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Abstract
During cold exposures it is typical that skin temperatures of the extremities fluctuate widely depending on the activity and exposure levels. The aim of this study was to define the rate, frequency and magnitude of cooling and rewarming during military activities in the cold. Skin and rectal temperature measurements were performed during 16 field training periods and 29 male conscripts participated in as subjects. Ambient temperature (Ta) varied between 5 to -29 °C. Extremity rewarming rates were analyzed during training of combat shooting (CS), range shooting (RS) and grenade launching (GL). During these activities spontaneous rewarming rates averaged 1.17, 0.47, 0.24 and 0.30 °C/min and cooling rates 1.11, 0.72, 0.22 and 0.24 for finger, hand, foot and toe respectively. Mean (±SE) number of the rewarming bouts was 3.3 ± 0.3 and 1.3 ± 0.2 bouts/hour for fingers and toes, respectively during the tasks. Magnitude of the rewarming peaks was highest for the fingers (on an average 6.8 °C) and smallest for feet (1.3°C). In conclusion, extremity skin temperatures and rewarming rates of extremities vary greatly evidently due to the changes in activity level and to the use of protective wear. Number of bouts and cooling/rewarming rates were independent on Ta, whilst the magnitude of rewarming peaks showed slight relation to Ta. The results show that to obtain higher than 0.5 or 0.3 °C/min rewarming rate or higher than 2 or 1 °C increase in hand and foot temperature, respectively  heavy exercise period or an auxiliary active heating is required.
1.0 introduction
During cold exposures it is typical that skin temperatures of the extremities are not constant but fluctuate widely depending on the activity and exposure levels. Factors such as ambient conditions, tasks, contact surfaces, individual factors, clothing etc. affect also cooling and rewarming rates during long term exposures to cold.
In the cold exposures the extremities (fingers, hands, feet and toes) are vulnerable to cooling because of they have a surface area that is large in relation to their volume. They may also frequently be in contact with cold surfaces e.g., hands and fingers with tools and weapons and feet and toes with cold ground. Contact with cold surfaces, especially touching metals, results in a rapid reduction of finger or hand skin temperature [1,2,3]. In snowy conditions hands may occasionally also be in touch with snow. Single melting of snow on the skin increases heat loss resulting in a decrease of the skin temperature up to 8 °C [4].
In general, heat balance of the extremities is dependent on the general thermal status of the body as determined by surface and core temperature as well as on local cold stress. Recovery of the temperature of the body and extremities may be enhanced by physical work, clothing or by an increase of ambient temperature. Behavioural responses such as to put on more clothing, to change posture, to change activity, to search for a shelter, has an important role in the cold conditions. Nevertheless, once the body is cooled the recovery of thermal balance may occur in delay. Especially feet and toes are slow to recover because of blood flow will not return to the foot unless the whole body is sufficiently warm [5]. Moreover, rewarming of the feet is more dependent on exercise type [6]. Recovery of fingers and hands may occur fast if physical activity level increases or hand can be protected properly by hand wear. Active heating of torso by an auxiliary heater is also an effective method to prevent of cooling of the extremities [7].
From individual factors body composition, particularly the amount of subcutaneous fat plays an important role in modifying heat loss in the cold exposure. Physical fitness may enhance vasomotor adjustments in the extremities during body cooling but has a minor role in thermal status compared to subcutaneous fat [8]. Although the heat production of the muscles is high during exercise, during an inactive cold exposure larger amount of muscle mass does not seem to protect against cooling as compared to lean body composition [9]. 
Local skin temperatures are often expressed as means over the course of the exposure time. However, mean value does not describe the dynamic of the skin temperatures during long term cold exposure. Therefore, the aim of this study was to define cooling and rewarming rates and magnitude and frequency of the extremity temperature changes during military activities in the cold. Special attention is paid on rewarming bouts.
2.0 Material and methods

The study was approved by the Ethic Committee of the Hospital District of Helsinki and Uusimaa, Finland. All subjects were informed of all details of the experimental procedures. Each subject gave his written informed consent prior the experiment.

2.1 Subjects
Altogether 29 voluntary male conscripts served as subjects (Table 1). Ambient temperature (Ta) varied 5 to -29 °C, and the duration of the measurements varied between 60 to 570 min. The subjects wore the Finnish combat soldier's three-layer cold weather uniform. Combination and thermal insulation of the clothing may vary slightly among the subjects depending on the ambient temperature and clothing ensemble available. 
Table 1: Physical characteristics of the subjects, n = 29.

	
	Mean
	SD

	Age (years)
	19.2
	1.0

	Height (cm)
	179.3
	6.7

	Weight (kg)
	72.9
	10.5

	Body mass index (BMI) (kg/m2)
	22.7
	3.1


2.2 Tasks
The subjects performed their normal military training protocols with their fellow conscripts. Spontaneous extremity rewarming and cooling rates were analyzed from the subjects whose training consisted of shooting range exercises (RS), combat shooting during attack and defensive action exercises (CS), and training with light grenade launchers and mortars and grenade shooting exercises (GL). CS included emplacing by short foot march, skiing or by vehicles, and combat shooting training by an assault rifle or by a light disposable grenade launcher. GL included emplacing, and launching grenades and carrying parts of the launchers or mortars and ammunition. Shooting training at the range included magazine loadings, shooting and checking the results at the targets (walking to and back). Gloves and mittens were taken off during magazine loading and grenade loading to mortar. Rest and meal pauses as well as transportation by a vehicle were excluded from the cooling and rewarming rate analysis. 
2.3 Methods
Rectal temperature was measured by a thermistor (YSI 401, Yellow Springs Instruments, Dayton, Ohio, USA) inserted 10 cm beyond the anal sphincter. Skin temperature was measured by 11 thermistors (YSI 427) on cheek, chest, lower back, upper arm, lower arm, hand, middle finger, thigh, calf, foot and big toe. Rectal and skin temperature were continuously recorded and saved into a data logger (Squirrel 1200, Grant, Shepreth, UK) at 1-min intervals. Heart rate was measured continuously and saved at one minute intervals telemetrically (Polar S610i™, Polar Electro Oy, Kempele, Finland). Spontaneous task dependent cooling and rewarming rates (°C/min) of the fingers, hands, toes and feet were calculated from the skin temperature curves. An increase greater than 1 °C was accepted to the analysis.
3.0 Results
The individual extremity temperatures fluctuated widely during the training exercises. Depending on the Ta and/or physical activity level or on working by bare hands the fluctuation, i.e., cooling and rewarming bouts were very wide (Figure 1: finger) or almost negligible (Figure 1: toe). 
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Figure 1: An example of skin temperature curve of finger (solid curve) and toe (dashed curve) during RS at Ta =-17 °C. Horizontal lines for mean finger (solid) and toe (dashed). n = 1.

3.1. Extremity skin temperatures

Mean extremity skin temperatures at the range of the ambient temperatures are shown in figure 2. The effect of the Ta is clearly seen on finger and hand temperatures and slightly on toe and foot temperatures. At Ta below -20 °C the extremity temperatures decreased to low levels.
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Figure 2: Mean extremity skin temperatures (°C) at different ambient temperatures. Mean ± SE, each point represents 2 - 6 subjects.
3.2. Cooling and rewarming of the extremities

3.2.1 Rewarming bouts 

Number of the rewarming bouts (increment at least 1 °C) varied from 3 to 11 for fingers and from 0 to 5 for toes. 
Number of rewarming bouts calculated with relation to the exposure time, was on an average (± SE) 3.3 ± 0.3 and 1.3 ± 0.2 bouts/h for finger and toe, respectively (Figure 3). There was no relationship between the number of the rewarming bouts and Ta
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Figure 3: Number of rewarming bouts/hour for finger (circle) and toe (square) at different Ta. Individual values.

3.2.2 Cooling and rewarming rates

Spontaneous rewarming rates of the finger temperature were the greatest varying from 0.5 to 1.7 °C/min (Figure 4). Rewarming rates of the other extremities remained below 1.0 and often below 0.5 °C/min. Cooling rates were slightly lower except for the hands. There was no relationship between the cooling or rewarming rates and the ambient temperature or the tasks.

3.2.3 Magnitude of rewarming

Mean magnitude of the rewarming peaks varied from 4 to 10 °C for fingers and 1 to 7 °C for toes (Figure 5). There is a slight relationship between Ta and magnitude of the rewarming peak for toes at the ambient temperatures above -10 °C. No relationship between the task and magnitude was found.

In spite of the spontaneous rewarming bouts, the extremity skin temperatures gradually decreased, in most of the cases, during the tasks. The overall cooling of the toes and feet occurred always at Ta below -9 °C and that of fingers and hands at Ta below -12 °C independently from the task type. 
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Figure 4: Mean cooling (square) and rewarming rates (circle) (°C/min) of the extremities at different Ta. Mean ± SE, each point represents 1 - 4 subjects.
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Figure 5: Mean magnitude (°C) of the rewarming bouts for finger, hand, toe and foot at different ambient temperatures. Mean ± SE, each point represents 1 - 4 subjects.
3.3 Rectal temperature and activity level

Level of the rectal temperature followed the activity level. Direct effect of rectal temperature on cooling and rewarming rates or magnitude could not be defined because the changes in rectal temperature took place in delay. Mean heart rate ranged from 84 to 95, 90 to 120 and 111 to 113 beats/min for RS, CD and GL, respectively. Maximum values varied 126 - 171 beats/min during the tasks. 
4.0 Discussion

Extremity skin temperatures fluctuated during the military training in the winter conditions, fingers and hands more widely than toes and feet. Ambient temperature and training task types did not affect the spontaneous cooling and rewarming rates or the number of the bouts. Nevertheless, highest rewarming and cooling rates occurred during the tasks where extremities were more frequently exposed to cold or the activity level was the lowest. Cooling as well as rewarming rates were highest for fingers and hands while toes and feet showed lower rates. Cooling rates for the hands were higher than rewarming rates. 
Fingers had more frequently, if any, cooling and rewarming bouts than hands, feet and toes during the tasks. Rewarming, calculated in relation to the exposure times occurred about 3 times per hour for fingers whilst the number in toes remained to about 1 bout per hour. 
Magnitude of the increment in finger skin temperature could be as high as 13 °C. Spontaneous rewarming could recover finger temperature totally or even increased above the initial temperature depending on the activity level, ambient temperature and body core temperature. High core temperature may enhance greater rewarming rates and longer bouts. The effect of rectal temperature on spontaneous and rapid cooling and rewarming bouts is difficult to define because of certain delay in response of the rectal temperature. Nevertheless, core temperature has a marked effect on extremity warming if the level is high enough to increase vasodilatation in the hands [5]. Rectal temperature had to rise above 37.6 °C before there is seen a marked increase in the extremity temperatures [10]. In spite of the frequent rewarming bouts the hands and fingers tended gradually decrease during the tasks in the cold. The gradual decrement was evident at the ambient temperature below -12 °C. 
The obvious benefit of the rewarming of the cooled fingers is the recovery of the finger dexterity. Finger dexterity is decreased at finger temperature below 16 °C [11] or sharply at below 13 °C [12]. On the other hand, even if the hands are kept warm (> 28 °C) finger dexterity decrements can occur if the body is cooled or mean skin temperature is below 25 °C [13]. 

Feet and toes showed smaller fluctuation in skin temperatures than the upper extremities. Cooling with occasional interruption with small rewarming bouts was more or less continuous at Ta below -9 °C. Extremities receive heat from the core by the means of the circulation. A major factor in heat conservation is the reduction of blood flow to the extremities. The blood flow of the foot is about half of the hand even at a skin temperature of about 35 °C and at 25 °C it is reduced to insignificant levels [5,14]. Moreover, once the flow through the superficial veins of the calf have ceased, rewarming the foot does not produce superficial flow until the whole body is sufficiently warmed [5]. Hence recovery of the toes and feet temperatures is considerably difficult during a cold exposure [6,15]. 
5.0 ConclusionS 

· Extremity skin temperatures are dependent on the exposure temperature.
· Cooling and rewarming rates and number of the bouts were more dependent on the ambient temperature than the performed task.
· Magnitude of the rewarming bouts of toes was slightly dependent on the exposure temperature at ambient temperatures above -10 °C.
· Averaged frequency of rewarming bouts was 3 and 1 bouts/h for fingers and toes, respectively.

· Despite spontaneous rewarming bouts a gradual decrement was evident during the tasks for feet and toes at ambient temperatures below -9 °C and for fingers and hands at Ta below -12 °C. 
· Auxiliary heating or heavy exercise is required if there is a need of rewarming rate faster than 0.5 °C/min or temperature increase greater than 2 °C for the hand and 0.3 °C/min or 1 °C for feet, respectively.
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