[image: image5.wmf][image: image6.wmf][image: image7.jpg]}
A NATO
\4% OTAN



[image: image8.wmf]
 TITLE   \* MERGEFORMAT 
Risk of Frostbite and CIVD on the Face during Cold Wind Exposure

 TITLE   \* MERGEFORMAT 
Risk of Frostbite and CIVD on the Face during Cold Wind Exposure


Risk of Frostbite and CIVD on the Face during Cold Wind Exposure
Michel B. DuCharme and Dragan Brajkovic
Defence Research & Development Canada

2459 Pie-XI Blvd North
Quebec, QC
G3J 1X5

CANADA

michel.ducharme@drdc-rddc.gc.ca
Abstract
The purpose of this study was to examine the relationships between the equivalent temperature (ET), the presence of facial cold induced vasodilation (CIVD) and the risk of frostbite during exposure to cold winds.  Twelve subjects (8 males, 4 females) participated in the study. Each subject sat facing the wind and were exposed to 0, -10ºC, -20ºC, -30ºC, and -40ºC, each at a wind speed of 0, 4.5, and 9 m/s for 45 min. There was also an exposure at -50ºC with no wind.  Subjects were dressed for thermal comfort except for the face which was left exposed to the wind.  Skin temperatures of the cheek, chin, forehead and nose were continuously measured. Frostbite was defined as the appearance of frostnip (blanching) on the skin. With wind, the risk of frostnip increased from 17% to 100% from an ET of -30 to -40 and remained at 100% for lower ET. Without wind, the risk of frostnip increased exponentially from 0 to 60 % as ET decreased from of 0 to -50.  CIVD presence peaked at 100 % at an ET of -30, followed by an exponential decrease in CIVD frequency to 0 % at an ET of -61. There was a minimal (5 to 7%) chance of frostnip for an ET ≥ -27, with or without wind. In conclusion, an inverse relationship was found between CIVD frequency and frostnip for ET ≤ -30, in the presence of wind.

1.0
Introduction
Knowing the risk of frostbite and the time to develop frostbite are useful information for the planning of military operations in the cold.  Past studies have examined the effect of the wind chill on the development of frostnip in the fingers [1, 2]. However, there is limited frostbite data available for the risk and time to frostbite for the skin on the face, even though the face is often left uncovered during many outdoor activities in the cold.

A recent study [3] which examined facial frostnip found that the risk of frostbite and times to develop frostbite estimated from Siple and Passel [4] were based on conditions that were too severe and that there was a need to revise the risk and times to frostbite to include milder conditions. 

The presence of cold-induced vasoconstriction during exposure to cold has been linked to the resistance to frostbite [5].  The early study of Wilson and Goldman [2] found that freezing of the fingers did not occur when CIVD was present during cold wind exposures.  To our knowledge, however, no study has examined the relationship between the risk of frostbite in the face and the presence of CIVD during exposure to cold wind.

The objective of the present study was to examine the relationships between the equivalent temperature (ET), the presence of facial cold induced vasodilation (CIVD) and the risk of frostnip.  It was hypothesized that there is an inverse relationship between facial CIVD and risk of frostnip.
2.0
methods

2.1
Subjects
Twelve subjects (8 males, 4 females) were recruited with the following characteristics (mean ± SD): age 36±7 years, height 175±8 cm, weight 78±15 kg, body surface area 1.93±0.22 m2, body fat 17±4 %. Subjects with a history of frostbite in their face were excluded from the study. The protocol was approved by the Human Ethics Research Committee at Defence R&D Canada.

Body surface area was estimated using the formula of Dubois and Dubois [6].  Percentage body fat was estimated from skin-fold measurements on five body sites (triceps, scapula, suprailiac, abdomen, and front thigh) and calculated according to Forsyth et al. [7].  

2.2
Experimental Protocol

Subjects were exposed to six different air temperatures (-50(C, -40(C, -30(C, -20(C, -10(C, and 0(C) at three different wind speeds [0 m/s, 4.5 m/s (16 km/h), and 9 m/s (32 km/h)], except at -50(C, during which subjects were only exposed to a wind speed of 0 m/s.  The subjects sat in the middle of the chamber while facing the wind at all times.  The wind speed was measured at a height of 1.5 m. Each subject participated in six sessions in addition to a familiarization session, completing one experimental session every 3 to 5 days. Subjects were randomly exposed to each ambient condition and wind speed. The subjects were exposed to one experimental temperature per day and each session was at the same time of the day for each subject to eliminate circadian effects.  Each subject was exposed for a maximum of 45 min per test. However, a test was terminated prior to this 45 min time period if frostnip occurred on the face.  Frostnip is a superficial and reversible ice crystal formation in the superficial layers of the skin. Frostnip appears as a white or yellowish firm plaque on the skin that is easily detectable and develop quickly. The experiment was considered safe for subjects because the frostnip was detected very quickly by an investigator inside the cold chamber and the skin rewarming was initiated within ~ 30 seconds of the frostnip development by an investigator waiting in the subject monitoring room outside the cold chamber.  The investigator placed his warm palm on the frostnipped site until a normal skin colour returned.  Following each cold test, subjects were rewarmed in the monitoring room at an ambient temperature of 20 to 25(C. 

2.3
Clothing Worn

The clothing worn for each of the ambient conditions is shown in the Table 1.  The 3-layer Canadian Forces (CF) Arctic clothing ensemble (inner layer fleece, middle layer uninsulated jacket and outer layer insulated parka) represents an insulation of 3.6 Clo (0.56 m2·°K· w-1), while the 2-layer CF clothing ensemble (inner layer fleece and middle layer uninsulated jacket) represents an insulation of 2.6 Clo (0.40 m2·°K· w-1).  Subjects wore wool socks, mukluks and heavy mitts during all exposures and a ski hat was worn which covered the ears but left the entire face exposed.  The dressing was modified for each subject based on their subjective thermal comfort. If required by the subject, additional insulation was provided during the coldest conditions by adding a -30ºC rated sleeping bag over the legs and torso.  An objective of the experiment was to keep the subjects thermally comfortable (except for the face) so that there was minimal body cooling or warming. 

2.4
Physiological Variables Measured

During the experimental trials, skin temperatures of the nose, chin, and forehead were measured using fine, insulated thermocouples (Model 5SC, Type T, Omega Engineering Inc., Laval. Quebec, Canada) made from 40 gauge wire.  The tips of the thermocouples were bare. A 40 gauge wire was chosen to minimize response time (which was 0.04 s in moving air) by keeping the thermal mass low.  The thermocouple on the nose was placed 1 cm proximally from the tip of the nose.  The chin thermocouple was placed on the most prominent part of the chin, and the thermocouple on the forehead was placed 1 to 2 cm above the right eyebrow in-line with the middle of the eye.   Surgical tape (Blenderm, 3M Health Care, St. Paul, MN, USA) was used to hold the sensors on the face.  The skin temperature and heat flux data was collected every 5 seconds using a data acquisition system (model 3497A data acquisition/control unit; Hewlett Packard).  An average value was calculated every minute.  Rectal temperature (Tre) was measured via a thermistor (Pharmaseal 400 series, Baxter, Valencia, CA, USA) inserted 15 cm beyond the anal sphincter.  Mean body skin temperature was calculated based on seven sites on the body (forehead, upper arm, abdomen, hand, front thigh, shin, foot) and the skin temperature at each site was weighted as a percentage of body surface area [8].  The summation of the weighted values was used to calculate the mean body skin temperature.
Table 1.  Clothing worn for each ambient temperature/wind speed combination. In addition to the clothing ensemble outlined in the table, subjects also wore wool socks, mukluks and heavy mitts during all exposures and a ski hat was worn which covered the ears but left the entire face exposed. Subjects were frequently asked to adjust their clothing requirements in an attempt to maintain a thermal comfort rating of 6 (“cool, but fairly comfortable”) or 7 (“comfortable”) on the McGinnis 13-point thermal comfort scale [9].  CF: Canadian Forces.
	Condition
	Clothing Worn

	-50(C, 0 m/s
	3-layer CF Arctic clothing ensemble + long cotton underwear

	-40(C, 0 m/s
	3-layer CF Arctic clothing ensemble + long cotton underwear

	-40(C, 4.5 m/s
	3-layer CF Arctic clothing ensemble 

	-40(C, 9 m/s
	3-layer CF Arctic clothing ensemble 

	-30(C, 0 m/s
	3-layer CF Arctic clothing ensemble + long cotton underwear

	-30(C, 4.5 m/s
	3-layer CF Arctic clothing ensemble + long cotton underwear

	-30(C, 9 m/s
	3-layer CF Arctic clothing ensemble 

	-20(C, 0 m/s
	Inner layer fleece and outer layer insulated parka 

	-20(C, 4.5 m/s
	Inner layer fleece and outer layer insulated parka

	-20(C, 9 m/s
	3-layer CF Arctic clothing ensemble

	-10(C, 0 m/s
	2-layer CF clothing ensemble

	-10(C, 4.5m/s
	Inner layer fleece and outer layer insulated parka

	-10(C, 9 m/s
	Inner layer fleece and outer layer insulated parka

	0(C, 0 m/s
	2-layer CF clothing ensemble (unzipped top)

	0(C, 4.5 m/s
	2-layer CF clothing ensemble

	0(C, 9 m/s
	2-layer CF clothing ensemble


2.5
CIVD parameters

A CIVD response was defined as a minimum 1(C change in skin temperature within a maximum time span of 10 min when the absolute skin temperature was 15(C or lower [10]. Hirai et al. [11] found no CIVD response when the fingers were immersed in 15(C water.  Finger skin temperature will cool to within a degree of the water temperature (except when there is a CIVD response) and therefore using an upper CIVD skin temperature limit of 15(C was supported by Hirai et al.’s [11] finding.  There is a well established direct relationship between blood flow and skin temperature [12] and skin temperature is the most commonly used measure of CIVD [13].  Therefore, in the present study, the facial CIVD response was inferred from changes in skin temperature.  
2.6
Statistical Analysis

The linear, exponential, sigmoidal, and peak fits of the data were done using Sigmaplot statistical software (v.9, Systat Software Inc., Point Richmond, CA, USA). Three linear regression fits were done for the Tcheek, Hcheek, Rcheek, and face thermal comfort data. The data points for each graph were grouped according to wind speed so a comparison could be made between three regression lines (one for each wind speed: 0 m/s, 4.5 m/s, and 9 m/s). (Graphpad Software Inc., San Diego, CA, USA)  GraphPad Prism 4 statistical software was used to determine if there was a significant difference in the slopes and intercepts between regression lines.  After entering the raw data in three different columns categorized by wind speed, the program generated a statistical table with numerous variables, one of which was the mean slope±SE and mean Y-intercept when X=0 (±SE).  A one-way ANOVA was then performed on the slope data.  If a significant (p<0.05) difference was found, a Newman-Keuls post hoc analyses was performed to determine which of the three regression lines were significantly different from one another in terms of slope.  If there was no significant difference in slope, then a one-way ANOVA was done on the Y-intercept data and a Newman-Keuls post hoc analyses was performed to determine which of the three regression lines were significantly different from one another in relation to their Y-intercept.

If there was a significant difference in slope between any two or three regression lines, then those lines with different slopes were drawn in the figure.  If however, there was no difference in slope, then a statistical test was done to determine if there was a difference in the Y-intercept.  If the intercept test was significant, then separate regression lines were fitted to the data, but if the intercept test was not significant, then the regression lines were combined into a single regression line which represented the fit for the combined data.  The data are presented as averages ± SE.
3.0
results

3.1
Body thermal comfort

An objective of the experiment was to keep the subjects thermally comfortable (except for the face) so that there was minimal body cooling or warming. Subjects were frequently asked to adjust their clothing requirements in an attempt to maintain thermal comfort.  This approach to maintaining thermal comfort was successful according to mean body skin temperature calculations and rectal temperature measurements. Mean body skin temperature prior to the start of each session in the cold chamber was, on average, 32.7±0.1(C and it was 31.1±0.3(C at the end of each session. Rectal temperature prior to the start of each session in the cold chamber was, on average, 37.0±0.03 (C and it was 37.0±0.02 (C at the end of each session.

3.2
Risk of frostnip

The graphs presented are expressed as a function of equivalent temperature (which has no unit associated with the value) based on the new Wind Chill Index recently described by Osczevski and Bluestein [14].  The ET was calculated based on a wind speed measured at a height of 1.5 m from the ground.  In each of the following figures, the equation of the line and an indication of the goodness of fit (r2 value) are shown immediately next to each line shown in each figure. 

No frostnip was observed between an ET of 0 and -21 (see Fig. 1).  In conditions with no wind (see dotted line in Fig. 1), the risk of frostnip increased exponentially as equivalent temperature (ET) decreased from 0 to -50. In conditions with wind (see solid line in Fig. 1), the risk of frostnip increased following a sinusoidal path as ET decreased from 0 to -61.  The equation of the sinusoidal curve in Fig. 1 may be expressed in the following manner:

y = 100.3748 / (1 + exp(-(x + 33.3320)/-2.0721))

  The risk to develop frostnip (with or without wind) was ≤ 5 to 7% for an ET ≥ 27 and 100 % at an ET of ≤ -40. 
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Figure 1. Risk of frostnip (%) as a function of equivalent temperature (ET).  The dotted line represents the exponential curve fit for an ET of 0 to -50 when there is no wind (i.e., 0 m/s wind).  The solid line represents the sigmoidal curve fit for the 4.5 and 9 m/s wind conditions for an ET of 0 to -61.  The equation and the goodness of fit (i.e., r2 value) for each line are shown.
3.3
Time to frostnip

The time to develop frostnip, when there was a wind, increased exponentially from 2.5±0.2 min to 27.3 min as ET increased from -61 to -30 (see Fig. 2). It should be noted that the curve did not extend beyond -30 because there were no data points available for an ET between -21 and -30 (see Fig. 1), but there is still a possible risk (<17% with wind or <11% with no wind) of frostnip in this ET range.

 From the 54 cases of frostnip observed, 74% (40 cases) were observed on the nose, while 15% (8 cases), 7% (4 cases) and 4% (2 cases) were observed on the chin, cheek, and forehead, respectively.
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Figure 2.  Time to frostnip (±SE) as a function of equivalent temperature (ET). The dotted line represents the linear curve fit for an ET of -30 to -50 when there is no wind (i.e., 0 m/s wind).  The solid line represents the exponential fit for the 4.5 and 9 m/s wind conditions for an ET ranging from -30 to -61.
3.4
CIVD

In conditions with no wind, the presence of CIVD increased exponentially as equivalent temperature (ET) decreased from 0 to -50. In conditions with wind, the presence of CIVD followed the shape of a bell curve as ET decreased from 0 to -61.  The peak of the bell curve occurred at an ET of -30. The equation of the bell curve in Fig. 3 may be expressed in the following manner:

y = 102.3480 * exp (-0.5 * ((x + 29.0513) / 8.6975)^2)

For an indication of the magnitude of the CIVD response, please refer to the study by Brajkovic and Ducharme [10]. 
4.0
Discussion

To our knowledge, the present study is the first systematic investigation over a wide range of environmental conditions looking at the development of frostbite in the face with the end point of frostnip.

Siple and Passel [4] provided facial frostnip data by recording the time and location of frostnip on various parts of the face.  However, their research took place under only two environmental conditions that were quite severe [i.e., the first at -32.5(C, 7 m/s wind (ET of -48, if height of wind speed measurement was similar to that used in the present study), or an average cooling rate of 2000 kg cal/m2/h, and the second for an average cooling rate of 2308 kg cal/m2/h (ambient temperature and wind speed not reported)]. Frostnip occurred in every case (17 cases and 18 cases, for the two conditions, respectively) that Siple and Passel tested.  Therefore, the risk of frostnip was 100% for both conditions.  The Siple and Passel data did not provide information about the risk of frostnip on the face under less severe conditions and their frostnip data was not related to an ET value. The present study defined the risk and the time required to develop frostnip on 
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Figure 3. Subjects showing CIVD (%) as a function of equivalent temperature (ET). The dotted line represents the exponential curve fit for an ET of 0 to -50 when there is no wind (i.e., 0 m/s wind).  The solid line represents the bell curve fit for the 4.5 and 9 m/s wind conditions for an ET of 0 to -61.
the face over a wider range of environmental conditions (0(C to -50(C, 0 to 9 m/s wind or an ET from 0 to -61) and it provided an ET value for a risk of frostnip ranging from 0 to 100%. Knowing the risk and the time required to develop frostnip over a greater range of environmental conditions (with or without wind) will most likely be more informative to the general public, especially for people who have to spend time outdoors (soldiers, construction workers, postal workers, etc.).
In the present study, from the 54 cases of frostnip observed, 74% (40 cases) were observed on the nose, while 15% (8 cases), 7% (4 cases) and 4% (2 cases) were observed on the chin, cheek, and forehead, respectively. Similarly, in Siple and Passel’s 35 cases of frostnip observed, 66% (23 cases) were observed on the nose, while 9% (3 cases), 14% (5 cases) and 0% were observed on the chin, cheek, and forehead, respectively.

In addition, the frostnips in Siple and Passel’s [4] study occurred very quicky (often after one minute of exposure or less) due to the severity of the conditions.  The present study provided the time to develop frostnip over a greater range of environmental conditions which should be more practical to the general public. In the present study, the time to develop frostnip, when there was a wind, increased exponentially from 2.5±0.2 min to 27.3 min as ET increased from -61 to -30 (see Fig. 2).

It is interesting to compare the old and new Wind Chill Index values in relation to times to frostnip provided by Siple and Passel [4] and the times to frostnip provided by the results of the present study.  As an example, using the old Wind Chill Index that was developed based on the wind chill data of Siple and Passel, exposure to -20(C air and a 40 km/h wind (measured at a height of 10 m) would result in wind chill equivalent (ET) of -46 and a 100 % risk of frostbite within one minute according to the time to frostnip data of Siple and Passel.  However, using the new Wind Chill Index [14, 15, 16], exposure to -20(C air and a 40 km/h wind (measured at a height of 10 m) would result in an ET of -34 (adjusted to height of subject) and a 58% risk of frostbite within 20 minutes according to equations of the curve provided in Figures 1 and 2 of the present study.

Wilson and Goldman [2] examined the time to freeze exposed finger skin at wind speeds of 5, 10, and 15 m/s during exposures to -5, -15, and -25(C air.  They found that when CIVD occurred, freezing did not take place.  In the present study, we found a similar finding for the face over a larger range of ambient conditions.

During cold exposures with wind, the risk of frostnip (see sigmoidal curve in Fig. 1) is relatively low (≤ 5%) up until an ET of -27.  The low observation of frostnip above an ET of -27 is most likely due to significant increase in CIVD observed in subjects between an ET of -10 to -30 (see bell curve in Fig. 3).  This is direct evidence that CIVD acts as a protective physiological mechanism which prevents the skin from freezing.

When there is wind, the risk of frostnip increases significantly from and ET of -27 to -40 (see sigmoidal curve in Fig. 1).  For a similar ET range (-30 to -40), the CIVD presence decreases significantly (see Fig. 3). Without wind, there was an exponential increase in the risk of frostnip from 0 to 60% as ET decreased from of 0 to -50 (see dotted line in Fig. 1). The risk to develop frostnip without wind was ≤ 7% for an ET ≥ 27.  The risk of frostnip increased despite the exponential increase from 0 to 40% in the number of subjects showing CIVD (see dotted line in Fig. 3).

It is hypothesized that the intensity of the cold was so great below an ET of -40 that there was no time for the CIVD response to occur and as a result the skin was frostnipped. However, CIVDs were observed in some subjects even at an ET of ≤ -40 whether or not there was wind.  In these cases, the amplitude of the CIVD response may not have been large enough to prevent tissue freezing.  In addition, it is important to note that the location of frostnip may occur in a different location on the face than the location at which the CIVD response was observed. That is, the relationships between risk of frostnip and CIVD observed in the present study are based on the general responses observed in the facial region as a whole while the observation of CIVD was limited to the four sites monitored.

It is also important to highlight another observation in regard to Figs. 1, 2, and 3.  In each figure, there are two separate curve fits for the data based on no wind (i.e., 0 m/s wind) and based on the condition with wind (i.e., 4.5 and 9 m/s wind).  This is an interesting finding because in many cases, at a given ET value, the risk and time of frostnip and the percentage of subjects showing CIVD is different depending on whether or not the subject is exposed to wind.  One might have expected to have observed a similar risk of frostnip, time to frostnip, and CIVD response at a similar ET value, regardless of wind speed, but this was not the case.  This indicates that ET is not really equivalent, at least when it pertains to the risk of frostnip, time of frostnip, and the presence of CIVD on the face during cold exposure.
In conclusion, an inverse relationship was found between CIVD frequency and frostnip for ET ≤ -30.  Without wind, there was an exponential increase in the risk of frostnip as ET decreased from of 0 to -50. There was a minimal (5 to 7%) chance of frostnip for an ET ≥ -27, with or without wind.  Furthermore, there was not a single equivalent temperature for the time to frostnip, the risk to frostnip and the presence of CIVD, but two: one in presence of wind and one in absence of wind.
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