscle, fat, and skin in each section, and information regarding the distribution of bone, muscle, and fat were obtained from the literature, and used to place an appropriate amount of each material in each element. Regional thicknesses of subcutaneous fat are assigned according to gender and the mean skinfold thickness [10, 11].
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Figure 1: Twenty-one element human model used in this study
Local heat generation rates in excess of the resting metabolic rate are defined by the kind and intensity of exercise performed plus the contribution of shivering metabolism when appropriate. Blood flow to muscle is defined by the metabolic requirement for oxygen. In addition, we assume that vasoconstriction reduces the perfusion rate of inactive muscle during exposure to cold. Skin blood flow responds to several factors that include central arterial blood temperature, mean skin temperature, local skin temperature, and intensity of exercise [8]. Sweating and shivering are defined by the thermal state of the system.

Temperatures are computed at 1.5 second intervals in each of the 5,061 [i.e., at 21 (169 + 72)] small regions that represent a fully clothed human. An alternating-direction implicit method is used to solve the bio-heat equation. Simulating a five-hour real-time period requires less than two minutes on a typical personal computer.
Application of the model is described more fully in the Methodology section.
3.0    Methodology

The most important requirement placed on winter clothing of the Slovene Armed Forces is maintaining acceptable body temperatures as activity and environmental conditions change. While allowable changes in core temperature are quite small, typically from -1 oC to +3 oC, allowable changes in skin and extremity temperatures are considerably larger. However, finger and toe temperatures below 20 oC impair performance, and if unduly prolonged can result in non-freezing cold injury. Fingers and toes are especially difficult to protect from cold because strong vasoconstriction reduces blood flow to almost zero during cold exposure [12]. This paper does not address that particular problem; instead, it is primarily concerned with variations in central and mean skin temperatures.
3.1      Description of environmental and hiking conditions

Field studies were conducted during the winter months of 2006 in Pokljuka (Slovenia) located in the eastern temperate alpine region of the Julian Alps. Ambient temperature, relative humidity, radiant temperature, and wind speed were monitored continuously during the hike and guard duty.  The ambient temperature was measured using standard portable thermometer placed near the test person. Environmental conditions prevailing during the study are summarized in Table 1. Subjects walked 12 km in mountainous terrain during the three-hour hike. Fig. 2 shows that, except for one brief period, subjects walked either uphill or downhill.

	HIKE

&

GUARD
	Place:
	Pokljuka

	
	Date:
	January/February, 2006

	
	Ambient temperature:
	from -16.8 to 4.9 ºC 

	
	Relative humidity:
	from 10.0 to 99.6 % 

	
	Wind speed:
	from 0.1 to 12.0 m/s 

	
	Radiation:
	from 42 to 101 W/m2  


Table 1: Place, time and weather conditions
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Figure 2:  Hiking conditions and field altitude
3.2     Description of clothing ensemble of Slovene Armed Forces
Test persons wore two different clothing ensembles of the Slovene Armed Forces, one during guard duty and another while hiking. Garments differed according to the number of clothing layers. During guard duty test persons wore an additional layer of clothing (under-suit) to provide more protection against cold; all others clothing items were the same as during hiking. In both cases, test persons wore cotton socks, winter boots, and gloves.

Hiking ensemble: polyester thermal undershirt and underpants, cotton T-shirt and pullover of wool/polyacril blend, polyester fleece trousers, winter cotton trousers, and cotton anorak with a polyester underlayer.
Guard ensemble: in addition to the hiking ensemble described above, also over-trousers with a GORE-TEX membrane (polyamide upper fabric and functional layer of two composite membranes on a base of PTFE and polyester underlayer), and an anorak with a GORE-TEX membrane.

3.3      Description of testing procedure
Ten male subjects each finished the 3-hour hike and 3-hour guard duty on different days. Their physical characteristics  are presented in Table 2 [12].  

	Subject_ID    
	Weight [kg]
	Height [cm]
	Age [years]

	TS
	64.8
	168.4
	26

	GF
	73.6
	182.4
	23

	IR
	76.0
	191.6
	20

	DH
	66.2
	172.8
	22

	DB
	67.2
	177.8
	27

	JG
	    101.9
	185.5
	23

	MS
	80.9
	178.0
	25

	MaS
	70.0
	178.2
	23

	JS
	70.3
	179.3
	23

	JJ
	72.2
	181.3
	26


Table 2: Subjects’ physical characteristics.  

The protocol of the study was approved by the National Committee for Medical Ethics at the Ministry of Health. All subjects were aware that they could either discontinue an experiment, or withdraw their participation in the study at any time. 

All subjects were equipped with sensors for measuring the following variables: skin temperature (arm, chest, back, thigh, calf, forearm, finger, and toe), heat flux (arm, chest, back, thigh, and calf), gastric temperature (radio pill), forearm-fingertip and calf-toe skin temperature differences (indices of vasomotor tone in the fingers and toes, respectively), heart rate, minute ventilation, and oxygen uptake rate. Also measured were the clothing temperature and relative humidity at the first layer at 6 different body locations: arm, chest, back, thigh, glove, helmet and boot (only temperature). Measured variables are summarized in Table 3

The skin and clothing temperature and the thermal flux were measured using an ALMEMO 5990-2 data acquisition system (Ahlborn, Germany). Data were recorded continuously from stick-on sensors applied to the skin and clothing. Core temperature was measured by a device that received a radio signal transmitted from a capsule swallowed by the subject (Minimitter, USA). Heart rate was measured using a chest belt (POLAR). Oxygen consumption and ventilation were measured using a portable model K4 (Cosmed, Italy) metabolic analyser. The complete data-gathering package weighed approximately 20 kg for the hiking trials, and 5 kg for guard duty.

The 12-km hike was performed in three stages, each of which nominally consisted of 50 minutes walking and 10 minutes of rest, although there were individual variations because subjects hiked at different speeds and rested occasionally along the way. Guard duty consisted of three 50-minute periods of guard duty separated by 10 minutes of rest in a sitting position. 
	Variable:
	Unit:
	Description:

	Environmental variables

	Ta
	ºC
	Ambient temperature

	RV
	%
	Relative humidity

	Vwind
	m/s
	Wind speed

	SR
	
	Radiation

	Cardiorespiratory variables

	HR
	1/min
	Heart rate

	VO2
	ml/min
	Oxygen consumption

	Ve
	l/min
	Ventilation

	Body temperature

	Tcore
	ºC
	Core temperature

	Tskforearm
	ºC
	Skin temperature – forearm

	Tskarm
	ºC
	Skin temperature - arm

	Tskchest
	ºC
	Skin temperature - chest

	Tskback
	ºC
	Skin temperature - back

	Tskthigh
	ºC
	Skin temperature - thigh

	Tskfinger
	ºC
	Skin temperature - finger

	Tsktoe
	ºC
	Skin temperature - toe

	Tskcalf
	ºC
	Skin temperature - calf


Table 3: Measured variables 
3.4      Data input for the human thermal model

The model allows for variations in the activity of the subject and environmental conditions by dividing the test period into an arbitrary number of intervals, each of which corresponds to a particular activity, such as walking or rest.  Parameters specified for the model include:

· Subject’s weight and mean skinfold thickness used to compute regional subcutaneous fat thicknesses are specified for the entire trial;
· Thermal resistance and permeability for water vapour of the clothing are specified on each of 21 bodily elements for each time interval; 
· The dry-bulb temperature and relative humidity are specified for each time interval;
· The kind of activity is specified for each interval;
· The metabolic rate computed from measured oxygen consumption data is specified at one minute intervals;
The thermal resistance for various elements of the garment was calculated at one minute intervals for the regions shown in Table 3 using Eqn 1.
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Tsk,i
= skin temperature of element i [(C]

Ta 
= ambient temperature [(C]

Qi  
= heat flux from the skin of element i [Wm-2]

Although RTi for various regions varied somewhat with time during each interval, it was possible to specify a representative value for the interval.

The increment in metabolic rate owing to activity was computed from VO2 data and stored in a data file read by the model during execution. The mean oxygen consumption rate for the subjects with the standard deviation is plotted as a function of time in Fig. 3 for hiking and in Fig. 14 for guard duty.

Computed results include the following:

· Esophageal temperature

· Chest temperature

· Thigh temperature

· Metabolic rate

· Rate of evaporative cooling

4.0   RESULTS

Results of the simulations are presented separately for hiking and guard duty according to particular test persons. 

4.1     Results for hiking

Average oxygen uptake for all test subjects during the hike is shown in Fig. 3. The mean oxygen uptake rate for hiking subjects was between 1400 and 2000 ml/min and minute ventilation varied from 40 to 60 l.  Comparison of VO2 data with altitude plotted in Fig. 2 is interesting. If the subjects walked at a constant speed, one would expect VO2 to be relatively low and constant during the first hiking interval when the altitude is either decreasing or remains constant, and to be relatively high and nearly constant from 90 to 150 min while subjects were climbing [15, 16], but that was not observed.  Instead, it appears that subjects adjusted their walking speed to maintain a fairly constant metabolic rate while climbing.
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Figure 3: Response of mean (SD) oxygen uptake during the 3 hr hike  (N=10).
Computed core, chest, and thigh temperatures are plotted together with measured values in Figs. 4 through 13. Core temperatures generally increased about 0.5 oC during the first hiking period, and then remained relatively constant with a slight variation as the metabolic rate changed. In several cases, such as Subject IR in Fig. 6, there was a pronounced increase in the measured core temperature midway through the hike. Such anomalies, which occurred when subjects ingested a warm drink, suggest that the pill measured stomach temperature.  

Thigh temperature decreased by 4 to 6 oC during the first 15 minutes of hiking. The initial decrease in thigh temperature was often, but not always, followed by an increase of several degrees as the metabolic rate increased. While agreement between computed and measured thigh temperatures was excellent in roughly one-half of the cases, very large differences occurred in several cases. Chest temperature followed a similar pattern with smaller changes than those of the thigh temperature. All three temperatures were clearly influenced by the metabolic rate, increasing as VO2 increased with increasing grade and falling as VO2 decreased.
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Figure 4: Results of subject TS: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 5: Results of subject GF: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
[image: image10.emf]35.0

36.0

37.0

38.0

39.0

40.0

41.0

42.0

43.0

0 30 60 90 120 150 180

Time [min]

Temperature [deg.C]

-500.0

0.0

500.0

1000.0

1500.0

2000.0

2500.0

3000.0

3500.0

4000.0

Oxygen uptake [ml/min]

Tcore Tes VO2

  [image: image11.emf]23.0

25.0

27.0

29.0

31.0

33.0

35.0

37.0

0 30 60 90 120 150 180

Time [min]

Temperature [deg.C]

Tchest_M Tthigh_M Tchest_C Tthigh_C




a)
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Figure 6: Results of subject IR: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 7: Results of subject DH: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 8: Results of subject DB: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 9: Results of subject JG: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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b)

Figure 10: Results of subject MS: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 11: Results of subject MaS: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 12: Results of subject JS: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 13: Results of subject JJ: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)

Pearson correlation coefficients between measured (M) and computed (C) values for Tchest, Tthigh and Tcore vs. Tes are presented in Table 4.

	Subject ID 
	Tcore vs.  Tes
	Tchest_M vs. Tchest_C
	Tthigh_M vs. Tthigh_C
	N

	TS
	0,809**
	- 0,334
	- 0,046
	22

	GF
	0,819**
	  0,439*
	  0,762**
	24

	IR
	0,177
	- 0,656**
	- 0,308
	23

	DH
	0,645**
	  0,331
	  0,467*
	23

	DB
	0,493*
	- 0,034
	  0,636**
	23

	JG
	0,461*
	  0,666**
	  0,515*
	24

	MS
	0,521**
	  0,718**
	  0,808**
	24

	MaS
	0,842**
	  0,570**
	  0,245
	23

	JS
	0,870**
	  0,164
	  0,399
	23

	JJ
	0,563**
	  0,909**
	  0,815**
	23


                                ** Correlation significant at the level 0.01; * Correlation significant at the level 0.05.

Table 4: Pearson correlation coefficients between measured (M) and computed (C) values for Tchest, Tthigh and Tcore vs. Tes .
4.2     Results for guard duty

Subjects carried a 5 kg backpack while performing guard duty. Mean oxygen uptake for all test subjects during guard duty is shown in Fig. 14. VO2 while subjects were standing or walking was approximately fifty percent larger than the rate during rest. The oxygen uptake rate varied between 500 and 750 ml/min, while ventilation varied between 16 and 22 l/min.   
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Figure 14: Oxygen uptake during guard duty
Computed core, chest, and thigh temperatures are compared with measured values for nine subjects in Figs. 15 through 23. In general, there was little variation in core temperature during the three-hour test period; the change from beginning to end of the trial was typically no more than 0.5 oC, with an increase sometimes occurring during the first hour of duty. As was true of hiking trials, thigh temperature decreased 4 or 5 oC during the first 30 minutes of exposure and changed only slightly thereafter. Chest temperature changed in a similar manner, although the change from beginning to end of the trial was normally smaller, typically about 1 oC.
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Figure 15: Results for subject TS: measured (M) and calculated (C) values for chest and thigh temperatures
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Figure 16: Results of subject GF: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 17: Results of subject DH: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
[image: image32.emf]35.0

35.5

36.0

36.5

37.0

37.5

38.0

38.5

39.0

0 30 60 90 120 150 180

Time [min]

Temperature [deg.C]

0.0

200.0

400.0

600.0

800.0

1000.0

1200.0

Oxygen uptake [ml/min]

Tcore Tes VO2

[image: image33.emf]24.0

26.0

28.0

30.0

32.0

34.0

36.0

38.0

0 30 60 90 120 150 180

Time [min]

Temperature [deg.C]

Tchest_M Tthigh_M Tchest_C Tthigh_C




            a)






b)

Figure 18: Results of subject DB: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 19: Results of subject JG: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 20: Results of subject MS: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
[image: image38.emf]36.0

36.2

36.4

36.6

36.8

37.0

37.2

37.4

37.6

37.8

38.0

0 30 60 90 120 150 180

Time [min]

Temperature [deg.C]

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

800.0

900.0

1000.0

Oxygen uptake [ml/min]

Tcore Tes VO2

[image: image39.emf]24.0

26.0

28.0

30.0

32.0

34.0

36.0

38.0

0 30 60 90 120 150 180

Time [min]

Temperature [deg.C]

Tchest_M Tthigh_M Tchest_C Tthigh_C




a)






b)

Figure 21: Results of subject MaS: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 22: Results of subject JS: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
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Figure 23: Results of subject JJ: a) predicted esophageal (Tes), and measured gastric temperature (Tc) and oxygen uptake (VO2); b) chest and thigh temperatures (M=measured; C=calculated)
Correlation – Pearson correlation coefficients between measured and computed values for chest and thigh temperatures and gastric vs. esophageal temperature are given in Table 5.
	Subject ID
	Tcore vs. Tes
	Tchest_M vs. Tchest_C
	Tthigh_M  vs. Tthigh_C
	N

	TS
	Missing data
	        0,314
	 0,826**
	24

	GF
	   0,251
	      - 0,358
	         0,207
	24

	DH
	0,355
	0,728**
	0,641**
	24

	DB
	0,429*
	0,530**
	0,836**
	24

	JG
	 - 0,771**
	0,850**
	0,969**
	23

	MS
	0,713**
	0,906**
	         0,392
	24

	MaS
	 - 0,406*
	0,692**
	0,536**
	24

	JS
	 - 0,212
	0,814**
	         0,412*
	24

	JJ
	0,092
	0,695**
	0,954**
	24


                                  ** Correlation significant at the level 0,01; *  Correlation significant at the level 0,05.

Table 5:  Pearson correlation coefficients between measured (M) and computed (C) values for Tchest, Tthigh and Tcore vs. Tes .
5.     DISCUSSION 
While the experimental data reported in this study are intrinsically valuable for the information they provide about the soldier-clothing-activity-environment relationship, their value is greatly enhanced by comparing measured values with corresponding values computed using a human thermal model. Those comparisons are made in Figs. 4 through 13 for ten subjects who participated in the hiking trials and in Figs. 15 through 23 for nine subjects who performed guard duty. The duration of both activities was 180 minutes.  

The properties of dry clothing on a stationary person are often measured in the laboratory using a manikin.  Although that information is potentially useful, its value is somewhat limited by the difficulty of accounting for the effects of wind, motion, and accumulation of sweat on properties of the garment. The third effect can be of considerable importance when hard work is performed while wearing a heavily insulated garment in cold weather (say –10 oC). That difficulty is avoided in the current study by specifying as input data for the model regional thermal resistances derived from experimental data. Hence, our comparison of computed results with measured data provides a good evaluation of the physiological model.

5.1 Analysis of thermoregulatory responses while hiking

The demanding test of human performance in this study provides a good opportunity to evaluate the human thermal model. Conditions during the hike were considerably more stressful than normally encountered in the laboratory. Subjects carried a 25 kg load over a trail that descended 90 m over the first 3,000 m before ascending 1,400 m over the next 6,500 m. Air temperature varied from – 17 oC to 5 oC and the wind speed varied from still to 12 m/s.    

With the exception of two subjects, TS and IR, agreement between computed and measured values is satisfactory. As a general rule, the computed esophageal temperature is from 0.5 to 1.0 oC lower than the measured gastric temperature during the entire hike. That such a difference exists is not surprising because various studies have shown that “core temperatures” measured at different sites differ by as much as 1 oC, depending on circumstances. For example, Livingstone, et al. [15] observed that the temperature measured by a swallowed radio pill was from 0.3 to 0.5 oC higher than the esophageal temperature during rest and exercise in the cold. Differences between computed and measured skin temperatures are typically of order 2 oC, which is probably to be expected given the considerable variability of those temperatures and the difficulty of measuring them accurately.

It is not difficult to find a logical explanation for the difference between computed and measured values for Subjects TS and IR. The graphs in Part (a) of Figs. 4 through 13 clearly indicate that measured VO2 for TS and IR were significantly higher than VO2 of other subjects during the later part of the hike when their computed thigh and core temperatures were higher than expected. The effect of elevated metabolic heat generation on computed thigh temperature is particularly strong because the metabolic cost of hiking is concentrated in thigh muscles. In other words, the higher than expected metabolic rates of subjects TS and IR assigned to thigh muscle resulted in a sharp increase in computed thigh temperature. A secondary effect of the high metabolic rate was increased skin blood flow caused by centrally mediated active vasodilation and reduced locally mediated vasoconstriction [8]. Since there is no logical reason for expecting measured VO2 for subjects TS and IR to be so large and their measured core and skin temperatures do not suggest that metabolic rates were exceptionally high, it is reasonable to assume that the measured oxygen consumption rates were in error.

The model correctly characterized the behaviour of all test persons. Computed results indicated that subjects could tolerate the imposed conditions without difficulty, which agreed with observed behaviour. The computed change in central temperature after the first 30 minutes, and in many cases during the entire period, agreed within a few tenths of a degree with the change in measured temperature. Difference between computed and measured temperatures can be attributed in part to the fact that the model computes a temperature presumably close to the esophageal temperature while the site of the measured temperature was somewhere in the GI tract. The observation that drinking a warm beverage caused a large transient increase in measured core temperature indicates that the thermal pill was in the stomach.

Computed chest and thigh temperatures also generally parallel measured temperatures. Differences between computed and measured values are larger than differences between computed and measured core temperatures, which is to be expected because skin temperatures are more variable than core temperatures and are difficult to measure accurately. Moreover, skin temperature is influenced by cutaneous blood flow which can be rather variable. Thigh temperatures for the hiking trials were usually more variable than chest temperatures. That can be attributed to the fact that the effective clothing insulation on the chest varied from 6 to 8 clo while insulation on the thigh was only 1.2 to 1.9 clo. Since the skin-to-air temperature difference was quite large, varying from 35 to 50 oC, a change of only 0.2 clo in the thermal resistance of the thigh garment alters the thermal flux by approximately 25 W/m2, which has a significant effect on skin temperature. Given that measured thermal fluxes and temperatures and Eqn. 1 were used to compute thermal resistances employed in the model, differences between computed and measured values can presumably be attributed to deficiencies in the model. The difference between thigh and chest temperatures was particularly apparent during the first 30 minutes of the hike when temperatures near the skin and in the garment adjusted to very cold ambient conditions. The model correctly predicted that the thigh temperature would decrease during downhill walking and increase during uphill walking owing to increased metabolic heat generation in thigh muscles.
5.2 Analysis of thermoregulatory responses during guard duty

A general tendency apparent in all of the results is for the computed esophageal temperature to be at least 1oC lower than the measured gastric temperature. Although, in several cases, the computed thigh temperature was several degrees higher than the measured temperature, computed skin temperatures were usually quite close to measured values. There is no obvious explanation for the difference between computed and measured core temperatures, other than that they are not the same in nature. The fact that computed and measured core temperatures vary in a parallel manner is probably more significant than the constant difference that existed between the two temperatures.
6.     CONCLUSION
Protective clothing systems must be carefully designed to allow heat transfer from a wearer to the environment at an appropriate rate during various work intensities over a range of environmental conditions. Properties of a garment can be measured in the laboratory using heated manikins, but those values are usually not sufficient to define how well the garment will perform under field conditions.  Mathematical human thermal models help to bridge the gap between laboratory studies and field performance, although their use only reduces the requirement for field trials; it does not completely eliminate the requirement.

We have demonstrated in this paper that a mathematical model is capable of providing useful results for two rather different conditions, hiking and guard duty in the cold.  If one asks only how the subjects performed during the trial, the model provides the same answer as the experimental data – subjects performed well.  In both cases, acceptable central and skin temperatures were maintained during the three-hour period of observation. On the other hand, if one measures performance of the model in terms of agreement between computed and measured temperatures, there are differences that may, or may not, be significant depending on one’s point-of view. Certainly the difference between computed esophageal temperature and measured gastric temperature, especially during guard duty, could be of concern, but the proper relationship between those temperatures is not known with certainty.

Our results suggest that the model can be used to analyze human performance under conditions not too different from the conditions of this study. For example, results shown in Fig. 8 for Test Person DB indicate that central and skin temperatures decrease appreciably during rest, and one might want to know how long a soldier could remain in one position without becoming hypothermic. Such questions can be answered with field trials, but it would be preferable to answer them through modeling, if that is possible.  Our study suggests that it should be possible to do so.
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