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Abstract

Introduction: To evaluate the human efficiency, the measurement and continuous monitoring of the body core temperature (Tcore) under extreme climatic conditions (warmth, coldness) is important. Recordings can be carried out invasively as well as non-invasively. The golden standard is the aortic measurement which cannot always be applied. The other procedures have smaller measuring inaccuracies and are mostly not very comfortable (e.g. rectal), non-invasive procedures mostly have bigger inaccuracies but a pleasant comfort (e.g. tympanale). To do justice to these a new device (DoubleSensor) was examined in cold environments. Methods: In a climate chamber test persons were examined in cold-immersion in a survival-suit. ECG was measured continuously; blood pressure intermitted. Continuously recordings of Tcore were done by a rectal probe; the new DoubleSensor (TDS) was placed on the sternum. Withdrawal criteria were pathological ECG, increase or decrease of heart frequency or the blood pressure, the core temperature over 38.5°C or under 35.5°C, clinical signs or subject´s wish. Results: 13 healthy subjects (w/m = 6/7) were examined. Climate chamber data were: Twater +4 ± 0.1 °C, rel. humidity 55 ± 2%. All subjects were up to 90 min in cold immersion, 8 for longer. Initial core temperatures were Trec = 37.7 ± 0.22 °C and TDS = 37.4 ± 0.24 °C, after 120 min Tcore decreased to Trec = 36.9 ± 0.54 °C and TDS = 36.9 ± 0.52 °C. The mean difference between Trec and TDS was initial 0.27 °C and after 120 min -0.03 °C. Comparing TDS with Trec (Bland-Altman) revealed that the recordings of TDS differed by between 0.70 °C and -0.28 °C from mean Trec, CCC was 0.590. Discussion: Continuous measurement of Tcore with the new DoubleSensor achieved comparable values to Trec recordings. The requirements mobile, comfortable and non-invasive were fulfilled and demonstrated a good possibility to carry out measurements in extreme environments. Currently the Double sensor system cannot completely replace rectal or radio pill Tcore recordings. Further studies are indicated to implement the device as a reliable system to calculate strain index.
Introduction

Humans have an endothermal metabolism and autonomous regulation mechanisms to ensure that the body core temperature for the vital organs in the body core (brain, heart, liver and kidneys) is approximately 37 °C. In particular, different surrounding temperatures can alter the relationship of body core to body skin. The thermoregulatory center lies in the hypothalamus and compares the information coming from the thermo receptors located in different parts in the body with a pre-set target value created by specialized cells in the hypothalamus. Deviations are determined by this neurological system and the effectory system will be activated to ensure a normal body core temperature (e.g. supply blood to the skin, to regain the intrinsic target values pre-set by the hypothalamus). An even heat balance in humans is only ensured when the two decisive factors, heat production and heat loss, are well balanced, so that the human feel comfortable in thermal terms (21, 22, 25, 26, 27, 28). For a lightly-clothed, male adult, under atmospheric conditions at sea level, 60 % relative humidity, and slight wind movement, the so-called indifferent temperature is at about 27 °C. In immersion with its high heat capacity and high conductivity the indifferent temperature is found to be at 33.5-34.5 °C. This means that the autonomous and morphological adaptation permits humans only a very narrow range of temperatures in which humans can remain unprotected.

Convection is heat loss via the movement of air or evaporation from the skin. Depending upon the velocity of the air or water moving across the skin, convective heat losses may be small or large. The amount and insulative properties of clothing worn may reduce or intensify convective heat losses, especially in respect to evaporative heat loss avenues (55). The heat loss by direct contact with a cold surface is named convection. It is exacerbated by moisture, either in snow, rain, in wet clothing, or in water immersion. In wet clothing for example the heat loss can increase by up to 5 times and up to 25 times in water immersion. Clothing, footwear, layering, and activity level can reduce conductive heat losses drastically. Subcutaneous fat stores reduce heat loss as well, because human fat 
(0.200 – 0.246 W * m-1 * K-1) has a low thermal conductivity compared to water (0.586 W * m-1 * K-1), also in comparison to human muscle tissue (0.449 - 546 W * m-1 * K-1) (4). This is the reason why fatty animals (and humans) can survive longer in cold water. Conductive and convective heat losses usually account for approximately 15 % of all heat losses; however, high air velocity, inadequate amounts of dry clothing, wet clothing, and water immersion, all can drastically increase conductive and convective heat losses (55).

Hypothermia is diagnosed when core temperature (Tcore) declines to 35 °C or below (45). It is a life-threatening situation, usually resulting from exposure to either a cold outdoor climate or immersion in cold water (37). Certain Tcore ranges have been used to categorize different stages of hypothermia and to evaluate the physiological limit which can be tolerated by humans. Pozos et al. has deﬁned the signs and the severity of hypothermia (mild, moderate, and profound) by Tcore (45). Tcore as indicated by rectal temperature (Tre) may have been generally accepted as an appropriate physiological measure in the assessment of cold strain (38), although recent studies (43) have used the more rapidly responding esophageal temperature. The most commonly used criteria to evaluate the degree of cold stress are ambient temperature and wind chill. As ambient temperature decreases, the gradient favoring heat losses from the body to the environment increases.

None of the currently available body core temperature methodologies are actually suitable for using in daily routine. These instruments are usually hard wired, are difficult to clean (sanitation) and sometimes not reusable easily, in general uncomfortable, and some are quite invasive. There is a clear demand by the occupational workforce for an alternative method that eliminates the shortcomings of current technologies. However, the requirements placed on such a method serving to record the body's core temperature are high: a new technique should be (i) non-invasive, (ii) easy to handle, (iii) must fulfill basic hygiene standards, (iv) be independent of the various environmental conditions, while (v) the recordings should quantitatively reflect small changes in arterial blood temperature, and (vi) the response time of the thermo sensor to temperature changes should be as short as possible (11, 16, 29, 39, 50).

Therefore a combined skin temperature and heat flux sensor (Double Sensor) which has taken these circumstances into account has been developed and patented in Germany and the United States (44). It differs from similar instruments developed in the past (14, 51, 54) in that it works with only two temperature probes and has been miniaturized, specially sealed, and could be integrated in clothes or helmets as well. Also, in contrast to the method used by Fox and Solman (18), the new sensor concept has neither a heating element nor a zero heat flux balance.

In the present study we focused on establishing whether rectal temperature recording methods could be replaced by the non-invasive Double Sensor. In a later stage we would like to use the new method to determine the cold strain index (CSI) as it was previously introduced (38).
2. Material and methods

2.1. Experimental setup and protocol

The study was performed at the “Flugmedizinisches Institut der Luftwaffe” in Manching (Germany). In total, 7 male and 6 female subjects participated in the study. They had a light breakfast in the morning and were all well hydrated ad libitum. Each subject went through a medical check by a flight surgeon before the instrumentation started. Body composition was measured with the bioelectrical impedance analyzer (BIA, Akern 101, Italy), and thereafter the Double Sensors were instrumented and connected to the Heally system. Rectal temperature sensor was placed by a physician. After this procedure the subjects were dressed with standard marine military clothes: underwear, shirt, pullover, and trousers, and shoes with woolen socks. The study was part of a test running to develop a new life-saver suit by distress at sea. The suit consists of two pieces: the overall is a single layer dry suit with a neoprene hood with fitted polyurethane wrist seals, reinforced soles, and foot and ankle straps. Under the suit was worn a whole Nomex® overall also with a hood.

Before immersion each subject had a resting period to stabilize the temperatures and provide baseline recordings of rectal and Double Sensor temperatures as well as heart rates. The subjects were seated at a room temperature of 21.0 °C ± 1.0 °C and relative humidity of 55.5 % r.H. ± 5.0 % r.H. outside the climatic chamber for 20 min. It followed a period of about 10 min bicycle exercise with a workload of 1.0 W / kg body mass. Immediately after the exercise the subject went into the climate chamber with the installed tank and got into immersion. The ambient temperature in the climate chamber was +1.0 °C ± 0.1 °C, relative humidity 55 % r.H. ± 2 % r.H., water temperature +4 °C ± 0,1 °C, and the wind velocity 3,0 m/s ± 0,3 m/s (frontal). The subjects were instructed to stay for at least 90 minutes in immersion. Actually depending from their own condition they could have stayed even longer.

Thermal (rectal and Double Sensor) and cardiovascular recordings (by Aviation Medicine Institute, FMI, GAF) were collected continuously before and till the end of water immersion simultaneously. Other parameters such as oxygen saturation, blood pressure, and respiration rate were recorded, but are omitted here due to the limited space available. The body weight losses were determined immediately after the immersion by weighing the subjects. Body weight data were used to determine body composition using BIA, in addition. Sweat accumulation in the different clothing layers were measured by weighing the clothes before and after the experiment. Fluid intake and eating were not allowed in the session. Moreover, urine was collected before and after the immersion. The starting of experiment was at the same time every morning. A psychological protocol was asked by assistant every 30 min.

2.2. Exclusion criteria

The tests were stopped if one of the following conditions occurred: Rectal temperature decreased below 35.5 °C or reached 38.5 °C, the heart rate exceeded the sub-maximal frequency (200 bpm minus subjects age) or decreased to lower 50 bpm, the electrocardiogram (ECG) showed pathological signs or cardiac arrhythmia, blood pressure reached 200 mm Hg (sys) or 120 mm Hg (dia) or decreased to 100 mm Hg (sys) or 50 mmHg (dia), clinical signs of exhaustion or fatigue, and/or the subjects themselves decided to withdraw from the chamber environment (according to the elucidation all subjects has to sign before the test).

This present study was implemented in a testing of a new developed life-survival suit for the “Deutsche Bundeswehr” and followed ethical guidelines given by this institution.
2.3. Cardiovascular and thermal recordings

The heart rate, blood pressure, oxygen saturation, ECG, and respiration rate, as well as rectal temperature were recorded by IntelliVue MP70 (Philips, GE). For measuring body core temperature were used following sensors:

a) Rectal temperatures were recorded continuously at a depth of 100 mm past the anal sphincter using thermal sensor YSI400 (Philips, GE, accuracy 34 °C to 42 °C).

b) Two Double Sensors were used: One was positioned inside the hood at the vertex and the second was positioned on the sternum by using straps holding the heat flux sensor to the surface of the head and the chest to ensure continuous skin temperature and heat flux recordings. The exact anatomical position at which the devices under test were placed was the vertex of the head (middle of sutura sagittalis, regio parietalis) and the sternum lower third (between the Mm. pectorales). As data logger was used the Heally System (Fa. Koralewski, Hambühren, GE).

The hardware consists of a core piece called Heally-Master (Flash-Master) connected with a standardized miniaturized satellite module (Temp SAT 21-40) for signal recording (Fig. 1). The Master is used as server and data logger and for the communication with a PC (USB). Data storage is realized on replaceable flash disks (SD card). The Master provides the power supply also for the satellites. The system is battery buffered and powered by 3 Volt (two AA-batteries).
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Fig. 1 Heally System with Heally Master, satellite, and Double Sensors

The device under test (Double Sensor) comprises two temperature probes with an insulation disk, whose heat transfer coefficient (Ks) is known, being placed between them. The additional parameters which have been taken into account are summarized in Fig. 2 and have been described already in detail, elsewhere (19). Under certain conditions, the sensor may experience lateral heat loss due to environmental conditions and its geometry. As a result, this heat flow is not included in calculating the core temperature, meaning that false temperature data result. Thus far, the core temperature has been calculated using the following formula:

Tc = Th1 + Ks/Kg * (Th1-Th2)

where Tc is the core temperature, Th1 the skin temperature, Th2 the temperature of the Double Sensor on the side facing away from the skin, Ks the heat transfer coefficient of the Double Sensor, and Kg the heat transfer coefficient of human tissue.

Fig. 2. Schematic side view of the device under test (Double Sensor). The device contains two temperature probes. The insulation disk heat transfer coefficient (Ks) is known and is placed between both temperature probes. The additional parameters which have been taken into account are: core temperature (Tc), heat transfer coefficient of human tissue (Kg), skin temperature (Th1), temperature of the Double Sensor on the side facing away from the skin (Th2), heat transfer coefficient of the Double Sensor (Ks), lateral heat loss (Kloss), temperature on the outside area of the insulation (Tsa).

Taking the geometric situation of the actual Double Sensor into account, the following term was added to the above equation (19), which reflects the flow of heat loss from the middle of the sensor out towards its outer surface (Kloss) (Fig. 2), with the temperature being defined as Tsa. The additional term is then included in the formula as follows: 


[image: image2]
where Kiso is the Heat transfer coefficient of the exterior insulation, Aiso_m the jacket surface area of the outside insulation (at the same height as the insulation between the sensors), As the front area of the Double Sensor, which has the same diameter as the insulation, and Tsa the temperature on the outside area of the insulation.
The complete formula, as currently used, is therefore: 
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For further details, please compare Gunga et al (20).
2.4. Statistics

The differences in response between the rectal recordings and the Double Sensor recordings and the data obtained from the device under test were evaluated by the experimenter using the statistical General Linear Model (GLM) repeated measures. This statistical procedure is useful for modeling the values of multiple dependent variables recorded during several different time periods. When GLM repeated measurements revealed a significant main effect, a paired T-test (without adjustment) was used as a post hoc test to determine the differences in the recorded values obtained by the rectal recordings and the device under test. These analyses were performed using the software program SPSS 16.0. The significance level was set at p < 0.05; Arithmetic mean values and standard deviations (± SD) are presented for group data.

Bland-Altman diagrams and concordance correlation coefficients (CCC): In order to establish where the data obtained from the Double Sensor agreed with the rectal temperature recordings, we defined that the differences between the heat flux sensor and rectal temperature should be less than ± 1.0 °C. As compared to the mean rectal temperature and the temperature obtained from the device under test, is shown in the diagram according to Bland and Altman (3). In our analysis we calculated the CCC, an intra-class coefficient correlation coefficient. The CCC shows how far the data deviate from the identity line, doing so in accordance with the formulas developed by Lin (30, 31) for the evaluation of the reproducibility of paired functional data.
3. Results

3.1. Base line data collection (BDC)

7 male and 6 female subjects participated in the study. At baseline data collection (BDC) age, height, and weight were as follows (arith. mean ± SD): 29,8 ± 8,4 years old, height 175,7 ± 9,5 cm, weight 78.1 ± 13.0 kg, body mass index 25.0 ± 2.9 kg/m². The initial body composition measured by bioelectrical impedance (BIA) represented normal parameters: body fat mass (FM) 24.6 ± 5.0 %, fat free mass (FFM) 75.1 ± 6.17 %, body cell mass (BCM) 53.8 ± 3.4 %, and total body water (TBW) 54.2 ± 4.4 %. The initial rectal temperatures were found to be 37.54 °C ± 0.2 °C, the core temperatures measured with the Double Sensor were 37.13 ± 0.29 °C; the initial heart frequency was 88.9 ± 11.3 bpm. The total time for all subjects in immersion was in average 140 ± 42 min, the effective immersion time was 128 ± 36.5 min. All subjects were 90 min in immersion, 9 of them reached 120 min, and the longest stay in cold water was 217 min.
3.2. Heart rate

The heart rate decreased during the first 30 min from 127.5 ± 14.1 bpm to 82.8 ± 11.6 bpm. Between the first 10 min the heart rate was in a steady state of about 122.2 ± 16.1 bpm. After 10 min the heart rate decreased continuously to the steady state of 82.8 ± 11.6 bpm until the end (Fig. 3).
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Fig. 3. Mean heart rate (± SD) of the subjects (n = 13) within 120 min. The first 30 min the heart rate decrease from 125 bpm to 80 bpm, with a steady state in the first 10 min, and after 30 min to a steady state of 82 bpm.

3.3. Rectal and heat flux recordings

The set up of the Double Sensor placed at the vertex, turned out not to be ideal. Because of the life jacket, which was filled with air, the sensor could not be kept correctly at its position at the head. This data set was largely incomplete, and therefore omitted from this study. For further studies we would prefer a strip and attach the Double Sensor using a patch.

The changes in the rectal temperatures and the heat flux data of the sternum Double Sensor have been summarized in Fig. 4. Compared to the baseline temperatures given prior to the experiment, the rectal body core temperatures increased for about 10 min and 15 min for body core temperatures by the Double Sensor. After this initial phase all temperatures and heat flux data have decreased during the test. The lowest rectal temperatures and heat flux data were recorded at the end of immersion. As shown in figure 4 both methodologies showed the same temperature profile.
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Fig. 4. Rectal temperature (Trec) and heat flux Double Sensor (TDS) (± S.D.) recordings during immersion.

As shown in Fig. 4 the temperature recordings of both methods went hand-in-hand, but the mean of the Double Sensor recordings were always lower than the mean rectal temperatures recordings. For the first 10 min the mean differences between the two devices were significant (p < 0,001). Whereas at the beginning the temperatures meanly differed by 0.27 °C, there was after 120 min the difference was about -0.03 °C (Tab. 1). Between the recordings the differences were in average always less than 
0.4 °C.
	°C
	0 min
	± SD
	30 min
	± SD
	60 min
	± SD
	90 min
	± SD
	120 min
	± SD

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Trec
	37,7
	0,22
	37,5
	0,30
	37,3
	0,32
	37,1
	0,38
	36,9
	0,54

	 
	
	
	
	
	
	
	
	
	
	

	Diff.
	0,27
	
	0,05
	
	0,16
	
	0,22
	
	-0,03
	

	 
	
	
	
	
	
	
	
	
	
	

	TDS
	37,4**
	0,24
	37,5
	0,29
	37,1
	0,35
	36,9
	0,50
	36,9
	0,52


Tab. 1 Rectal and Double Sensors recordings from t = 0 to t = 120 min. Please notice, at the beginning the Trec and the TDS were significantly different (p < 0,001), these differences disappeared in the course of the immersion

The comparison of the device under test with the rectal temperature (Bland-Altman diagram, Fig. 5) revealed that (i) the recordings of the Double Sensor differed by between 0.70 °C and 
-0.28 °C from the mean rectal temperature, (ii) the CCC was 0.590, and (iii) the Double Sensor on the sternum showed that during test periods in ambient conditions, the temperature dropped much faster than the rectal temperature. Specifically during immersion it was observed that for the predefined limits of acceptable agreement (± 1.0 °C), all of the data were within these limits. Furthermore as indicated by the limits of agreement 95% of the differences were located between -0.28 and +0.70. Finally, most of the differences (N = 1051) were even within ±0.5 °C (87.5 %).
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Fig. 5. Differences between the rectal temperature and the device under test as compared to the average of rectal temperature and the temperature obtained from the device under test according to Bland and Altman (3) with the limits of acceptable agreement: ±1.0 °C, mean: 0.21 °C., as well as the concordance coefficient correlations (CCC = 0.590) calculated according to formula developed by Lin (30, 31). The correlation coefficient between the differences and means of Trec and TDS was -0.39 (p < 0,001). This means that TDS underestimating Trec at lower body core temperatures, and overestimated Trec at higher temperatures.

4. Discussion

Whereas the heart rate can be easily recorded non-invasively, core temperatures cannot. Under experimental conditions, core temperature is usually recorded by inserting a thermo sensor in the esophagus, rectum or auditory meatus. The relative advantages and disadvantages of these and other recording sites, including the time response of the sensor, have been intensively discussed ever since the first benchmark investigations by Claude Bernard in 1876 (1, 6, 7, 12, 13, 15, 16, 20, 33, 34, 35, 39, 41, 47, 49). The rectal temperature and the radio pill are clearly the most widely used and accepted by physiologists for core temperature recordings. In most cases the core temperatures are obtained by inserting a temperature sensor a minimum of five centimeters past the anal sphincter or by taking a radio pill with a transmitter system, respectively. Nevertheless the rectal as well as the radio pill temperature have some short-comings by its own. Temperatures recordings are uniform within the rectum from 5-27 cm past the anal sphincter (41). During exercise it takes approximately 12-40 minutes to achieve a steady state rectal temperature value (1, 19, 41, 47), and it turned out that they are usually quite independent of the environmental temperature changes (19, 40, 52). As a result the steady-state rectal temperature provides a good index to assess body heat storage (48, 53). The main disadvantage with the rectal temperature is that it is very slow to respond to changes in blood. The reason for the slow response of the rectal temperature to thermal transients is probably a low rate of blood flow to the rectum compared to other recording sites mainly in coldness because of the centralization (2, 36, 49). The slow response time makes rectal temperature a poor core temperature index for estimating the input to the thermoregulatory controller (47). Hence, the blood flow in the region of the rectum might be similarly decreased and the records of the rectal temperature could have deficient.

However, Tcore is not always reduced during cold exposure (45). Unchanged or even elevated Trec is often observed during the initial period of cold exposure (38, 56, 57). The initial increase of Tcore during immersion might be attributed to the sympathetic nervous system mediating peripheral vasoconstriction, which results in redistribution of blood away from the periphery toward the core concomitant leading for a limited time span to an increased core temperature (8).
Taken these circumstances in account, the new developed non-invasive Double Sensor has been used. For hot environments experience data already exists (20), but in coldness there has been a lack. Our assumption was that the difference between the recordings by the device under test (Double Sensor) and the rectal temperature should be less than ±1.0 °C during cold immersion. At present, the device under test did not meet these requirements under all circumstances, particularly at the beginning of the immersion phase. But according to Bland-Altman diagram (Fig. 5) it has been shown that the average difference between Trec and TDS was +0.21 °C, and 95% of the individual differences varied between 
-0.28 °C and +0.70 °C.

We would like to discuss the advantages and disadvantages of the device under test as compared to the commonly accepted methods of monitoring the core temperature in humans. Several studies have shown that rectal and esophageal temperatures are largely independent of environmental temperature and can be used to determine body heat storage (16, 19, 21, 40, 47, 48, 52, 53). Recording rectal temperature is problematic mainly because its response is slow compared to other recording sites, a fact that was recently proven in 60 patients who underwent a post-operative re-warming (5), and that is now corroborated by the present study. The reasons for the slow response are probably (i) the low blood flow rate to the rectum as opposed to that of other recording sites (2, 16, 36, 39) and (ii) the mass of organs located in the body cavity. This greater mass of tissue in the lower abdominal cavity requires a far greater amount of energy for any rapid temperature change to take place. In contrast, the very small dimensions of the device under test, i.e. ≈6000 mm3, and the small volume of the head as compared to the abdominal cavity - combined with a very high perfusion rate - can explain the rapid changes of temperature recorded by the device under test in transient phases. Furthermore, the temperature of the head has a considerable effect on personal comfort and performance during hyperthermia (42). These authors concluded that although the head makes up only about 10% of the body surface area, its rich scalp vasculature substantially influences heat transfer. This anatomical structure apparently was developed rather late in human evolution under challenging environmental conditions and can serve as an important countercurrent heat exchanger, as mentioned above. (9, 17, 23, 24, 46). These two factors might explain why the head plays a key role in determining the overall personal comfort of a human. The fact that the Double Sensor can also be integrated into helmets is thus an added benefit for Special Forces. Since the Double Sensor at the vertex had not the right set up for recording temperature, but further studies should cover this default.

To summarize: Preliminary results as presented here show that for cold exposure the device under test appears to be a reasonably reliable method to assess physiological strain in cold environments. However, currently the new Double Sensor system cannot completely replace rectal or radio pill core temperature recordings to calculate strain index. As outlined above, both techniques have their limitations. For people who have to work routinely in extreme environments like fire fighters, military personnel, sportsmen etc., the heat flux sensor seems to be a suitable, non-invasive method to monitor reliably in real-time core temperatures.

This will enhance physiological situational awareness and ensure safety in action. The present conclusions are based exclusively on a Double Sensor system integrated into a suit. Therefore, it remains to be investigated whether this concept can be used in the future. However, if such a device is used more frequently in simulations (training) and/or in real-life scenarios, this will most likely result in the database of the limits of physiological strain in humans growing. Since the CSI (38), which allows quantification of physiological cold strain in real time (32), is a weighted average of core and mean skin temperature (10, 43, 56), it is planned to test in a further study how core temperature recording could be replaced by a Double Sensor system.
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