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Soldiers in Cold Environments 
(RTO-MP-HFM-168) 

Executive Summary 
Overall, there were 43 papers presented by 10 Nations at this Symposium. The topics ranged from basic 
biochemical research into cell behaviour to the effects of cold on physical and mental performance on the 
battlefield. Presentations given included:  

• Cross-adaptation; 

• Hydration in the cold; 

• Operational medicine such as non-freezing cold injuries; 

• Human protection in adverse environments such as the design and development of winter 
clothing;  

• Laboratory experiments in cold air and frost nip;  

• Cold water and cold air survival modeling and cold exercise physiology; and  

• Key problems for the soldier such as weapons handling in the cold and the effects on marksmanship.  

On one hand, NATO technology has advanced rapidly such that the latest weapon systems can pin point 
target a single human being or building from several miles away; yet on the other hand, the human 
physiology and psychology has progressed at a snail’s pace for the soldier’s protective equipment, in the 
cold. The papers presented at the symposium show that we still do not have a set of good combat clothing, 
gloves, face protection, tents and sleeping bags, a standard for testing humans and equipment and a 
reliable validated manikin and/or computer modeling system. Our human testing is only conducted on 
small series of young fit males, and rarely on females or older soldiers. None of this is the fault of the 
scientists; it is simply a lack of funds to do the research.  

NATO must provide funding to establish working groups to develop:  

a) A common protocol for testing clothing on humans and manikins, and ensure that the manikins 
are standardized across all NATO countries;  

b) A common protocol for the treatment of hypothermia;  

c) a survival prediction model for cold weather and cold water for the testing of various clothing 
Ensembles;  

d) Consider the adoption of the Ulm procedure for the treatment of frostnip; Bimoclomol for the 
standard treatment of cold injury; and Tyrosine for introduction into the soldiers’ diet; 

e) The data related to non-freezing cold injury should be extensively distributed across all the NATO 
medical services; and last but not least  

f) Insist that females and over 35-year old subjects are used in future experiments. 
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Soldats en environnements froids 
(RTO-MP-HFM-168) 

Synthèse 
Durant ce symposium, 43 exposés furent présentés par 10 nations. Les sujets allaient de la recherche 
biochimique de base sur le comportement cellulaire dans le froid aux effets du froid sur les performances 
mentales et physiques sur le champ de bataille Les présentations incluaient notamment : 

• L’adaptation croisée ; 
• L’hydratation dans le froid ; 
• La médecine opérationnelle (blessures dues au froid sans gelures) ; 
• La protection humaine dans les environnements hostiles telle que la conception et le développement 

de vêtements d’hiver ; 
• Les expériences de laboratoire en air froid et sur la morsure du gel; 
• La modélisation de la survie en eau froide et en air froid ainsi que la physiologie des exercices au 

froid ; 
• Les problèmes principaux pour le soldat tels que le maniement des armes dans le froid et l’impact 

sur la précision du tir. 

Tandis que la technologie de l’OTAN a avancé si rapidement que les derniers systèmes d’armes peuvent 
viser avec précision un simple individu ou un bâtiment à plusieurs kilomètres de distance, la physiologie 
et la psychologie humaines ont progressé à un rythme d’escargot en ce qui concerne le matériel de 
protection du soldat dans le froid. Les exposés de ce symposium ont démontré que nous ne disposons 
toujours pas d’un bon ensemble tenue de combat, gants, protection du visage, tentes et sacs de couchage, 
ni d’une norme pour le test sur les êtres humains et les équipements, ni d’un mannequin validé fiable et 
/ou d’un ordinateur modélisant le système. Nos tests sur les êtres humains sont essentiellement effectués 
sur un petit nombre de jeunes hommes en pleine forme et rarement sur des femmes ou des sujets plus âgés. 
Ceci n’est pas dû aux scientifiques, mais simplement à un manque de fonds dédiés à ces recherches. 

L’OTAN devrait assurer le financement nécessaire à la création de groupes de travail pour : 
a) développer un protocole commun pour essayer l’habillement sur des humains et des mannequins, 

et s’assurer que ces mannequins soient normalisés au sein des pays de l’OTAN ;  
b) développer un protocole commun pour le traitement de l’hypothermie; 
c) développer un modèle de prévision de survie par temps froid et en eau froide pour l’essai de divers 

ensembles d’habillement ;  
d) envisager l’adoption du procédé d’Ulm pour le traitement des morsures du gel, du Bimoclomol 

pour le traitement standard des dommages dus au froid et de la Tyrosine pour l’introduction dans 
le régime du soldat ;  

e) distribuer systématiquement les données liées aux dommages dus au froid sans gelures dans tous 
les services médicaux de l’OTAN ; et, enfin, mais ce n’est pas le moindre,  

f) insister pour que des femmes et des sujets âgés de plus de 35 ans soient employés dans de futures 
expériences. 
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Introduction

Recent combat care experiences in Afghanistan and Iraq have demonstrated a historic rate of survival for those wounded.  While some of this can be attributed to improved equipment, such as body armor, much of it has it foundations in well trained and capable medics that are competently providing the care in the first moments after injury.  The collection of injury and trauma data, followed by through analysis is critical in improving training programs and thus, clinical practice outcomes.  Early in 2004, the Joint Theater Trauma Registry (JTTR) was established to perform the collection, analysis, and publishing of clinical practice guidelines, training packages, and input to improve methods, and materials, as well as process improvement indicators.

Problem

Early in the conflict and with the initial data collections of the JTTR, it was appreciated that hypothermia of those wounded had a significant impact on survival upon arrival to a level/role 3 facility.  This was a curious finding in light of the frequently elevated ambient temperature of Iraq and Afghanistan.  Review of the initial data sets indicated that for those who arrived at the level/role 3 facility with a core temperature below 95 degrees Fahrenheit  possessed an approximately 20% mortality rate and accelerates to 50% mortality as the core temperature approaches 91 degrees Fahrenheit.  This is more than double the mortality rate of those who arrive normothermic.

Analysis

Hypothermia is the result of multiple factors that are amplified in the combat wounded.  The sequence of events factoring in the cascade is the degree of injury, time, mode of transportation, tepid/cool fluid resuscitation, and exsanguinating blood loss, amplified by the reflexive vasoconstriction and hypo-perfusion of tissues which then establishes an acidotic environment which terminates in coagulopathy and patient death.

Solution

With the JTTR identification of the problem of hypothermia and the impact on survival, a concerted effort of training, education, and material development was created.  A clinical practice guideline (CPG) was developed which emphasized continual monitoring of temperature, frequent documentation, and use of Hypothermia Prevention/Management Kits (HPMK).  Use of other warming devices such a warmed air huggers, blankets with meal heater (hot pocket) served to serve as adjuncts in field expedient environments.  Continual monitoring of all wounded and a temperature serves as a Process Improvement indicator and is briefed monthly to assess compliance and need for additional training of medics, physicians, and medical staff.
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Abstract


Non-freezing cold injury (NFCI) became distinguished from freezing cold injury in the Second World War, and was established as a syndrome involving local cold neuropathy, hyperaemic following rewarming, and chronic sequelae. Less gross forms had significant military impact on the Falklands Conflict, following which a specialist referral centre was established at the Institute of Naval Medicine. Since then referrals to the clinic have risen from about 50 per year to exceed 300 in 2007-8, although the underlying incidence remains unknown because of limitations in ICD-9 coding and reluctance to present. A rising proportion of personnel in the British Army of African or Caribbean origin is likely to have contributed to this, as that ethnic group is much more susceptible. Many cases occur in clusters, when a high proportion of personnel engaged in one exercise may suffer NFCI. The proportion of patients found to have NFCI of the hands has also risen markedly. Sequelae typically include sensitivity to the cold, which appears to be treated successfully using daily hot immersion, and chronic neuropathic pain, which is more resistant to treatment. In the longer term, gait changes may result in lower limb overuse injuries. There is a need for a suitable index of environmental risk, but simple measures to try to prevent NFCI are often defeated by the demands of the military environment. Attempts to screen potential recruits to exclude those with predisposition to NFCI are unlikely to be successful, but progressive cultural change that encourages personnel to care for themselves and prevent injury is most likely to reduce incidence and resulting wastage of personnel.


1.0
HISTORY

Military surgeons started to distinguish non-freezing from freezing cold injury during the First World War, but it was not until the Second World War, with the pioneering studies of Ungley and his colleagues [1], that the syndrome of non-freezing cold injury (NFCI) was first clearly delineated. This was characterized as proceeding through 4 stages:


· During cold exposure, the development of a local cold neuropathy, typically lasting numbness


· A transient stage during rewarming, in which pallor is replaced by cyanosis, accompanied by the onset of pain


· A hyperaemic phase, often accompanied by pain and local neurological symptoms and signs


· Longer term resolution, or chronic sequelae such as sensitivity to the cold or chronic pain.


These closely resemble other conditions that cause peripheral neuro-vascular problems, such as atypical pain syndromes (formerly known as reflex sympathetic dystrophy).


In contrast to the gross injuries commonly known as ‘trench foot’ and ‘immersion foot’, cases of NFCI seen in the Falklands Conflict (1982) were more subtle but no less militarily significant [2]. British troops operated mainly in sodden peat bog for many days, with no opportunity for rotation or drying out. NFCI established itself as the most frequent cause of non-battle casualties, and was almost universal among front line personnel, with 98% of one company admitting to symptoms when questioned. During the preparation phase for the final assaults on Stanley, the force commander’s decisions were driven in part by the fact that about half of front line British troops were unable to replace their boots because of the swelling that had resulted from NFCI.


An intensive programme of research was initiated by Golden, and evolved into the INM Cold Injury Clinic that has continued for over 25 years to provide specialist assessments of personnel who have suffered cold injury [3]. The main investigative technique developed at this time was, and remains, the assessment of foot or hand skin temperatures before and after a standardised mild cold stress. Unusually, in order to establish a good level of resting vasodilatation, patients are conditioned for at least 1 hour at an ambient air temperature of 30oC. The cold stress consists of immersion of the hand or foot inside a protective plastic bag, in water at 15oC for just 2 minutes, and infra-red emission thermograms are recorded immediately prior to immersion, immediately afterwards, and 5 minutes after removal from the water. In 1987, the measurement of thermal sensory thresholds was added, as a method to gain insight into differential patterns of nerve fibre damage in patients. However neither technique is a specific diagnostic test, and thermography remains controversial and in need of substantial studies on control and injured populations.

Related research programmes have met with limited success. Early work by Kennett, Green and others to develop an animal model in the rabbit hindlimb proved disappointing, but more recently Tipton and colleagues at Portsmouth University have found the rat tail much more promising, as had been reported by Thomas [4], and initial pharmacological studies have opened new possibilities in understanding the mechanism of NFCI and its sequelae. Human studies using laser Doppler rheometry suggested that sympathetic denervation supersensitivity is not the cause of the prolonged sensitivity to the cold that is often seen following NFCI, rather there is more likely to be injury to the local vascular endothelium, but until recently this work has been limited to single-point probes [5]. With the advent of real-time high-resolution laser Doppler scanners, it is now possible to follow changes in blood flow throughout one surface of a hand or foot, which should help research considerably.

2.0
CLINICAL


2.1
Incidence and Presentation

Following the immediate aftermath of the Falklands Conflict, UK military interest in NFCI settled to its previous low level. The Cold Injury Clinic typically saw 40-50 patients per year, most of whom were Royal Marines who had suffered freezing cold injuries when undertaking Arctic Warfare training in Norway. Campaigns to increase awareness and prevention of cold injury were increased from 1999, and every year since then more patients have been referred to the Cold Injury Clinic (Table 1).


Shortly prior to the start of UK operations in Iraq in 2003, the release of Joint Services Publication 539 [6] gave military command and medical staff ready access to a modern account of cold injury, and since then there has been greatly increased interest and activity at all levels, from those training new entries into the Forces upwards. As the numbers presenting to primary care practitioners with cold injury have increased, so there have been increased efforts to make all military personnel aware of cold injury, and to improve its medical management.


		Fresh Cases

		2000-1

		2001-2

		2002-3

		2003-4

		2004-5

		2005-6

		2006-7

		2007-8



		Army

		23

		57

		86

		132

		135

		204

		228

		271



		Royal Marines

		14

		25

		7

		16

		74

		34

		43

		24



		Royal Navy

		9

		9

		18

		9

		10

		21

		16

		10



		RAF

		1

		4

		5

		2

		3

		5

		7

		13



		Civilian

		11

		3

		3

		0

		5

		8

		9

		9



		Total

		58

		98

		119

		159

		227

		272

		303

		327





Table 1: Numbers of Fresh Cases Seen in the INM Cold Injury Clinic by Year and Service.


Unfortunately the limitations inherent in ICD-9 coding make it very difficult to identify cases of NFCI in normal military epidemiological data. Since 2006, special cold injury report forms have therefore been required from all UK military units, but compliance has been slow to achieve. NFCI is notoriously under-reported and under-presented to primary care, and it is impossible to know whether the sustained increase in referrals seen in Table 1 represents any rise in underlying incidence. There have been changes in the pattern of presentation: when figures from the clinic were last presented in Helsinki, many of those seen with NFCI had already sustained several injuries over a period of years [7]. Now most cases are seen after their first or second injury. 


This period has also seen substantial changes in the pattern of training and deployment, and in ethnic composition of the UK Armed Forces. Since 2003, with the high commitment to first Iraq and now Afghanistan, many units undergo intensive pre-deployment training during the winter months in the UK or Germany. The proportion of personnel of African or Caribbean origin has also increased substantially, and Burgess found in a study of 2 years of data from the Cold Injury Clinic that those who had declared Afro-caribbean ethnicity were 30 times more likely to be seen in the clinic than those of Caucasian ethnicity [8]. Although such ethnic effects have been reported in several previous studies, this risk ratio is very much greater than those in the literature [9].

Clinicians have long been aware that cases of NFCI tend to occur in clusters, sometimes affecting almost all of those who undertake a particular exercise in very cold and wet conditions, for instance. Unfortunately statistical techniques needed to investigate such clustering are not well suited to the data normally available: for instance, it is often hard to identify the precise date and location at which a patient suffered NFCI, and even then sub-groups in the same exercise may have been exposed to more or less severe conditions. However the fresh cases being referred to the Cold Injury Clinic appear to come from a mixture of sporadic incidents, in which only a small proportion of those exposed suffer from overt NFCI, and several incidents in which more than 25% of those exposed sustain overt injury. Indeed, there are anecdotal reports each winter of exercises in which more than 50% of all participants admit to symptoms indicative of NFCI, although only a small proportion seeks medical attention, and even fewer (usually no more than 12 from any given incident) are referred to the clinic.

Concomitant with this rising number of referrals, the proportion of those seen with NFCI of the hands has also risen. Described in texts from the 1990s as unusual, audit in 1999 revealed 19% of patients were found to have suffered NFCI of the hands [7], but in 2007 this had reached 41%. The reason for this is obscure, although changing provision of gloves may account for some of the increase.

2.2
Patterns of Sequelae


The two most common sequelae of significance following NFCI are cold sensitivity and chronic pain [3]. Cold sensitivity is usually manifest in persistently cold peripheries, which remain cold for a long time following even brief, mild cold exposure. It was this that infra-red thermography was intended to assess, and whatever reservations there may be over its sensitivity and specificity, it appears to perform well in serial assessments of injured individuals. More recently thermography has also provided evidence that daily rewarming of affected peripheries for 20-30 minutes in water at 40oC can result in relatively rapid resolution of cold sensitivity. This is currently being evaluated more formally.


It is common for those who have sustained NFCI to suffer pain for periods of up to a month after injury, and in many cases this pain resolves spontaneously [3]. It is typically worst when in bed at night, affects the base of the toes, and is exacerbated by touch or pressure from bedclothes. For many years, this apparently neuropathic pain has been successfully treated with amitriptyline (25 mg initial dose at night, rising to 100 mg to titrate the pain away), but a few patients are not treated early enough, or do not respond well. They may then develop chronic pain that is resistant to most other forms of treatment, even to the combination of amitriptyline with pregabalin. Currently cases from the Cold Injury Clinic are preferably managed by a specialist in pain management with a particular interest in cold injury, but there is still no answer to this chronic pain, which is severely debilitating and usually results in medical discharge from the Armed Forces and long-term disability.


The mechanisms of cold sensitivity and chronic pain appear distinct, as it is common for those suffering from one not to suffer the other simultaneously. For instance, patients with chronic pain often have little sensitivity to the cold and relatively normal thermography results. Unfortunately daily rewarming used to treat cold sensitivity often exacerbates pain.


There have been few reports of long-term follow-up of patients with cold injury, but when examining veterans of the Chosin Reservoir campaign during the Korean War, there appeared to be an excess of personnel with lower limb joint and similar problems [10]. Some patients with cold injury of the feet appear to develop abnormal gait, which could easily lead to long-term overuse injuries in the joints of the legs. This area needs further research.


3.0
PATHOPHYSIOLOGY


There has long been a tacit assumption that NFCI becomes more likely as the ‘cold dose’ increases, short of tissues freezing. One perhaps more rigorous concept might be that this ‘cold dose’ is a function of the severity of cold and the duration; this could be visualised as the area under a threshold skin temperature of 8oC, on a graph of skin temperature against time. However experience from a trial that simulated conditions in a disabled submarine showed that individuals can develop clinical NFCI when skin temperatures have remained above 20oC at all times [11]. Clinically indistinguishable syndromes such as ‘shelter limb’ and ‘paddy foot’ also suggest that neither cold nor wet conditions are necessary for personnel to suffer NFCI [3]. Instead it is perhaps better to view the injurious events as consisting of sustained peripheral vasoconstriction followed by reperfusion, making NFCI another form of reperfusion injury.


One of the greatest hindrances to understanding the mechanism of causation of NFCI has been the lack of a good animal model. Most recently US and UK laboratories have arrived at the most promising yet, the cold immersion of rat tails [4]. Although this has now been used to examine relatively novel, possibly even exotic, pharmacological issues, the more mundane task of validating the model against human NFCI remains incomplete. In particular, it is unclear whether cold-injured rat tails show similar sequelae once the acute effects have settled. Further progress in the development of a good animal model is essential if we are to improve our understanding of the mechanism of NFCI.

4.0
PREVENTION


Military command prefers to simplify decision-making to clear criteria, such as zones of the WBGT Index in the prevention of heat illness. For freezing cold injury, some form of windchill effective temperature is popular, although evidence of its value in practice is more controversial. Whether the ultimate cause of NFCI is a ‘cold dose’ or something still more complex, it is not clear how an existing measurement or index could be used in the same way that windchill and WBGT are. This makes the assessment of risk subjective, and subject to external influences that may be in conflict with the health and safety of personnel. Now that meteorologists can produce quite accurate forecasts for even local areas, this is an opportunity missed. Numerical modelling of local weather variables and the incidence of NFCI could yield an index that, whilst empirical, would significantly enhance prevention.

Improvements in textile and garment technology will always offer better endurance in cold, wet conditions, but new fabrics and materials need to be incorporated into military clothing if military personnel are to benefit. Furthermore, military customs and practices need to encourage individuals to protect themselves, instead of enforcing the wear of identical items irrespective of individual variation in susceptibility, or putting pressure on individuals to not wear gloves (for instance) as they would look ‘soft’ and unmilitary. Many military populations have still to change their culture to encourage individual care and protection, rather than slavishly rejecting those who do anything differently.

There have been proposals to exploit various physiological phenomena to try to reduce the risk of NFCI. One example builds on the observation that personnel with reduced core temperatures are normally strongly peripherally vasoconstricted, whilst those with slightly elevated core temperatures are likely to be able to maintain peripheral vasodilatation, which should in turn protect from NFCI. If incorporated into training routines, this could significantly reduce risk to trainees. However if used as a regime invoked when an individual considers that they are developing an incipient injury, it could increase the severity and consequences of NFCI. This is because personnel are unable to distinguish clearly between an incipient injury and the early stages of overt NFCI. Exercising, perhaps by running on the spot, when you have already sustained NFCI of the feet would be likely to exaggerate the hyperaemia of reperfusion, and could lead to mechanical trauma to injured tissues in the feet. However improving the insulation of the arms and legs using arm- and leg-warmers as popular in road cyclists and other athletes could be as effective without the same risk. There is much further work to be performed.

5.0
THE FUTURE


Currently, improving awareness and medical care of NFCI has increased numbers presenting to primary and specialist care, and early loss of trainees through medical discharge. Superficially, it might appear to have been preferable to have allowed NFCI to revert to its previous status as an unusual and largely hidden condition. It could even be suggested that we have been manufacturing illness where there had been little.

However neglected cases of NFCI have in the past been a significant cause of morbidity in military personnel, wastage of trained ranks, and claims for compensation, as well as influencing the decision-making during campaigns such as the Falklands Conflict. One important area into which there is very limited insight is the natural history of NFCI, particularly discriminating between cases that can safely continue to undergo cold exposure, those that will recover when sheltered for some months, and those that will be unable to return to the cold for some years.

It is also tempting to suggest that some means could be developed to screen potential recruits to the Armed Forces to determine their susceptibility to NFCI, allowing exclusion of those most likely to have problems in the future. At present the most sensitive screening test is ethnicity, but it is unacceptable to ban those of African or Caribbean descent, and against military doctrine to constrain them to training and working in only warm or hot climates.


Screening potential recruits has been attempted by Golden and others, and depends on the development of a test with a very high sensitivity and specificity. None of those available now – including those of Daanen [12], Giesbrecht [13], or the INM thermography protocol – comes close to the performance required, and practical experience of laser Doppler rheometry and other potential techniques shows that individual variation in the control of peripheral blood flow is so great that the very concept of a screening test is naïve. When we lack an accurate diagnostic test for NFCI, and understanding of exactly how it is caused, this is not surprising.

Reducing the incidence of cold injury in military training requires striking a delicate balance between training realism, and safety. Whilst training in demanding environments runs real risks of injuring personnel, the benefits to them in the development of fieldcraft skills are vital if they are to avoid NFCI in the future.

One untouched area remains the elimination of clustered cases of NFCI by being flexible in the timing of training. Experienced trainers know only too well when their trainees are at high risk of being injured, but are trapped by inflexible programmes that require exercises to take place irrespective of the conditions and risks. Redesigning military training to accommodate periods of severe weather could have the greatest impact in reducing the incidence of NFCI.


Wherever we go in the future, UK military personnel will be a little wiser, and better prepared to avoid and to cope with NFCI. As military culture changes, this should eventually be reflected in falling incidence and severity.
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Introduction

You have kindly invited me to give an opening address in Session Four of the HFM Symposium on “Soldiers in cold environments”.  Only a matter of several weeks ago, I received this request from one of my colleagues.  This is not untypical of the request that we receive from military operators.  


“Chris,


I have been asked to provide the Airforce with an assessment on the extent to which 1) wind chill and 2) sea state reduce the predicted survival time of aircrew who have ditched in waters between 0 deg C and 20 deg C, wearing either flying suit only, immersion suit with cotton long johns, or immersion suit with either one or two woolen undergarments.  


Our Airforce currently use the standard survival time chart (with a different survival curve for each tog- or clo-value ensemble), but these are based on survival in calm waters.


Do you have any information that would help develop (or adopt an already-established) guidance for predicting survival of ditched aircrew in cold waters that are not calm?  I know that DRDC-Toronto had developed a Cold Exposure Survival Model software (a copy of which I have requested to evaluate for this purpose).  I know that moderate sea states can reduce the insulation properties of an immersion suit by up to 60%, but I am sure that commanders would like to know the extent to which these two conditions of wind chill and sea state reduce survival time.  I think the output would be a graph (or table) with predicted survival time for calm water and moderate sea states in each of the ensembles.


Having read many of your NATO RTO papers, amongst others, I thought that you would know of such a predictive model/graph/table.


Thanks for your help.”


Because the answer is not simple, I thought that the cold water survival prediction curves would be an admiral topic to discuss at the symposium.


My objective is to encourage scientists to consider the psychology of survival in their future laboratory experiments, and to provide advice to young thermal physiologists joining a very noble cause to prevent loss of life.  Their research ultimately will be applied in the design and development of lifejackets, immersion suits, survival equipment for life boats and life rafts.  Furthermore, the advice will give guidelines to regulators on the development of new standards, both national and international.  I am also politely going to suggest that all of us try to be a little more specific in the interpretation of the data, and make it more useful for the operators.  Although the topic of the symposium is related to soldiers; soldiers in transit by sea can become shipwrecked.  In this day and age where transit has to be quick; they are also likely to be drowned due to an amphibious landing or a helicopter ditching.  So, Search and Rescue (SAR) with associated survival prediction times is a very pertinent topic to review.


The Problem – Sudden Immersion in Cold Water



I am going to address the situation in Canada, but I am sure that the researchers who work in countries surrounded by cold water will recognize the same problems in their own countries.  Externally, Canada is surrounded by three oceans, and within our vast country there are thousands of large lakes and rivers.  Canada also, by international agreement, is responsible for SAR up to 200 miles off its three massive shorelines.



For over six months of the year, the water temperature Canada wide and offshore is well below 16°C.  The pioneering work by Molnar in 1946 (17) identified for the first time that the survival time for a human immersed in water below this temperature was relatively short.



For whatever reasons, each year many people end up accidentally in cold water.  The country spends millions of dollars providing search and rescue services for these unfortunate victims.  Unfortunately some are never found and some have drowned before they could be rescued.  The responsibilities for search and rescue is divided between the Canadian Air Force and the Navy (with ground search assistance from the Army); the Coastguard; the Royal Canadian Mounted Police; the Provincial and City police forces, and in isolated areas by locally formed SAR crew.  This is coordinated between three international Rescue Coordination Centers positioned across the country (Halifax, Nova Scotia; Trenton, Ontario; Victoria, British Columbia).  


Advice, re-standards and regulations for all these agencies are provided by regulatory bodies in Transport Canada (Marine Safety Branch), the offshore oil industry, by Scientists in University faculties across the country and in military Research and Development laboratories such as the Defense Research and Development Canada in Toronto (DRDC) (the former Defense and Civil Institute of Environmental Medicine).



Our thermal physiologists, both military and civilian, are quite as likely to be providing advice to a Workers Compensation Board on fisherman survival, as for Inuit hunters who have lost one of their colleagues who has fallen through the ice to a SAR helicopter crew searching for a team of Coastguard sailors that have upturned a Fast Rescue Craft in cold water and eventually have drowned.


Cold Water Survival Prediction Curves


As previously mentioned, in 1946, Molnar was the first person to attempt to provide the operators with a cold water survival prediction curve.  If one considers that humans have been drowning particularly in cold water for millions of years, yet previously no one had attempted to relate water temperature with survival time, then Molnar’s paper was an incredible achievement.  I might add with my tongue slightly in my cheek, if this paper had been submitted to a journal in 2009, it may not have been accepted for publication.  The scientific journals are somewhat reluctant to publish retrospective data that is not absolutely pure and through the very nature of the data cannot often be defended with all the statistical analysis.



Subsequently, this survival curve has been modified by Barnett in 1962 (3), by Hall in 1972 (7), by the Red Cross with the help of Hayward (9, 10, 11, 12 & 13) and Hayes (8) in 1986, by Oakley and Pethybridge in 1987 (16), by Tikuisis in 1997 (18) and finally by Wissler in 2003 (19).  Credit must be particularly given to Tikuisis at DRDC(T) who after modification of the data has made a very useful computer model for data used by SAR agencies worldwide.



The pros and cons of using the survival prediction curves has been superbly discussed by Golden in his “Predicting Immersion Survival Time – Art or Science?” at the International Association for Survival Trainers in Louisiana in 2003 (6).  This should be read by every Naval officer, helicopter pilot, Commanding Officer of a SAR helicopter squadron or SAR centers.  It should be mandatory reading for all instructors in Marine Survival training schools.


The Psychology of Survival


However, to date few researchers have considered the pioneering work of Professor Leach on the psychology of survival in conjunction with the cold-water survival prediction curves (15).  The human brain has very limited capabilities to make correct decisions in complex situations even in the absence of stress.  What psychologists refer to as ‘human information processing’ is the why that the brain handles many problems and decisions in a quick fashion.  Unfortunately however, in life threatening situations, our brain is very limited in its ability to process information and to respond quickly and most important, correctly (this is the same problem when facing complex situations).  80%-90% of victims of a single life threatening situation usually when presented with a death or serious injury involved, will display inappropriate and often counter-productive behavior when faced with the disaster; they will become stunned in denial and exhibit paralyzing anxiety.  Only about 10%-15% of victims will remain calm and rational.  Typical examples of this behavior are described by Leach in his text book.  This book should be also read by all the people who have been advised to read the Golden paper on ‘Predicting Survival Times – Art or Science?’



After two kayakers drowned off Howe Sound, British Columbia in October 2007, this author was asked to attempt to bring the two topics together in a simple manner for the layperson.  With the approval of Leach, the problems of both cold water and the psychology of survival were summarized in an article in the Sea Kayaker magazine in February 2008 (2).  


Human Information Processing


Very briefly, our brain uses an input selector (also called a “register”) to process all the information received by our sensory organs. All the sensations, such as vision, hearing, taste, smell, temperature, vibration, pain and posture, are constantly being fed into this register or input selector by nervous system or “telephone lines.” Here the information is encoded and put into a central processing unit, which is referred to as your short-term or working memory. The number of “telephone lines” to the central processing unit is very limited, and in any survival situation, you should assume that you only have one line. This makes the processing system essentially a single-channel analyzer. This explains, for instance, why people will swear that they did not hear an alarm sound when they were completely engaged in some other complex task, even if the alarm was very loud. They will be telling the truth because their internal “telephone lines” were busy processing the other information and could not process any more information.


The limitation of the input selector is one of the primary reasons why it is not easy for a single person to deal with a complex problem on his/her own under emergency conditions, and why working as a team provides a much better chance of survival.


From the brain’s input selector, information is entered into the short-term or working memory where it is compared with other similar experiences which may already have been encoded in long-term memory as schemas or routines. The stored schemas—routines that have been learned and reinforced by practice—are available for comparison to any new information entering into the working memory. The connection with the schema provides a quick path to deciding upon an appropriate response to the emergency. If no schema is present, a plan of action has to be formulated using working memory alone. That’s a very time-consuming process (see below) and has a limit on how much information it can hold and process in a given time.  With each new situation, a schema is developed and a response is generated. This response is then stored in long-term memory for a more rapid future response.


As we go through life, experiences from the benign to the dangerous are entered into our long-term memory as separate schemas. We have millions of schemas logged into our brain. Most are quite ordinary and automatic: turning the alarm clock on before you go to sleep at night, locating your toothbrush and brushing your teeth first thing in the morning, unlocking the car and putting the keys in the ignition, and so on. Some, like helicopter underwater escape, defensive driving techniques, fire drills, CPR and kayak rescues, are all created as schemas and reinforced by regular practice. If there is no rehearsal of these emergency schemas to get them fully established in long-term memory, then the fine detail in them fades, and it’s not remembered for later use when it may be lifesaving. That is why critical skills in our daily work and play require regular refresher training.


As stated above, this process of decision making in normal, non-stressful circumstances takes about a tenth of a second to happen. If no schema has been developed for such ordinary situations, then the information processing is done by the Supervisory Attentional System (SAS) in the brain. The SAS takes care of planning, decision-making, trouble shooting, error correction and solving novel problems.  It also helps us perform in technically difficult or dangerous environments and overcome strong habitual responses.


The SAS kicks in when we need to respond to an unplanned capsize, decide whether to swim to shore or wait to be rescued or assist an injured buddy crying for help. However, under stress and with no schema to follow, the SAS is slow and takes 100 times longer to process information compared to information stored as normal schemas.  In an emergency, it can be quickly saturated with information and, as a result, be disabled just when it is most needed.  The concern then is that the brain is limited in making good decisions when confronted with a complex situation.


Inappropriate Behavior Under Stress

Going hand in hand with our human information processing system, we also have a psychological protective mechanism that “shields” us from some of the stresses in life but sometimes doesn’t do as good a job as it should do. This is called self denial.


Professor Leach has an explanation for this phenomenon of self-denial. If your life is routinely comfortable and uneventful, your perception of a threat may be minimized by a feeling of having the odds in your favor—“It will never happen to me.” The response to an imminent threat is generally, and surprisingly, one of inactivity and a failure to take any positive protective action.


People tend to reduce their awareness of personal threat to a level that they feel comfortable with. They will also ally themselves with other people in their group who appear similarly unconcerned about the threat. A consensus that something is not a serious risk produces a strong desire to conform to the group. This failure to acknowledge a risk is often made worse because preparation for dealing with a threat is often considered to be boring, inconvenient and costly, and how many times have you heard people refer to a threat by saying “don’t even think about it, that might make it happen” – and yes of course, it is easier to deny it.


How Much of This Information is Now Taught on Survival Courses?


To date, few Universities and military and civilian survival schools discuss the psychology of survival and its close relationship to cold-water survival in their marine survival curriculum.
Survival Systems Ltd. Dartmouth, Nova Scotia, Canada introduced Leach’s work into their courses in 2006; Brooks et al introduced it into the Canadian Forces Flight Surgeon course in 2006 and the NATO RTO HFM-152 course (1) in 2007; Also, Ducharme and Lounsbury introduced the psychology of survival to the International Association of Safety and Survival Training (IASST) community in 2007 (4 & 5).  Finally, as stated above, Brooks introduced it to the civilian kayaking community in 2008 (2).  Hopefully with this positive reminder, the NATO thermal physiologists and those under contract to NATO will commence to consider the topic of survival psychology, not only in their experiments, but also in it’s application to the design and development of lifejackets, immersion suits, survival equipment (life boats and life rafts) and in guidelines to regulators on the development of new national and international regulations and standards.



I specifically mention the importance of the scientists being more involved in the application of their knowledge in the design of equipment and use the example of the plastic bailers in the Estonia marine accident.  The bailers were compression vacuum packed in plastic bags.  The designers and the operators had never thought that the plastic would be difficult to break open in freezing weather by people under stress.  Such a fundamental piece of survival equipment should have been instantly easy to deploy.  This was not the case and at least one person lost his front teeth trying desperately to break through the plastic (14).


Providing a Practical Answer for the Operators


I will now return to my introduction where I was asked about survival times.  In my 44 years of practical dealings with the operators, whether it be as a physician on a 60-day dive on a Polaris nuclear submarine, or prior to being dangled over the cold Atlantic Ocean in a Sea King helicopter to conduct a medevac to a fishing vessel, one fact has become clear to me.  The operators want a clear yes or no answer to their questions.  They see things as black or white and have to make life saving decisions using this principle.  If they viewed the world like we do as physicians and physiologists, then they would not be admirals, generals, pilots or master mariners – they would be physicians or physiologists.  As one can see, providing black and white answers to such questions posed to me and similar ones posed to you too are not clearly delineated where one can say, “stop searching, the person is dead by now, or they will not survive another 4 hours if the sea conditions escalate to sea state 6”.  Nevertheless, in my opinion I believe we can do better.


Psychologically related cold exposure deaths possibly explain the high incidence of unknown causes of deaths.  Hence, the inclusion of the psychology of survival could take the form of a shaping factor of a magnitude that would be dependent on casualty characteristics and the intensity of the situation.  The acquisition of experimental data to develop such a model is problematic due to the difficulty in creating/simulating life-threatening situations under a 'controlled' setting. Thus, one is relegated to assembling case histories, but the number required for statistical significance makes this a considerable challenge, but should be attempted because our Rescue Coordination Centers are recording survival scenarios on a daily basis.



We are paid as physicians and scientists to provide the best scientific advice to the operators, not to give them wooly, unhelpful answers at best, which cause them to be more confused and frustrated.  This leads them to lose confidence in us as a resource to provide the best possible advice for that particular life-threatening situation.



Just like John Leach describes, we ourselves fall into the same trap, it is easier to deny providing a best answer for the conditions by making excuses, than to assist the operators in making some very difficult decisions.



For two years as the Navy Command Surgeon, I worked on a daily basis with the Search and Rescue Coordination Center in Halifax, Nova Scotia and the Admiral in charge of the Canadian East Coast Fleet.  There was never a week that went by, when some search had to be conducted offshore down our long eastern seaboard.  Between us and that is the key, we saved many lives, and whenever possible did not put our personnel into excessive unnecessary danger, and indeed we saved precious fuel in our helicopter and frigates that would otherwise been wasted unnecessarily.



If we wish to regain the confidence that some of the operators have lost in us, not only do we need to engage them more on a daily/weekly basis, and not once the crisis occurs.  We must also attempt to publish more of the applied papers that tend to be turned down before even leaving the laboratory and certainly receives pages of criticism from the reviewers if they ever get submitted to a scientific journal.  We can provide sound advice explaining the pros and cons of the survival equation, but we have to be honest and thoughtful.  I have attended many different marine survival meetings, standards meetings, and equipment meetings.  Over the years, time and time again when asked after having given my opinion about a certain topic, but in many cases I cannot support it with any published scientists work.  The common question is do you have a paper or a report on this.  Operators, legislators, standard writers are naturally resistant to make changes, and replace procedures, standards and regulations unless they can see something published on the topic; even a small abstract helps.  


Conclusions

1) From Molnar’s pioneering publication in 1946, we have made reasonably good progress in the prediction of survival in cold water.


2) But, compared to progress in other sciences over the last 60 years, our scientific knowledge trails badly behind.


3) If the psychology of survival is to be included in any prediction model equation, then it can only be done if one has certain knowledge of a casualty’s likely behavior in a life-threatening situation.


4) As a result of conclusion 3, Rescue Coordination Centers should start to look more closely at the causes of death or near death in their investigation reports. 


5) Due to the manner in which the scientific community review and publish data in the journals, there has been considerable lack in publishing applied data that would forward our knowledge and assist the operator in their multiple decision-making (safety equipment, regulations and standards).
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Abstract

The aim of science is to help in better understanding of phenomena and mechanisms, evaluation of knowledge, comparisons by measurements and development of better solutions.  It also serves us by providing information for development of better materials and equipment for survival, protection and performance in the cold conditions, usually by diminishing the negative and increasing the positive effects. In addition to natural and technical sciences also medicine, physiology and psychology have offered their expertise to us. We need it because the demands relating to our duties and physical and mental performance in those are increasing all the time. During our 40 years co-operation with Finnish defence forces we have evaluated and developed two different combat clothing systems. The aim of the research program has been to improve military performance in extended military operations in cold conditions by development of Finnish military combat clothing. Concerning the combat clothing M2005 we started in 1997 by defining clear planning requirements mainly based on clothing physiological and psychological parameters like thermal insulation, air permeability, water vapour permeability, performance ergonomics and textile properties in different military tasks. But we studied also the meaning of weight of clothing and friction between clothing layers. As the result we have developed model of combat clothing M05, which were compared to the model M91 including material, cold climate laboratory and field measurements. We also compared the clothing physiological parameters of the new clothing to the planned requirements. The usability of clothing system was evaluated.. Nearly all requirements were gained during these 10 years of development. The main conclusion is that, when we have defined the aim of development process exactly, we will also gain these requirements, which in this case means clothing with better performance to soldiers.


1.0
INTRODUCTION

Finland is one of the most northern inhabited countries in the world and the whole country is north from the 60° latitude. For this reason cold exposure is a natural but also a harmful part of outside and also inside work in Finland. The coldest temperatures could be even below -40 °C. (Finnish Meteorological Institute 1977 - 1985). Additionally the wind chills the workers depending on wind velocity which often is more than 10 m/s in northern Finland. In spite of this there are no exact recommendations or regulations given by authorities to regulate the cold exposure and hazardous effects of cold exposure. 


Protection against the cold exposure can be ruled by recommendations and regulations, and put in practise by using technical protective means or by clothing and other equipment which can reduce the heat loss from body. The evaluation and design of clothing against cold have been developed systematically for decades [1,2]. The design of multilayer winter clothing has included many physical, chemical, physiological, psychological, aesthetical, clothing physiological and ergonomic principles e.g. controlling heat and moisture near the skin. There is also need of variety of the insulation of clothing depending on activity and weather. The wet conditions have given a great demand for design of clothing as also wind, radiation, mobility, tactility, and dexterity, the mechanical and chemical protection. Also there is a practical and scientific need to understand the basic mechanism of heat transfer in different kinds of clothing materials including semi-permeable membranes, hydrophobic and hygroscopic materials.


 The question is not only about design, but also of modelling and understanding the function of different layers of an ensemble. The basis for the physical clothing research is in the 1940's. In those days also the estimation and measurements of insulation values were developed based on thermal manikins and heated flat plate [3,4]. In the 50's also the simple calculation models were used and they recognized that one of the most important things in cold protection is insulation of extremities. In the 60's they started to handle also sweat evaporation and moisture permeability concepts [5].  With these basic ideas also the physical and physiological modelling of clothing based on the second law of thermodynamics were computerized and the effect of cooling could be calculated [6-9]. Not earlier than in the 1980’s there were reliable methods to evaluate the physiological properties of clothing from the point of view of skin. The main instruments developed were the sweating hot plate, sweating cylinder and thermal manikins with the used predictive models [10-15].


In Finland wider discussion about working clothing started at the end of 1970's. The most important measurement possibilities for equipment were developed in the 1980's and at the end of the decade also the new standards and calculation methods were taken into consideration [16].

There are three different main principles to handle the evaluation of clothing: to understand the meaning of heat balance of body, to have a physical and physiological model in order to understand the thermal system and regulation of body and to have a model to handle the evaluation and measurements of clothing. When we have understood these facts, we are able to define the scientific requirements and limit values for development work. According to the law of thermodynamics, heat loss and heat balance can be calculated knowing that heat loss occurs by radiation, conduction, convection and change of phases of water. The primary role of clothing in the system of man-clothing-environment is to regulate the rate of body heat loss.

Varying objective and physical evaluations of clothing for cold climate have been done only during last years and not until in 1990's the exact physical measurements have been adapted [2,12,17,18]. The latest models help to understand the heat balance analysis considering thermal environment, thermal insulation and water vapour resistance of clothing and heat production of body [8,10,19,20].  Because many kinds of physical and physiological test methods are proposed to estimate the properties of clothing and textile materials, it is important to have understanding of the evaluation systems (Figure 1).



Figure 1: The used clothing physical and physiological test methods.



Figure 2: A general scheme of the simulation models relating the environment and performance [21].

In Fig. 2 there can be seen how the environmental conditions are related to performance, and how clothing system on a test person relates to physiological and psychological properties. Accordingly the used simulating models are divided into two groups: 1) physical, usually clothing models, 2) physiological models, data regression models, models based on sensations at the skin [2]. In these models the heat and moisture transfer through clothing depend on insulation, water vapour resistance, ventilation 
and moisture, behavioural and postural effects. The heat is transferred in body by conduction and circulatory convection. The heat flow is controlled by sweating, shivering, vasomotor action and metabolic heat production. The physiological strain is used as a criterion to decide whether there is clothing enough or not. 


By using these kinds of tools we can predict heat and mass flow through clothing and heat balance of man, which give us possibility to define also excellent target values for military clothing. The most often used and measured parameters used in predicting models are water vapour resistance, thermal resistance or insulation, air permeability, thickness of clothing, water resistance, weight of clothing, regain parameter and also the indexes describing the water mass flow and water vapour flow through the clothing. Not only the thermal properties of textiles but also fit, drape and design, interaction of layers in a multilayer clothing, body movements and wind effect heat loss through clothing [22]. Hence it is important to define the thermal quantities of clothing systems, not only material parameters. The two main methods are the thermal manikins and the measurements with test subjects.

To have maximal work efficiency and safety in cold conditions the adequate heat balance is required. This can be controlled by heat production but also by clothing. The insulation value measured by standing man or thermal manikin can be reduced by wind or movements up to 50% [23].

Mecheels and Umbach [13] have defined a range of wear for (utility range) clothing and presented 
the so-called lowest temperature in which the body is in thermal balance. The lowest temperature satisfies the condition in which the body at rest (100 W) is lightly cool in the absence of sweating

 (Tsk = 32 °C). Then 

                                                 0.06 (pssk - pa)


Tmin = 32 - Rct {M - Hres - ________________} , 

                                                           Ret

where pssk is the saturated vapour pressure on skin.


In the same way they have defined the highest temperature for thermal equilibrium, when the actual evaporation at the skin surface is about 60% of the maximum possible and a mean skin temperature of 
36 °C.  


The best and the most original concept of the index of a required clothing insulation was revived by Holmer [8]. His model defines and calculates required clothing insulation value (IREQ) from the data for ambient climate and activity level. The IREQ method was proposed as a standard for ISO [24]. The IREQ index has taken care of many parameters in the working situations. Now

            Tsk - Tcl                                       Tsk - Tcl

Icl = _________________________  = __________  ,  


       0.155 . (M - W - Hres - E)                0.155(R + C)


where Tcl is the surface temperature of clothing being


Tcl = Tsk - 0.155 Icl(R + C) .                

When the minimum and maximum recommended values for ambient condition are known, we can 
define the utility range of clothing system based mainly on physiological limits for assessment of cold risks.

Because it has now defined and measured most important parameters of clothing system 
and we are able to simulate the behaviour of human by computers, we can define the 
measurement standards and target values for winter clothing.  For that we have needed the scientific data and tools.

2.0 The used methods and how they have developed


The main principle of our measuring process is described already in Figure 1. By these measurements 
the selection of layers and the weak points of clothing as well as physiological responses 
and subjective ranking were done. In Figure 3 feedback-systems in the evaluation methods 
were described. In every stage of evaluation we got correction measures to improve new functional clothing.
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Figure 3: General procedure of investigations in this research. 


The assessment of cold stress has been based on local cooling or body cooling [25]. 
From the physiological responses follow psychological responses and both effect performance and also motivation and mood [26].  Extreme response can be possible damages like frostbites and accidents. Hence we have changed this figure to have a wider perspective and actually show better the relation to the aim of all development work ─ performance and ability to survive (Figures 4-5).



Figure 4: New type of study design

Figure 5: Typical used study design in clothing research [27]

Questionnaires, physiological and physical measurements, performance measurements and clothing tests were applied in nine different research projects and in three different long term field trainings. The thermal balance was measured by skin and clothing temperature, heat flow from the skin and moisture inside the clothing. We recorded the background information, conscripts' expectations and experiences, physical and mental strain and evaluations of combat clothing. The test subjects were voluntary conscripts and they used old and new clothing systems. The field experiments were the long term exposures, lasting more than 10 days. During the research period we studied all the different clothing pieces from head cover and face mask to socks and boots. According to the feedback of field survey at the beginning we focused especially on gloves and functioning of clothing in long-term exposure, which were informed to be problematic in cold conditions. Mostly we used our own research design.


3.0 Results and discussion


When we started the research and development projects in 1970's with defence forces, the answers were very detailed and mostly related to individual parameters like thermal resistance of clothing materials or hand skin temperatures. The list of output in the projects is now comprehensive. We should answer e.g. following challenges during one project.


· Meaning of thermal balance for body and especially extremities - which are the risks, performance, utility range of clothing.


· The effect of heat balance on neuromuscular and manual performance: 10-20 % even 50% ─ sensory, cognitive, motor functions.


· Effect of garment itself: mass, 1 kg is effect of 3% and friction effect of 10% on metabolism.


· Energy expenditure: 100kJ/ C.

· Fluid balance: recommendations.

· Sleep: time, quality, reasons of disturbances.


· Effect on military task itself: e.g. effect of gloves on shooting, magazine loading.

· Moving and movements.

· Leadership, commands, understanding of commands.


· Attitudes: expectations, experiences.

· Stress and strain: understanding. 


· Usability of equipment.

· List of demands; basic demands to clothing and equipments.

· Users requirements.

· Users responses: sensation and feelings.

· What is statistically meaningful?

To answer these challenges we have more numerous and complicated data and material as ever before (Figure 6).


Figure 6:  Insulation of K05 and M91-clothing and moisture in clothing (N=4)


[image: image2]

Figure 7: Thermal insulation measured with thermal manikin and test subject.


Often we also compare the results from different sources just to be sure that laboratory and field measurement support each others (Figure 7). There is also a requirement that in the wide questionnaires the results should be statistically significant and reliable (table 1), which means wider research projects.

Table 1:  Statistical analysis from the clothing questionnaire. 


               *** p<0,001, ** p<0,01, ns=not significant

		Weather conditions affect survival of hands

		ns



		Hands cope better with the cold as general thermal sensation increases

		***



		Feet cope better with the cold as general thermal sensation increases

		***



		Sweating of feet decreases their thermal sensation

		***



		Sweating of feet decreases their ability to cope with the cold

		***



		Weather conditions affect thermal sensations at rest

		ns



		Increase in wind decreases dampness caused by sweating

		**



		The ability to cope with the cold increases as thermal sensations rise

		***



		The ability to cope with the cold increases when wetting decreases

		***





Figure 8: Ability of hands to cope in cold conditions with different clothing system.


In the product comparisons not only the statistical analysis but also the figures itself should illustrate that the new product is more suitable and better than the old one. One way to prove the effect of research work is also to show that a long time ago defined target values for new clothing has been reached (Table 2).

Table 2:  The target values for development of clothing model M05.

		Thermal insulation



		Parameter

		Limit

		Argument method

		M05/ok



		Insulation

		- 30 oC

		Heat balance

		ok



		Long term cold exposure

		0.45 m2K/W,3 clo

		prEN 342

		ok



		Gloves

		0,4 m2K/W, 2,5 clo

		Frostbites

		ok



		Sleeping bag

		1.5 m2K/W,10 clo

		Winter required rest

		ok



		Air permeability



		In wind, rest

		AP <20 l/m2 s

		Preventation of cooling

		 ok



		Water vapour permeability



		Cold weather clothing




		< 13 m2Pa/W 



		prEN 342




		 ok



		Mass of clothing

		-7 kg

		ergonomics

		-1,7kg/ok



		Mass of carrying equipment

		- 1 kg

		ergonomics

		- 1,4 kg/ok





Table 3: Typical test results of glove measurements to be sure that dexterity of hands will remain good enough.

		

		PP-under glove

		Fingered leather glove



		

		

		without lining

		lining

		thick lining



		Thickness (mm)

		    1,7

		    1,9

		     3,3

		  4



		Time (s)

		48

		79

		79

		90



		Average error-%

		  6

		21

		 3

		43





Also we should as clearly as possible to show that both the survivability and performance have improved (table 3).

What have been the benefits? The problems occurring with boots and gloves are much less now than before. And we know also the effect of new clothing system on performance and motivation of conscripts. We have calculated with IREQ-index the given utility ranges for clothing system. This means that we know also how much clothing should be dressed in different situations. These values have been studied both relating to the extremities and torso itself.


As a side result we have found that for example friction between material layers has a remarkable effect on performance [28]. In material measurements with dry materials the difference of friction between new and traditional materials is clear, 50 %. With wet materials it was smaller, 15 %. The conclusion from material measurements was that the difference could be seen also in metabolism and motion of body parts. The conclusion of physiological measurements was that the decrease of friction affects performance especially in the cases of wide movement ranges and in whole body movements. The effect on thigh motion was especially clear. The new lower friction clothing improved the performance by 7-13 %. The slight tightness of clothing had the effect of about 2% on performance. The improvement is remarkable: during a longer period the physical load can be 50 % of the maximal value of the test person. The bending angle of limbs was 10° less with traditional clothing. It means 10 cm shorter motion ranges (10/60 cm) in climbing. These facts are important in extreme conditions and in the case of extreme performance e.g. in climbing.  

We have measured air gaps in clothing and analysed their meaning and the effect of reflecting membranes and e.g. washing of sleeping bags to their insulation. We have found out that also the use of clothing decreases its thermal insulation and water resistance. According to our studies this finding is really remarkable. Main part of these results will be seen in our posters and other presentations. 


But the main goal was also fulfilled ─ survival and performance by using the new clothing system M05 was considerably better than by using the older clothing systems. Especially thermal sensations of the body and extremities were described to be warmer when using M05 than when using other clothing systems. Besides survival and performance improved clothing affected also soldiers' motivation and mood. General thermal sensation and sweating were more important than weather conditions for coping of feet and hands. There was the clear positive response to the success of development work made with clothing. Also the usability and utility range of clothing were better than before. The similar responses were seen in the questionnaires and measurement results, even in laboratory. The clothing was lighter, more comfortable, and easier to use, easier to undress, had better moisture handling and extremities were better protected. Nearly all requirements were gained during this 10 years development. The conclusion is that, when we have defined the aim of development process exactly, we will also gain these requirements. During these studies it has been developed new measurement and monitoring methods (38), new clothing pieces (60), new action models, new criteria for products and risks and reported the results in many publications.

How has the research changed during these last decades? The next table will present these changes well enough.

Table 4: Changes in research environment from the decade of 1980 to 2000.

		

		70/80's

		90's

		2000's



		Target of research

		Coarsed cloth

		M91

		M 2005



		Research method

		Individual thermometer

		Biophysical measuring equipment, test persons

		Computers, GPS, enquirers in field



		Research place

		Outside, with soldier, simulations

		In laboratories

		Manoeuvres, European network



		Research frame

		Individual target (toes)

		Protectiveness, performance

		Effect on  task



		Research                           co-operation

		One researcher

		Multiprofessional group 

		Common platform of researchers





		Research results

		20 reports

		100 reports and publications

		40 publication-oriented





4.0 Conclusion


As a conclusion  based on our research concept we can clearly conform, that survival and performance by using new clothing system M05 was considerably better than by using older clothing systems. Also thermal sensations of the body and extremities were described to be warmer with M05 than with older clothing systems. Besides survival and performance improved clothing affected also soldiers' motivation and mood. General thermal sensation and sweating were more important than weather conditions for coping of feet and hands. There was a positive response to the success of development work done with clothing. The similar responses could be seen in the questionnaires and measurement results, even in laboratory. But the development of systems and its testing is time consuming, in this case 10 years.


Finally, if we define the aim of development work exactly, we can also gain the planned requirements. It is also very clear that the quality of clothing system is so high today that the increase of soldiers' performance could be reached more easily by better training than by any new development project.  In training the information should be given about weather, activities and accordingly about clothing needed.
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Overall there were 43 papers presented by 10 Nations. The topics ranged from basic biochemical research into cell behavior in the cold to serum potassium at the point of death; cross-adaptation, hydration in the cold, operational medicine such as non-freezing cold injuries, human protection in adverse environments such as the design and development of winter clothing; laboratory experiments in cold air and frost nip; cold water and cold air survival modeling and cold exercise physiology, and key problems for the soldier such as weapons handling in the cold and the effects on marksmanship. In addition there were presentations from military members with case studies of cold injuries, these are always appreciated for their practical value.

In quite recent history, Napoleon lost 500,000 troops in the cold on his winter retreat from Moscow in 1812; the Germans and Russians lost close to 3 million troops in the winter of 1941/1942; and much more recently the Russians reported a large loss of troops in the winter in Afghanistan. On the one hand, technology has advanced rapidly such that the latest weapon systems can pin point target a single human being or building from several miles away; yet on the other hand, paradoxically our physiology and psychology has progressed at a snail pace in its application to protecting the soldier’s in the cold. We still do not have a set of good army combat clothing, tents and sleeping bags, a standard for testing humans and equipment and a reliable validated modeling system. Furthermore, our human testing is only conducted on small series’ of young fit males, and rarely on females or older populations. None of these results have yet been validated on the over 35 group of soldiers, male or female.


The meeting opened with a paper from Gamble of the US Army, regarding the prevention and management of cold-weather injuries. This paper highlighted the importance of forward surgical care, rapid evacuation and the role of thermal injuries. He discussed hypothermia prevention strategies, current rates of hypothermia, and the limitations with re-warming techniques in the current combat areas. There were questions regarding the continued use of the Mylar blanket in re-warming despite supportive evidence, as well as discussion on the potential benefits of mild hypothermia in trauma patients and negative effects on blood coagulation.

Oakley clearly defined the problem of Non-Freezing Cold Injuries (NFCI), and the fact that since Ungley described the syndrome in 1945, the Royal Navy Institute of Naval Medicine (INM) clinic referrals have gone up from 50 patients a year to over 300 in 2007. A significant cause of the rise in referrals may be due to the susceptibility of British soldiers of African or Caribbean decent, or perhaps the incident number have not increased at all but are the result of the Joint Service Publication 539 and the new training program in place to help soldiers identify NFCI. Although the fact has been known since the Korean War that Afro-American troops were more susceptible, it was largely ignored. Due to two papers being withdrawn, Oakley gave an extra presentation on the details of NFCI, defining the conditions and presenting various observations with data from the INM. Oakley defined the Ungley stages, and the effect of NFCI on the British Armed Forces stating that about 20% of them are later discharged. Mechanisms were proposed such as local nerve cooling and local vascular endothelial damage. There were questions such as related injuries (Paddy foot, Trench foot) and Oakley stated they are all the same mechanism and NFCI is now the preferred term. Again attention was brought to the fact that the publications and training on NFCI were most likely the cause of the recent increase in cases reported. Tipton’s group at Portsmouth University is completing research into the mechanisms behind NFCI.

Izard’s paper confirmed the observation made by Oakley in the keynote address that British soldiers of Afro-Caribbean descent are more likely to be effected by NFCI but by a different factor, an observation first made by the U.S. Army in the Korean War. Izard used longitudinal data to attempt to identify potential variables that predispose people to NFCI. However, screening procedures for recruits who may be susceptible have so far not been successful and even making an accurate diagnosis is still somewhat contentious, in addition it is not possible for the UK Army to segregate those who can and cannot work in the cold. The inconsistency across NATO countries in their reporting of NFCI needs further investigation, as it seems unrealistic that this problem only exists in the UK.


Ducharme and Brajkovic attempted to assess the risk of frostbite for the planning of a military operation in the cold. They investigated less severe conditions than originally examined by Siple and Passel, and (for the first time) looked at the relationship between risk of frostbite on the face and cold induced vasoconstriction during exposure to cold wind. However as an audience member noted we have to be careful in connecting the two as the measured locations of the CIVD were not necessarily the measured locations of the frost nip. Contrary to the Siple data using the Old Wind Chill Index, where the risk of frostbite occurred within one minute; using the New Wind Chill Index, 58% risk of frostbite occurred in 20 minutes. Furthermore, there was an inverse relationship between CIVD frequency and frostnip for Equivalent Temperatures ​< -28C.

Von Rosenstiel described a comprehensive cold weather prevention and management program administered primarily through education and training. This is highly commendable and appropriate, however there was no data presented to show whether it was working or not. If this is proven to be so successful, then should it not be adopted by NATO troops?


Richter described the success of using the Ulm protocol for the treatment of deep frostbite. The key to success being in the multi-modular vascular treatment with an anti-platelet therapy on site, anticoagulation, prostaglandin E1, oxygen, etc. This protocol is based on the classification of frostbite published by Emmanuel Cauchy, the head of the medical mountain team of Chamonix Hospital, Mont Blanc. The question is should this protocol be used or modified and adopted by NATO medical officers? There was also some debate about the protocol for the HBO therapy.

Jorum presented a paper on Cold Induced Neuropathies, and an example of a case of cold immersion which 2 years later led to cold injury fiber neuropathy in the legs. She also discussed the effects of cold exposure in cases 2-3 months later and 8 years later, and the effect on cold sensation (detection). She discussed the increase in cold pain hypersensitivity of the injured soldier as well as increased sweat gland output and contra lateral cooling and impairment in vasoconstriction.

Vogl presented an interesting case study of an accidental immersion with 27 minutes exposure to extreme cold. He discussed the difficulties with diagnosis and rewarming strategies in the field, the use of warm infusions, and implications for further injuries.


Kjaergaard discussed the translation of the treatment of hypothermia to the field (i.e. Kabul) and the limitations of using core temperature as an indicator for mild, moderate, and severe hypothermia as well as the method of treatment. He reconfirmed that the treatment of hypothermia can be divided into two groups, those patients with a body core below 35°C and conscious; and those below 32°C and unconscious and those below 32°C with a collapsed circulation. And that only those in the latter two groups require intense therapy. The practical application of this paper would suggest that each NATO country should republish this paper and circulate it to all its Army, Navy and Air Force medical officers, or a Working Group should be formed to establish a common NATO policy. This could be based on the guidelines recommended by Golden to the British Medical Research Council.


Ness presented the US/German bilateral agreement on health status monitoring: and application to cold environments. He presented the phenotypic expressions such as the size of extremities in relation to the environment. He also discussed acclimation in humans and return to warm environments and an overview of what can be found in cultures that are exposed to the cold for long durations.

Sterri presented an investigation into the molecular response to cold stressed cells in non-freezing cold injury, and suggested a cream containing 4% Bimoclomol may help to prevent injury. However before recommending a pharmacological intervention we need to determine its validity, I am not sure if this research has reached a level of maturity where a clinical trial should be conducted among NATO nations to confirm the efficacy of Bimoclomol in a military setting. In addition, there were questions from the audience on the validity of these stress markers, as these stress markers may return to normal and may not necessarily be part of the mechanism that results in NFCI.


Gunderson, et al, published excellent fundamental biochemical research to quantify temperature effects on markers of circulatory leukocyte function, but their results were inconclusive. This often happens when basic work is conducted and they should be encouraged to continue their work in the Department of Protection at the Norwegian Defense Research Establishment.


Savourey, et al, should be commended for the development of a complete program to predict the thermo physiological duration limits in soldiers in cold climates; this was validated in 8 young males. May I politely suggest that we need to extend the range of human validation marginal unfit males over 35, and of course females must be included too. It was encouraging to see that the Predictor model is going to be also usable in English soon. Limitations noted during the presentation include the inability to incorporate the effect of breaks in exercise, as is often the case with training. The speaker indicated that the model does accommodate for this, but this function still requires further investigation, as the predictive model is not ideal for this scenario and works by being conservative. In addition there is need for the incorporation of various anthropometric variables into the model, as the speaker indicated that the model is based on an average body fat, mass etc for a population and could not account for individual differences.

Amon, et al, examined the effect of 28 days hypoxic training on the CIVD response (a sleep high/train low strategy). This showed some promise in the prevention of cold injury by enhancing the CIVD response. However, this training may not be practical for a large group of soldiers, but may be useful for Special Forces like alpine skiers, Seals and Marines, etc. Research on these strategies has yet to determine the mechanisms for the result, this requires further investigation.


Rintamaki, et al, examined how soldiers can assess their thermal sensation to cold in a field exercise. The principal finding was that the cold sensation was noted in the fingers more commonly than in the toes. However on further investigation this may be due to the fact that the fingers were exposed to the cold and wet, but the feet were in boots. There was also some concern about using the core temperature as a predictor as the core temperature may not even change during the field exercise. As skin temperature is a function of core temperature, perhaps the relationship between thermal sensation and skin and core temperature is really just a function of the skin component. There was no explanation of this as the author recognized that the core temperature is included in the skin temperature calculation. In addition, the anthropometry of the fingers was not considered as a factor for prediction, and the author indicated that these measurements were taken, but not incorporated in this analysis.

Werner, et al, reported on a new non-invasive method to measure core temperatures under cold conditions that replaces the rectal thermometer. The results indicated that using 2 heat flux sensors on the head and sternum is not accurate to detect core temperature in immersion. The authors suggested this method might have some use in field research in the future such as air flight and space stations. One major limitation noted by the audience was that the two sites chosen for the sensors did not show the initial spike response upon cold-water immersion, as they could not be exposed to the cold water. Therefore this method could only be used with immersion research where the sensors are protected (i.e. by a survival suit). Additional investigation needs to be conducted in regards to the effects of subject adiposity.

Two papers were presented on the thermal response to whole body immersion in 10°C and 18°C water for 6 hours by Bourdon, et al. There were two principle findings. The first was that in the 10 Navy Seal volunteers wearing “special cold water” wet suits, these suits provided adequate thermal protection for long duration immersion from a medical point of view, but not for an operational point of view. After 6 hours of exposure to the two water temperatures there was a total core temperature drop of 0.9C. However, local skin temperatures demonstrated large differences. They did not recommend a modification to the wet suits. The second finding was that the six cylinder thermoregulatory model (SCTM) predicted physiological responses to whole body immersion with ‘acceptable’ accuracy and can be used for prescribing a specific wetsuit for a specific operational condition. Should the SCTM model now be reviewed and refined for use across NATO nations?

On the topic of Survival prediction, and presented in a poster session later, but needed to be discussed here in conjunction with the previous paragraph on thermal modeling. Schlykowa provided an excellent review of the topic using the original Wissler model developed in 1984 and the new German model developed more recently and examined by Bourdon, et al. I am glad this paper has been presented because it brings up many issues that warrant the establishment of a Working Group, which ultimately may lead into an R.T.O conference. Specifically, the issues of testing survival suits with humans versus manikins; the validation of manikins and physiological data; the application of data taken from young fit soldiers, sailors, university graduates to the slightly unfit, over 35 year old males, and of course female data (most data is male data); the issue of point of death and point of incapacitation which may be several degrees of body core temperature different; and whether the standard should reflect survival with no thermal damage to the extremities or whether some non-freezing cold injury is acceptable or even frostbite. In 1984, when Wissler and Allan produced their original survival prediction curves and prescription for immersed CLO values for immersion suits for the North Sea Offshore Oil Industry, they realized that it was impossible, at least at the time, to develop a survival suit that could be worn in a fighter or helicopter that would provide “perfect” protection; hence the compromise. However, 25 years later, the topic must be re-visited by the NATO HFM panel.


Vaagenes, et al, reported on extensive work using the Rat Model to examine if the inflammatory response was amplified when rapid re-warming was conducted from mild hypothermia after a hemorrhagic insult was created. They concluded there was no overall gain to be made by rapid re-warming. There was a question from the audience at what temperature should active re-warming take place?


Launay and Savourey examined the very important and practical topic of the thermo physiological risks of cross adaptation in one paper and a second paper suggesting that acclimation to hypobaric hypoxia induces a normothermic general cold adaptation, but not a cold adaptation at sea level. In the first paper, cross adaptation was examined in 8 soldiers who spent 4 weeks in French Guyana. The results indicated that exposure to heat, changes thermoregulation to cold by increasing sensitivity but results in higher risks of hypothermia. In the second paper, the authors noted that after an expedition to Everest there was in increase in sensitivity of the thermoregulatory system, mechanisms of insulative adaptation and increased vasoconstriction. Therefore a high risk of cold injuries. Limitations acknowledged in the experiment (a) the choice of subjects; (b) the reproducibility of this test; and (c) the effect of individual variation. The large individual variation was acknowledged and the authors indicated the need for more research while recognizing that this variation is realistic and precisely the problem that confronts researcher in operational combat situations.

Moving on to the design and development of winter clothing for soldiers, including a detailed review of Finnish Military clothing, tents and equipment. Vilhunen discussed the protection of combat clothing against cold in long-term exposure. Then, Jussial et al discussed the physiological properties of the new military combat clothing and its effect on survivability and performance in long term cold exposure. Anttonen presented a model and method on how Finland selects operation clothing for their Defense Force for various activities. This has been very successful in use since the early 1970’s. The model looks at all the critical issues that make an item of clothing good or mediocre such as air gaps in the layers of clothing, reflecting membranes, friction between layers of clothing, etc.

Limitations in this research originate from the data being dependent on questionnaire data from 30 subjects attempting to determine (a) the “survivability” of the clothing and, (b) at same time, the assessment of their “mental and physical performance”. As there was no functional test of performance of the clothing or no objective measures of mental performance etc. Comments were made by the audience about the limitation of the data, that it was all subjective, and was compared to an older ensemble. In addition, there was no evaluation of the properties of the clothing for robustness at the end of the exercise, which was previously mentioned as an important factor in the evaluation of military clothing. The audience expressed the opinion that this evaluation of clothing would be difficult to disseminate, as there were no objective measurements of mental or physical performance.

On the topic of modeling and predictions, Pavlinic et al, suggested that one method to prevent cold-water injuries would be to recommend an optimal clothing ensemble to be prescribed for each environmental condition. They examined the first steps of examining a combination of micrometeorological monitoring and biometeorological forecasting with the combination of thermo physiological data of clothing ensembles. To prescribe such an ensemble, they tested this concept out in three different ways; on a thermal manikin; with soldiers on guard duty; and with soldiers conducting a 12 km hike. This concept showed promise and may be even further improved with the introduction of the Universal Thermal Climate Index.


Mantysaari, et al, investigated whether interval thermal protection during the rest periods of interval exercise in cold can improve overall physical work capacity. Using 8 healthy young men under various conditions, their results showed that in the short intervals of rest skin temperatures were higher and cold sensation lower (a good thing); but the downside to that was that in the longer intervals of rest was the increase in sweating, a risk of hypovolaemia and increased peripheral cooling (a bad thing), but it was difficult to make any firm conclusions due to the number of possible combinations of exercise intensity, thermal conditions, pause durations and methods of cold protection. They recommended future research should concentrate on identifying some basic rules by which a soldier can avoid several effects of cold in the operational environment. There was some question from the audience in regards to the clothing ensemble selected as it may result in a lot of sweat accumulation and may not be practical for this level of exercise.

Rautanen presenting lessons learned from Field Training in the Finnish Defense Force where the Jaeger Brigade trains North of the Arctic Circle in Lapland, with 6-7 months of snow and in temperatures as low as -51C. Capt Eriksen from Norway then presented with lessons learned from Afghanistan in 2007/2008 discussing the winter influence on the insurgence, hibernation, decreased mobility, isolation, and he highlighted the need to maintain operations during the winter months.


Pavlinic discussed a modeling program for a 12 km hike over 3 hours in the Julian Alps in winter, while wearing 2 different clothing ensembles. The model examines how well the garments perform in field conditions. There were questions as to if the error in the model can be corrected and if it is possible to predict extremity temperature. Pavlinic, et al, confirmed that the “improved” Wissler model predicted the thermoregulatory response well of 10 military personnel on two entirely different scenarios, 3 hour guard duty and a 3 hour hike in the Julian Alps. This model is also available to the public. Perhaps the time has come to establish a NATO survival prediction curve for clothing and survival in cold air, and at least a common protocol for testing winter clothing. This is a perfect opportunity to fund a Working Group.


Oska, et al, wished to examine the effects of a 12-day maneuver in a cold environment effected physical performance. The temperature was on average -5C. Maximum VO2 was obtained on the bicycle for 22 subjects, 10 of these subjects were also used in the field. Muscle performance tests consisted of leg extension and tests of anaerobic power, including maximum grip flexion and pinch grip. In the exercises soldiers were measured as moving 1-2km.hr on foot, moving 6-15km a day. The percentage of time spent below anaerobic threshold was 96%. There was little fatigue noted in the motorized infantry because they were not engaged in sustained over-exertion, and the fitness level of the soldiers could maintain their physical performance during the long-term military maneuver in the cold. Based on metabolic estimates, there was a 7700 kCal deficit after the exercise.


Daanen presented a model to predict the deterioration of finger dexterity by measuring the Wind Chill Equivalent Temperature (WCET) and the square root of the exposure time. There were two limitations identified with this study, the first being that the authors used techniques such as the Perdue Peg Board to measure finger dexterity but no practical field measure (assemble/clean weapon). In addition the hand exposures may not mimic field applications (taking off gloves just for the test). There were also questions as to if these results were subjects specific (was the group homogeneous) and since the Perdue Peg board was a one-minute test, do the results apply to anything greater than 1-minute exposure.

Peitso, et al, presented a field trial of increasing fluid for soldiers in the cold with juice, although a reported improvement in performance was shown, there was no placebo, and performance was not actually measured, simply self reported. The usefulness of this research is limited as there were no actual measures of the hydration state of the soldier, and increased “reported” performance may have easily been the result of participation in the study.


A more controlled experiment by Castellani, et al, showed (using a marksmanship simulator with 120 pop-up targets at 300 meters over a period of 30 minutes of sentry duty) that hypo-hydration impaired endurance exercise performance in temperate, but not in cold air.

Tannheimer, et al, observed changes in hematocrit and hemoglobin in 12 mountaineers at altitudes of 4850 meters and 7600 meters over a period of 62 days. They noted an intravascular haemoconcentration in the climber’s blood initially and attributed this to a shift of fluid to the interstitial space.


Jacobsen, et al, conducted basic research using anaesthetisised pigs to investigate how potassium levels rise in blood plasma after cardiac arrest at low body core temperatures; this was compared to potassium levels after cardiac arrest at normal body temperatures. They concluded that if the pig data can be transferred to the human, when a person is found cold, apparently dead and having a low plasma potassium level, the person must have had a cardiac arrest after being cooled down. However, if a normothermic person is found with a cardiac arrest and low plasma potassium, it can be suggested that the heart function could not have lasted for more than one hour. This is extremely important research and more work should be done to validate the response in humans.


Castellani, et al, examined the effect of supplementing tyrosine into soldier’s diets on the cognitive skills of marksmanship under cold conditions. Nineteen soldiers were immersed in cold and 15 of them were later exposed just to cold air. Their results supported previous research to show that supplementary tyrosine improved working memory and improved marksmanship in the cold. This research appears to be mature and NATO should develop a protocol for the prescription of Tyrosine to soldiers operating in a cold environment.


Bourrilhon, et al, measured the energy expenditure of ten professional climbers in an alpine climbing mission over 30 hours on Mont Blanc. They noted that energy expenditure was high than the level reached by American soldiers during a recent one-week winter exercise.

Now addressing the poster sessions. There were six posters presented by the Finnish Institute of Occupational Medicine and the Finnish Defense Force all related to their previous new winter protective clothing related to the keynote address by Antonnen.

Antonnen et al reported on three-layer winter clothing that was tested for thermal insulation on a walking manikin. They reconfirmed that the effect of wind must be considered in any manikin testing because the air can penetrate to deeper layers of the clothing through the pumping effect of walking and the air spaces between the different thickness of materials.


Jussila, et al, reported on the evaluation of eight different materials suitable for winter underwear used by 242 infantry and artillery personnel in a winter maneuver. They concluded that a non-plain type of fabric such as polyester wool was better to reduce moisture accumulation.


The third poster was presented by Anttonen, et al, who had placed 18 sleeping bags individually on a thermal manikin to assess the overall over-night survival of soldiers in the field. Criticism of the sleeping bags included that they were too complicated, slippery between inner and outer layer and very cramped/too short. Why has it taken so many years to perfect a decent sleeping bag?


The fourth poster was presented by Vilhunen, et al, on the function of different layers of glove on the ability to shoot a rifle accurately at +2°C and -20°C outside air temperature. As Vilhunen reported, if the soldier’s heat production drops below 200W, even good gloves do not work well at temperatures of -20°C. The critical issue is really to try to keep the anastamoses open.


Anttonen and Valkama presented the fifth poster on how to provide cold protection to the face at an ambient temperature of -30°C and wind speed of 10 meters/sec. As we all know the biggest problem is one of the accumulation of exhaled moisture. They assessed all the human factors related to a good facemask, but the solution is complex and there is still a lot of work to be done to provide a good one.


On the topic of re-warming, Rissanen and Rintamaki presented the sixth poster.

How does one re-warm the fingers and toes when one is in combat either shooting a rifle or launching a grenade?

Summarizing all the papers, there was a very good spread of topics and the papers were of excellent quality. One glaring omission in the reported experiments was that no one used regular over 35 year old “normal” soldiers, and only in one paper did it appear that women were used as subjects. Future research must include females and the over 35 year old subjects of both sex.


Finally, the HFM panel must be commended for organizing this symposium. It has revealed a very important fact that has been very obvious to the principal author of this TER for over 40 years. In 1967, as a young Polaris submarine medical officer in the Royal Navy, it was very apparent that technology for all the weapon systems for all three services was extremely well funded. We fired a missile off Cocoa Beach, Florida from 60 feet submerged and its various warheads landed within a matter of feet from their planned target in the Indian Ocean. Yet there was no funding to look at our problems of breathing high levels of Carbon Dioxide and Freon on 60-day continous dives, or the effects of extreme heat stress suffered by the engine room staff due to the serious steam leaks! Us poor old humans just had to put up with it all, little has changed. Over the years, funding for any human experimentation to enhance the performance and protection of the soldier, sailor or airman has not been well funded. We had to, and still have to beg for pitiful amounts of money. This shows clearly in our progress to protect our service personnel in the cold. Even in the 21st Century, we have not come up with a common NATO policy on the treatment of hypothermia, the standard human testing protocol for test clothing in the cold, the development of a standard thermal manikin for cold water and cold air. Like the length of time it took for the identification of Cold Shock and Swimming failure as the principal cause of drownings in cold water; so it has taken many years to identify non-freezing cold injury and start to take steps to screen for it and protect from it. None of this is the fault of the scientists; it is simply a lack of funds to do the research.

And what is more, when I look at the several hundred now fading photographs of the equipment that was tested in a huge trial in Canada in 1944, in which every nation’s cold weather clothing was evaluated, I honestly cannot see that we have made much progress except in material items such as Velcro, Gortex, micro fibers, methods of physiological measurement such as heat flow discs, data loggers, and EKGs. We still have not solved the problem of providing our forces with much improved protective clothing, good diets, policies on work rest cycles in the cold, and the treatment of cold injury. None of this is the fault of the scientists; it is simply a lack of funds to do the research.

This of course is due to the fact that NATO has poorly funded our human research. Someone has persuaded them that cold and exercise physiology is a mature science, therefore it now can be done by modeling. Nothing could be further from the truth. As a result, we have all seen massive spending cuts and closure of military laboratories. NATO still does not recognize that our soldiers, sailors and airmen may have great weapon systems; but, a hard fact to swallow is that without addressing the problems addressed above, then in the opinion of the author, the situation will not improve in the near future. Hopefully someone in high places will see the problem and will initiate a coordinated well-funded NATO initiative to improve the performance of Soldiers in a Cold Environment. Otherwise in the next 25 years when this topic is revisited and I am long gone, little will have changed.
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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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Abstract

Introduction: Non-Freezing Cold Injury (NFCI) is characterised by local neuropathy and occurs predominantly in the feet of military personnel and mountaineers following prolonged exposure to cold wet conditions. Previous research has demonstrated that being of Afro-Caribbean (AC) descent, a lower military rank or an infantry soldier increases risk. However, no such research has been conducted on British Army recruits. Purpose: To determine the risk factors for NFCI during British Army infantry recruit training. Methods: Data were collected from all male infantry recruits reporting (REP, n=167) and subsequently being medically discharged (MD, n=67) with NFCI whilst undertaking a 24-week initial infantry training course in Northern England. The following data variables were collected for all Cases and representative Controls (n=5133) over a 4 year period commencing 1 April 2003: height; weight; fat mass; ethnicity; general trainability index (GTI); 1.5 mile run time and; education level. Data were analysed using Binary Logistic Regression and significant risk factors are presented as relative risk (RR) with 95% confidence intervals (CI). Results: The incidence of REP increased from 9 to 30 per 1000 recruits, from year 1 to 4, with the majority of cases (90%) being reported during field-based training. Independent factor analysis demonstrated that AC were 13.2 (95% CI 9.5-18.4, P<0.01) times more likely to REP and 27.3 (95% CI 16.3-45.9, P<0.01) times more likely to MD, compared to Caucasians. Interestingly, both educational level (P<0.01) and GTI score (P<0.01) were independent risk factors for REP and MD, those with lower levels and scores being at greatest risk. Ethnicity, education level and GTI were entered into a multivariate model (Table 1).

Table 1: Multivariate model to predict NFCI REP and MD.

		

		REP

		MD



		

		RR

		95% CI

		Sig

		RR

		95% CI

		Sig



		Ethnicity

		7.7

		5.3-11.4

		P<0.01

		17.7

		9.8-32.1

		P<0.01



		Education

		2.7

		1.0-3.6

		P<0.01

		2.3

		1.3-4.3

		P<0.01



		GTI

		1.02

		1.00-1.03

		P<0.05

		

		

		





Conclusions: These data demonstrate that AC are 13.2 times more likely to have a reported NFCI and 27.3 times more likely to be MD compared to Caucasians, during initial infantry recruit training. Educational attainment appears to account for some of the variance in the relationship between ethnicity and NFCI, with 70% of Caucasians at GCSE level or above, compared to only 36% of AC.

1.0 Introduction

The British Army spends a considerable amount of time, money and manpower each year recruiting new applicants and nurturing them through initial training and out into the field army. The Army Recruiting and Training Division (ARTD) are responsible for recruiting new personnel and developing them through a process of training in preparation for the field army and ultimately deployment to operational theatres. The ARTD mission is ‘to deliver the required number of appropriately trained and motivated officers and soldiers in order to meet the operational requirements of the army and defence.'

Of the 15000 individuals that successfully pass the selection tests per year only around 65% will complete initial training. There are unavoidable losses during initial training due to voluntary discharge or unsuitability to Army life however approximately 1000 recruits are medically discharged (MD) each year. Injury incidence during training is often high, affecting between 8 to 50% of the trainee population (Cowan et al., 1996; Etherington and Owen, 2002; Greeves, 2002; Jones et al., 1993, 1992; Knapik et al., 1993; Kowal, 1980). It is accepted that the risk of injury during initial training is inherent in all courses due to the arduous nature of training to fully prepare recruits for the demands of operational tasks that they will be expected to perform when in the field army.


Non-freezing cold injury (NFCI) is one condition that regularly leads to the MD of Army trainees. This is characterised by local neuropathy in peripheral tissues and occurs predominantly in military personnel and mountaineers following prolonged exposure to cold wet conditions of 0 – 15oC. Unlike frostbite, freezing of tissue fluid does not occur in NFCI, but a residual pathophysiological dysfunction results in neurovascular tissue creating a condition known clinically as “cold sensitivity”. This is characterised by protracted cold vasoconstriction following a cold stimulus, often at a level of cooling that does not produce a lasting vasoconstriction in normal controls (Francis & Golden, 1985).


Historically, NFCI has been a significant cause of morbidity resulting in the loss of critical front-line troops, which has altered the outcome of battles, in both cold and temperate climates (Francis, 1984). Even during training in the cold wet conditions normally encountered in the UK causes many cases of NFCI occur annually. In recent years MD rates due to NFCI have caused considerable concern within the military medical community. The incidence of MD due to NFCI cases in British Army recruits rose from 2.5 per 1000 in the financial year (FY) 06 - 07 to 4.2 per 1000 in FY 07 – 08 (ARTD Unpublished data, 2009).

Previous research in the US military has investigated differences in the incidence of NFCI between ethnic groups, which observed African American males and females were 2 – 4 times more likely to suffer a cold weather injury than their Caucasian counterparts (DeGroot et al, 2003). This epidemiological study also showed a lower military rank and infantry soldiers were at an increased risk of NFCI. Furthermore, laboratory based work has reported ethnic differences between cutaneous and core temperature responses to acute cold exposure between African Americans and Caucasians (Farnell et al., 2008). To date no such research has been conducted on British Army recruits.

Non freezing cold injury occurs mainly in the feet and hands of military personnel. Recent advances in the thermal properties of clothing, including hand and footwear has done little to reduce the incidence in British Army personnel and despite policy changes on the issue of boots and gloves with enhanced thermal properties to all new British Army infantry recruits, the incidence of NFCI has continued to rise. The physiology of the foot is such that its thermal state depends almost entirely on local blood supply. Heat generated within the foot is negligible due to the structure of the foot being primarily bone and ligament / tendon with a large surface area to mass ratio and a very small amount of subcutaneous fat to provide insulation (Francis and Golden 1985). This is especially important to consider once the foot is wet or immersed in water as it results in rapid cooling. This is a common problem in the military as the feet are often wet for prolonged periods due to river crossings / inclement weather and measures to address this may not always take priority during field exercises and operations. These cold insults are hard to offset as the physiological adaptations to cold acclimatization are very modest and depend largely on the severity and duration of exposure (Castellani et al., 2006). 


2.0 rationale


Medical discharges and personnel downgraded due to NFCI are costly to the UK Ministry of Defence both financially and working days lost in training, which could compromise the operational effectiveness of the British Army. As such the purpose of this study was to determine the risk factors for NFCI during British Army infantry recruit training at the Infantry Training Centre Catterick, located in northern England where the majority of NFCI cases occur. Medical discharges and personnel downgraded due to NFCI are costly to ARTD and more widely the Ministry of Defence both financially in terms of working days lost and wasted training time but also in manpower losses which could potentially influence the operational potential of the British Army. 


3.0 method

The annual incidence of NFCI were collected over a 4 year period for all male British Army recruits reporting (REP, n=167) and subsequently being medically discharged (MD, n=67) with NFCI during a 24-week infantry training course at the Infantry Training Centre Catterick (ITC(C)), which is located in Northern England. Data were extracted from a medical-in-confidence database managed and maintained by HQ ARTD Occupational medicine cell. Representative control group data were obtained from a personnel management database and consisted of uninjured recruits undertaking training at ITC(C) during the same period. Data were cleaned, merged and anonymised. Permission to use the data was given by the data controller Head of Occupational Medicine. 


The data variables were collected for all CASES (REP and MD) and representative Controls (CON, n=5133) over 4 FY03/04 – FY06/07. All medical discharges are ratified by the Head of Occupational Medicine and therefore the data is considered accurate and reliable. Variables assessed include: height; body mass; fat mass; 1.5 mile run time; ethnicity; general trainability index (GTI, a measure generated from a Psychometric battery of tests including: reasoning; letter checking; number distance; odd one out; and symbol rotation); and; educational attainment (i.e. Basic level, GNVQ or GCSE standard).

Data are expressed as mean ± SD and were analysed using Logistic Regression techniques. Significant risk factors are presented as relative risk (RR) with 95% confidence intervals (CI). Statistical significance was set a-priori at p<0.05. Whilst every attempt was made to avoid bias within the data there was an unavoidable element of systematic bias due to the fact that a number of recruits who were MD in one FY could have entered training in the previous FY. This bias is predominantly systematic and thus will balance across TY’s, as such all values are presented as best available estimates.

4.0 results


There were no differences in height and body mass between CON and CASES (p>0.05). There was a difference between CON (609 + 53 s) and CASES (625 + 61 s) in 1.5 mile run time (p<0.05), which did not contribute to the predictive models. The incidence of REP increased from 9 to 30 per 1000 recruits, from year FY03/04 to FY06/07 (Figure 1). The majority of REPs (90%) reported in the feet of recruits during field-based training. 
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Figure 1. Incidence of NFCI (REP and MD) from FY03/04 to FY06/07.  † symbol denotes that values were significantly different from FY03/04.

Independent factor analysis demonstrated that AC were 13.2 times (95% CI 9.5-18.4, P<0.01) more likely to REP and 27.3 times (95% CI 16.3-45.9, P<0.01) more likely to MD, compared to Caucasians. Both educational level (P<0.01) and GTI score (P<0.01) were independent risk factors for REP and MD, hence those with lower levels and scores being at greatest risk. Ethnicity, education level and GTI were entered into a multivariate model (Table 1).

Table 1. Multivariate model to predict NFCI REP and MD.


		

		REP

		MD



		

		RR

		95% CI

		Sig

		RR

		95% CI

		Sig



		Ethnicity

		7.7

		5.3-11.4

		P<0.01

		17.7

		9.8-32.1

		P<0.01



		Education

		2.7

		1.0-3.6

		P<0.01

		2.3

		1.3-4.3

		P<0.01



		GTI

		1.02

		1.00-1.03

		P<0.05

		

		

		





5.0 discussion

The main findings of the present study were that the rate of reported non-freezing cold injuries increased year-on-year over the previous four years. A similar, but more modest trend was also observed for medical discharges rates. Afro-Caribbean’s, a low level of education, and a low general trainability index were independent risk factors for the reporting, and medical discharge rates of non-freezing cold injuries.  A lower level of educational attainment may have partly explained ethnicity as a risk factor. Unexpectedly, aerobic fitness and body fat did not emerge as risk factors. 

The year-on-year increase observed in the REP, and to a lesser extent the MD rates of NFCI is of concern to the British Army. At the top level of command such training wastage has been cited as compromising the deployable, operational manpower of the British Army (DG Pers, 2008). The Falklands War is a prime example of the seriousness NFCI can pose on operational effectiveness. It was projected that if Argentine forces had delayed surrender by several weeks the British Army may not have succeeded due the rate of NFCI decimating British manpower (Thomas and Oakley, 2001). Furthermore, the litigation cost of NFCI MD is already in the millions of pounds (Williamson and Izard, 2007). 

In the present study the 6-fold, and 2-fold increase in the total number of REP and MD NFCI, respectively occurred despite the dissemination of clear guidelines (JSP 539), and educational material on NFCI prevention and treatment, pitched at both commanders and individuals (Defence Health Promotion, 2008). Until recently lack of awareness and knowledge, as well as misdiagnosis and mismanagement of NFCI had existed in both military and civilian medical staff (Williamson and Izard, 2007). As such a possible explanation for the temporal increase in NFCI REP and MD in the present study may simply be a function of the raised profile NFCI has had both at medical and recruit/soldier level. Furthermore, the incentive to report NFCI may be exacerbated by the attractive compensation claims that can be gained from a NFCI MD (DG Pers, 2008). This is further supported by the issue of cold weather boots to all infantry recruits, as good clothing and equipment is considered to be an effective preventative measure against cold injury (Beeley et al, 1993).  

Afro-Caribbeans were 13 times more likely to REP and 27 times more likely to MD with a NFCI than Caucasian British Army infantry recruits.  The US Army first observed such a link as far back as the Korean War (Orr and Fainer, 1952). During peacetime, African-Americans also accounted for 64% of cold injuries despite representing 28% of the US Army population (Taylor, 1992), and were four times more likely to suffer frostbite during postings to Alaska (Chandler and Ivey, 1997). A similar trend was observed in a 19-year audit of cold injuries in the US Army (DeGroot et al, 2003). Here, African-American males were hospitalised with cold injury 3.7 times more frequently than Caucasians, which was exacerbated further in those serving as infantrymen or in gun crews. As 80% of these cold injuries occurred during training exercises (and not operations) it was suggested these were preventable. As the physiological adaptations to the cold are limited, preventative strategies such as education and the issue of appropriate clothing and equipment appears to be the best method to reduce NFCI (Beeley et al, 1993). Recent educational material distributed within the British Army has committed to a prevention strategy (Defence Health Promotion, 2008), and although AC are more susceptible to cold injury (Orr and Fainer, 1952; Taylor, 1992; Chandler and Ivey, 1997; DeGroot et al, 2003), the mechanisms behind this are less well known. 

The primary site of the mechanism underpinning NFCI seems to be the neuro-endothelial-muscular components of the peripheral vasculature (Thomas and Oakley, 2001). The greater incidence of NFCI in AC reported in the present study, and previous studies (Orr and Fainer, 1952; Taylor, 1992; Chandler and Ivey, 1997; DeGroot et al, 2003) would suggest systematic differences exist in structure and/or functionality of AC in response to the cold. It has been suggested that the avoidance of cold injury in indigenous populations within the Artic circle may be a function of the maintenance of higher skin temperatures (Elsner et al, 1960), which could be a consequence of a higher metabolic rate or a diet rich in linolenic acid (Laursen, 1983). Such fundamental questions in relation to the AC responses to the cold remain unanswered. Needless to say the increased susceptibility of AC to the developing a NFCI, as well as the lower educational age in this group would indicate that education and prevention of NFCI should be emphasised in this group.

6.0 conclusions

These data demonstrate that the incidence of REP and MD due to NFCI during British Army infantry recruit training increased approximately 6 and 2-fold respectively over the last 4-years. British Army AC recruits are 13.2 times more likely to have a reported NFCI during training and 27.3 times more likely to be MD compared to Caucasians. Educational attainment appears to account for some of the variance in the relationship between Ethnicity and NFCI, with 70% of Caucasians at GCSE level or above, compared to 36% of AC. Unexpectedly, aerobic fitness and the percentage body fat did not significantly contribute to the risk of developing a NFCI. It is important that military organisations are aware of the risk factors for NFCI, however the majority of our knowledge about the condition is derived from epidemiological studies. Future research should aim to identify the precise mechanisms of this condition at a cellular level.
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ABSTRACT

In the German Armed Forces a comprehensive cold weather injury prevention and management programme is in place. It follows the principles of risk management by identifying and assessing hazards, developing and implementing controls, as well as supervision and evaluation. Prevention of cold injuries is a command and individual responsibility. Cold casulaties are controlled primarily through training and education.

INTRODUCTION


German military operations have been conducted succesfully in cold-weather climates where troops were required to endure low temperatures and cold-wet exposure for long hours and push their physiologic limits (for example on the Balkans and in Afghanistan). 


Cold stress was found to be imposed by a combination of environmental, mission, and individual risk factors. 


Significant enviromental risk factors included temperature, wind, rain, immersion, and altitude. 


Mission risk factors included the work intensity; duration of cold exposure (unlike civilians, who spend 5-10% of each day outdoors, soldiers in tactical operations can be exposed to an extreme environment for 30% or more of each day, which may precipitate epidemics of cold injuries); and the availability of adequate shelter, clothing, and food. 


A significant realtionship between cold weather injuries and the following individual risk factors was revealed. The latter included physical fitness, body composition, fatigue, gender, and health (including prior history of cold injury, use of medications, alcohol, nicotine, drugs of abuse, poor nutrition and / or dehydratation). 


To our mission experience so far, soldiers can operate in cold environments if they are appropriately clothed, have adequate shelter and protection, consume adequate food and water, and have sufficient rest. Succesful management during cold exposure results in sustained work capabilities and avoidance of casualties. Proper education and experience of leaders and troops exposed to cold was found to be the key. Knowledge and understanding of problems associated with working in cold environments are the prerequisite to minimize each risk factor. In the following the evidence-based risk management steps for preventing cold casualties in the Germany Military are outlined.


RISK-MANAGEMENT


In the German Armed Forces a comprehensive cold weather injury prevention and management programme is in place. It follows the principles of risk management by identifying hazards, assessing the hazards in terms of probablity and severity, and implementing appropriate controls to abate the hazards. Spotchecking and supervision by first-line leaders are employed to ensure control measures are being implemented. In operation, the risk management process is continually reevaluated as input changes. Being alert of signs of soldier distress in the cold is critical so that management procedures and interventions can be adjusted accordingly.


With regard to the identification of hazards, cold weather may present a hazard if any of the following is present: cold (temperature 40°F and below); wetness (rain, snow, ice, humidity) or wet clothes at temperatures below 60°F; wind (wind speed 5 miles per hour and higher); lack of adequate shelter / clothing; lack of provisions / water; and other risk factors, such as previous cold injuries or other significant injuries; use of tobacco / nicotine or alcohol; inadequate nutrition; dehydration; over- or underactivity; fatigue / sleep deprivation; little experience / training in cold weather operations; minor illness (cold symptoms, sore throat, low grade fever, nausea, vomiting), injuries, or wounds; taking drugs (prescription, over-the-counter, herbal, or dietary supplements); cold casualties in the previous 2 to 3 days; overly motivated soldiers (as they may not comply with cold casualty prevention measures); and poor discipline and morale.


The potential for cold casualties can be assessed by determining the magnitude of cold exposure (e.g., air temperature, wind speed / wind chill [note that any movement has the same cooling effect as the wind; running, skiing, or riding in open vehicle must be considered when using the wind chill chart]; and wetness), the readiness of troops (e.g., proper gear [appropriate clothing in good condition: clean and without stains, holes or blemishes that could decrease the insulation]; adequate shelter; proper fitness; proper food and hydration, and mission-related concerns (including the degree of mobility [which impacts on soldier heat generation]; contact with ground or other surfaces that may increase conductive cooling; and the exposure to wet conditions [e.g., stream crossings]).


In the German Armed Forces cold casualties are controlled primarily through education and training. Troop education includes assessing cold stress; recognizing and preventing cold injuries; limiting the effects of cold through clothing, shelter, hydration, and nutrition; as well as learning how to work effectively in cold environments. 


Leadership education consists of supervising troops who often have only a superficial understanding of cold; evaluating the impact of cold on the mission (e.g., everything takes longer, troops will be more fatigued, more likely to make mistakes), and experiental learning (as true effectiveness in cold environments only comes with experience; and including practicing the clothing principles of layering and staying dry [note that these principles are tailored to the individual, and are practiced so that soldiers learn when to dress down (before perspiration starts) and when to add layers (before shivering begins)]; using equipment in the cold [As everything takes longer, so practice is needed; soldiers also need to be able to identify where special tools or clothing (e.g., contact gloves) may be necessary]; planning for longer missions [weather may change quickly and hinder operations, and troop fatigue impacts even routine operations]; the posting of cold-casualty prevention information as an ongoing reminder; and the implementation of standing operating procedures [SOPs] for most routines.


With regard to training the military uniform has to be appropriate and worn properly (e.g., clothing must be kept dry, and wet, damp clothes must be changed as soon as possible; clothing is to be worn loose and in layers, and hands, fingers, and the head are to be covered and protected; clothing must be clean and in good repair [no holes or broken zippers]; proper boots must be worn, ones that are not too tight and are dry; socks must be clean and dry, an extra pair of socks must be carried, wet or damp socks must be changed as soon as possible, and foot powder should be used on feet and in boots; feet are to be washed daily if possible; gaiters are to be worn to keep boots dry when necessary; gloves or mittens are to be worn; hands must be warmed under clothes before hands become numb; skin contact with snow, fuel, or bare metal is to be avoided, and proper gloves are to be worn handling fuel or bare metal; gloves are to be waterproofed by treating them with waterproofing compounds; face and ears are to be covered with a scarf, and an insulated cap with flaps over the ears; face and ears are to be warmed by covering them with warm hands, and the face and ears should not be rubbed; face camouflage should not be used when the air temperature is below 32°F; sunglasses are to be worn to prevent snow blindness).


In order to keep the body warm, German soldiers are recommended to keep moving and big muscles (arms, shoulders, trunk, and legs) to be exercised. In addition health and nutrition is to  be sustained (e.g., alocohol use is to be avoided [as alcohol impairs the body’s ability to shiver], tobacco products are to be avoided [as these products decrease the blood flow to the skin], all meals are to be eaten to maintain energy; and water or warm nonalcoholic fluids are to be drunk to prevent dehydration). 


German military personnel is also educated and trained to protect each other (to include watching for signs of cold injuries in their buddies; and asking about and assist with rewarming of feet, hands, ears or the face). 


Finally, leadership initiatives are practiced (e.g., activities or exercise to be limited or possibly discontinued during very cold weather; covered vehicles to be used for troop transport; warming shelters to be available; warm food and nonalcoholic fluids to be on hand; all equipment to be checked and working properly; identification of high risk soldiers; identification of previous cold casualties; identification of soldiers on medication; consideration of having ill soldiers seen on sick call; consideration of soldiers that consumed alcohol; planning of communications, medical, and evacuation support).


In Germany, military cold casualty controls are implemented through identified controls already in place (e.g., buddy checks, sock changes, available shelter, and warm meals and drinks) and controls that are integrated into SOPs (including the education of soldiers about hazards and controls; use the buddy system to check uniform / clothing and personal protection; soldiers are to be encouraged and allowed to speak up about any problem [self-checks]).


The final step in the German risk-management process of cold injuries is the supervision and evaluation of the controls taken to prevent cold casualties. This step comprises the enforcement of SOPs; ensuring that all soldiers and leaders are educated and experienced in the prevention, recognition, and treatment of cold weather injuries, as well as effective measures for working in cold environments; delegation of responsibilities (e.g., inspections, buddy checks) to ensure that control measures have been implemented; monitoring the adequacy and progress of implementation of control measures; performing regular spot checks of clothing / personal protection, shelters, rewarming facilities, and food and drink supplies; recording and monitoring indicators of increasing cold risks (such as an increasing number of cold injuries, an increase in the number of complaints / comments about cold, and observations of shivering, signs of cold injuries), and finally the continous evaluation of current control measures and strategizing new or more efficient ways to keep warm and avoid cold injuries. 


CONCLUSION


In the German Armed Forces, prevention of cold injuries is a command and individual responsibility. Preventing cold weather injuries depend on several factors, including prior cold weather experience; proper use of clothing, equipment, and supplies; and appropriate planning for all operational scenarios. In addition to implementing these measures, soldiers must be carefully observed for signs of distress in the cold and monitored for developing peripheral cold injuries and/or hypothermia. Clothing, shelter, nutrition, hydration, and rest/work cycles must be adjusted according to observations. It is the responsibility of unit commanders, medical planners, medical officers, preventive medical personnel, and medics to review all training and operations to make sure adequate planning is made for emergency medical support as well as for cold injury assessment and management when tactically feasible. 
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Treatment of Deep Frostbite Injuries – the Ulm Protocol:
Multi-modular Vascular Treatment


Local cold injuries and hypothermia are aggravated by high altitudes at wich military operations might take place, espacially in Afghanistan. First aid capabilities in field medicine for re-warming, pain controll and further treatment  in hospital might threat a larger number of soldiers, exposed to these conditions. We present our protocol of diagnostic tools, classification of deep frostbite and prognosis of amputation and stage-adjusted early and late treatment.


In our Department of Angiology we care in close cooperation with vascular surgeons and interventionl radiologists about acute and chronic limb ischemia as in peripheral arterial occlusive diseases (POD). Many aspects of frostbite injuries are similar with pathophysiology of acute and chronic limb ischemia (CLI) of POD. Treatment modalities of POD can be transfered to treatment of deep frotbite injuries. I will focus on in-hospital treatment of cold induced injuries. I will tell you about the medical treatment, hyperbaric oxygen treatment and the value of diagnostics like bone scans and angiography. Nevertheless I will give some recommendations as vascular specialist, what should additionally be done in the very beginning of treatment in the pre-hospital situation.


All of you know the symptoms and signs like white pale tissue with numbness and increasing loss of sensation without pain. Diagnosis is made from the awareness of the risk. The main problem is that severity and extent of frostbite can hardly be estimated during the initial phase. Recovery of sensation after 10 mins rewarming may indicate superficial frostbite with a good prognosis but inidcates that prevention has failed.


We see early patients in the freeze-and-thaw phase, who are admitted to us from the urban surroundings (under  24h after exposition) and we see patients who come from mountaineer expeditions in the late phase of vascular thrombosis and ischaemia with a delay of several days or even more than a week. The underlying aim of the treatment is to improve the local circulation and to limit tissue damage. The treatment modalities are established in vascular medicine and have been trialled in patients with peripheral vascular disease. We focus on the ischemic border-line zone between irreversibly damaged and healthy tissue to avoid further damage. Anticoagulation will be started combined with antiplatelet therapy and we will support vasodilation by PGE1 to the microvascular occlusion.


In the freez and thaw cyclus tissue damage occures not only by freezing, the significant cause of tissue injury occurs after thawing with local inflammation and coagulation that stimulates thrombosis and cell death.


In the beginning local vasoconstriction is cyclically relieved by waves of cold-induced vasodilation until this reaction gets lost – we will hear about this phenomenon later in the symposium.


The tissue suffers direct damage by ice formation and following increasing osmotic pressure of interstitium, that will lead to cellular dehydration and ends in vascular occlusion due to sludging and cell aggregation.


On this slide we see the edema between dermis and epidermis and the vascular occlusion and evasion of blood cells.


We are able to have a look at the nutritive capillaries in frostbitten areas in the finger nails by vital capillary microscopy. On this slide we have a close look at the capillaries in the viable cuticle of the second finger  -marked with a black frame - and the destroyed anatomical structures in the cuticle of the forth finger - marked with a red frame. This method is not a reliable diagnostic tool, but it shows exemplary what happpens to the microvascular system of frostbitten areas.


Beside the first aid interventions in treating frostbite on site, here are some recommendations I would like to give to you as as I can obviously see the pathophysiological parallels between frostbite and acute or chronic limbischemia: In a hypothermic patient, whole body warming should take priority over the limb. Than start to rewarm the frozen fingers and toes in a warm water bath of 40-42o Clesius, add antiseptics to the water. Adequate analgesia is essential. If rewarming is discontinued due to insufficient painkiller medication rewarming will not be effective. Give oxygen, especially in high altitude, because oxygen consumption per unit time increases dramatically with any fall in body temperature. Most patients are dehydrated, resuscitation with warm fluids is an important part of early managment - you can do it in the field iv. or by drinking (hematocrit increases1-2%/-1o Celsius body temperature). You should inhibit platelets by aspirin and/or clopidogrel - you can carry it in your pocket - start asap as you start re-warming. Low molecular weight heaprin is easy to dispense with a save therapeutic index - start asap in the rescue chain, at least on role 2-level.  This medication can be done early to fight stasis and ischemia, that starts soon on rewarming. It should be done as firstline treatment in any case and on suspicion of frostbite injury.


We preserve microcirculation by using Prostaglandin E1, a prostacyclin analogue and thromboxane inhibitor. Prostaglandin E1 is a vasodilator that inhibits plateletaggregation and decreases the production of thromboxane locally and stimulates fibrinolysis. It prevents platelet and leukocyte activation and protects the vascular endothelium. Its use has been effective in treating chronic ischemic peripheral vascular disease. Its the only medical treatment recommended with a level A evidence in the Transatlantic Inter-Society Consensus (TASC II) in case of CLI without any possibility for revascularisation. It is administrated for at least 4 weeks. The normal approved dosage in case of CLI is 40 µg twice a day. We escalate the dosage up to 80 µg twice a day in case of cold induced injury. Because of sideeffects like a thrombophlebitic reaction of the vein we use a central venous catheter for administration.


Another component of our multi-modular tretament is hyperbaric oxygen. It increases dissolved oxgen in the blood. Even in ischemic areas a normal supply is possible. At least a capillary perfusion up to the ischemic border-line is necessary to do so. Due to the lake of evidencebased data HBO treatment of frostbite injuries is yet not recommended by national or international societies. We recommend HBO as essential adjunctive therapy as it is associated with a low risk and it has in our oppinion a therapeutic effect.


We treat patients according to the marx schema for problem wounds. In literature you will find some spectacular but anecdotal case reports: here are two of them: 


Folio (Uniformed Services University of the Health Sciences, Bethesda, MD, USA) describes the case of a mountain climber treated w HBO. All fingers healed to full function, with only some cosmetic deformity to the tip of the most severely affected finger.


von Heimburg (Dep. of Plastic Sugery and Burn Center, University Hospital Aachen, Germany) reports on a 12 y old boy, who was transferred to Aachen from Poland with a delay of 8 days, having worked without gloves as a beater during hunt at a temperature of – 32 0 C (- 25,6 0 F) over a period of 4 h. His third degree frostbite on 4 fingers of the right hand and on 2 fingers of the left hand recoverd totaly and regained sensibility. In x-ray controlls there was - most spectacular - even no damage to epiphyseal plates of the fingers. Unfortunately no report is made on the adjunctive therapy.


We treated an expert mountaineer admitted to our department with a delay of nine days after suffering second and third degree frostbite injuries of the fingers in both hands while practicing mountain climbing, at 8.201 meters of altitidue, while he was prepared his camera at top of  Cho Oyu, Tibet, at a temperature of – 25o C (- 13o F) and a windchill of about 15 km/h. At the end of tretament he had only some cosmetic deformity to the tip of the most severely affected fingers and the fingernails. The hyperbaric oxygenation was combined with our multi-modular vascular treatment.


To estimate the injuries we use the classifaction of frostbite lesions as published by Emmanuel Cauchy - an expirienced specialist in treating cold injuries - he is head of the medical mountain rescue of Chamonix Hospital beneath the Mont-Blanc massif, France. They use beside the clinical aspect radiotracer uptake on bone scan as a predictive tool with regard to amputation. Absence of uptake leads to amputation. 


Bone scans enable to early detection of eventual bone and soft-tissue viability and in case of infection or sepsis amputation can be done in a limitted extend and with the knowledge where viable tissue ends and unviable bone starts. Repeated bone scans on day 2 and 8 can detect „hibernating“ (viable) tissue.


Angiography is not only a invasive diagnostic method - but it provides  the opportunity to treat vascular occlusions by thrombolysis (tPA - tissue plasminogen activator). 


In this study from Utha University in the US patients admitted under 24h after exposure had an administration of tPA at 1 mg/h and Heparin at 500 U/h starting on first angiography with controlls at 12h and 24h and continued Heparin for at least 72-96h. The authors claime for this modality the first clinically significant advancement in the treatment of frostbite in more than 25 years as the rate of amputation was lower in patients recieving tPA as in all other patients injured by frostbite.


But the limitations are obvious:


- patients have to be admitted to centers used to catheter guided vascular therapies within 24h


- study patients had a high incidence of substance abuse and mental illness … these are not patients anyone is keen on to have a femoral arterial catheter sheath on both sides (if upper extremities are involved too, you may be unluky to have two additional sheath in both brachial arteries also!) for up to 48h.


- limitation on military mission is the diffuculty to reache a specialized center in time.


Let me be honest, although we are used to catheter guided thrombolysis in vascular patients, we didn‘t do it yet on a patient with frostbite injury. Remark: never do angiography if you won‘t do thrombolysis!


In the past many attempts have been made to improve the care of patients with frostbite. None of these resulted in a profounde change in the managment and outcome. It is the combination of treatment modalities that improves the outcome of deep frostbite. The medical treatment influencing microvascularisation and the ischemic border-line zone is in our opinion the key to success. 


Our multi-modular vascular treatment of deep frostbite injuries to wake up the „hibernating“ but viable tissue of the ischemic border-line zone and try to push the Demarcation to the tip of fingers and toes consists of 

Start with anit-platelet therapy  on site.


Start anticoagulation while rewarming or asap afterwards.


Give oxygen, espacially in high altitude.


Administrate prostanoids asap and continue for weeks.


In special early cases think about catheter guided thrombolysis if you are part of a vascular medicine center.


Do HBO in any late cases.


Don‘t forget to take digital photos daily for medical records. 


Don‘t forget tetanus vaccination.


I‘m convinced in this way you will improve perfusion and oxygen supply of the ischemic border-line zone to save fingers, toes and limbs for life.
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Abstract


Accidental Hypothermia is a rare finding in the rescue service in Germany, whereas it could play a realistic role in military missions in cold environment. I present a case report of the SAR-Service of the German Air Force, Air Transport Wing 61 in Penzing. In the following case a 65 year old man was rescued after he had broken in a frozen lake. After 27 minutes swimming in ice water he was rescued by a SAR-helicopter, uncommonly drawn out fixed only at the skid due to lack of time for preparing the cable winch. The first body check showed a decreased GCS of 11 and an unstable circulation with absolute arrhythmia. After removal of the cold and wet clothing and wrapping in rescue blankets he was intubated to save vital parameters. As narcotics ketanest and dormicum were used, initially in combination with listhenon without sideeffects.  All drugs used for initial therapy showed normal effects. 60 minutes after the rescue the temperature measured by tympanometer showed 27,4°C. He was transferred by helicopter to the Universal Hospital Großhadern in Munich where intensive care therapy and active external warming by convective rewarming as well as active internal warming by airway rewarming and warm infusions was continued. 7 days later he was discharged without neurological or extremity damage.


Due to lack of studies concerning accidental hypothermia there is no specific recommendation for therapy, but two fundamental parts are rewarming and securing the vital parameters.


1. Case Report


1.1
General Information


The Search and Rescue (SAR)-Service in Germany is covered by the German Air Force and the German Navy in costal regions. Helicopters used for the SAR-Service in South Germany are based on the Air Transport Wing 61 in Penzing which is located about 50 km west of Munich. For the SAR-Service the helicopter Bell UH-1D is used, which has been reliable for many years. It is equipped with an intensive care unit for one patient as well with a 45m cable winch. A second helicopter for primary winch missions like mountain rescue is equipped with less monitoring devices and without stretcher to save weight and increase the flying performance. The crew consists of one pilot, one navigator, one paramedic and from case to case one flight surgeon. 


1.2
The Accident 


It was a cold winter day with ambient temperature of -5°C. Flying back from Munich to the helicopter base in Penzing on the final approach we received an emergency call from the emergency coordination center that a man broke into the Wessling Lake, located between Munich and Penzing, while crossing it with his cross-country-skies. After a 7-minutes-flight we arrived at the site and found one man in an ice hole in the middle of the lake, trying to get out of the hole without success. The attempt of the force of fire brigade to rescue the man by ground had failed because they broke into the ice as well (see figure 1). Therefore the only solution to rescue the man would be by air. 


Figure 1:
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1.3
The Rescue


To activate the winch of the helicopter we had to shut down the engine and switch the power line from the emergency unit to the winch. But as we saw the patient beginning to sink we decided to try to rescue him by any way that goes. Our attempt was to approach from the side to put the helicopter above the man to prevent him from the down wash effect to push him down the surface. As the pilot lost visual contact to the patient when hovering over the man, he had to be talked down (see figure 2).


Figure 2:




Hovering a few centimetres over the ice we hoped that the man could grab the skid and pull himself up, but unfortunately he was too weak. Therefore the paramedic had to leave the helicopter and sit on the skid. In this position and with the help of a rescue sling he managed to catch one arm of the man and put the arm around the skid and fixed him (see figure 3).


Figure 3:




Then we took off vertically and pulled the patient out of the ice hole (see figure 4). 


Figure 4:




With the patient hanging on the skid just fixed with his arm we hovered to the cost line to set him off (see figure 5), where the meanwhile arrived ambulance crew received him and took him to the ambulance car (figure 6). 


Figure 5:




Figure 6:




Due to the downwash the helicopter had to turn around before it could set off its medical crew as well. 


1.4
Clinical Situation


All in all the patient was exposed 27 minutes to ice water before he was rescued.


The first body check showed the patient conscious, but very agitated with a Glasgow Coma Scale of 11, that means eyes open, but unable to talk adequate words and with normal flexion reaction of the extremities.  He was breathing spontaneously, whereas no pulsoximetrie was possible due to enormous muscle fibrillation of the whole body. The circulation was low with a systolic blood pressure of 80 mm Hg with a frequency of 63 per minute. No temperature was measured initially because of the lack of a thympanometer in the ambulance car. The electrocardiogram showed a sinus rhythm with an alterated QRS-complex. No injuries were found.


1.5
Preclinical Treatment


We determined a short guideline for this patient, regarding the acute hypothermia as the main diagnosis. There could be complications like after drop by manipulating of the extremities or ventricular fibrillation and cardiac arrest. It was unclear whether drugs would have a normal effect. The hospital of destination should be equipped with a cardiopulmonary bypass device for blood rewarming in case of a cardiac arrest.


In a first step we began with the passive rewarming by taking  off the wet suits of the patient and wrapping him into two Sirius Warming Blankets. In a second step we secured his circulation by giving him two venous lines and began the active internal rewarming by infiltration of warm infusions. As I regarded him in risk of fainting and pulmonary aspiration I decided to secure his airways by endotracheal intubation. For necessary anesthesia 50 mg of Esketamin and 10 mg of Midazolam was given in a first shot. Due to massive contraction of the chaw muscles 100 mg Succinylchlorid was given as well. All drugs showed a normal effect as in normothermic patient and the endotracheal intubation was performed without complications. 


The patient was prepared for the airlift to the Munich University Hospital Grosshadern in 5 minutes flight distance with electrocardiogram monitoring, blood pressure monitoring and capnometria monitoring. Additional defibrillation pads were attached. 


In the helicopter 60 minutes after the rescue the thympanic temperature was taken as 27,4°C. Meanwhile the circulation situation had increased with a systolic blood pressure of 100 mm Hg and a heart rate of 65/min after infusion of 2500 ml of NaCl. The patient was ventilated with normal parameters, respiration volume of 650 ml, respiration rate of 11, PEEP 4 mm Hg.


1.6
Clinical Treatment


With stable circulation parameters the patient was consequently rewarmed by non-invasive active external rewarming, that is convective rewarming, which lifted his body temperature gradually, so that he could be extubated after another 24 hours. After another 24 hours of intensive monitoring he was transferred to a normal ward. Finally he was dismissed after 5 days of treatment in good conditions without freezing injuries and neurological symptoms and returned to daily activities after another 2 days.


1.7
Conclusion


Due to lack of studies in acute hypothermia no evidence based medicine could be applied in the first life support. But nevertheless the stabilisation of the vital parameters as well as the rewarming are two main pillars of the first life support. There is no general recommendation whether real life support should be performed on site or an early transport to hospital increases the outcome of the patient.














































RTO-MP-HFM-168
6 - 1

6 - 6
RTO-MP-HFM-168

RTO-MP-HFM-168
6 - 5




[image: image3.wmf][image: image4.jpg]}
A NATO
\4% OTAN








Treating the Accidental Hypothermic Victim in a Field Hospital







Treating the Accidental Hypothermic Victim in a Field Hospital



Treating the Accidental Hypothermic Victim in a Field Hospital


Lt. Col., Ass. Prof. Benedict Kjaergaard


Skodshoej 2


DK-9530 Stoevring


Denmark


benedict@dadlnet.dk

ABSTRACT


The severity of accidental hypothermia may be divided into 3 treatment classes related not only to core temperature alone but also to the clinical condition. The mild group is below 35 oC but awake. The moderate group is below 32 oC and unconscious. The severe group is also below 32 oC but the circulation is collapsed. All groups must be protected against further cooling. Only the moderate and the severe group demands intensive therapy but also examination for other competitive illnesses. Now and then the moderate group can warm up by itself but it may be needed to make an active warming with warm water in pleural drains. The severe group demand prompt HLR, and as soon as possible extra corporeal circulation ECC with warming of the blood. In case of signs of deaths specific for the hypothermic victim it should not be started. ECC may soon be possible in a field hospital using a small portable heart lung machine and telemedicine.


1.0 Introduction


Accidental hypothermia may be dangerous and a challenge even in a university hospital. Most organ systems are affected by hypothermia including circulation, coagulation, and neurological functions (1). Metabolic acidosis due to poor peripheral circulation may contribute to coagulopathy (2). If the hypothermic victim has preexisting cardiovascular, respiratory and renal diseases the treatment can be very difficult. An often seen problem in the hypothermic victim is intoxication with alcohol or drugs, which may blur the clinical picture of the patient even more. It some cases it can be difficult to decide if the person is alive. There are several papers demonstrating survival of apparently dead persons (3;4). Most reports of remarkable survivals were after extra corporeal circulation (ECC) using a big immobile heart lung machine, but nowadays smaller commercial portable systems for ECC have be developed. 


What we normally call for reliable signs of deaths can’t be used in the hypothermic. Cool induced symptoms may be mistaken for rigor mortis and post mortem lividity, and even asystole may be a fake. Reliable signs of deaths in a hypothermic person are great lesions, cadaverositas or plasma potassium above 10 mmol/l. On the other hand hypothermia may protect the person for hypoxic injuries. At a body temperature of 20 oC oxygen consumption is only 20% of the consumption at 37 OC. To determine body temperature is not as simple as just referring to core temperature, since temperature may vary considerably around the body even in so called controlled hypothermia during operations (5)

All these considerations could lead to the conclusion that treatment of the hypothermic in remote areas is impossible. 


Our first approach to the treatment of accidental hypothermia was dealing with victims rescued mostly from water by our search and rescue (SAR) helicopters in Denmark. Our country is surrounded with cold water. Greenland is under our responsibility and here the temperature and distances are much more extreme. 


About 10 years ago a group of doctors in the Royal Danish Air Force (RDAF) started different research works on the treatment of the hypothermic victim with the intention to make it as simple as possible and to suggest methods to examine and treat the hypothermic victim without transferring the person in a dangerous situation.

Our goal was to build a specialized team that can help other hospitals in the treatment of accidental hypothermia. The help may be only telephonic advices or we may turn out to the patient and treat him with a portable system for re-warming. If our SAR service is the first to treat the patient it will be started as for all other patients in the helicopter according to ATLS guidelines and the patient will be taken to a facility capable of treating accidental hypothermia. We have co-operation with our neighbour countries as can be seen at www.sarrah@de

NATO soldiers are often serving in remote areas in cold environment. If it is necessary to treat a hypothermic victim in a field hospital, we consider it possible even in severe hypothermia, but it requires a minimum of equipment and a systematic way of treatment. Many of the methods we use can be used also in a field hospital.


2.0 Methods


2.1 A mobile system for ECC treatment


Our first research in accidental hypothermia was aimed at the equipment for ECC. As in many of our trials we used anesthetized pigs to test different setups for a mobile system for ECC (6). It was possible to reduce the weight of a traditional heart lung machine from 400 kg to 40 kg. A number of pigs attended the study as volunteers with the purpose of improving the system for transferring patients treated with ECC in ambulances and in helicopters. At the same time systems for totally biocoated tubes were developed, making it possible to treat a hypothermic trauma patient without heparin. 


Since 2004 we offered a turn out team for the treatment of accidental hypothermia. The turn out system works with collaboration between the Royal Danish Air Force; Falck´s rescue service and Aarhus University Hospital in Aalborg, Denmark. Our motto is that the patient may be too bad for transportation which the turn out team may not be. 


Since debut of the arrangement we improved our systems. As various problems rose it stimulated us to carry out new trials. 


2.2 Asystole or low voltage in deep hypothermia


More than once we had success in treating a hypothermic victim despite of no signs of life and no electric ECG activity with ECC and warming. According to Guidelines 2000 for Cardio Pulmonary Resuscitation it might be necessary to use needle electrodes to detect ECG signals in the hypothermic victim (7).The rationale was taken for an idea of very high impedance in the badly perfused skin in severe hypothermia, and so the needles should make contact to the electric impulses. If detecting electric activity it should encourage continuing resuscitation. A company made needle electrodes for us, but we never detected any electric activity. We found the guidance doubtful and started a new animal trial. A problem was to simulate a situation comparable to a hypothermic victim with very cold skin and a relative warmer internal without killing the animal unintended. It was well documented what happens to the ECG in hypothermia down to around 27 oC  in experimental animals but at lower temperatures it is difficult to keep the animals alive (8;9). It is possible to examine patients undergoing operations in deep hypothermic circulatory arrest using extra corporeal circulation (ECC), but the circumstances when dealing with an accidental hypothermic victim are normally complete different. The accidental hypothermic victim will normally have a very cold skin and a warmer body core, while the ECC induced hypothermia results in a cold core with warmer skin. 


To simulate the hypothermic victim as we normally se them we used anaesthetized pigs (~90 kg).

An extracorporeal circuit was established between the right jugular vein through a 29 French  triple stage catheter (Edward Life Sciences) and the right carotid artery through a 5,2 arterial needle (Stökert Institute, Munich, Germany). The circuit contained a centrifugal pump (Rotaflow, Jostra AB, Germany) an oxygenator and a heat exchanger.  The pigs also underwent a sternotomi to make it possible to perform ECG measurements directly from the epicardium and to visually inspect the heart. 


To simulate the clinical situation with cold skin and extremities but warmer core temperature, the pigs were placed in ice water after starting the ECC. The core temperature was defined as the temperature of the venous blood drained to the ECC. By using a heat exchanger the core temperature was kept normal while decreasing the skin temperature. After initial measurements with normal skin temperature and warm core the skin was cooled gradually in the ice water. To test effect of needle electrodes under extreme conditions the skin around the electrodes using was cooled further below the freezing point using a modified CO2 fire extinguisher. The next step was cooling of the blood to gradually reaching a core temperature of approximately 12 degrees. 


Finally, in all pigs, the animals were removed from the ice water and rewarmed using the heat exchanger. The warming was performed with a maximum gradient between the drained and returned blood of 10 oC. The returning arterial blood never exceeded 35 oC. Once the pigs returned to normal core temperature, they were weaned from ECC if possible and then euthanized by an overdose of pentobarbital. In the cases where a pulse generating rhythm did not return they were euthanized directly.


During the whole experiment ECG were measured with ordinary surface electrodes, with needle electrodes through the skin at the extremities and with pacemaker electrode leads sewn on the epicardium at the right atrium and at the apex of the heart. ECGs were amplified and filtered using special equipment.


Our results showed that needle electrodes are of no value. As temperature falls the ECG shows decreasing voltage of the electrical impulses from the heart. It is better to enhance the augmentation of the ECG. The most resistant part of the heart is the sinus node, and the p-waves can be seen down to around 18 degrees (fig 1). There were small changes in skin impedance but this could not justify the recommendation of needle electrodes.


We cooled the pigs as low as to 12 degrees Celsius where we could detect no electrical activity, but when re-warming the animals they regained ECG. The first part to return was the p-waves, and more of the pigs could be weaned from ECC. The results were presented at the 31st Annual Meeting of Computers in Cardiology, 19-22 September, 2004, Chicago, IL, USA. In guidelines 2005 for Cardio Pulmonary Resuscitation the instruction of using needle electrodes was withdrawn. We presented the results last year i European Journal of Emergency Medicine (10).
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Figure 1: The relationship of the amplitude of the main ECG components and impedance with temperature

2.3 A new classification of hypothermia severity in



  “Warming patients using warm water pleural lavage”


When dealing with hypothermic persons we wanted to classify them in a way correlated to the need for treatment. Not all patients need re-warming, at especially not by ECC. And some persons may even be dead and beyond a chance for resuscitation. 


Traditionally, one divides the levels of severity in hypothermia into severe, mild and moderate groups, based upon the core temperature alone, typically with limits of 28, 32 and 35oC. However, it is not temperature alone that determines the patient’s need for treatment. We choose to classify the groups so that the clinical conditions and temperatures are combined. This makes it easier to define the treatment that is indicated. 

We have decided to use the following classifications for the different treatment groups:


The mild group: The core temperature is less than 35oC without a lower limit, but the patient is awake and there is peripheral circulation. This patient can be warmed up externally using warm air, possibly a warm bath or warm drinks.


The moderate group: The core temperature is less than 32oC, the patient is unconscious and there is poor peripheral circulation, but the heart rhythm is stable. This patient must be intubated, ventilated and very often actively warmed up. Most of our patients in this group are found outside with miserable skin circulation. For warming we prefer central warming and no active warming up of non circulated areas. We most often use pleural lavage with warm fluid, but also have the possibility for using extracorporeal circulation in case of loss of circulation. 


We admit that central warming may be unnecessary in persons found with preserved skin circulation as it is often seen in persons found indoors often with pre-existing diseases or intoxication. Often they can warm up by them self or with external warming with heat air blankets. There are other challenges in treating this type of patients. In a field hospital this is not what we normally se when dealing with our soldiers.


The severe group: Deep hypothermia: The core temperature is less than 32oC and the circulation is collapsed. If this patient is to be helped, we use extracorporeal circulation (ECC) and blood warming with  cannulas inserted into the groin. The patient receives CPR until then but is not warmed up peripherally. We allow the patient to remain at the primary hospital and we carry our mobile equipment to the hospital 


.


The new classification was published first time in 2006 in a publication dealing alone with patients from the moderate group treated with warm water pleural lavage, which can be done in all hospitals capable of inserting a chest tube (11). Of course we are dealing with patients in a very risky situation and many complications may accompany the treatment. Until now we treated around 20 unconscious hypothermic patients with warm water pleural lavage, but only once we experienced a situation, where the patient deteriorated with heart arrest during the procedure. He was rescued by the mobile HLM. We think it is wise to use as less invasive methods as strictly indicated.


2.4 Equipment and technology improvement


Since we started to use a mobile HLM several commercial systems have been developed. Due to enormous research ECC can be performed in many variations with much less side effects on coagulation etc. This has added new indications for ECC and increased industrial interest in developing and selling equipment for ECC. Last year Lancet published a work from Taiwan, where prompt use of ECC as a part of resuscitation after intra hospital heart arrest doubled the survival (12). We are aware of a patented Danish HLM weighing only 5 kg, capable for use in most emergency situations. We have no financial interest in the project but for more of our trials we have tried the system. It will probably be equipped with a lot of automatism and possibility for data transmission via internet or phone for remote guidance.   


3.0 Discussion

Many of our own soldiers suffering hypothermia may me be found after combat casualties. The case may be complicated with more simultaneous life threatening injuries. Even mild hypothermia can be a major problem because of coagulation disorders. The most frequent reason for coagulation disorders in a trauma patient is hypothermia, and the problems starts already below 36 oC (1). This is a very important reason for protecting our wounded soldiers from hypothermia.


We are sure that some of the patients we treated for hypothermia in peacetime in Denmark after trauma became hypothermic after hospitalization, some of them even after start of prolonged opera​tions where bleeding gradually became the major problem. It is generally assumed that is very seldom to se a multi traumatized victim survive if temperature drops below 32 oC, even though we had success with one multi traumatized  at 30,2 oC with pleural warming after transfusion of 60 units of blood (11). There are good reasons for protecting all patients from accidental hypothermia using conventional methods as blankets and only warmed i.v. infusions. But now and then active warming is indicated. We can see now reasons for not using our methods when treating victims from cold environments in the field hospital. It is does not cost anything to measure temperature, for instance as bladder temperature. Warming up in the pleura demands the capacity for warming up saline water up to 100 litres at all to 40 oC. Very often we use a micro wave oven and a ther​mometer for this. Chest tubes are already available in the field hospital.


HLM is not a common device in a field hospital. But technology shows so much progress that it is reasonable to assume it that we will see small devices for ECC shortly in role 3 facilities. The systems and parts of them can be used also for other purposes, especially lung failures after trauma and heart failure after myocardial infarction. The systems can even be used during air evacuation of patients (13). In field hospitals there may not always be specialists in treating accidental hypo​ther​mia, but regardless of this, treatment can be carried out and advices can be given by telephone. Even insertion of big catheters in central vessels may be done by surgeons or anaesthesiologists and ECC in some form may be started with telemedical advices. To warm up a severe hypothermic victim still demands a good portion of knowledge.

It is important to avoid overshoots in the treatment of hypothermic patients. Hyperthermia appears detrimental in situations of ischemic or hypoxic brain damage while mild hypothermia may be beneficial. We attempt, therefore, not to exceed 35 oC when warming up the unconscious hypothermic victim.


The principle to keep the heart warm and the head cold


4.0 Conclusion


Treatment of the hypothermic victim can be performed at a high level in a field hospital.


5.0 Reference list




(1) 
American College of Surgeons. Advanced Trauma Life Support for Doctors, Student Course Manual. 2008.



(2) 
Meng ZH, Wolberg AS, Monroe DM, III, Hoffman M. The effect of temperature and pH on the activity of factor VIIa: implications for the efficacy of high-dose factor VIIa in hypothermic and acidotic patients. J Trauma 2003 November;55(5):886-91.



(3) 
Walpoth BH, Walpoth-Aslan BN, Mattle HP, Radanov BP, Schroth G, Schaeffler L et al. Outcome of survivors of accidental deep hypothermia and circulatory arrest treated with extracorporeal blood warming. N Engl J Med 1997 November 20;337(21):1500-5.



(4) 
Gilbert M, Busund R, Skagseth A, Nilsen PA, Solbo JP. Resuscitation from accidental hypothermia of 13.7 degrees C with circulatory arrest
1. Lancet 2000 January 29;355(9201):375-6.



(5) 
Akata T, Yamaura K, Kandabashi T, Sadamatsu S, Takahashi S. Changes in body temperature during profound hypothermic cardiopulmonary bypass in adult patients undergoing aortic arch reconstruction. J Anesth 2004;18(2):73-81.



(6) 
Kjaergaard B, Tolboll P, Lyduch S, Trautner S. A mobile system for the treatment of accidental hypothermia with extracorporeal circulation
5. Perfusion 2001 November;16(6):453-9.



(7) 
American Heart Association in collaboration with the International Liason Committee on Resuscitation (ILCOR). Guidelines 2000 for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care - An International Conscensus on Science. Resuscitation 2000;46:267-71.


(8) 
Bjornstad H, Tande PM, Refsum H. Cardiac electrophysiology during hypothermia. Implications for medical treatment. Arctic Med Res 1991;50 Suppl 6:71-5.



(9) 
Mattu A, Brady WJ, Perron AD. Electrocardiographic manifestations of hypothermia. Am J Emerg Med 2002 July;20(4):314-26.



(10) 
Kjaergaard B, Yoshida K, Christensen T, Tosato M. Ordinary surface ECG electrodes accurately reflect cardiac electric activity at hypothermia. Eur J Emerg Med 2008 October;15(5):256-60.



(11) 
Kjaergaard B, Bach P. Warming of patients with accidental hypothermia using warm water pleural lavage
4. Resuscitation 2006 February;68(2):203-7.



(12) 
Chen YS, Lin JW, Yu HY, Ko WJ, Jerng JS, Chang WT et al. Cardiopulmonary resuscitation with assisted extracorporeal life-support versus conventional cardiopulmonary resuscitation in adults with in-hospital cardiac arrest: an observational study and propensity analysis
1. Lancet 2008 July 4.



(13) 
Kjaergaard B, Christensen T, Neumann PB, Nurnberg B. Aero-medical evacuation with interventional lung assist in lung failure patients
3. Resuscitation 2007 February;72(2):280-5.





[image: image2.emf] 
























































RTO-MP-HFM-168
7 - 1

7 - 8
RTO-MP-HFM-168

RTO-MP-HFM-168
7 - 7




[image: image1.wmf] 


[image: image3.wmf]

 TITLE   \* MERGEFORMAT 
US/German Bilateral Agreement on 

Health Status Monitoring: Applications to Cold Environments

 TITLE   \* MERGEFORMAT 
US/German Bilateral Agreement on 

Health Status Monitoring: Applications to Cold Environments



US/German Bilateral Agreement on Health Status Monitoring: 
Applications to Cold Environments


James Ness1,2, Günter Kreim1, Karl Friedl2 & Dieter Leyk3

1Streitkräfteamt, Gruppe Wehrpsychology Büropavillion II, Robert Schuman Platz 3, 
D-53109 Bonn Germany


2Telemedicine & Advanced Technology Research Center (TATRC), 
US Army Medical Research & Material Command


3Streitkräfteamt, Laborabteilung IV, Rhein Kaserne, Andernacher Straße 100, 
56070 Koblenz Germany


ABSTRACT


The German and US Armed Forces have active programs in physiologic monitoring noting the need for such systems to sustain health and performance in particular in the rugged and remote terrain often associated with cold environments. Cold environments are of particular concern to the Armed Forces operationally because of current operations in Afghanistan and strategically because of the changing geography in previously inaccessible cold environments. However, what to capture and how to convolve physiologic signals into performance enhancing and force health protection information remains a complication to fielding an effective system. The German and US Armed Forces’ scientific communities have entered into discussions on establishing a bilateral exchange agreement to work on methods of convolving physiologic signals into an effective health and performance individual and leader decision support tool. The main focus of the discussions centered on how to bridge the levels of the bio-behavioral system to render predictions of individual health and performance. This paper will discuss these issues in the context of cold environments and will elaborate on means of defining the extent of variation within each individual’s normative health and performance phenotype to predict distress.


1.0  INTRODUCTION


In November of 2008, German and US scientists entered into discussions concerning the health and fitness of the warfighter.  Of particular concern were the negative trends in lifestyles of the current generation entering the force.  Further, questions were raised over the current economic situation and its impact on health, in particular on nutrition. Evidence suggestive of these effects is indicated in reported epidemiological trends in Germany
 and the US.  Given the trend and in order to boost recruiting, the US Army has recently granted waivers to allow overweight enlistees into the service.
  The figure shows the US trend in obesity measured as a Body Mass Index greater than 30 as reported by the US Centers for Disease Control.  Body Mass Index is a very course estimate and the notions of fitness and obesity have brought into question the meaning of health and its relationship to fitness.
  Leyk et al. (2007) note well that although health falls within known physiological limits, it is relative within the system of those limits. Thus, they approach the question of health and fitness through studying the concomitant changes in lifestyle that promote and maintain risk outcomes to health, but that may not in and of themselves be uniquely indicative of poor health, such as obesity.
 The addition of lifestyle renders a matrix of data that allows for the examination of structure and function relationships, which have practical and theoretical implications.  The practical implication is that health behavior interventions to train and maintain a fit and healthy force have an empirical basis from which to understand and restructure habits associated with satiety, health and fitness.  The theoretical implication is that the approach falls in the rubric of ecophysiology,
 whereby there is a recognition that morphology, physiology, and biochemistry determine performance abilities which in turn act to constrain behavior.  In this way, the approach is ontological, asking how the individual came to be the way they are, how the current physiological and morphological states constrain behavior and how can developmental course be altered to reduce health risky behavior and promote health enhancing behavior?  From this knowledge, an intervention program can be developed to adapt physiology and to an extent morphology to optimize health and fitness for military duty.  
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2.0 ECOLOGICAL  PHYSIOLOGY


The figure shows the ecophysiological model employed to interpret health and fitness outcomes associated with behavior and to restructure the niche to canalize behavior toward healthy phenotypes.  The model suggests that the organism defines its niche through its behavior.  Behavior, in terms of what can be expressed, is constrained by the physical characteristics of the organism. These morphological, physiological and biochemical substrates grow out of expressions of component systems based on pressures exerted by the niche and the limits of the system defined by developmental history.  Ontological adaptations are those substrates that are maintained, facilitated or induced to change based on pressures exerted on the organism exploiting a niche.
   Ontological adaptations mean a developmental history that canalizes the scope of variability toward optimal adaptation for the defined niche.  In our case, the niche is a military defined context and function.  Two examples here will serve to illustrate the nature of the time component and non-obvious higher order effects as a result of modest changes in morphology and age.  The first example will demonstrate how the environment can influence juvenile development in a manner that renders a greater fitness for cold environments.  The second example is from the other end of the age spectrum and illustrates the limits of biological systems and how to detect biobehavioral shifts in the system that indicate a discontinuity or qualitative shift in performance abilities.
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2.1 ONTOLOGICAL ADAPTATIONS


 
2.1.1 ALLOMETRIC RULE OF ALLEN


Allometry is the study of the ecological implications of morphology and the significance of biological form on biological processes.  The many equations that relate an organism’s characteristics to its morphology generally take the form of Y = aWb.
  Y is the predicted biological function such as metabolic rate, W is typically the mass of the organism and a and b are constants.  For example, the equation for standard metabolic rate in Watts for mammals is R = 4.1W0.75.  The equation for heat conductance in Watts for mammals is C = 0.22W0.57.  The slope of this relation suggests that under similar temperature gradients the rate of heat loss rises more slowly with body size than does basal metabolic rate.  Thus, larger mammals require less of an increase in metabolism to offset heat loss for a given temperature gradient.  


Another ecological principal relating morphology to conductance is Allen’s rule.
  The rule states that closely related endotherms from warmer climates will have a tendency to enlargement of peripheral parts than those of colder climates.  Often raised exceptions are antlers and horns but these appendages actually follow Allen’s Allometric rule.  Antlers are shed in winter and are grown through the warm months.  Horns of the Bighorn sheep, although large have short horn cores relative to volume and, thus, conserve heat loss as predicted by Allen.
  The rule appears to hold, but the mechanism of adaptation remained unclear until the discovery that temperature regulates limb length in homeotherms through modulating cartilage growth.
 


Prior to the recent findings, the hypothesized mechanism for shorter limbs was genetic selection.  These current findings show a phenotypic plasticity in response to an environmental load during ontogeny.  The period of rapid growth immediately following weaning is the developmental period during which temperature has a significant and sizable impact on extremity growth.  Mice reared at 7°C during this period of rapid growth had significantly shorter limb and tail lengths than those reared under the 21°C thermoneutral control condition.  Mice reared under the 27°C warm condition had reliably longer limbs and tail lengths than mice reared in the cold and control conditions.   Diet, activity, and vasculature were not the primary factors underlying the temperature-induced growth response.  The primary factor was attributed to a direct effect of temperature on the epiphyseal growth plates, which are avascular hyaline cartilage plates present in growing bones.  


The finding points to a timing of the exposure to the period immediately following weaning.  During this period, there is a major biobehavioral shift
 in functioning of the mouse from thermal regulation dependent on nest temperature governed by the response of the mother to vocalizations of her pups
 to independent control of thermoregulation.  This sensitive period for the effect of ambient temperature on bone growth in mice is from weaning to about 5 weeks post-weaning.  Although bones continue to grow beyond this period out to about 11 weeks post-weaning, there was no differential growth rate among the groups for this later growth period.  Presumably the mice at this point are better able to thermal regulate and, thus, can effectively mitigate the effect of the thermal load on rate of bone growth.  Behaviorally, food intake was negatively correlated with rearing ambient temperature, as was diurnal activity.  There was no difference between groups in nocturnal activity and there was no difference between groups in body mass.
  Thus, the mice reared in the cold environment were morphologically, physiologically, and behaviorally different from those reared in the warm and the thermoneutral condition.  


Responses to diverse thermal environments involve all levels of biological organization.  However, these levels are on different developmental time scales and the heterochrony of responses must be accounted for to understand physiological, morphological and biochemical adaptations to the effects of ambient temperature.  As discussed above, the effect of a cold environment on bone growth is dependent on when the organism experiences the cold.  Further, the effect of the morphological change is concomitant with changes in activity and metabolism.  The point is that a change in one aspect of the species at a particular time in the organism’s life course results in a phenotypically different system equipped to exploit niches avoided by conspecifics reared under warmer ambient temperatures.  



2.1.2 AGE, EXPERIENCE AND GENDER


Databases are replete with variables to which one cannot randomly assign individuals.  These variables are gender, age, race, life history, height, weight, etc.  However, these variables conveniently classify people in physiologically, morphologically, and behaviorally distinct categories.  Of these variables age can be treated as continuous or categorical.  An example of the categorical treatment of age is the association of age with shifts in sexual maturity (e.g. <10yrs prepubescence, 10-12yrs puberty and >12yrs sexual maturity).  These groupings represent a functional shift in physiology suggesting that treating age as a continuous or otherwise linearly related variable in evaluating physiological, behavioral, or morphological variables may not yield accurate conclusions.  


In a recent study on the effects of age on success and death of mountaineers on Everest, Heuy et al. (2007) reported clear discontinuities in outcome with age.
  To better statistically pattern the data, the authors had to abandon General Linear Model techniques in favor of Generalized Additive Models to define shifts in linear trends.  Specifically, they found clearly defined shifts in linear trends at age 40 in achieving the summit and age 60 for dying during descent from a successful summit.  There were no gender interactions or main effects.  Climbers with prior experience on Nepalese peaks were more likely to summit.  However, death rate was independent of experience.  Blood pressure response to cold is differential in younger versus older adults and may explain the results.  In response to facial temperature changes in cold exposure such as from wind gusts, competing sympathetic (vasoconstriction) and parasympathetic (bradycardia) responses result in increases in systolic and diastolic blood pressure.
  For younger adults blood pressure rises about 20 - 30 mm/Hg.  For older adults blood pressure can rise about 60 mm/Hg.  This cold induced strain on the cardiovascular system has been hypothesized to lead to myocardial infarction in the elderly.


In parallel to the age 60 break point, Leyk et al. (2007) found in those actively participating in marathons little change in endurance running performance until age 60.1 Together, the evidence suggest that these data reflect clear discontinuities in performance such that, for example, after the age of 60 the performance decrement may not be ameliorated by fitness training or acclimatization as applied to younger adults.  These discontinuities appear to indicate changes in the underlying morphological and physiological substrate that renders organismal performance abilities.   Understanding this substrate can point to means to broaden performance abilities in particular environments, such as requiring the wearing of a face mask, the prescribing of blood pressure lowering prophylaxis or monitoring BP for the purpose of rate-limiting strenuous activity.  


2.2 ORGANISMAL PERFORMANCE ABILITIES


The underlying organismal performance abilities are those potentials and tolerances that can be expressed in the phenotype.  These abilities allow for phenotypic plasticity
 to adapt to and thrive within a niche.  Niches themselves are not knowable without the organism that adapts to and exploits a niche.  At the same time, as discussed in the effects of ambient temperature on limb length, the niche also defines the organism.  There is also evidence that phenotype plastic responses to environmental pressure can result in a selection pressure for those who express the more extreme phenotype and thus the phenotype can be assimilated into the genotype of a species.
 


In the model, as depicted in the figure above, organismal performance abilities are analogous, semantically, to the term resilience.  However the term phenotypic plasticity is preferred because the term and associated mechanisms are precisely defined in a body of scientific literature.   Further, the theoretical underpinning for the term has driven many productive scientific inquires and allows for discontinuities and system re-equilibration in response to environmental pressure.  When exploring physiological and behavioral data, one approach is to assume an underlying continuity between levels of organization where properties of structures and functions at underlying levels are preserved at higher levels.  This approach traditionally compares an individual’s metrics to a normative value or range.  This method typically results in defining physiologic boundaries critical to preventing life threatening events, orienting definitions of health and performance as probability to recover from a threatening event or to maintain an optimal state.   Within these absolute boundaries, the other approach assumes a hierarchical organization where lower order organization is foundational for higher order organization but that the function of the higher-order processes are not determined from lower order processes.  In this sense, shifts in physiologic metrics such as core body temperature may not indicate quantitative movement from a norm suggestive of duress.  The shift may indicate achieving a new balance or the expression of a species typical phenotype.  For example, a shift to the lower end of the core temperature range may not mean succumbing to hypothermia for at the circadian nadir, core body temperatures of underfed and fatigued soldiers sleeping outside can routinely drop to 35°C.
 This temperature is at the limit of thermoregulatory collapse.  However, in this referenced case, physiologic systems seem to have equilibrated in response to environmental loads and as a result have likely reduced overall physiologic strain.
   


Responses to cold fall into three main categories, increased heat production, decreased heat loss and reduced body temperature.  The phenotype of reduced body temperature as a response to cold can be induced and is naturally manifested in many cultures such as the Bushmen of the Kalahari and in Australian Aborigines.
  Hammel et al. (2005) studied the responses to cold between European and Kalahari Bushmen.  Both groups of men were exposed to nightlong ambient temperatures of 6°C.
 They reported that rectal temperature of both groups started at about 36.8°C, but in the Bushmen, rectal temperature fell 0.7°C lower than in the Europeans during the cold night. Calculated mean body temperature also fell lower in the Bushmen.  Shivering in the Bushmen was less than in the Europeans and sleep was interrupted less in the Bushmen.  Thus, environmental conditions can result in manifesting a species typical phenotype.  The problem is to determine the extent to which individuals are capable of expressing the phenotype, the time course for expression, the implications for military related performance, and the implications for health and safety limits, which can not be uniformly applied across various states of acclimatization and are often complicated by other factors such as hydration, sleep, etc.  It is for these reasons that individual heath status monitors are needed.  Health status monitors are needed to learn the individual, track health status and warn of risk.  


 3.0 ECOPHYSIOLOGICAL MODEL AND INTERPRETING “STRESS” 


Heightened circulating corticosteroid levels are often accepted as evidence for physical or emotional stress.  The response is non-specific and thus it is the researcher who makes the interpretation of stress.  The arguments suggest a continuity of effect, but in a recent review Sapolsky et al. (2000) found that glucocorticoid actions fall into markedly different categories, depending on the physiological endpoint, with evidence for mediating effects in some cases, and suppressive or preparative in others.
  For example, Bud and Warhaft (1970) reported elevations of noradrenalin in response to cold exposure, but concluded that the changes were not a result of acclimatization.  Although there was evidence of increased production, production was balanced by a corresponding increase in utilization and the effect was independent of length of time of stay in the Antarctic.
  They further noted increases in 17-hydroxycorticosteroids and 17-ketosteroids, but concluded that the effects were not likely due to acclimatization but to normal fluctuations in diurnal renal output.   Further, the psychological stress argument did not fit with other indicators of a stress response, which were higher in Melbourne than at the Antarctic base in Mawson.  This was argued to probably reflect the pace of preparatory activity to meet departure deadlines from Melbourne to Mawson.  In sum, elevated circulating hormones are not uniquely indicative of health outcome.  The increases may be indicative of systemic activity of a shifting state, a mediating response, a preparatory response, a suppressive response or simply spurious.  What is important is the relationship of the outcome measure to the pattern of system adaptations within a context of a niche.  


Often questioned is the beneficial effect of bradycardia, triggered by exposure of the face to cold.
 Certainly taken in the immediate context the response seems to be contraindicated.  However, systems adapt over a time course and not instantaneously.  Further, what can start out as a seemingly contraindicated response can, in the long-term, trigger and contribute to a well-adapted system.  The skin is a phenomenal organ and the body’s largest organ.  Sensitivity thresholds of the skin to temperature change varies approximately 100-fold over the body surface.
  The face, especially near the mouth, is the most sensitive to temperature change and shows little change in sensitivity with age.  The extremities are by comparison not as sensitive to temperature change and become less sensitive with age to the point the thresholds of the foot become too great to measure.     


Not only are there sensitivity differences among locations of the skin, there are also innervation differences that explain differential responses to cold.  The skin contains various specialized nerve ending that depolarize to various changes of state.  Among these specialized receptors are cold sensitive thermal receptors.  Stimulation of the cold receptors activates a thermoregulatory response initiated out of the anterior hypothalamus and a triggering of a sympathetic nervous system dominated response to defend against heat loss.  For example, local cooling of the hand activates a reflex cutaneous vasoconstriction accompanied by an increase in heart rate (HR) and a prompt elevation of blood pressure, coinciding with sensation of pain.  The sensation of pain is driven by nociceptors, which are specialized nerve endings found in the skin. 


The skin is a large organ and changing the location of the cold exposure from the extremities to the face changes the physiological response.  Cold exposure to the face produces an additional parasympathetic cascade.  The skin of the face contains cold receptors, but is also innervated by the trigeminal nerve.  The trigeminal nerve is the Vth cranial nerve and has sensory inputs to the parasympathetic system.  Thus, exposing the face to cold produces similar changes in diastolic pressure but with a more pronounced increase in systolic blood pressure.  The more pronounced increase in systolic pressure is due to an induce bradycardia.  Thus rather than an increase in heart rate as is the case in hand-cooling, there is a decrease in heart rate.  This bradycardia is indicative of parasympathetic activation.  Thus, face-cooling activates both the sympathetic and parasympathetic nervous systems, as evidenced by elevations of blood pressure and slowing heart rate, respectively.  With exposure, the adaptation moves to favoring parasympathetic dominance.
  In the Eskimo the sympathetic response is small, whereas the vagal effect is dominant.  Further soldiers show an enhanced vagal response after a period of exposure to cold environments.27 Thus, adaptation to cold is characterized by parasympathetic nervous system dominance. The dominance of parasympathetic response and reduction of the sympathetic response contribute to the maintenance of better circulation in the periphery.  Moreover, with lower heart rate, there is a reduced heat exchange with cooler peripheral blood thus protecting core temperature.   


In the above example the “stress” response is a parasympathetic dominated response.  However, the classical definitions of stress involve sympathetic activation and the HPA axis.  This definitional bias may put us in a position of forcing a universal term “stress” to accommodate an expanding family of observations that are rendered under similar assumptions and paradigms, rather than refining and defining the construct on phenomena upon which specific outcomes are contingent.
  Rather than use stress or resilience as a convenient semantic category to facilitate conversation more precise terms are needed, which explicate what is meant in terms of antecedents and consequents.  Perhaps a more mechanistic approach should be taken, where stimulus events are loads that result in measurable changes in the system called strains, the resulting systematic acclimation, acclimatization or adaptation is the force back on the load.20  


During discussions at the November 2008 bilateral health and performance meeting between Germany and the US, results of a data mining effort on the Operation Enduring Freedom evacuation database were shared.  A trend was apparent, in particular for those evacuated for psychiatric primary diagnoses, for hypertension.  The question was raised concerning over-driving the sympathetic division of the Autonomic Nervous System (ANS).  This led to a discussion of ANS dynamic as a measure of overall well-being.  It was concluded that one way to approach the effect of emotional, cognitive and physical load on a soldier is to study sympathetic nervous system (SNS) activation.  Most of the work on physiologic status monitoring has focused on the SNS in monitoring various physiologic effects in awake and active soldiers in response to sympathetic evoking stimuli.  In this sense, the focus has been on the accelerator, as an analogy.  However, in terms of overall health and recovery, it may be the case that the brakes are faulty.  That is, the Parasympathetic Nervous System (PNS) may not be effective in bringing the system to an appropriate resting state to recover from the accumulation of threats and insults.  During NREM sleep, the PNS is dominant.  PNS strength can be measured in the time series components of Heart Rate Variability.  There is evidence that perceived stress and stress-related avoidance behaviors are associated with indexes of physiologic arousal during NREM sleep.  The vagus (10th cranial nerve) is a principal PNS pathway from the Central Nervous System to peripheral organs and tissues.  Among the organs and tissues the vagus innervates are the heart, lungs, thymus and aortic baroreceptors.  The relationship of the PNS to the thymus suggests that PNS activity governs T-Cell and to an extent lymph activity.  There is a large body of evidence in the cardiac literature that states that vagal stimulation results in diminishing the inflammatory response.  Notwithstanding, outside of the work on voice by the Germans,
 the PNS is a heretofore ignored system in health status monitoring.  A potential bilateral study, to be further articulated pending resources, is to study PNS activity in NREM sleep to provide a more complete picture of the ANS dynamic and the relationship to stress-related illness.  


From US and French discussion, there is also an interest in more of a ecophysiology approach to articulating the stress response.  Perhaps what is needed is a NATO scientific effort where quality of deep sleep as measured under various loads such as cold, heat, extended operations, while deployed, etc is studied for the purpose of conserving the health of the Force.  The US/German team has started working the database structure issues as data collection efforts are discussed.  A German scientist under the Engineer Scientist Exchange Program will spend a year working database issues framing user interfaces and the underlying structure of data relations for planned efforts between the US and Germany.  This could be extended to other interested countries.   The issue is the rules and regulations governing NATO cooperative research efforts.  We do not know how to go about the process of establishing a research team with permissions to collect data cooperatively, exchange that data, and share equipment and resources.  Given the lack of such systematic efforts in the medical research field, there is little precedent to work from.  This may portend that obstacles are too great to achieve such an effort.  The grandiose idea is to begin to define the scope of the human phenotype under operational conditions such that signals from health status monitors could yield information that would allow a soldier or leader to distinguish between adaptation and duress.
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ABSTRACT

Non-freezing cold injury (trench foot) is well known from military history, and persists as a frequent medical problem in military operations in a cold and wet environment. Preventive measures have proven difficult under field conditions even in summer, and the development of cold injury can not be counteracted by pharmacological interventions at present. Cold injury may affect the cells of the nervous system, blood vessels, musculature and skin. Cells in general are known to activate multiple intracellular pathways to be able to resist and repair cell damage due to pathological environmental stress of several kinds. We have therefore investigated such molecular defence reactions in cells from human skin (HaCaT keratinocytes) after exposure to +5 ºC. The results show that rewarming of cold exposed cells to 37 ºC causes rapid activation of enzyme cascades (protein kinases in series) and initiation of heat-shock response and cutaneous proinflammatory response. That is, within minutes after rewarming a transient phosphorylation of protein kinase and small heat-shock protein could be detected, and increased levels of heat-shock protein and proinflammatory cytokines could be observed during hours.The molecular responses to cold exposure seem to display dose dependence with respect to the duration of cold exposure. The results suggest that tolerance to cold injury might be enhanced by local pre-conditioning (protective heat-shock protein formed in advance of cold exposure) and by local administration of antioxidants and anti-inflammatory agents before warming of cold tissue. 

1.0 INTRODUCTION

1.1
Non-freezing cold injury


At circumstances when military operations or training must be performed in cold and wet environments for a prolonged time period, the probability of non-freezing cold injury of the extremities may be high. The onset of injury is accelerated by additional factors like malnutrition, dehydration, fatigue, tight-fitting clothing and vasoconstrictive effects of combat stress. Preventive measures, such as keeping extremities warm, dry and in motion, and frequent changes into dry clothing, have proven difficult under field conditions. Many casualties of non-freezing cold injury in the Falkland War 1982 were Royal Marines who were well equipped and trained for arctic conditions. Initial symptoms of injury include colour change to pale white feet (or hands) due to intense constriction of blood vessels, numbness and other sensory disturbances. Later symptoms include swelling, edema, and colour change from pale blue skin to redness followed by intense pain. The final stage with persistent pain and hypersensitivity to cool stimuli may last for weeks, months or years, and include peripheral nerve damage. At present, no pharmacological intervention is proven effective in the prevention or curative treatment of non-freezing cold injury. Since the best medication to be offered so far is symptomatic treatment of the persistent pain, any possibility to intervene at an earlier stage of the injury progression might be welcome. The present study concentrate on molecular events in cooled and rewarmed keratinocytes from human skin, to attempt to identify possible targets of pharmacological intervention at an early stage of cold injury. 

1.2
Cell stress signaling

Most eukaryotic cells respond to environmental stress stimuli by sequential phosphorylation and activation of protein kinases within multiple pathways. The stress signals are thereby transduced from the external to the internal of the cells, quite often to the cell nucleus where gene expression is initiated. The pathways coordinately regulate a final outcome of either cell survival or death (apoptosis) depending on the strenght and duration of stress. Any increased level of protein kinase phosphorylation following stress may therefore represent both protective and detrimental actions in the cell. The stress signal transduction by protein kinases has the potentiality to phosphorylate and activate a wide range of target substrates,  including other enzymes, transcription factors and proteins of the cytoskeleton, which all are mediators of  several different biological functions in response to cell stress. Some major pathways and mediators are selected for investigation with respect to cold stress responses in the present study.

1.2.1       MAP kinase cascades

The mitogen activated protein (MAP) kinase cascades constitute a family of  different three-stages protein kinase modules centrally embedded within the cellular signal transduction network.  Each cascade, named after the multifunctional MAP kinase of third stage, may respond to various regulators and stress sensors upstream and communicate with several different downstream effectors. Both the MAP kinase ERK (extracellular regulated kinase) cascade and the MAP kinase p38 cascade are activated by cytokines, receptor ligands, and certain stress stimuli in addition to their individual stimuli (1-3), and the two cascades share some of their downstream kinases that regulate stress related gene expression (3). The individual downstream kinases of the ERK cascade act as mediators of cell proliferation and are activated in response to growth factors or other mitogens, whereas those of the p38 cascade are regulators of immune mediator synthesis or cytoskeleton dynamics  and are activated in response to a wide range of stress stimuli (3).

1.2.2       Hsp70 and Hsp27

The 70kD heat shock proteins (Hsp70) are energy dependent molecular chaperones able to assist protein folding and refolding, and to prevent misfolding and aggregation of damaged proteins in the cell (4). The small heat shock protein (Hsp27) in its multimeric size is an energy independent chaperone, whereas in the phosphorylated oligomeric size Hsp27 is a cytoskeleton stabilizer (5). Both Hsp70 and Hsp27 have pro survival and anti apoptotic function and can complex with and stabilize several different signal proteins  in addition to their functions in cellular protein restoration. The cytoprotective functions of Hsp70 and Hsp27 are fundamental to cellular vitality at physiological conditions and are especially important during stress. The proteotoxic impact by cellular stress lead to strongly enhanced requirements for both Hsp70 and Hsp27. The heat shock proteins are synthesized to large amounts by the cellular heat shock response, which is a protein synthesis pathway activated under the influence of a wide range of stress stimuli, as was first observed by Ritossa (6) in the case of heat exposure.

1.2.3       Il-8 and Il-6


Keratinocytes are able to synthesize a repertoire of proinflammatory cytokines, including IL-8 and IL-6,  upon external stimulation or injury (7). IL-6 is a multifunctional cytokine which affects several different target cells in the organism with regard to immune related responses, and also exerts proliferative effect on keratinocytes in culture (8). IL-8 is a chemokine which selectively attracts neutrophil granulocytes by chemotaxis, and is able to activate them with respect to both exocytosis and respiratory burst (9). In addtion, IL-8 is regarded to stimulate keratinocyte proliferation, and both IL-8 and L-6 may play important roles in wound repair (10). 

2.0    MATERIALS AND METHODS


2.1
Materials


Products for cell culture by Gibco: Dulbecco’s modified  Eagle medium (low glucose) (DMEM), fetal bovine serum (FBS), fungizone (250 (g/ml, gentamicine (10 mg/ml), glutamine (29,2 mg/ml), trypsin (2,5%) were from Invitrogen A/S, Norway, and Nunclon( polystyrene culture flasks (75 cm² culture area) and petri dishes (6 cm) from Nunc A/S, Denmark. Primary antibodies, mouse monoclonal p-ERK, p-p38, p-JNK, rabbit polyclonal p-Hsp27 (Ser15 or Ser78) (Santa Cruz Biotechnology Inc, USA), mouse monoclonal Hsp70/Hsc70, rabbit polyclonal Hsp70B (StressGen Biotechnologies Corp, Canada), were used with the peroxidase-coupled secondary antibodies, rabbit anti mouseHRP and goat anti rabbitHRP  (DakoCytomation, Denmark). A specific p38 MAP kinase inhibitor SB 203580 (Promega, USA) was used as 10mM stock solution in dimethyl sulphoxide (DMSO) from Sigma-Aldrich Co, USA, which also delivered Triton X-100, Tween 20, and ethylenediaminetetraacetate (EDTA) 0,02% solution. Pre-mixed 30% Acrylamide/Bis (37,5:1) was purchased from Bio Rad Laboratories, USA, reagents for enhanced chemiluminicense (ECL) from Amersham Biosciences, England, and detection systems for human IL-6 or IL-8 (DuoSet ELISA) from R&D Systems Inc, USA. All other chemicals used were of analytical grade.

2.2
Cell culture


The human HaCaT keratinocyte cell line (11) was a generous gift from professor Norbert E Fusenig, German Cancer Research Center, Heidelberg, Germany. Cells were maintained with 20 ml DMEM, 5% FBS, 0,03% glutamine, 0,01 mg/ml gentamicin, 2(g/ml fungizone in culture flasks at 37 ºC in gassed (95% air and 5% CO2) humidified incubator and subcultured every 3-4 days. Cells plated on petri dishes with 3ml medium were used at 50-60% confluency for cold exposure experiments. 


2.3
Cold exposure and rewarming

HaCaT cells  were exposed to +5 ºC in a regular refrigerator without gassing for 1- 6 hours, and control cells were kept at room temperature (laboratory bench) for corresponding time periods without gassing. Other control cells were kept in the incubator at 37 ºC, or in some cases at 43 ºC to serve as positive controls for heat-shock response. After exposure, all cell media were exchanged with fresh medium at 37 ºC before rewarming 2 minutes-4 hours in the incubator at 37 ºC. Inhibition experiments were performed with 5-40 (M SB 203580, which was present in the medium for the latest hour of exposure and during rewarming, whereas the control cells were added the inhibitor solvent DMSO.

2.4       Western blot analysis


Cells were rapidly washed twice in 3 ml ice-cold 0,9% NaCl before lysis on the petri dishes in 150 (l 20 mM phosphate buffer pH 7,4 and 0,1 % Triton X-100 for 10 minutes. Proteins in equal volumes of cell extracts were separated by polyacrylamide gel (3% concentrating, 12% separating) electrophoresis under reducing and denaturating conditions, and electrophoretically transferred to nitrocellulose filters. Immuno blots were prepared by sequential incubations with primary and secondary antibodies as recommended by the ECL manufacturer, using 5 % non fat dry milk in the blocking buffer and 0,05 % Tween 20 in the  washing buffer. Proteins on the ECL treated filters were visualized by autoradiography on X-ray films. 

2.5 ELISA analysis


The content of IL-6 and IL-8 in cell extracts were detected by enzyme-linked immunosorbent assay (ELISA) according to manufacturer’s recommendation.  

3.0    results


3.1      Dose dependent activation of ERK cascade and heat shock response by cold exposure and rewarming    

Results on activation of ERK cascade and heat shock response in keratinocytes by cold exposure (5 ºC) of varied duration before rewarming (37 ºC), are shown in Fig 1 and Fig 2, respectively. A typical Western blot displayed increasing amounts of phosphorylated ERK in cells cooled 1-6 hours and rewarmed 30 minutes (Fig 1, 1C - 6C). Only minute amounts of phosphorylated ERK were displayed for cells kept 4-6 hours at room temperature before rewarming (Fig 1, 4B, 6B) or cells kept in incubator at 37 ºC throughout the time (Fig 1, Inc). The amounts of Hsp70 were detected with antibodies towards both total (inducible plus constitutive) Hsp70 (Fig 2, Hsp70, lower) and strictly inducible Hsp70 (Fig 2, Hsp70B, upper), and  extracts were prepared after 2 or 4 hours rewarming of the cells (Fig 2, latest figure of lane).  Typical Western blots displayed a higher level of newly synthesized Hsp70 in cells cold exposed for 6 compared to 4 hours, which was most pronounced for 4 hours rewarming (Fig 2, 6C4, 4C4). Similar results regarding the activation of heat shock response were obtained with either antibody, taken into account that the constitutive Hsp70 is present in all cells, including those which were not cold exposed (Fig 2 Hsp70, lower, 4B2, 8B2, Inc). The induction of Hsp70 by 4 hours cooling was relatively weak compared to that by 4 hours heat shock at 43 ºC  (Fig 2, 4C2, 4H2).
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Figure 1: Dose dependent activation of MAP kinase ERK by cold exposure and rewarming of keratinocytes. The cells were cooled 1 - 6 hrs at 5 ºC (lanes 1C – 6C) or kept 4 or 6 hrs at room temperature (lanes 4B, 6B) or at 37 ºC (lane Inc). The cells were rewarmed at 37 ºC for 30 minutes before preparation of cell extracts and detection with phospho specific (p-ERK) antibody on Western blot. 
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Figure 2: Dose dependent activation of heat shock response by cold exposure and rewarming of keratinocytes. The cells were cooled 4 – 8 hours at 5 ºC (lanes 4C2, 4C4, 6C2, 6C2, 8C2) or kept 4 hrs or 8 hrs at room temperature (lanes 4B2, 8B2) or at 37 ºC (lane Inc). The cells were rewarmed at 37 ºC for 2 or 4 hrs before preparation of cell extracts and detection on Western blots with antibody towards strictly inducible Hsp70 (Hsp70B, upper) or total (constitutive plus inducible) Hsp70 (Hsp70, lower). Cells exposed to 4 hrs 43 ºC heat shock and 2 hrs rewarming (lane 4H2) served as positive controls for heat shock response. 

3.2 Transient phosphorylation of Hsp27 and ERK by cold exposure and rewarming

The small heat shock protein (Hsp27) and MAP kinase ERK of keratinocytes was investigated with respect to phosphorylation by cooling (5 ºC) and varied duration of rewarming (37 ºC). Proteins were visualized on Western blots with antibodies for phosphorylated ERK (Fig 3, p-ERK, upper) and for Hsp27 phosphorylated on serine78 (Fig 3, p-Hsp27(78), mid) or serine15 (Fig 3, p-Hsp27(15), lower). The results showed transient phosphorylation of both Hsp27 and ERK in cells cooled 4 hours and rewarmed 2 – 120 minutes, with maximum at 10-30 minutes (Fig 3, lanes 10’, 20’, 30’) and barely detectable phosphorylation in cells rewarmed for either 2 or 120 minutes (Fig 3, lanes 4C2’, 120’). Control cells, kept 4 hours at room temperature and rewarmed 30 or 60 minutes, displayed only minute levels of phosphorylated Hsp27 or ERK (Fig 3, lanes 4B30’ and 60’) as did cells kept at 37 ºC throughout the time (Fig 3, lane Inc).
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Figure 3: Transient phophorylation of MAP kinase ERK and small heat shock protein (Hsp27) by cold exposure and rewarming of keratinocytes. The cells were cooled 4 hrs at 5 ºC and then rewarmed at 37 ºC for 2 – 120 minutes (lanes 4C2’, 10’, 20’ 30’, 60’, 120’) or kept 4 hrs at room temperature before rewarming at 37 ºC for 30 or 60 minutes (lanes 4B30’, 4B60’) or kept at 37 ºC (lane Inc). Proteins of cell extracts were detected on Western blots with antibodies towards phosphorylated ERK (p-ERK, upper), Ser78-phosphorylated Hsp27 (p-Hsp27(78), mid) or Ser15-phosphorylated Hsp27 (p-Hsp27(15), lower). 

3.3 Inhibition of Hsp27 phosphorylation by MAP kinase p38 selective inhibitor


Some enzymes of the MAP kinase p38 cascade are established as mediators of Hsp27 phosphorylation (12). However, we were not able to detect any activation of MAP kinase p38 in cooled and rewarmed keratinocytes with a specific antibody towards phosphorylated p38 (results not shown). The p38 selective inhibitor SB 203580 was therefore used to investigate any inhibitory effect on the phosphorylation of Hsp27 induced by cooling and rewarming. The inhibitor was added at varied concentrations (5 – 40 (M) to the cell media for the latest 1 hour of cooling (4 hrs, 5 ºC), and also to the media for rewarming (20 min, 37 ºC). Inhibitor solvent (DMSO) were correspondingly added to control cell media. The content of serine78-phosphorylated Hsp27 in cell extracts was visualized on Western blot with specific antibody, and  appeared to be strongly reduced by all concentrations of SB 203580 used (Fig 4, 4C20’, lanes SB5, 10, 20, 40) but independent on whether DMSO was present or not (Fig 4, 4C20’, lanes DMSO, 0).  
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Figure 4:  Inhibition of Hsp27 phosphorylation in cooled and rewarmed keratinocytes by MAP kinase p38  inhibitor SB 203580. The cells were cooled 4 hrs at 5 ºC and rewarmed 20 min at 37 ºC (lanes 4C20’) or kept 4 hrs at room temp before the rewarming (lanes 4B20’) or kept at 37 ºC (lane Inc). Cells were added DMSO (lanes DMSO), 5 – 40 (M SB 203580 (lanes SB5, 10, 20, 40) or nothing (lanes 0). Phosphorylated Hsp27 of cell extracts was detected with specific (p-Hsp27(78)) antibody on Western blot.

3.4 Induction of IL-8 and IL-6 by cold exposure and rewarming


Comparative profiles of IL-8 and IL-6 induction by cooling (3–6 hrs, 5 ºC) and rewarming (2 hrs, 37 ºC) of keratinocytes are shown in Fig 5. The results are corrected for cytokine contents of control cells kept at room temperature (3-6 hrs without gassing), which were 10-30% or 20% of the total IL-6 or IL-8 content in cold exposed cells. Cytokines were detected by ELISA on extracts prepared after rewarming of the cells. The results show a wider induction profile for IL-8 than for IL-6, so that higher inducible proportions of IL-8 than IL-6 (compared to maximal induction of each) is observed with 3, 5 and 6 hrs cooling (Fig 5, 3C2, 5C2, 6C2, grey columns for IL-8), whereas 4 hrs cooling led to similar and near maximal induction of both IL-8 and IL-6 (Fig 5, 4C2).   
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Figure 5: Induction profiles of IL-8 (grey columns) and IL-6 (black columns) by cold exposure and rewarming of keratinocytes. The cells were cooled 3 – 6 hrs at 5 ºC and rewarmed 2 hrs at 37 ºC. Cytokine content of cell extracts were analyzed by ELISA, and corrected for the content in control cell extracts. Control cells were kept 3 -6 hrs at room temp (without gassing) before the rewarming.

4.0    discussion


The present study concerns molecular responses to cooling (5 ºC) and rewarming (37 ºC) in keratinocytes from human skin.

The results show that both the signal pathway, MAP kinase ERK cascade, and the heat shock response  are activated in cooled and rewarmed keratinocytes in a cold dose dependent manner, such that activation increased with increasing duration of cold exposure up to 6 hrs at least (Fig 1 and 2). Also, the small heat shock protein Hsp27 and MAP kinase ERK appeared to be transiently phosphorylated in rewarmed cells, with maxima observed during a period of 10-30 minutes after rewarming (Fig 3). In addition, induced production of cytokines IL-6 and IL-8 were observed in the cooled and rewarmed keratinocytes, and also the induction profiles seemed to be differently regulated with respect to the duration of cooling (Fig 5). However, whether the different profiles may alternatively be due to different relative releases from cells is not known at present. The strong inhibition of Hsp27 phosphorylation by specific MAP kinase p38 inhibitor, SB 203580 (Fig 4), indicates a strong regulation by p38 in this reaction, which is in accordance with established knowledge on Hsp27 phosphorylation (12). The present results are consistent with previous results by cooling and rewarming regarding induction of heat shock protein in human fibroblasts and HeLa cells (13) and induction of IL-8 in human lung epithelial cells (14,15). 

The heat shock response is induced in cells by a wide range of stress stimuli, and the induction is often mediated by intracellular generation of reactive oxygen species (ROS) by the stress agents (16, 17). In accordance, ROS are suggested to be key mediators of cold-induced apoptosis in liver cells, due to the occurrence of lipid peroxidation observed during rewarming (18). Besides heat and cold stimuli, ultraviolet (UV) radiation is an agent to which human skin is frequently exposed. Interestingly, both UVB and UVA are inducers of heat shock response and inflammation, and are also found to induce respectively Hsp27 phosphorylation (19) and IL-8 production (20) mediated by ROS generation in human keratinocytes. An important feature of heat shock proteins and the heat shock response is the terms “thermotolerance” or pre-conditioning, which is the pre-exposure of cells to non-lethal doses of stress agents that makes them able to survive subsequent exposure to doses lethal under normal conditions (16). This phenomenon my be strongly mediated by the cytoprotective effects of increased levels of heat shock proteins.  

Severe cases of non-freezing cold injury my involve damage to large and small diameter peripheral nerves (21). It is therefore interesting in this context that neurons may have higher threshold than other cells for activation of heat shock response, but the survival of injured motor neurons or sensory neurons may be critically regulated and enhanced by upregulation of heat shock proteins Hsp27 and Hsp70 either endogenously (22, 23) or by  exogenous treatment (24). Also, phosphorylation of Hsp27 seemed to be required for survival of injured neurons (22).

Thus, the activation of signal pathway MAP kinase ERK cascade and probably MAP kinase p38 cascade, together with induced synthesis of heat shock protein and cytokines IL-8 and IL-6, as well as phosphorylation of small heat shock protein (Fig 1-5), indicates that cold exposure and rewarming may be a stressful stimulus to the keratinocytes. Since the reactions are general cellular defence reactions, the results suggest that local pre-conditioning with any stress agent (a few hours) in advance of serious cold exposure might be a possible intervention to enhance the tolerance for cold injury. Also, a cream containing 4 % of cytoprotective hydroxylamine derivative, Bimoclomol, might be worth to evaluate in this context (25). In addition, local application of adequate solutions of antioxidants and anti-inflammatory agents before rewarming might be possible interventions to counteract the progression of local cold injury. For example, both vitamins E, C and D are antioxidants with suppressive effects on cytokine synthesis in keratinocytes (20, 26, 27). 
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ABSTRACT

Background:  Moderate deviations from normal body temperature are common, e.g.: related to heavy physical activity, infections, surgery, or trauma.  In the present study we wanted to quantify the impact of temperature on selected central variables of the innate immune system.  Methods:  Blood from seven healthy male test persons was incubated with lipopolysaccharide (LPS) 10 ng/ml in an ex vivo whole blood model.  The blood was exposed to different temperatures (6h at 33 (C, or 3h at 33 (C + 3h at 37 (C, or 6h at 37 (C, or 3h at 40 (C + 3h at 37 (C, or 6h at 40 (C).  TNF (tumour necrosis factor)-α, IL (interleukin)-1 β, IL-8, MMP (matrix metalloproteinase)-9 and reactive oxygen species (ROS) were measured in the supernatant.  Expression of Toll-receptor 4 (TLR4) on monocytes was measured in a flow cytometer.  Results:  Six h incubation with LPS induced a greatly enhanced production of all cytokines and MMP-9.  A highly significant attenuating effect of temperature deviations from normothermia was evident.  The impact of hyperthermia generally was stronger than that of hypothermia.  The effects persisted even 3h after returning to 37 (C.  The plasma balance between oxidants and antioxidants was shifted towards the pro-oxidant side.  We found no significant effect on TLR4 expression.  Conclusions:  Commonly experienced temperature deviations significantly reduce the LPS-stimulated function of circulating white blood cells.  The effects persist for several hours after reversion to normothermia.  Expression of TLR4 does not seem to play an important role for the outcome.  The clinical implications are increased susceptibility to infections, e.g.: as observed after sustained physical exertion or accidental hypothermia.  Conversely, attenuated synthesis of pro-inflammatory mediators may serve to reduce the early end organ injury often complicating serious insults like multiple trauma or haemorrhage.  


1.0
Introduction

The human body functions best within very narrow limits of 37 (C.  Notwithstanding, cases of mild/moderate hypothermia (33 – 36.7 (C) or hyperthermia (37.3 – 40 (C) are common, both among civilians and among military personnel (1).  Extreme deviations are encountered less frequently, but are associated with severe and often life-threatening conditions.  Malignant cardiac arrhythmias and collapse of circulation are well-known consequences of hypothermia ( 28 (C.  The endpoint of excessive heating is the complex clinical picture of heat stroke.  

1.1
General hypothermia

Mild or moderate decline of core body temperature is associated with a series of clinical conditions.  Thus, it is an everyday companion to heavy trauma, and in this connection may be considered as a distinct entity from hypothermia due to other causes (2).  Several studies have shown that victims of polytrauma carry far higher mortality rates if they also have been exposed to accidental cooling (3, 4).  As widespread tissue injuries frequently are complicated by uncontrolled bleeding, impaired function of coagulation enzymes with increased blood loss is especially important (4).  In severely traumatised patients the combination of hypothermia, coagulopathy and acidosis is generally referred to as “the deadly triad” (5).  When ongoing bleeding is not involved, in theory mild or moderate hypothermia may be advantageous.  That goes for, among others, traumatic brain injury, haemorrhagic shock, and cardiac arrest (6-8).  Hypothermia without concomitant trauma frequently occurs in the elderly, in debilitating disease, or is associated with intoxications.  In the operating theatre, general anaesthesia abolishes normal temperature regulation, and lengthy surgical procedures therefore carry with them high incidences of postoperative hypothermia (9).  Since long, hypothermia even has been used for therapeutic purposes.  Examples include treatment of stroke, cardiac arrest, and cardiac surgery (8, 10-11).  

1.2
General hyperthermia


When metabolic heat production and environmental heat load exceed heat loss capacity, body temperature increases.  Viral or bacterial infections or other inflammatory conditions are the most common causes of increased body temperature, and is considered part of the body's host defence (12).  In fever the thermoregulatory set-point is elevated, as opposed to other types of hyperthermia where body temperature exceeds an unchanged set-point.  Inefficient sweat glands, poor circulation (e.g. following dehydration) as well as heart, lung and kidney diseases are often involved, in particular when combined with environmental extremes (hot and humid climate).  But hyperthermia is also well-known in the perfectly healthy and well-trained individual, especially so during sustained physical activity when core temperature regularly may rise well above 39 (C (13).  Like hypothermia, hyperthermia is also a therapeutic option, e.g. in the treatment of malignancies (14).  

1.3
Aim of the study  


Normal function of mammalian cells is exceedingly dependent on temperature, which is one reason why it is so strictly regulated.  Cellular enzymes are especially sensitive, but a host of other aspects of cell structure and function may be vulnerable to temperature changes.  That includes, among others, membrane function, receptor expression and function, intracellular signalling, gene transcription, mRNA stability, and protein synthesis, release or stability.  The net resultant is a complex interplay between all these factors (15).  In the present study we have measured concentrations of selected markers of inflammation to quantify the effects of clinically relevant and frequently encountered moderate temperature deviations on lipopolysaccharide (LPS)-stimulated circulating leukocytes.  LPS signals through Toll-like receptor 4 (TLR4), a genetically conserved pattern recognition receptor (16).  We also wanted to study the impact of temperature on TLR4, and furthermore, to find out if a correlation exists between the markers of inflammation and TLR4 expression.  Below we present the preliminary results.

2.0
Material and methods 


2.1
Study population

Seven healthy males aged 28 – 69 years (43.9 ( 6.0) were included into the study.  


2.2
Blood samples 

Peripheral blood samples were collected by antecubital venipuncture with the subjects in seated position.  To exclude circadian variations, sampling was done between 0800 and 0900 a.m. on each day.  EDTA or heparin anticoagulated vacuum tubes (Vacuette, Greiner) were employed for the collection.  All specimens immediately were put on ice and processed within 1h.  

2.3
Haematological and biochemical measurements 


Haemoglobin, haematocrit and differential leukocyte counts were determined in EDTA blood using an automatic blood cell counter (Advia 60, Bayer Health-Care, Tarrytown, NY, USA).  


2.4
The whole blood model


The ability of circulating inflammatory cells to react to an LPS challenge was studied at different temperatures in a whole blood model.  Three millilitres of heparinised blood was used in each sample, and the tubes were incubated at five different temperatures or temperature combinations as follows: 

· 6 h at 33 (C (33/33 (C)


· 3 h at 33 (C + 3 h at 37 (C (33/37 (C)


· 6 h at 37 (C (37/37 (C)


· 3 h at 40 (C + 3 h at 37 (C (40/37 (C) 


· 6 h at 40 (C (40/40 (C)  


Immediately before incubation, the cells were either not further stimulated, or stimulated with LPS 10 ng/ml, which is supposed to lead to a near-maximal activation of the leukocytes.  The tubes were gently rotated x6 during the incubation period to avoid sedimentation.  After 6 h the samples were centrifuged.  The supernatant was removed and immediately frozen at - 20(C.  The impact of temperature on leukocyte function was assessed by measuring the concentration of selected cytokines (TNF-α, IL-1 β, IL-8) and proteases (matrix metalloproteinase-9 (MMP-9)) in the supernatant.  The effect on oxidant status in plasma was also measured.  


2.5
Cytokine, protease and free radical assays


Commercially available kits from R & D Systems were used for cytokine determination.  The proteases were measured with a Quantikine human kit (catalogue number DMP 900).  Chemiluminescence was measured in a Labsystems Luminoskan luminometer (Turku, Finland).  


2.6
Flow cytometric analysis of TLR4

The temperature effect on TLR4 expression on monocytes was measured in samples from four donors.  The analyses were done within 24 h in a FACSAria flow cytometer (Becton Dickinson) equipped with FACS Diva Software version 6.1.1 (Becton Dickinson).  The monocytes were identified by their light scatter characteristics in a forward scatter/side scatter plot, or by CD 14 FITC combined with side scatter plot.  They were electronically gated and analysed for median fluorescence intensity (MFI).  Results for the different receptors are reported as the MFI corrected by subtracting the MFI for the relevant isocontrol antibody.  

2.7
Statistical analysis


Data are presented as mean ( SEM.  The data were tested for normal distribution.  Thereafter differences between values were estimated with one-way repeated measurements ANOVA, or one-way repeated measurements ANOVA on ranks as appropriate, followed by Dunn´s post hoc test.  P-values < 0.05 were considered statistically significant.  


3.0
RESULTS

3.1
Haematological variables


Selected haematological variables for the test persons are shown in table 1.

Table 1: Selected haematological variables of the study population
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3.2 Markers of inflammation 


3.2.1
Cytokines


In the non-stimulated samples, the concentrations of all cytokines, including TNF-α, were generally very low or below detection limit.  The leukocytes responded to 6 h incubation with LPS with a vastly increased production, which was highly influenced by temperature as shown below.  


3.2.1.1
  TNF-α and IL-8


The values after 6 h in 33 (C were reduced to 50 ( 2 % of the concentrations found after 6h in normothermic environment (see figure 1).  The attenuation was even more pronounced after 6h in 40 (C (27 ( 12 %).  The concentrations remained significantly depressed also in the samples with intermediate temperature challenges.  


The impact upon the chemokine IL-8 was very much like that of TNF-α.  
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Figure 1:  Relative temperature effects on TNF-α concentrations in the supernatant after 6 h ex vivo whole blood incubation with LPS 10 ng/ml (37 (C = 100%).  The concentration was higher after 6 h in 37 (C compared with all other investigated temperatures or temperature combinations.  * p < 0,05 vs. 6 h incubation in 37 (C.  


3.2.1.2
  IL-1 β 


IL-1 β, like TNF-α, is a pivotal pro-inflammatory cytokine.  Both hypo- and hyperthermia had profound effects on the measured concentrations in the supernatant.  After 6h in 40 (C IL-1 β was almost wiped out by hyperthermia (3 ( 1 % of control values), and even after only 3h in 40 (C followed by 3h in 37 (C the values were very low (9 ( 2 %); (see figure 2).  
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Figure 2:  Relative temperature effects on IL-1 β concentrations in the supernatant after 6 h ex vivo whole blood incubation with LPS 10 ng/ml (37 (C = 100%).  The concentrations of IL-1 β were especially sensitive to hyperthermia.  * p < 0,05 vs. 6 h incubation in 37 (C.  

3.2.2
Matrix metalloproteinase-9 (MMP-9)


Matrix metalloproteinase 9 (MMP-9) belongs to a class of extracellular proteinases that are able to degrade or modify essentially all components of the extracellular matrix (17).  They are essential for normal physiology, but may also participate in the pathophysiology of several disease states and following trauma.  The activity of MMP is probably sensitive to temperature deviations (18).  As can be seen from figure 3, the temperature effects on MMP-9 concentrations were generally milder than was the case for the cytokines.  However, significantly reduced values were measured both after 6h in 33 (C (81 ( 6 % of control values) and 6h in 40 (C (72 % of control values).  
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Figure 3:  Relative temperature effects on MMP-9 concentrations in the supernatant after 6 h ex vivo whole blood incubation with LPS 10 ng/ml (37 (C = 100%).  MMP-9 was less sensitive to deviations from normal temperature than was the case for the cytokines TNF-α, IL-1 β and IL-8.  * p < 0,05 vs. 6 h incubation in 37 (C.  

3.2.3
Reactive oxygen species (ROS)


The term “reactive oxygen species” (ROS) embraces any mixture of molecules, ions and free radicals containing derivatives of molecular oxygen that are more reactive than oxygen itself.  ROS are known mediators of cellular injury, and their generation is supposedly temperature sensitive (19, 20).  In the present study, the chemiluminescence activity proved to be highly dependent on temperature, with the lowest values at 37 (C (see figure 4).  The largest deflections were seen on the hyperthermic side (576 ( 199 % of 37 (C), but with marked effects also at the other temperatures and temperature combinations.  
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Figure 4.  Relative temperature effects on free oxygen radicals (ROS) in the supernatant after 6h ex vivo whole blood incubation with lipopolysaccharide (LPS) 10 ng/ml (37 (C = 100%).  * p < 0,05 vs. 6 h incubation in 37 (C.  


3.3
Toll-like receptor 4 (TLR4)  

Toll-like receptors are an ancient and evolutionarily conserved receptor family that recognises distinct microbial components and directly activates immune cells.  So far 11 human TLRs (TLR1-11) have been identified, with LPS as the main exogenous ligand for TLR4.  In addition there are several endogenous ligands (16).  The expression of TLRs is known to be regulated by a series of physiological factors, among them body temperature (21-23).  In vitro we found a tendency to reduced expression of TLR4 with increasing temperature, while the impact of hypothermia was more or less absent (see figure 5).  No significant correlation between cytokine concentration and TLR4 expression was detected.  
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Figure 5.  Relative temperature effects on the expression of TLR4 on monocytes after 6h of ex vivo whole blood incubation with lipopolysaccharide (LPS) 10 ng/ml (37 (C = 100%).  


4.0
DISCUSSION

Mild or moderate deviations from normal core body temperature may be caused by a long series of stressful events.  The impact upon cellar function, including immune cells, may be considerable.  In this ex vivo study we have tried to quantify the effects on selected markers of the innate immune system.  The LPS-stimulated release of pivotal proinflammatory cytokines like TNF-α and IL-1 β was heavily attenuated by environmental temperature deflections of ( 3 (C.  The same was the case for the chemokine IL-8.  The oxidant status in plasma was significantly shifted towards the pro-oxidant side.  The concentrations of the protease MMP-9 proved more resistant, but even here a significant temperature effect was evident.  The expression of TLR4 turned out to be less temperature sensitive.  Hyperthermia tended to reduce the values, but the differences from 37 (C were not statistically significant.  However, the number of investigated samples was low (n=4).  

The influence of temperature on stimulated cytokine production has been addressed by many investigators.  Most of them report of negative effects, although not in complete agreement (24-27).  The results in the present study were altogether very consistent with heavily attenuated synthesis and release of all cytokines investigated, not only after 6h in hypo- or hyperthermic environment, but even after combinations of 33/37 or 40/37 (C.  Thus, it may be surmised that incidental temperature deflections induce relatively longstanding (hours) impairment of cytokine production.  This is an important issue for researchers in this field, and emphasizes the need for strict temperature control when blood samples are not immediately processed.  IL-1 β and TNF-α are central mediators of the inflammatory response, for instance after polytrauma or generalised infections, and 6h in 40 (C reduced the stimulated concentrations to 3 ( 1 and 27 ( 12 %, respectively, of the control samples kept in 37 (C.  The effects of hypothermia were less conspicuous, but still considerable (27 ( 4 % and 50 ( 2 %, respectively).  The clinical consequences are not straightforward and likely to be greatly dependent upon circumstances.  Hypothermia is often associated with reduced resistance to infections, both by directly impairing immune function and because thermoregulatory vasoconstriction diminishes tissue perfusion, which is especially deleterious after penetrating injuries.  Prompt activation of the innate immune system to eliminate offending pathogens would seem critical in such situations, but the mechanisms probably are multifaceted (28, 29).  Yet another aspect of reduced temperatures and health is the ancient observation that respiratory infections summit during winter months, as do hospitalisations and mortality due to infectious complications (28).  But the dampening effects of hypothermia on most cellular functions may not be universally unfavourable.  Thus, the restrained proinflammatory cytokine production may serve to reduce the early end organ dysfunction or failure attributed to exuberant activation of the inflammatory response, e.g. from multiple trauma or haemorrhagic shock (30).  The fact that rodents select cool ambient temperatures during systemic inflammation, and that this behaviour correlates with increased survival, suggests an evolutionary benefit from “regulated hypothermia”, i.e. hypothermia due to a decreased temperature set-point (31).  

The MMPs are important players in the tissue breakdown, resorption and remodeling of extracellular matrix, both following traumatic injuries as well as in many disease processes and degenerative disorders.  Their biological activity is strictly regulated, both via gene transcription (by cytokines, physical stress (like temperature), growth factors, hormones and others), by proenzyme activation and by the activity of tissue inhibitors of matrix metalloproteinases (TIMPs); (17, 18).  Although we found that MMP-9 was less susceptible to temperature fluctuations than was the case for the cytokines, the stimulated MMP concentrations nevertheless declined to 81 ( 6 % in 33(C and to 72 ( 6 in 40 (C when compared to incubation in 37 (C.  The clinical implications may follow the same lines as for TNF-α and IL-1 β.  For instance, in traumatic brain injury and stroke, hypothermia is known to limit damage and secondary cell death, while hyperthermia has the opposite effect (32).  As previously mentioned, in both cases the dampening temperature effects on cytokine concentrations is operative.  But even the reduced MMP activity presumably ameliorates damage per se, as suggested in studies with MMP-9 knock-out mice (33).  

In this study, we have compared samples of cells stimulated with the Gram-negative cell wall component LPS, which is a potent activator of inflammation.  Of the 11 human TLRs, TLR4 is critical for cellular responses to LPS (34).  Some of the main markers of TLR4 activation by LPS (e.g. TNF-α and IL-1 β) proved to be highly sensitive to temperature variations, and it might therefore be hypothesized that the expression of TLR4 could play an important role for this outcome.  To support this, high monocyte TLR4 expression has been associated with high LPS-stimulated TNF-α and IL-1 β production (35).  Other investigators, however, have found increased TLR expression in fever range temperatures (39.5 (C), thus suggesting no such relation (23).  Our own results are inconclusive.  Hypothermia seemed not to influence TLR4 expression, while there was a clear tendency to reduced expression in hyperthermia (81 ( 10 % of the 37.0 (C control samples).  However, the number of samples were low (n=4).  

The specific effects of core body temperature deflections may be difficult to determine in vivo.  The associated stress causes a marked rise of plasma adrenaline, noradrenaline, and cortisol, all of which have widespread effects, for instance as important regulators of cytokine production.  In vitro studies circumvent these problems.  The ex vivo whole blood model used here has been well-characterised and is likely to be a suitable tool for such studies (36).  


To conclude, moderate deviations from normal core temperature (( 3 (C) proved to have profound inhibitory effects on pivotal inflammatory mediators, most pronounced on the hyperthermic side.  The effects persisted beyond 3h after return to the control temperature of 37 (C.  The clinical implications are widespread and depend on, in a given case, whether inflammation is to be stimulated or impeded.  
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						Haemoglobin (g/dl)			15,3 ± 0,2


						Haematocrit (%)			42,8 ± 0,7


						Platelets (109 cells/l)			252 ± 18


						White blood cells (109 cells/l)			4,9 ± 0,4
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Abstract

Predictol( is a PC-computer program used to determine the thermophysiological duration limited exposures (DLE) in humans, nude or clothed, submitted to various climatic conditions (hot and cold climates) at rest or during a physical exercise. DLE are determined following different standards of the International Standardization Organization, especially ISO 7933 for hot environment and ISO-TR 11079 for cold environment. The original aspects of this program is that it can be used whatever the climatic conditions. The program presents two modes: an educational interactive mode and a scenario mode. The educational interactive mode demonstrates the thermophysiological effects, expressed as DLE, of different parameter changes (temperature, humidity, wind speed, metabolic heat production by physical exercise, clothing insulation and water vapor permeability). The scenario mode determines DLE for given various linked sequences as encountered in occupational, military or even recreational activities; each sequence being characterized by its climatic conditions, physical activities performed and by physical clothing properties. DLE given by Predictol( are correlated to those obtained in various controlled climatic laboratory conditions (r = 0.86; P < 0.001). Predictol( is written in Visual Basic 6.0. A “Help Menu” is provided to explain the use of the program and give informations concerning the equations used both to calculate the thermal balance and DLE.


1.0
Introduction

During military activities, the physiological performances may be impaired by the climatic conditions which sometimes may induce climatic disorders or illnesses as heat stroke, or hypothermia with or without frostbites. As human is an endo-homeotherm, theses disorders result from an uncompensable heat stress due to a disequilibrium of the thermal balance. Indeed, maintaining core temperature between safe limits needs equilibrium between heat gains and heat losses. Heat gains belong mainly to metabolic heat production (physical exercise or shivering) representing an internal heat load and secondarily to radiation and convection heat loads in a hot environment representing an external heat load. At the opposite heat losses are represented by evaporative heat losses which convection and radiation heat losses are added to in the cold. Heat storage is observed when heat gains are higher than heat losses leading to hypothermia. In contrast, when heat losses are more important than heat gains, a heat debt is observed leading to a risk of hypothermia. Moreover, clothing and garments impaired the heat and moisture exchanges between the skin and the environment following the thermal and evaporative resistances of clothing. Consequently, three factors must be taken into account to determine thermal balance: the climatic environmental conditions, the metabolic heat production and the physical characteristics of the clothing. As it is of a great interest to evaluate the thermal constraint for preventing medical disorders in subjects exposed to tropical or artic climates and/or wearing protective clothing, we developed a computer program with the aim in view to calculate the duration of limited exposure (DLE) for nude or clothed subjects exposed to various climatic stresses as at rest as during physical activities in order to prevent thermal disorders. 

2.0
Background


Scientists have been working for a while to establish methods to predict the physiological limits of subjects submitted to thermal constraints. Furthermore, less studies have been done in cold than in hot conditions, and none takes into account the two. 

2.1
Hot environments


In hot environments, all of these studies led to propose different indices such as the operative temperature, the effective temperature [1]or the wet bulb globe temperature [2], well known as the WBGT index described in ISO 7243 [3]. Many thermoregulatory models were proposed in the past 


[4-7] ADDIN EN.CITE  as more recently, Cadarette and al. [8] proposed the ARIEM model allowing to predict core temperature during exercise before reaching thermal equilibrium. Many other physiological indices such as the “Predicted 4 Hours Sweat Rate” (P4SR) [9], the Sweat Rate Prediction [10], the “Physiological Strain Index” (PSI) [11], the Cumulative Heat Strain Index (CHSI) [12] and more recently, Malchaire et al. [13] developed the Heat Strain Model (PHS) which replace in the last version of ISO 7933 [14] the required sweat rate (Swreq).

2.2
Cold environments


In cold environment, the well-known climatic index “Wind Chill Index“ (WCI) proposed by Sipple and Passel [15], taking into account air velocity and dry air temperature, is still used [16] and has been recently revised as described in ISO11079-2007 [17]. Many cold thermoregulatory models have been proposed as those proposed by Werner et al. 


[18, 19] ADDIN EN.CITE  more recently. In ISO11079-1998/2007, the determination of required clothing insulation (IREQ) is proposed as a measure of cold stress integrating the effects of air temperature, mean radiant temperature, air velocity, metabolic heat production and physical characteristics of clothing. In the annex of this standard is proposed a computer program for calculating IREQ and the new WCI.

However, computer thermoregulatory models are still today in development for a better prediction of the thermal constraint 


[19, 20] ADDIN EN.CITE  but none takes into account heat and cold climatic conditions and they do not always refer to ISO standards. Consequently, we developed on the basis of the well-established ISO standards a computer program in order to determine the duration limited exposure to both heat and cold climatic conditions in the same systems, taking into account metabolic heat production and thermal characteristics of clothing in order to prevent medical disorders. Furthermore, as users of this program may be medical or thermophysiological scientists, the software uses different user-friendly interfaces.

3.0
Design of Predictol®

The actual version (V2.0) of PREDICTOL( program is mainly based on ISO7933-1989 [21] and ISO-TR 11079-1993 [22] concerning the determination of the heat balance in order to give the duration limited exposure for the thresholds “alarm” and “danger” described in these standards.


However, in order to take into account heat as well as cold climatic conditions, it has been necessary to introduce a new concept to determine the threshold when the physiological thermoregulatory reactions to heat (vasodilation and sweating) occur or, inversely, when the thermoregulatory reactions to cold start. We named this concept “theoretical neutral operative temperature” (Ton) and it may be defined as the theoretical operative temperature (taken into account air and mean radiant temperatures) at which the subject placed in a given situation (nude or clothed, at rest or during physical activities) would be at thermoneutrality. This thermal state is defined by a heat balance equal to zero without thermoregulatory reactions against heat or cold and a mean skin temperature of 33 °C. According to the situation, the true operative temperature (To) observed in actual conditions may be higher, equal or lower than Ton. If To(Ton, determination of heat storage following ISO7933 is performed. If To(Ton, heat debt is calculated following ISO-TR11079 and if To = Ton, heat balance is by definition equal to zero and the subject is at the thermal neutrality. This procedure permits to calculate the heat balance whatever the climatic conditions. For instance, an intense physical exercise performed in cold conditions with a high clothing insulation induces sweating and may lead to heat storage exposing the subject to a possible risk of heat stroke. In this particular case, Ton will be lower than To and heat storage will be expected though the subject is placed in a cold environment.


The main goal of PREDICTOL( is to determine the duration limited exposure following the physiological criteria described in ISO7933 and ISO-TR11079 in nude or clothed subjects at rest or during physical activities in various climatic conditions using the determination of the heat balance. The general principle design is as follows: input data are: 


· the biometrical characteristics of the subject (height, body mass, fat body mass, acclimated to heat or not, position’s subject: standing, sitting, lying, squatting);

· the environmental climatic conditions (air temperature, globe temperature which permits to calculate mean radiant temperature, wind velocity, relative humidity, barometric pressure);


· data concerning the physical activity (speed of walking, load carried, slope and nature of the field);

· data concerning the clothing (thermal insulation and water vapor permeability index).


Thereafter, PREDICTOL( determines the heat balance using a number of equations allowing the calculations of thermal exchanges described in the ISO standards and in the “help menu”. Finally, PREDICTOL( indicates the duration limited exposures following the physiological thresholds (alarm and danger) for heat storage (hyperthermia and dehydration) or for heat debt. The goals of PREDICTOL( are firstly educational, to familiarize students or physicians with the thermophysiological problems, secondly to help physicians to determine potential medical risks due to particular occupational activities, and lastly to help scientists for expert advices. Following these considerations, the user of PREDICTOL( can choose one of the two modes: educational or scenario. The educational mode is interactive (Figure 1), each change in one or several input parameters results in an immediate change in output data. This procedure allows the on-line study of the impact of various factors on the thermophysiological constraint. The scenario mode (Figure 2) comprises two steps: firstly, the operator enters the characteristics of the different sequences (climatic, physical activity and clothing characteristics) and the duration of each sequence. Then, PREDICTOL( calculates the heat balance of each sequence taken into account eventually the previous sequence in order to compare the duration limited exposure with the duration previously fixed and, lastly gives the level of the thermophysiological risks. Output data can be edited in text with two levels of complexity: expert (Scientific use) or not (Operational use) - or in tables, and exported to another software.
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Figure 1: Predictol®: educational mode
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Figure 2: Predictor®: Scenario mode

The aim of the PREDICTOL( development has been to elaborate not only interactive, easy to use, educational software, but also to provide accurate and complete software for experts in thermophysiology.

4.0
Description of the software

The program, only written in French at this time, contains about 13000 lines of code. The size of the executive code is about 2.6 Mega octets (Mo) and 4.3 Mo for the help.

Input data comprise the data concerning the subject, the climatic characteristics of the environment, the characteristics of the physical activity and finally, the data concerning the clothing. Intermediate data are produced both in the interactive educational mode and in the scenario mode. They correspond to intermediate calculations needed to determine the thermal balance. Output data are represented by the duration limited exposure for the different thresholds for a heat or a cold thermal constraint and by the evaluation of the thermal comfort when the heat balance is at the thermal equilibrium. 

The main stages of the calculations performed by the computer program are the following : firstly, theoretical neutral operative temperature (Ton) is calculated and secondly, if operative temperature of the environment (To) is lower than Ton, heat debt is calculated and the duration limited exposure for cold conditions are given. If To is higher than Ton, heat storage is calculated, taking into account the maximum evaporative heat losses through clothing permitted by the environment, and then, DLE for heat thermal constraints are given. When To is close to Ton and the heat balance is close to zero, evaluation of the thermal comfort is performed.


5.0
Status report

This program is used in our laboratory and it permits to give physiological recommendations concerning the DLE during occupational or recreational activities, and military operations in various climatic environments. It is also used for student teaching and by physicians. Figure 1 shows results of sample runs, obtained with Predictol( run in the educational mode. Figure 2 shows the result obtained in a sample run with Predictol( running in the scenario mode: it represents a simple final report. The DLE calculated by Predictol( has been correlated with the DLE observed in laboratory conditions following ISO standards for core temperature during 24 experiments conducted either in our hot or cold climatic chambers in 8 young males. During these experiments, the ambient temperature, equal to the mean radiant temperature, ranged from –15 °C to 35 °C with a wind speed of about 0.8 m.s-1 and a relative humidity of 60 % and the subjects were clothed. Clothing insulation (Icl) varied from 0.57 to 1.3 Clo and the water vapor permeability index (Im) varied from 0.1 to 0.5. The subjects performed a physical exercise on a treadmill (velocity varying from 4 to 4.84 km.h-1, slope varying from 3 to 4 %, load carried varying from 13.9 to 40 kg). The results of the statistical analysis showed a high correlation (r = 0.86; P<0.01) between the predicted DLE values given by Predictol( and the DLE values observed in laboratory conditions (Figure 3).
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Figure 3 : relationship between the predicted durations limited exposure (DLE) calculated with Predictol® and the DLE observed in laboratory conditions

6.0
Future developpments

This program has been developed according to the ISO standards with few modifications performed in order to use this program whatever the climatic conditions. It will be necessary now to include the last improvements of these standards in Predictol(. Furthermore, an English version will be developed.


7.0
Availability


Predictol( is protected by the French Defence Ministry: ”Inter Deposit Digital Number IDDN.FR.001.420006.000.D.P.2002.000.31230”. Predictol( is a registered trademark under the number 03 3 209 707 at the INPI Paris, France. Currently, Predictol( is available in French for PC computers on a CD ROM. It can be obtained on request from : Direction Centrale du Service de Santé des Armées, Fort Neuf de Vincennes, Cours des Maréchaux, 75614 PARIS CEDEX 12, France.
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Abstract

Cold-induced vasodilatation (CIVD) has been suggested to be a protective response, minimising the risk of cold injury. As a consequence, many studies to date have investigated interventions that may enhance the CIVD response. Evidence from field studies suggests that chronic exposure to altitude may enhance certain characteristics of the CIVD. Accordingly, we investigated the effect of 28 days of hypoxic training on the CIVD response. The hypoxic training was conducted at the Olympic Sports Centre in Planica (Slovenia). Subjects (N=9) were exposed to a normobaric hypoxic environment simulating altitudes ranging from 2800 to 3200 meters above sea level for at least 9  hours during the night. During the daytime, subjects were exposed to normobaric normoxia, and conducted daily 1 hr training sessions on a cycle ergometer. During the daily exercise training sessions, the work rate was adjusted to maintain heart rate at a level observed at a work rate equivalent to 50% of peak power output. Prior to, and immediately after this 28 day “Sleep high-Train low” (SH-TL) hypoxic training regimen, subjects’ CIVD response to 30 min sequential immersion of the hand and foot in 8°C water was examined. The CIVD response was investigated under normobaric normoxic and normobaric hypoxic (FIO2=0.12) conditions. The results of the present study indicate that 28 days of exercise training combined with daily exposure to hypoxia potentiates the hypoxic CIVD response especially in the exercising body parts. Thus, altitude acclimatisation combined with an exercise training protocol appears to decrease the risk of cold injury in the exercising limb by enhancing the CIVD response.


1.0
INTRODUCTION

During cold exposure central and local mechanisms are activated in humans to prevent cold injury. A local mechanism to reduce heat loss is peripheral vasoconstriction, which limits blood flow and consequently oxygen provision, and thus makes the tissue more prone to non freezing cold injuries [1] especially in the acral parts of the body, due to their high surface area-to-mass ratio. However, a local paradoxical increase in skin temperature is often observed after 5-10 minutes of exposure to cold, due to a local vasodilatation response [2] in the fingers and toes. It is generally accepted that such cold induced vasodilatation (CIVD) has a protective role against cold injuries [3]. Moreover, this cryoprotective mechanism is observed in the ears, hand, and more rarely in the feet [4, 5].

Central and local factors have been implicated in the etiology of CIVD, but the exact mechanism remains unresolved. Factors observed to affect the CIVD response include hyperthermia, hypohydration, diet, alcohol, mental stress and mental activity, age, and gender. There is also evidence that hypoxia [6] and exercise training may also influence the CIVD response. In a field study, Mathew et al. [7] demonstrated that the CIVD response at high altitude during cold (4°C) water immersion of index finger is weaker compared with the response at sea level. A final test upon return to sea level demonstrated a similar CIVD response as that observed before the hypoxic exposure, suggesting that the impairment was specific to the altitude exposure. These results were confirmed by subsequent studies [6, 8]. Unfortunately, these studies had major limitations. Namely, no control of the cold and/or hypoxia stimulus; the CIVD response was investigated in just one finger, although CIVD is not uniform in all fingers or toes [5]. In contrast to the results of these studies there are indications, that prolonged hypoxic exposure can improve the CIVD response. Recently, Felicijan et al. [9] examined 9 Alpinists before and after a high altitude exhibition lasting 3 weeks. They demonstrated an enhanced CIVD response especially in the foot after this period of high altitude exposure. The researchers speculated that this enhancement was due to either hypoxia, acclimatization to cold and/or exercise. Unfortunately, in this study the degree of cold acclimatization was not assessed, the hypoxic exposure was not controlled; also the exercise and physical condition of the subjects were not controlled or monitored. During high altitude expeditions, the hypoxic stimulus is normally combined with physical activity, and the combination of exercise and hypoxia influences the fitness status of the individuals. Since habitual physical exercise affects tissue insulation, as a consequence of its effect on adipose tissue, muscle mass and its vascularisation, as well as the metabolic activity, it is possible that endurance training may influence cold resistance [10]. There is a lack of knowledge of how improved physical fitness may influence peripheral cooling of the extremities, particularly the CIVD response. However, we speculate that central (sympathetic response) and peripheral (vascularization) adaptations after training could have a beneficial influence on CIVD. 

A combination of altitude acclimatization and endurance training is the “Sleep high - Train low” (SH-TL) regimen, which involves sleeping in hypoxic and training in normoxic conditions. This intervention can be beneficial because of the altitude-associated adjustments, primarily haematological changes, which may increase the oxygen carrying capacity of the blood [11, 12] and/or peripheral adaptations such as improved buffering capacity, blood flow and capilarization [13]. 

We hypothesized that the combined effect of chronic hypoxic exposure and exercise training (SH-TL) may enhance the CIVD response observed in fingers and toes. Our main hypotheses were that the number of CIVD waves and average temperature of the fingers and toes will be increased after SH-TL, and that these enhancements will be more prominent in the foot (exercised parts) compared with the hand. Additionally we hypothesized that the perception of temperature and thermal comfort will be improved after the SH-TL training regimen.

2.0 METHODS


Nine healthy male subjects participated in the present study. Their average±SD age, body mass, and height were 23.9±3.0 years, 178.6±5.2 cm, and 70.0±5.4 kg, respectively. The protocol of the study was approved by the National Committee for Medical Ethics at the Ministry of Health (Republic of Slovenia). The subjects abstained from coffee or caffeinated beverages 2 hours prior to all trials. They were also requested not to conduct any physical activity at least 2 hours before the trials. 

2.1 SH-TL 


Subjects participated in a 28-days hypoxic training programme comprising daily exposures to a hypoxic environment, 2800 (first week) to 3200 m (last week) above sea level. During the daytime, subjects were exposed to normobaric normoxia, and conducted 1 hr training sessions on a cycle ergometer, 5 times per week. The SH-TL protocol was conducted at the hypoxic facility (b-Cat B.V., The Netherlands) in the Olympic Sports Centre in Planica (Slovenia). During the exercise training sessions, the external workload was adjusted in order to maintain the heart rate at a level equivalent to 50% of normoxia peak power output before training. Before and at the end of the SH-TL training programme, the maximal aerobic capacity (VO2max) under normobaric normoxic and normobaric hypoxic (FIO2=0.12) conditions was evaluated with an incremental test (increased workload of 30 watts per minute) to exhaustion. The oxygen uptake in the last 30 sec of the trial was averaged and this value considered as the maximal oxygen uptake. This study was part of a larger study investigating the efficiency of different hypoxic training protocols on exercise performance. Thus, the hypoxic exposures and exercise was strictly controlled.

2.2 CIVD TESTING


Before and after the SH-TL, each subject participated in cold-water immersion tests of the hand and foot, under normoxic and hypoxic conditions. The protocol of these 8 immersion trials was identical.  Subjects arrived at the laboratory at least 15 min before the start of the measurements. This allowed them to adapt to the controlled thermo-neutral environment in the laboratory (21.04±0.73°C, 35-49% RH). The trials were conducted at the same time of the day for each subject. During the trials subjects were lightly dressed in a T–shirt and short trousers. After a 20 minute period of adaptation to the laboratory environment, during which they rested on a chair, they were instrumented for the measurement of heart rate, and skin temperature. The immersion of the hand and foot was consecutive, but separated with a 45 min rest period. Once instrumented, the immersion limb (hand or foot) was then covered with a thin plastic bag that was sealed with air permeable tape to the skin, approximately 10 cm above the wrist for the hand, and the same distance above the maleolus for the foot (Fig. 1 and 2). Care was taken to remove all the air from the bag and to free the thermocouple sites from any plastic bag folds. After the start of the measurements, subjects remained in the chair for 3 minutes with their hands at the level of the hips (hand immersion trial), or with the foot without the toes touching the floor (foot immersion trial) and resting parameters were recorded. After 3 min rest, the test limb (either the right hand or right foot) was immersed in warm (35(C) water for 5 min. The level of immersion was up to the ulnar and radial styloids for the hand immersion trial, and 5 cm above the maleolus for the foot immersion trial. After 5 min in warm water, subjects immersed the test limb in cold water (8(C). An air pillow was positioned between the edge of the immersion bath and the forearm, so the arm rested on the pillow and the wrist was 45( flexed in the water. The foot was immersed without the toes having contact with the tank surface, with the knee joint at 90o angle and the hip joint at 30o of flexion. A neoprene pad was positioned at the bottom of the stainless steel immersion bath. The duration of the cold water immersion was 30 min. 



Figure 1: Skin probes attached to the finger pads by Tegaderm.
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Figure 2: Foot immersion trial. Picture shows immersion of the right foot of two subjects.


Data were recorded at regular intervals: every 8 seconds for skin temperatures, every five minutes for heart rate and tympanic temperature, and blood pressure was measured at the 15th and 30th minute of the immersion. In addition, subjects were asked to provide a rating of their perception of temperature at the feet and thermal comfort every five minutes. Subjects were familiarized with the temperature sensation and thermal comfort scales to avoid any misinterpretations of the scales. After 30 min of immersion in cold water, the test limb (hand or foot) was removed from the water, and dried with a towel, if wet. After immersion (rewarming phase) the data were recorded for 5 min and then the trial was terminated. The normoxic and hypoxic limb immersion trials were conducted on separate days. In the normoxic trial subjects breathed room air, whereas during the hypoxic trial they inspired a premixed and calibrated hypoxic gas mixture (12% O2 / 88% N2) that was decompressed from a high pressure cylinder, and then passed through a humidifier to a meteorological balloon. During immersion, tympanic temperature (Tty- ThermoScan IRT 3020, Braun), heart rate (HR- Polar Electro), blood oxygen saturation (SatO2- BCI 3110) and skin temperature of the fingers or toes (T-type thermocouples) were measured. Subjective ratings of thermal sensation (TSS) and comfort (TCS) were reported during the experiments. A three way ANOVA was used to define the differences in CIVD parameters in hand and foot and a two way ANOVA to define the differences in HR, Tty, SatO2. Differences in TSS and TCS between trials were evaluated with a Wilcoxon non-parametric test. The significance level was set at 0.05.

The CIVD response can be described as typical or atypical according to the temperature fluctuations in the fingers or toes. Specifically, during CIVD, skin temperature oscillates almost sinusoidally, with each wave usually lasting several minutes [2, 3].  The characteristics of the CIVD response are (Fig. 3):

1. Number of waves (N) from the finger temperature curve. We set the minimum rise of finger temperature during CIVD to be 0.5 (C. A wave was defined as a rise of finger pad temperature by more than 0.5 (C and duration for a minimum of 3 min. 


2. Average finger temperature (Tavg) defined as an average of all temperature values from the start of immersion time to the end of immersion time. 

3. The temperature amplitudes (dTi, where i = 1, 2, 3,…..n) of the waves calculated from maximum and minimum temperature values, respectively (e.g. dT1 = T max1 - Tmin1).


4. All minimum temperatures (Tmini , where i = 1,2, 3,…n) were defined as minimum temperature values between peak temperature values of all waves.


5. The first and all next maximum temperature values (Tmaxi , where i = 1, 2, 3, …..n) defined as peak values of first and all next consecutive waves, respectively.

6. The recovery temperature (Trec) defined as the finger skin temperature 5 min after cessation of the immersion.

Due to low the low prevalence of, and the atypical nature of the CIVD responses (see results) only the characteristics 1-3 will be presented in this paper.
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Figure 3:  Typical CIVD response and parameters derived from the finger temperature during the immersion of the hand or foot in the cold water.


3.0 results


VO2max significantly increased after SH-TL. Namely, normoxic VO2max was 60.1±8.5 ml·kg·min-1 before, and 63.5±8.7 ml·kg·min-1 after SH-TL; while in hypoxic VO2max was 45.6±9.2 ml·kg·min-1 before, and 48.3±8.5 ml·kg·min-1 after SH-TL. Peak power output (PPO) values were also elevated (normoxia: before 307±42 Watts, after 347±46 Watts; hypoxia: before 270±26 Watts, after 293±23 Watts), compared with the pre-intervention values. Tympanic temperature (Tty), heart rate (HR), and blood O2 saturation (SatO2) values before and after SH-TL in normoxia and hypoxia are presented in Table 1.


Table 1. Tympanic temperature (Tty), heart rate (HR), and blood O2 saturation (SatO2) in normoxia (FiO2=0.21) and hypoxia (FiO2=0.12) values before (Pre) and after (Post) SH-TL regimen. Vales are means ± SD (n=9). (*): Significant differences between Pre and Post SH-TL. (#): Significant differences between normoxia and hypoxia.


		

		NORMOXIA

		

		HYPOXIA



		

		PRE

		POST

		

		PRE

		POST



		

		HAND



		Tty (ºC)

		36.7 ± 0.3

		36.6 ± 0.4

		

		36.5 ± 0.4

		36.6 ± 0.2



		HR (beats·min-1)

		72.2 ± 1.7

		71.0 ± 1.1

		

		86.9 ± 17.3

		74.0 ± 9.1*



		SatO2 (%)

		98.4 ± 0.9

		98.3 ± 0.7 

		

		87.4 ± 1.4#

		87.0 ± 1.0#



		

		FOOT



		Tty (ºC)

		36.7 ± 0.2

		36.6 ± 0.3

		

		36.6 ± 0.3

		36.8 ± 0.2



		HR (beats·min-1)

		71.7 ± 6.5

		72.0 ± 2.9

		

		82.6 ± 3.3

		77.4 ± 2.8*



		SatO2 (%)

		98.8 ± 0.8

		99.0 ± 0.9

		

		85.4 ± 1.5#

		86.2 ± 0.5#





The reported TSS and TCS scores were unchanged before and after SH-TL in normoxia and hypoxia during cold water immersion of the hand (Figure 4). Moreover, the thermal sensation and thermal comfort values during foot immersion were not significantly different before and after SH-TL in the normoxic and hypoxic immersion trials. More specifically, the median of thermal sensation during cold water immersion of the foot in the normoxic trial was 2.0 before and 2.1 after training. In the hypoxic trial, the median values before and after the 4-week period were 2.4 and 2.8 respectively. The median thermal comfort during immersion ranged between 2.1 and 2.4 in the normoxic trials, and between 2.7 and 2.3 in the hypoxic trials, before and after the SH-TL.

Figure 4: Thermal sensation (left; 0: unbearably cold – 9: hot) and thermal comfort (right; 0: comfortable – 5: extremely uncomfortable) values during cold water immersion in normoxia (N) and hypoxia (H) before (pre) and after (post) the training period.

According to the specific CIVD characteristics, after SH-TL there was an average increase in CIVD frequency of 0.53 and 0.60 waves in the normoxic and 0.60 and 1.7 waves in the hypoxic condition; for the hand and foot respectively. The average temperature (Tavg) of the fingers during immersion was lower in hypoxia compared to normoxia before, but similar after the SH-TL. In the toes, Tavg was higher after SH-TL in normoxic by 0.7±0.2 ºC and in hypoxic trial by 0.8±0.3ºC respectively (p<0.05). The mean amplitude of the CIVD waves (dT) was unaffected in normoxia in hand and foot by the SH-TL intervention. In contrast, significant higher values of in dT were observed after SH-TL in the hypoxic trial in hand and foot (p=0.04).

Most of the CIVD characteristics observed in the present study were atypical. Atypical finger and toe temperature (°C) responses to normoxic and hypoxic immersion in 8°C water before (black) and after (red) SH-TL regime are presented in Figure 5. In many cases a big wave was observed at the middle of immersion time (first graph); a response with a CIVD wave in beginning followed by small waves (second graph) or delayed decrease without big CIVD waves (third graph). The typical CIVD response was also observed in some cases.
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Figure 5: Examples of three different responses in fingers or toes skin temperature (°C) under normoxic or hypoxic immersion in 8°C water before (black) and after (red) the SH-TL regimen.


4.0 DISCUSSION

The present study examined cold induced vasodilatation (CIVD) under normoxia (FIO2=0.21) and hypoxia (FIO2=0.12) in hand and foot, before and after 28 days of sleeping in hypoxia and training in normoxia (SH-TL). The main finding of the present study is that 28 days of SH-TL potentiates the CIVD response, predominantly in the foot. Since significant enhancement of CIVD was only observed in the foot and only some specific CIVD characteristics in the hand, we conclude that hypoxic exposure and exercise had a synergistic function. To our knowledge, this is the first well-controlled laboratory study that investigates the effect of SH-TL on CIVD responses especially under normoxic and hypoxic conditions.

During SH-TL, central, via oxygen transport enhancement [14] and peripheral (blood flow, buffering capacity) muscle adaptations [13] have been proposed as factors responsible for performance enhance. The improvement of the CIVD response after SH-TL could be explained by the beneficial adaptations of endurance training and/or acclimatization in both, central and peripheral factors. The SH-TL protocol using advantages of acclimatization to altitude and allow high intensity training at sea level. In the present study, we observed improved aerobic performance upon return to sea level, probably due to altitude acclimatization and improvements in oxygen carrying capacity and usage [15]. These adaptations could serve as a possible mechanism for the CIVD enhancement in our study.


According to the hand CIVD characteristics after SH-TL, our observations during normoxic conditions are in agreement with the study of Felicijan et al. [9] after 4 weeks Alpine expedition. In that study, Tavg and number of waves were not significantly changed in the hand. However, dT was increased in the hand under normoxia. This was probably due to the combined effect of cold and hypoxic exposure on the alpinists. In general, it seems that cold natives or acclimatized individuals have higher finger temperature and more pronounced CIVD response [16]. However the net effect of prolonged cold exposure on CIVD response is not clear. For some studies, the prolonged exposure to cold can affect the CIVD response in the hand [17, 18], while for other studies, CIVD is not affected by prolonged or repeatable cold exposures [4, 19]. In our study, the observed tendency for stronger CIVD response in hands in hypoxic, but not in normoxic condition after the SH-TL protocol could be the result of the acclimatization and less likely the cold (no cold exposure) or training (no hand exercise) effect. Considering that the repeated local cold exposures on the hand [4] and on the foot [20] are insufficient to elicit improvement in CIVD, possibly other factors, as hypoxia and exercise per se or in combination could be responsible for the slight enhancement of the CIVD response. We also observed a reduction in CIVD characteristics (number of waves, dT) during immersion of the hand under hypoxia compared to normoxia, before the SH-TL protocol. These differences were elevated after SH-TL, thus provides a further support of the acclimatization affect to CIVD response. Other studies showed a significant effect of altitude acclimatisation in CIVD response [9]. However, in those studies, the exact effect of hypoxia is not known, due the problem of coexisting stress of hypoxia and cold. Our observations of the stronger appearance and the improved characteristics of the CIVD in foot (exercised part) compared with the hand (non-exercised part), could suggest that this is predominately due to altered functional and structural characteristics of the foot as a result of training [21, 22]. On the other hand, the specific improvement in some CIVD characteristics in the fingers only in hypoxia, in combination with the much higher improvements in toes under hypoxia, leads to the conclusion that altitude acclimatization was also a significant component for the observed differences. Although in the present study it was not possible to define the separate effects of acclimatization and training, their combination seems to be effective for the improvement of the CIVD response. Along these lines, the increased Tavg in normoxic and hypoxic condition after SH-TL on the foot could be the result of the exercise training, or the hypoxic exposure, or their combination. The increased number of waves in the foot during normoxic trial was similar with the respective observed in the hand, while increase for more than one CIVD wave in the foot was observed during hypoxia. This could also underline the significant contribution of acclimatization in CIVD response. We also observed no changes in the dT during normoxic immersion of the foot, while the dT was increased during foot immersion under hypoxia. The increased dT during hypoxic exposure in both, food and hand, enhance the role of acclimatization for the improved CIVD characteristics. Felicijan et al. [9] also found after alpine mountaineering (from 3985 to 6828 m) increased Tavg following immersion of the foot under normoxic conditions. Unfortunately, the level of activity in this study was not reported. Moreover, the altitude acclimatization was combined with cold exposure. Studies that used 3-4 weeks of daily foot immersion in cold water, reported increase [23], decrease [24] or no change [20] in CIVD characteristics. The different results of these studies don’t allow us to speculate the possible role of acclimatization to cold. In Felicijan’s et al. [9] study, an increased number of waves on the foot but not in the hand during normoxic conditions after Alpine expedition was observed. This is meaningful, since CIVD considered a cryoprotective mechanism and Alpinists are more prone to cold injuries in the toes compared with fingers [25]. 


In the presented in the present study most of CIVD responses were atypical before but they had a tendency to be more typical after SH-TL training regimen. Dobnikar et al. [4] observed less frequently CIVD response with fewer “hunting” waves in the toes than in the fingers; moreover, they concluded that CIVD is poorly correlated to the CIVD response in the fingers. He reported a rear classical CIVD response on the foot (30%) while in the hands the observation rate was almost 100%. These observations could explain the higher susceptibility of the feet to cold injury. Moreover, it has been shown that the CIVD of fingers from the same hand can differ substantially during simultaneous immersion [5]. The prevalence of CIVD is not uniform or constant, with high inter and intra- individual variability [26]. Lewis [2] described in his experiments that in rare cases he did not detect any hunting response. However, Daanen [3] found that CIVD response occurred in 93% of all immersions and the rest of the responses were difficult to be specified. Some researchers observed that the magnitude and appearance of CIVD response is reduced especially on the foot. Mekjavic and Chang [5] did not observe any CIVD response on the foot when they immersed it in 8°C cold water for 30 minutes. We can conclude that the CIVD is an unpredictable response and it should be investigated in all five fingers with water immersion of optimal water temperature of 8°C [4] in order to provide a better estimation of CIVD occurrence. 


Therefore we can conclude that the enhancement of CIVD in foot (exercised part) compared with the CIVD response observed in the hand (non-exercised part), could suggest that this is predominately due to altered functional and structural characteristics of the foot as a result of training. However, the specific improvement in some CIVD characteristics in the fingers only in hypoxia, in combination with the much higher improvements in toes under hypoxia, leads to the conclusion that altitude acclimatization was also a significant component for the observed differences in CIVD response. 
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Abstract

The aim of the present study was to find out the association between thermal sensations and average and local skin temperatures during military activities in winter. Skin and rectal temperatures (1 min intervals) and general and local thermal sensations (15-30 min intervals) were recorded in 64 conditions, where ambient temperature was 5 - -29°C and the duration of the measurements varied from 55 to 570 min. The results show that although neutral thermal sensation was most common at all ambient temperatures, also cold strain (mean skin temperature < 27°C/thermal sensation "cold - very cold") was common over the whole ambient temperature range. The absence of the effect (sensation: neutral) was associated with mean skin temperature of 30.2±1.7°C (mean±SD), forefinger temperature of 19.8±6.0°C and big toe temperature of 22.5±5.0°C. Cold thermal sensation was associated with 27.1±1.1, 11.6±3.8 and 18.1±6.8°C, respectively. Mean body temperature (Tb) has a better correlation with thermal sensations than mean skin temperature (Tsk). The associations between thermal sensations and corresponding skin temperatures deviated from the association observed in laboratory conditions: a given sensation was recorded in a lower skin temperature. In conclusion, the present results provide field validated data from skin temperatures associated with given thermal sensation. However, there is a wide variation in the individual associations.

1.0 introduction


Human thermal balance depends on climatic conditions (especially temperature, wind, humidity and radiative heat gain), metabolic heat production (exercise intensity) and the thermal insulation of clothing. For the correct adjustment of the protective garments and for safety reasons, it is of interest to monitor skin temperatures during military activities in cold environments. Using the thermal sensations of the solders is the easiest and fastest way of getting information. Perceptual scales with 7 or 9 degrees, with 0 indicating the absence of effect [1] are widely used for the assessment of thermal strain. But how much do the thermal sensations tell about average or local skin temperatures? Thermal sensations are associated with skin temperatures. However, the relationship is not constant but modified by cooling rate, surface area of cooled/warmed site, site of cooling/warming (due to different number of thermoreceptors), adaptation of thermoreceptors, thermal acclimatization or acclimation [2] and age [3]. It has also observed that the temperature of the coldest site of the given body area may dominate the expressed thermal sensation [4]. Maybe also heat flux from the skin, together or instead of skin temperature, determines thermal sensations. 

The aim of the present study was to find out the association between thermal sensations and mean and peripheral skin temperatures during military activities in winter.

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 64 voluntary male conscripts served as subjects (Table 1). The subjects wore the Finnish three-layer cold weather uniform, which thermal insulation is ca. 2.2 clo. Combination and thermal insulation of the clothing varied to some extent among the subjects depending on the ambient temperature and clothing ensemble available. 


Table 1: Physical characteristics of the subjects, n = 64.


		

		Mean

		SD



		Age (years)

		19.4

		1.7



		Height (cm)

		178.0

		6.7



		Weight (kg)

		75.2

		13.7



		Body mass index (BMI) (kg/m2)

		23.7

		3.8



		Skinfold thickness (mm)

		4.5

		2.4





2.2 Tasks and environment

During the measurements the subjects performed their normal military training protocols. The measurements were performed in 64 conditions. Ambient tempera​ture (Ta) varied from 5 to -29°C, and the duration of the measurements varied between 60 to 570 min. In the analysis of the results, 30 min from the beginning were discarded to minimize the effects of indoor temperatures on the thermal responses.

2.3 Methods


Rectal temperature (Trect) 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 telemetrically continuously and saved at one minute intervals (Polar S610i™, Polar Electro Oy, Kempele, Finland). General and local (finger and  toe) thermal sensations [1] were recorded at 15-30 min intervals.

From the local skin temperatures, area weighted mean skin temperature (Tsk) was calculated [5].  Mean body temperature (Tb) was calculated as follows: Tb=0.65•Trect+0.35•Tsk..

3.0 Results


3.1. Frequency and distribution of different thermal sensations

The most common thermal sensation was neutral both in general and local sensations. The distribution of the sensations was skew, towards cool and cold sensations. Especially in the thermal sensations of fingers there were more cold sensations in comparison to warm sensations (Fig. 1).
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Figure 1: Frequency of different thermal sensations. -4 = very cold, -3 =cold, -2 = cool, -1 = slightly cool, 0 = neutral, 1 = slightly warm, 2 = warm, 3 = hot, 4 = very hot [1].

3.2. Association between skin temperatures and thermal sensations

Figures 2, 3 and 4 show the association between the thermal sensations and skin temperatures. Most observations (n=20-99 in each point) come from the thermal sensations between cold (-3 in the scale) and warm (2 in scale). In the extreme thermal sensations the number of observations is smaller (2-15 in each point) and therefore the results are less reliable. Although the association between thermal sensations and skin temperature is quite linear, the association is very loose, as shown by large standard deviations. 


From all measured and calculated temperatures, thermal sensations of fingers had the best correlation with forefinger skin temperature (r=0.685, p<0.001, n=297). Likewise, the thermal sensation of toes had the best correlation with big toe temperature (r=0.469, p<0.001, n=292). General thermal sensation had a high correlation with Tsk (r=0.566, p<0.001, n=309), but even higher correlation with Tb (r=0.585, p<0.001, n=221). Also with the thermal sensation of toes, Tb had a good correlation (r=0.468, p<0.001, n=221).  On the opposite, rectal temperature had a very low correlation with thermal sensations (r=0.061-0.092, n=222). When rectal temperature exceeds 37.6°C, peripheral skin temperatures start to increase sharply [6], but even when the correlation was calculated separately above and below this turning point, the correlation between rectal temperature and thermal sensations did not markedly improve.    
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Figure 2: Mean skin temperatures at different thermal sensations. Mean ± SD, n=3-99. Explanations for thermal sensations as in Fig. 1.
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Figure 3: Forefinger skin temperatures at different thermal sensations. Mean ± SD, n=1-74. Explanations for thermal sensations as in Fig. 1.
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Figure 4: Big toe skin temperatures at different thermal sensations. Mean ± SD, n = 2 - 91. Explanations for thermal sensations as in Fig. 1.

3.3. Associations between skin temperatures and thermal sensations at different ambient temperatures

Table 2, 3 and 4 show that the association between skin temperatures and thermal sensations is not strictly constant but varies at different ambient temperatures. In the general and finger thermal sensations there is a trend, that at higher ambient temperature ranges a given thermal sensation is experienced at slightly (0.2-1.0°C) higher skin temperature. However, probably due to the use of different thermal insulation, the thermal sensations of toes are an exception: at the ambient temperature range between -20 - -10°C, a given thermal sensation is experienced at the highest toe skin temperature: the difference is on the average 6.4°C compared to the lowest (-30 - -20°C) and 3.2°C compared to the highest (-10 - 5°C) range. The relatively small number of observations at ambient temperatures below -10°C makes the comparison difficult.

Table 2: Association between general thermal sensations and Tsk at different ambient temperatures. Values are mean±SD (n). 

		Thermal sensation

		Tsk 

at -30 - -20°C

		Tsk 

at -20 - -10°C

		Tsk 

at -10 - 5°C



		very hot

		

		

		32.0±0.8 (3)



		hot

		

		30.9 (1)

		32.3±1.3 (4)



		warm

		28.4±2.7 (2)

		30.6±1.2 (8)

		31.1±0.8 (22)



		slightly warm

		31.4 (1)

		29.8±0.4 (8)

		30.9±1.5 (29)



		neutral

		29.9±1.4 (13)

		28.9±1.7 (16)

		30.4±1.7 (57)



		slightly cool

		29.3±2.1 (14)

		28.1±1.7 (7)

		29.7±1.7 (43)



		cool

		27.4±3.8 (7)

		28.0±1.7 (5)

		28.6±1.7 (14)



		cold 

		26.6±1.1 (3)

		27.1±0.8 (16)

		27.1±1.6 (7)



		very cold

		29.6 (1)

		26.6±1.1 (4)

		





Table 3: Associations between thermal sensations of finger and forefinger skin temperatures at different ambient temperatures. Values are mean±SD (n). 

		Thermal sensation

		Finger temperature 


at -30 - -20°C

		Finger temperature 


at -20 - -10°C

		Finger temperature 


at -10 - 5°C



		very hot

		

		

		35.2 (1)



		hot

		

		

		29.5±6.1 (4)



		warm

		

		27.1±5.3 (8)

		26.6±7.1 (19)



		slightly warm

		14.2 (1)

		22.8±4.5 (4)

		24.0±6.4 (20)



		neutral

		17.2±1.6 (3)

		18.4±5.4 (12)

		20.3±6.5 (49)



		slightly cool

		16.8±6.5 (9)

		14.8±3.6 (9)

		16.9±5.0 (37)



		cool

		12.2±3.0 (5)

		15.9±6.4 (9)

		13.8±4.1 (31)



		cold 

		10.4±2.9 (11)

		11.9±1.6 (12)

		12.3±5.1 (16)



		very cold

		7.9 2±.0 (8)

		10.6±1.0 (6)

		10.8 (1)





Table 4: Associations between thermal sensations of toe and big toe skin temperatures at different ambient temperatures. Values are mean±SD (n).

		Thermal sensation

		Toe temperature 


at -30 - -20°C

		Toe temperature 


at -20 - -10°C

		Toe temperature 


at -10 - 5°C



		very hot

		

		

		35.4±1.2 (2) 



		hot

		

		

		34.1±0.2 (4)



		warm

		18.0±0.3 (2)

		25.5±5.9 (5)

		26.5±5.4 (25)



		slightly warm

		18.1±5.8 (7)

		28.0±1.1 (2)

		25.1±5.6 (32)



		neutral

		23.1±3.9 (8)

		24.1±3.4 (15)

		21.9±5.5 (56)



		slightly cool

		17.7±3.9 (11)

		20.4±4.0 (13)

		18.8±4.6 (40)



		cool

		15.9±4.6 (5)

		21.1±5.4 (8)

		16.5±3.8 (14)



		cold 

		11.6±2.0 (3)

		23.8±6.9 (8)

		15.1±3.1 (9)





3.4. Associations between thermal sensations and ambient temperature


Table 5 shows, at which ambient temperatures the different thermal sensations were experienced.

Table 5: Ambient temperatures (Ta), where general, finger and toe thermal sensations were experienced. Values are mean ± SD (n).


		Thermal sensation

		Ta for 


general thermal sensation

		Ta for 


thermal sensation of fingers

		Ta for 


thermal sensation of toes



		very hot

		-1.3±2.3 (3) 

		

		



		hot

		-4.1±5.4 (7)

		-3.8±2.9 (4)

		-2.6±3.0 (5)



		warm

		-7.9±5.5 (35)

		-7.7±4.8 (29)

		-7.2±5.6 (37)



		slightly warm

		-7.8±4.4 (41)

		-6.1±4.4 (29)

		-8.2±7.4 (43)



		neutral

		-7.4±8.1 (99)

		-5.4±7.0 (84)

		-6.6±8.0 (99)



		slightly cool

		-9.0±8.9 (68)

		-7.7±7.8 (65)

		-9.9±8.7 (68)



		cool

		-11.0±19.3(29)

		-8.2±7.2 (48)

		-11.9±8.8 (29)



		cold 

		-14.0±6.9 (27)

		-14.6±9.1 (44)

		-13.3±7.9 (27)



		very cold

		-19.4±5.4 (5)

		-21.5±6.3 (15)

		-17.0±0 (3)





4.0 Discussion


The present results show that, in spite of the wide variation of ambient temperatures, the vast majority of thermal sensations tend to be neutral or near to it (Fig. 1). It shows that the soldiers in most cases have been able to successfully adjust their thermal insulation and physical activity according to the cold stress posed by tasks and ambient conditions. The only exception is the fingers, where frequent observations of cold thermal sensations point out the fact that part of the tasks are done by bare hands or with insufficient thermal insulation. There are many tasks, which are impossible to perform with mittens on. 


The present results provide a field validated association between thermal sensations and skin temperatures. Due to the limited number of observations in extreme conditions, the associations between skin temperatures and very cold, very hot and hot sensations cannot be regarded reliable enough. Instead, there is quite good data for cold, cool, slight cool, neutral, slightly warm and warm thermal sensations. The soldiers serving as test subjects in this study had a good experience in exercising in cool and cold conditions and they can be regarded as cold adapted. This may be the reason, why the thermal sensations are experienced at clearly lower skin temperatures than measured in laboratory conditions. For example, in general thermal sensation the neutral sensation was experienced when Tsk  was 30.2°C, while thermal neutrality is usually referred around 33.0-33.5°C [2].


Although the average values show fairly good linear relationship, the individual variation in the association between thermal sensations and skin temperatures is extremely wide. Therefore the interpretation of individual thermal sensation to skin temperature is still unreliable. Due to the continuously changing conditions in the field, the reasons for the wide variation are obviously the same as suggested earlier: differences in cooling/warming rate, exposed skin area (site and area) and thermal adaptation [2]. It is logical that Tsk and local skin temperatures have a good correlation with respective thermal sensations. Rectal temperature has a surprisingly low correlation with thermal sensations. Interestingly, Flouris and Chen (2008) [7] suggested that human thermoregulatory responses during exposures to cold environments are aimed towards maintaining a threshold mean body temperature, rather than temperature changes in individual body regions. Indeed, in the present study mean body temperature (Tb) had better correlation than Tsk with general thermal sensation, and Tb had a good association also with toe temperature.

Both general and peripheral thermal sensations are in very good agreement at which ambient temperature cold thermal sensation is experienced: it is ca. -14°C. Correspondingly, neutral ambient temperature is at ca. -7°C. This may denote that both general and local adjustments of thermal insulation manage to maintain quite similar sensation in whole body and extremities. Another explanation may be that the lowest thermal sensation (e.g. from extremities) dominates the general thermal sensation [4]. 


5.0 ConclusionS 


· Neutral thermal sensation is the most common at all ambient temperatures. 


· Cold sensations in fingers are more common than in toes and in general thermal sensation, probably due to working with bare hands, or because of insufficient thermal insulation of handwear.


· The results provide field validated association between thermal sensations and skin temperatures. Most data come from sensations between cold and warm (in ISO scale between -3 and 2). However, there is a wide variation in the individual associations.


· Mean body temperature (Tb) has a better correlation with thermal sensations than mean skin temperature (Tsk).

· Ambient temperature was regarded as cold at -14°C, judged both from general and local thermal sensations.
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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.
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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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Abstract


Human thermal responses during prolonged whole body cold water immersion are of interests for military, especially Special Forces, and professional activities. However, fully documented data obtained in realistic conditions are scarce. This study aimed at describes such thermo-physiological responses. Ten trained volunteer SEALS wearing their normal protective device (5.5 mm thick neoprene jacket and pants, hood, gloves and socks with 3.0 mm thick underwear) were randomly assigned to a full immersion in cold water at either 10 or 18 °C during 6 hours. Core (Tc) and 14 skin (Tsk) temperatures, heart rate, oxygen consumption and shivering were assessed during the immersion. 


Every subject completed the 6-hour long full immersion at 10 and 18°C. No difference at any time was observed in mean Tc between both conditions, with the same final value (36.2 ± 0.3 °C). Tsk profiles were similar during the cold exposure with a quick decrease at the beginning than a plateau ( 25.7 ± 0.2 and 29.4 ± 0.2 °C, at 10 and 18 °C, respectively) during the second half of the cold exposure. Most striking is the difference in Tsk among the local points of measure with 14 ± 1.5 and 22 ± 2.0 °C at the extremities at 10 and 18°C, respectively. Other results demonstrate that such exposures were well tolerated by the fit trained subjects who developed adapted physiological reactions but consistently too low to counterbalance the heat losses induced by such conditions. In conclusion, this study shows that standard wet suit provide adequate thermal protection for long duration immersion from a medical point of view, but not from an operational one. It also demonstrates the utility of such field-oriented experiment which affords data for both operations and models, when all the effects of factors of interest are not fully understood.


1.0 Introduction


Human thermal responses during prolonged whole body cold water immersion are of interests for military, especially Special Forces, and professional activities. In these cases, immersion can be prolonged in unfavourable conditions with rough sea and cold water. Maintaining core temperature (Tco) of the body in sea water is particularly challenging because thermal conductance of water is very high (25 times greater than that of air) and body heat is rapidly conducted away from the skin to the water. In water, to insulate the body is thus the only way to allow divers to stay a time sufficient to work.  In most cases, a wetsuit made with neoprene is used to do that. Thermal properties of neoprene are well known (Bardy, 2005), but the global thermal effectiveness of a neoprene wetsuit is more difficult to evaluate because of the detrimental thermal effect of the water circulating between the suit and the skin (Tipton, 1996). Some studies have examined the thermal effect of wet suits (Wolff 1985, Yeon 1987, Arieli 1997) reporting that they do not provide adequate thermal protection in cool water (Shiraki 1986, Arieli 1997) although they reduce the decrease in core body temperature and therefore facilitate longer immersion periods (Shiraki 1986, Wakabayashi, 2006).


The actual protective thermal effect of the wetsuit widely used by the military divers is therefore not well known and consequently whether cold may have an impact on their ability to perform their work or even their safety in long operation. This study was thus designed to investigate the effects of wearing a special “cold-water” wetsuit on body temperatures, thermoregulatory and metabolic responses during a 6-h long total immersion in cool (18 °C) and cold (10 °C) water. 


Data were used thereafter for a simulation study presented in the accompanying paper (Xu et al., n° 17).

2.0 Method


2.1 Subjects and procedures


After approval of the experimental protocol from the institutional ethics committee of the University of Marseilla (CCPPRB Marseille 2), 10 trained SEALS volunteered for the study. Average biometrical data are reported in the table 1; individual data are reported in the accompanying paper (Xu, n° 17).


The body fat composition of each participant was evaluated using the Lohman procedure (1975) which takes into account the body weight (P) and the thickness of two skin folds. VO2 max measurement was performed with an open circuit technique using expired gas samples continuously drawn from a facial mask (Quark, Pulmonary Function Testing-Exercise Testing, ergo, Cosmed, Rome, ) during a maximal incremental test performed on an cycle ergometer (Excalibur Sport, Medical Technology, Groningen, Nederland). The method used to measure gas exchange was the same used during the immersion procedure (see below).

Table 1: anthropometric data of the subjects




Age
Weight
Height
Body fat
VO2max
Body Surface Area




(yr)
(kg)
(cm)
(%)
(mL.min-1.kg-1)
(m2)



Mean ± SD
33 ± 3
77 ± 8.7
173.6 ± 0.2
15.1 ± 0.8
56.6 ± 2.0
1.92 ± 0.14



min-max
29-37
67-98
164-189
11.8-20.2
46.6-66.4
1.77-2.26


Two sets of experiments were carried out differing only by the water temperature: 10 °C and 18 °C. Each subject thus reported twice at the laboratory, one week apart, for the immersion procedure, in a counter-balanced order according to the water temperature to avoid any habituation effect. The day of an experiment, the subject reported at 7:00 am at the laboratory for a standardized breakfast (1400 kcal), then he lets the investigators made basal measurements, put an indwelled catheter (Introcan-W Certo 18GA Becton Dickinson, Sandy, UT, USA) into a superficial vein of the forearm, tape the different electrodes used for medical security and physiological measurements (listed below) and help him to put on the full tailor-made neoprene suit. The suit was identical to that used in the French Navy for cold water with a thin 3.5 mm thick under-garment (socks, pant and shirt) and a full 5.5 mm thick over garment (jacket, pant, hood, boots and gloves).


The subject then sat down on a customized chair and put on a diving mask and the mouth piece of a breathing apparatus (modified Bennett ventilator, Model, Manufacturer) that allowed him to breath without effort during the full experiment. He was then slang down in less than 20 s into the pool with the top of the head just below the water surface even when blood was withdrawn from the catheter. Similar procedure was used to remove him from water at the end of the experiment. 


2.2 Physiological measurements and calculations


Core and skin temperatures were measured throughout the experiment using PT100 thermistors® (IOTECH, DaqBook 216, USA); data were recorded every 10s, with minute averages calculated off-line. Rectal temperature (Tre) was measured using the same kind of probe, inserted in the rectum 100 mm past the anal sphincter. It was used as core temperature. Mean skin temperature (mTsk) was evaluated using the 14-points averaged method of Hardy and DuBois (1938). Mean body temperature (mTb) was calculated from both core temperature and mean skin temperature according to Tikuisis, 1995, as mTb = 0.67 Tre+ 0.33mTsk


For the VO2 measurement, the subjects wore a mouth piece which was connected to a volumetric rotor transducer (bidirectional digital flowmeter), measuring minute ventilation (Quark, Pulmonary Function Testing-Exercise Testing, ergo, Cosmed, Rome, Italy **model, manufacturer). A side port on the mouth piece was connected to a fast-response differential paramagnetic O2 and CO2 analyzers. Ventilation, oxygen consumption and carbon dioxide production were measured during 10 min prior to immersion (basal level) and then for 45 min each hour throughout the 6-h immersion; values were averaged over 5 min increments for statistical analysis. The RER was calculated as the ratio of carbon dioxide production to oxygen uptake. The gas exchange system was calibrated before each experiment and after three hours of immersion. Every hour, the subject was asked to fill in a questionnaire rating the level of perceived shivering using a modified four-level Nielsen scale (no, light, moderate and heavy shivering perception according to Nielsen, 1984).

Blood was collected during the baseline phase (baseline level) then during immersion at 30 min, 1, 3 and 6 h time points. Because of intense vasoconstriction during the immersion, blood sampling was some times not possible. Blood lactate (La), glycerol (Gol) and free fatty acids (FFA) were assayed using a Hitachi 912 automat (Roche Kit). 


Heat loss from the diver’s body was first (HL1) calculated as the sum of the heat content lost from the diver’s body (H, Eq 1) and the heat produced by metabolism calculated from the oxygen consumption of the diver (HO2, Eq 2), as : HL1 = H + HO2 (kJ). H was calculated from the decrease of the mTb during the immersion as: H = mTb·0.83·body mass (BM)·4.18 (kJ, Eq 1). Heat produced by metabolism (HO2) during the immersion was calculated from oxygen consumption assessed during the experiment (assuming a mean heat equivalent of O2 of 20.2 kJ.l-1) as:  HO2 = VO2·20.2 (kJ, Eq 2).


Heat loss was also calculated from the skin to water temperature difference (mTsk - Tw), and the thermal properties of the wet suit (HL2), assuming that there was no water flow between the layers of the suit as well as the suit and the skin, because the divers were not moving in water, as:  HL2 = (mTsk - Tw)·BSA·C ·e-1·t (kJ), with BSA = body surface area, C = conductivity of the neoprene used in the wet suit, e = thickness of the suit and t = time. 


Total insulation (Itot) provided by both body tissue and the swimsuit during water immersion was calculated from the total heat loss from diver’s body surface (BSA) and the core to water temperature difference (Rennie, 1980), as:  Itot = (Tre - Tw)·BSA·HL-1 (°C.m².W-1). Insulation of body tissue (Itissue) was calculated using the following formula based on the assumption that heat loss from the skin is equal to heat loss from the swimsuit surface, as:  Itissue = (Tre - mTsk)·HL-1 (°C.m².W-1). Wetsuit insulation was calculated as the difference between the total insulation and the body insulation as Isuit = Itot - Itissue (°C.m².W-1; Shiraki, 1986).


2.3 Statistical analysis


Data are presented as mean ( SEM throughout. Data were assessed by a two-way (temperature and time) analysis of variance for repeated measures using the STATVIEW package (Abacus Concept, Inc., Berkeley, CA, 1996); Newman-Keuls post hoc analysis were applied when ANOVA was significant. Statistical differences were set at p<0.05 throughout. 

3.0 REsults


The ten subjects performed the two six-hour long experiments; the critical Tre threshold of 35.5°C was never reached. Tre dropped to about 36.2°C at the end of immersion in both conditions without any significant difference in trend or end-point between the test conditions (fig 1a).

mTsk was the same in both conditions when the subjects entered the water. It decreased abruptly during the first minutes of immersion in both conditions, and continued to decrease during the first 3h of immersion then plateaued in both condition during the last 3 hours of immersion (fig. 1b). However, mTsk remained significantly lower at 10 °C than at 18 °C as soon as the 10th min of immersion. In both conditions, the stabilization of skin temperature during the second half of the immersion was not observed for the extremities (hands and feet).


VO2 increased quickly after the immersion in both conditions; it plateaued after the first hour of immersion at 18 °C but continue to increase progressively in 10 °C water, such that VO2 was significantly higher at 10 °C than at 18 °C by the third hour of immersion. It was about 3 and 2 to 2.5 MET during the second half of the immersion in 10 and 18 °C conditions respectively. Fig.2 presents the number of subjects experiencing either no, or mild to moderate or heavy shivering during both immersions. Shivering appears earlier and was more intense at 10 °C than at 18 °C. Heart rate (HR) decreased slowly during the experiment, excepted in the very beginning of the immersion during which a significant and transient increase was observed.



At both 18°C and 10°C, La rose during the immersion (p<0.05 at 1 h, 3 h and 6 h) with higher values at 10°C compared to 18°C (p<0.05 at 1 h and 3 h); an increase of  both Gol and FFA was also observed during the immersion, higher at 10°C than at 18°C and delayed in comparison to the LA increase with a max at 6h immersion. Respiratory exchange ratio (RER) increased during the early phase of immersion then slowly decreased during the whole immersion in both conditions to reach the lowest values at the end of the immersion. This effect was greater at 10°C compared to 18°C. 

Total body insulation decreased dramatically after few minutes in water then stabilized in less then 40 min in both conditions to reach an average value of 0.32 ± 0.02 vs. 0.28 ± 0.01 °C.m².W-1 at 10°C and 18°C respectively (p< 0.001) in the second half of the immersion. The difference was mainly due to a difference in shell insulation, which stabilized at 0.13 ± 0.01 vs. 0.10 ± 0.01 °C.m².W-1 at 10°C and 18°C respectively (p< 0.001) during the same period while insulation provided by the wet suit was 0.18 ± 0.01 vs. 0.17 ± 0.01 °C.m².W-1.


Heat loss calculated from either ∆mTb and VO2 (HL1) or the temperature gradient between skin and water (HL2) featured the same profile stabilizing after 1 hour of immersion, although not at the same level. Both calculations (HL1 and HL2) gave consistent results (r = 0.99 p<0.01) although not identical with a frequent above estimation of HL2.


4.0 Discussion


The most interesting result of this experiment is the profile of core temperature which regularly and continuously decreased all along the six-hour long immersion in divers fully exposed to water. Moreover, the core temperature time-course was quite similar during the cold (10°C) or cool (18°C) water exposure. Only scarce data are available on the thermoregulatory responses of subjects fully protected and exposed to cold water during a long time. In such conditions, a plateau of core temperature is observed in most studies, even in naked subjects exposed to rather cold water. As an example Hayward (1981) studied the lowest water temperature in which subjects are able to maintain their core temperature; they found that some subjects maintain Tco at water temperatures as cold as 12 °C. Several factors could explain this apparent discrepancy with our results. 


The first one is the absolute value of the core temperature decrease our divers experienced, actually it is a drift less than 0.15°C per hour. Although this value is (just) above the threshold set for to define a temperature plateau by Hayward (1981), it is however a rather low rate of change and could be considered as a quasi-plateau if observed during a shorter period of time after a dramatic decrease. The second one is the influence of the thermal protection provided by the wet suit, reducing skin heat loss and therefore the skin thermal drive for both isolative and metabolic thermoregulatory adjustments induced by the cold exposure.

Metabolic heat production increased in both cases, reaching a plateau of about three times the resting value at 10°C and two to two and half times this value at 18°C. Notworthy, the heat produced by the vigorously shivering subjects exposed to the 10°C conditions, would have been sufficient to fully counterbalance the heat loss experienced by the subjects during exposure to 18°C water.  It means that the Tco decrease observed in divers at 18°C is not linked to any inability to produce heat at a sufficient rate, but rather to the integration of the thermal drive at the central level which could explain the insidious decrease of core temperature reported in protected workers fully exposed to cold water (Hayward, 1979).


Shivering occurred in both conditions, though the onset appeared more abrupt at 10°C compared to 18°C, and more subjects experienced a generalized shivering at the end of the immersion at 10°C compared to 18°C, however not all subjects, in accordance to the thermal sensation discussed above. It has been proposed that glycogen availability was needed for muscle shivering (Martineau, 1989; Haman, 2002). Average total oxygen consumption of divers during the 10°C study was about 250 ± 40 L, i.e. 11 Moles, a quantity sufficient to oxidise about 330g of glucose. Evidently most of substrates oxidised by the consumed oxygen was not muscle glycogen, however it could be assumed that shivering muscles were partially glycogen depleted at the end of the study. However, muscles were able to maintain heat production from another metabolic fuel, circulating glucose and  lipids, without any change in mean heat production. Indeed, RER decreased slowly during the second part of the immersion indicating that the metabolic substrates for shivering shifted from a glucidic origin to a lipidic one (Martineau et al. 1989). This effect seem paradoxical since it is more pronounced at 10°C, compared to 18°C, when energy metabolism is at its higher value. It is however quite coherent with plasma metabolite (FFA, Gol, LA) profiles observed during this period.


The pattern of change in mTsk was different from that of core temperature. mTsk decreased dramatically during the first 3 hours then reached steady-state during the second half of the cold exposure at about 25.6 and 29.3°C for the 10 and 18°C water temperature conditions, respectively. Although important differences between areas were observed, with Tsk of head and trunk being higher that Tsk of the limbs, the profiles of change were similar. 

The present data are consistent with the only few data available in wet-suited subjects exposed to cold water. Wolff, 1985, reported mean skin temperature of about 24-25 °C in fully protected subjects resting in 10 °C cold water. Wakabayashi, 2006, studied swimmers wearing either a thin neoprene swimsuit (mild insulation) or a normal light swimsuit (no insulation) and resting in 26 or 29 °C water for one hour. In these experiments, skin temperatures and oxygen consumption plateaued at different levels according to the swimsuit and the water temperature, whereas core temperature decreased slowly but continuously. Even at a water temperature of 10°C, mTsk stabilized above 25°C, a relatively high temperature that reflects the efficiency of the wet suit to insulate the skin. 


Heat losses from the body in the water through the wet suit are proportional to the temperature gradient between the skin and the water; they also depend of the thickness and thermal properties of the wetsuit (for a review, see Bardy, 2005). The mean temperature difference between the skin and the water was quite different in both conditions, in average about 15.6 and 11.3°C at 10 and 18°C water temperature, respectively, at the end of the experiment. The difference between these gradients, (on average 4.3°C, a difference of about 40 % between both conditions), is the most important heat drain induced by the 10°C immersion compared to the 18°C condition. 


During the first three hours of the experiment, the mean temperature difference between mTsk and the water was higher, body heat losses were accordingly higher leading to a heat debt. Three hours for the skin to reach a plateau is very long, much longer than observed in naked subjects submitted to same conditions (Bourdon, 1994).  The protective thermal effect of the suit which slows down the heat loss from the skin is therefore effective. However, Tsk of the extremities actually did not plateau during the immersion, reaching values as low as 13.9 ± 1.2 °C (10°C) and 20.6 ± 0.7 °C (18°C) for the hands and 13.8 ± 1.3 °C (10°C) and 21.6 ± 1.9 °C (18°C) for the feet, at the end of the experiment. This effect is explained by both the geometrical properties (high surface to mean radius ratio) of the extremities and the peripheral vasoconstriction commonly observed in the cold. It caused the main complaint of the subjects during this experiment.


5.0 conclusion


In conclusion, 6h long immersion in cold water in trained fit fully protected subjects is well tolerated. However, it induces a slow decrease of core temperature which appeared unavoidable even in moderately cold water (18°C) and a major discomfort, especially at the level of the extremities. Dexterity impairment in such conditions is one of the major issues, from an operational point of view.
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Fig 2: number of subject experiencing a peripheral (light) or total (heavy) shivering  during the immersion at 10 °C or 18 °C. Questionnaires were filled up about every 30 min from the first 30 min of immersion.











�Fig 1: a) Tre profile and b) mTsk profile, during 10°C (blue diamonds) and 18°C (red circles) water immersions
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Abstract


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

1.0
Introduction


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


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

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

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

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


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


2.0
Method


2.1
Six Cylinder Thermoregulatory Model

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


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


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


2.2
Physiology Test


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


Table 1 Physical characteristics of the ten subjects

		Subject

		Age

		Weight

		Height

		Body fat

		VO2 max



		

		(yr)

		(kg)

		(cm)

		(%)

		(ml·min-1·kg-1)



		1

		29

		83

		178

		13.8

		60.4



		2

		29

		66.9

		170

		13

		56.4



		3

		29

		76.8

		174

		12.9

		53.1



		4

		30

		68.2

		170

		11.8

		46.6



		5

		36

		72.9

		170

		14.4

		60.6



		6

		37

		77.8

		180

		15.9

		66.4



		7

		37

		79.5

		171

		20.2

		61.8



		8

		37

		98.8

		189

		16.5

		46.9



		9

		33

		72.7

		164

		18.4

		61.8



		10

		34

		84.4

		170

		14.3

		51.8



		Mean ± SD

		33.1 ± 3.6

		78.1 ± 9.3

		173.6 ± 7.1

		15.1 ± 2.6

		56.6 ± 6.7





2.3
Measurement of wetsuit insulation

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


3.0
Results


SCTM predicted thermal responses of each individual to 10°C and 18°C immersion, including core temperature, skin temperature of six regions, and metabolic rate. The measured core temperature (Tcore), mean skin temperature (Tskin), hand temperature (Thand) and foot temperature (Tfoot) were compared with the predicted results.

Figure 1 shows the mean of measured results ± standard deviation (SD) and predicted results for Tcore, Tskin, Thand and Tfoot at 10°C immersion. For both Tcore and Tskin, the predicted values were close to observed results and fell within the SD bounders. The predicted Thand and Tfoot were close to their observed results at the end of immersion although the predicted results dropped faster than those actually measured during first 1-2 hours of immersion.  Figure 2 shows the mean of measured values ± SD and predicted values for Tcore, Tskin, Thand and Tfoot at 18°C immersion. The predicted Tcore was higher than the observed Tcore, especially during the last 2-3 hours of immersion. The predicted Tskin was close to observed Tskin and generally fell within a SD. Similar to the results at 10°C immersion, the predicted Thand and Tfoot were close to their observed results at the end of 18°C immersion, although predicted temperatures dropped faster than the measured values.  

Wetsuit insulation has significant effects on the thermal responses and duration of immersion. Functional time was used to compare how wetsuit insulation may influence tolerable duration of immersion. Functional time is defined as the time when Tcore falls below 35.5°C which is commonly used as one of the criteria for terminating human experimental immersion. SCTM predicted functional times for each subject when no wetsuit was worn during immersion or when a wetsuit with less insulation (~5 mm thick or 0.3 clo for all section of the body) was worn (Table 2). With no wetsuit, functional times ranged from 40 to 70 minutes at 10°C immersion and from 60 to 360 minutes at 18°C immersion. With 0.3 clo wetsuit, functional times ranged from 130 to 360 minutes at 10°C immersion and were 360 minutes (+360 means more than 360 minutes) at 18°C immersion.


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

		

		no wetsuit

		0.3 clo wetsuit



		Subject

		10°C

		18°C

		10°C

		18°C



		1

		50

		110

		+360

		+360



		2

		40

		70

		150

		+360



		3

		50

		90

		+360

		+360



		4

		40

		60

		130

		+360



		5

		50

		90

		290

		+360



		6

		50

		100

		230

		+360



		7

		70

		360

		360

		+360



		8

		70

		280

		340

		+360



		9

		60

		180

		360

		+360



		10

		60

		220

		300

		+360





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


hand and foot temperatures at 10°C water immersion




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


hand and foot temperatures at 18°C water immersion


4.0
Discussion


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


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


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


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


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


5.0
conclusion


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


6.0
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ABSTRACT

Background: Accidental hypothermia is often encountered during the management of severely injuried patients, and clinical studies have documented a relationship between hypothermia, morbidity and mortality. Accordingly the majority of trauma care guidelines prescribe early and aggressive rewarming of hypothermic patients. At the same time it is known that most enzyme systems of the body are down-regulated at temperatures below 37 °C. Theoretically this should attenuate the activation of an acute inflammatory response and protect the host from remote organ and tissue injury. The present study was carried out to test this hypothesis. Methods: Thirty-four male Sprague-Dawley rats were used.  Anaesthesia was with a mixture of nitrous oxide, oxygen, and isoflurane given via a facemask. The femoral artery was cannulated for recording of arterial pressure, for blood withdrawal and volume replacement. Core temperature, heart rate, and respiratory rate were monitored. Volume-controlled haemorrhage was induced by a steady withdrawal of 2.5 ml blood/100 g body weight over 10 minutes with simultaneous reduction of body temperature to 32.5-33 °C. Seventy five minutes after initiation of bleeding, two thirds of the shed blood was retransfused. One group (n=17) was rewarmed to normothermia, the other (n=17) was kept hypothermic. The rats were observed under light anaesthesia for the next 2 hours and then sacrificed by exsanguination. The heart, lungs, liver, small intestines, and kidneys were immediately removed, examined, and scored for gross pathological changes. The effects of temperature reduction on the systemic inflammatory process was measured (TNF-α, IL-6, IL-10, corticosterone, reactive oxygen species), together with markers of organ function and integrity (AST, ALT, αGST, creatinine, urea), and survival. Results: Hypothermia reduced the release of IL-6 (p<0.01), tended to reduce TNF-α (p=0.07), and IL-10 (p=0.09), while no influence on corticosterone levels were found. A reduction of reactive oxygen species (in leukocytes collected from peritoneal lavage), was noted (p<0.01). Organ function was better preserved, as reflected by reduced levels of AST (p<0.01), αGST (p<0.01) and creatinine (p<0.01), while there were no difference in organ damage between groups. None of the hypothermic rats died, compared to two normothermic (NS).  Conclusion: Mild/moderate hypothermia had an organ protective effect in this model of controlled haemorrhagic shock. This coincided with a significant reduction of pro-inflammatory cytokines and effector molecules, which probably played a decisive role for the outcome.

1. Introduction



Accidental hypothermia is often encountered during the management of severely injuried patients, and clinical studies have documented a relationship between hypothermia, morbidity and mortality (1-5). Accordingly the majority of trauma care guidelines prescribe early and aggressive rewarming of hypothermic patients. The severity of injury may lead to immediate demise at the scene of accident, while uncontrolled haemorrhage is a common cause of death during transport or after arrival in hospital (6). Haemorrhage results from mechanical damage or coagulopathy.  The former may be surgically repaired, while coagulopathy is a multifactorial process primarily caused by the effects of trauma and the immediate resuscitative measures.  Reduced body temperature and excessive activation of the inflammatory cascade systems may further aggravate the bleeding diathesis (6-9).Massive transfusions may also have a negative effect on coagulation (10). Hypothermia is consequently considered a major cause of life-threatening posttraumatic complications, although the precise mechanisms accounting for this ominous impact are not clearly understood, and a discrepancy exists between clinical experience and experimental studies (11-13). At the same time, however, it is known that most enzyme systems of the body are down-regulated at temperatures below 37°C. Theoretically this should attenuate the activation of an acute inflammatory response and protect the host from remote organ and tissue injury, which is a common companion to trauma/haemorrhage.


Hypothermia is commonly considered a major cause of life-threatening posttraumatic complications. The precise mechanisms accounting for this ominous impact are not clearly understood, and discrepancy exists between clinical experience and experimental studies (11-13). Current trauma care guidelines call, almost unanimously for active efforts at preventing hypothermia. 


In a volume controlled haemorrhagic shock model with spontaneously breathing rats, we have earlier shown that lowering core temperature to 32.5-33 °C during the shock period, and retaining a low temperature during the resuscitation and post-haemorrhagic phase, decreased the severity of the early inflammatory responses and preserved short term organ function better than persistent normothermia (14). Based on the prevailing trauma care guidelines we wanted to use the same hypothermic shock model and investigate how the proximal inflammatory responses and outcome are influenced by early and rapid rewarming to normothermia during the resuscitation phase. When designing the model, we tried to mimic 


the clinical situation as far as possible.


Key Words:  haemorrhage; shock; resuscitation; hypothermia; inflammatory response


2.  Materials and methods


2.1. Animals and surgical Procedure



The study was performed according to the recommendations issued by the European Council for Laboratory Animal Science and after approval of the Local Ethics Committee.  Thirty-four male Sprague-Dawley rats were used.  They had free access to food and water.  The experiments started at 0730 a.m.  Anaesthesia was carefully induced with a mixture of nitrous oxide, oxygen, and isoflurane in a semiclosed container.  Induction time was less than two minutes for all animals.  During the rest of the study the rats were spontaneously breathing the gas mixture via a face mask.  The anaesthetic depth was regulated to a level just sufficient to avoid reaction to tail pinching (14).  For monitoring of heart rate and core temperature, EKG (4-lead) electrodes were attached to the paws, and temperature probes (thermistors) placed in rectum and oesophagus.  With supplemental local anaesthesia a sterile cut-down of the groin was performed.  The femoral artery was cannulated with a 0.8 mm cannula (Venflon, Viggo, Denmark) for blood withdrawal, volume replacement, and continuous recording of arterial pressure.  Preparation time was less than 30 minutes for all rats.

2.2. Experimental Procedure



To avoid day-to-day variations the experiments and measurements were done in pairs, one from each group. During preparation core temperature was controlled at 37.5-38 (C, defined as normothermia.  Room temperature was kept at 23 (C.  Baseline recordings were done after a control period of 10 minutes.  Thereafter a steady withdrawal of 2.5 ml of blood/100g body weight from the arterial cannula was undertaken over 10 minutes.  The fall in MAP was registered intermittently.  The blood was collected in small heparinised syringes (Heparin 7.5 IU/ml).  Cooling was started simultaneously with initiation of bleeding.  For this purpose ethyl alcohol (70%) was sprayed on shaved abdomen until core temperature had fallen to 32.5-33.5 (C (14).  The shock period lasted for 75 min.  The rats were randomised either to be rewarmed to 37 (C during resuscitation, or to remain hypothermic throughout the experimental period.  External heating was supplied by an infrared lamp (14). At 75 min two-thirds of the shed blood was re-transfused over 10 min.  To maintain open arterial lines and compensate for perspiration, an infusion of 1 ml/100g body weight per hour of normal saline was established.  After resuscitation the animals were observed under light anaesthesia for another 2 h, giving a total insult time of 195 min (Fig. 1).  



Figure 1.  Protocol.  Haemorrhagic shock was induced by withdrawal of 2.5 mL blood/100 g body weight over 10 minutes.  Simultaneously cooling to 33 ± 0.5 (C was started.  Seventy-five minutes after initiation of bleeding, all animals were retransfused with two-thirds of the collected blood.  One group of animals (n = 17) were rewarmed to normothermia, the others (n = 17) were kept hypothermic.  Both groups were thereafter observed for another 2 hours.


They were sacrificed by exanguination.  The heart, lungs, liver, small intestines, and kidneys were immediately removed and examined for pathological changes, including discoloration, bleeding, consolidation (atelectasis in lungs), ischaemic changes and oedema.  Based on a scale from 0  to  3, where zero represents no observed pathological changes, 1 slight changes, 2 moderate changes and 3 severe changes, each animal was given a pathological score ranging from 0  (normal)  to 15 (severe changes in all five organs).  The scoring was done unblinded by two examiners.  


Monitoring of vital functions



Heart rate (HR) and systolic, diastolic, and mean arterial pressures (MAP) were continuously monitored (Grass Polygraph Model 7E, Grass Instrument Co, Mass., USA), as was rectal  (Tr) and esophageal (Tc) temperatures (Cormak K 90001 thermometer, UK and Tes-1303 digital thermometer, Tess Electrical Electronic Corp. Taiwan).  Respiratory rate (RR) was counted at baseline, 15, and 75 minutes after initiation of haemorrhage, and at 15 and 120 minutes after start of resuscitation.


2.4. Blood sampling and assays



Blood gases and acid base state were measured at the same time points (ABL 330, Acid-Base Laboratory, Radiometer, Copenhagen, Denmark).Total white blood cells (WBC), granulocytes, lymphocytes and platelets were counted (Unipath Cell-Dyn 610 Automatic counter, 850 Maude avenue, Mountain view, Calif. USA) at baseline and at time points 75 minutes and 195 minutes.  Plasma values of the proinflammatory cytokines TNF-( and IL-6, the anti-inflammatory substances IL-10 and corticosterone, and markers of organ function and integrity were determined at the end of the study (alanine aminotransferase (ALT), aspartate aminotransferase (AST), and (-glutathione S-transferase ((-GST) for hepatocellular damage, and creatinine/urea as measures of renal function).  To quantitate nitric oxide (NO) we measured its oxidative product nitrite with a colorimetric assay, after reaction with Griess reagent.


2.5. Peritoneal cells



At the end of each experiment a mini-laparotomy was performed and peritoneal cells obtained by washing the peritoneum with 35 ml 0.9% NaCl.  The cells were centrifuged, washed and resuspended in Hanks balanced salt solution supplied with 20 mmol/l Hepes buffer and 5 mmol/l glucose.Cell numbers were counted in a 610 Hematology Analyzer (Seqoia Turner Corp., Mountain View, Calif., USA).  To induce hypotonic lysis of contaminating erythrocytes, the cell suspension was incubated with 0.83% NH4Cl, centrifuged and washed in 0.9% NaCl.


2.6.  Chemiluminescence (CL)



The respiratory burst in the peritoneal cells was activated by the protein kinase C activator phorbol myristate acetate (PMA) or the surface receptor agonist N-L-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP). Luminol-(5-amino-2,3-dihydro-1,4-phtalazine dione) and lucigenin-(N,N’-dimethyl-9,9’-bisacridinium dinitrate) (Sigma Chemical, St Louis, MO, USA) enhanced CL responses were measured in a Labsystems Luminoskan luminometer (Turku, Finland) with samples in 96 well disks.  The collected peritoneal cells (3x105 cells per well) were exposed to 10-7M PMA and 10-4 M luminol, 10-7M lucigenin, 10-6M fMLP and 10-7M luminol, and 10-6M fMLP and 10-7M lucigenin in each well.  Luminol-enhanced CL was also measured after addition of horse radish peroxidase (HRP), 1 U HRP/well.  The recordings were done for 60 minutes, and the integral of the response curve was calculated.


2.7. Statistical analysis


Data are presented as mean ( SD.  Differences between groups were tested with paired t-test or Wilcoxon signed rank sum test when appropriate.  For differences within groups ANOVA for repeated measurements followed by Student-Newman-Keul’s post hoc test was applied.  A regression model was fit with pathological score as outcome, and univariate analysis performed in order to isolate independent predictors among haemodynamic and various laboratory parameters. For continuous variables a log transformation was used.  A P-value equal to or less than 0.05 was considered statistically significant.  


3.  Results  


Seventeen parallel experiments were done in 34 animals.  There were no significant differences in physiologic variables between the groups either at baseline or at the end of the shock phase (Table 1).  
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Physiologic variables at baseline and end of shock phase (mean ± SD)


Rewarmed group (n=17)


Hypothermic group (n=17)


Rewarmed group (n=17)


Hypothermic group (n=17)


(baseline)


(baseline)


(end of shock phase)


(end of shock phase)


Body weight (g)


342 ± 61


347 ± 72


Hct (%)


40.8 ± 1.6


  41.1 ± 1.8


32.1 ± 1.7


  32.1 ± 1.8


Rectal temperature (ºC)


37.2 ± 0.5


37.2 ± 0.6


32.8 ± 0.4


32.8 ± 0.3


Mean arterial pressure (mm Hg)


102 ± 10


109 ± 13


103 ± 15


109 ± 16


HR (beats per minute)


359 ± 47


391 ± 61


302 ± 38


308 ± 44


Respiratory rate (per minute)


73 ± 12


73 ± 17


63 ± 11


64 ± 16


pO


2


 (kPa)


17.9 ± 3.5


19.4 ± 4.4


23.4 ± 3.8


26.5 ± 3.9


pCO


2


 (kPa)


6.3 ± 1.3


6.3 ± 1.5


5.9 ± 1.8


5.8 ± 1.6


pH


7.37 ± 0.07


7.37 ± 0.05


7.21 ± 0.07


7.20 ± 0.07


BE (base excess)


0.3 ± 1.6


1.1 ± 1.8


 -10.6 ± 5.0


 -12.2 ± 4.8




3.1. Survival

Three rats in the rewarmed group became apnoeic with bradycardia and hypotension, and died between time points 160 and 180 min, in spite of resuscitative efforts. One hypothermic rat died at the end of study (195 min).  Early after shock these rats did not differ compared to their hypothermic counterparts, either with regard to arterial pressure, RR or base deficit.  Thus, no indication of cardio-pulmonary or metabolic failure was seen at this stage.  However, immediately before demise a severe base deficit (-20 to –23) had developed in three and was moderate (-10) in one rat, and there was an abrupt increase in serum potassium.


3.2. Haemodynamic Parameters



Haemorrhage lowered MAP significantly and to the same extent in both groups (Fig. 2), but at the end of the study a significant (P < 0.01) higher MAP was measured in the hypothermic animals (121 ( 14 mm Hg vs. 95 ( 20 mm Hg).  The hypothermic rats also had less tachycardia (327 ( 59 vs. 374 ( 45 beats/min; P < 0.01) and had a significantly lower RR (57 ( 15 vs. 75 ( 14 P < 0.01).


3.3. Acid- base, serum electrolytes and other physiologic variables


Within 15 minutes from the onset of bleeding, base excess (BE) fell abruptly and in parallel in both groups from 0.3 ( 1,6 to –8.8 ( 3.2 in the group to be rewarmed and from 1.1 ( 1.8 to –8.0 ( 2.9 in the hypothermic group, and continued to fall during the shock phase (Table 1). A slight improvement was thereafter observed in the surviving rats.  There were no differences between the groups with regard to arterial pH pCO2 or pO2 changes in the surviving animals during the study, neither with nor without correction of body temperature.  Blood lactate was significantly increased to 8.1 ± 2.3 vs 8.9 ± 3.1 mmol/l (P = 0.76. in the rewarmed and hypothermic group respectively at the end of the study. The metabolic acidosis thereafter increased somewhat during the shock phase with a lowest recording of –12.3 ( 1.8 in the rewarmed and -13.8 ( 1.2 in the hypothermic group at time point 90.  At the end of the study there was a tendency towards improvement in the surviving rats of both groups (-8.4 ( 1.9 vs. -11.3 ( 4.0).  Blood lactate increased, but with no difference between the groups (8.1 ( 0.7 vs. 8.9 ( 0.8 mmol/l, P = 0.76, in the normothermic and hypothermic group respectively). There were no significant differences between the groups with regard to arterial pH, pCO2 or pO2, neither with nor without correction for body temperature (Table 1).



Serum Na+, K+ and Ca++ remained within normal limits in the surviving animals without a difference between groups. Potassium was severely elevated terminally in the rats that died.  The number of platelets declined from 644 ( 30 at baseline to 572 ( 32 x 109/l at the end of the study in the hypothermic, and from 653 ( 30 to 564 ( 24 x 109/l in the rewarmed animals, without inter-group difference.  As expected, serum glucose was increased and tended to be higher in the hypothermic group towards the end of the study (16.1 ( 6.8 vs. 13.2 ( 4.9 mmol/l, ( P  =  0.14). 


3.4. Pro- and anti-inflammatory mediators and substances



Total WBC count dropped significantly directly upon haemorrhage, from 8.6 ( 0.6 - 5.5 ( 0.6 x 109/l (P < 0.01) in the rewarmed and from 8.2 ( 0.4 to 5.0 ( 0.4 x 109/l (P < 0.001). The mononuclear cells accounted for 80-83% of the WBC cell population. Differential count showed that the granulocytes, erythrocytes, and of living population had increased throughout the study period from 1.6 ± 0.9 x 109/l to 2.8 ± 0.9 x 109/l, P <0.02, and from 1.4 ± 0.4 x 109/l to 3.2 ± 1.8 x 109/l, (P <0.005) in the rewarmed and hypothermic group respectively. Microscopy of the peritoneal washout showed that animals with the worst intestinal damage had a high content of polymorphonuclear neutrophils (PMNs) and micro-organisms. In animals without damage the fluid was virtually clear.



At measure point 90 minutes the proximal pro-inflammatory cytokine TNF-( had risen significantly in both groups (555 pg/ml in the hypothermic vs. 244 pg/ml in the rewarmed rats, P < 0.12; Fig. 2).  

Figure 2.  Plasma values of TNF-( 75 minutes after initiation of bleeding and at the end of the study (mean ± SEM).  No significant difference was seen between groups. 


At the end of the study a decline to 156 pg/ml was measured in the former with virtually no changes in the latter group (263 ± 313 pg/ml). IL-6 was only determined at the end and did not reveal any difference between groups (5631 ( 11343 in the rewarmed rats vs. 3106 ( 3892 pg/ml in the hypothermic, (P = 0.42).  The production of the anti-inflammatory cytokine IL-10 tended to be lower at time point 195 min  in the rewarmed group ( 333 ± 225 pg/ml vs 810 ( 806 pg/ml, P = 0.04, Fig. 3).  



Figure 3.  Chemiluminescence in peritoneal phagocytes after stimulation with the protein kinase C activator phorbol myristate acetate (PMA) or the surface receptor agonist N-L-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP), (mean ± SEM).  Luminol and lucigenin enhanced chemi-luminescences were measured in a luminometer.  # P < 0.05 between groups.


Compared to the normal value of 397 ( 4 nmol/l established at our laboratory, the plasma values of the endogenously produced anti-inflammatory substance corticosterone were significantly elevated in the hypothermic group at the end of the study (P < 0.001). Also in the rewarmed group an increase was measured (890 ± 317 nmol/l) but significantly less marked ( P = 0.03 between groups).


3.5. Production of free radicals



The synthesis of oxygen free radicals was measured by CL in peritoneal cells from all animals. As may be seen in Fig 4, oxygen radical production was significantly reduced in the hypothermic group and P-values less than 0.05 were observed with combinations of luminol/fMLP and lucigenin/PMA. The same pattern of changes was obtained after measurement of nitric oxide (NO) in serum (29.8 ( 1.6 (M in the rewarmed vs. 24.8 ( 0.8 (M in the hypothermic group, P < 0.01.


3.6. Markers of cell integrity and function



Plasma AST, ALT and (-GST were used as markers of liver function.  The results in the rewarmed and the hypothermic group were as follows: AST 493 ( 89 vs. 254 ( 45 IU/l (P = 0.03), ALT 763 ( 280 vs. 967 ( 951 IU/l (P = 0.66), and GST 12396 ( 13160 vs. 16563 ( 33854 (g/l (P = 0.80).  To assess kidney function plasma creatinine and urea were measured.  The corresponding findings for the two  groups were: creatinine 126 ( 78 vs. 136 ( 82 (mol/l (P = 0.76), and urea 9.2 ( 1.8 vs. 7.8 ( 1.5 mmol/l (P = 0.02).  


3.7. Organ damage



The scores of the individual organs are shown in Table 2.  
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Pathological scores of individual organs in the two groups at gross autopsy examination (mean ± SD)


Rewarmed group Hypothermic group


(score) (score)


Heart  0.33 ± 0.36 0.22 ± 0.23


Lungs 0.38 ± 0.65 0.15 ± 0.32


Liver 1.54 ± 1.08 1.23 ± 1.12


Small intestine 1.38 ± 0.58 1.38 ± 0.76


Kidneys 0.23 ± 0.40 0.15 ± 0.36


NS between groups




Except for the intestine, scores were numerically lower for all organs in the hypothermic group. But due to a large standard deviation mean values were not significant different.  Total pathological score was 49 in the rewarmed vs. 38 in the hypothermic group, with a mean of 3.77 ( 0.77 vs. 2.92 ( 0.60 (P < 0.3) in the two groups respectively.  Using a log transformation of plasma IL-6 and TNF-( values due to skewed distribution, regression analysis showed that there was a significant relationship between bad score both for IL-6 (y=5.7+0.42x, r = 0.54, P < 0.01) and for TNF-( (y= 40.06+ 0.15x, r = 0.59, P < 0.01) at time point 195, but not for TNF-( at time point 90 (y= 4.38+ 0.3x, r = 0.3, P = 0.2).  There was also a significant relationship between pathological score and arterial base deficit at the end of study (r = 0.59, P < 0.01), but not with blood lactate.


4.  Discussion


The study shows that rapid rewarming during resuscitation from mild hypothermia in this spontaneously breathing rat model of controlled haemorrhagic shock did not positively attenuate either the inflammatory responses or the production of reactive oxygen species (ROS) or NO.  Neither did it influence on early organ damage positively nor increase the ability to survive the first phases of shock. Rewarming during resuscitation from induced, mild hypothermia however, may be less injurious than if normothermia is maintained both during and after haemorrhage (14-16). 



In our study rewarming to above 37 °C was achieved within 60 min. Rapid rewarming is frequently used in small animal research (13,15,17) and although slower rates are most commonly used clinically (6,11), rapid rewarming may also be achieved with special techniques (16).  Generally rapid shifts of internal environment of body cells cannot be recommended, and several investigators have observed detrimental consequences from posthypothermic rewarming (18,19).


In an effort to simulate a “pre-hospital clinical shock scenario”, we allowed blood pressure to fall spontaneously, and early recovery consequently was determined the body`s natural physiological homeostatic response. In the field this means compensatory cardiovascular, respiratory and metabolic without supplementary intravenous hydration except for compensation for blood sampling, thus extending the insult period to 195 min. In concert with other haemorrhagic shock studies (13,20) arterial pressure was better preserved  in the hypothermic animals (Fig 4). 



Figure 4.  Development of mean arterial pressure (mean ± SEM).  * P < 0.05 vs. preceding measurement;  # p < 0.05 between groups.


There was, however, no correlation between organ damage (pathological score) and MAP at any time period, indicating that arterial pressure may not be a single, determinant outcome factor (20,21).  Indeed Mizushima measures until further treatment is available.  Resuscitation included only partial re-transfusion et al (15) showed that after trauma-haemorrhage in rats, rewarming during resuscitation improved cardiac output and stroke volume compared to maintaining normothermia during haemorrhage or maintainance of prolonged hypothermia after resuscitation, while MAP did not differ between groups.



The acute inflammatory response is composed of an elaborate cascade of both pro-inflammatory and anti-inflammatory mediators, and the balance between these mediators is an important determinant for the outcome after injury.  A key factor at an early stage is the activation of polymorphonuclear neutrophils (PMNs) and their interaction with endothelial cells at the site of injury (22).  Originally this is a local response vital for successful outcome and aimed at preventing a systemic reaction which may be deleterious to remote tissues and organs.  However, the activation after major trauma may sometimes be so strong that an overwhelming systemic response is initiated.  The resulting overproduction of pro-inflammatory cytokines promotes complement activation, further increases leukocyte-endothelial adhesion, endothelial permeability, coagulopathy, and activation of the hypothalamic-pituitary-adrenocortical (HPA) axis.  Subsequently the clinical picture of the traumatised patient becomes dominated by systemic hypotension, decreased organ perfusion, cellular energy deficit, capillary leakage, and multiple organ dysfunction or failure.  We observed a significant increase of PMN cells during the study period, and these cells also dominated in the peritoneal washout of the animals with the worst intestinal damage irrespective of group.  This indicates that the haemorrhagic insult initiated both a systemic and local recruitment of PMN cells as a reflection of an early pro-inflammatory response.  


Severely enhanced circulating levels of the proximal cytokines TNF-( and IL-6 have been demonstrated both experimentally and clinically after haemorrhagic shock (23), and reducing their synthesis has been shown to positively influence organ injury and mortality (24).  In the same haemorrhagic rat model we have earlier demonstrated that, compared to persistent normothermia, moderate reduction of body temperature to 32.5-33 (C significantly decreased IL-6 and tended to decrease TNF-( and the anti-inflammatory cytokine IL-10, while corticosterone increased (14).  In the present study TNF-( reached higher levels at time point 90 min in the rewarmed group, but then decreased towards the end of the study while the lower TNF-(  levels in the hypothermic animals did not change. At time point 195 min IL-6 was elevated, and somewhat more in the rewarmed animals. But due to great variability in the cytokine levels the difference was not significant.  IL-10 tended to be higher at time point 195 min in the hypothermic animals (P =0.08).  This is in contrast with previous studies where IL-10 tended to be lower in the hypothermic animals (14). Variability of cytokine levels, however, has been registered by others, and without a plausible explanation (25). Factors related to animal model used, and type of insult, site and time of neutrophil harvest, and analytical methods are probably important.  Corticosterone was significantly elevated in both groups but highest (P = 0.03) in the hypothermic animals. It is known that both hypothermia and trauma may activate the HPA axis and thus stimulate glucocorticoid secretion which is a strong inducer of IL-10 (26).  In the present study persistent low body temperature seemed to maintain plasma corticosterone increase and tended to promote an anti-inflammatory IL-10 increase.  The adverse effects from an abundance of inflammatory substances may thus be ameliorated.  Other investigators have shown that although pro-inflammatory forces may prevail at local sites of injury (or infection), the same cytokines often do not dominate in the systemic circulation (27). This may also hold true for our study in which severe pathological changes were identified in ileum and caecum. The results may therefore indicate that an aggressive rewarming process could influence the pro-and anti-inflammatory responses in an unfavourable way.



Based on a macroscopic autopsy of selected organs, pathological scoring systems have been advocated to assess organ damage (28). In the present study blinding was unfortunately not accomplished, but a thorough evaluation was undertaken by two independent observers, and their scoring was practically identical.  In line with other investigations we found that ileum and caecum were most heavily damaged (28).  The finding of a significant relationship between gross pathological damage of selected organs on one hand, and the observed increase of base deficit, certain pro-inflammatory substances and indicators of hepatic or renal dysfunction on the other should justify the use of our model for early outcome studies after haemorrhagic shock in rats.



There was a highly significant correlation between pathological score and (-GST, and also with AST, but not with ALT. (-GST is supposed to be an early and reliable marker of liver damage whereas ALT may be temporarily prevented in entering the systemic circulation. The increased of AST probably partly reflects general organ damage and was as in previous studies lowest in the hypothermic group (14). There was also a significant correlation between pathological score and arterial base deficit, but not with blood lactate. Acid base values are commonly used as indicators of abdominal injury (29) and blood lactate as an index of tissue oxygenation (30).  Lactate clearance is strongly dependent on liver function, whose function may suffer at an early stage of haemorrhagic shock. Our study seemed to show that the  ileum was the  first organ to reveal pathological changes, and the identification  of cellular elements in the peritoneal washout, especially leukocytes and macrophages, red blood cells, and microorganisms strongly indicated translocation from inflamed intestinal tissue. In this respect the results suggest that induced hypothermia followed by early and fast rewarming in the resuscitation phase is better than persistent normothermia.  It should be emphasized, however, that both timing and duration of rewarming conceivably are important factors (17).The same applies to the rate of rewarming, which was relatively aggressive. In less than 60 min body temperature was raised from 32.5 to 37 °C.


The inhibitory effect of low temperatures on enzymes of the coagulation system has been of special concern (31).  Our results tend to suggest less rigid conclusions. Certainly, using a model of controlled haemorrhage, there was no need to care about ongoing blood loss. But also in many clinical situations bleeding is a minor problem. Under such circumstances more attention may be paid to the ability of low temperatures to curb reactions responsible for an early exuberant post-injury pro-inflammatory response.  Reduced high-energy phosphate utilisation and induction of a protective heat response may also be attained (32).  Taken together, this may more than outweigh the detrimental effects upon coagulation, especially when speaking about moderate hypothermia, which has for many years been used successfully during planned surgical interventions.



Although total score was not different, individual scores were lower in the hypothermic group for four of the five organs evaluated.  In line with other investigations we found that ileum and coecum were most heavily damaged (19).  Using this system a significant correlation between pathological score and the cytokines TNF-( and IL-6 could be established. There was also a significant correlation between pathological score and arterial base deficit, but not with blood lactate.  Acid base values are commonly used as indicators of abdominal injury (20) and blood lactate as an index of tissue oxygenation (21). Lactate clearance is strongly dependent on liver function, whose function may suffer at an early stage of haemorrhagic shock.  Our study seemed to show that the ileum was the first organ to reveal pathological changes, and the identification of cellular elements in the peritoneal wash-out, especially leukocytes and macrophages, red blood cells, and micro-organisms strongly indicated translocation from inflamed intestinal tissue.  In this respect the results suggest that induced hypothermia followed by early and fast rewarming in the resuscitation phase is better than persistent normothermia, but less beneficial than persistent, moderate hypothermia.  It should also be emphasized that both timing and duration of  rewarming conceivably are important factors.  



The same applies to the rate of rewarming, which was relatively aggressive.  In less than 60 minutes body temperature was raised from 32.5 to 37 (C.  Generally, rapid shifts of the internal environment of body cells cannot be recommended.  Several investigators have found detrimental consequences from rapid posthypothermic rewarming in experimental settings (22,23).  However, in clinical situations with combinations of haemorrhage and trauma, strong arguments have been launched in favour of an energetic rewarming policy (6).  These recommendations are based on carefully conducted randomised prospective investigations where hypothermia has been isolated and identified as an independent risk variable (4).  Even experimental studies may support such a policy (24).  The inhibitory effect of low temperatures on enzymes of the coagulation system has been of special concern (10).  Our results tend to open for less absolute conclusions.  Certainly, using a model of controlled haemorrhage, there was no need to care about ongoing blood loss.  But also in many clinical situations bleeding is a minor problem.  Under such circumstances more attention may be paid to the ability of low temperatures to curb reactions responsible for an early exuberant post-injury pro-inflammatory response.  Reduced high energy phosphate utilisation and induction of a protective heat response may also be attained (26).  Taken together, this may more than outweigh the detrimental effects upon coagulation, especially when speaking about moderate hypothermia, which has for many years been successfully used during planned surgical interventions.


The synthesis of NO was significantly reduced in the hypothermic rats compared to their rewarmed counterparts.  The overall consequences for organ function and integrity may be difficult to assess.  The continuous release of NO from the constitutive endothelial isoform of nitric oxide synthase (ecNOS) maintains the vasculature in a state of active vasodilatation and inhibits the adhesion of platelets and granulocytes to the endothelial surface.  Initially, haemorrhagic shock is known to reduce the production of NO from ecNOS (33).  Hypothermia may amplify this effect (34).  Theoretically maldistribution of the remaining cardiac output may ensue and the micro-circulation suffer (35). However as the inducible NO synthase becomes expressed, the early state of nitrosopenia is gradually replaced by NO overproduction, clinically reflected in a global vasodilatation and reduced blood pressure.  At the end of the study MAP was, as might be expected, significantly better preserved in the hypothermic animals.  



Hypothermia also significantly reduced the production of ROS in peritoneal cells.  In biological systems superoxide (O2-.) rapidly combines with NO to form the potent noxious substance peroxynitrite (ONOO-), which is probably the prime cytotoxic species in many inflammatory conditions (36). Both absolute and relative fluxes of NO and O2,-.are important for the formation of peroxynitrite, and thus also for the resultant tissue injury (37). Anti-peroxinitrite strategies have been investigated in several experimental animal shock models to reduce oxidant tissue injury (38,39).  The positive effects of hypothermia seen in this study may partly work via the same mechanisms.  



As discussed earlier, the model has several limitations, including the absence of a true “accidental” hypothermia, no ongoing bleeding, and, maybe most importantly, a relatively short observation period.  Also anaesthesia and the use of heparin as am anticoagulant may influence our measurements.  However, in any case all these factors would have the same effects in the two groups and are also minimised by the pairwise study design. 



In conclusion we did not observe overall gains of rapid rewarming in our short term volume controlled haemorrhagic shock model.  In concert with other studies (17,25) prolonged mild hypothermia tended to maintain greater haemodynamic stability and protect the hypothermic animals. In defined clinical situations, refraining from aggressive rewarming may constitute way to dampen hyperactivation (and subsequent exhaustion) of important immune functions, and thus contribute to a reduced incidence of post-traumatic complications.
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			Table 2


			Pathological scores of individual organs in the two groups at gross autopsy examination (mean ± SD)


						Rewarmed group			Hypothermic group


						(score)			(score)


			Heart			0.33 ± 0.36			0.22 ± 0.23


			Lungs			0.38 ± 0.65			0.15 ± 0.32


			Liver			1.54 ± 1.08			1.23 ± 1.12


			Small intestine			1.38 ± 0.58			1.38 ± 0.76


			Kidneys			0.23 ± 0.40			0.15 ± 0.36


			NS between groups
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Abstract

Intercontinental travels, but also overseas deployment of troops may submit adapted soldiers to a given thermal strain to an opposite thermal strain, exposing them to unassessed thermophysiological risks. This problem encompassed the poorly researched concept of thermal cross-adaptation. In order to better understand the effect of heat adaptation on cold thermoregulatory reactions we studied the thermophysiological reactions in heat and cold before and after a survival sojourn in a tropical climate exposes subjects to two main constraints: food restriction and tropical climatic conditions. We hypothesize that such a sojourn could modify anthropological characteristics and thermoregulatory responses on return. Eight european male subjects were submitted to a sweating test for 90 min (dry bulb temperature Tdb = 47 °C, relative humidity rh = 10 %, wind speed = 0.8 m.s-1) and to a whole-body cold air test (Tdb = 1 °C, rh = 40 %, wind speed = 0.8 m.s-1) for 120 min in thermoclimatic chambers both before and after a 4-week survival sojourn in french Guyana. The survival experiment induces a decrease in lean body mass (p ( 0.05) without significant change in body fat content. Heat thermoregulatory changes studied during the sweating test are characterized by a lower mean skin temperature 
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 (p ( 0.05) related to an earlier and higher sweat rate (p ( 0.05). Cold thermoregulatory changes are characterized by a higher 
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 (p ( 0.05) and a decreased onset for continuous shivering without significant change in internal temperature and in metabolic heat production. This study shows that this type of sojourn modifies not only biometrical characteristics of the subjects but also the thermoregulatory responses, inducing an adaptation to heat and an increase of the sensitivity of the thermoregulatory system in the cold. This finding could have practical implications on return after such a sojourn.


1.0
Introduction

Les missions actuelles des forces armées impliquent les projections successives des personnels en tous lieux ce qui implique leur exposition à des climats variés qui peuvent être opposés. Ainsi les soldats peuvent passer rapidement, en particulier du fait des moyens de transport modernes, d’un climat chaud auquel ils sont adaptés à un climat froid auquel ils ne sont pas encore adaptés. Ainsi il n’est pas rare de voir des personnels être de retour en métropole en hiver après un séjour de plusieurs semaines ou mois en zone chaude, sèche ou humide (Guyane par exemple). On peut raisonnablement supposer que ces transferts rapides pourraient soumettre les personnels des forces à de nouvelles contraintes physiologiques et à des risques de survenue d’une pathologie climatique plus élevés. Par exemple, une personne adaptée à la chaleur pourrait présenter une tolérance au froid, générale ou locale, modifiée. Ainsi, en cas de projection de cette personne adaptée à la chaleur dans un climat froid, la question est de savoir si les modifications de cette tolérance à la chaleur sont bénéfiques ou au contraire entraînent des risques médicaux accrus, qui dans cet exemple pourraient être représentés par un rique plus élevé d’hypothermie accidentelle et/ou de gelures des extrémités. Compte-tenu de l’intérêt de cette problématique pour la prévention des pathologies directement liées à ces environnements climatiques, il nous est apparu important d’évaluer les effets physiopathologiques et plus spécifiquement thermophysiologiques de telles situations du fait de leurs conséquences potentielles. Nous avons donc abordé cette problèmatique en étudiant tout d’abord la tolérance physiologique à un climat froid après adaptation à la chaleur. Pour cela il est nécessaire de pouvoir évaluer de façon quantitative les modifications du système thermorégulateur, tant à la chaleur qu’au froid, afin d’évaluer d’une part le degré d’adaptation climatique à la chaleur et d’autre part les réponses aiguës au froid. Ce type d’étude définit le concept d’adaptation climatique croisée ou « cross-adaptation » et correspond à l’étude des réactions physiologiques à un climat après adaptation à un climat opposé. Mais la littérature montre que ce type d’étude n’a été que très rarement abordé d’autant que l’existence même de ce concept d’adaptation croisée apparaît discutable. C’est ainsi que nous avons étudié les réactions à la chaleur et au froid chez 8 sujets après qu’ils aient effectué un séjour d’adaptation à la chaleur humide de 4 semaines en Guyane. Cette étude a pour but de déterminer l’influence éventuelle de ces modifications sur les réactions themorégulatrices au froid et d’en préciser la nature et les conséquences afin de confirmer ou non la notion d’adaptation croisée chaleur/froid dont l’existence n’est pas clairement établie.

2.0
Matériels et méthodes


2.1
Généralités

Nous avons étudié en chambres thermoclimatiques les réactions thermorégulatrices à la chaleur, par un test de sudation, et celles au froid, par un test standard au froid, chez 8 sujets masculins effectuant un séjour de survie de 4 semaines en fôret tropicale humide, en Guyane française. Ces conditions ont l’avantage de représenter une situation réaliste sur le plan militaire. De plus comme l’ont montré Raynaud et al. [1] chez des européens, un séjour de 4 semaines en zone tropicale humide est suffisant pour entraîner des modifications des réponses thermorégulatrices comparables à celles observées chez des natifs tropicaux.

2.1
Les sujets


Différentes mesures biométriques ont été effectuées : masse corporelle, taille, surface corporelle [2], masse grasse [3], niveau de 
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[4], avant et après le séjour en forêt tropicale. Chaque sujet a subi le matin, après un petit-déjeuner standardisé, un test de sudation et un test standard au froid dans les 10 jours avant et après le séjour. L’ordre de passage des sujets a été aléatoire tout comme l’ordre de passage des tests pour un même sujet. Les tests de sudation et au froid ont été séparés d’au moins deux jours.

2.2
Le séjour


Les sujets ont voyagé par avion entre la métropole et la Guyane, et sont restés 28 jours en forêt tropicale près de la rivière Maroni dans un campement aménagé par leurs soins. Les conditions climatiques au cours du séjour ont été les suivantes : température moyenne de l’air = 26 °C (minimum la nuit : 22 °C ; maximum en plein soleil : 44 °C) et humidité relative toujours supérieure à 90 %, sans vent. Les sujets étaient vêtus de tenues légères (short, t-shirts, chaussures de sport), et occupaient leurs journées entre 7 h 00 et 23 h 00 à chasser, pêcher et cueillir des fruits pour leur nourriture, ce qui les obligeait à marcher en forêt environ 2,5 h chaque jour et parfois à nager une heure. Rentrant souvent bredouilles, ils ont été contraints de manger le stock de nourriture de réserve qu’ils avaient emporté (soupes, riz, haricots, pâtes, conserves de poissons) ce qui leur a permis d’avoir un apport calorique estimé au début du séjour à 7,5 MJ se réduisant à 5 MJ en fin de séjour répartis entre 85 % d’hydrates de carbone, 10 % de protéines, et 5 % de lipides, l’eau étant disponible sans limitation. Les sujets n’ont pas eu de problème médical particulier et la prophylaxie du paludisme a été faite avec 250 mg de méfloquine par semaine.


2.3
Le test de sudation


Le test de sudation permet d’évaluer la fonction thermorégulatrice chez un sujet en lui imposant une charge thermique externe responsable d’une augmentation limitée des températures corporelles et donc d’un stockage thermique en rapport. La comparaison des résultats avant et après exposition à la chaleur permet d’apprécier le degré d’adaptation à la chaleur. Le principe de ce test a été décrit par Fox et al. [5], et les conditions précisées par Colin et Houdas [6] et Hénane et al. 


[7, 8] ADDIN EN.CITE . Le sujet, vêtu d’un short et allongé dans un hamac, après être resté à la thermoneutralité pendant 1h ½ , est exposé pendant 1h ½ à une ambiance chaude et sèche (rh < 10 %). Dans la chambre la température de l’air (Tdb) est égale à la température des parois (Tw) soit Tdb = Tw =45 °C, la vitesse du vent assurant le simple renouvellement de l’air (v = 0,8 m.s-1), de telles conditions stimulant la sudation et favorisant son évaporation jusqu’à atteindre un nouvel état thermique stable, les pertes thermiques dues à l’évaporation de la sueur équilibrant les gains dus à l’ambiance.


Au cours de ce test on enregistre la température interne (Tre) et la température cutanée en 10 sites pour calculer une température cutanée moyenne (
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) [9] ainsi que la fréquence cardiaque. On mesure aussi le métabolisme par thermochimie respiratoire à la fin de chaque phase, lorsque le sujet est à l’équilibre thermique. Enfin, on enregistre le délai de déclenchement de la sudation et le débit sudoral correspondant à la perte de poids en continu due à l’évaporation de la sudation grâce à une balance différentielle relié au hamac dans lequel est installé le sujet.

L’enregistrement en continu de ces variables physiologiques ainsi que celles de l’environnement (températures et humidité) permet de calculer les différents éléments du bilan thermique du sujet au cours du test et en particulier le stockage thermique.


2.4
Le test standard au froid


Afin de caractériser les réponses thermorégulatrices générales et locales au froid, les sujets, au repos couchés, ont été soumis à un test standard au froid tel que décrit par Bittel et al. [10]. Le respect des conditions de ce test (Tdb = 1 °C ; durée : 2 h) permettant de solliciter les réactions de défense contre le froid tant isolatives que métaboliques est essentiel afin de caractériser au mieux le type d’adaptation au froid 


[10-12] ADDIN EN.CITE .


Tous les tests se sont déroulés toujours la même demi-journée pour chaque sujet (matin ou après-midi). Le sujet vêtu d’un short et allongé sur un lit de camp en toile de nylon est équipé des différents capteurs physiologiques.


Après une première phase de 60 min à la neutralité thermique permettant d’obtenir un état thermique stable de référence, la température sèche de l’ambiance est brutalement refroidie puis maintenue constante (Tdb = Tw = Tg = 1 °C ; RH = 20-40 % ; v = 0,8 m.s‑1) pendant 120 min afin d’obtenir un nouvel état quasi-stable. La mesure en continu de l’ambiance, des températures corporelles et du métabolisme (comme ci-dessus) permet d’établir le bilan thermique tout au long du test et de calculer la dette thermique. De plus l’enregistrement en continu du frisson au niveau du quadriceps et du grand pectoral permet de déterminer le délai de déclenchement du frisson ainsi que le moment où il devient permanent.


2.5
Statistiques


Les données biométriques et les données acquises au cours de la phase de thermoneutralité des tests ont été analysées par une analyse de variance à un facteur avec mesures répétées (effet avant et après le séjour). Pour les données recueillies en cinétique au cours de la seconde phase des tests, une analyse de variance à deux facteurs contrôlés avec mesures répétées est utilisée pour déterminer s’il existe un effet significatif dans leur évolution en fonction de l’adaptation à la chaleur (facteur avant – après séjour) et/ou en fonction de la durée du test (facteur temps). Quand un effet est retrouvé les moyennes sont comparées avec un test de Tukey. Le test non paramétrique de Wilcoxon a été utilisé pour analyser les différents délais (délai de sudation, délai de l’état stable et délai du frisson) et pour les températures à ces différents délais. La moyenne des valeurs obtenues au cours de la phase de neutralité thermique sert de valeur contrôle. Les résultats sont donnés sous la forme de moyenne ± écart standard à la moyenne. L’hypothèse nulle est rejetée au seuil P<0.05.


3.0
Resultats


Après le séjour, les sujets présentent une perte de masse corporelle significative (-5,3 %) essentiellement aux dépens de la masse maigre (-4,6 %) sans variation significative de la masse grasse (‑3,4 %) et de la consommation maximale d’oxygène. Seul un sujet a une masse corporelle augmentée après le séjour. Il n’y a pas de différence après le séjour dans les conditions de thermoneutralité pour Tre, 
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, Tty et M.


Au cours du test de sudation, on observe après le séjour une diminution de 
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, dès la 5ème minute du test par rapport aux conditions initiales (P<0,05), sans changement de Tre, de Tty et de M. Après le séjour, seule la diminution du délai de l’état stable de la sudation est significative (P<0,05) et 
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 à ce délai est aussi significativement plus basse. Le débit sudoral est augmenté après le séjour en particulier à la 10ème minute (P<0,01) et la 20ème minute (P<0,05) ce qui correspond à une augmentation significative des pertes évaporatoires, E (P<0,01).


En fin du test froid, seule 
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 est plus élevée après le séjour (P<0,05) en particulier aux temps t40min, t50min, t80min et t90min. Après le séjour, M tend à être augmenté, en particulier au début du test, sans que la différence soit significative. Le délai du frisson est réduit après le séjour (P<0,05) et se produit à des 
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 plus élevées (P<0,05).


4.0
DISCUSSION - CONCLUSION


Cette étude montre qu’après un séjour de 4 semaines en zone tropicale humide, des sujets européens présentent des caractères biométriques et des réponses thermorégulatrices à la chaleur et au froid modifiées.


La perte de masse maigre peut, comme l’a proposé Phillips [13], s’expliquer par les véritables conditions de survie dans lesquelles se sont retrouvées les sujets malgré eux, leur imposant un déficit énergétique estimé à 4 à 5 MJ.jour-1 associé à un déficit protéique. Cette diminution n’affecte pas globalement le niveau de 
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 ni le métabolisme, probablement du fait de sa faible importance et d’une grande variabilité inter-individuelle. Enfin, un sujet présente une prise de poids probablement due à son faible niveau d’activité pendant le séjour.


Les modifications des réponses thermorégulatrices à la chaleur sont caractérisées au cours du test de sudation par une mise en jeu plus rapide et plus importante des glandes sudoripares, comme l’attestent la diminution du délai d’établissement de l’état stable de la sudation et l’augmentation modérée du débit sudoral au retour. Ceci entraîne des pertes évaporatoires plus importantes se traduisant par une 
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 plus basse au retour, cependant sans modification significative de la Tre et de FC. Le changement de pattern de la sudation et la diminution de la 
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 sont des critères habituels d’adaptation à la chaleur décrits aussi bien au cours de l’acclimatement 


[7, 8, 14] ADDIN EN.CITE  qu’au cours de l’acclimatation à la chaleur 


[15-17] ADDIN EN.CITE . Dans cette étude, il est toutefois difficile d’interpréter complètement l’origine des modifications thermorégulatrices à la chaleur observées, le déficit énergétique et le mode de vie ayant pu interférer avec les contraintes climatiques. Cependant, cette étude de terrain, avec ses facteurs non contrôlés inévitables, confirme le développement d’une adaptation à la chaleur après ce séjour en Guyane française.


Nous avons aussi observé après le séjour des modifications des réponses thermorégulatrices au froid. 
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 était plus élevée après le séjour à la différence des températures internes. Comme M n’est pas modifié, ceci est le reflet de pertes de chaleur plus importantes par convection et radiation du fait d’une moindre isolation périphérique consécutive à une moindre vasoconstriction plutôt qu’à un isolement graisseux plus faible car la masse grasse n’a pas varié de façon significative. Les modifications de la température cutanée moyenne associées à une mise en jeu plus précoce du frisson généralisé après le séjour qui se produit à une 
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 plus élevée sont des critères d’adaptation générale au froid : adaptation de type normothermique, hypo-isolative, iso-métabolique. Celle-ci trouve plus son origine dans une augmentation de la sensibilité du système thermorégulateur 


[18, 19] ADDIN EN.CITE  que dans des modifications du gain des réponses thermorégulatrices compte tenu du fait que M et Tre ne sont pas significativement modifiés en fin de test. Cette modification de la sensibilité du système thermorégulateur au froid est difficile à expliquer, les conditions de terrain ne permettant pas un contrôle strict des conditions expérimentales. Cependant, les variations des caractéristiques biométriques dues au déficit énergétique ne semblent pas impliquées car, d’une part la masse grasse n’a pas varié comme rappelé ci-dessus, ce qui exclut une diminution de l’isolement cutané par fonte de la masse grasse, et d’autre part la diminution de la masse maigre n’a pas eu de retentissement sur le niveau de production de chaleur métabolique, M étant inchangé au retour. Les modifications observées au cours du test froid semblent donc plus en rapport avec le développement de l’adaptation à la chaleur comme le suggèrent de rares études 
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Quoiqu’il en soit, il apparaît qu’un séjour de 4 semaines en zone tropicale humide induit non seulement une adaptation à la chaleur mais aussi des modifications thermorégulatrices au froid attestant la réalité des interactions entre adaptation à la chaleur et réponses au froid. Ces observations confirment le concept d’adaptation croisée. Dans ce cas précis et bien que l’origine exacte des modifications ne puisse être clairement établie, l’adaptation générale au froid observée ne semble pas bénéfique car une augmentation des pertes de chaleur sensible est observée, sans compensation métabolique. On pourrait donc parler dans ce cas d’adaptation croisée chaleur/froid non bénéfique. Le retentissement de cette adaptation croisée sur l’augmentation du risque de survenue d’accidents généraux au froid de type hypothermie accidentelle est donc probable, mais reste toutefois à quantifier.
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Abstract

High altitude residence modifies the human’s cold thermoregulatory responses on return. These changes are difficult to explain since several constraints characterizing high altitude may interact (hypoxia, cold, solar radiations, physical exercise...). We hypothesized that the adaptation to hypoxia without cold exposure could be a factor explaining the observed changes. Five men were submitted to an acclimation to intermittent hypobaric hypoxia (AIH) in a hypobaric chamber (8 h daily for 4 days, and 4 hours for the last day, 4500 to 6000 m) at 24°C. Cold thermoregulatory responses were tested during a whole-body standard cold air test (1°C, 2 h at rest at sea level) both before and after AIH. Results showed an increased reticulocytes number and percentage of red blood cells attested acclimation to hypoxia after AIH. Cold thermoregulatory changes were characterized by a lower mean skin temperature: 18.8 (0.7) °C vs. 19.4 (0.7) °C, at time 60 to 80 min; a higher mean metabolic heat production: 127 (8) W.m-2 vs. 118 (6) W.m-2; a lower heat debt: 7.7 (1.3) kJ.kg‑1 vs. 10.3 (1.2) kJ.kg-1, without significant change in rectal temperature. Time to onset for continuous shivering decreased after AIH: 12 (5 min) vs. 21 (6.3) min and shivering activity occurred at higher mean skin but not rectal temperatures. AIH in comfortable ambient temperature leads to a normothermic-insulative-metabolic general cold adaptation. We conclude that AIH modifies the thermoregulatory responses to cold at sea level without cold exposure leading to a cross-adaptation.


1.0
introduction

To date, human’s thermoregulatory responses to cold are well established and are mainly characterized by a cutaneous vasoconstriction and a higher level of metabolic heat production due to shivering in order to maintain core temperature. However, a large variability among individuals has been reported. For example, sex, age, body fat content, diet, general cold adaptation 


[1-3] ADDIN EN.CITE , aerobic fitness 


[4-7] ADDIN EN.CITE , sleep deprivation [8] or severe exertional or exhaustive fatigue 


[9, 10] ADDIN EN.CITE  may influence those physiological responses. Furthermore, situations such as acute exposure to hypoxia or altitude acclimatization modify the cold thermoregulatory responses studied during whole body cold air exposures. Extensive studies have been carried out on human responses to cold during acute hypoxia 


[11-21] ADDIN EN.CITE . However, few studies have been conducted to examine the effects of altitude acclimatization on physiological responses to cold observed on return at sea level. Blatteis and Lutherer [11] have shown that the cold thermoregulatory changes observed at altitude in 6 lowlanders acclimatized during a 6 week sojourn at 4360 m disappeared immediately after descent. Conversely, Mathew and al. [19] have reported that 18 highlanders presented greater cold tolerance at sea level compared to lowlanders. More recently, Savourey et al. [22] have investigated the cold thermoregulatory changes induced by a 2 week sojourn at high altitude in 11 subjects. They found that altitude acclimatization induced no significant change in body temperatures (rectal and mean skin temperatures) but higher metabolic heat production. They concluded that the sensitivity of the thermoregulatory system was increased after a high altitude sojourn. The discrepancies observed between these experiments could have been related to the differences in the experimental procedures used, e.g. the degree and duration of both the hypoxic and cold stresses, the methods of assessing the thermal changes and the diverse origins of individuals (lowlanders, highlanders). Moreover, from these studies it is impossible to differentiate the proper effects of each physical characteristics of the altitude environment. Indeed, high altitude environment is not only characterized by hypobaric hypoxia related to the decrease in barometric pressure, but also by cold, wind, low hygrometry and solar radiation. It is well established that continuous exposure to cold alone induces general cold adaptation 


[2, 23-25] ADDIN EN.CITE  and prolonged exposure to solar radiation modifies the basal metabolism [26]. Additionally, prolonged exposure to hypobaric hypoxia develops physiological adaptation to hypoxia characterized by cardio-ventilatory, haematological changes and increased peripheral blood flow for example [27]. All these physiological changes may affect the cold thermoregulatory responses. Consequently, to better understand how are the thermoregulatory responses in the cold at sea level modified by altitude acclimatization and what are the physiological mechanisms implied, it is necessary to dissociate the various physical characteristics of the altitude environment, especially the influence of the physiological adaptation to hypobaric hypoxia. Such an approach has never been realized at present. We therefore hypothesized that the physiological adaptative mechanisms induced by hypoxia alone could explain the cold thermoregulatory changes observed after return to sea level. To study this hypothesis, we have submitted five subjects to an intermittent acclimation to hypoxia in a hypobaric chamber at a comfortable ambient temperature in order to develop acclimation to hypoxia without exposure to cold or solar radiations. The cold thermoregulatory responses of the subjects have been studied during a standard cold air test performed both before and after the acclimation period to hypobaric hypoxia.


2.0
MATERIAL AND METHODS


2.1
GENERAL PROTOCOL AND SUBJECTS


Five healthy Caucasian male volunteers (mean age : 35 (1.5) years) neither acclimated nor recently exposed both to altitude and/or to cold were submitted to a standard cold air test (SCAT) at sea level before and after an intermittent acclimation to hypobaric hypoxia performed during 5 consecutive days in a hypobaric chamber at a comfortable ambient temperature. The protocol was approved by the Ethics Committee of Grenoble University and was explained to the subjects who provided an informed consent and were submitted to a medical examination before the experiments. All of the subjects were engaged in different sports in moderation but not regularly. Their biometrical characteristics observed both before and after the altitude acclimation period are shown in Table 1. Body mass (P) was measured with an electronic balance (EC240 with E/03-E3300, Sauter, Ebingen, Germany) with an accuray of ± 10g. Body surface area (AD) was calculated using the equation of Du Bois and Du Bois [28]. The 
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 was measured by a direct method on a cycle ergometer (Gauthier, HAG, Dardilly, France) before the acclimation period and was determined using the criteria of Åstrand and Rodahl [29]. The percentage of body fat content was calculated from skinfold thickness measured in two sites (scapula and triceps brachialis) measured with a Holtain calliper (Crymich, United Kingdom) following the equation of Lohman et al. [30].


2.2
THE HYPOXIC ACCLIMATION IN THE HYPOBARIC CHAMBER


The intermittent acclimation to hypoxia was performed in the hypobaric chamber (volume: 30 m3) located in La Tronche (altitude: 250 m; PB = 992 hPa) for 8 hours the first 4 days, and for 4 hours the fifth. The simulated altitude increased progressively throughout each day and from one day to the next. The highest altitude reached was 6000 m. This protocol has been previously described [31] and its time course is presented in Figure 1. The subjects came out of the chamber every evening to have a good meal and sleep in town in comfortable conditions. The temperature inside the chamber remained constant (24 ± 1 °C) as did the relative humidity (40 %) and wind speed (0.8 m.s-1) except during decompression or recompression. The subjects wore a tee-shirt, a sweat shirt, a short, socks and sport shoes to ensure a comfortable thermal environment. In the hypobaric chamber, the subjects listened to music, played games and rested; drinks and food were available as libitum. The hypobaric chamber was flushed with medical quality gas to maintain the inspired fraction of O2 at 21 % and the inspired fraction of CO2 near 0 %. The subjects were accompanied by a physician who breathed O2 through an O2 diluter demand mask (EROS MC10, Intertechnique, Plaisir, France). No medical problem was encountered during the experiments except moderate acute mountain sickness (headaches and nausea) during the hypoxic acclimation period.
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Figure 1: The protocol of the acclimation to intermittent hypoxia (AIH)


2.3
THE STANDARD COLD AIR TEST (SCAT)


The thermoregulatory responses of the subjects were tested in a temperature and humidity controlled chamber in La Tronche (France) both before and after the acclimation period. The SCATs were performed in the morning after a light standardized breakfast [22], the week before and after the acclimation period to hypoxia. During the 2 h cold exposure, the dry bulb (Tdb), globe and wall temperatures remained constant at 1±0.2 °C, air velocity at 0.8 m.s-1 and RH at 40 – 50 %. Before entering the cold chamber, each subject was monitored for 1 h at a comfortable ambient temperature (Tdb = 25 °C; RH at 40 – 50 %; clothing insulation 1 Clo) which was considered to be an almost thermoneutral environment (indicated as time N in the figures). The subjects wore only bathing suits and were at rest in a recumbent position on a wire mesh bed through the SCAT. Cold test data acquisition began 1 min after the subject entered the climatic chamber, corresponding to time 0.


Rectal temperature (Tre) was measured by a (Cu-Ct) thermocouple probe inserted 12 cm into the rectum (accuracy ±0.05 °C). Skin temperatures were measured from ten sites (forehead, arm, forearm, hand, chest, abdomen, thigh, calf, ankle, back) with Cu-Ct thermocouples (accuracy ±0.05 °C). Weighted mean skin temperature (

[image: image3.wmf]Tsk


) was calculated using the Colin and Houdas equation [32]. Metabolic heat production (M) was calculated from oxygen consumption. Minute ventilation was measured from a digital pneumotachometer (Hewlett-Packard 47303A, Paramus, N.J., USA). Expired gases were continuously analysed for oxygen and carbon dioxide using OA137 (Servomex, Crowborough, UK) and Cosma Rubis 3000 analysers (Cosma, Igny, France) respectively. The analysers were calibrated with accurate gas mixtures.


Electromyograms (EMG) of two muscles (pectoralis major and vastus lateralis) were recorded with skin surface electrodes (Beckman Instruments Inc., Schillerpark, III., USA) to assess the intensity of shivering.


The time of onset of continuous shivering (dsh) was determined visually by an observer, when continuous trains of shivering bursts were seen over the entire body and subjectivelly felt by the subject himself. The subject had previously been instructed how to recognize shivering bursts when he had observed the cold test. The dsh was confirmed when continuous trains of shivering appeared on the two EMG traces, these two methods coincided as previously reported by Bittel et al. [4] and Savourey et al. [7]. The electrocardiogram was monitored continuously (for safety reasons: data not reported). All these variables were recorded every minute using a computerized data acquisition system (HP3495A, HP3455, HP9825B, Hewlett-Packard, Loveland, Co, USA).


2.4
CALCULATIONS


Dry heat losses by radiation and convection (R+C) in W.m-2 were obtained every minute from the equation:
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where h = 8.3 W.m-2.°C-1 is the combined heat transfer coefficient for R+C determined by Colin et al [33] and validated by Bittel [23] in our experimental conditions. Tdb and 
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 are given in °C.


The rate of change of heat debt (S) was computed each minute as the difference between M and heat losses: 
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where 
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 is the sum of evaporative heat losses from the respiratory tract and has been shown to be equal to 8 % of M [34], Epersp is the rate of heat loss by cutaneous perspiration equal to : 

[image: image8.wmf](


)


skdb


P-P


a


l


´´


 where a is the diffusion factor (1.69.10-4 g.s-1.mmHg-1.m-2), ( is the latent heat of sweat (2425 J.g-1), Psk and Pdb are the water vapour pressures in millimeters of mercury at the skin surface (saturated) and in the air (partial pressure), respectively.


The change in body heat storage (S = heat debt, kJ.kg-1), related to body mass, was obtained by the integration of S:
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The mean level of M during the cold test was calculated by planimetry of the curve obtained during the 120 min of the SCAT.


2.5
BIOLOGICAL MEASUREMENTS


Biological measurements were performed to assess acclimation to hypobaric hypoxia. Before the subjects were instrumented for the SCAT and after 20 min sitting, an intravenous catheter was inserted in the cubital vein and venous blood samples were collected in ethylenediaminetetra-acetic acid tubes to assess the haematological changes induced by the high altitude acclimation. Erythrocytes numbers, packed cell volume and haemoglobin concentration were immediately analysed using an automated haematological cell counter T 890 (Coulter Systems, Paris, France) from whole blood samples analysed immediately. Reticulocytes numbers were counted visually after coloration (cresyl blue) and were also expressed as percentages of red blood cells.


2.6
STATISTICAL ANALYSIS


Data were analysed using Wilcoxon matched pair tests in order to locate statistical significance between values observed before and after for biometrical and biological data and during the SCATs for values observed at a same time (CSS Statsoft, Statsoft, Tulsa, Okl, USA). The null hypothesis was rejected at P < 0.05. Values are given as means±standard error of mean (SEM).


3.0
RESULTS


3.1
BIOMETRICAL CHARACTERISTICS OF THE SUBJECTS (Table 1)

Body mass, body surface, body fat content did not statistically change after the acclimation period to hypoxia.
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, °C

		S, kJ.kg‑1



		B

		21
(6.3)

		37.2
(0.1)

		23.4
(0.5)

		3.2
(0.8)



		A

		12
(5.0)

		37.1
(0.2)

		24.1
(0.4)

		1.9
(0.2)



		P

		0.05

		NS

		0.05

		0.05





Table 1 : Time to onset for continuous shivering (t), rectal temperature (Tre) and mean skin temperature (

[image: image11.wmf]Tsk


) observed at t both before (B) and after (A) the acclimation to hypoxia. P: statistical significance between values observed before and after; NS: not significant


3.2
WHOLE BODY STANDARD COLD AIR TEST (SCAT)


After the acclimation period, body temperatures (Tre,

[image: image12.wmf]Tsk


) and metabolic heat production (M) did not vary at thermoneutrality (time N). During the SCAT performed after the acclimation protocol was applied, Tre was not statistically different at the end of the SCAT (36.6 (0.3) °C vs 36.8 (0.3)°C), whereas
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was significantly lowered (P < 0.05 at time 60 to 80 min, Fig. 2). At the end of the SCAT, 
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was 18.8 (0.7)°C vs 19.4 (0.7)°C. Metabolic heat production is significantly increased after the acclimation period at time 70 and 90 min (P < 0.05; Fig. 3) The mean metabolic heat production (M) was increased after the acclimation period (127 (8) W.m-2 vs 118 (6) W.m-2; P < 0.05) Heat debt (S) (Fig. 4) decreased significantly after the acclimation period (7.7 (1.3) kJ.kg‑1 vs 10.3 (1.2) kJ.kg-1, P < 0.05). The skin temperatures of the extremities (hand and foot temperatures) decreased at the end of the SCAT after the acclimation period: 10.4 (0.2)°C vs 12.0 (0.6)°C; P < 0.05 for the hand and: 9.0 (0.4)°C vs 10.5 (0.3)°C; P < 0.05 for the foot. The time of onset of continuous shivering (dsh) and body temperatures observed at this time are shown in Table 2. A decrease in dsh was observed after the acclimation protocol : 12 (5 min) vs 21 (6.3) min, P < 0.05. 
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 but not Tre increased at dsh after the acclimation protocol (P < 0.05).
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Figure 2: Mean skin temperature (
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; °C), Metabolic heat production (M; W.m-2) and Heat debt (S; kJ.kg-1) observed during standard whole body cold air test (SCAT), observed before (before) and after (after) acclimation to intermittent hypoxia (AIH).*: P < 0.05.


3.3 BIOLOGICAL MEASUREMENTS


After the acclimation period to hypoxia, erythrocyte number was unchanged (5.0 (0.1) tera.l-1 after vs 5.0 (0.1) tera.l-1 before) as well as packed cell volume (44.8 (0.7) % after vs 44.8 (1.0) % before). Haemoglobin concentration was higher after (152.6 (2.9) g.l-1.vs 151.4 (3.8) g.l-1), but this change was not statistically significant. On the other hand, reticulocyte numbers and percentages increased after the acclimation period (104.8 (17.4) giga.l-1 vs 35.6 (11.0) giga.l-1 and 2.08 (0.32) % vs 0.71 (0.16) % respectively, P < 0.05).


4.0
DISCUSSION


The intermittent sojourn in the hypobaric chamber at a comfortable ambient temperature was performed to induce physiological acclimation to hypoxia without cold exposure in order to study the effects of the adaptative mechanisms to hypoxia alone on the cold thermoregulatory responses at sea level. The acclimation period has induced the development of adaptative changes to hypoxia mainly characterized by an increase in reticulocytes (+ 194 %; P < 0.05) suggesting the stimulation of erythropoiesis despite the absence of significant change in erythrocyte numbers, packed cell volume and haemoglobin concentration. Such an observation was previously reported by Savourey et al. 


[8, 31] ADDIN EN.CITE  during a similar protocol and is explained by the fact that erythrocyte numbers and haemoglobin concentration have been found to increase significantly only after several days of continuous exposure to hypoxia [35]. This acclimation protocol has previously been reported efficient to induce acclimation to hypoxia since 


[8, 31, 35] ADDIN EN.CITE  have shown that a similar protocol induces not only identical haematological changes but also cardio-ventilatory, biochemical and hormonal changes attesting the development of adaptative physiological mechanisms to hypoxia. In the same way, Nagasaka et al. [36]; Rodriguez et al. [37] Garcia et al. [38] have also reported the efficiency of various intermittent acclimation protocols to develop adaptation to hypoxia. Consequently, our results and those described in the literature suggest the efficacy of the intermittent exposures to hypobaric hypoxia to stimulate adaptative mechanisms to hypoxia.


However, the main findings of the present study demonstrate that the intermittent acclimation to hypoxia modifies the general responses to cold at sea level. The changes observed occur only during the whole body exposure to cold, but not at thermoneutrality because all the variables studied are unchanged at this time. These results confirm those of Malhotra et al. [39] and Savourey et al. [22] who have respectively shown that a 3-week or a 2-week high altitude residence did not modify the thermoregulatory responses at sea level in a comfortable thermal environment. In contrast, our study shows that the sea level cold thermoregulatory responses were modified by the acclimation to hypoxia. The cold thermoregulatory changes observed are slight since Tre is unchanged throughout the SCAT after the acclimation to hypoxia attesting that this protocol does not affect the homeothermia. However, a decrease in heat debt S is observed after (-25 %; P < 0.05) but this decrease is not sufficient to modify significantly the core temperature. Decreased S may be explain either by a decreased heat losses or/and by an increase in metabolic heat production. In our study, these two physiological responses to cold are observed. First, the significant decreased 
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 observed is indicative of lesser heat losses by radiation and convection. This could be related to an increase in body insulation due to a higher cutaneous vasoconstriction or/and to an increase in body fat content. As biometrical characteristics of the subjects, especially body fat content, are not significantly modified after the acclimation protocol, higher cutaneous vasoconstriction, attested by the lower 
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 and by the lower hand and foot skin temperatures at the end of the SCAT, may explain the decreased heat losses. Such an observation has been reported by Savourey et al. [22] who showed that the skin temperatures of the extremities studied during a hand cold water test were lowered at sea level after a 2-week high altitude residence. Blood viscosity does not seem to be implied since packed cell volume is unchanged after the acclimation protocol. Second, the increase in metabolic heat production in this study is slight but significant (+ 7.6 %; P < 0.05) and could participate to the observed decrease in S after the acclimation to hypoxia. Increased M is consecutive to the shivering activity which occurs not only earlier, as shown by the shorter time of the onset of continuous shivering dsh (P < 0.05), but begins also for a higher 
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 (P < 0.05) whereas Tre at dsh is unchanged. These results attest an increase in the sensitivity of the thermoregulatory system involving peripheral thermoreceptors since 

[image: image23.wmf]Tsk


 but not Tre at dsh is modified, as previously reported by Boutelier et al. [34]. All of these cold thermoregulatory changes induced by acclimation to hypoxia alone characterized by decreased 
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, dsh and heat debt and an increased M without change in Tre are thermophysiological criteria attesting the development of a general cold adaptation. Following the classification proposed by Savourey et al. [25] this adaptation is a normothermic insulative metabolic general cold adaptation. However, the lower skin temperatures of the extremities are not in line with the development of a local cold adaptation of the extremities which is known, on contrast, to be characterized by higher skin temperatures of the extremities. Thus, this acclimation protocol to hypoxia could increase the risk of frostbites.


From this study showing that the development of acclimation to hypoxia without cold exposures induces a general sea level cold adaptation, it is necessary from a general physiological point of view to examine how and by which mechanisms does the acclimation protocol affect the thermoregulatory system. Indeed, how does one explain that a general cold adaptation is developed without cold exposures? This question is important to consider because it suggests that adaptation/acclimation to hypoxia not only induces well known adaptative changes of the cardio-ventilatory and haematological functions but probably modifies also the sensitivity of the thermoregulatory system. However, before to discuss this point, it is necessary to examine whether the results observed during the cold test performed after the acclimation protocol have not been affected by the first exposure to cold before the acclimation. The delay between the two cold air tests (before and after) was about 15 days and, in these circumstances, it seems unlikely to observe an adaptation or even a habituation to cold as reported by Leblanc [40]. To study this point, a control group would have been necessary, but a bias would have been introduced because first it was impossible to test two groups at a same time and second this method would have introduced too much variability. Nevertheless, to understand how does acclimation to hypoxia induce a general cold adaptation at sea level it is possible to compare our results to results reported in the literature either during acute exposure to hypoxia alone or after a high altitude residence which combines hypobaric hypoxia and cold. Acute hypoxia alone is well known to modify the cold thermoregulatory responses, inducing a decrease in core temperature, in metabolic heat production and a greater vasoconstriction during cold exposure [27]. On the opposite after a 2-week sojourn in altitude, Savourey et al. [22] showed that first, body temperatures (Tre and
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) are unchanged during identical SCAT at sea level, confirming the results of Blatteis and Lutherer [11] and Mathew et al. [19], and second that the sensitivity of the thermoregulatory system was increased. Consequently, our results observed after the acclimation to hypoxia are intermediate between those observed during acute hypoxia and those observed after a 2-week sojourn in altitude. These unexpected differences are difficult to explain since control groups lack in our experiment (cold alone and cold with hypoxia). However, the greater vasoconstriction observed in acute hypoxia alone or after the acclimation to hypoxia but not on return of a high altitude residence could be due to hypocapnia classically observed only in acute hypoxia and after acclimation to hypoxia [31]. Indeed, hypocapnia is known to have a more potent vasoconstrictive effect than hypoxia has a vasodilatative one 


[18, 27] ADDIN EN.CITE . Furthermore, metabolic heat production M is decreased during acute hypoxia alone because the sensitivity of the thermoregulatory system is decreased [41] whereas an increased sensitivity of the thermoregulatory system is observed both after acclimation to hypoxia and after a high altitude residence attesting that, acclimation or acclimatization to hypoxia themselves modify the sensitivity of the thermoregulatory system independently of cold exposure. Hypocapnia seems not be implied in this increased sensitivity of the thermoregulatory system because hypocapnia is observed after acclimation to hypoxia but not on return of a high altitude residence. As an alternative, adaptative mechanisms to hypoxia leading to an increase of the oxygen availability could be implied in the restoration of the sensitivity of the thermoregulatory system. In this case, this restoration could be considered as a thermophysiological adaptation to hypoxia as it is observed for cardio-ventilatory, haematological and hormonal adaptation/acclimation to hypoxia. However, this last point suggesting that a possible physiological adaptation of the thermoregulatory system could be induced by a prolonged hypoxia needs further studies first to confirm this point and second to explore the mechanisms involved.


Finally, it is concluded that acclimation to hypobaric hypoxia induces a normothermic-insulative-metabolic general cold adaptation but not a local cold adaptation at sea level since skin temperatures of the extremities are lowered, increasing the risk of frostbites. This study could also suggest that adaptation to hypoxia, well known to induce cardio-ventilatory, haematological, and hormonal adaptative changes, could also induce an adaptation of the thermoregulatory system.
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Abstract

The effect of moisture, dirt and use on clothing physiology of combat clothing during long term cold exposure was determined using both laboratory and field measurements. In both cases new and used M91 combat clothing or material samples from these were examined. The air permeability of the combat outfit doubled with use. The effect on underwear was similar, the formation of clods explains the decrease in air permeability of used middle layer clothing. In measurements conducted using a sweating guarded hot plate the best thermal insulation was measured using new combat outfit material with used middle layer and underwear materials. Humidity reduced the thermal insulation of clothing layers by about 34%. The resistance to water penetration of new combat outfit material was found to be double that of the same used material. The effect of dirt on the resistance to water penetration was significant, the moisture absorbed by the dirt also effecting the result. Wind decreased the thermal insulation of dry clothing by 43% and damp clothing by 30% measured on a thermal manikin. Wearing out of the clothing showed in the measurements especially in wind as 10% lower values. In wetting tests used garments absorbed significantly more water and dried slightly faster than new garments. Due to the multiple water absorption levels of used clothing the using range is 10-20°C lower.

During long time use when winter boots are dried in conditions similar to those in an unheated tent the felt lining does not dry properly and the thermal insulation decreases considerably. The thermal insulation was 33% lower for new winter boots and 40% lower for used ones after a five-day measurement compared to normal results. The decreasing was largest in the toe region. Because the effect of wear on the thermal insulation of combat clothing was 15% the effect of wear on the using range calculated using the IREQ-index is about 3°C, when the effect of wind is 10-20°C depending on the heat production of the subject. The IREQmin value when wearing combat clothing is +1…+10°C for light work and –10…+10°C for moderate work. Similarly for footwear a 30% decrease in thermal insulation due to wetting can effect the using range by 10-20°C. The effect of wear on the using range of footwear is less than 5%.

The development needs according to measurements focus on the preservation of the moisture repellent properties of combat clothing. Development needs in footwear include development of boot design, insoles, structure of outer soles as well as socks and felt linings. In extreme cold weather overboots, increasing the thermal insulation of footwear by 20%, are needed for adequate cold protection.

1.0
INTRODUCTION

The aim of this research project was to improve military performance in cold conditions. Studies concerning the protection of combat clothing against cold were part of the development project of a new model of combat clothing and personal equipment of Finnish combatant, model M2005. The effect of moisture, dirt and use on clothing physiology of the combat clothing M91 during long term cold exposure was determined [1]. 

2.0 General description of material and methods 

Both human and material measurements were performed in this project. Questionnaires and physiological measurements were used in human studies. In physiological measurements, carried out either in field or laboratory, body heat balance and physical performance were determined (Figure 1). Material measurements were performed by using thermal manikin, sweating hot plate as well as foot models. We also used calculation models [3] in the prediction of the effect of long term exposure on insulation of combat clothing.  




Figure 1: Study design

3.0 RESULTS


The effect of moisture, dirt and use on clothing physiology of combat clothing during long term cold exposure was determined using both laboratory and field measurements. In both cases new and old, used M91 combat clothing or material samples from these were examined (Figure 2). 




Figure 2: The effect of wear on air permeability, separate clothing items.


The air permeability of the combat outfit was doubled with use. The effect on underwear was similar, but the formation of clods explains the decrease in air permeability of used middle layer clothing. In measurements conducted using a sweating guarded hot plate the best thermal insulation was measured using new combat outfit material with used middle layer and underwear materials (Figure 3). 




Figure 3: The effect on wear on air permeability, clothing ensambles.

Humidity reduced the thermal insulation of clothing layers by about 34 % and dirt about 5 %.  


There was no big difference in water vapour resistance of new and old clothing measured in winter clothing system. Meaningful was the resistance to water penetration when compared new and old combat outfit material. The difference could be tenfold in the same material. This means that in short term tests the new clothing absorbed water only 7 % compared to the used one. The effect of dirt on the resistance to water penetration was significant, the moisture absorbed by the dirt also effecting the result (Figure 4). 




Figure 4: The effect of wear on water penetration values.



Figure 5: Wetting and drying tests.

Wind decreased the thermal insulation of dry clothing by 43 % and damp clothing by 30 % measured on a thermal manikin. Wearing out of the clothing showed in the measurements especially in wind as 10 % lower values. In wetting tests used garments absorbed significantly more water and dried slightly faster than new garments (Figure 5).  




Figure 6: Effects on thermal insulation.

Because the effect of wear on the thermal insulation of combat clothing was 15 %, the effect of wear on the utility range calculated as IREQ-index is about 3 °C (Table 1). The effect of wind is 10 - 20 °C depending on the heat production of the subject. The IREQmin value when wearing combat clothing is +1 - +10 °C for light work and -10 - +10 °C for moderate work. Due to the multiple water absorption levels of used clothing the utility range is 10 - 20 °C lower (Figure 6). 


Table 1. The effect of different ambient conditions on utility range of military clothing (1).


		Ensemble

		Change in utility range (°C)



		

		Wind

		Sweating

		Wind+moisture

		Dirt

		Wetness



		New

		15

		7

		16

		2

		7



		Old

		18

		10

		19

		2

		23





During long time use, when winter rubber boots are dried in conditions similar to those in an unheated tent, the felt lining does not dry properly and the thermal insulation decreases considerably. The thermal insulation was 33 % lower for new winter boots and 40 % lower for used ones after a five-day measurement compared to one day exposure. The decrease was the largest (60 %) in the toe region. For footwear a 30 % decrease in thermal insulation due to wetting can effect on the utility range by 10 - 20 °C and the effect of wear about 5 °C (Figure 7).  



Figure 7: Local thermal insulation of winter rubber boots.

In the long term exposure at the ambient temperature of -20 °C frostbite on foot are possible, if heat production is less than 200 W. The thermal balance of the body effects on toe temperature from 5 to15 °C and good insulation of boots from 3 to 10 °C (Figure 8).



Figure 8: Toe temperatures according to the Goldman model.

4.0 Discussion and conclusions


The effect of long term wear of combat clothing on thermal insulation was clear as well the effect of wind and moisture. The last factor was the most important parameter. Due to the multiple water absorption levels of used clothing the utility range is 10 - 20 °C lower with used clothing than with new one. In the long-term exposure at the level of ambient temperate of -20 °C frostbite in foot are possible, if heat production is low. The role of felt lining is important, when the effect of wear was evaluated [2]. 


The development needs raised from results focus on the preservation of the moisture repellent properties of combat clothing. Development needs in footwear include development of boot design, insoles, structure of outer soles as well as socks and felt linings. In extreme cold weather overboots, increasing the thermal insulation of footwear by 20 %, are needed for adequate cold protection [4]. 
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Abstract

Military conscripts in the Finnish Defence Forces have to protect themselves against cold, windy and damp conditions at temperatures from above freezing point to extreme cold. Survivability during cold exposure is dependent on environmental conditions, exposure time, protection, physical activity, personal properties and the part of the body that is cooled and by how much. The weight, thickness and stiffness of the clothing and the friction between clothing layers affect physical performance and limit movement of the extremities. The results presented here define the protection provided for conscripts by the Defence Forces' new combat clothing system (Model 2005, M05) and the effects of this combat clothing on survival and performance in adverse mission environments as encountered in Finland. The clothing physiological properties of the new combat clothing were tested in a cold laboratory and in field training. Its effects on human protection, survivability and physical and mental performance in long-term cold exposure were examined. Survivability and performance were assessed during the Defence Forces' winter field training for infantry and artillery using three combat clothing systems from different decades: the new M05 model, the previous M91 model and coarse cloth. The test subjects' subjective experiences in terms of survivability and physical and mental performance were elucidated by means of questionnaires. The data were divided according to the combat clothing system used, enabling comparison between the three systems. The most challenging environment for the conscripts' survivability and performance was not extreme cold but a combination of cold with perspiration during physical activity, external moisture and wet snow. In conclusion, the clothing physiological and subjective results regarding the Finnish Defence Forces' new combat clothing system were mainly positive. It provided for 20% greater survivability, 30% improved physical performance and 22% better mental performance than the Model 1991 (M91). Careful development of clothing materials and combat clothing systems together with optimum choices of materials and individual garments can guarantee conscripts' survival and good performance during long-term exposure to cold weather.


1.0
Introduction

Military conscripts in the Finnish Defence Forces have to protect themselves against cold, windy and damp conditions at temperatures from above freezing point to extreme cold (-30°C). Survivability during cold exposure is dependent on environmental conditions, exposure time, protection, physical activity, personal properties and the part of the body that is cooled and by how much. The optimum total thermal insulation of the combat clothing system for protection against cold must be selected based on the environmental conditions and physical work level.

The weight, thickness and stiffness of the clothing and the friction between the clothing layers affect physical performance and limit movement of the extremities. The results presented here define the protection provided for conscripts by the Defence Forces' new combat clothing system and the effects of this clothing on survival and performance in adverse mission environments as encountered in Finland.


1.1
Thermal insulation and moisture retention

Insufficient thermal insulation leads to cooling of the body, whereas too much thermal insulation will result in sweating during physically demanding tasks. The size of the clothing and thickness of the air layer entrapped between the layers of clothing will affect both thermal insulation and the water vapour permeability of the clothing ensemble. Previous research [1] has shown that thermal insulation and water vapour permeability increase with a thicker air layer, but there is obviously an optimum air layer thickness after which the values start to drop. Thus the clothing must not be too small or too big. The right size is very important when seeking to maximise protection against cold. [1, 2] If a clothing ensemble is too tight it can lose most of its thermal insulation (more than half) because of loss of the insulating air layer. [3] According to the research the highest thermal insulation values in calm weather are measured when the thickness of the air layer is 1 cm, while the optimum thickness under windy conditions is 0.6 cm. [1] It is possible to obtain the required air layer thickness by using multiple layers of clothing (3-5 layers) and choosing clothing of the correct size. Underwear must be snug to the skin, and the outer layers must not compress the layers worn under them. 


Earlier research [4] has shown that sweating reduces thermal insulation in proportion to moisture retention. The amount of moisture absorbed is influenced by the properties of both the underwear and the outer clothing. The resistance of the outer layer of clothing to water penetration will affect the amount of moisture absorbed from the environment [3]. 

1.2
Air permeability

The significance of air permeability is most pronounced at higher wind speeds and higher levels of physical activity where heat loss needs to be increased [3, 5]. Air movements cause ventilation inside the clothing, which can be used to remove excess heat and water vapour [5]. The use of a combat vest and body armour will compress the clothing layers, reducing the thickness of the air layers and blocking air movements inside the clothing, thus increasing the protection against wind but detracting from the amount of moisture evaporating from the clothing. 


1.3
Weight and friction properties

Attempts have been made to reduce the weight of conscripts’ cold-protective combat clothing and equipment in order to lighten the workload and improve performance. A reduction of 7-10 kg in the weight of clothing and equipment will reduce the extra workload caused by the weight of the winter clothing by 10%. [3, 5]

Little attention has been paid to the friction properties of military clothing. It has been shown that the increase in weight and the number of clothing layers will increase the work load, [6, 7] and differences of up to 50% have been found between the friction values of dry fabrics. Friction between fabrics causes a resistance to movement and increases the workload attributable to clothing. To preserve performance and freedom of movement, it is vital to keep friction as low as possible in the body parts that have to perform large movements, such as the arms and legs. Clothing with low friction between the layers increases performance by 7-13% relative to clothing with high friction. [7]

1.4
Survivability


Survivability is described as the ability to maintain thermal balance. Survivability in the cold is affected by the prevailing environmental conditions, exposure time and which body part is exposed and for how long. Although human beings cannot protect themselves sufficiently well physiologically to survive under cold conditions, their survivability can be significantly affected by personal characteristics such as physical performance, age, amount of subcutaneous fat, accommodation to cold, illnesses and use of drugs or medicines. The survivability of conscripts can be influenced greatly by the protective properties of their combat clothing against cold, wind and moisture and by its drying time. [3, 8, 9]

1.5
Performance


Winter combat clothing increases physical work load and energy expenditure, the weight of the clothing having the greatest influence, while its stiffness is the second most important factor. Friction between the clothing layers and the effect of thick clothing in hindering the movements of the extremities add to the physical work load. [6] 


Mental performance has a substantial impact on orientation, safety, decision making, work efficiency and reactivity in demanding situations, and the physiological effects of cold exposure have a direct influence on mental performance. These effects can be seen even when no actual hypothermia can be diagnosed. [10] Cold conditions lengthen reaction times and increases errors in tasks that demand high levels of mental performance. [11] 


1.6
Objective of the research


The objective of this research was to monitor the clothing physiological properties of combat clothing and compare these with the target values. In addition, the effect of the combat clothing used on the survivability and performance of conscripts during two weeks of winter military manoeuvres was examined, comparing the results obtained with the new combat clothing system with those for combat clothing systems from earlier decades. 


2.0
material and methods


2.1
Combat clothing systems


The new combat clothing system (Model 2005, M05) was assessed and compared with corresponding systems from earlier decades (Model 1991, M91, and coarse cloth). The same underwear, M91, was used with all the systems, and they all had a similar utilization rate. A more detailed description of the new M05 combat clothing system is given in Table 1. 


Table 1. Description and weights of the new M05 combat clothing garments.

		Garment

		Material description

		Weight (g)



		Long underwear, M91

		2 x 2 rib knit: PES 50%, CO 33%, MAC 17%

		550



		Middle layer clothing, M05

		Terry knit:


Shirt with zip: WO 70%, PA 30%; 

Trousers: WO 60%, PES 25%, PA 15%

		736



		Combat clothing, M05

		weft satin weave: CO 50%, PES 50%

		1530



		Snow clothing, M05

		Twill weave (3/1-1): PES 70%, CO 30%

		1541



		Cold weather clothing, M05

		Outer fabric, Batavia twill weave (2/2-1): PES 70%, CO 30%


Lining and batting: PES 100% 

		2466



		Wool cap, M05

		Double layered single knit: WO 100%

		66



		Helmet + cover, M05

		Composite helmet and cover with camouflage

		1332



		Face mask, M05

		PES fleece

		60



		Leather mitten

		Leather mitten, no lining

		320



		Insert mitten 

		Fur knit, technical side single knit, Fur: WO 100%,

Base: PES 100%

		101



		Liner socks

		Single knit: PP 20%, PA 30%, WO 50%

		51



		Socks, winter

		5x1 rib knit, terry stitched inside, reinforced sole, heel and toes: WO 85%, PA 15%

		108



		Felt linings

		Felt: WO 75%, PA 25%

		330



		Winter boots

		Winter rubber boots, extra insole, Nokia

		2848



		Body armour

		Body armour

		2923



		Combat vest

		Modular combat vest

		1412





The middle layer clothing belonging to the M05 system is of a closer fit and stretches more than does the M91 middle layer clothing. The wicking properties of the middle layer clothing have been developed by lowering the wool content (M91: WO 80% → M05: shirt WO 70%, trousers WO 60%) The physiological characteristics of the combat clothing have been altered by reducing the amount of hydrophilic cotton in the cloth (M91: CO 65% → M05: CO 50%). The materials and fibre ratios of the snow and winter combat clothing have remained the same, but its moisture repellent properties have been improved through the use of repellent finishes. 


Protection of the face has been enhanced by including a face mask in the M05 combat clothing system. Also, the hands are now better protected from the wind and wet by means of leather mittens and the structure of the knitted insert mitten has been altered to enable improved performance in military tasks. 


The wicking properties of the M05 liner socks have been developed by cutting down on the wool content (M91: WO 75%, M05: WO 50%). The same boot sock was used in all the clothing systems. The winter boots belonging to the M05 system have better insulation properties than in previous models and their rotational stiffness is also better. The M05 winter boots also contain breathing insoles.     


The other reference clothing system used in addition to M91 was the coarse cloth system. These two systems were otherwise similar except that the M91 combat clothing was replaced with coarse cloth outerwear made out of a dense felted material consisting 85% of wool and 15% polyamide. This material had good air trapping properties and thickness, giving it good thermal insulation values but high levels of moisture absorbance and stiffness. 


2.2
Laboratory measurements


The clothing physiological properties were tested in a cold laboratory using a thermal manikin, artificial skin, an air permeability tester and water penetration measurements.


The air permeability of the clothing was measured for each layer independently according to the SFS-EN ISO 9237:1996 standard. The results are given in l/m²s.


The thermal insulation values of combat clothing systems are quoted for an ambient temperature of -15°C. Air movement was 0.3m/s in calm conditions and 8m/s in windy conditions. The effect of sweating on thermal insulation was determined by spraying 325g of water onto the torso, upper arm and thigh regions. The measurements were performed according to the SFS EN ISO 15831 and SFS EN 342 standards. The only deviation from the standard was a reduction in the number measurements to one per clothing combination. The thermal insulation values measured on the thermal manikin were calculated using 1 and 2 below [12]:
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(2),

where fi is the area factor of the manikin section, Tsi (K) the local temperature of the manikin section, Ta (K) the ambient temperature of the cold laboratory, ai (m2) the surface area of the manikin section, Hci (W) the power of the manikin section and a (m2) the total surface area of the manikin. 


2.3
Field questionnaires

The effects of three combat clothing systems from different decades, the new M05 combat clothing, the previous M91 system and coarse cloth, on human protection, survivability and physical and mental performance in long-term cold exposure were also tested with conscripts during the Defence Forces' winter field training for infantry and artillery (Otso -05 manoeuvres in December 2005). The test subjects were healthy volunteers from among the male conscripts taking part in the manoeuvres, average age 20 years, and the clothing systems were distributed at random. Subjective experiences in terms of survivability and physical and mental performance were elucidated using daily questionnaires. The data were analysed separately for the three clothing systems to enable comparison. 

The clothing questionnaires were used to monitor the clothing used, heat and moisture sensations in different parts of the body, ease of using the middle layer clothing and the effect of clothing on survival and performance. The detailed instructions about what to wear during military manoeuvres were prepared in co-operation with clothing experts from the Western Finland Logistics Regiment of the Finnish Defence Forces. The ballistic protection and armoury of all the test subjects conformed to regulations.

The clothing questionnaires were distributed 11 times during the military manoeuvres and a total of 242 completed forms were obtained. Of the conscripts that answered daily, twelve were wearing the coarse cloth system, ten the M05 clothing and seven the M91 clothing. Some changes were made to the garments used daily during the manoeuvre. The winter combat clothing had been worn on 41 occasions altogether and the ballistic vest on a total of 48 times. These answers included 23 given by conscripts using the M05 clothing and 25 using the M91 clothing. 


Surveillance cards distributed and collected on a daily basis were used to allow the conscripts to evaluate their state of health, mood, motivation, military awareness and ability, awareness of situations, mental and physical performance, cold experiences, mental and physical loading from the tasks assigned, amount of rest and sleep, availability of food and drink and the level of protection against cold provided by their clothing, all using separate 10-point scales. The results obtained from these surveillance cards were used in combination with those from the clothing questionnaires to assess the significance of the clothing used. 


Ambient conditions were measured throughout the manoeuvres by placing a portable weather station (DAVIS Vantage Pro) near the troops in the field and taking readings every 10 minutes. Weather information was also gathered from the Finnish Meteorological Institute’s weather station in Salla. The daytime weather was calculated as the average of the measurements made between 6.00 am and 6.00 pm and the nighttime weather from the data measured between 6.00 pm and 6.00 am. Any major variations from the mean weather parameters were also taken into account when assessing the functioning of the clothing. The ambient conditions during the manoeuvres are summarised in Figure 1. 
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Figure 1. Wind speed and ambient temperature during the military manoeuvres (Otso -05). Daily means of measurements made between 6.00 am and 6.00 pm and their ranges of variation. 

2.4
Analysis of questionnaire data

The data were analysed statistically using the Statistical Package for the Social Sciences (SPSS). This enabled direct analysis of each question and cross-tabulation of the data. The test subjects were given code numbers in the database, so that their identities were not revealed at any stage in the research. 

Statistical probabilities were analysed using the χ² test and Pearson's correlation coefficient. P<0.01 in the χ² test was taken to indicate a significant dependence between the variables, so that the test result contradicted the null hypothesis that the variables are not connected and the classes under inspection do not differ from each other. Pearson's product moment correlation factor is a characteristic describing correlation By means of coefficient values between -1 and +1. If the value is 0 there is no linear dependence between the variables, and the correlations increase in strength towards ±1.

3.0
results and discussion


3.1
Clothing physiological properties of the new military combat clothing


The physiological target values laid down for the M05 military clothing system in 1997 on the basis of the literature and earlier research results ensure survival of the average conscript under cold conditions. These pre-determined values enable a thermal balance to be maintained in the cold, prevent frost bite, prevent cooling after hard physical labour and ensure that the conscript keeps dry. This will increase survival in long-term cold exposure and improve performance in military activities. [3, 5, 13] The target values for combat clothing and the actual parameter values obtained here for the M91 and M05 clothing systems are given in Table 2. 

To enable sufficient evaporation, the water vapour permeability values have to fulfil the criteria given in standards SFS-EN 342 and 343 (Table 2). In practice the water vapour permeability values of the M05 underwear, middle layer and combat clothing are lower than the guideline values given in the standards, and have remained the same as in the equivalent M91 combinations. Both systems use the same underwear, resulting in similar moisture accumulation in this layer during military exercises, but the higher hydrophilic material content of the middle layer M05 clothing enabled good moisture absorption from the underwear and faster drying times than with the M91 system.


The water penetration guideline values according to the SFS-EN 20811 standard are given in Table 2. Here laboratory measurements suggested that the M05 combat clothing material did meet the target value and had a higher value than that obtained for the M91combat clothing, so that external moisture had less effect on the middle layer clothing and underwear than with the older outer wear. 


Two target values for the air permeability of combat clothing are given in Table 2, because you should be able to adjust the amount of protection against wind according to the situation. The measured air permeability values for the new M05 combat clothing meet the target values, i.e. the cold weather clothing provides good protection against wind due to its dense, fairly air-tight structure. It is important to use protective clothing against the cold when wind speeds are high and the body’s heat production is low. Good examples of such situations are guard duties and pauses between physically demanding tasks. The figures for the air permeability of snow and combat clothing without a combat vest or body armour show that evaporation of the accumulated sweat is possible with the M05 clothing even at times of hard physical activity. The structure of the combat and snow clothing material enables better air permeability than that of the cold-protective clothing material. In this case air movements and the increase in ventilation inside the clothing caused by these movements can be used to increase the removal of excess heat and water vapour [5]. The use of a combat vest or body armour will compress the clothing layers, reducing the thickness of the air layers and blocking air movements inside the clothing, so that it will increase protection against wind but reduce the amount of moisture evaporating from the clothing. 

Table 2. Comparison of values measured for the M05 and M91combat clothing with target values. 

		Parameter

		Based on 

		Target value

		M91

		M05

		Description



		Thermal insulation (m²K/W)

		Thermal balance

		

		

		



		Long-term cold exposure (-30°C)

		SFS-EN 342

		0.47

		0.54

		0.50

		



		Gloves (<Ta -20°C)

		Frost bite 

		0.39-0.47

		0.20

		0.26

		Outer and inner mittens



		

		

		

		

		

		



		Water vapour permeability  (m²Pa/W)

		Sufficient evaporation 

		

		

		



		Cold-protective clothing

		SFS-EN 342

		< 55

		19.5

		19.5

		under/middle /combat cloth fabric



		Foul weather clothing 

		SFS-EN 343

		< 20

		19.5

		19.5

		



		

		

		

		

		

		



		Moisture retention 

		SFS-EN 343

		

		

		

		



		Water vapour permeability (m²Pa/W)

		ISO 11092

		≤ 20

		19.5

		19.5

		



		Resistance to water penetration (Pa)

		SFS-EN 20811 

		≥ 2200


light rain

		2190

		2720

		combat cloth fabric



		Decrease in thermal insulation due to moisture retention (%)

		Thermal balance

		< 20

		8

		7

		slight sweating 



		

		

		

		

		25

		moderate sweating 



		

		

		

		40

		40

		heavy sweating 



		Air permeability, AP (l/m²s)

		

		

		

		

		



		Wind, rest

		preventing cooling

		AP< 20

		5

		7

		cold weather clothing 



		Heavy work

		sweat evaporation

		20< AP< 150

		28

		33

		snow- or combat clothing 



		

		

		

		

		

		



		Clothing weight, reduction in weight from M91 to M05



		Clothing and equipment together

		estimate based on publications 

		-7...-10 kg

		

		-1.8 kg

		



		Boots

		

		-0.5...-0.7 kg

		

		+0.3 kg

		Size 42



		Load-bearing system 

		

		-1...-2 kg

		

		-1.4 kg

		



		Ballistic vest

		

		

		

		-0.6 kg

		





The total weight of the M05 combat clothing system was around 2kg (10%) less than that of the corresponding M91 clothing (Table 2). The greatest economies in the weight of the actual garments were achieved in the middle layer garments (-30%) and cold-protective combat clothing (-7%), while the most significant weight reduction in terms of equipment side had taken place in the development of the new combat vest (-50%) and body armour (-17%).  Properties such as the rotation stiffness of the winter boots had been developed significantly from M91 to the M05 version. Despite of these improvements, the weight reduction did not meet the targets laid down for it, partly because when these targets were set it was assumed that light, durable composite materials would become more common in the footwear market, enabling the weight of the footwear to be significantly reduced. 

3.2
Survivability


If the thermal insulation of their combat clothing is too low, conscripts will cool to a harmful level and the probability of damage will increase. 58% of the conscripts using the M05 combat clothing were of the opinion that their torso area survived well (answers 9 or 10 on the scale of 0-10) and the mean over the whole period of manoeuvres ± standard deviation (STD) was 8.4 ±1.3 points. The equivalent value for the M91 clothing was 29% and that for the coarse cloth system 37%, with mean values of 7.0 ±2.1 and 7.5 ±2.0 points, respectively. On average 5% of the conscripts rated their survivability as poor (answers 0-3, M05 1% / M91 5% / course cloth 8%). The conscripts’ daily assessments of the survivability of different body areas are given in Figure 2. Survivability and thermal sensations improved with drier moisture sensations (χ² test, p<0.001).  


The largest standard deviation (±2.5) was found in the group using the M05clothing on day seven, when the mean survival value also dropped relative to the previous day (Figure 2.). This shows that personal differences between the test subjects have a significant effect on the result. A statistically significant correlation was found between survivability of the torso and external wetting (χ² test, p<0.001).

[image: image4.emf]Average daily survival of the body


(excluding extremities)


0


1


2


3


4


5


6


7


8


9


10


1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.


Exercise days


Survival experience


wind speed m/s


-25


-20


-15


-10


-5


0


5


10


15


20


25


Temperature °C


M05, N=10 M91, N=7 course cloth, N=12


Combat training


Combat shooting training


maximum wind of the day


Temperature 


(highest/lowest)




Figure 2. Opinions on torso area survivability obtained from conscripts using different combat clothing systems. Numbers of answers: M91 N=45, M05 N=86, coarse cloth N=94. Difference in survivability between clothing systems: F-test p<0.001. 

Protection against cold, wind and external moisture was significantly better with the M05 clothing, as can be seen in Figure 3 (F-test, p<0.001). Examined on a daily basis, the conscripts wearing the M05 clothing were not affected by the cold, windy conditions during combat training practice as much as the other conscripts. The differences between the clothing systems were caused by the better air permeability and resistance to water penetration of the M05 clothing, which also preserved its thermal insulation properties better under difficult ambient conditions and at times of physical labour than the older clothing systems. In other training situations the clothing system did not affect sensations caused by the cold and wind. According to the daily clothing questionnaire, 62% of the conscripts using the M05 clothing considered the cold protection afforded by their clothing to be adequate, implying that the coldest thermal sensation of the day was neutral or warmer. The equivalent value for the M91 clothing was 46% and that for the coarse cloth 45%.
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Figure 3. Answers to the questions about protection against cold and wind of conscripts using different clothing systems. Mean value of answers ± std. Difference between clothing systems, F-test, p<0.001. 

3.3
Performance


The conscripts using the M05 clothing rated their physical performance higher in the daily questionnaires (F-test, p<0.01) than did the others (Figure 4). The M05 combat equipment is lighter, and the middle layer clothing in particular is more flexible and thinner than in the M91 system, resulting in a smaller increase in load due to equipment. These results are in line with other findings that thick, heavy, stiff clothing increases the physical load involved in performing tasks [6, 14]. Also, the better water repellence and water vapour permeability of the M05 clothing kept it drier and meant that the decrease in thermal insulation was smaller than with the other clothing systems. The clothing helped the conscript to keep his thermal balance stable, resulting in less daily variation in physical performance. The effect of the clothing on the physical performance of the conscripts can be seen clearly in the day-to-day variation, the differences being greater during the physically more demanding combat training. 
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Figure 4. Physical performance of conscripts using different clothing systems, according to the daily clothing questionnaires. Numbers of answers: M91 N=77, M05 N=110, coarse cloth N=132. Mean value of answers. Significance of difference between clothing systems, F-test p<0.001.

Significant differences in mental performance were also found between the conscripts using different clothing systems (Figure 5), and a close correlation (p<0.001) existed between the protective properties of the clothing (protection against both cold and moisture) and mental and physical performance. Protection against cold was slightly lower with the M91clothing than with the M05 or coarse cloth, and this may have affected mental performance.  
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Figure 5. Mental performance of conscripts using different clothing systems, according to the daily clothing questionnaires. Numbers of answers: M91 N=77, M05 N=110, coarse cloth N=132.  Mean value of answers. Significance of differences between clothing, F-test p<0.001.


The material and clothing measurements showed most of the physiological parameters to be better for the new combat clothing (M05) than for the older systems, and the field data confirmed that the conscripts' survivability and physical and mental performance were also better with this new system, as presented in Figure 6.
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Figure 6. Finnish conscripts' experience of their survivability and physical and mental performance with three combat clothing systems; average scores (± STD) for answers based on two weeks of winter combat training at environmental temperatures between -20°C and -5°C. The differences between the combat clothing systems were significant in all categories (p<0.001).

4.0
ConclusionS

In this research the clothing physiological properties of the new combat clothing were tested in a cold laboratory and in field training. Its effects on human protection, survivability and physical and mental performance in long-term cold exposure were examined. Survivability and performance were assessed during the Finnish Defence Forces' winter field training for infantry and artillery using three combat clothing systems from different decades: the new M05 model, the previous M91 model and coarse cloth.


The M05 winter clothing gives sufficient protection to enable the conscript to maintain his thermal balance under extreme cold conditions. Here laboratory measurements suggested that the M05 combat clothing material did meet the target value in thermal insulation, water vapour permeability, resistance to water penetration, air permeability and the total weight has reduced. Taking into consideration the military tasks required of conscripts, it would be possible to lower the level of thermal insulation of the M05 clothing relative to the M91 clothing by combining different garments from the new combat clothing system. The objective of this would be to prevent overprotection and the resulting sweating during the performing of physically demanding tasks under various sets of environmental conditions. 


The most challenging environment for conscripts' survivability and performance was not extreme cold but a combination of cold with perspiration during physical activity, external moisture and wet snow. In conclusion, the clothing physiological and subjective results regarding the Finnish Defence Forces' new combat clothing system were mainly positive. It provided for 20% greater survivability, 30% improved physical performance and 22% better mental performance than the 1991 model (M91). Careful development of clothing materials and combat clothing systems together with optimum choices of materials and individual garments can guarantee conscripts' survival and good performance during long-term exposure to cold weather.
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Abstract

Military and civil defence personnel are often involved in complex and strategic activities in a variety of outdoor environments. Selection of an optimal clothing ensemble for any given environmental condition is therefore essential for unhindered performance. The aim of the present study was to test the suitability of micrometeorological monitoring in relation to eventual local biometeorological forecasting, and their agreement with measured thermophysiological data obtained using predefined clothing ensembles. The overall aim of the research programme is the development of general guidelines for identifying optimal outdoor clothing ensembles for a variety of activities in cold environments. We compared the clothing thermal insulation and observed thermal balance of subjects performing guard duty and a 12 km hike in the winter months of 2006, with the clothing thermal insulation required to maintain thermoneutrality as predicted by biometeorological forecast. The field tests were conducted in Pokljuka (Slovenia), located in the eastern part of the Julian Alps, characterized by temperate alpine climate. These forecasts account for the specific characteristics of the geographical site and of the subjects. The garment ensembles used in the field trials were standard issue for such environmental conditions in the Slovene Armed Forces. During the trials, we monitored skin and core temperature, heart rate, ventilation and metabolic rate. At regular intervals, subjects provided ratings of thermal comfort. The main biometeorological forecast result is represented by an hourly assessment of the clothing insulation range (minimum and maximum values) and was correlated with respective ones obtained from the field trials. The thermal characteristic of the clothing ensembles, namely thermal resistance was determined with a sweating thermal manikin. Preliminary results demonstrate an agreement between the clothing thermal insulation predicted by the biometeorological forecast, and the insulation of the clothing worn during the field trials when thermoneutrality was achieved. This study represents the first step in the development of a comprehensive personalized forecast system, able to manage information provided by physiological models, to improve the level of recommendations regarding the optimal thermal characteristics of clothing ensembles for specific activities. It is envisaged that such forecasting capability incorporating physiological responses will assist in the planning of winter military activities, providing support for decisions regarding logistics and health risk management of individuals involved. This study was supported, in part, by Knowledge for Security and Peace grant administered by the Ministries of Defence, and of Science of the Republic of Slovenia.

1.0
INTRODUCTION

Weather and in particular the thermal environment represent important factors which strongly influences outdoor soldiers’ activities. This is especially true when militaries are suddenly exposed to stressful or extreme thermal conditions without any acclimatization and with a consequent impact on physical and intellectual performances and on military readiness. In this case the choice of appropriate clothing ensembles could represent an important and determinant strategy to establish the success of a military mission. Soldiers dressed with too light or heavy clothing during specific outdoor activities could be at higher risk of cold injuries or heat illness respectively. Cold weather injuries are of great importance for soldiers because their wide-ranging impact on military readiness [1]. In a large epidemiological study [2] the authors showed that most of cold weather injuries (about 80%) were on-duty training and for this reason preventable. Besides the improvement of individual soldier equipment, cold weather injuries have been a serious problem even during modern warfare, such as the Falklands war and especially the recent war in Afghanistan where about 20% of Soviet troops suffered cold weather injuries [2]. In addition, data from soldiers stationed in Germany reported that a majority of injuries occurred operationally during field training [3] because prolonged climatic exposure combined with physical exhaustion and multiple stressors [4]. Apart from cold, also hot discomfort conditions might influence soldier activities. It is well known that any lengthy ceremonial parade in the hot weather will always provide the odd case of heat stroke [5]. A dramatic instance was the collapse of three men on the railway platform at Jhansi at midnight, with high air temperature and humidity levels. Several heat illnesses (i.e. hyperpyrexia) could be best combated by the absorption of the latent heat by evaporation of water from the skin and suitable clothing could be very helpful in order to reach this purpose. Accurate spatial and temporal recommendations on the appropriate military clothing ensemble for specific thermal conditions and activities might be essential for unhindered performance of soldiers. 

The human biometeorology provides useful tools to evaluate the thermal comfort/discomfort taking into consideration the combined effect of several weather variables. The new wind chill temperature index [6,7], that represents a new evolution of the old formula of the Wind Chill index [8], is an empirical biometeorological index widely used by military and civilian organizations to quantify the outdoor thermal discomfort assessed by combining the effect of low air temperature and high wind speed. As described in a previous study [9], militaries have specific needs that differ from those of the civilian population and additional biometeorological tools should be used. For this purpose a great contribution could be derived by using more sophisticated biometeorological models based on the human energy balance. These models provide the potential thermal sensation of a specific category of people taking into consideration simultaneously weather conditions, individual and anthropometric characteristics and behavioural parameters, such as the intrinsic clothing insulation and the metabolic rate. 

The Predicted Mean Vote (PMV) [10] represents the most commonly used biometeorological model and represents the standard method to evaluate indoor thermal sensation used by the International Organization for Standardization [11]. Because the PMV is a steady state energy balance model developed during indoor trials and for this reason it is very effective for evaluating indoor environments that are uniform, stable, and close to thermal neutrality, the application of the PMV for outdoor conditions should be confined to situations when people stay outdoors for a long time [12]. Today there are no internationally accepted non-steady state indices and considering the time spent outdoor, as necessary when using dynamical models, it leads to a wide variety of scenarios, which never can be dealt within biometeorological weather forecast [12]. Moreover, other authors [13] recently reported that the association of German engineers (VDI) considered stationary models, such as the PMV and similar thermal indices, useful to facilitate the thermophysiological acquisition of thermal conditions even of surrounding outdoor air as point layers [14]. There are several examples of scientific report on the application of steady state energy-balance models for outdoor conditions taking into account the contribution of solar radiation with the aim to improve the assessment of outdoor thermal comfort, even creating bioclimatic maps [15,16,17], useful to plan outdoor activities in different geographical areas. For this reason a great attention is focused on the estimation of the outdoor mean radiant temperature. This parameter sums up all short and long wave radiation fluxes (both direct and reflected) to which the human body is exposed and represents one of the most important weather parameters governing human energy balance and the thermal comfort of a human being [18]. Clothing represents an important variable directly involved in the estimation of the heat exchange of the human body with the environment and the “clo” units [19,20] represents the international standard extensively used to express the thermal insulation (resistance to dry heat loss from the body) of clothing systems (1 clo = 0.155 m2 °C/W). The intrinsic clothing insulation value of an ensemble is obtained under static conditions by using specific tables obtained by measurements on standing thermal manikins [21,22,23]. 

In a recent study [24] an example of operational biometeorological procedure was developed and 72-hour forecast maps concerning the estimation of the outdoor minimum clothing thermal insulation value required to reach thermal neutrality (min_clo) over Tuscany and all Italy, were shown. The min_clo value provides the information similar to the determination of the neutral required clothing insulation (IREQneutral) which was developed by Holmer [25] and successively adopted by the International Organization for Standardization as a Technical Report [26]. The implementation of such biometeorological information in a personalized forecast system able to manage information provided by physiological models might be helpful to improve the level of recommendations regarding the optimal thermal characteristics of clothing ensembles for specific activities and in particular for winter military activities. Despite most of countries own advanced weather forecast services for militaries, actually there is a lack of specific biometeorological forecast, such as information regarding the optimal clothing ensemble suitable for soldiers involved in any given outdoor environmental condition. 

The main aim of the present study consists in the comparison between the estimated actual required clothing thermal insulation to maintain thermoneutrality of subjects performing two different outdoor military trials and the required clothing thermal insulation predicted by a biometeorological forecast system. The overall aim of this research programme is the development of general guidelines for identifying optimal outdoor clothing ensembles for a variety of activities in cold environments.

2.0
MATERIALS and methods

2.1
Outdoor military field trials and study area 

Two different military field trials were carried out during the winter 2006, from January 23 to February 3, in a mountain area surrounding the Alpine military training facility in Pokljuka (Republic of Slovene) (λ = 13.92 E; Φ = 46.34 N), located at 1360 m, in the eastern part of the Julian Alps, characterized by temperate alpine climate. The military trials were carried out by soldiers enrolled in two different outdoor activities: 1st trial, 6 subjects involved on 12 km hike on snow (Fig. 1), which required 3 hours depending on snow conditions; 2nd trail, 6 subjects involved on guard duty during 3 hours. Both trials involved young male soldiers’ members of the Slovene Armed Forces (Table 1).
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Figure 1: The white line indicates the military trial track during the 12 km hike in Pokljuka (Republic of Slovenia) rendered by Google Earth.

		Subject code

		Sex

		Age

		Weight

		Height

		Trial date

DD/MM/YY

		Outdoor military activity



		A

		Male

		26

		72

		181

		03/02/06

		Hike

		Guard



		B

		Male

		20

		76

		192

		25/01/06

		Hike

		Guard



		C

		Male

		23

		102

		186

		30/01/06

		Hike

		Guard



		D

		Male

		23

		70

		178

		01/02/06

		Hike

		Guard



		E

		Male

		25

		81

		176

		31/01/06

		Hike

		Guard



		F

		Male

		26

		65

		162

		23/01/06

		Hike

		—



		G

		Male

		23

		74

		182

		24/01/06

		—

		Guard





Table 1: Description of individual and anthropometrical characteristics of soldiers, date and typology of outdoor military activity. 

The garment ensembles worn by soldiers during winter in the two typology of outdoor field trials were standard issue for such environmental conditions in the Slovene Armed Forces: a) guard ensemble (3.98 clo = 0.60 m2K/W), characterized by thermo undershirt and underpants from polyester, cotton shirt and pullover from wool/polyacril blend, polyester fleece trousers, winter cotton trousers, cotton anorak with under layer from polyester, upper trousers with Gore-tex membrane (polyamide upper fabric and functional layer of two composite membrane on the base of PTFE and polyester under layer), anorak with Gore-tex membrane; b) Hiking ensemble (2.5 clo = 0.38 m2K/W), characterized by thermo undershirt and underpants from polyester, cotton pulli and pullover from wool/polyacril blend, polyester fleece trousers, winter cotton trousers, cotton anorak with under layer from polyester. 


During the outdoor trials different physiological and environmental parameters were measured and those used in this study were the heart rate and microclimate variables, such as air temperature (°C), relative humidity (%), wind velocity (ms-1), global radiation (Wm-2) and barometric pressure (hPa), recorded each minute with portable sensors. 

2.2
Assessment of the optimal clothing ensembles for outdoor military activities


Two different procedures to assess the optimal outdoor clothing ensembles for different military activities were applied: 1) the required clothing insulation index (IREQneutral); 2) the optimal clothing insulation range index. 


The input values for these biometeorological applications were physical parameters (air temperature, relative humidity and air velocity), physiological (heart rate) and individual (age and gender) factors and anthropometric characteristics (weight and height). To obtain conclusive information on clothing insulation values it was necessary to estimate other two fundamental input values that were not directly measured. The first one was the metabolic rate; the second one was linked to the radiative environment, the “mean radiant temperature”.


2.2.1 Assessment of the metabolic rate

The metabolic rate represents one of the most important variables useful to evaluate the thermal state and the related comfort feeling for a generic subject [27]. Metabolic rate is an important determinant of the comfort or the strain resulting from exposure to a thermal environment. This parameter strongly influences the core temperature variability [28] and the relative mechanisms of thermoregulation which have their expression in the skin temperature values for different parts of the human body in function to local clothing thermal insulation. A more accurate evaluation of the actual metabolic rate of a wearer leads to a best individuation of the required whole body insulation value to assure a specific comfort state. 


A comprehensive metabolic rate, as a conversion of chemical into mechanical and thermal energy, measures essentially the energetic cost of muscular load and gives a numerical index of activity and intrinsically the energetic load due to the vital body maintenance that is generally indicated like basal metabolic rate (BMR). BMR depends on individual characteristics and its estimation could be provided by the old Harris-Benedict equation [29]. More recent works [30,31] showed a strong relationship between heart rate and metabolic work.. It is well known by physiology that the heart rate variability follows the correspondent oxygen consumption needs due to physical work performed and for this reason heart rate seems to be the more appropriate parameter to measure the dynamic muscular work and every efforts to lead heat body production. Following these considerations in this work we have adopted the International Organization for Standardization [32] references for metabolic rate assessment. The empirical expressions are valid for healthy subjects and take into account the age, the weight and the measured heart rate. The ISO 8996 [32] also gives a formula to estimate the maximum acceptable rate, while the basal heart rate at rest is considered equal to 60 bpm. Expected biases estimation are evaluated around 10% [32].


2.2.2
Assessment of the mean radiant temperature (Tmrt) 


The Tmrt represents the main weather parameters affecting the human energy balance [13,18]. The Tmrt is defined as the “uniform surface temperature of an imaginary black enclosure in which an occupant would exchange the same amount of radiant heat as in the actual non-uniform space” [33]. Its role concerning thermal comfort of human clothed people is to quantify the directional solar heat gain [34] to reach a correct estimation of the whole body energy balance. Tmrt is also useful in indoor environment to quantify radiant heat load coming from every kind of source and for this reason it represents an essential income in the PMV estimation. The complexities of the interactions between long- and short-wave radiation fluxes and the human body surface makes very hard a precise estimation of the total radiation absorbed by an human being in an outdoor environment [35]. Subject posture [36] and its relative movements, the astronomical factors linked to the sun position, the skyline of location, the mean albedo of the surroundings and their reflective properties, the eventual presence of shadows, the atmospheric turbidity and finally the amount of cloud cover, play a fundamental role to determine the amount of radiant heat load on a subject during an outdoor wear trial. Indeed the clothing and the skin albedo have a substantial impact on the adsorbed radiation [35]. Hence, in the field of human biometeorology, each attempt of Tmrt estimation for operative purposes should lead to a compromise among all these sources of variability also taking into account the potential suitability as a weather forecast product. For these reasons an appropriate choices of estimation method for Tmrt is very crucial. One of the better approaches, where radiative clothing properties are not necessarily required, was proposed by Jendritzky [37]. This method allows the estimation of the averaged Tmrt for a standing person in outdoor environments:
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Where “σ” is the Stefan-Boltzmann constant, 5.67×10−8; “Rdif” is the diffuse short-wave incoming radiation; “Rrif” is the reflected short-wave incoming radiation; “ε” is the emissivity of the human body (about 0.97); “ρ” is the absorption coefficient of irradiated body surface for short-wave radiation that is function of clothing/skin albedo (aclo ≈ 0.3); “fp” is the surface projection factor, that is a function of the sun’s position and the body posture normalized by the ratio body area receiving solar radiation [37,38]; “Rdir” is the direct solar radiation.

This relation takes into account long-wave radiation in the first term, assuming the temperature of surface in equilibrium with the air temperature. The other terms concern the short-wave contributions for which Jendritzky [37] formulation split whole radiant amount distinguishing the direct incident solar income (Rdir), the diffused solar radiation (Rdif) [39] and the reflected radiative incomes (Rrif) from surroundings. Reflected radiation has strong dependence to comprehensive environmental albedo. In this study for the Tmrt calculation we adopted two different values of albedo following the literature [40]: for individual Tmrt assessments, in order to take into account the presence of snow on the ground, an albedo of 0.5 was considered; for forecast computations a general valuo of albedo of 0.1 was used. In this latter case it was possible to compensate the weakness of the weather model radiative schema, that are build for a large area estimation and not for punctual ones. However the value chosen was more close to the European average landscape albedo range (0.1-0.2). Regarding anthropometrical characteristics it seems that the effective radiating areas related to the surface area of a generic body are substantially independent of its size and shape [38]. Newer approaches for Tmrt estimation [41,42] for clothed subjects will necessitate a better description of the clothing characteristics, resulting not suitable for specific applications like biometeorological operative forecast.

2.2.3
Required clothing insulation index (IREQneutral) 

The IREQ index was developed by Holmér (1984) and successively adopted by the International Organization for Standardization as Tecnichal Report [26]. This index represents a method to calculate the thermal stress associated with the exposure to cold environments. The IREQ is expressed in m2ºC/W or “clo” where 1 clo = 0.155 m2ºC/W. The IREQ is applied to continuous, intermittent and occasional exposure either for indoor or outdoor working conditions. The calculation of IREQ is based, like the PMV, on the energy balance equation and the clothing insulation required to maintain thermal equilibrium is calculated satisfying the following equations [26]: 
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where tsk is the mean skin temperature (°C), tcl is the mean clothing surface temperature (°C), M is the metabolic rate (Wm-2), W is the effective mechanical work (Wm-2), Eres, Cres, E, R and C are the heat exchanges by respiratory evaporation and convection, by evaporation, radiation and convection at the human body surface (Wm-2), respectively. The calculated IREQ value determines what kind of clothing isolation is required for specific physical activity or effort and thermal conditions, defined by air and mean radiant temperature, air velocity and air humidity, to keep the thermal balance during work. For this study only the IREQneutral was assessed. In this way it was calculated the clothing insulation required for the subject to maintain thermal equilibrium. The IREQneutral value is associated with a thermal sensation of the human body defined as “neutral” or “slightly cool”.

2.2.4
Optimal clothing insulation range index 

The assessment of the optimal clothing insulation range index is based on the same theoretical framework of the Predicted Mean Vote (PMV) [10] by using an extension of the automatic biometeorological procedure already described in another study to calculate the minimum clothing insulation value required to reach the thermal neutrality (min_clo) [24]. This automatic biometeorological procedure allowed the calculation of a personalized PMV by processing physical variables (air temperature, mean radiant temperature, relative humidity and wind speed), taking into consideration a specific metabolic rate, subjective and anthropometric characteristics and starting from a prefixed clo value of 0.1 defined “Start clo”. The procedure ran recursively with a progressive increasing from the “Start clo” (0.2 clo, 0.3 and so on) and it scanned all the PMV values identifying the min_clo and max_clo values when the PMV thresholds of thermal neutrality (-0.5 < PMV < +0.5) were reached. The two values of clo so assessed (min_clo and max_clo) represent the “optimal clothing insulation range index”(Fig. 2).
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Figure 2: The procedure to assess the optimal clothing insulation range index. PMV is the Predicted Mean Vote.

Because the PMV is a steady state energy balance model of the human body, the stationary thermal neutrality, described by Fanger as the thermal conditions with the lowest percentage of dissatisfied, is substantially reached only if the integration time of incomes is adequately large, if people stay outdoors for a long time [12] and if the metabolic rate is stationary. Otherwise the assessment of the optimal clothing insulation range index have only sense for very short temporal periods (i.e. 10 minutes) and should be read as an instantaneous measure of the total heat resistance of the clothing ensemble.


2.3
Meteorological forecast model and biometeorological forecast application (MeteoSalute library) 

The Weather Research and Forecasting - Nonhydrostatic Mesoscale Model (WRF-NMM) [43] version 3.01 was used in order to produce meteorological forecast; WRF model was developed by NOAA (National Oceanic and Atmospheric Administration) and NCEP (National Centre for Environmental Prediction) and is currently maintained by the Developmental Testbed Centre in Boulder, Colorado (USA). WRF-NMM is designed to be a flexible and state-of-the-art atmospheric simulation system that is portable and efficient on available parallel computing platforms and is also suitable for use in a broad range of applications across scales ranging from meters to thousands of kilometres. For producing regional meteorological layers for the area of interest, centred over Slovenia (Fig. 3), the model was fed with the global NCEP/GFS forecast (NCEP/Global Forecasting System, with approximately 50 km of horizontal resolution) by using the 00 UTC analysis and updated every 6 hours with forecast data (not analysis).
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Figure 3: The area of interest. 

The domain of numerical integration is represented by 51 columns, 64 rows and 35 vertical levels for a nominal resolution of about 12 km both in longitudinal and latitudinal directions. Concerning the numerical and physical parameterizations a 30 seconds time step was chosen as integration time, the microphysics scheme is the Ferrier one (new ETA), while the Betts-Miller-Janjic scheme [44] is assumed as convective parameterization. With this configuration, two meters air temperature (°C) and relative humidity (%), 10 meters wind speed (ms-1), atmospheric pressure (hPa) at grid point level (not reduced to sea level pressure), long-wave and short-wave radiation (Wm-2) and direct solar radiation (Wm-2) were forecasted at hourly temporal resolution for the study area during the winter 2006 (from January 23 to February 3). 

Meteorological variables were produced every hour for the area of interest while biometeorological products were provided during the testing days with a temporal format of 10 minutes to be correspondent to the observed field measurements. These computations were allowed thanks to the "MeteoSalute" library developed “in house” by the research group. The library was written in ANSI C++ language taking into account as input gridded meteo layers and provided biometeorological layers on the same geographical extent. Each biometeorological variable used in this study was computed by using input forecast weather variables following the referred bibliography. In particular it was used Jendritzky [37] for the assessment of the mean radiant temperature; the same framework of Fanger [10] for the Predicted Mean Vote; Holmér [25] for the IREQneutral index; an extension of Morabito et al. [24] to assess the optimal clothing insulation range index.

2.4
Statistical analyses 

All statistical analyses were carried out by using R statistical environment version 2.8.1 [45] and “Verification” and “Multilevel” additional packages were utilized. Descriptive analyses of measured weather variables (air temperature, relative humidity and wind speed) and of the estimated mean radiant temperature during outdoor military trials were carried out for each subject. A subsequent descriptive analyses of the average metabolic rate for each soldiers during the 12 km hike and guard was also shown. The significant variability of the metabolic rate among soldiers was tested by using the analysis of variance (ANOVA) and multi-comparison test of significance. Statistical correlation analyses between the values of the observed clothing insulation index (IREQneutral) and those of the observed optimal clothing insulation range index for each military trial was carried out. Single subject linear correlation analyses between the optimal clothing insulation range index observed and forecasted was carried out for each military trial to test the temporal agreement of customizable biometeorological forecasts. For each trial 18 point of estimation concerning forecasted and observed data were used because the trial duration was of 180 minutes (data were aggregated over 10-minute time step). Covariance correlation decomposition between-group and within-group for each trial was carried out by using “waba” function of R “Multilevel” package [46]. This approach is useful to quantify the temporal forecast biases due to individual and subjective characteristics. Results were shown as linear correlation coefficients indicating the degree of association and box plot graphs indicating the median, upper and lower quartiles and minimum and maximum data value distributions. A verification analysis of the biometeorological forecast biases was shown by using the Mean Error (ME) and the Root Mean Square Error (RMSE) (http://www.bom.gov.au/bmrc/wefor/staff/eee/verif/verif_web_page.html) [47].

3.0 RESULTS

Both graphs concerning the descriptive analyses of the measured weather variables shown the lowest values of air temperature (next or lower than -10 °C), mean radiant temperature (next or lower than -20 °C) and relative humidity (next or lower than 60%) during the guard for subjects B and G (Fig. 4 A-C) and during the 12 km hike for subjects B and F (Fig. 5 A-D). Concerning the wind speed (Fig. 4 D and Fig. 5 D) a little variability was observed, especially for the guard trial. Following the Beafourt scale the average wind observed for each trail can be empirically classified as gentle or moderate breeze, with leaves and smaller twigs in constant motion, with dust and loose paper raised and small branches beginning to move.
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Figure 4: Descriptive analysis of the measured weather variables during the guard for each subjects. Graph (A) = air temperature (°C); graph (B) = mean radiant temperature (°C); graph (C) = relative humidity (%); graph (D) = wind speed (ms-1). Letters on the X axis represent the subjects.
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Figure 5: Descriptive analysis of the measured weather variables during the 12 km hike for each subjects. Graph (A) = air temperature (°C); graph (B) = mean radiant temperature (°C); graph (C) = relative humidity (%); graph (D) = wind speed (ms-1). Letters on the X axis represent the subjects.

According to the classification of the kind of activity of ISO 8996 [32], the median value of metabolic rate was always over 260 Wm-2 (Fig. 6 A,B) and therefore classified as “very high metabolic rate” in all subject and in both military trials. The analysis of variance showed highly significant variations of metabolic rate among subjects and in both trials (p<0.001). The highest median value of metabolic rate was observed during the 12 km hike in the subject C (median value 444 Wm-2). This subject, during the trial, experienced the highest values of relative humidity and wind speed.
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Figure 6: Descriptive analysis of the metabolic rate during the guard (graph A) and the 12 km hike (graph B) for each subjects. Letters on the X axis represent the subjects.


Significant correlations between the observed IREQneutral and the observed optimal clothing insulation range index was observed for both the 12 km hike (Fig. 7) and the guard (p<0.01). 
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Figure 7: Optimal clothing insulation range index vs. IREQneutral index during the 12 km hike.

In both military trials and in all subjects the IREQneutral values were for all time included in the optimal clothing insulation range index and were always closer to the min_clo than to the max_clo value (Fig. 8 A,B). Concerning the guard (Fig. 8 A) the average IREQneutral and min_clo values always showed lower values than the real clothing ensemble wore by soldiers (3.98 clo). The average max-clo was the most near required clothing insulation value to the real clothing ensemble. Regarding the 12 km hike (Fig. 8 B) a different situation was observed. Most of subjects showed the average IREQneutral and the optimal clothing insulation range index lower than the real clothing ensemble wore by soldiers (2.95 clo), with a substantial opposite condition only for the subject B. In this latter case the lowest median air temperature (next -15 °C) was observed during the trail (Fig. 5 A). Both max_clo and IREQneutral were the most near required clothing values to the real clothing ensemble wore by soldiers (2.95 clo).
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Figure 8: Box plot concerning the clothing insulation required during the guard (graph A) and during the 12 km hike (graph B) assessed by using the IREQneutral index (green box) and the optimal clothing insulation range index (blue box = min_clo; red box = max _clo). Red line = Average max_clo; Blue line = average min_clo; Green line = average IREQneutral; Grey line = real clothing ensemble wore by soldiers: 3.98 clo for guard (graph A) and 2.95 clo for 12 km hike (graph B). Letters on the X axis represent the subjects.

The panel of forecast temporal agreement between the observed and the forecasted optimal clothing insulation range index values (Fig. 9 A-D) showed that most of correlations (79%) were significant (p<0.05). In particular strong agreements were observed for the correlations concerning the 12 km hike (Figure 9 C,D). In this case almost all correlations (with just one exception, p = 0.052) were significant (p<0.05). 

[image: image11.jpg]Observed Max_Clo

Observed Max_Clo

Ohserved Min_Clo

Ohserved Min_Clo

Forecasted Max_Clo

Forecasted Min_Clo






Figure 9: Panel of forecast temporal agreement of observed vs. forecasted optimal clothing insulation range index. Graph (A) = max_clo during the guard; graph (B) = min_clo during the guard; graph (C) = max_clo during the 12 km hike; graph (D) = min_clo during the 12 km hike. Letters on the top of each single graph indicate the subject.

Results obtained by Multilevel approach indicate that the hike showed a high level of correlation between- and within-group (Tab. 2), that means a little effect of individual characteristics during military trails. On the other hand the guard showed a high correlation between groups but low correlation values within groups (Tab. 2). 

		Outdoor military activity and optimal clothing insulation range index

		Statistical parameters



		

		RawCorr

		CorrB

		CorrW



		Hike (min_clo)

		0.88

		0.90

		0.86



		Hike (max_clo)

		0.89

		0.95

		0.80



		Guard (min_clo)

		0.74

		0.89

		0.69



		Guard (max_clo)

		0.65

		0.82

		0.51





Table 2: Covariance correlation decomposition between-group and within- group for each trial assessed by using “waba” function of R “Multilevel” package. RawCorr = Comprehensive correlation coefficient; CorrB = Correlation between-group (among subjects, n=6); CorrW = Within-group correlation (n=18).

The forecast performance of the optimal clothing insulation range index compared to the average observed ones is described in figure 10 A,B.
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Figure 10: Box plot concerning the optimal clothing insulation range index forecasted for the guard (A) and during the 12 km hike (B). Red box = max _clo; Blue box = min_clo; Red line = Average observed max_clo; Blue line = average observed min_clo; Green line = average observed IREQneutral; Grey line = real clothing ensemble wore by soldiers: 3.98 clo for the guard (A) and 2.95 clo for the 12 km hike (B). Letters on the X axis represent the subjects.

The forecasts of max_clo and min_clo are generally lower than the average observed ones, with the exception for the subjects B and G during the guard (Fig. 10 A), where there is a good agreement between forecast and the observed values, and for the subjects B and F during the 12 km hike (Fig. 10 B), but in this latter cases the forecast of max_clo and min_clo are greater than the observed ones. All these exceptions (cases B and G for the guard and B and F for the 12 km hike) concern the coldest outdoor thermal conditions during military trials, with very low air and mean radiant temperatures (lower than -10 °C) (Fig. 4 A,B and Fig. 5 A,B).

Statistical skills for the test on the 12 km hike showed a general under-estimation of the optimal clothing insulation range index values (Table 3) except for the subject F. The magnitude of errors (Root Mean Square Error) was around 0.5 class (average of 0.60 for max_clo and average of 0.43 for min_clo). 

		Military trial

		Optimal clothing insulation range index

		Subject code

		ME

		RMSE



		12 km Hike

		max_clo

		A

		-0,51

		0,65



		12 km Hike

		max_clo

		B

		-0,35

		0,53



		12 km Hike

		max_clo

		C

		-0,46

		0,50



		12 km Hike

		max_clo

		D

		-0,75

		0,88



		12 km Hike

		max_clo

		E

		-0,55

		0,64



		12 km Hike

		max_clo

		F

		+0,28

		0,38



		AVERAGE

		-0,39

		0,60



		12 km Hike

		min_clo

		A

		-0,33

		0,39



		12 km Hike

		min_clo

		B

		-0,46

		0,51



		12 km Hike

		min_clo

		C

		-0,37

		0,39



		12 km Hike

		min_clo

		D

		-0,46

		0,53



		12 km Hike

		min_clo

		E

		-0,38

		0,43



		12 km Hike

		min_clo

		F

		+0,35

		0,37



		AVERAGE

		-0,27

		0,43





Table 3: Mean Error (ME) and Root Mean Square Error (RMSE) for forecasted max_clo and min_clo during the 12 km hike.

Regarding the guard trail (Tab. 4), it was confirmed a general under-estimation of the model in predicting the optimal clothing insulation range index. Concerning the average magnitude of the errors (RMSE) it was greater than in the hike test (average of 1.00 for max_clo and average of 0.70 for min_clo).


		Military trial

		Optimal clothing insulation range index

		Subject code

		ME

		RMSE



		Guard

		max_clo

		A

		-0,98

		1,09



		Guard

		max_clo

		B

		-0,35

		0,53



		Guard

		max_clo

		C

		-1,12

		1,21



		Guard

		max_clo

		D

		-1,21

		1,33



		Guard

		max_clo

		E

		-1,35

		1,40



		Guard

		max_clo

		G

		-0,08

		0,46



		AVERAGE

		-0,85

		1,00



		Guard

		min_clo

		A

		-0,82

		0,89



		Guard

		min_clo

		B

		-0,46

		0,51



		Guard

		min_clo

		C

		-0,64

		0,70



		Guard

		min_clo

		D

		-0,67

		0,71



		Guard

		min_clo

		E

		-0,80

		0,87



		Guard

		min_clo

		G

		-0,18

		0,50



		AVERAGE

		-0,60

		0,70





Table 4: Mean Error (ME) and Root Mean Square Error (RMSE) for forecasted max_clo and min_clo during the guard.

4.0
DISCUSSION AND CONCLUSION

This study have shown a good agreement between the two biometeorological methods based on the human energy balance model to assess the optimal clothing insulation value that should be wore in outdoor environments, the international standard IREQneutral index and the new biometeorological proposal, the “optimal clothing insulation range index”. These results provide further possibilities for operative applications to identify the optimal level of insulation in clothing ensembles for military personnel conducting outdoor activities in cold environments. The assessment of the optimal clothing insulation range index needs the acquisition of the heart rate, that represents an important physiological parameter strongly connected with the metabolic rate. In general it is linearly related to the metabolic heat production for heart rates above 120 beats per minute [32]. In this way more accurate information might be provided especially when intense physical activities are considered. 


In addition the application of the optimal clothing insulation range index for outdoor environments is strengthen by the accurate assessment of Tmrt, the main biometeorological parameters for outdoor thermal evaluation. In particular a specific outdoor framework of Tmrt assessment [37], taking into consideration the total complex interactions between long- and short-wave radiation fluxes and the human body surface, was adopted. The right estimation of Tmrt represents a crucial point for a correct assessment of the thermal balance and consequently for the evaluation of thermal conditions in outdoor environments.

The optimal clothing insulation range index represents an expression of the potential insulation request for clothing ensembles that might vary in a specific range in relation to environmental conditions and individual characteristics. The clothing insulation range index provides better information than a single average value because it allows the best identification of limits of thermal feeling. 

The suitability of the optimal clothing insulation range index for forecast goals showed very interesting results and the biometeorological forecast showed a significant correlation with observed data. The temporal fit between forecasted and observed clothing insulation data reached a good agreement especially when very cold thermal conditions occurred. Nevertheless a general under-estimation of the biometeorological model was observed and a following post-processing calibration might further improve the goodness of the forecast in quantitative terms. 

A further improvement of the operative biometeorological forecast procedure will be the integration with the incoming Universal Thermal Climate Index (COST-730 UTCI), a multi-node model which allowed the calculation not only of the thermal status of the whole body, but also with specific information for face and extremities (hands, feet) separately. There is a high probability that this new index will became and international standard for outdoor comfort assessments taking into consideration both heat and cold as well as short and long term outdoor exposure. 


This study represents the first step in the development of a comprehensive personalized biometeorological forecast system, able to manage information provided by physiological models and to improve the level of recommendations regarding the optimal thermal characteristics of clothing ensembles for specific activities. The implementation of the optimal clothing insulation range index in biometeorological forecasts represents an useful example to plan outdoor military actions. It is envisaged that such forecasting capability incorporating physiological responses will assist in the planning of winter military activities, providing support for decisions regarding logistics and health risk management of individuals involved.
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Abstract

Introduction: Physical work performed at high intensity in short intervals can lead to a failure in cold protection if it is not possible to reduce or add clothing depending on the level of physical work intensity.

Objectives and Methods: The effects of additional cold protection during the rest periods of high intensity (70% of maximal oxygen uptake) interval exercise were studied in cold environment.


The subjects were 8 voluntary healthy young men. The subjects were wearing the Finnish military winter clothing (M91, thermal insulation about 2 clo) and webbing (12 kg). They walked on treadmill (6 km/h, slope 5-6 ○) in cold environment (-15 ○C, air velocity 3 m/s). Each exercise and rest period lasted for 15 min and the total duration of the protocol was 105 min. The rest periods were spent either in the same environment and clothing as during exercise or with an additional long overgarment and protection against wind (air velocity 0.2 m/s, -15 ○C). Data are given as mean ± SE.


Results: During the rest periods spent with additional cold protection mean skin temperature decreased 2.5 ○C less than without the additional cold protection (p< 0.01). Deep body temperature was not significantly affected by the additional cold protection. At the end of the last exercise period oxygen uptake was not significantly different in the two conditions (35.2 ± 1.6 ml/min/kg with additional cold protection and 34.1 ± 2.1 ml/min/kg without additional cold protection), and heart rate was comparable (174 ± 5 beats/min and 175 ± 4 beats/min, respectively). After the last exercise period anaerobic performance (static jump height 36 ± 2 cm) and perceived exertion (Borg scale 15) were similar in both protocols.


Conclusions: Spending the rest periods of high intensity interval exercise in wind shelter with additional long overgarment did not improve physical performance in the conditions used in present study. Possibly longer duration of the exercise/rest protocol would have revealed effects of the additional cold protection.

1.0
Introduction

Cold environment reduces physical work capacity and increases the relative loading of physical tasks. In cold, maximal muscular force is reduced (Bergh1980) and fatigue develops sooner during dynamic muscular work (Rintamäki 1991). Interval exercise in cold is especially demanding because the need for thermal protection varies largely between the exercise and rest periods. Excessive accumulation of sweat in clothing during the active phases can lead to insufficient thermal protection during the passive phases. Long pauses between the active phases can lead to reduced muscular temperature decreasing muscular work capacity, and later even hypothermia can follow. In the present study our aim was to find out if increased thermal protection during the rest periods of interval exercise in cold environment can improve the physical work capacity.

2.0
subjects and methods


The subjects were 8 voluntary healthy young men. Their basic characteristics are shown in Table 1. Before entering the study their physical work capacity was determined by measuring the maximal oxygen uptake on treadmill. The exercise protocol included 4 work periods and 3 rest periods. Each exercise and rest period lasted for 15 min and the duration of the whole protocol was 105 min. During the exercise periods the subjects were walking on treadmill (6km/h) and the slope was individually adjusted between 5 and 6 degrees so that the oxygen consumption was about 75 % of the individual’s maximal oxygen uptake. They were wearing Finnish military winter clothing (M91, thermal insulation about 2 clo) and webbing (12 kg). The exercise was performed in cold environment (-15 ○C, air velocity 3.0 m/s). The rest periods were spent sitting either in the same conditions as during exercise (COLD rest) or at -15 ○C, air velocity 0.2 m/s and with additional long overgarment (WARM rest). During rest periods the subjects were allowed to drink 1 dl water.

Skin and deep body temperature (rectal temperature, probe inserted 10 cm) were measured continuously (YSI 400-series thermistors Yellow Springs, USA and Squirrel 1200, Grant, UK). Heart rate was registered (Sport Tester, Polar Electro, Finland) during the whole protocol. Oxygen consumption was measured for five minutes during the last exercise period (Medikro 901, Medikro Oy, Finland). The amount of ingested fluid was measured. The subjects were weighted (Mettler ID1) without clothing before and after the protocol. The amount of sweating was calculated as the reduction in weight during the protocol added by fluid intake and reduced with metabolic weight loss. Clothing was weighted before and immediately after the exercise protocol and the accumulation of sweat in clothing was calculated as the increase in its weight. Data are given as mean ± SE. Paired T-test was used to compare the two protocols. The study was approved by the Ethics Committee of the Institute of Occupational Health.

Table 1: Basic characteristics of study subjects

		Subject

		Age


 (years)

		Height 


(cm)

		Weight


 (kg)

		Body Mass


Index

		VO2max


(ml/min/kg)



		1

		21

		183

		75

		22.4

		64



		2

		21

		181

		74

		22.6

		57



		3

		21

		180

		75

		23.1

		54



		4

		21

		182

		78

		23.5

		40



		5

		22

		177

		70

		22.3

		47



		6

		23

		180

		71

		21.9

		53



		7

		21

		166

		61

		22.1

		55



		8

		22

		186

		81

		23.4

		38



		Mean


SE

		22


1

		179


1

		73


6

		22.7


0.6

		51


9





3.0
REsults


Deep body temperature was not affected by the thermal conditions during the rest periods (Figure 1). The rest periods in wind shelter with additional long overgarment (WARM rest) increased the mean skin temperature 2.5 ◦C as compared to the rest periods spent in wind without additional clothing (COLD rest) (Figure 2). This effect of WARM rest on skin temperature was maintained also during the exercise phases so that mean skin temperature remained about 1 ◦C higher after the WARM rest (Figure 3.). This effect of the thermal conditions during the rest periods increased with repeated exercise/rest cycles because the recovery was less complete during COLD rest.


In spite of the large changes in skin temperatures the physical performance was not significantly affected by the thermal conditions of the rest periods. Oxygen consumption measured at the end of each exercise period remained between 34 and 36 ml/min ∙ kg in both conditions. The average heart rate was almost equal in both conditions as shown in Figure 4. Anaerobic performance measured as the jumping height was not significantly affected by the thermal conditions during the rest periods. Before the exercise protocol the jumping height was 35 ± 2 cm in both conditions and after the last exercise period it was 36  ± 2 cm in both conditions. Also the averaged EMG measured from the greatest muscle groups in lower limbs did not show any significant difference between the thermal conditions. However, in both conditions the exercise/rest periods increased significantly the circulating leukocyte concentration, decreased plasma and blood volume and decreased blood glucose level. The COLD rest produced higher leukocytosis suggesting higher cold stress, and also the blood glucose showed a trend to decrease more during the COLD rest. Naturally, the COLD rest produced higher thermal sensations of cold making the resting periods more uncomfortable. During the study protocol the weight of the subjects decreased (the amount of ingested fluid taken into account) 629 ± 117 g during the COLD rest, and 713 ± 61 g during the WARM rest. The difference in the amount of sweating was not significant between the two conditions.
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Figure 1: Average deep body temperature (rectal temperature) during interval exercise (n=8). Rest periods spent with additional cold protection (WARM rest) = thick line; without additional cold protection (COLD rest) = thin line.


4.0
discussion


The clothing that is used during physical work in cold environment is necessarily a compromise between thermal protection and sufficient body cooling. In ideal conditions the exercising subject is able to adjust the amount of clothing and the pace of work so that thermal balance is maintained. However, during military exercise the conditions of the operation determine whether the soldier’s cold protection is suitable, excessive or insufficient. The soldier’s options for active adjustment of the thermal insulation of clothing are often very limited during the active phase of operation. In the present paper we studied if two simple improvements in cold protection during interval exercise can increase physical performance. 

Our subjects were walking on treadmill (6km/h) so that the oxygen consumption was about 75 % of the individual’s maximal oxygen uptake. The exercise was performed in intervals so that each exercise and rest period lasted for 15 min (total duration 105 min). In the COLD rest protocol the exercise and rest periods were spent in the same thermal conditions (-15 ○C, air velocity 3.0 m/s). In the WARM rest protocol the subjects were wearing an additional long overgarment and were in wind shelter during the rest periods, while the exercise periods were performed in the same conditions as in the COLD rest protocol.

In our study the additional cold protection during the rest periods did not significantly influence on deep body temperature, oxygen consumption, muscular loading and fatigue, anaerobic performance, relative perceived exertion, amount of sweating or heart rate during the study protocol. However, skin temperatures were higher and cold sensations lower due to the additional cold protection.
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Figure 2: Average mean skin temperature during interval exercise (n=8). Symbols as in Figure 1.



In a longer interval exercise  or with longer pauses between the exercise periods, the potential benefits of additional cold protection during the rest periods possibly could manifest: less energy is needed for maintaining the thermal balance, risk of frost bites is reduced due to higher skin temperatures, manual dexterity is improved due to higher hand temperatures, muscular performance is better in warm muscles and mental stress is lower due to reduced cold sensations. The potential negative effects of improved cold protection during the rest periods are related to increased sweating, which increases the risk of hypovolemia that is followed by reduced physical performance and increased peripheral cooling. Accumulation of sweat in clothing compromises the thermal isolation of clothing.

In conclusion, improved cold protection during the rest periods of interval exercise in cold environment has both potentially positive and negative effects on soldiers’ performance. The number of possible combinations of exercise intensity, thermal conditions, pause durations and methods of cold protection is so great that it not possible to study them all. It seems to us that future research should concentrate on finding out some basic thumb rules by which the soldier can avoid the severest negative effects of cold environment during operations.
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Figure 3: Average increase in mean skin temperature during interval exercise due to additional cold protection  during the rest periods (n=8).
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Figure 4: Average heart rate during interval exercise (n=8). Symbols as in Figure 1.



5.0 REFERENCES


Bergh U. Human power at subnormal body temperatures. Acta Physiol. Scand. 1980; 478 (Suppl):1-39.


Borg G. Borg’s perceived exertion and pain scales. Human Kinetics 1998, Champaign, USA.


Convertino VA, Brock PJ, Keil LC, Bernauer EM, Greenleaf JE. Exercise training-induced hypervolemia: role of plasma albumin, renin and vasopressin. J Appl Physiol 1980; 48:665-669.


Dill DB, Costill DL. Calculation of percentage changes in volumes of blood, plasma and red cells. J Appl Physiol 1974; 37:247-248.


ISO 10551. Assessment of the influence of the thermal environment using subjective judgement scales. ISO 1988.


Jacobs I. Muscle metabolism and shivering during cold stress. In Marriot BM, Carlson SJ (eds): Nutritional needs in cold and in high-altitude environments. National Academy Press 1996, Washington D.C. USA.


Jones PJH, Lee IKK. Macronutrient requirements for work in cold environments. In Marriot BM, Carlson SJ (eds): Nutritional needs in cold and in high-altitude environments. National Academy Press 1996, Washington D.C. USA.


Nielsen M. Die regulation der Körpertemperatur bei Muskelarbeit. Skand Arch Physiol 1938; 79:193.


Oksa J. Cooling and neuromuscular performance in man. Studies in Sports, Physical Education and Health 1998; 53. University of Jyväskylä.


Vallerand AL, Jacobs I. Rates of energy substrates utilization during human cold exposure. Eur J Appl Physiol 1989; 58:873-878.

[image: image5.emf] 
























































RTO-MP-HFM-168
25 - 1

25 - 8
RTO-MP-HFM-168

RTO-MP-HFM-168
25 - 7




[image: image44.wmf][image: image45.jpg]}
A NATO
\4% OTAN








Modeling Thermophysiological Responses of Military Personnel Conducting
a Variety of Activities during Simulated Field Operations in a Cold Environment







Modeling Thermophysiological Responses of Military Personnel Conducting
a Variety of Activities during Simulated Field Operations in a Cold Environment



Modeling Thermophysiological Responses of Military Personnel Conducting a Variety of Activities during 
Simulated Field Operations in a Cold Environment


Daniela Z. Pavlinic1, Eugene Wissler2, Igor B. Mekjavic3

1BIOMED d.o.o., Ljubljana, Slovenia


2University of Texas, Austin, Texas, USA

3Jozef Stefan Institute, Ljubljana, Slovenia


dzpavlinic@gmail.com / ehwissler@mail.utexas.edu / igor.mekjavic@ijs.si

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)
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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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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)
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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)
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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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Abstract

Twelve days winter manoeuvre had minor effect on soldiers' physical performance capacity. It seems that the motorized infantry soldiers were not engaged in sustained overexertion during the manoeuvre. In fact, heart rate measurements in the field indicated that the mean workload varied between light and moderate. However, signs of fatigue were observed in the rate of force production and in the task that recruits small muscle groups. Similarly, winter time military manoeuvre had no effect on soldiers' maximal oxygen consumption, ventilation and ergometer work load. This also refers to that the manoeuvre was not strenuous enough to produce long term fatigue. Heart rate during maximal oxygen uptake test in the middle and in the end of the manoeuvre was significantly lower in relation heart rate measured before the manoeuvre, while significant change was not observed in other parameters. This may reflect increased efficiency of cardiac function (e.g. reduced end systolic volume) or increased plasma volume possibly due to training effect induced by the manoeuvre. In conclusion, soldiers were predominantly able to maintain their physical performance capacity during a long-term military manoeuvre in the cold.

1.0 
introduction

The knowledge regarding the changes in soldiers' physical performance capacity, physical strain, fatigue and recovery during long term field operations in cold is quite sparse. So far, literature report results from operations lasting few hours or few days or report results focusing on one of the above mentioned components of physical function. For example, Hackney et al. (1) found that 4.5 days combat training in cold (-2 - -22 °C) decreased anaerobic capacity of the soldiers by ca. 9 % whereas similar operation in a warm environment (10 - 32 °C) reduced anaerobic capacity by ca. 3 %. Hodgdon et al. (2) found that endurance, measured as snowshoeing time, was reduced in soldiers living in tents in the field in comparison to soldiers living in the barracks. However, as the operations may last for several days or even weeks it is essential to know what effect long term military operation may have on individual or troop of soldiers' physical ability to function. Therefore, this study was designed to evaluate the effect of 12 days military manoeuvre in cold environment on physical performance capacity, physical strain, fatigue and recovery of participating soldiers. In addition, the aim was to find out how was the physical strain subjectively evaluated.

2.0
methods


The 12 twelve day military manoeuvre consisted of 5 day combat training and 6 day combat shooting training with one day (day 6) for transportation in between. This study was divided into laboratory and field measurements. 

2.1
Laboratory measurements

There were 22 voluntary male conscripts participating the laboratory measurements. Their mean±SD age was 20±1 years, height 177.1±6.8 cm, weight 71.4±9.5 kg, subcutaneous fat 14.0±2.8 and body mass index 22.8±2.2 kg/m2. The subjects were tested on three occasions: just before (BF) the start of the manoeuvre, in the midst of the manoeuvre (day 6, MID) and after (AF) the manoeuvre. In the laboratory physical performance capacity was tested with six different tests:

1. Maximal oxygen consumption (MaxVO2) test was performed with a bicycle ergometer (Ergoline 100k, Fysioline Oy, Finland or Monark 839E, Monark Ab, Sweden). The test started with the load of 75 W and was increased by 25 W increments every 2 minutes until exhaustion. During the test oxygen consumption (Metamax 3B, Cortex Biophysik Gmbh, Germany, Medikro 901, Medikro Oy, Finland and Oxygon Mobile, Cardinal Health Ltd, Canada) and heart rate (Polar S610i, Polar Electro Oy, Finland) were measured continuously. In each testing occasion the subjects were tested by using the same devices. Aerobic and anaerobic threshold levels were defined from changes in ventilatory equivalents (VE/VO2 and VE/VCO2), ventilation and trueO2 (3).

2. Maximal isometric knee extension (MVCknee) force was measured with a leg extension/flexion dynamometer (Legcurl, HUR Oy, Finland). The subjects were seated in the dynamometer with 110° knee and hip angle and were fixed to the seat and back support with a strap around their hip and chest in order to avoid movement during the test. When asked the subjects extended their knee maximally as fast as possible. From the data maximal force and force - time curve were analysed.

3. Maximal isometric wrist rotational (MVCwrist) force was measured using a rotation dynamometer (Newtest strain gauge 200, Newtest Oy, Finland). The dynamometer was fixed to a table adjustable to the waist height for each subject. With a pinch grip with three fingers on a key (2 cm diameter) attached to the dynamometer the subjects were asked to rotate their wrist clockwise as forcefully as possible. Maximal rotation force was measured.

4. Maximal static jump (SJ) was performed on a contact mat (Newtest Powertimer, Newtest Oy, Finland). The subjects started from a 90° knee angle squatting position with their hands on their waist and performed a maximal upward jump without any countermovement. The flight time of the jump was measured and jump height was calculated (4).

5. Maximal countermovement jump (CMJ) was performed on a contact mat (Newtest Powertimer, Newtest Oy, Finland). The subjects started from a standing position with their hands on their waist and squatted to their preferred depth and performed a maximal upward jump. The flight time of the jump was measured and jump height was calculated (4).


6. Anaerobic power (AP) of the lower extremities was determined by performing five consecutive CMJ's on a contact mat (Newtest Powertimer, Newtest Oy, Finland). The flight time of each jump was measured and anaerobic power was calculated (4).


In addition to physical performance capacity tests in every test occasion also body weight was measured and the amount subcutaneous fat (F%) was estimated by measuring skinfold thickness from four different sites: above m. biceps and m. triceps, below os. scapula and above os. crista iliaca (5). 

2.2 
Field measurements

Ten subjects out of the 22 participating in the laboratory measurements volunteered for the field measurements. Their mean±SD age was 20±1 years, height 177.4±8.1 cm, weight 71.5±7.7 kg, subcutaneous fat 13.8±3.1 and body mass index 22.7±2.3 kg/m2. On seven days during the manoeuvre (day 1 AM and PM, days 2, 3, 4, 8, 9 and 10 PM) the subjects performed four tests in the field: MVCwrist, SJ, CMJ and AP. Cardiac strain was monitored continuously throughout the manoeuvre by measuring heart rate (Polar S610i and S810i, Polar Electro Oy, Finland). The data was collected at 60 s intervals. The analysis of cardiovascular strain was performed concerning the whole manoeuvre and a block of selected tasks (see below). In addition, individual subjective evaluation of the experienced physical strain of the tasks and physical performance capacity were asked from each subject daily on 10 point scale: 1 = maximal strain/minimum performance capacity, 10 = minimum strain/maximum performance capacity (6). Also the amount of sleep, rest and ability to perform the required tasks were asked.

Table 1. The list of selected tasks


		1

		Attack, no engagement



		2

		Counter-attack exercise 



		3a

		Attack



		3b

		Effect deployment according to mission plan, counter attack, interception



		4a

		Early dismounting and 7 km foot march



		4b

		Attack, objective attained



		4c

		Effect deployment



		6

		Firing attack



		7

		Unit raid 



		8

		Urban warfare, attack. Exercise using blanks. Several 1 km trips from base to combat area and back.



		9

		Urban warfare, attack. Live rounds. Includes a 1 km trip from the base to the combat area and back.



		10

		Defensive action exercise



		11

		Defensive action during the day time



		12

		Defensive action during the night time 





2.3
Statistics


Analysis of variance with repeated measures was used. When a significant F-ratio was obtained, one way analysis of variance with Duncan's post hoc test was applied and significance was accepted at p < 0.05.


3.0
results


3.1
Laboratory measurements

3.1.1
Muscular performance

The manoeuvre did not induce any systematic changes in the maximal force levels. The height of the SJ increased ca. 3 cm in MID and AF in relation BF and MVCwrist decreased in MID ca. 6 N (Table 2).


Table 2: Results from muscle force tests. * = p<0.05 in relation to BF. Values are mean±SE, n = 22.


		Parameter

		BF

		MID

		AF



		MVCknee (N)

		1233±52

		1204±60

		1210±52



		MVCwrist (N)

		48.1±2.2

		42.5±1.3*

		45.8±2.1



		SJ (cm)

		29.0±0.7

		32.1±1.0*

		31.8±0.7*



		CMJ (cm)

		35.2±0.9

		35.1±1.0

		34.3±0.9



		AP (W·kg-1)

		25.7±0.8

		25.9±0.9

		25.5±0.7





However, the manoeuvre did induce a downward shift in the force - time curve indicating slowing of force production in a given time (Figure 1).




[image: image1.wmf]0


100


200


300


400


500


0


200


400


600


800


1000


1200


1400


 


 


Force (N)


Time (ms)


 BF


 MID


 AF




Figure 1: Maximal isometric knee extension force - time curve. 

3.1.2
Cardiovascular performance


Average (±SE) maximal oxygen consumption at BF was 3.17±0.11 liters · min-1 (45.1±1.1 ml·kg·min-1). The cardiovascular performance level depicted by oxygen consumption or bicycle ergometer workload did not significantly change in MID or AF in any exercise intensity level (aerobic/anaerobic/maximal). However, heart rate response with each exercise intensity was lower during MID and AF in relation to BF (Table 3).

Table 3: Workload (WL), heart rate (HR) and oxygen consumption (O2) at aerobic threshold (AerT), anaerobic threshold (AnT) and at maximal (Max) exercise intensity during BF, MID and AF. * = p<0.05 in relation to BF and # = p<0.05 in relation to AF and BF. Values are mean±SE, n = 22.


		

		Parameter

		BF

		MID

		AF



		AerT

		WL (W)

		126±7

		121±6

		123±5



		

		HR (beats·min-1)

		136±3

		133±3*

		128±3*



		

		O2 (liters·min-1)

		1.66±0.09

		1.81±0.07

		1.71±0.06



		AnT

		WL (W)

		195±9

		193±96

		195±9



		

		HR (beats·min-1)

		165±3

		162±3

		156±3*



		

		O2 (liters·min-1)

		2.44±0.11

		2.61±0.13#

		2.44±0.10



		Max

		WL (W)

		257±8

		256±10

		249±8



		

		HR (beats·min-1)

		188±2

		181±3*

		178±3*



		

		O2 (liters·min-1)

		3.17±0.11

		3.26±0.13

		3.08±0.10





3.1.3
Anthropometric changes

During the manoeuvre the weight of the subjects decreased significantly already at MID and continued to decrease towards AF. Similar significant changes could be observed also in the amount of subcutanoeus fat and in the skinfold thicknesses (Table 4). Calculated from the changes in weight and subcutaneous fat the subjects lost approximately 857 g of fat (443 g weight loss due to other reasons), which corresponds to 7713 kcal of energy (32.3 MJ).

Table 4: Weight, subcutaneous fat and skinfold thicknesses during BF, MID and AF. Values are mean±SE, n = 22, * = p<0.05 in relation to BF and # = p<0.05 in relation to MID.

		Parameter

		BF

		MID

		AF



		Weight (kg)

		71.4±2.0

		70.6±1.9*

		70.1±1.9*



		Subcutaneous fat (%)

		14.0±0.5

		13.4±0.5*

		12.8±0.5



		Biceps (mm)

		4.1±0.2

		3.8±0.2*

		3.6±0.2*



		Triceps (mm)

		8.4±0.5

		8.3±0.5

		8.3± 0.5



		Scapula (mm)

		10.2± 0.5

		9.6± 0.4*

		9.3±0.4*#



		Iliaca (mm)

		9.2±0.6

		8.5±0.5

		7.9±0.5*#





3.2
Field measurements

Heart rate measured during the selected tasks showed that average cardiovascular strain remained clearly on the level of aerobic exercise intensity. The average maximal heart rate was higher than aerobic threshold in 9 tasks out of 14 but never reached the level of anaerobic threshold (Figure 2).

There were only small differences in the cardiovascular strain between the selected tasks and the whole manoeuvre. The time spent between AerT and Ant was ca. 1% more in selected tasks in relation to whole manoeuvre (Table 5).

Table 5: The time related percentual distribution of heart rate below AerT, between AerT - AnT and above AnT during whole operation and selected tasks. * = p<0.05 in relation to whole operation. Values are mean±SE, n = 10.


		

		Below AerT (%)

		Between AerT - AnT (%)

		Above AnT (%)



		Whole manoeuvre

		96.6±1.2

		2.9±1.1

		0.5±0.2



		Selected tasks

		95.4±1.6

		4.0±1.4*

		0.5±0.3
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Figure 2. Average heart rate with minimum and maximum average during selected tasks in the field. AnT and AerT definitions are from BF measurement.

The daily performance capacity tests showed that MVCwrist was significantly decreased on day 3 and 4 i.e close to the end of combat training (Table 5). In the following combat shooting training the MVCwrist fully recovered. In the performance of the legs a similar pattern of change was observed; performance decreased the most on day 3 after which it started to recover and was fully recovered in the end of combat shooting training (Table 6).

Table 6: Static jump, countermovement jump, anaerobic power and wrist rotation force during different days of the manoeuvre. * = p<0.05 in relation to whole operation, # = differential measuring condition. Values are mean±SE, n = 10.


		Day

		SJ (cm)

		CMJ (cm)

		AP (W kg-1)

		MVCwrist (N)



		1 AM

		26.4±1.1

		30.2±1.5

		23.4±1.3

		48.8±3.1



		1 PM

		25.4±0.9

		28.6±1.3*

		22.4±1.2*

		44.0±2.9



		2

		25.2±1.1

		29.0±1.5

		22.2±1.2*

		48.3±2.8



		3

		23.5±1.3*

		26.7±1.3*

		19.9±0.9*

		43.2±2.9*



		4

		24.1±1.0

		27.0±1.2*

		20.6±1.2*

		42.1±2.7*



		5

		24.6±0.6

		27.6±0.9*

		21.0±0.9*

		44.5±2.7



		6

		25.6±1.1

		27.8±1.5*

		22.1±1.5

		37.1±2.5*#



		7

		25.7±0.8

		29.0±1.3

		22.4±1.3

		44.1±2.9





According to subjective evaluation the physical performance capacity was voted fairly good being on average 6.8 in the beginning of operation and remained between 6.6-7.1 during rest of the operation. The experienced physical strain of the tasks was on average 6.5±1.2 which supports heart rate responses so that the tasks were not experienced to be strenuous. The variation in experienced physical strain varied between 3.7-8.6 (Figure 3). 
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Figure 3. Daily subjective evaluation of experienced physical strain.

Physical performance capacity correlated positively with the amount of sleep (r = 0.399, p<0.01) and rest (r = 0.549, p<0.01). Similarly, the ability to perform the required tasks correlated positively with the amount of sleep and rest (r = 0.497, p<0.01).

4.0 Discussion 

The results of this study indicate that the physical fitness level of the group of subjects was sufficient to meet the demands set by the 12 days military manoeuvre. In addition, the physical strain induced by the manoeuvre did not cause changes in the fitness level (no long lasting fatigue).


4.1 Laboratory measurements

The 12 days military manoeuvre in winter conditions induced a significant reduction in weight and in the amount of subcutaneous fat. The reduction in F% was mainly because of decreased skinfold thickness above m. biceps, below os scapula and above crista iliaca. These changes indicate that energy balance during the manoeuvre was negative: the need for energy exceeded the amount received. It may be argued that this level of energy deficit is able to induce only unpleasant sensations rather than changes in physical performance capacity. This argument is supported by the results showing that the average level of physical strain remained in the aerobic intensity zone and that there was no consistent reduction in physical performance capacity. However, should this kind of negative balance continue for longer periods it would inevitably induce reduction in individual and therefore also in troop performance capacity.

In maximal muscle force values measured in BF, MID and AF only changes were observed in static jump and wrist rotation force. The increase in jump height of SJ can most probably be explained by learning effect. The jump is technically demanding since no countermovement is allowed before actually performing the jump. In natural human locomotion this kind of muscle functioning does not exist rather every movement is preceded by a short countermovement (stretch) which is then followed by actual movement. It has been shown that motor performance improves already after few training sessions (7) which in this case is the most likely explanation for the increased jump height in SJ. 

A reduction in the level of maximal muscle force can be regarded as a traditional indicator of muscle fatigue (8). The wrist rotation force was the lowest in MID indicating that the combat training was strenuous enough for small upper extremity muscles to induce fatigue. However, towards the end of the manoeuvre MVCwrist returned almost to BF level, indicating that combat shooting training was less strenuous and recovery of the upper arm muscles could take place.

Although the maximal isometric force level of the legs did not change significantly, the rate of force production did decline which was seen as a downward shift in the force-time curve. The change was not statistically significant but it still has a clear effect on momentary explosive performance; in a given time less force can be produced. The reduction in rate of force production may be e.g. due to slowed ATP hydrolysis, slowed calcium release and uptake in the sarcoplasmic reticulum and reduced binding affinity in the actomyosin complex (9, 10).

In cardiovascular performance (maxVO2-test) two changes were observed: heart rate decreased in relation to workload in all exercise intensity levels and in MID anaerobic threshold was reached with higher VO2 though workload was the same as in BF and AF. The latter implies that there was a transient decrease in the efficiency of muscular work possibly due to inadequate recovery of energy reserves or decreased endurance capacity of the lower extremities. Together with the notion that force - time curve shifted downwards these may refer to that the lower extremities were to some extent fatigued due to physically more demanding start of the manoeuvre.

The systematic lowering of the heart rate in all exercise intensities refers to that the efficiency of cardiac function was enhanced and this may increase absolute working time in a given work level. It is also possible that general improvement in working economy due to long lasting aerobic exercise has taken place thus resulting in lower heart rate observed in all exercise intensities. The results of this study may not explain where the change originates but it can be argued that endurance type of training involved in the manoeuvre has induced a training effect leading to enhanced cardiac filling and/or reduced end systolic volume thus increasing the efficiency of cardiac function (11). 

4.2 Field measurements

During the manoeuvre in the daily measured performance tests no systematic changes were observed. Day to day variation, even statistically significant, could be observed in some tests however, these changes recovered. These results indicate that the daily physical strain has induced momentary fatigue which however, was recoverable to the forthcoming day or days. On the other hand, some of the changes were to that extent small that they could be explained by normal variation in performance capability and may not reflect actual muscle fatigue. 

The average cardiovascular strain induced by the manoeuvre was fairly low. During the selected tasks average heart rate was below aerobic threshold and even average maximal heart rate did not exceed anaerobic threshold. Thus, majority of the measured heart rates were below aerobic threshold during the manoeuvre and the selected tasks analysis revealed that only 1 % more of the heart rates were in between AerT - AnT as compared to whole manoeuvre. These results indicate that the physical fitness level of the conscripts is sufficient for this kind of military manoeuvre used in the study. On the other hand, there might have been unintentional selection of the subjects. Their average cardiovascular fitness was clearly higher than that of an average conscript (in Cooper test 2700 meters in relation to an average of 2350 meters) and therefore, these results may not reflect the average strain experienced by a total population of conscripts. However, it can be argued that with physical fitness level estimated as "average" the 12 days military manoeuvre is not too strenuous and excessive fatigue can not be found. Therefore, it is concluded that average fitness level is sufficient to meet the demands of a 12 day military manoeuvre in winter conditions.
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Abstract

Manual performance during military operations in cold and windy climates is severely hampered by decreased dexterity, but valid dexterity decrease predictors based on climatic factors are scarce. Therefore, this study investigated the decrease in finger dexterity for nine combinations of ambient temperature (-20, -10 and 0°C) and wind speeds (0.2, 4 and 8 m·s2), controlled in a climatic chamber. Finger dexterity was determined by the Purdue pegboard test. Twelve subjects with average to low fat percentage were exposed to cold air for one hour with and without extra insulation by a parka. The subjects were clothed in standard work clothing of the Royal Netherlands Air Force for cold conditions.


Extra insulation did affect cold sensation but not finger dexterity. The deterioration in finger dexterity depended upon Wind Chill Equivalent Temperature (WCET) and the square root of exposure time (r=0.93 for group average). A simple model is constructed that may be valuable to predict the risk for strong dexterity decrease during military operations in the cold, but more work should be done to determine critical values in dexterity for a wide variety of operational tasks.


1
INTRODUCTION

Decreased dexterity is a major problem for military operations in the cold. Manual task performance deteriorates and therefore the number of accidents increases in the cold (1). Also, the safety of others can be compromised, for instance an aircraft loading crew that is seriously affected by cold can unintentionally threaten the safety of the flying personnel. Therefore, directives are needed to indicate when a decrease in manual performance is to be expected so that a fresh crew can take over in time. Factors influencing the exposure time are 1) climatic factors: ambient temperature, wind speed, relative humidity, solar radiation; 2) personal factors: fat insulation, susceptibility to cold, acclimatization; 3) metabolic rate; 4) clothing insulation.


It would be unachievable to vary all these factors in a single experiment; therefore we determined the most critical factors for a study aimed to quantify the dexterity decrease in the cold. We decided to vary two climatic factors and clothing insulation and to take the worst case for personal factors (less than average fat percentage, not previously exposed to cold) and metabolic rate (sitting in rest).


Since the humidity content in cold air is low, this factor was left out. Steadman (2) previously estimated the impact of solar radiation, so the remaining thermal factors included in the analysis are ambient temperature and wind speed. These two factors are combined in the Wind Chill Index (WCI) or Wind Chill Equivalent Temperature (WCET).

The WCET is commonly used as an estimator for the risk for freezing cold injuries (3;4) but it is also used to estimate cold related mortality (5) and dexterity decrease (6;7). Siple and Passel (3) first introduced the WCI-term based on empirical data. Using the WCI, the 'subjective' temperature ‘WCET’ could be calculated for a chosen reference wind speed. Later, Steadman (2;8) calculated the WCET based on models of human heat transfer. For several decades these two wind-chill indices were used simultaneously with resulting confusion. 


In 2001 the National Weather Service (NWS) adopted a new WCET (see www.weather.gov/om/windchill) based on experimental work on facial cooling (9). This WCET is defined as:


WCET = 13.12 + 0.6215*T – 11.37*v0.16 + 0.3965*T*v0.16 (10)

in which WCET stands for Wind Chill Equivalent Temperature in °C, T for ambient temperature in °C and v for wind speed in km/h measured 10 meters above the ground.


This new WCET is rapidly becoming the ‘de facto’ standard, even though there are still some arguments that the convective heat loss model of the new WCET should have been better established prior to the introduction of this standard (11). Several meteorological offices worldwide changed to the NWS-index and ISO adopted the formula as the indicator for freezing cold injuries (10). Daanen (6) related his observations on dexterity decrease to the Siple/Passel and Steadman formulae, but not to the new NWS-index. 


Therefore, it is the aim of this study to investigate the relation between dexterity decrease and the NWS-WCET, so that the WCET-values communicated by the meteorological offices can be used in the field as an indicator for expected dexterity decrease. We hypothesize that the dexterity decrease is strongly related to the WCET and that clothing insulation also explains part of the variation. 

2 METHODS

2.1 Subjects


Twelve healthy males (27 ± 6 (SD) years old, 184 ± 8 cm tall and a body mass of 76 ± 12 kg), not exposed to cold for several weeks, participated in the study. The subjects were fully informed of the purpose of the study and of their right to withdraw from experimentation at any time without prejudice and gave their written consent. The Local Ethical Committee approved the protocol. 

The subjects participating in the experiment were selected in such a way that their average fat percentage was just below average. The fat percentage of the subjects was 13.5 ± 4.8%. According to Fox and Mathews (12) the average for males is about 15 tot 17%. The subjects performed no exercise and were asked to sit quietly in order to reduce metabolic, heat production. In this way a worst-case situation was constructed. Therefore, the resulting cold exposure times based on this population will be ‘on the safe side’ for the ‘average’ male.  


2.2 Clothing


During the experiments the subjects were wearing standard winter work clothing of the Royal Netherlands Air Force. This consisted of: thermal underwear, battle dress, warm overall, dickey, warm socks, work shoes, fur hat with ear flaps, leather gloves and 'trigger finger' mittens. Goggles were used to prevent freezing of the eyes. 'Camaches' were put around the ankles to prevent excessive air movement through the trousers. Every subject was exposed to cold with and without an additional parka. The thickness of the clothing parts was determined under a pressure of 100 Pa and these values were entered in the model of Lotens and Havenith (13) to determine the insulation values for a minimal wind speed. The insulation without a parka was 0.35 m2K/W, the insulation with a parka was 0.38 m2K/W.


2.3 Climatic conditions


Every subject participated in nine different sessions. The ambient temperature was set to 0, -10 en -20°C and the wind speeds to 0.2, 4 and 8 m/s (0.9, 14.4 and 28.8 km/h) (measured about one meter from the ground and about 20 cm in front of the face of the subject). The wind speed at the face was recalculated to wind speed at 10 m height by multiplication with a factor 1.5, as recommended in ISO 11079 (10). This leads to nine different WCET values (Table 1). 

Table 1: Wind Chill Equivalent Temperature (WCET) values for the nine investigated thermal conditions

		

		Ambient  temperature (°C)



		Wind speed (m/s)

		0

		-10

		-20



		at the face

		at 10 m high

		

		

		



		0 - 0.5

		0.4

		1.2

		-9.1

		-19.4



		3.5 - 4.5

		6.0

		-5.5

		-18.1

		-30.7



		7.5 - 8.5

		12.0

		-7.7

		-21.0

		-34.4





2.4 Dexterity determination


Immediately after entering the cold room the subjects were asked to sit on a chair. For the wind speeds of 14.4 and 28.8 km/h the subject was seated in the wind tunnel. If the wind was minimal the subject was seated in a shielded part of the climatic chamber. 


Three times, every twenty minutes the subjects performed the dexterity test, starting about one minute after entering the cold room. The Purdue pegboard test was shown to be well correlated to finger dexterity (14). In thirty seconds the subjects had to place as much pins in the board as possible with both hands. The gloves were removed during the test since those fine dexterity tasks can only be performed with bare hands. 


Hereafter, the subjects had to indicate the cold sensation on a list ranging form 8 to -8 with the adjectives 'very hot' (8), 'hot' (6), 'uncomfortably warm' (4), 'comfortably warm' (2), 'neutral' (0), 'comfortably cool' (-2), 'uncomfortably cool' (-4), 'cold' (-6) and 'very cold' (-8).


During the periods that the subjects were not performing tasks in the cold room, they were sitting quietly with gloves and mittens over their hands. After the last test the subjects left the climatic chamber and stayed in a room of about 30°C for at least one hour to rewarm. The gloves, mittens, hat and parka were removed during the recovery period.


2.5 Temperature determination


The temperature of the left cheek bone (Tch) and the ventral side of the distal phalanx of the left toe (Ttoe) and left little finger (Tfi) was determined by a copper-constantane thermocouple. The sensor was fixed to the skin by 25 mm wide air permeable tape.


Rectal temperature (Tre) was continuously measured by a thermistor (YSI 701) inserted about 12 cm in the rectum. 


Three thermocouples were placed on the body to estimate the mean skin temperature (Tsk): on the sternum (Tchest), the belly of the biceps brachii (Tarm) and the medial vastus muscle (Tleg). Tsk is calculated as (15):


0.36 Tarm + 0.25 Tchest + 0.34 Tleg + 1.19 





[1]


This formula is validated against surface weighted calculation for 10 locations for a temperature range of 13 to 49°C and variable wind speed (15).


The mean body temperature (Tb) is calculated by a formula by Farnworth and Havenith (16):


Tb = 0.56 Tre + 0.02 Tchest + 0.04 Tfi + 0.065 Tarm + 0.145 Ttoe + 0.180 Tleg + 0.08
[2]


2.6 Termination of the experiment


The experiment was terminated when the subject or the experimenter indicated that the cold was no longer tolerable. Moreover, the experiment was terminated when rectal temperature was below 35°C or if one of the determined skin temperatures fell below 5°C. When the experiment was terminated, the subjects were removed from the cold immediately.


2.7 Statistics


The effect of clothing insulation on the determined variables was tested with a one-way MANOVA (17). This test is equal to a paired t-test.


The dexterity decrease in the cold was related to WCET and exposure duration. To determine the best relation, a curve was fitted with the general equation: dexterity decrease = a + b * WCET * durationc. Fitting was performed using the Levenberg-Marquardt least squares method.


The reported temperatures are averaged over the 3 minutes preceding and 3 minutes following minute 10, 20, 30, 40 and 50.


3 RESULTS


Drop-outs


The total number of sessions was: 12 (subjects) x 9 (WCET) x 2 (clothing) = 216. Two sessions were missed due to absence of the subjects, leaving 214 for the analysis.


In all 214 sessions the subjects stayed in the climatic chamber for at least 20 minutes. Twelve sessions were ended before the 40th minute and 36 before minute 60. The dropouts were only found for low WCET-values. The percentage dropout thus was related to the combination of WCET and exposure duration. This is shown graphically in Fig.1. When WCET multiplied by exposure duration became less than 1300 °C·min, the number of dropouts rapidly increased. Almost all sessions were ended due to the toe temperature exclusion criterion.
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Figure 1: Percentage of dropouts related to the product of windchill equivalent temperature and exposure duration (in °C·min).


Clothing


There was no significant difference between the two clothing ensembles for Tre (F(1,996)=0.0, P>0.05), the Purdue Pegboard test (F(1,808)=0.01, P>0.05) and toe temperature (F(1,1017)=2.7, P>0.05). Wearing the parka was related to a higher Tsk of 32.0 ± 1.9 °C versus 30.7 ± 1.9 °C (F(1,1007)=115.7, P<0.001). All measured skin temperatures, except for the toe, were higher when the parka was worn.


Wearing the parka was accompanied by a significantly warmer feeling of –1.7 ± 3.0 versus –2.8 ± 2.8 (F(1,802)=28.1, P<0.001).


Direct effect of climatic factors on dexterity


Dexterity was strongly related to WCET and exposure duration. For the fitted curve dexterity decrease = a + b * WCET * durationc, the c value equaled 0.48 for finger dexterity. 

If we set the manual performance at the 0°C low wind condition to 0% we can estimate the dexterity decrease. We averaged the values over subjects, which leaves us with 72 data points (9 WCET * 4 exposure durations (0, 20, 40 and 60 minutes) * 2 clothing ensembles). The resulting regression equation is:

Finger dexterity decrease = 0.127 * WCET * duration0.48 (r = 0.93
)

[3]


Thus, for a WCET of -10°C and an exposure time of 30 minutes a decrease in finger dexterity of about 6% can be expected. 


Effect of finger skin temperature on dexterity


The relation between Tfi and finger dexterity is shown in Fig. 2. At finger temperatures of less than about 14°C the performance decreases. The dropouts at low Tfi may even cause underestimation of the dexterity decrease at low temperatures.
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Figure 2: Relation between finger skin temperature (°C) and finger dexterity (Purdue pegboard score). The values are averaged over twelve subjects and clothing insulation. Each point stands for a measurement with fixed windchill equivalent temperature after 20 or 40 minutes of exposure time.

There was a distinct relation between Tb and finger dexterity. The method of Tb-calculation by Farnworth and Havenith (16) showed a better correlation with finger dexterity (r = 0.92) than the traditional method weighing only rectal and mean skin temperature with appropriate weight factors for a cold body (0.6 Tre + 0.4 Tsk) (r = 0.89).


The fat percentage of the subjects had no relation with the scores on the finger dexterity tests.


4 DISCUSSION


The goal of the study was to relate finger dexterity to the WCET. It was shown that the combination of WCET and exposure duration was very well related to finger dexterity with a correlation of 0.93. Teichner (7) was one of the few who related dexterity to wind-chill. His subjects had to perform tasks after a 25-minute exposure to cold in well-insulated clothing and with gloves on. The finger dexterity tasks were performed without hand protection. If his results are recalculated to a WCET with a reference wind speed of 2 ms-1, a performance decrease was found at WCET lower than -21°C. In our study, finger and hand dexterity decreased by 12% after exposure to -21°C WCET for 25 minutes. The finger temperature was just below 14°C in Teicher’s study when serious dexterity decrement occurred. In Fig. 2 it is shown that also in our investigation finger dexterity decreased when finger temperature fell below 14°C.


Clark and Jones (18) showed that dexterity decreased during cold exposure, and that this decrease had a cold specific training effect. Subjects trained for their tasks in a cold environment performed better in the cold than subjects trained in a warm environment. In our investigation cold and wind were balanced, thereby excluding temperature specific training effects.


The experiment was performed with minimal workload: the only work performed was the displacement of the pins. In this situation performance decrease is expected to be maximal compared to situations in which humans are warmed by continuous exercise. So, the results can be interpreted as the worst condition. Moreover, in reality dexterity tasks are often performed in a situation in which exercise is minimal. 


Clothing insulation had a strong influence on the subjective cold score and skin temperatures, but did not influence manual performance. The difference in insulation by the parka was about 0.38 m2K/W (0.2 Clo), and probably insufficient to influence performance.


For the results to be useful in military operations, there is a need for percentages of dexterity decrease below which problems occur. This percentage is not easy to give since dexterity does not suddenly stop, but gradually decreases. However, if we take a finger skin temperature of 14°C as a threshold (see Fig. 2 and results of Teichner (7)) and relate this to the combination of WCET and exposure duration, we can make a curve of critical values (Figure 3). The formula corresponding to these values is:


0.0808 * WCET * duration0.48 = -9.136




[4]
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Figure 3: The left upper area in the figure indicates combinations of WCET (°C) and exposure durations for which the finger skin temperature will drop below -14°C and dexterity problems may occur.


The dexterity decrease can mainly be attributed to reduced peripheral blood flow initiated by the drop in body temperature. However, previous work has shown that there is also a direct effect of cold on the synovial fluid in the fingers, causing reduced dexterity (19).


This study only reports the effect of wind and temperature on dexterity; other related factors as radiation and wetness of the hands are reported in the literature. Steadman (2) calculated the effects of full sunshine (135 Wm2) on the WCET. For temperatures below 0°C the effect of sunshine is dependent on wind speed and almost independent on ambient temperature. For minimal wind speed about 7°C has to be added to the WCET, for a wind of 20 ms-1 about 3°C has to be added. Similar to solar radiation, the radiation to and from the subject is more important at low wind speeds. Shitzer (20) calculated that about 23% of heat loss can be attributed to ambient radiation at low wind speeds and about 5% at high wind speeds.


Another factor that influences the relation between dexterity and WCET is the presence of wet hands. Daanen (6) calculated that heat loss of continuously wet hands equals about twice the heat loss of dry hands in still air and three times in windy conditions. When a hand is not continuously wet, but only dipped in water once, about 7 kJ of heat is extracted from a hand.

This paper focuses on the finger dexterity only. Daanen (2009) also describes the effect of cold on hand dexterity and grip force. 

In summary, we conclude that WCET in combination with exposure duration may serve as a good indicator for manual performance decrease in the WCET range of 1 to –34°C and exposure durations of up to one hour.
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ABSTRACT

The aim of this research programme was to improve military performance in extended military operations in cold conditions. The research was performed in cooperation with the Finnish Defence Forces and the Finnish Institute of Occupational Health during years 2003-2007 in Northern Finland. Questionnaires, physiological measurements, performance measurements, health examinations and clothing tests were applied. The measurements were carried out mainly in ca. two weeks winter combat exercises of motorized infantry units. The subjects were voluntary male conscripts.

One distinctive result from the daily questionnaires, carried out during the winter trainings, has been a marked deficiency in drinking water among the soldiers. Furthermore, a typical phenomenon during the exercises was that some soldiers had to be evacuated to first aid station with symptoms such as headache, nausea, dizziness and weakness. After giving proper amount of drinking water the symptoms dramatically ceased. Main explanations for the deficient drinking during the exercise have been inadequate logistics of food and drinking water and freezing of water.

An intervention study for a proper hydration during two weeks winter training was performed. One platoon was supplied daily with additional 10 pieces of 0.2 litre juice containers, which were kept warm in their all terrain vehicles. A reference platoon was supplied with normal food and drink rations. The results of this intervention study show that all subjects in the test platoon got enough to drink, while all subjects in the control platoon suffered from thirst. The improved drink rations were associated with clearly improved subjective evaluations of physical and mental performance, mood and motivation in the test platoon compared to the control platoon. Furthermore, daily consumption of 2.0 to 2.5 litres of fluid seems to be enough to maintain good hydration status and optimal performance in wintertime combat training in the studied type of military tasks.


1.0
INTRODUCTION

Both short and long term exposure to cold decreases significantly the different components of physical performance, e.g. the function and coordination of hand, muscular strength, maximal aerobic capacity and fulfilling submaximal tasks [1,2,3,4]. Also mental performance decreases in cold [5] and hypohydration decreases it even more [6]. Hypohydration decreases initiativity and reduces food intake, which in turn can reduce body's energy supplies and heat production [7]. Hypohydration can decrease the ability for thermoregulation in long term cold exposure in rest by decreasing peripheral vasoconstriction so that heat loss increases [8]. Extremities cool even more, because the blood flow to peripheral parts of the body decreases due to the decrease of blood volume caused by dehydration [9,10]. There is also evidence that hypohydration increases the prevalence of frostbite in peripheral parts of the body [11]. Moreover, hypohydration influences the circulation even before the blood volume has decreased [12].

A research program on health, performance and cold protection of soldiers in long-term combat during winter has been performed in co-operation with Finnish Defence Forces (FDF) and Finnish Institute of Occupational Health (FIOH) during years 2003-2007 in Northern Finland. The project was a continuation of long-time research and development co-operation between FDF and FIOH.

The aim of this research program was to improve military performance in extended military operations in cold conditions. Another aim was to improve the methods of monitoring and evaluating soldiers' physical and mental performance in the field in winter time. Part of the study was also to compare the newly developed model M2005 of combat clothing and personal equipment of Finnish soldier with the combat clothing model M1991. It could be expected, that during long-term strenuous combat exercise in winter conditions several factors e.g. physical and mental fatigue, sleep loss, decrease of thermal insulation of clothing due to moisture and dirt, dehydration and negative energy balance may decrease the performance of soldiers and military units.

Questionnaires, physiological measurements, performance measurements, health examinations and clothing tests were applied. The measurements were carried out mainly in ca. two weeks winter combat exercises of motorized infantry units. 


One distinctive result from the interviews and daily questionnaires, carried out during the winter trainings, shows that there is a marked deficiency in drinking water. Furthermore, a typical phenomenon during the exercises was that some soldiers had to be evacuated to first aid station with symptoms such as headache, nausea, dizziness and weakness. After giving proper amount of drinking water the symptoms dramatically ceased. Main explanations for the deficient drinking during the exercise have been inadequate logistics of food and drinking water and freezing of water. 


Therefore, an intervention study was carried out, in which one platoon of soldiers was supplied by extra daily rations of 2 litres of juice, which were kept warm in their all terrain vehicles. Moreover, the soldiers were able to drink normally during their meals. A reference platoon was supplied by normal food and drink rations.


2.0
GENERAL DESCRIPTION OF MATERIALS AND METHODS


The study was carried out during a 12 days field exercise in December 2005 in Northern Finland. The exercise started as a 5 days combat training and continued by a 7 days combat shooting. The subjects were voluntary male conscripts, aged 18-23 years, from a motorized infantry company of Jaeger Brigade, Sodankylä, Lapland.

One infantry platoon (n=28) was supplied daily with 10 pieces of 0.2 litre juice containers, which were kept warm in their all terrain vehicles; moreover, the soldiers were able to drink normally during their meals. 

The juice containers were orange, apple and pineapple juices. The content was: carbohydrates 10-12 g/100 ml, energy content 170-205 kJ/100 ml (40-48 kcal/100 ml), and ascorbin acid 30 mg/100 ml.

A reference platoon (n=26) was supplied with normal food and drink rations.

The amount of consumed fluids by every man was recorded daily in a questionnaire. Also with daily questionnaires was asked on a scale from 0 (worst situation) to 10 (optimal situation) their subjective opinion of their mood, motivation and physical and cognitive performance. 

3.0
results

The mean temperature during the exercise was -8.6 oC, variation was between -3.9 - -21.1 oC. There was no rain during the exercise.


The results of this intervention study show that all subjects in the test platoon got enough to drink, while all subjects in the control platoon suffered from thirst. The men in the test platoon drank 2.2 ± 0.05 litres and the men in the control platoon drank 1.3 ± 0.05 litres per day (Fig. 1). The opinion about the sufficiency of the fluid was almost optimal, when the daily fluid intake was 2.2 litres (Fig. 2). 

The improved drink rations were associated with clearly improved subjective evaluations of physical and mental performance, mood and motivation in the test platoon compared to the control platoon (Fig. 3 and 4).
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Figure 1: Daily fluid intake (L) in the test and control groups.
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Figure 2: The association between daily fluid intake and the opinion about the sufficiency of fluid.
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Figure 3: Self-estimated mood in the test and control groups.
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Figure 4: Self-estimated physical performance in the test and control groups.


4.0
conclusions

The results show that all subjects in the test platoon got enough drinking, while in the reference platoon all subjects suffered thirst. The improved drink rations were associated with clearly improved subjective evaluations of physical and mental performance, mood and motivation in the test platoon compared to the control platoon. 

Daily consumption of 2.0 to 2.5 litres of fluid seems to be enough to maintain good hydration status and optimal performance among infantry soldiers during combat training in wintertime in the studied type of military tasks.

The deficiency of drinking water during wintertime exercises can be avoided by good planning of the daily supplies of warm water or juice and training the soldiers to drink enough also in cold conditions.
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Abstract


Persons exercising in cold weather can incur substantial fluid losses and are advised to maintain hydration to sustain performance.  Body water deficits or hypohydration (HYP) in excess of 2% body mass impairs endurance exercise performance in hot and temperate environments and HYP may also degrade cognitive performance in hot/temperate conditions.  However the extent to which these performance decrements occur in cold environments with HYP is unknown.  This study investigated whether HYP degrades physical and cognitive performance during cold exposure and if physical exercise could mitigate any cold-induced cognitive performance decline. On four occasions, eight volunteers (6 men, 2 women) were exposed to 3 h of passive heat stress, with (euhydration, EUH) or without (HYP, 3% body mass) fluid replacement.  Later in the day, volunteers sat in a cold (2°C) or temperate (20°C) environment for 1 hour before performing 30 min of cycle ergometry at 50% VO2peak followed immediately by a 30-min performance time trial.  Performance was assessed by the total amount of work completed during the 30-min time trial.  Volunteers also completed one hour of militarily-relevant cognitive testing: 30 min of simulated sentry duty/marksmanship, 20 min of a visual vigilance task, a self-report workload assessment, and a mood questionnaire. Cognitive testing was conducted before and after exercise.  Total work performed during the 30-min time trial was not influenced by environment but was less (P<0.05) for HYP than EUH in the temperate trials.  The corresponding change in time-trial performance (EUH minus HYP) was greater for temperate (-8%) than for cold (-3%) (P<0.05).  HYP did not alter any cognitive, psychomotor, or self-report parameter in either environment before or after exercise. Cold exposure increased (P < 0.05) target detection latency in the sentry duty task, adversely affected mood and workload ratings, but had no impact on any other cognitive or psychomotor measure. After completing the exercise bout, there were modest improvements during the 20°C trial in friend–foe discrimination and total response latency in the sentry duty task, but not on any other performance measures. In conclusion, these data demonstrate that 1) HYP impairs endurance exercise performance in temperate but not cold air; 2) cold stress per se does not impair time-trial performance; 3) moderate HYP had no effect on cognitive and psychomotor performance in a cold or temperate environment; and 4) aerobic exercise improved some aspects of military task performance during temperate air exposure.


1.0
Introduction


Persons exercising in cold weather can incur substantial fluid losses (14) and are commonly advised to maintain hydration to avoid cold injury and sustain performance.  Despite these assertions, recent research shows that hypohydration (reduced body water) does not increase the risk of hypothermia or peripheral cold injury (37; 38).  Similarly, hypohydration in excess of 2% body mass impairs endurance exercise performance in hot and temperate environments with the magnitude of effect largest in the heat (6; 47).  The extent to which this is true in cooler environments is unknown, but there is evidence that the mechanisms for hypohydration-mediated fatigue in warmer environments are blunted in the cold and may therefore have less impact.


Hyperthermia and cardiovascular strain are two major factors implicated in the genesis of hypohydration-mediated endurance exercise fatigue in hot and temperate environments (6).  Both the independent and combined effects of hyperthermia and hypovolemia on cardiovascular strain dynamics in the heat have been elegantly described (17-19; 45).  Recent examination of the same parameters during exercise in cooler environments (3 – 8°C) indicates that core temperature elevations associated with hypohydration are significantly reduced (19; 26). Tachycardia is also attenuated and stroke volume and cardiac output better preserved during progressive dehydration up to – 4% of body mass during both moderate (50%VO2max) (26) and more intense (72%VO2max) (19) exercise-cold stress.  Taken together, cardiovascular strain attributed to hyperthermia and hypovolemia in warm and hot climates is blunted in cooler conditions, which may preserve endurance exercise performance.


Although multiple meteorological variables can influence endurance exercise success (57; 60), performances typically improve as air temperatures decline (57; 60).  Laboratory (15) and field data (57) support an “optimal” air temperature threshold near 12°C; above or below this temperature, performance is relatively impaired (15).  Endurance performance limitations in hot environments are well documented (34), but evidence during exercise-cold stress is complicated by the comparison reference temperature (15)(7), wearing heavily insulated clothing (40), and possibly the choice of an open-ended endurance exercise task (2; 15; 40).  The best explanation for fatigue offered by cold performance studies also implicates factors other than cardiovascular strain or oxygen uptake as performance limiting.  Competitive endurance athletes appear to perform at a high level coincident with significant body water losses in cool environments (6), but few studies have manipulated hydration state to experimentally compare the impact of hypohydration on performance in cold versus more temperate conditions.  Those that have are difficult to interpret due to the absence of true control conditions (27) or wearing heavily insulated clothing (44).  

Moderate HYP has been associated with cognitive performance declines during heat exposure (25), with effects on multiple domains of cognitive and task performance when HYP was induced by heat exposure or exercise (7) and when fluid loss is 2% or more of body weight (20; 49).  Studies examining cognitive performance decrements from HYP in temperate conditions are often confounded by residual effects from prior heat exposure or concurrent heat exposure (25).  In contrast, two studies of HYP after 12-24h water deprivation in temperate conditions reported no declines in task performance due to HYP but did report changes in perceived tiredness (51) and self-rated alertness (33).  Although these studies have characterized changes in cognitive performance and subjective assessments of mental state, no mechanism has been clearly identified to explain the relationship between moderate HYP and cognitive performance.  Furthermore, the effects of moderate HYP during cold exposure on cognitive and psychomotor performance are not known.


Cold exposure has equivocal effects on cognitive performance.  Decrements in cognitive and psychomotor performance during cold exposure have been observed in accuracy in serial choice reaction time (10; 11); associative learning, working memory, and reasoning (16; 36; 48); manual dexterity (12); and applied military tasks such as command and control (59) and marksmanship (36).  Other studies have reported no effects of cold on cognitive performance after prolonged exposure (30; 50); whereas others have shown an improvement in cognitive performance with acute cold exposure, most notably in reaction time and auditory and visual recognition (11; 12; 16; 29; 36; 53; 58).  Explanations for these mixed effects include that simple tasks are less likely to be influenced by the cold as compared to more complex tasks and abilities (13; 16; 39; 41; 53), that performance declines at an ambient temperature threshold of 15°C and below (48), and that cold stress accompanied by hypothermia more often degrades cognitive and psychomotor performance (13; 36).  

Individuals may incur significant heat loss with prolonged cold exposure in military and other occupational activities, but shivering and insulation result in core temperature remaining relatively stable (8).  Furthermore, exercise-induced heat production, clothing, or their combination can significantly raise body temperature even in air temperatures below 0°C (40).  Individuals exposed to the cold may periodically perform physical work during exposure, and anecdotal reports suggest that such activity might restore attention and thereby cognitive performance; however, this has not been studied.  We postulate that the mechanism whereby physical activity may improve cognitive performance in the cold is through warming the body and thus reducing or eliminating cold strain.  To our knowledge, previous research has not determined the efficacy of performing physical exercise during cold exposure as a means to sustain cognitive performance.

The purpose of this study was to compare the effects of hypohydration on endurance exercise and cognitive/psychomotor performance in temperate and cold air.  Our hypothesis was that cold air would mitigate the decrement in exercise performance attributable to hypohydration in a temperate environment.  A combination of air motion and low air temperatures was used to induce cold stress beyond previous studies, but without exceeding cold injury thresholds.  It was hypothesized that hypohydration would degrade cognitive performance during cold exposure and that physical exercise would mitigate such deficits.  


2.0
METHODS


2.1
Subjects


Eight healthy volunteers (age = 24 ± 6 yr, ht = 170 ± 6 cm, wt = 72.9 ± 11.1 kg, body fat 22 ± 6 %) participated in this study and completed all phases of experimentation.  Subjects (6 men, 2 women) were physically active and moderately fit (VO2peak = 48 ± 9 ml/kg/min).  Subjects were provided informational briefings and gave voluntary and informed written consent to participate.  Investigators adhered to AR 70-25 and USAMRMC Regulation 70-25 on the use of volunteers in research and the appropriate Institutional Review Boards approved this study.  


2.2
Preliminary Procedures


Each subject’s VO2peak was measured using an incremental cycle ergometer protocol with continuous gas exchange measurements (TrueMax, ParvoMedics, Sandy, Utah).  The calculated workload at 50% VO2peak was validated during 30-min of steady-state cycling one day later.  The ergometer used (Lode Excalibur Sport, Lode, Groningen, The Netherlands) allows pedal-rate independent (hyperbolic) and dependent (linear) modes of cycling.  Individual linear factors (LF) were calculated [W = LF ( (rpm)2] for each subject to reflect a 50% VO2peak exercise intensity at a pedal cadence of 60 rpm.  The linear factor setting provided room to increase work output during the time trial before reaching maximal sustainable workloads, which were estimated from VO2peak testing at ~100 rpm Practice trials included 30-min of steady-state cycling (50% VO2peak), followed immediately by a 30-min performance time trial.  Three practice sessions were used to reduce training and learning effects.  Elapsed time was displayed and the total work (kJ) completed in 30-min was given as feedback for motivation to improve with each subsequent practice ride.  Experimental test scenarios were the same as those used in practice except that subjects were blinded to all test parameters but elapsed time.  Semi-nude body mass (shorts only) was measured after voiding and before breakfast each morning for 10-days to establish a normal individual baseline body mass for euhydration assessment on test days.  All experimentation began within 3-days of completing preliminary procedures.  


2.3
Experimental Procedures


A counterbalanced 2 x 2 (hydration x environment) experimental design was employed (1; 5).  .  Each was separated by at least 48-hrs.  Experiments were conducted at the same time of day and women were tested in the follicular phase of their menstrual cycle to control for circadian and ovulatory fluctuations in body temperature.  On the morning of each trial, body mass was measured with an electronic precision balance scale (Toledo 1D1 accuracy ± 20 g, Worthington, OH) for comparison against within subject 10-day averages, and a 10-ml venous blood sample was collected for serum osmolality determination.  A standardized breakfast was provided, after which subjects rested in a seated position for ~1-hr before moving to a hot room (45°C, 50%rh, 1 m/s air speed) for 3-hrs of passive heat exposure with (euhydration, EUH) or without (hypohydration, HYP) fluid replacement.  A 2-hr recovery period followed in which a shower was permitted and a small snack was provided (200 ml water and 250 kcal).  The precise fluid deficit incurred was calculated from the acute change in body mass from pre to post heat exposure, corrected for snack, and expressed as a percentage of pre-exercise body mass.


In the afternoon, subjects sat in a cold (2°C, 50%rh, 2.2 m/s air speed) or temperate (20°C, 50%rh, 1 m/s air speed) environment with minimal clothing (t-shirt, shorts, socks, shoes, cotton gloves and head band) for 1-hr (performing cognitive testing) before performing 30-min of cycle ergometry at 50%VO2peak followed immediately by a 30-min performance time trial.  No motivation was provided during the time trial and subjects performed without distraction from any data collection measurements.  Time trial performance was assessed by the total amount of work (kJ) completed in 30-min.  Rectal (Tre) and mean skin temperatures (Tsk) (42) and heart rate (HR) were collected remotely at regular intervals throughout testing.  RPE was assessed at 30-min and again immediately following the completion of exercise.  Gas exchange measurements were made once in the initial 10-min of exercise using an automated system and workloads adjusted to reflect a 50%VO2peak intensity.  After exercise, another hour of cognitive performance testing which was identical to the initial cognitive testing was completed.

2.4
Cognitive Tests


2.4.1
Sentry Duty Simulation


Sentry duty performance was measured using a marksmanship simulator (Weaponeer, Spartanics, Rolling Meadows, IL, USA) which presented pop-up targets at a simulated range of 300 meters.  The volunteers stood in a supported position holding a modified M-16 weapon and scanned the downrange scene for the appearance of individual targets.  Each sentry duty session lasted 30 minutes, during which time 120 targets were presented with inter-stimulus intervals ranging from 8 to 120 seconds.  Of these targets, 50% were foes and 50% were friends, identified by an adjacent small red light illuminated during the first 0.5 sec that the target was presented.  Participants were trained over a multi-day period to identify the targets, press a response key to indicate they had seen the target, and then fire at the foe targets, all within the 6 second period that the target remained visible.  This training was conducted such that participants achieved and maintained a stable level of marksmanship performance prior to entry into the experimental conditions.  Performance measures on this task are target detection latency (time from target presentation to tapping of response lever), accuracy of shots (percentage of shots fired that were scored as hits), total response latency (total time from target presentation to firing of rifle), friend-foe discrimination (percentage of responses that were correct: fired at foes plus fireholds on friends), and number of targets detected (number of targets presented that were detected).

2.4.2
Scanning Visual Vigilance


Visual vigilance was measured using a computerized vigilance test which is sensitive to a wide variety of environmental conditions, nutritional factors, and sleep loss (28).  The test required participants to monitor a dark computer screen for the random appearance of an infrequent white dot which remained on the screen for 2 seconds.  Upon detecting the stimulus, participants responded with a key press.   The stimulus occurred on average once a minute.  Performance measures on this task include hits, false alarms, and reaction time.  This test was also administered multiple times in the training phases in order to eliminate the possibility of continued learning in the experimental trials.

2.4.3
Subjective Assessments


Self-report assessments were made using the NASA-TLX and the POMS.  The NASA-TLX is a 6-scale assessment of subject workload.  Individuals rated their perceived mental demand, physical demand, temporal demand, effort, frustration, and performance during the marksmanship simulation on 100 point scales.  The POMS assessed transient mood states by asking, “How are you feeling right now?”.  Participants rated 65 adjectives on a 5-point scale; their responses were tabulated into six factor-analytically derived mood dimensions: tension-anxiety, depression-dejection, anger-hostility, vigor-activity, fatigue-inertia, and confusion-bewilderment.  Each assessment was completed in less than two minutes. 


2.4
Statistical Analysis


Following tests for normality of distribution and equality of variances, treatment effects were analyzed using a paired t-test, one-way or two-way ANOVA for repeated measurements.  A one-sample t-test was also used to compare performance effects against a hypothetical value of importance (32).  When appropriate, Tukey’s HSD procedure was used to identify pairwise differences among means following significant main and/or interaction effects.  Where necessary, data were examined for violations of sphericity and F-values adjusted using Greenhouse-Geisser or Huynh-Feldt corrections.  Significance was set at p < 0.05.  All data are presented as means ( SD except where indicated.  


3.0
RESULTS


3.1
Hydration


Euhydration was estimated on the morning of each trial by a body mass within 1% of the average 10-day baseline.  Two subjects > 1% lower than 10-day baseline were given additional water with breakfast.  Serum osmolality (289 ( 1 mOsmol/kg) confirmed euhydration (25).  The fluid deficit achieved before the start of each HYP trial was – 2.9 ( 0.7% and – 3.0 ( 0.8% of body mass for Cold and Temp, respectively.  Values for EUH trials were – 0.3 ± 0.6 (Cold) and – 0.4 ± 0.7% (Temp) of starting baseline.  Differences were significant (P<0.05) between hydration levels (HYP vs. EUH), but not between environments (Cold vs. Temp).  Thus, subjects were adequately matched for pre-exercise hydration status in EUH and HYP trials.  


3.2
Exercise Performance


Table 1 presents individual and mean time trial performance data.  Total work in Temp HYP was lower than Temp EUH (P = 0.012).  There was no effect of hydration in the Cold (Cold EUH vs. Cold HYP) and no independent effect of environment on performance (Cold EUH vs. Temp EUH).  Associated mean power outputs from Table 1 were 140 ± 30 (Temp HYP), 152 ± 30 (Temp EUH), 154 ± 36 (Cold EUH), and 150 ± 35 (Cold HYP) W.  Viewed individually, all 8 subjects performed worse when hypohydrated in temperate air, while only 5 of 8 experienced the same from hypohydration in the cold.  Figure 1 presents the % change in performance from EUH to HYP in Temp and Cold environments.  The change was significantly larger for Temp (-7.6 ± 5.9%) than Cold (-2.7 ± 4.9%) (P = 0.021).  The means and 95% confidence limits for performance (-12.6 to -2.7% Temp; -6.8 to 1.4% Cold) provide the likely range of the true change effects and illustrate why there is a difference between HYP and EUH within Temp, but not within Cold (i.e., confidence interval crosses zero for Cold).  In addition, only the range of the confidence interval for Temp falls entirely outside the a priori zone of indifference (P = 0.04, one-sample t-test), which provides evidence that the negative effect of hypohydration on performance in temperate air is also of practical importance.  


		



		

		Cold

		Temperate



		Subject #

		EUH

		HYP

		EUH

		HYP



		1

		156.3

		157.3

		165.1

		161.0



		2

		207.3

		191.0

		214.0

		184.9



		3

		289.5

		291.7

		300.6

		289.4



		4

		298.4

		274.0

		300.5

		243.1



		5

		308.0

		324.9

		308.8

		296.5



		6

		361.8

		342.3

		311.5

		297.4



		7

		296.0

		293.2

		276.8

		251.0



		8

		300.8

		282.0

		304.3

		291.4



		Mean

		277.3

		269.6

		272.7

		251.8*



		SD

		64.5

		63.6

		53.9

		53.3



		*Significantly lower (P<0.05) than Cold EUH and Temp EUH





Table 1: Time trial work performance (kJ)
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Figure 1: Percent change in performance from EUH to HYP in temperate and cold trials.  Data are means; bars are 95% confidence intervals.  Shaded area represents zone of indifference (± 2.5%) based on the typical performance variability measured during practice sessions (see text for detailed explanation).  * indicates significant difference between trials (paired t-test, P = 0.021) and significant difference from zone of indifference (one-sample t-test, P = 0.044).

3.3
Physiological Responses


3.3.1
Metabolic Rate


Metabolic rates during the initial 30-min of cycling were calculated from a 2-min gas sample made 5-min into exercise and adjusted to reflect ~50% of VO2peak.  All measurements were similar (P>0.05) at 49 ( 6 (Cold EUH), 51 ( 5 (Cold HYP), 47 ( 2 (Temp EUH) and 48 ( 3% (Temp HYP) VO2peak.  Subjects were therefore matched among trials for exercise intensity preceding the cycling time trial. 


3.3.2
Cardiovascular Strain and Thermoregulatory Strain 

Figure 2 A and B represent HR and perceived exertion responses to exercise at 30 and 60-min of exercise.  Data collected at rest were unreliable due to extreme shivering in the cold trials and were therefore excluded from the analysis.  All 60-min HR exceeded 30-min values (P < 0.05).  HR for Temp HYP at 30-min was higher than for Temp EUH and Cold HYP.  Both Temp HYP and Cold HYP were higher than Temp EUH (~5 b/min, P>0.05) and Cold EUH (~11 b/min, P<0.05) at 60-min.  RPE increased over time with no differences among trials (60-min > 30-min, P<0.05).  Tre increased significantly over time in all trials (Figure 3A).  At rest, Tre was higher in both Cold compared to Temp trials due to rigorous shivering.  No differences among trials were seen at 30-min, but Temp HYP was higher than Cold EUH (0.4°C, P<0.05) and Temp EUH (0.3°C, P<0.05) at exercise cessation.  Tsk was significantly lower in the Cold (Fig 3B) and was independent of hydration status.     
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Figure 2: Effect of hydration and environment on heart rate (HR; A) and ratings of perceived exertion (RPE; B).  Values are mean ± SD.  a,b,c,d Significant differences (P < 0.05) from corresponding values for temperate EUH, cold EUH, temperate HYP, and cold HYP, respectively.  *Significant effect of time (60 > 30-min; P < 0.05).
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Figure 3.  Effect of hydration and environment on rectal (A) and mean skin temperatures (B).  Values are mean ± SD.  Significance by letter designation is indicated in Figure 2.  Significant effects of time (P < 0.05): * 30 > 0 min;  ** 60 > 30 and 0 min for rectal temperature (A).  *Significant effect of temperature (temperate > cold) (P < 0.05) for mean skin temperature (B).   


3.4
Cognitive Responses


Hypohydration did not have a significant effect on any measure of cognitive performance.  Since no significant effects of hydration effects were found, this factor was eliminated from the following data presentation.  Cognitive performance scores and subjective ratings were calculated by collapsing the values from EUH and HYP trials.  Each volunteer’s performance scores were reduced to a single mean score before comparing cold with temperate trials.  This permitted evaluation of the effects of environment on cognitive performance both before and after exercise.  

3.4.1
Sentry Duty


Of the five dependent measures assessing speed and accuracy on the sentry duty task, only detection latency showed a significant main effect for temperature: time to detect targets was longer in the cold compared to temperate.  For exercise, accuracy of friend-foe discrimination was greater after exercise than before.  A significant interaction between temperature and exercise was seen for total response latency (p < 0.05).  Total response latency was significantly longer in the temperate condition before (5.437 sec ± 0.23) than after exercise (5.256 sec ± 0.24), but did not differ in the cold condition either before (5.347 sec ± 0.29) or after (5.377 sec ± 0.24) exercise (Figure 4A).  Table 2 displays the results for the dependent measures from the sentry duty task for the temperature and exercise conditions.
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Figure 4. Effect of environment and exercise on sentry duty response latency (A) and NASA-TLX Performance Scale rating (B).  *Significant difference (cold vs. temperate within time); #Significant difference (pre vs. post within temperature).
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Temperate Cold Before After


Sentry Duty Simulation


Target Detection Latency (s) 0.94(0.21)   1.06(0.23) * 0.99(0.21)   1.01(0.24)   


Accuracy of Shots (%) 40.18(16.75)   48.12(19.15)    45.42(18.07)   42.89(18.74)   


Total Response Latency (s) 5.36(0.26)   5.35(0.24)    5.39(0.25)   5.32(0.24)   


Friend Foe Discrimination (%) 98.03(1.89)   97.67(2.24)    97.52(2.27)   98.19(1.81) *


Number of Targets Detected 238.75(1.39)   239.19(1.17)    239.13(1.26)   238.81(1.33)   


Scanning Visual Vigilance


Hits 11.31(4.37)   7.78(6.12)    9.22(5.77)   9.88(5.45)  


False Alarms 5.20(3.03)   6.27(2.76)    5.63(2.26)   5.83(3.50)  


Reaction Time 1.47(0.19)   1.35(0.49)    1.37(0.44)   1.45(0.31)  


Exercise Temperature





     * Indicates significant main effect at p < .05




Table 2.  Cognitive Performance Measures


3.4.2
Visual Vigilance


Performance on the Scanning Visual Vigilance task was not significantly affected by either temperature or exercise, with no differences in stimuli detections, false alarms or mean reaction time.  Table 2 shows the results for the dependent measures from the visual vigilance task in the temperature and exercise conditions.

3.4.3
NASA-TLX


For the six scales of the NASA-TLX ratings of perceived workload, there were significant main effects of temperature for Mental Demand, Physical Demand and Effort, with demand ratings higher in the cold than temperate conditions for each scale.  Exercise also had a significant effect on mental demand ratings: mental workload was rated as higher after exercise compared to before exercise.  Additionally, there was a significant interaction between temperature and exercise for the performance rating scale (p < 0.05).  Participants perceived their performance as better in the temperate condition (59.38 ± 15.0) than in the cold condition (47.19 ± 10.1) before exercise (Figure 4B) but these ratings did not differ after exercise.  Results of all six scales are shown in Table 3 for the temperature and exercise conditions.
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Temperate Cold Before After


NASA-TLX


Mental Demand 56.88(21.82)   65.00(24.39) * 59.53(23.01)   62.34(23.94) *


Physical Demand 53.91(21.05)   69.69(17.08) * 59.53(20.98)   64.06(20.41)   


Temporal Demand 53.75(20.41)   60.00(21.89)    55.47(21.37)   58.28(21.34)   


Performance 55.78(13.31)   49.53(11.19)    53.28(13.87)   52.03(11.41)   


Effort 61.25(15.25)   69.84(19.05) * 64.84(16.19)   66.25(19.28)   


Frustration 48.44(26.99)   63.59(16.58)    52.97(23.70)   59.06(23.33)   


Profile of Mood States


Tension-Anxiety 9.38(5.81)   16.19(5.90) * 12.56(6.63)   13.00(7.02)   


Depression-Dejection 7.50(9.79)   13.38(9.42)    9.56(8.56)   11.31(11.32)   


Anger-Hostility 8.16(9.51)   13.62(12.71)    9.72(10.17)   12.06(12.72)   


Vigor-Activity 10.06(5.02)   5.97(3.86) * 8.50(4.68)   7.53(5.17)   


Fatigue-Inertia 8.59(5.08)   10.13(5.07)    8.31(4.94)   10.41(5.10) *


Confusion-Bewilderment 7.41(4.51)   9.16(4.01)    7.72(4.01)   8.84(4.61)   


Total Mood Disturbance 30.97(33.75)   56.50(35.13) * 39.38(33.34)   48.09(39.61) *





Exercise Temperature


     * Indicates significant main effect at p < .05




Table 3.  Subjective Measures and Mood States

3.4.4
Profile of Mood States (POMS)


Of the six mood sub-scales of the POMS, temperature significantly affected Tension-Anxiety and Vigor-Activity.  Tension-Anxiety was higher in the cold than in the temperate condition and Vigor-Activity was lower in cold vs. temperate.  There was a main effect of exercise on ratings of Fatigue-Inertia which was increased after exercise.  Furthermore, a seventh scale (total mood disturbance, TMD) derived from all the other scales showed main effects of both temperature and exercise with cold and exercise both producing adverse effects on mood.  All of the mean mood ratings from the temperature and exercise conditions are shown in Table 3.


4.0
DISCUSSION


This study determined the effects of hypohydration on endurance exercise performance in temperate and cold air.  In accordance with our hypothesis, the principal finding of this study is that hypohydration by – 3% body mass impaired cycling time trial performance in a temperate, but not a cold, environment.  In addition, we found that cold stress per se did not reduce physical performance.  Furthermore for the cognitive measures, a) moderate dehydration did not degrade cognitive or sentry duty performance during cold or temperate air exposure, b) cold exposure (without hypothermia) increased target detection time during sentry duty performance with participants perceiving the task to be more demanding and experiencing degraded mood, c) physical exercise had a positive effect on sentry duty friend-foe discrimination and also improved total response latency in the temperate condition but increased volunteers’ evaluation of mental demand and fatigue, and d) neither cold nor exercise affected visual vigilance performance.

The % change in performance (EUH – HYP) within cold (-2.7 ± 4.9%) and temperate (-7.6 ± 5.9%) environments was statistically different (Figure 1).  The 95% confidence limits were plotted about the mean to provide insight into the likely range of the true change value (Figure 1).  These limits were also applied in the traditional sense to examine the importance of the change relative to an evidentiary standard other than zero (9; 24; 32).  This standard is the zone of indifference selected a priori as any value within the typical noise of the performance measurement (i.e., 2.5% coefficient of variation).  While the choice of 95% confidence limits for this integrated analytic approach is admittedly conservative (23; 24), the fact that the entire Temp confidence interval lies outside this zone (Figure 1) strongly supports the conclusion that the performance impairment due to hypohydration in temperate environments is both statistically significant and of practical importance.  No statistical difference in performance was observed between EUH and HYP in cold air, but since half of the Cold interval lies outside the zone of indifference, the meaning of this effect is ambiguous at best (9; 24; 32).  


The preservation of endurance performance in cold air when hypohydrated may be explained by differences in cardiovascular and oxygen uptake dynamics.  Although the present experiment was not designed to assess the mechanisms behind performance changes, reasonable explanations can be gleaned from our observations when combined with the work of others.  For example, Gonzalez-Alonso et al. (17-19) demonstrated that tachycardia (via hyperthermia) and hypovolemia explain most of the reduction in cardiac output between EUH and HYP in hot environments, with similar effects of lesser magnitude in the cold (19).  In addition, hypovolemia reduces VO2max and endurance capacity even in the presence of normothermia and cool skin (35).  It is conceivable that hypovolemia and a higher Tre (~0.30°C) and HR (~5 b/min) in Temp HYP (Figure 2A) reduced stroke volume, cardiac output, and oxygen uptake enough to reduce performance (253 kJ) relative to Temp EUH (273 kJ) despite similar efforts (Figure 2B).  However, the preservation of performance in Cold HYP (270 kJ) vs. Cold EUH (277 kJ) occurred with similar Tre differences and a larger HR disparity (11 b/min) between HYP and EUH (Figure 2A).  It therefore remains possible that cold skin in Cold HYP (Fig 3B) maintained a larger central blood volume and better preserved stroke volume and cardiac output (19; 26; 31; 35; 46).  Similar Tre and HR at exhaustion between Cold HYP and Temp HYP also seem to support this conclusion since performance in Temp HYP, but not Cold HYP, was less than Cold and Temp EUH (Table 1).  


The finding that cold stress per se did not reduce performance (Temp EUH vs. Cold EUH) (Table 1) is in opposition to others (2; 15; 40), but comparisons are made difficult by several methodological factors.  For example, Galloway and Maughan (15) found that time to fatigue at 4°C was reduced compared with 11°C, but no different from 20°C, or improved relative to 31°C.  Patton and Vogel (40) compared -20°C and 20°C, but wearing heavily insulated clothing at -20°C limits the interpretation of reduced performance at the latter temperature.  Both of these studies and that of Adolph and Molnar (2) also used open-ended endurance exercise tasks.  Adolph and Molnar (2) suggested that the most important predictor of performance in the cold using this kind of task was exposure time and cold tolerance.  Indeed, Cabanac and Leblanc (3) demonstrated that simultaneous exposure to cold and exercise fatigue produces a sensory conflict resolved by compromise toward the least displeasing input signal, but others (15; 40) implicate local muscle effects for accelerated fatigue under similar circumstances.  Exposure time in this experiment was fixed, which may have alleviated motivation issues related to cold tolerance.  Post-experiment interviews even suggest that total work in Cold EUH and Cold HYP may have actually been augmented by cold avoidance (3).  It is inconclusive whether using time to exhaustion, rather than a time trial, would (2; 40), or would not (15) have altered the performance outcomes observed herein between 2°C and 20°C. 


This study demonstrates that the combination of moderate dehydration and cold stress conditions employed herein do not degrade cognitive or military task performance.  Physiologically, cold differs from resting heat or temperate exposure by increasing sympathetic nervous system activity.  There is some suggestion that mild cold stress may produce a beneficial arousal response (22) which could potentially ameliorate the impact of dehydration in this environment.  In hot or temperate conditions, dehydration of 2% or more generally degrades cognitive performance (7; 20; 49), though not always (33; 51).  Although our study used prior heat stress exposure to dehydrate subjects, similar to others (20), we allowed participants to return to near baseline body temperature levels and observed no cognitive performance decrement after HYP.  The absence of a temperate condition - HYP effect on cognitive performance in this experiment may be due to the use of militarily-relevant tasks with a longer duration than some of the short-duration cognitive tasks employed elsewhere (7; 20; 49).


Cold stress, per se, degraded military task performance but not vigilance performance, and resulted in increases in perceived workload and altered mood.  Volunteers had increased target detection times (12.5 %) during sentry duty performance in the cold, but generally were able to detect targets, make decisions regarding those targets, and fire accurately at simulated foes in both temperature conditions.  These data are consistent with the findings of others (43; 55) who also found no changes in shooting accuracy during 2-h of cold air exposure at an ambient temperature of 4-5°C when using a marksmanship task which was not timed and did not require target identification decisions.  The ability to rapidly detect a threat during sentry duty is significant in the military operational environment.  In contrast to sentry duty, no performance deviations were observed in a computer-based visual vigilance task.  Visual vigilance could be considered a simpler task than sentry duty, and therefore less susceptible to cold exposure (13; 39; 41).  Participants also reported experiencing more tension and a decrease in vigor when exposed to the cold and perceived the mental and physical demands of the sentry-duty task to be greater in the cold. 


Participant responses to the environmental stressors may explain the absence of a broad cold-induced decrement in cognitive and psychomotor performance.  In addition to reporting increased mental and physical task demands in the cold, volunteers rated the effort required to perform the task as higher in the cold.  This increase in participant-reported effort may reflect actual mental compensation for the task demands which thus negated the impact of cold exposure.  A similar argument has been used to explain an absence of expected effects when dehydrated (51).  


Another potential reason for a limited change in cognitive performance in cold includes the lack of a significant fall in core temperature, which has previously been related to changes in cognition and marksmanship performance (13; 16; 36; 39).  Falls in core temperature are thought to produce arousal which potentially results in increased central nervous system efficiency (58) leading to behavioral changes such as decreases in reaction time (11; 16; 36; 58).  However, in this study, we produced moderate cold strain without hypothermia, as indicated by the absence of a decline in core temperature.  In fact, the observed increase in core temperature in the cold condition is not unexpected due to shivering and peripheral vasoconstriction.  This response is commonly observed early in cold air conditions (4; 26).


Although there were limited cold-induced cognitive performance decrements, some aspects of performance did improve after exercise as hypothesized.  In the sentry duty paradigm, friend-foe discrimination accuracy was enhanced after exercise and total response latency was faster after exercise in the temperate conditions.  This performance improvement may be due to body temperature changes resulting from exercise:  rectal temperatures rose in response to exercise.  While the overall improvement in friend-foe discrimination accuracy and the faster response speed after exercise in the temperate conditions could be due to increased core temperatures, the fact that a reduction in latency is not seen in the cold environment may be explained by the further decline in skin temperatures after exercise, suggesting that this drop in skin temperature is more detrimental to performance than the benefit derived from the increased core temperature.  Some researchers have suggested that skin temperature changes are the catalyst for cognitive performance decrements, positing that cold ambient temperatures cool the skin which distracts participants, thereby drawing attention away from task performance (48; 52).


Aside from warming the body, exercise may improve performance through an arousal effect.  The improvement noted in sentry duty performance but not visual vigilance is consistent with the findings of other research showing that an hour of exercise improved complex cognitive performance (21).  In a recent review, it was noted that the relationship between exercise-induced arousal and cognitive performance was complex, but posited that exercise not only modifies the speed of information processing but may also facilitate more complex cognitive performance such as decision-making and problem-solving (56).  The observed improvement in response speed and decision accuracy in the sentry duty paradigm lends empirical support to this view.


To more fully evaluate the efficacy of exercise for mitigating cognitive performance declines in the cold, future studies could utilize a design with and without exercise.  While learning effects due to repeated presentation of the tasks were not expected in this study due to the training periods provided, a non-exercising control group would solidify conclusions drawn about the effects of exercise.  Future studies that compare exercise and non-exercise conditions are warranted as are additional studies that investigate the mechanisms whereby exercise acts to improve cognitive performance.  Finally, this study evaluated cognitive performance and self-report assessments at single time points within the temperature conditions.  Utilizing tests that allow for multiple performance assessments or measurements across time would provide a more thorough picture of cognitive performance changes across the duration of cold exposure.


Finally, the relationship between exercise, cold exposure, and cognitive performance may be mediated by neuroendocrine responses which were not evaluated here.  A recent study measured adrenergic responses to cold air and cognitive stress, finding increased norepinephrine levels in cold exposure and elevated epinephrine levels when cold stress and cognitive stress were combined even though core temperatures did not change (54).  Using temperature conditions (22°C and 4°C) which are similar to those reported here and by others (54), another investigation measured an increase in epinephrine with cold air exposure (59).  Although they saw no correlations between physiological and behavioral measures, these data suggest that further examination of adrenergic response to cold exposure is warranted.  More specifically, these responses, along with subjective measures of cold discomfort and cold strain, may be another tool for differentiating between thermal stress and thermal strain and their independent associations with cognitive performance.


Future work in this area should examine the relationships between cold exposure, physiological responses to cold, and cognitive, behavioral, and mood responses to cold stressors.  Research should be conducted to elucidate not only the dose-response relationship of cold stress and cold strain indices with cognitive performance but also the time-dependent nature of this relationship, as well as the duration of the beneficial effects of exercise.


SUMMARY


We conclude that moderate hypohydration impairs endurance performance in temperate, but not cold, air.  Cold stress per se had no effect.  Application of these findings to competitive endurance exercise contested in environments similar to those described herein is logical, but tentative given the subject population tested.  These findings are nonetheless of phenomenological importance.   


This study also found no effects of hypohydration on cognitive and military task performance during temperate or cold exposure.  The cold exposure paradigm did result in significant cold strain and large reductions in skin temperature, but did not produce hypothermia.  There were modest effects of cold exposure on sentry duty performance, mood and perceived workload, but not on visual vigilance.  Exercise produced some performance improvement, which was not limited to the cold condition.  Further studies should utilize additional cognitive, psychomotor, and militarily-relevant tests to gain a clearer understanding of the relationship between cold stress and strain, exercise, and performance.

DISCLAIMER
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Table I


			


			Measure			Temperature									Exercise


						Temperate			Cold						Before			After


			Sentry Duty Simulation


			Target Detection Latency (s)			0.94(0.21)			1.06(0.23) *						0.99(0.21)			1.01(0.24)


			Accuracy of Shots (%)			40.18(16.75)			48.12(19.15)						45.42(18.07)			42.89(18.74)


			Total Response Latency (s)			5.36(0.26)			5.35(0.24)						5.39(0.25)			5.32(0.24)


			Friend Foe Discrimination (%)			98.03(1.89)			97.67(2.24)						97.52(2.27)			98.19(1.81) *


			Number of Targets Detected			238.75(1.39)			239.19(1.17)						239.13(1.26)			238.81(1.33)


			Scanning Visual Vigilance


			Hits			11.31(4.37)			7.78(6.12)						9.22(5.77)			9.88(5.45)


			False Alarms			5.20(3.03)			6.27(2.76)						5.63(2.26)			5.83(3.50)


			Reaction Time			1.47(0.19)			1.35(0.49)						1.37(0.44)			1.45(0.31)


			* Indicates significant main effect at p < .05








Table II


			TABLE II:  SUBJECTIVE MEASURES


			Measure			Temperature									Exercise


						Temperate			Cold						Before			After


			NASA-TLX


			Mental Demand			56.88(21.82)			65.00(24.39) *						59.53(23.01)			62.34(23.94) *


			Physical Demand			53.91(21.05)			69.69(17.08) *						59.53(20.98)			64.06(20.41)


			Temporal Demand			53.75(20.41)			60.00(21.89)						55.47(21.37)			58.28(21.34)


			Performance			55.78(13.31)			49.53(11.19)						53.28(13.87)			52.03(11.41)


			Effort			61.25(15.25)			69.84(19.05) *						64.84(16.19)			66.25(19.28)


			Frustration			48.44(26.99)			63.59(16.58)						52.97(23.70)			59.06(23.33)


			Profile of Mood States


			Tension-Anxiety			9.38(5.81)			16.19(5.90) *						12.56(6.63)			13.00(7.02)


			Depression-Dejection			7.50(9.79)			13.38(9.42)						9.56(8.56)			11.31(11.32)


			Anger-Hostility			8.16(9.51)			13.62(12.71)						9.72(10.17)			12.06(12.72)


			Vigor-Activity			10.06(5.02)			5.97(3.86) *						8.50(4.68)			7.53(5.17)


			Fatigue-Inertia			8.59(5.08)			10.13(5.07)						8.31(4.94)			10.41(5.10) *


			Confusion-Bewilderment			7.41(4.51)			9.16(4.01)						7.72(4.01)			8.84(4.61)


			Total Mood Disturbance			30.97(33.75)			56.50(35.13) *						39.38(33.34)			48.09(39.61) *


			* Indicates significant main effect at p < .05
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Table I


			TABLE I:  PERFORMANCE MEASURES


			Measure			Temperature									Exercise


						Temperate			Cold						Before			After


			Sentry Duty Simulation


			Target Detection Latency (s)			0.94(0.21)			1.06(0.23) *						0.99(0.21)			1.01(0.24)


			Accuracy of Shots (%)			40.18(16.75)			48.12(19.15)						45.42(18.07)			42.89(18.74)


			Total Response Latency (s)			5.36(0.26)			5.35(0.24)						5.39(0.25)			5.32(0.24)


			Friend Foe Discrimination (%)			98.03(1.89)			97.67(2.24)						97.52(2.27)			98.19(1.81) *


			Number of Targets Detected			238.75(1.39)			239.19(1.17)						239.13(1.26)			238.81(1.33)


			Scanning Visual Vigilance


			Hits			11.31(4.37)			7.78(6.12)						9.22(5.77)			9.88(5.45)


			Misses			8.69(4.37)			12.22(6.12)						10.78(5.77)			10.13(5.45)


			False Alarms			5.20(3.03)			6.27(2.76)						5.63(2.26)			5.83(3.50)


			Reaction Time			1.47(0.19)			1.35(0.49)						1.37(0.44)			1.45(0.31)


			* Indicates significant main effect at p < .05








Table II


			


			Measure			Temperature									Exercise


						Temperate			Cold						Before			After


			NASA-TLX


			Mental Demand			56.88(21.82)			65.00(24.39) *						59.53(23.01)			62.34(23.94) *


			Physical Demand			53.91(21.05)			69.69(17.08) *						59.53(20.98)			64.06(20.41)


			Temporal Demand			53.75(20.41)			60.00(21.89)						55.47(21.37)			58.28(21.34)


			Performance			55.78(13.31)			49.53(11.19)						53.28(13.87)			52.03(11.41)


			Effort			61.25(15.25)			69.84(19.05) *						64.84(16.19)			66.25(19.28)


			Frustration			48.44(26.99)			63.59(16.58)						52.97(23.70)			59.06(23.33)


			Profile of Mood States


			Tension-Anxiety			9.38(5.81)			16.19(5.90) *						12.56(6.63)			13.00(7.02)


			Depression-Dejection			7.50(9.79)			13.38(9.42)						9.56(8.56)			11.31(11.32)


			Anger-Hostility			8.16(9.51)			13.62(12.71)						9.72(10.17)			12.06(12.72)


			Vigor-Activity			10.06(5.02)			5.97(3.86) *						8.50(4.68)			7.53(5.17)


			Fatigue-Inertia			8.59(5.08)			10.13(5.07)						8.31(4.94)			10.41(5.10) *


			Confusion-Bewilderment			7.41(4.51)			9.16(4.01)						7.72(4.01)			8.84(4.61)


			Total Mood Disturbance			30.97(33.75)			56.50(35.13) *						39.38(33.34)			48.09(39.61) *


			* Indicates significant main effect at p < .05
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ABSTRACT

The major risk for frostbites is the decreasing perfusion of the extremities. Centralization of the human organism as well as increasing viscosity of the blood are the most common reasons for aggravated peripheral perfusion. Beside the cold environment the organism is exposed to a considerable hypoxic stress at high altitude and the well-known polyglobulie is an effective strategy to sustain oxygen delivery to the tissue at reduced saturation of hemoglobin. In general, an increasing erythrogenesis is thought to be the reason although this increase of red blood count can be observed after a short time of altitude exposure and the parameters are expressed as water-depending concentrations. Therefore, the influence of water distribution on hemoglobin (Hb) and hematocrit (Hct) values during a long-term exposure at high altitude was investigated. Measurements were performed in 12 mountaineers before, during and either 7/8 or 11/ 12 days after a Himalaya expedition (26-29 days at 4850 to 7600 m altitude).

Arriving at 4850 m an initial increase of Hb and Hct was followed by a short decrease during the 1st week and a continuous increase during the further stay. In maximum 131,3% (Hb) and 117,4% (Hct) of the starting point were reached during the 4th week at altitude after the attempt to reach the summit of Broad Peak (8047 m). Parallel a dehydration in the beginning turned to a hyperhydration at the end of the stay (D2O-method). Erythropoietin rose only temporarily at altitude (max. +11 +1 mU/ml serum).  After return Hb and Hct normalized within a few days whereas, hemoglobin mass (initially 881+ 44g, CO-Hb method) was still increased by 13% (p< 0.01).


In conclusion, a hemoconcentration effect (dehydration) is the reason of the initial peak of Hb and Hct. The further increase can only partially be explained by an absolute increase of Hb and Hct caused by stimulated erythrogenesis. A shift of intravasal fluid to the interstitial space is the other main reason of the observed changes in red blood count.

Key words: altitude training, blood volume, erythropoietin, body water, high altitude, polyglobulie.

1.0 INTRODUCTION

The major risk for frostbites is the decreasing perfusion of the extremities. Centralization of the human organism as well as increasing viscosity of the blood are the most common reasons for aggravated peripheral perfusion. Beside the cold environment the organism is exposed to a considerable hypoxic stress at high altitude and the well-known polyglobulie is an effective strategy to sustain oxygen delivery to the tissue at reduced saturation of hemoglobin. Already in 1878 Paul Bert wrote in his famous book that the acclimatization process leads probably to an increase in red blood cells and hemoglobin to improve oxygen transportation capacity. In general, an erythropoietin-depending increasing erythrogenesis is thought to be the reason although this increase of red blood count can be observed after a short time of altitude exposure and the parameters are expressed as water-depending concentrations. On the other hand exposure to altitude and exercise changes water metabolism [4, 7-9, 25] which then may influence viscosity of the blood and perfusion of the extremities. Therefore, the influence of water distribution on hemoglobin (Hb) and hematocrit (Hct) values during a long-term exposure at high altitude was investigated.  


2.0 MATERIAL and METHODS

The presented study is a based on the results of Böning et al. [1], Fusch et al. [5] and Tannheimer et al. [22]. Measurements were performed in 12 mountaineers (age 30.2 + 5.4 years, body weight: 73.5 + 10.3, length: 178.9 + 10.4 cm body mass index: 22.9 + 1.6 kg/m2) before, during and either 7/8 or 11/ 12 days after a Himalaya expedition (26-29 days at 4850 to 7600m altitude (Fig.1). After the flight Frankfurt-Islamabad (days 1 and 2) and a three-day stay (days 4 – 6) in Abbottabad (1250m), the village of Chongo (2700m) was reached by five-day jeep drive (days 7 – 11). During the days 12 – 20, the distance from Chongo to base camp (situated at the Condordia Place of Baltoro Glacier, 4850m) was conquered by trekking (daily trekking time between 4 and 7 hours) with one resting day on day 15 (Paiju, 3600m) The base camp stay was from day 21 to 51. During this stay, three camps were installed (camp 1 at 5750m, camp 2 at 6400m, and camp 3 at 7100m of altitude) and - thereafter - one attempt was made to reach the summit of the Broad Peak (8047m). However, due to bad weather during the small “time window” of the summit period, maximum altitude reached was at 7600m. One part of the expedition team (Group A, n = 6) left the base camp on day 46 and walked down until Paiju (3600 m) during two days (day 46 and 47) from where they were taken to Abottabad by helicopter. The second part of the group (n = 5) stayed in the base camp until day 51 and walked down during the days 51 to 54 until Skardu (2300m) from where they were taken to Abbottabad by car. The flight back to Frankfurt was on day 62. The expedition profile is depicted in Fig. 1. One subject returned already on day 38 due to personal reasons. 










Figure 1:
Altitude profile of the expedition to Broad Peak and the return back in 2 groups


2.1 Measurement of body weight and body water


Using standard balance (Digital 100, Söhnle, Germany, precision of 100g), body weight (BW) was measured in light underwear at the beginning (morning of day 0) of the tour and at each time body water was measured. Total body water (TBW) was measured using the technique of deuterium dilution [10, 17]. After oral tracer application, water space is calculated from the tracer enrichment before and after equilibration in body water [17]. Three days before the departure from Germany, aliquots of deuterium oxide (Merck, Darmstadt, Germany, Prod - No: 13366) were individually prepared for each subject by weighing (0.36 g 99.8% D2O/kg body weight). The aliquots were stored in small plastic containers until use. To measure TBW, the subjects drank the tracer then rinsing the container twice with 50 ml of water which was then also ingested to minimize tracer losses. Interval between last food intake and tracer administration was at least 150 minutes. Tracer enrichment for the calculation of body water was measured in two saliva samples. A pre-dose sample was obtained before tracer application and the post-dose sample was usually obtained 3 hours later. As the absolute water content of the air is low due to low pressure and temperature, we did not correct for water influx by inspired air. Tracer enrichment was measured using FT-IR spectroscopy which has been previously described with a coefficient of variation below 1.0 % [6]. After correcting tracer concentrations by a factor of 1.04 [2, 26] for isotope sequestration, body water and water turnover were calculated using known formulas correcting for the influence of changing body water pools [10, 13]. Isotope fractionation of insensible water loss was corrected by a factor of 0.987 assuming a fraction of 15 and 5% of total water turnover for breath vapor and cutaneous water efflux respectively (fractionation factors of 0.941 and 0.924, respectively [3]. The body was considered to consist of two compartments: total body water (TBW) and the compartment of the water-free solids (CS). CS was calculated as the difference from actual body weight and TBW.


2.2 Timing of body water (TBW) measurements

To obtain data of body composition before the expedition already at sea level, all subjects underwent a test period at home (TBW0 on day -23). The Karakoram expedition consisted of two periods during which body water was measured seven times:

Period 1 (21 day): flight from Germany to Pakistan and ascent to base camp, three determinations of TBW (TBW1 - TBW3). TBW1 (baseline or reference TBW) was measured on day 1 at the International Airport of Frankfurt, Germany, before the flight to Pakistan, TBW2 was measured on day 12 at the evening of the first trekking day (after the ascent Chongo-Ascole, 2700 - 3048m), TBW3 was measured in the first morning of the base camp stay (day 21). Workload and time points were identical for all subjects during this period.

Period 2 (25 - 30 days): base camp and ascents to the Broad Peak with four determinations of TBW (TBW4 to TBW7). The subjects were divided into two groups which were exposed to distinct workloads during the ascents to the camps. Except for TBW4, all measurements were performed in the base camp before starting to or after returning from the ascents after a relaxing interval of more than 48 hours to allow complete rehydration. Therefore TBW4 and BW4 are not presented because they were measured within 24 hours after return from the ascent.

2.3 Measurement of blood values


The expedition members were thoroughly investigated in the University Department of Sports Medicine at Ulm, Germany, im​mediately before departure and on days 7/8 (expedition day 55/56, group l) and 11/12 (expedition day 63/64, group 2), re​spectively, after descent from altitude of more than 3300m. The tests included a clinical check-up and beside other investigations [1] the measurements of total hemoglobin (Hb), blood com​position and erythrocytic aspartate aminotransferase (AST, EC 2.6.1.1) activity that served as relative indicator of cell age [18, 19]. During the expedition ([Hb], Miniphotometer Dr. Lange) and hematocrit values (Hct, Bayer microhematocrit centrifuge) were measured and serum was stored in dry ice for erythropoietin (EPO) determination at Ulm. Last samples in the mountains were obtained in the base camp on days 45-48 after return from the excursion up to 7600m.

Total hemoglobin mass of the body was determined from the % increase in CO-Hb (Radiometer OSM 3) in venous blood after inhaling 50-75 ml carbon monoxide added to an oxygen filled small closed-circuit spirometer system. Uptake and mixing in the lung is complete within 5-10 min making the test short and thus CO loss to tissues negligible. Reliability and reproducibility have been checked by ourselves as well as by Thornsen et al. [23] who compared their results to the 99mTc-labelling method. Erythrocyte, plasma and blood volumes were calcu​lated from total Hb using Hct and MCHC; Hct correction factors were 0.98 for trapped plasma and 0.91 for body hematocrit.

Serum [EPO] was determined with a sandwich ELISA (detection limit 1.2-2.0mu/ml) [14].

2.4 Statistics

Statistical analysis was performed using standard methods. Descriptive statistics, mean and standard deviation; analysis of variance (ANOVA) and t-test for calculations or significance levels, intraindividual differences: paired Wilcoxon test, level of significance: p < 0.05.


3.0 RESULTS

3.1 Body weight and body composition

Changes occurring during ascent and during base camp stay are related to the measurements performed at the beginning of the expedition (BW1, TBW1, CS1 ( Baseline (BL)). 

Body weight was slightly, but not significantly lower during the test period at sea level (BW0: 72.7 ± 10.3 kg) when compared to the beginning of the expedition (BW1: 73.2 ± 9.8 kg, baseline value). During the ascent, BW decreased significantly (BW3: 71.7 ± 9.7 kg, p < 0.05 when compared to BW1) and continued to decrease significantly until the end of the base camp stay (BW7: 66.7 ± 7.2 kg, p < 0.001 compared to BW1).


Body water (TBW) measured in the test period at sea level (TBW0: 43.1 ± 7.3 1) was not different when compared to the beginning of the expedition (TBW1: 43.1 ± 7.3 1, baseline value). During the ascent, TBW decreased significantly (TBW2: 41.0 ± 7.7 1, TBW3: 41.2 ± 6.91, p < 0.05 and p < 0.01 when compared to TBW0 and TBW1, respectively). Until the end of the base camp stay, TBW slightly increased (TBW6: 41.8 ± 6.9 1, p < 0.05 when compared to the beginning of the base camp stay TBW3), then significantly falling down (TBW7: 40 6 ± 5.2 l).


Water content of the body (TBW/BW) remained unchanged between the test period and the beginning of the expedition (59.2 ± 4.5 vs 58.6 ±3.4 %). During the ascent, it decreased significantly (55.8 ± 4.4 %, p < 0.01), the again approached to the baseline level (TBW3/BW3: 57.4 ± 4.0 %, TBW5/BW5: 58.3 ± 5 1 %). Water content of the body increased significantly (p < 0.05, when compared to TBW2/BW2 and TBW3/BW3) during the second part of the base camp stay (TBW6/BW6: 60.6 ± 3.4, TBW7/BW7: 60.9 ± 4.3 %) when compared to the beginning of the expedition.



Figure 2: 
Total body water (TBW) and Compartment of the water-free solids (CS) during the expedition. During the ascent to base camp (2) the loss of TBW is responsible for the decreasing body weight. But during the attempt to reach the summit (6) this loss in body weight is over-proportional achieved by loss in CS because TBW is increasing.

The solids were slightly, but not significantly smaller during the test period at sea level (CS0: 29.6 ± 5.0 kg) when compared to the beginning of the expedition (CS1: 30.2 ± 3.4 kg, baseline value). CS increased significantly (p < 0.05 and p < 0.01 when compared to CS0 and CS1, respectively) during the first part of the ascent CS2: 32.2 + 4.9) and approached to the baseline level when arriving the base camp (CS3: 30.5 ± 4.7 kg). Until the end of the base camp stay, CS fell down significantly (CS6: 26.9 ± 2.6 kg, CS7: 26.1 ± 4.0 kg) Fig 2.


3.2 Changes of the red blood count


Hemoglobin increased from 15.9 + 0.95 g/dl at the beginning to 21.0 + 1.12 g/dl (32%) at the end of the expedition as well as the hematocrit increased from 46.1 + 1,75% to 54.7 + 3,2% (19%). But total hemoglobin mass increased only by +14%, p < 0.05 7-8 days after return respectively +13%, p < 0.05 10-11 days after return compared to initial values. The large increase of Hct at altitude (p < 0.01), however, disappeared completely upon return. The absolute values of [Hb] and Hct dropped one week after return below the initial values (Hb: 15,0 g/dl; Hct: 43%). The time course of Δ [Hb] (not shown) paralleled that of Δ Hct; consequently MCHC (initial values 33.0 +0.4g/dl) did not change significantly ex​cept on day 41 (+ 3.2 ±0.7 g/dl; p < 0.01).


[EPO] was significantly elevated only during the march to the base camp (p < 0.001) and after the ascent  to 7600m (p < 0.002) showing no clear relation to Hct changes.



Figure 3: 
Water content of the body (total body water (TBW) divided by body weight (BW)) and hematocrit (Hct) during the expedition. The initial fast increase of Hct is caused by dehydration. The ascent to base camp was exhaustive. After rehydration within the 1st week of the base camp stay Hct decreases consecutively. After that it increases further parallel to the increasing amount of total body water.

4.0 DISCUSSION


4.1 Changes of body weight, body water and water-free solids

Our data indicate that body composition was stable during the 3-weeks interval which preceded the expedition. During this period, the subjects were in a constant milieu with regular physical training to maintain the physical fitness required for the expedition. During the expedition, body composition changed dramatically. However, each of the components, TBW and CS, changed at distinct rates: body weight had decreased for the first time when the subjects arrived at the base camp and it decreased further during the whole base camp stay. Body water decreased immediately after the ascent had begun; it remained at this low level and decreased slightly further during the second part of the base camp stay. The water free-solids, however, slightly increased during the first part of the ascent. When arriving at the base camp, the amount of CS was still the same as compared to the beginning of the expedition. However, during the base camp stay the subjects lost considerable amounts of CS. This finding indicates that the initial weight loss during the ascent and during the first part of the base camp stay was mainly due to a 5-7% loss of body water. This initial dehydration is also represented by the decreasing ratio of TBW/BW. During the base camp stay, the subjects recovered from the dehydration and the fact that body weight decreased faster than body water indicates that the subjects now began to lose solids. The increasing ratio of TBW/BW suggests either that this weight loss is due to a loss of fat (low water content as compared to muscle tissue).


The initial loss of body water may be explained by the changed climatic conditions and by the exposure to altitude. The initial gain of the water-free solids (CS1-CS2) may be explained by the fact that physical activity was low during this period (flight Frankfurt-Islamabad (days 1 and 2), three-day stay (days 4 - 6) in Abbottabad (1250m), five-day jeep drive (days 7-11) until Chongo at 2700m). The loss of water-free solids during the second half of the base camp stay may be explained by the high physical activity which was reported to be somewhat exhaustive at the end of the expedition. Another reason may be that some of the subjects had complained about reduced appetite due to either altitude anorexia or to the monotonous menu plan.

4.2 Red cell turnover

According to Pugh [15] one may expect an increase of red cell volume by less than 20% after 18 weeks at 4000 to 5800m above sea level whereas approximately 30% have been found in residents at 3100m [24]. Also in our subjects the increase of total hemoglobin measured after descent was modest. We do not know the magnitude of this quantity immediately before the end of the altitude stay but it cannot have changed much until the measurement in Germany: erythrocyte forma​tion was not fully suppressed in the meanwhile, as shown by the reticulocyte count and [EPO], and the destruction rate in the more resistent young cell population probably was re​duced. Thus one might suggest an only moderately increased production of red cells at altitude if the change in hemoglobin mass is considered on its own. This seems to correspond to the rather low plasma erythropoietin concentrations measured in our subjects and during other expeditions (e.g. Mairbaur et al.[11], Milledge et al. [12]). How​ever, the high AST activities after return suggest that the aver​age erythrocytic age had been markedly reduced at altitude - a fact already demonstrated by cell density measurements after 5 weeks at 5,050m [16]. Mean AST activity before ascent was slightly higher than normal. After descent the markedly in​creased AST activity in group 1 indicated a large proportion of young red cells; it was already less high in group 2 and reached initial values one month later. This is only explainable if at the same time production and destruction rates were increased.

Such effects, namely stimulated hemolysis and (to a larger ex​tent) erythropoiesis resulting in an increased red cell mass with a high proportion of young erythrocytes, are typical for physical training [21]. In our subjects they may have resulted from strenuous mountain hikes in addition to altitude in​fluence. But also after physical exercise no marked increase of [EPO] has been found, neither under normoxic nor hypoxic conditions [20]. Other causes like activation of the somatotropin-insulin-like growth factor I axis and testosterone are therefore under consideration.

From total hemoglobin mass, hemoglobin concentration and hematocrit value red cell, plasma and blood volumes before and after the expedition can be calculated (Table 1). The initial volumes were already large corresponding to the well-trained state of the subjects. If total Hb has not changed during descent, as suggested above, also end altitude values can be estimated. The reliability of this calculation is additionally restricted, be​cause the number of [Hb] measurements immediately before leaving the base camp was reduced; constant MCHC between days 45 and 64 were assumed for the lacking values. But there is little doubt that, concomitant with the increase in red cell volume, a marked reduction of plasma volume (approx. 1 l) oc​curred during the last days before descent because of dehydra​tion (2.5 l water loss measured by D20 dilution [5]). Pugh [15] has described a similar change in plasma volume at altitude (-27%). Upon return, however, rehydration increased plasma volume more than red cell volume thus reaching the initial he​matocrit value within 12 days. The blood volume at this time was nearly 1l greater than before departure. One might specu​late that a hematocrit or blood oxygen content regulating mechanism overrides volume regulation under this condition. The plasma volume loss should be a factor contributing to the reduction of performance capacity in the mountains. If a blood volume increase upon return also occurs after altitude training, as in our experiments, this might be one factor for the assumed performance improvement by this measure.


Table 1: 
Calculated red cell, plasma and blood volumes (ml) of the expedition members (means ± SE, n= 11). Initial values and means of individual changes (Δ) at the end of the altitude stay and upon return. Values obtained after return on days 55/56 and 63/64 are pooled. Alti​tude values (days 45 - 48) are estimated as described in the text. Levels of significance for differences to initial values: *p < 0.02; * *p < 0.01 [1].
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4.3 Conclusion


In conclusion the main reason for the observed rapid, massive increase of hemoglobin and hematocrit at altitude is an intravascular hemoconcentration effect provoked by a permeability induced shift of fluid to the interstitium. 
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Abstract


Background: The purpose of this study was to get information on how potassium rises in blood plasma after cardiac arrest at low core temperature versus after cardiac arrest at a normal core temperature. Potassium can be used as a marker of cell autolysis and therefore a measure of how far the body is in the dying process. An accidental hypothermic victim may appear dead but normally accepted signs of dead such as rigor or lividity are unreliable. But when plasma potassium raises above10 mmol/l it has never been possible to resuscitate an apparently dead hypothermic person. Even though we know that survival is impossible with higher levels of potassium, a lower level is not a guarantee for survival even with our best guidelines for treatment but little is known about the time for potassium to rise to this level in the cold versus in the warm person.

Methods: Five anesthetized pigs were attached to extracorporeal circulation (ECC) using percutaneous access to the femoral vessels and cooled to 20 oC. The ECC was interrupted and the tracheal tube was blocked where after the pigs developed circulatory arrest. After cardiac arrest we took blood samples from an arterial sheat every 15 minutes. This was possible because the pigs were treated with heparin and because the pigs had external cardiac compressions using a LUCAS device in 30 seconds just before blood samples were taken the. In this way the lifeless pigs had blood pressure enough to supply us with arterial blood from the body core. Another 5 pigs served as a control group. They were treated the same way except with ECC and cooling, but were killed from anoxia at normothermia. The primary blood tests were examined for potassium. Every 30 minutes we took extra secondary blood samples for other parameters.


Results: In the group with hypothermia before circulatory arrest plasma potassium concentration rose to 10 mmol/l in 14 quarters of an hour, but in the group with circulatory arrest at normothermia it took only 3 quarters of an hour.


Conclusions: If these animal results can be transferred to humans we can conclude that when a person is found cold, apparently dead and having relative low plasma potassium the person must have had cardiac arrest after being cooled down. If a normothermic person is found with cardiac arrest and plasma potassium is low, you can conclude that the cardiac couldn’t have lasted for more than one hour.

1.0 Introduction


1.1 A story from real “life”


In the middle of October 2 girls walking at the beach saw a lifeless person in the water about 30 meters from the beach. The water temperature was 11-12 oC. They contacted an adult man who made an alarm call (112 in Denmark) to the Police. He notified a body washed ashore. Nobody made any thoughts of the possibility of a living person. The Police ordered divers and a hearse to bring the body to the mortuary in the hospital with the intension to make a forensic autopsy the next day. When the body was brought to the hospital the medico-legal expert wanted to know who had declared the person for dead. Obviously nobody examined the person and declared him for dead.


Two hours after the body was salvaged an attempt to resuscitate was initiated in the hospital.


His body temperature was 24 oC, arterial plasma potassium was 8 mmol/l, but there were no signs of life. An attempt was done to use a heart-lung-machine to obtain circulation and to warm him. But at that time the blood was coagulated and he could not be rescued.


It became evident that it was not only an accident with a person fallen over board with drowning afterwards. The person had lesions suggesting serious violence before dying. We found out that he was a 22 years old foreigner. Apparently he had been punished for something and afterwards thrown into the water from as ship. 


For us some theoretical problems arose. 


1) What had his chance for survival had been if resuscitation had been started immediately?


2) Was he alive when falling into the water?


3) Can plasma-potassium indicate if cardiac arrest was after hypothermia, or if it is a dead that became cold afterwards?


We decided to make an animal trial to with the purpose to increase our knowledge about especially plasma potassium in the period after cardiac arrest in the hypothermic and in the normothermic.


1.2 Knowledge about cardiac arrest and hypothermia


Cardiac arrest and accidental deep hypothermia can be a challenge to treat. Resuscitation to spontaneous circulation using extracorporeal life support may be possible if no irreversible damages have occurred to the body. It is difficult to rely on the normal accepted signs of death in the hypothermic person. Cool induced symptoms may be mistaken for rigor mortis and post mortem lividity, and even asystole may be a fake (1). Of course the body can have been lying for so long time, that obvious rottenness has occurred, or there can be lesions not compatible with life. However raise in plasma potassium concentration to above 10 mmol/l indicates cellular damages so extreme, that resuscitation is impossible in the lifeless hypothermic victim(2-4). 


Mair et al. hypothesised that this was due to the sequence of cardiac arrest and development of hypothermia (5). If cardiac arrest occurs before hypothermia is established, hyperkalemia develops quickly due to cellular autolysis, whereas if cardiac arrest follows hypothermia, the hypothermia is tissue-protective and cellular autolysis and elevation of p-potassium are mitigated.  Except in avalanche victims, where cardiac arrest commonly is caused by early suffocation, a primary cardiac arrest is usually caused by underlying cardiac or cerebral conditions. These underlying conditions per se will further reduce the survival chance for hypothermic patients with primary cardiac arrest.  Thus, it is of important clinical interest to know the sequence of the cardiac arrest and the development of hypothermia. From a forensic point of view it may promote investigation of cause of death and time since death in victims found under unusual conditions in cold environment (6;7).


This study was aimed to test the hypothesis put forward by Mair et al., i.e., that p- potassium can indicate the sequence of cardiac arrest and hypothermia, by investigating the evolution of plasma potassium in 10 pigs in which cardiac arrest was induced after cooling to 20○ C by extracorporeal circulation (ECC) or at 36-38 ○ C by suffocation in anaesthesia and then cooled by ice-packs. 


The advantage of using ECC to cool the animals was the possibility of controlling the temperature before circulatory arrest, and even to keep circulation long enough to ensure total body cooling to 20 oC in both circulating blood and in the bladder, which is not always the case in active body cooling in the operating room (8).


2.0 Material and methods


The study was approved by the Danish Supervisory Committee for Animal Experiments. The experiments were carried out on ten female Danish Landrace pigs (~40 kg). Five animals were in the hypothermia group whereas five animals served as controls.


The animals were premedicated with 200 mg azaperon IM and 25 mg midazolam IM one hour before anesthesia. Anesthesia was induced with ketamine 2 mg/kg IV, midazolam 0, 5 mg/kg IV and fentanyl 2μg/kg IV and maintained with continuous IV infusion of fentanyl 25 μg/kg/hour and midazolam 3 mg/kg /hour. After cooling the anesthesia drugs were reduced gradually. In case of shivering, 4mg pancuronium was given IV. The trachea was intubated with a cuffed 6 mm ID tube the lungs were mechanically ventilated by a S/5 Avance Carestation ventilator ( GE Healthcare, Chalton St. Giles, UK) with tidal volumes 8 ml/kg and  positive end-expiratory pressure 5 cm H2O. Rate and tidal volume were continuously adjusted (in the hypothermia group) to keep PaCO2 4.5 -5.5 kPa. Fraction of inspired oxygen was set to 0.25, which was the lowest possible the anesthesia machine could deliver. A catheter was inserted in the right carotid artery for blood pressure monitoring and sampling of blood for analyses of plasma-potassium, pH, PaO2 and PaCO2 (ABL 700, Radiometer, Copenhagen, Denmark).  A central vein catheter was inserted via the right external jugular vein for fluid and drug infusions. 


A catheter with temperature gauge (Smiths Medical ASD Inc, Rockland, MA, USA) was inserted in the bladder for continuous temperature monitoring and measurement of diuresis. The pigs in both groups were treated with heparin enough to obtain an activated coagulation time of approximately 450 s. The room temperature was 23-26 oC. All pigs were packed with slush ice after circulatory arrest.

2.1 The group with hypothermia before circulatory arrest 


An extracorporeal circuit was established between a femoral vein and a femoral artery using percutaneous Seldinger technique. A 17 French catheter was inserted in the vein and a 15 French catheter (Medtronic Inc, Tolochenaz, Switzerland) in the artery.  The circuit contained a centrifugal pump (Jostra Rotaflow, Maquet Cardiopulmonary AG, Hirrlingen, Germany), and an oxygenator with a heat exchanger. The setup contained approximately 300 ml and it was primed with the animal’s own blood. 


The blood temperature was measured continuously during ECC. After start of ECC the blood was cooled to 20 oC and the skin was cooled externally with slush ice. When the bladder temperature reached 20 oC, the ECC was continued for further 30 min to ensure that the whole body was cooled before ECC was stopped.  The blood in the tubes was transfused back to the animal. The ventilation was discontinued and the tracheal tube was clamped to prevent accidental ventilation of the lungs. Circulatory arrest, as defined by a systolic blood pressure below 25 mmHg, occurred within few minutes after ECC was removed. After circulatory arrest the animal did not receive any infusions or drugs, but surface cooling with slush ice was continued throughout the experiment. The bladder temperature was monitored until end of the experiment. 


At the time of arrest arterial and venous blood samples were sampled and then every 15 min. In order to mirror the normal resuscitation procedure and to get a representative blood sample, external heart compressing and decompressing was performed for 30 sec before each blood sampling by the Lucas device (Jolife AB, Lund, Sweden). The tracheal tube remained clamped to avoid any resuscitation attempt of the animal. When both arterial and venous p-potassium exceeded 10 mmol/l the experiment was ended. P-potassium was analyzed every 15 minutes, while the secondary blood tests were analyzed every hour after circulatory arrest.


2.2 The group with normothermia before circulatory arrest followed by cooling


Following the instrumentation and ensuring normal PaCO2, the animal was killed by anoxia by stopping the ventilation and clamping the tracheal tube. Similar to the primary hypothermia group, circulatory arrest was defined a systolic blood pressure below 25 mm Hg. To mimic primary cardiac arrest followed by hypothermia the animal was cooled externally after circulatory arrest with slush ice. 


The blood sampling and further treatment were the same as described for the primary hypothermia group, except that the secondary blood tests were analyzed every 30 minutes after circulatory arrest.


For both groups the primary blood tests were p-potassium in central blood, but we used the possi​bility to make some secondary blood tests including pH, lactate, ALAT, myoglobin, creatinin, CK, phosphate, and D-dimer. 


2.3 Statistics


Non-parametric statistics with median values and 75% fractiles were used. The difference in time among the 2 groups to exceed a p-potassium of 10 mmol/l was tested with Mann-Whitney’s U-test. We used a time scale of one quarter of an hour, since the blood test intervals were one quarter.


3.0 Results


In the group with hypothermia before circulatory arrest the increase in arterial p-potassium was 1,9  (1,5-2,3) mmol/l/hour, median and 75% fractiles. 


In the group with normothermia before circulatory arrest the increase in arterial p-potassium was 5,5 (3,8-6,9) mmol/l/hour, median and 75% fractiles.  


In the central vein we found similar values, 1,8 (1,3-1,9) mmol/l/hour and  5,4 (2,9-8,6) respectively. 


The median time to exceed an arterial p-potassium of 10 mmol/l was 14 quarters in the hypothermic group and 4 quarters in the primary arrest group, p<0,05  (fig 1).


After circulatory arrest and the continuing cooling of the skin the bladder temperature dropped slightly in all animals. In the primary hypothermia group the temperature drop was 1,0 (0,6-2,0) degrees Celsius, median and 75% fractiles in the 14 quarters until p-potasssium concentration exceeded 10 mmol/l. In the primary cardiac arrest group the temperature drop was 0,6 (0,4-2,5) degrees Celsius, median and 75% fractiles in the 4 quarters until p-potassium concentration exceeded 10 mmol/l.


Figure 1
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The secondary blood tests were examined until plasma potassium concentration in the group exceeded 10 mmol/l. So in the primary hypothermic group the blood test were examined for 14 quarters and in the primary normothermic group the blood test were examined for only 4 quarters of an hour. The results appears from table 1.

Table 1


		

		Primary hypothermia 

		 

		 

		Primary normothermia



		 

		

		

		

		

		 



		 

		

		

		

		

		 



		 

		Before circulatory arrest

		After 14 quarters *

		

		Before circulatory arrest

		After 4 quarters *



		 

		

		

		

		

		 



		Lactat

		  2,6 (2,1 - 3,7)

		12,1 (9,6 - 15,0)

		

		  2,5 (1,5 - 7,0)

		13,7 (13,5 - 14,5)



		pH

		7,41 (7,29 - 7,46)

		6,83 (6,66 - 6,98)

		

		7,49 (7,43 - 7,54)

		6,89 (6,66 - 6,94)



		ALAT

		43 (27 - 52)

		46 (29 - 52)

		

		41 (27 - 48)

		44 (39 - 56)



		Myoglobin

		20 (20 - 25)

		149 (82 - 227)

		

		20 (20 - 20)

		30 (20 - 49)



		Creatinin

		117 (96 - 126)

		154 (134 - 164)

		

		135 (102 - 143)

		152 (135 - 187)



		CK

		949 (916 - 1224)

		1495 (1354 - 2048)

		

		761 (641 - 827)

		873 (788 - 956)



		Phosphate

		2,07 (2,01 - 2,25)

		3,54 (2,88 - 3,74)

		

		2,13 (1,86 - 2,44)

		3,26 (2,88 - 3,86)



		D-dimer

		0,14 (0,10 - 0,35)

		0,27 (0,16 - 0,30)

		

		0,13 (0,11 - 0,46)

		0,33 (0,16 - 0,43)



		 

		

		

		

		

		 



		 

		

		

		

		

		 



		 

		All values are median with 75% fractiles

		

		

		

		 



		 

		* End of study

		 

		 

		 

		 





4.0 Discussion 


It seems as if p-potassium rises 2 – 3 times quicker after circulatory arrest at normothermia than at 20 degrees Celsius. As far as we know nobody did comparable tests at hypothermia.  Schallers article from 1990 indicated a raise in p-potassium of only 2 mmol/litre in one hour after death of normothermic patients in an ICU (3). It is not possible to see how the samples were taken, but our results with 5,5 mmol/l may be closer to the truth, because of the short intermittent mixing of blood in the body due to the heart compressions. Especially in the primary cardiac arrest group p-potassium did raise already in the anoxic period before cardiac arrest, and theoretically the raise may have been postponed if cardiac arrest had been induced instantly by an electric shock.


Changes in p-lactate and pH happened almost as fast as p-potassium, but there is not the same evidence for using these parameters as a death sign in the hypothermic. D-dimer remained relatively low as an indication of well heparinized animals despite circulatory arrest.


The study has more limitations. We used healthy pigs, but patients with primary cardiac arrest are seldom healthy. Some of the hypothermic victims are healthy before an accident, but many the hypothermic patients are with co-morbidities (9). Normally a hypothermic victim has been cooled from outside and will be with different temperatures in the body, which may make the clinical picture different from the animals in our study.


We did not attempt to rescue the animals, and even though our experience from earlier experiments showed this possible from even very low temperatures with asystole, the clinical value is doubtful (1). We know that p-potassium above 10 mmol/l makes resuscitation futile, but a value below this is not a guaranty for resuscitation. The period of hypothermic arrest may influence also. 


5.0 Conclusion


Low plasma potassium concentration in deep hypothermic subjects with cardiac arrest indicates that cardiac arrest is secondary to hypothermia
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Abstract


In rats, dietary supplementation with the amino acid tyrosine (TYR) prevented depletion of central catecholamines observed during acute environmental stress.  Concomitant changes in the animals' behavioral and cognitive responses to stress suggest that TYR might have similar effects on cognitive, psychomotor, and physical performance in humans exposed to environmental stress.  This study evaluated the effect of TYR supplementation on cognitive, psychomotor, and physical performance during and following a cold water immersion that lowered body core temperature.  Volunteers (n = 19 during immersion; n = 15 following immersion) completed a control trial (CON) in warm (35ºC) water and two cold water trials (10-18°C), each spaced a week apart.  Subjects ingested a 285 kcal energy bar during each trial; on one cold trial (TYR) the bar contained tyrosine (300 mg / kg body weight), and on the other cold trial (PLB) and on CON the bar contained no tyrosine.  During PLB, volunteers made fewer correct responses on a Match to-Sample memory measure (decreased by 2.4 relative to baseline measurements; p<0.05).  When volunteers consumed TYR, correct responses increased on a Match-to-Sample (increased by 0.14 relative to baseline; p<0.05) and study time for the Match-to-Sample was shorter by 1.38 seconds (p<0.05), indicative of more rapid and accurate information processing.  Following each water immersion, subjects completed a battery of performance tasks in a cold air (10ºC) chamber.  Core temperature was lower (p=0.0001) on PLB and TYR (both 35.5 ± 0.6 ºC) than CON (37.1 ± 0.3 ºC).  On PLB, marksmanship performance decreased 14% (p=0.002) and Match-to-Sample declined by 18%, compared to CON, but there was no difference between TYR and CON.  Step test performance decreased by 11% (p=0.0001) on both cold trials, compared to CON.  This study supports previous findings that cold exposure degrades cognitive performance and supplementation with TYR alleviates working memory decrements, even with a reduced core temperature.  These data also demonstrate that TYR attenuates the cold-induced degradation in marksmanship, a psychomotor performance indicator.

1.0
INTRODUCTION


Stressful conditions that elevate brain catecholamine activity, such as cold or heat stress, altitude exposure, and tail shock in animals, are often associated with decreased cognitive performance (16; 18; 23; 33).  One reason may be depletion of central catecholamines, since both norepinephrine (29) and dopamine (14; 45) are important for acquiring and performing cognitive and motor skills.  Catecholamines serve as neurotransmitters, so augmenting the availability of the amino acid tyrosine, the precursor for catecholamine synthesis, through dietary supplementation could help maintain brain function by sustaining brain neurotransmitter levels (48).  Tyrosine and other neutral amino acids are competitive binders to the transport receptor for crossing the blood brain barrier, therefore, when there is a higher ratio of tyrosine relative to total neutral amino acids the rate of tyrosine transport will increase (12).  Under stressful conditions that activate tyrosine hydroxylase, the rate-limiting enzyme that catalyzes the conversion of tyrosine to L-dopa, the enzyme becomes more responsive to increased intraneural tyrosine, whether through ingestion or injection of tyrosine (1; 12).  Animal studies have demonstrated that supplemental tyrosine increases brain levels of norepinephrine (18; 23; 49) and dopamine (1).


Soldiers are required to perform missions even at environmental extremes; therefore, identification of effective countermeasures to mitigate performance degradation due to environmental stress is important.  One example is the 1995 hypothermia deaths of four Ranger students, where decision-making may have contributed to prolonged cold water immersion (47).  Both animal and human studies provide evidence that supplemental tyrosine is effective at limiting cold-induced decreases in cognitive performance (7; 29; 35; 49).  In humans, Banderet and Lieberman (7) found supplemental tyrosine was effective at decreasing symptoms such as headaches, cold sensation, and fatigue during a combined stress of cold and hypoxia.  Performance on cognitive tests, including addition, coding, map/compass, pattern recognition, and reaction time was also better with tyrosine, compared to placebo.  Shurtleff and Thomas (35) found that tyrosine offset the 30% reduction in performance on a Match-to-Sample test that involves short-term working memory after 60 min cold (4ºC) air exposure.  Tyrosine had no effect during a 22ºC control condition, suggesting that tyrosine availability only became important during the cold condition when there was increased firing of catecholaminergic neurons.  While these studies provide evidence for the effectiveness of tyrosine supplementation in a cold environment, none of the human studies used a cold stress that was sufficient to reduce core temperature.  Furthermore, no studies have evaluated the effect of tyrosine supplementation on physical performance during cold stress.



The purpose of the present study was to evaluate the effect of tyrosine supplementation on cognitive, psychomotor, and physical performance during cold water immersion and during cold air exposure following a stressful repeated cold water immersion protocol that induces mild hypothermia (9).  Based on previous studies, it was hypothesized that cold-induced cognitive performance decrements would be mitigated with tyrosine.  Marksmanship performance has been previously demonstrated to be sensitive to environmental stressors (37; 38), therefore, it was hypothesized that decrements in performance on this psychomotor task would also be mitigated with tyrosine.  A secondary aim of this study was to identify physical performance tasks that are sensitive to body core cooling, and whether tyrosine reverses any observed physical performance decrements.

2.0
METHODS


2.1
Subjects


This protocol was approved by the U.S. Army Research Institute of Environmental Medicine Scientific and Human Use Review Committees.  Written informed consent was obtained from each person who volunteered to participate after being informed of the purpose, experimental procedures, and known risks of the study.  Investigators adhered to U.S. Army Regulation 70-25 and U.S. Army Medical Research and Materiel Command Regulation 70-25 on the Use of Volunteers in Research.  The volunteers were enlisted Soldiers.  Nineteen subjects were used for the cold water immersion portion of the study and 15 for the cold-air part of the study.  The physical characteristics for the 19 subjects were age 21 ± 3 yr, height 174 ± 7 cm, weight 77 ± 11 kg, and % body fat 19 ± 6 %.  Their physical characteristics for the 15 subjects in the cold-air portion were age 20 ± 2 yr, height 174 ± 7 cm, weight 76 ± 11 kg, body fat 19 ± 6 %, and VO2peak 48 ± 8 ml / kg / min.


2.2
Experimental Design


Volunteers completed all three test conditions on separate days; thermo-neutral/placebo (CON), cold/placebo (PLB) and cold/tyrosine (TYR).  The order of treatment in the cold was counterbalanced and there was a minimum three-day washout period between testing days(25; 28).  Volunteers were instructed to refrain from alcohol, smoking, and exercising 12 hours prior to the start of each test day and could not eat or drink anything except water after 2200 hours the evening before the test day.

Each test session consisted of two, 90-minute water immersions, with a rewarming and recovery period (or rest if thermo-neutral) between immersions. During the cold treatment, the water temperature was approximately 10(C, but varied systematically according to individual percent body fat. The exact water temperature (to the nearest whole degree) for each participant was calculated using the Tikuisus Cold Water Survival Model (42) to induce a fall in core temperature from 37(C to 35(C in approximately 90 minutes.  During the thermo-neutral condition, the water was 35(C.


When volunteers arrived for testing, they were instrumented with a rectal core temperature probe, skin temperature electrodes, and heart rate electrodes and then rested in a seated position for 15 minutes while baseline measurements were taken.  Once baseline physiological measures were obtained, a baseline battery of cognitive tasks and questionnaires was completed. Volunteers then consumed either tyrosine or placebo. Following consumption volunteers were immersed while seated to the chest in circulated water (either 35(C or 10(C) for 90 minutes.  For safety reasons, immersion was terminated before the 90 minute period was complete if the participant's core temperature fell below 35.0°C, or dropped 0.6ºC in five minutes, or the participant asked to stop testing.  Following the first immersion, the cognitive tests were completed and then the volunteer began the rewarm/recovery phase. The core temperature at the beginning of the second immersion during each test day was similar to the temperature observed prior to immersion during the first trial.  In order to ensure this, participants were warmed (within 0.5(C of the pre-immersion temperature) in warm water (39°C) after the first immersion.  A second dose of tyrosine or placebo was given during the rewarming period.  Following the rewarming period, participants completed an identical second 90 minute immersion and cognitive testing took place immediately after immersion. 

2.2.1
Tyrosine or Placebo Administration


A low fat, high-energy nutrient bar was the matrix used for delivery of tyrosine.  The bars were matched for taste and texture to ensure volunteers could not distinguish tyrosine from placebo bars.  Volunteers received a tyrosine dose of 150 mg/kg of body weight before each immersion.  Thus, each participant received a total of 300mg/kg of body weight of tyrosine over the course of the test day. Each nutrient bar contained 9.3 grams of tyrosine.  The quantity of the bar given to each participant was adjusted based on the weight of the bar in grams. Participants consumed the bar and 1/2 glass of water 30 minutes before the start of each immersion. 


2.3
Measurements


2.3.1
Physiological Measurements



Rectal temperature was measured by a thermistor inserted 10 cm past the anal sphincter.  Heat flow disks, used to measure skin temperature, were secured on 10 sites (right side of the body): foot, calf, thigh, chest, triceps, anterior aspect of the forearm, subscapular, forehead, and hand (dorsal).  Heart rate (HR) was monitored from three chest electrodes (CM-5 configuration) and radiotelemetered to an oscilloscope-cardiotachometer (Hewlett-Packard).


2.3.2
Cold-Water Immersion Cognitive Tests and Questionnaires


Volunteers were evaluated using multiple, dependent measures of symptoms, mood, and cognitive performance.  Measures were administered on IBM compatible lap‑top computers, except for the Environmental Symptoms Questionnaire which was administered by paper and pencil. Volunteers completed 5 practice sessions with the test battery in a thermoneutral environment to familiarize themselves with the task and minimize practice effects. 

2.3.2.1
Visual Vigilance

This test of visual vigilance was designed to resemble military tasks requiring sustained scanning of the visual environment for infrequent, difficult to detect stimuli such as those during sentry duty (11).  The task required the participant to detect a small, faint stimulus that randomly appeared for a second at various locations on the computer screen  On the average, presentation of a stimulus occurred once a minute.  The participant was told to respond as quickly as possible when a stimulus was detected. Dependent measures included correct detections and the response time. Responses made before (or after) stimulus occurrence were recorded as false alarms.  The duration of this test was 20 minutes.

2.3.2.2
Four-Choice Visual Reaction Time

Volunteers were presented with a series of visual stimuli at one of four different spatial locations on the computer screen (20; 21).  The volunteer's task was to indicate the correct spatial location of each stimulus by striking one of four corresponding keys on the computer keyboard.  Dependent measures included the response latency for each trial, premature errors (responding before the presentation of the stimulus), errors of omission (response latency >1 sec) and errors of commission (hitting the wrong key).  The duration of this test was approximately 5 minutes. 

2.3.2.3
Delayed Match-to-Sample


This is a subtest of the Walter Reed Performance Assessment Battery. During this test, a sample pattern of 36 red and green grid squares was presented on the computer display.  The volunteer studied this pattern and then pressed a key on the keyboard.  The sample pattern disappeared and the screen was blank for either 8 or 16 seconds ("delay").  Next, two patterns were presented and the volunteer selected the pattern that matched the previous sample pattern. Dependent measures included correct responses, incorrect responses, time out errors, study time for the sample, and response time. The delayed match-to-sample test consisted of 20 trials and required about 12 minutes to complete.


2.3.2.4
Profile of Mood States Questionnaire



The questionnaire is an inventory of self-reported mood states (26).  Each volunteer was asked to rate a series of 65 mood-related adjectives on a five point scale, using the response set of "How are you feeling right now?" The adjectives factor into six mood subscales (tension, depression, anger, vigor, fatigue, and confusion) (27). The POMS is a widely used, standardized, computer or paper-and-pencil administered inventory of mood states.  It is the most frequently employed self-report mood questionnaire for assessing normal human mood state, having been employed in hundreds of published studies (27).  It is sensitive to a wide variety of environmental factors; sleep loss, nutritional manipulations and sub-clinical doses of various drugs (7; 11; 22; 24). The POMS required about 5 minutes to complete.


2.3.2.5
Environmental Symptoms Questionnaire



The Environmental Symptoms Questionnaire was administered to assess symptoms of cold stress, as well as alertness, muscle discomfort, and distress (32).  The items used to determine cold stress include statements like “My hands are shaking or trembling,” “I feel weak,” “I feel chilly,” and “I’m shivering.”  Volunteers rate each statement using a 6‑point scale with discrete anchor points that vary from “NOT AT ALL” to “EXTREME.”  This questionnaire required about 5 minutes to complete. 

2.3.3
Cold-Air Performance Battery

U.S. Special Operations Command (SOCOM) uses a standardized set of tests to evaluate cognitive (41) and physical performance (44) under a variety of stressful conditions.  These tests were chosen by their relevance to mission requirements, the accuracy and reproducibility of the measurements, and the time and equipment required for administration of the tests.  The performance tests were administered on each trial in a cold air (10ºC) chamber to limit rewarming, and they were completed in order of increasing metabolic activity in order to maintain reduced body temperature as long as possible.  The cognitive tests were completed first, followed by weapon disassembly/reassembly, marksmanship, hand grip strength and endurance, pull-ups, and step test.  Due to spatial constraints, the SOCOM marksmanship task was replaced by one that has been previously used in environmental extremes (37; 38).  Five familiarization sessions were completed at a neutral room temperature for each task before testing began.  A self-paced cycle ergometer test was added to the protocol after the first few subjects had completed testing.  Eleven of fifteen subjects performed this task, which was practiced on three occasions before testing began.  This task was not part of the SOCOM battery.


2.3.3.1
Cognitive Tests

The computer-based cognitive tests are described in detail by Thomas & Schrot (41).  Match-to-Sample evaluates short-term spatial memory and pattern recognition.  Upon subject initiation, an 8 x 8 matrix appears with a random pattern of red or green squares.  After 3 seconds, the screen blanks for either a short (1 sec) or long (15 sec) delay, after which two matrices appear, only one of which matches the original (the other differing in one or two of the 64 squares).  Time to make a response and which matrix is chosen are recorded.  Completion of 20 trials takes ~5 min.  Complex Reaction Time displays a set of boxes in the same orientation as the four arrow keys on the keyboard.  A red square appears randomly in a box, and the subject must press the corresponding arrow key, after which the red square immediately appears in another square.  Completion of 60 presentations takes ~1 min.  Response time and accuracy are measured.  Visual Vigilance evaluates sustained visual attention and choice reaction time.  Letters or numbers appear briefly (0.5 sec) in the center of the screen, with random delays (1-5 sec) between presentations.  The subject must press the down-arrow when only “A” or “3” appear.  This task takes ~6 min for 100 presentations.  Serial Addition/Subtraction measures the ability to perform simple calculations.  Two digits are presented with either a plus or minus sign.  If the answer is positive, the last single digit of the answer is to be entered.  If the answer is negative, the subject must add 10 and then enter the resulting single positive number.  This task takes ~2 min for 50 presentations.  Logical Reasoning measures general reasoning ability using true or false statements about the sequence of two letters presented on the screen, “AB” or “BA.”  The statements are positive/negative and active/passive, and refer to whether one letter precedes or follows the other.  This task takes ~3 min for 32 presentations.  Repeated Acquisition assesses the subject’s ability to learn, decode, or acquire a key press sequence.  Twelve blocks are presented and the subjects must learn the sequence of up, down, right, or left arrow keys by trial and error over 15 total presentations.  This task takes ~8 min.


2.3.3.2
Psychomotor Tests

Two psychomotor tasks were administered.  One was disassembly and reassembly of an M-16 rifle (12 steps), with total time recorded.  The other task was rifle marksmanship speed and accuracy, measured using a single stationary target laser system (Noptel, Oulu, Finland).  Subjects waited with the rifle below waist level, then took their shot after a red LED light appeared at a random time (1-10 sec).  Three sets of five shots fired from a standing position on a target simulating 46 cm at a distance of 50 m were analyzed.  Calculated parameters included Distance from Center of Mass (DCM, mm), which is the distance between the average of a five shot series from the center of the target; Shot Group Tightness (SGT, mm2), which is the area in which the five shots are clustered; Horizontal SGT and Vertical SGT (mm), which represent the spread of the five shots in each direction; Horizontal Deviation and Vertical Deviation (mm), which represent the average directional deviation of the five shots from the center of the target, with a negative value indicating left or below the target; and Sighting Time (min), which is the time the red LED light appears until the trigger is pulled.  This task took ~2 min. 


2.3.3.3
Physical Performance Tests

The physical performance tasks are described in detail by Valaik et al. (44).  Hand grip strength was measured in both hands on three maximal efforts, followed by a measure of handgrip endurance.  Because tissue cooling can affect muscle strength, the hand grip endurance test used the force determined as 50% of the average maximum grip strength obtained during the last practice session (normal room temperature).  Thus, even if cold stress on any trial altered maximum grip strength, grip endurance was still measured at the same absolute force.  Hand grip strength and endurance took ~5 min.  Pull-ups were performed from a hanging position with knees bent.  The maximum number of pull-ups (full arm extension to chin over the bar) was recorded.  A single step test was performed while wearing a 20 kg weighted vest.  Subjects were instructed to complete as many steps (up with both feet and down with both feet counting as one step) as possible in 1 min.  Immediately following the step test, subjects completed a self-paced cycle ergometer test of a fixed amount of work (3 kJ per kg body weight).  The initial work rate was set for each subject to reflect a 50% VO2 peak exercise intensity at a pedal cadence of 60 rpm, but the subjects could thereafter alter the work rate according to their preference throughout the test.  Subjects were instructed to complete the task as quickly as possible.  The cycle ergometer test was practiced at a neutral temperature on three occasions before testing began.


2.4
Statistical Analysis


Data were analyzed across all three trials using repeated measures analysis of variance.  Tukey’s Honestly Significant Difference (HSD) post-hoc test was applied when significant main effects were found.  Statistical significance was set at p<0.05.  Cold-Water Immersion cognitive data are presented as the change from baseline.

3.0
RESULTS


3.1
Core Temperature Results

The cold water immersions reduced rectal temperature (p<0.0001) by ~1.5ºC in both PLB (35.5 ± 0.6 ºC) and TYR (35.4 ± 0.5 ºC) trials, which were significantly different (p<0.05,) from CON (37.1 ± 0.3 ºC), but not from each other.  During cold air exposure, mean skin temperature was lower (p<0.0001) on PLB (25.4 ± 1.6 ºC) and TYR (25.4 ± 1.5 ºC) trials, which were significantly different from CON (27.7 ± 1.4 ºC, p<0.05), but not from each other.  The minimum finger temperature achieved during cold air exposure was significantly lower (p=0.0073) on the PLB trial (14.7 ± 1.4 ºC), compared to CON (16.0 ± 2.0 ºC, p<0.05); but TYR (15.0 ± 1.4 ºC) was not significantly different from either CON or PLB.

3.2
Cold-Water Cognitive Results

3.2.1
Match-to-Sample

Analyses of correct responses on the match-to-sample memory measure demonstrated that fewer correct responses (P<0.05) were made with PLB ( EQ \O(x,¯) =-2.36, SEM = 0.77) compared to TYR ( EQ \O(x,¯) =.14, SEM = 0.80) and CON ( EQ \O(x,¯) =.18, SEM = 0.67). 

Analyses of reaction time for hits following a 16 second delay revealed a treatment by time interaction (P<0.05), that is, volunteers responded more quickly with TYR ( EQ \O(x,¯) = -1.11, SEM = 6.13) compared to PLB ( EQ \O(x,¯) = 19.38, SEM = 5.37) following the first cold immersion (Figure 1), but there was no difference in RT following the second immersion (TYR  EQ \O(x,¯) = 12.24, SEM = 9.34; PLB  EQ \O(x,¯) =7.62, SEM = 7.51).  

A main effect of treatment (P<0.05) for study time across both delays was also observed.  Post hoc analyses revealed that volunteers studied the sample for a shorter amount of time with TYR ( EQ \O(x,¯) = -2.18, SEM = 0.47) than PLB ( EQ \O(x,¯) = -0.80, SEM = 0.34) and CON ( EQ \O(x,¯) = -0.61, SEM = 0.41). 
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Figure 1: Change in Reaction time (seconds), relative to baseline, for Match-to-Sample following each immersion for tyrosine (TYR) and placebo (PLB) trials.

3.2.2
4-Choice Reaction Time


Analyses of the 4-choice reaction time task revealed a main effect (P<0.01) of temperature on the reaction time measure, such that volunteers responded more rapidly in the CON ( EQ \O(x,¯) = -28.15, SEM = 6.29) than in the cold (TYR  EQ \O(x,¯) =12.91, SEM = 9.34; PLB  EQ \O(x,¯) = 17.38, SEM = 7.63).


Analyses of errors revealed a main effect of temperature for premature errors (P<0.05). Post hoc analyses show that more premature errors were made following cold exposure (TYR  EQ \O(x,¯) = 0.97, SEM = 0.42; PLB  EQ \O(x,¯) = 1.18, SEM = 0.35) than CON ( EQ \O(x,¯) = 0.38, SEM = 0.19). Analyses of errors also showed a main effect for temperature on total errors (p<0.05), such that the total error score was higher following cold exposure (TYR  EQ \O(x,¯) =2.47, SEM = 0.85; PLB  EQ \O(x,¯) =3.29, SEM = 0.90) compared to CON ( EQ \O(x,¯) = 0.74, SEM = 0.58). 


3.2.3
Environmental Symptoms Questionnaire

Analyses of the “cold symptom” measure on the ESQ revealed a main effect of temperature (P<0.01), such that volunteers felt more symptoms of cold stress following cold (TYR  EQ \O(x,¯) =1.75, SEM = 0.25; PLB  EQ \O(x,¯) =1.85, SEM = 0.26) compared to CON ( EQ \O(x,¯) = 0.07, SEM= 0.08), with no difference between TYR and PLB. Muscle discomfort was higher (P<0.01) following cold (TYR  EQ \O(x,¯) =1.11, SEM = 0.23; PLB  EQ \O(x,¯) =1.01, SEM = 0.20) vs. CON ( EQ \O(x,¯) = -0.09, SEM= 0.10).


3.2.4
Profile of Mood States

Tension was higher (P<0.01) in the cold (TYR  EQ \O(x,¯) =2.33, SEM = 0.92; PLB  EQ \O(x,¯) =2.07, SEM = 0.58) compared to CON ( EQ \O(x,¯) = -1.76, SEM= 0.65).  Depression was also higher (P<0.05) in the cold (TYR  EQ \O(x,¯) =2.37, SEM = 1.16; PLB  EQ \O(x,¯) =2.37, SEM = 0.93) vs. CON ( EQ \O(x,¯) = -0.33, SEM= 0.76).  In addition, total mood disturbance, was higher (P<0.01) in the cold (TYR  EQ \O(x,¯) =8.83, SEM = 3.45; PLB  EQ \O(x,¯) =10.1, SEM = .3.54) vs. CON ( EQ \O(x,¯) = -0.37, SEM= 3.07). 


Confusion was significantly higher (P<0.01) with PLB ( EQ \O(x,¯) =1.60, SEM= 0.56) compared to CON ( EQ \O(x,¯) = -0.53, SEM= 0.54), but TYR was not significantly different than CON.  


3.3
Performance Battery Results

3.3.1
Cognitive Performance

Data from the cognitive performance tests are shown in Table 1.  Note that statistical significance is only presented relative to CON because Tukey’s HSD post-hoc analysis did not indicate statistical significance between PLB and TYR for any variable.  Cold water immersion reduced (P=0.023) the percentage of correct answers on the Match-to-Sample test during the PLB trial for an 18% reduction in performance.  Response time was 10% slower (P=0.0084) during the PLB trial for the Addition/Subtraction test.  Response time on the Vigilance test improved (P=0.010) on both cold trials by 25%-38%, compared to CON.


		

		

		Control

		Placebo

		Tyrosine



		Match-to-Sample, % Correct


Response Time, sec

		67 ± 15


3.7 ± 0.8

		55 ± 15 *


3.3 ± 1.1

		62 ± 14


3.3 ± 1.1



		Complex Reaction Time, % Correct


Response Time, sec

		91 ± 11


0.38 ± 0.06

		89 ± 9.8


0.40 ± 0.06

		89 ± 13.5


0.41 ± 0.07



		Addition/Subtraction, % Correct


Response Time, sec

		94 ± 9


2.0 ± 0.6

		93 ± 6


2.2 ± 0.8 *

		93 ± 7


2.1 ± 0.8



		Vigilance, % Correct


Response Time, sec

		92 ± 7


0.08 ± 0.02

		96 ± 10


0.05 ± 0.03 *

		92 ± 8


0.06 ± 0.02 *



		Grammatical Reasoning, % Correct


Response Time, sec

		82 ± 17


3.2 ± 1.3

		84 ± 15


2.9 ± 1.2

		79 ± 19


3.2 ± 1.6



		Repeated Acquisition, % Correct


Response Time, sec

		71 ± 12


9.9 ± 3.3

		70 ± 14


9.4 ± 2.7

		72 ± 12


9.7 ± 2.5





*Tukey’s HSD post-hoc, p<0.05 compared to Control.


Table 1.  Cognitive performance during cold-air exposure.  Data are presented as mean ± SD.

3.3.2
Psychomotor and Physical Performance

Data from the physical performance tests following resting cold water immersion are shown in Table 2, with marksmanship parameters presented in Table 3.  Note again that statistical significance is only presented relative to CON because Tukey’s HSD post-hoc analysis did not indicate statistical significance between PLB and TYR for any variable.  The only physical performance measures affected by cold were marksmanship (P=0.004), shot group tightness, (P=0.006), vertical shot group tightness (P=0.027), and step test (P<0.0001).  Marksmanship performance decreased by 14% on the PLB trial, compared to CON, but there was no significant difference between the TYR and CON for any parameter.  On the PLB trial, the poorer marksmanship scores were due to increased shot dispersion and, more specifically, in the vertical direction.  Step test performance was reduced by 11% on both PLB and TYR trials, compared to CON. 

		

		Control

		Placebo

		Tyrosine



		Weapon Assembly, sec

		103 ± 25

		107 ± 27

		114 ± 33



		Grip Strength, RH, kg

		42 ± 5

		41 ± 6

		42 ± 5



		Grip Endurance, RH, sec

		68 ± 16

		58 ± 27

		56 ± 23



		Grip Strength, LH, kg

		43 ± 5

		42 ± 7

		43 ± 5



		Grip Endurance, LH, sec

		65 ± 22

		64 ± 24

		61 ± 27



		Pull-ups

		10 ± 5

		9 ± 5

		9 ± 5



		Steps

		53 ± 5

		47 ± 6 *

		47 ± 7 *



		Cycle Test, sec †

		1394 ± 158

		1449 ± 179

		1458 ± 199





*p<0.05 compared to Control.  † n=11.


Table 2.  Physical performance following resting cold water immersion.  Data are presented as mean ± SD.


		

		Control

		Placebo

		Tyrosine



		Distance from Center of Mass, mm

		4.7 ± 0.9

		5.9 ± 1.2 *

		5.3 ± 1.2



		Shot Group Tightness, mm2

		59 ± 20

		100 ± 46 *

		77 ± 30



		Horizontal Shot Group Tightness, mm

		7.8 ± 2.2

		9.4 ± 2.3

		8.2 ± 2.2



		Vertical Shot Group Tightness, mm

		7.6 ± 1.7

		10.2 ± 2.8 *

		9.1 ± 2.5



		Horizontal Deviation, mm

		-0.3 ± 1.8

		-0.2 ± 2.5

		0.1 ± 2.5



		Vertical Deviation, mm

		-0.7 ± 1.8

		-0.2 ± 1.5

		-0.7 ± 1.8



		Sighting Time, sec

		6.4 ± 2.1

		7.0 ± 2.4

		7.0 ± 2.0





*p<0.05 compared to Control.


Table 3.  Marksmanship performance following resting cold water immersion.  Data are presented as mean ± standard deviation.


4.0
DISCUSSION



Physiological stressors such as cold exposure that cause sustained increases in brain catecholamine turnover have been associated with decreases in working memory, and these decrements in performance have previously been shown to be offset by dietary tyrosine administration (35).  This was confirmed in the present study, where tyrosine ingestion mitigated the decrease in working memory performance on the Match-to-Sample test following cold water immersion and during cold air exposure that was observed with placebo in subjects with reduced core temperature.  However, this study is the first to extend those observations to a more practical demonstration of the effectiveness of tyrosine supplementation for mitigating the cold-induced decrease in psychomotor performance indicated by marksmanship.


As anticipated, exposure to cold stress resulted in impaired performance on multiple cognitive measures. Cold exposure produced decrements on the 4-choice reaction time task.  In particular, volunteers responded more slowly and committed a greater number of errors following cold exposure.  In addition, performance was impaired on the working memory task at the longest delay interval (16 seconds). These results are consistent with previous work showing that cold stress impairs working memory (2; 34; 35; 39; 40).  Previous work suggests that measures of working memory may be particularly susceptible to cold stress and is affected in the early stages of body cooling. Decrements in working memory have been seen with cold exposure resulting in relatively small reductions in core temperature (10) and exposure to cold air that are unlikely to have caused a reduction in core body temperature (35).  


Supplementation with tyrosine prior to cold exposure was effective in reducing cold-induced working memory decrements. In fact, administration of tyrosine prior to the cold exposure resulted in matching-to-sample accuracy comparable with that in the thermoneutral condition. This result is consistent with previous work in both animals and humans demonstrating beneficial effects of tyrosine on working memory during stressful conditions (34; 35) and again indicates that tyrosine mitigates working memory impairment when cold-stress specifically affects memory retention, such that accuracy is impaired only at the longest delay interval (35).  This study extends previous work by showing that tyrosine is an effective countermeasure against cognitive decrements associated with larger changes in core body temperature, as well as multiple exposures to cold stress in humans. In addition, this study demonstrates that supplementation with the amino acid tyrosine prior to cold exposure reduced the amount of time taken to study the target compared to both the placebo condition and control. This is important because it indicates that when volunteers received tyrosine, they were not only completely protected against cold-induced memory deficits, but they were also able to process information more rapidly. Finally, results from the POMS questionnaire support these observations, as an increased score on the confusion subscale of the POMS following cold is mitigated with tyrosine supplementation.



The beneficial effects of tyrosine supplementation reported in the present study are consistent with the hypothesis that cold stress causes an increase in the firing rate of catecholaminergic neurons and tyrosine supplementation prior to stress increases syntheses of the catecholamines required for optimal working memory function.  This hypothesis is supported by studies demonstrating that brain catecholamines, particularly norepinephrine and dopamine, are depleted in certain regions of the brain by exposure to a variety of stressors (8; 17; 36) and that this depletion is associated with decrements in cognitive performance (18; 46). Administration of tyrosine, a precursor for the synthesis of dopamine and norepinephrine (48) has been shown to prevent the stress induced depletion of brain norepinephrine and dopamine in CNS regions associated with working memory (18; 19; 31). 


Marksmanship requires cognitive decision-making to determine the optimal time to take a shot, and motor control for physical steadiness required to support the weapon and for control of breathing.  Brain catecholamines are important for both cognitive skills and motor control (14; 29; 45), as well as for attention regulation and inhibition of distracting stimuli, both of which would be important for marksmanship skills in a cold environment (4).  If brain catecholamine activity during cold exposure is enhanced by supplemental tyrosine, this could contribute to improved marksmanship performance.  Support for this mechanism is provided by data in rats, where tyrosine maintained higher brain norepinephrine levels during cold exposure, compared to a placebo trial, and the rats treated with tyrosine exhibited improved behavioral performance (49).  


The marksmanship procedure used in the present study has previously been demonstrated to be sensitive to a variety of environmental stressors, including hypoxia (37) and operational stress in a cold-wet environment (38), and was sensitive to the cold exposure in the present study where core temperature was reduced, but upper body tissues were not directly pre-cooled.  Other methods of marksmanship evaluation, such as a small arms simulator and use of moving targets, have not demonstrated a decrease in marksmanship performance due to thermal strain (heat or cold) (43).  One reason for the discrepant findings regarding cold effects on marksmanship may be the degree of thermal strain induced, since the cold stress used by Tikuisis et al. (43) did not reduce core temperature.  In another study, Reading et al. (30) used a similar marksmanship system as the present study to evaluate performance after a 2 h cold air (4ºC) exposure and found no change due to cold exposure, but their findings appear to have been confounded by development of a learning effect in those subjects.  Our study observed poorer vertical shot group tightness with body cooling during the PLB trial, suggesting vertical stabilization as a potential intervention to improve marksmanship in the cold through the use of rifle supports such as sandbags.  This may be another reason no difference in marksmanship performance was found by Tikuisis et al. (43), since those subjects fired from a prone position using sandbags.


A secondary goal of the present study was to identify which physical performance tasks were sensitive to body cooling.  The only physical performance task affected by cold exposure in the present study was the step test.  The impairment in that task was probably due to local tissue cooling produced by cold water immersion in addition to the lowered core temperature.  Decreased muscle, nerve, and joint temperatures that occur with direct tissue cooling (e.g., cold water immersion) impair physical performance (13; 16).  Although tissue cooling may have been persistent at the beginning of the cycle ergometer test, it is likely that continued activity increased muscle blood flow more than during the step test, probably restoring tissue temperatures to near normal.  Physical performance in upper body tasks was unaffected by lowered core temperature. 


The tyrosine dose used in the present study (150 mg / kg body weight X 2) is higher than most of the human and animal studies; however, little research has been done to determine an optimal dose.  Banderet and Lieberman (6) report plasma tyrosine levels of 109 nmol / ml 150 min after ingestion of 100 mg / kg body weight.  Glaeser et al. (15) measured plasma tyrosine concentration for 8 h after both 100 and 150 mg / kg body weight doses, and found plasma tyrosine peaked after 2 h with both doses (154 and 203 nmol / ml, respectively), but only remained elevated after 8 h with the higher dose.  For extended cold exposure, the higher dose would seem more appropriate.  Badawy and Williams (5) looked at brain dopamine and norepinephrine levels after intraperitoneal tyrosine doses ranging from 5-500 mg / kg body weight, and found the largest elevation in catecholamines at a tyrosine dose of only 20 mg / kg body weight.  They suggest that negative feedback mechanisms and / or substrate inhibition of tyrosine hydroxylase could explain the lowered level of catecholamine synthesis despite increased elevation of brain tyrosine.  Another question raised by Anisman and Zacharko (3) is how stressors may condition or sensitize the neurotransmitter pathways.  For example, repeated exposure to a stressor may increase tyrosine hydroxylase activity, resulting in restored concentration of catecholamines without the need for supplemental tyrosine.  Further research is required to produce a dose-response curve for brain catecholamine synthesis following tyrosine supplementation in humans, and to determine whether this relationship is modified by different stressful conditions, by prior exposure to the stressor, or by changes in sensitivity to exogenous tyrosine.


This study supports previous research demonstrating the effectiveness of tyrosine supplementation for mitigating cold-induced cognitive performance decrements such as working memory and extends those findings to include performance on the psychomotor task of marksmanship.  The proposed mechanism for this relationship makes the assumption that the reduced brain catecholamine level associated with stressful conditions such as cold exposure is responsible for the degraded cognitive performance, and that elevating tyrosine levels increases tyrosine hydroxylase activity, thereby restoring brain catecholamine levels.  However, tyrosine hydroxylase activity may be regulated in a number of ways beyond simply increased tyrosine availability.  Future studies could be done to provide further support for the proposed hypothesis.  For example, control studies may include administering amino acids that compete with tyrosine uptake, which should reduce the beneficial effects of tyrosine on cognitive performance, or administering amino acids that are precursors to pathways other than catecholamine synthesis.  Nonetheless, tyrosine supplementation would appear to be a beneficial countermeasure for cognitive and psychomotor performance during cold strain, and may be expected to be effective under other stressful conditions, including heat stress and altitude exposure.  Future studies should also consider whether multi-stressor conditions, such as those Soldiers experience during sustained operations involving environmental stress, physical and mental fatigue, sleep deprivation and caloric restriction, would also benefit from tyrosine supplementation.

DISCLAIMER


Approved for public release; distribution is unlimited. The opinions or assertions contained herein are the private views of the author(s) and are not to be construed as official or reflecting the views of the Army or the Department of Defense. The investigators have adhered to the policies for protection of human subjects as prescribed in Army Regulation 70-25, and the research was conducted in adherence with the provisions of 32 CFR Part 219.  Human subjects participated in these studies after giving their free and informed voluntary consent.  Investigators adhered to AR 70-25 and USAMRMC Regulation 70-25 on the use of volunteers in research. Any citations of commercial organizations and trade names in this report do not constitute an official Department of the Army endorsement of approval of the products or services of these organizations.
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Abstract

Introduction: Conflict in Afghanistan (endurance freedom mission) is characterised by numerous short and intense battles in mountain environment. Mountain exercise is complex and associate environmental conditions (temperature, altitude), risk exposure (like falling rocks), intense physical exercise, relative sleep deprivation and stress. For these reasons, mountain exercise represents a good training field before a war mission. But in these conditions, it could be difficult to maintain physical and mental performance. Evaluation of energy expenditure is one way of research to avoid a fall of performance.


Some methods are used to evaluate energy expenditure: indirect calorimetry by expired gas measurement or by doubly-labeled water. Indirect calorimetry by expired gas measurements needs some calibration, is limited in time (few hours) and is more adapted for athletic test. Doubly water measurement is appropriate to evaluate global energy expenditure for exercise between 4 and 10 days. Between 4 hours and 4 days, these methods could not be used to evaluate energy expenditure. The only one method allowing estimation of total daily energy expenditure during thirty hours of sequential physical activities for a group of subjects in field condition is the heart rate recording.

Objective: The purpose of our study was to estimate total energy expenditure of a military section engaged in a short winter alpine climbing mission lasting thirty hours in the Mont Blanc Mountain.


Methodology: We also estimated energy expenditure corresponding to different activities of the mission using the heart rate monitoring. Energy intake during the climbing mission was controlled.


Results: The duration of the military training session was around thirty hours. Total daily energy expenditure was evaluated at 43.57 ± 1.23 MJ.day-1 (for total energy expenditure around 48.73 ± 2.12 MJ). Energy intake during the training military sessions was measured at 14.78 ± 0.69 MJ. Analysis of each activity showed that daily energy expenditure of sleep and sedentary activities were the least expensive for energy cost. Energy for mountaineering activities showed that cross country skiing was the most expensive compared to other mountaineering activities (alpine climbing, downhill climbing and downhill skiing).


Discussion, conclusion: This study strengthens the high level of energy expenditure reached during a short and strenuous mountain training mission. This rate of energy expenditure was higher than the level reached by american soldiers during a winter week exercise at moderate altitude as described by Hoyt et al. [1]. Investigation of metabolic and hormonal responses during such extreme exercise would provide some supporting information to back up the energy cost and the importance to advice adequate nutrition in this condition of exercise to maintain and optimize performance.

1. Introduction, background:


Conflict in Afghanistan (endurance freedom mission) is characterised by numerous short and intense battles in mountain environment. French army develops a concept of continuous and short operation (three to five days in autonomy). This new type of mission is characterized by hard environmental conditions (moderate altitude: between 1000 and 3500 meters, cold temperature in winter), physiological and psychological stress (strenuous exercise, stress of death). Evaluation of energy expenditure is one way of research to avoid a fall of performance during such mission.


Our difficulty was to find a similarly model of a war mission to estimate energy expenditure of such mission:


· The model of the expedition in high altitude:

Energy expenditure during prolonged exercise in high altitude has been studied during expeditions and laboratory experience 
 ADDIN EN.CITE 
[2-5]
. These studies showed that the total daily energy expenditure increased but little. According to studies, daily energy expenditure was estimated between 11.7 to 20.6 MJ.jour-1 
 ADDIN EN.CITE 
[4-8]
. During the experiment EVEREST 3, it was even shown a slight decrease in total daily energy expenditure from 13.6 MJ.jour-1 at sea level to 12.1 MJ.jour-1 at the end of 31 days of hypoxic exposure [5].But to extrapolate these results to a war mission is difficult. During these expeditions or laboratory experiment, hypoxia level is greater, which limits both the duration and intensity of physical activity. In addition, during laboratory experiments subjects are not submitted to psychological stress.


· The model of military training:


Numerous studies have investigated energy expenditure during military training. A review of literature by Tharion et al. [9] have shown that military training in mountains induce a maximal energy expenditure between 14.8 MJ.day-1 to 29.8 MJ.Day-1 using the doubly labeled water method. A recent experience by Kyröläinen et al. [10] found a similarly result of energy expenditure around 29.3 MJ.day-1 using heart rate recording to evaluate energy expenditure, during the hardest phase of military exercise. During this phase (7 days), the subjects walked 20-25 km per day in the forest, carrying their full combat gear of 49.8 ± 4.7 kg. Interest of these experiments is to evaluate soldiers in their environment with their equipments. For studies cited by Tharion et al [9], variability of the results on energy expenditure are related to differences in environmental conditions, volume and intensity of exercise, fitness and gender profile of subjects. In addition during these military training, death stress is probably not present. 

· The model of civilian ultraendurance exercise:

Some studies have focused on energy expenditure during a race ski mountaineering or sports trek at altitude. Zaccaria et al. [11] estimated the energy expenditure of a race ski mountaineering for a period of 7 hours to reach 21 MJ and a ultramarathon over 15 hours to reach 29.3 MJ. Sjödin et al. [12] estimated energy expenditure during a cross country skiing training period at 30.2 MJ.jour-1 with elite endurance athletes. During a raid sport in Australia for a period of 10 days to an altitude of between 850 and 2450 meters, the daily energy expenditure was estimated at 21.7 ± 2.8 MJ.jour-1 [13].


· We suggest an other model: the alpine climbing race


Alpine climbing race is the traditional model of mountaineering in the Alps. This activity takes place either in summer or winter. It is characterized by exercise practiced over a long period (1 to 4 days) at a moderate altitude (between 3000 and 4000 meters). The overall design of a course consists of an alpine climb to reach the refuge on the first day, one night in it and then, the next day climbing to the summit. This model combined a hostile environment (wind, cold temperatures, shorter day-length in winter) and unpredictable risk (avalanche, rockfall or seracs). Most often, mountaineering is practiced in north face, which increases cold exposure. During these courses, the climbers are in autonomy for food and equipment. Many factor such intensity and duration of exercise; exposure to hypoxia and psychological stress can combine to lead to a deterioration of physical and mental capacities increasing the risk accident. There is currently no estimate of energy expenditure of an alpine climbing race in literature

· Methods to evaluate energy expenditure in free living conditions:


In free living conditions there are two gold standard methods to estimate daily total energy expenditure, doubly-labelled water and indirect calorimetry by expired gas measurements [14]. Doubly-labelled water requires a measurement period of 4 to 20 days and cannot discriminate different physical activities in a same exercise. Indirect calorimetry using expired gas measurement with a portable recorder system (/quark K4, Cosmed, Italy) is limited to 4-5 hours of data gathering. 

An alternative method that is feasible for estimation of total daily energy expenditure during ultraendurance activities in field conditions is heart rate recording 
 ADDIN EN.CITE 
[14-16]
. This method allows determination of sequential energy expenditure levels during different mountaineering activities. Heart rate recording presents disadvantages to estimating energy expenditures for a single subject, but it remains a reliable method for a group in field conditions 


[14,17] ADDIN EN.CITE . Heart rate recording error rate is lower than that for accelerometer or questionnaire methods [14]. 

The purpose of our study was to estimate, using the heart rate monitoring method, the total energy expenditure in professional climbers engaged in a winter-season alpine climbing race lasting approximately thirty hours in the Mont Blanc Mountain (france). We additionally estimated energy expenditures corresponding to different activities of the race. The last purpose was to estimate the consequence of such race on anaerobic lower limb performance, mental performance and mood states. 

2. Experimental protocol

Design of the climbing race


Ten male professional climbers (mean age 30.0 ( 0.9 yr) from the French Military Group of High Mountain in Chamonix participated in the experiment. Climbers of this military operational group are physically trained and adapted to moderate altitude due to residence in Chamonix (altitude 1,042 m).

Subjects performed an alpine climbing race in the Mont Blanc mountain (france). The climbing race took place in winter (temperature ranged from – 5°C to +19°C, wind varied from 0 to 10 km.h-1, source: the French National Weather Service). Carrying rucksacks (20.0 ( 2.8 kg), participants reached the “Dent du Requin” summit at 3,422 m, by the north face. The race lasted around 30 hours including 12 hours of rest in the “Requin” hut [18]. In keeping with the International Mountaineering and Climbing Federation (UIAA) scale, the ascent ranked V/VII for risk exposure, and 5/7 in terms of difficulty. During the race, heart rate (polar S810, Polar electro Oy, Kempele, Finland) and the motor activity (Actiwatch® actometer, CNT, UK) of participants were recorded.


Mood state 


Subjective mood state was evaluated using the Profile of Mood States (POMS) before and immediately at the arrival of the climbing race. Questionnaire assesses six specific dimensions (tension, depression, anger, vigor, fatigue and confusion) through rating a series of 65 adjectives. Each adjective was scored from 0 (not at all) to 4 (extremely). 


Mental performance


Mental performance of subjects was evaluated through the reaction time and the number of incongruent / congruent responses during the Stroop test [19]. Individual words were presented with video monitor. These word stimuli consisted of a random presentation of three color names (red, green, or blue) presented in one of these three colors. The words were displayed for 1600 ms with an interstimulus interval of 800 ms (1600 ms on, 800 ms off). Performance was evaluated through the number of good responses (congruent and incongruent) and the time for response (millisecond). The congruent condition is when the word meaning and the stimulus hue correspond (i.e. the word red presented in the color red) and the incongruent condition is when they do not match (i.e. the word red presented in the color blue). 


Physical performance


Performance of lower limbs was evaluated through determination of the maximal power force of quadriceps. It was determined using a Cybex dynanometer (Lumex, Ronkonkoma, N.Y., USA) and subjects performed three maximal isometric voluntary contractions (MVC) of the quadriceps, followed by one other MVC sustained during 90 sec. Each subject was required to perform the protocol with the right quadriceps muscle. The knee angle was 90°. Performance was evaluated through determination of the peak torque (expressed in Newton) and total work (expressed in Newton per second).


3. Results

Anthropometrical characteristics


The mean height of participants was 1.81 ± 0.01m. The mean body weights, body mass index, percent of body mass and lean body mass were (72.37 kg ± 1.64, 22.17 ± 0.37, 10.42 % ± 0.81, 64.64 kg ± 1.49 respectively). The mean VO2max was 55.06 ml/ min.kg-1.


Energy expenditure

The total EE was estimated at 48.73 ( 2.12 MJ, representing an EE at 43.57 ( 1.23 MJ.day-1. Energy deficiency was estimated at 33.53 ( 2.31 MJ.day-1. Analysis of each activity showed that the longest activity is represented by sleep followed by sedentary activity in the hut (7 hours 36 min and 5 hours 20 min respectively). DEE sleep was 6.1 ( 0.4 kJ.min-1 for a total of 2.6 ( 0.2 MJ and DEE sedentary 13.8 ( 0.4 kJ.min-1 for a total of 4.4 ( 0.2 MJ. These activities were the least expensive in terms of energy cost. Energy expenditure for mountaineering activities showed that cross country skiing was the most expensive compared to other mountaineering activities, representing an average of 57.32 ( 2.09 kJ.min-1. Comparison between mountaineering activities showed no statistical significant difference between cross country skiing and alpine climbing, nor between downhill skiing and downhill climbing. Our results showed significant differences between the uphill and downhill activities.

Performance

After the race, fatigue and tension index were significantly increased through the POMS questionnaire (P<0.05 and P < 0.001 respectively). After the race, the mental performance was unaffected through the Stroop test. After the race, physical performance (Work and MVC) of lower limbs was significantly decreased (P<0.01)

4. Perspective / Conclusion


The particularity of an alpine climbing race model is the association of numerous parameters found during actual military mission in Afghanistan (/moderate altitude, cold temperature, autonomy, strenuous exercise and stress of death). Our results show an extreme level of energy expenditure during this ultra-endurance race at moderate altitude under a high degree of difficulty and risk exposure. These results provide comparative data on the energy cost of cross-country skiing and alpine climbing, the main mountaineering activities during a winter climbing race. Investigation of metabolic and hormonal responses during such extreme energy expenditure would provide supporting information to strenghten the energy cost data. Our results affirm the importance of adequate nutrition for soldiers involved in such extreme exercise.
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Abstract

In this study we have investigated the effect of wind on three-layer military winter clothing measured by a thermal manikin in a wind tunnel. With air-permeable clothing total insulation decreased by 70-80 % and by 50 % with air-impermeable surface material, when the wind velocity increased from 0.4 to 18 m s-1. In walking, the effect was 5-20 % less than in standing. In standing conditions the middle layer has no effect on insulation. In very turbulent wind the insulation values were 6-15 % less than in less turbulent conditions. The direction of the wind, when manikin was turned 45 or 90 degrees, increased the insulation 8-15 % than in situation when manikin was forward to wind. The local insulation values varied greatly depending on the measurement sites. One mechanism of the effect was the formation of the air bag in the clothing. The conclusion was that the effect of wind on cooling must be accounted for in predictive models and assessment standards as well as in the design of cold protective clothing.


1.0
INTRODUCTION

Wind increases the cooling effect decisively even by 50°C with a wind speed of 20 m s-1 expressed as temperature effect. Especially in outdoor work wind is an inconveniencing factor. The wind speed is clearly greater at sea and in coastal areas than inland: in Finland the annual average is at sea areas 7,5 – 8 m s-1 and inland 3 – 4 m s-1 [1]. The maximum average wind speed has been 31 m s-1 at sea, 17 m s-1 inland and 39 m s-1 and in Lapland 39 m s-1 on hills higher than 500 m measured at 3 hours intervals at weather stations.


In Finland there are more than 500 000 people who have experienced cold to affect harmfully affect their work environment [2,3,4]. The effect of cold has not received enough attention and there are no specific recommendations or orders regulating the cold exposure and the health hazards of cold [5]. When the thermal insulation of clothing is insufficient more heat is transported trough the clothing than has been produced, and the person is exposed to cold. The performance and precision working are weakened, and the load on the of circulatory system is increased [6,7,8]. The thermophysiological responses of wind are in principle equal to those of cold exposure, but wind directs the effect on certain body parts such as face.


Wind increases convective heat transfer. In combination with low temperatures, wind represents a potential hazard to health and may quickly result in dangerous cooling of the body as a whole or local parts, in particular.


Human thermal physiological and comfort models will be able to simulate both transient and spatial inhomogeneities in the thermal environment. With this increasing detail comes the need for anatomically specific convective and radiative heat transfer coefficients for human body. Thermal manikin plays an important role in simulating the thermal state of human bodies to facilitate the evaluation of thermal comfort properties of various clothing assemblies.

Wind increases the heat loss through both the clothed and the bare skin. The parameters affecting airflow are air velocity, temperature, angle of incidence and turbulence [9]. As regards clothing the affecting parameters are thermal insulation, resistance of water vapour, air permeability and the pattern of the clothing, especially vents. The thermal insulation is greatest when a person stands as the ventilation inside the clothing is smallest. When a person moves the ventilation increases, and the thermal insulation is reduced by even 35-50%. Wind reduces the inner air layer inside the clothing by compressing the clothing. Wind increases the ventilation of clothing [10]. According to various studies, walking reduces the thermal insulation of clothing  by about 30% and wind by 40%, when the wind speed is 4,1 m s-1, and the combined effect is 50% [11,12]. The resistance of water vapour was reduced by 70% when walking and by 90% in wind [13]. On the other hand the total thermal insulation and evaporative resistance during actual walking has reduced by 20 - 45%. The thermal total insulation reduced less with more layers. Subtracting effects on the surface air layer revealed that the wind exerted a lesser effect as the insulation value increased. Wind and “walking” effects were less than 5-10% for three layer winter clothing evaporation efficiency measured with a sweating manikin proved a similar ranking of ensembles as direct measurements with subjects. [14]. In the studies the wind speed has usually been lower that 4 m s-1. [15,11,16,17,18,19], but recently the wind speed has been increased up to 18 m s-1 [20,21,22].


In addition to the physiologic measures of threshold values of cold exposure, also wind indexes based on environmental factors as well as indexes of semi-experimental equations based on environmental and physiological variables, take into account the clothing. The cooling effect of wind can be roughly estimated with wind-chill-index which is able to describe the cooling of bare skin [23]. Over the last several years, there have been many articles on the inaccuracy of the wind chill index which were published in scientific journals [24]. 


The insulation of clothing in cold work can be estimated by the IREQ-index [25]. When we know the metabolic power, effective mechanical power, ambient air temperature, mean radiant temperature of the environment, relative humidity, and air velocity, we can calculate the insulation required from the clothing capacity. The effects of body movements, posture, wind and condensation have been mostly ignored, or they have been assessed only with a rough scale [26]. The effect of wind on total thermal insulation for the wind speed range from 0 to 18 m s-1 has been presented [27,22].


In this study we examined the effect of velocity, direction and turbulence of wind at different temperatures on the total and local insulation of three-layer military winter clothing composed of various types of garments and materials.


2.0
materials and methods


2.1
Methods

The measurements were made in a climatic chamber with a wind tunnel. The entry to the wind tunnel was 100 x 200 cm or 80 x 180 cm at an air velocity of 18 m/s. The wind tunnel was equipped with two vertically aligned fans, which produced an airflow of 32 m/s. Air velocity was adjusted with frequency transformers, and the laminarity of wind was accomplished with honeycomb stabilizers with a unit diameter of 9.5 mm and a depth of 100 mm. 

The measurements were made with a turnable and walking thermal manikin consisting of 16 separate zones. The heating power and surface temperature of the different zones of the manikin were measured, controlled and adjusted by the computer, which also recorded the results during the measurements. The measurements were made in according to the standards (SFS 5553) and (EN342). The temperature and humidity of the chamber were adjusted separately with a special computer.


Air velocity was measured at 5-minute intervals. To determine the standard deviation, 100 wind velocity values were obtained during 3 minutes. Wind turbulence was calculated according to standard ISO 7726. The mean wind turbulence in the measurements was 3.5 ( 1.3% (N=435). In the more turbulent measurements the turbulence was increased up to 20 %.


The manikin measurements were made in a wind tunnel where the default temperatures were +15°C, +5°C and -5°C at wind velocities ranging from 0.2 - 18 m s-1. 


The total thermal insulation of the clothing, Icltot , (m2 K/W) was calculated using equation 1, which is based on the locally recorded values of the parameters. An alternative method is to use the total thermal efficiency and temperature values of the thermal manikin using equation 2. The local thermal insulation values were calculated in the same way, 
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where fi is the manikin’s local clothing coefficient, ai is local area, Tsi local temperature, Hci local thermal efficiency, and A, Ts and Hc are the corresponding variables for the whole manikin. The impact of wind on the variation of the shape of the clothing was studied using optoelectronic infrared video measurements (MacReflex v. 2.5).


A modern ensemble of outdoor clothing consisting of long underwear, intermediate clothing and outer clothing, shoes, gloves and hats was used in the measurements. The components of various ensembles are given in Table 1. The basic clothing consisted of a long sleeved undershirt and long pants, intermediate shirt 1 and pants 1, outer jacket 1 and outer trousers 1. The woollen clothing consisted of an intermediate shirt 2 and pants 2, and the cotton clothing consisted of an intermediate shirt 3 and pants 3. The laminated clothing were of the same materials as the basic, clothing expect for the outer jacket 2 and outer pants 2. Lighter clothing was the same as the basic clothing, expect that the outer clothing had been replaced by another intermediate shirt 1 and pants 1.


The effect of the outer material of the clothing on heat emission was studied by using either air-permeable or air-impermeable material laminated with a semi-permeable microporous layer (outer material 2). To assess the significance of intermediate clothing, three different materials were used; they varied in thickness and air permeability.


Table 1. Structure, material and thermal insulation capacity Rct, air permeability ap, thickness d and mass per square meter of the clothing materials used in the measurements.
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Undershirt 2*2 rib knit


22% CO/ 50% PES/                        


28% Polychlal


0.041 1570  1.9 180


Long underpants single knit 50% CO/ 50% PES


0.032 1300  2.1 270


Interm. shirt 1 pile fabric, 6 mm pile 80% PA/ 20% PES


0.034 1360  4.8 400


Interm. pants 1 pile fabric, 6 mm pile 80% PA/ 20% PES


0.034 1360  4.8  400


Interm. shirt 2 single knit


70% WO/25% PA/                          


5% other fibres


0.084 1240  2.4 330


Interm. pants 2 1*1 rib knit 100% WO


0.084 1150  2.6 350


Interm. shirt 3 fleecy knitted fabric 67% CO/ 33% PES


0.050 500  1.8 250


Interm. pants 3 fleecy knitted fabric 67% CO/ 33% PES


0.050 500  1.8 250


Outer jacket 1 Satin 65% CO/ 35% PES


0.015 48  0.7 300


Outer trousers 1  Satin 65% CO/ 35% PES


0.015 48  0.7 300


Outer jacket 2


plain weave/                


Goretex lining 


PES/ PTFE, 100% CO 0.014      1.4  0.6 200


Outer trousers 2


plain weave/                


Goretex lining 


 PES/ PTFE,100% CO 0.014      1.4  0.6 200




Table 1 shows the clothing materials used in the measurements, air permeability AP according to SFS 4781 and thickness according to SFS 3380. In addition the manikin wore gloves with a thermal insulation capacity of 0.360 m2K/W, windproof 4-layer footwear with a thermal insulation capacity of 0.380 m2K/W and a winter hat and face mask with a thermal insulation capacity of 0.450 m2K/W.


3.0
Results


The effects of wind on the total thermal insulation capacity of winter clothing were determined in view of the velocity and direction of the wind. Figure 1 shows the mean total thermal insulation capacities measured at temperatures of +15, +5 and -5°C (N=168). The total thermal insulation capacities measured at different temperatures did not differ considerably.


Various surface and intermediate materials were inspected to determine the effect of structure on the total thermal insulation. The total thermal insulation capacity of the clothing laminated with a microporous layer diminished by 50% as the wind velocity increased from 0.4 to 18 m s-1, whereas with normal winter clothing by 70%, and with high-air-permeable 80% respectively (figure 2). The effect of wind was noted when the air velocity exceeded 7-8 m s-1 In a walking, the results were the same for lighter clothing as well. 


Replacing the intermediate clothing of the basic clothing by woollen or cotton intermediate clothing did not reduce notably the thermal insulation when the manikin was standing still. When the manikin was walking at a speed of 0.3 m s-1 the thermal insulation fell by 6-10% when the intermediate clothing was replaced by corresponding woollen clothing. The air permeability of both kinds of intermediate clothing was of the same magnitude, but the thickness of the woollen intermediate clothing was only half that of the basic clothing. When the intermediate clothing was replaced by cotton intermediate clothing, which has a considerably lower air-permeability and thickness than the basic clothing, the total thermal insulation was reduced by 10-15% compared to the basic clothing. An increase in walking speed did not affect these differences.
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Figure 1. The total thermal insulation capasity Icltot (m2K/W) of the clothing ensembles studied with the manikin standing still.


In turbulent wind with velocity of 1 m/s, the total thermal insulation capacity of basic clothing decreased to 0.33 m2K/W and with velocity of 10 m/s it fell to 0.16 m2K/W. The increase in wind turbulence from 4 to 16% reduced the total thermal insulation capacity of the basic clothing by 6-15%. 


Turning the manikin increased the total thermal insulation. There was no essential difference between the measurements when the manikin was turned 45° or 90° sideways. The total thermal insulation increased by 5% at an air velocity of 1 m s-1, 9% at an air velocity of 4 m s-1 and 16% at an air velocity of 8 m s-1 compared to when the manikin faced the wind. When the manikin was turned sideways to the wind, the area of the clothing exposed directly to the wind decreased, being smallest when the manikin was directly sideways to the wind.


3.1
Local thermal insulation


Local thermal insulation values were measured from the 16 zones of the manikin, of which the chest, back, right upper arm and right thigh are studied here (Figure 3) [5]. These sections, which differ in shape and size, represent the effects of wind from different directions. An increase in wind velocity from 0.4 to 19 m s-1 reduced the local thermal insulation values by 35 - 85%, depending on the type of clothing and the part of the body.
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Figure 2. Changes in total thermal insulation Ictot capacity (%) as a function of wind velocity for the basic clothing, PTFE-laminated outer clothing, intermediate cotton clothing, and lighter clothing.


When the manikin was standing still, the increase in wind velocity from 0.4 to 18 m s-1 had the most marked reducing effect on thermal insulation on the upper arm and the chest, i.e. about 80%, while the reduction on the back and the thigh was smaller about 65%. In these sections, an obvious air pocket developed in the clothing on the side away from wind, at air velocities of over 3 m s-1. The effect of the wind on the thermal insulation values of the upper arm, chest and back was identical with all types of intermediate clothing. The wind effect on the thermal insulation on the thigh was 10 – 20% greater when woollen or cotton intermediate clothing was used. This greater effect of the wind on the local thermal insulation of the thigh was due to the greater air space between the layers of clothing, which allowed more airflow in the area of the thigh.


With non-permeable clothing, the wind effect on local thermal insulation on the chest was equal to that recorded with the basic clothing; otherwise the wind effect on local thermal insulation values was about one third less. The greatest difference was recorded in the thigh area, where the impact of wind was about half of that compared to the basic clothing. The difference between the thigh and the other sections is due to the difference in the tightness of the clothing on the different sections. The amount of air between the clothing layers in the thigh area was smaller than on the upper arm, for instance.


With the manikin was walking the effect of wind on the local thermal insulation value was almost the same as when the manikin standing still. The change in the local thermal insulation values due to walking varied within -55 - +30%, depending on the type of clothing and the section of the body. With three-layer basic clothing, an increase in walking speed of 0.3 m s-1 reduced the local thermal insulation values on the thigh and the upper arm by about 20% within the whole range of air velocities. On the chest and the back, walking decreased the local thermal insulation by as much as 35% at an air velocity of 18 m s-1. When the walking speed rose to 0.8 m s-1, the thermal insulation on the upper arm further dropped by 10%, while a higher walking speed had only a minor effect on the thigh, chest and back. 


With laminated outer clothing, walking reduced the thermal insulation on the thigh by a maximum of 40%, on the upper arm by a maximum of 35%, on the chest by 10 – 20%, whereas on the back, walking, compared to immobility, increased the insulation by 10%. Increasing mobility increased ventilation on the upper arm and the back due to the pumping effect and reduced ventilation on the chest and the thigh by diminishing the air layer inside the clothing. Walking reduced thermal insulation most clearly on the thigh (30%) when both woollen and cotton intermediate clothing was used, while the effect on the chest and the back was 5 – 20%, and diminished as wind velocity increased.


The turbulence effect reduced local thermal insulation on the thigh and the chest from 10% in weak wind (0.4 m s-1) to 40% in strong wind (15 m s-1). The effect of turbulence was clearly more marked on the upper arm, which may be explained by the additional turbulence of air at the back of the upper arm. The increase in turbulence reduced the local thermal insulation on the back by 10% throughout the range of air velocities used.


3.2
Changes in the shape of clothing caused by wind


Changes in the shape of clothing due to the wind became apparent at a wind velocity of 4 m s-1. The effect of wind on the shape of clothing was most obvious on the chest and the back, being less significant on the extremities. The most distinct effect was seen on the back at air velocities of 8 and 16 m s-1, as an air bag with a maximum thickness of 60 – 70 mm developed on the back when the manikin wore the basic clothing and woollen intermediate clothing. The air bag was smaller by 10 – 20 mm when laminated outer clothing was worn. The maximum compression on the chest was recorded when laminated outer clothing was used, being 45 mm compared to 10 – 35 mm recorded otherwise. The maximum compression was recorded in the reference clothing earlier, while in the other types of clothing it was recorded at an air velocity of 16 m s-1. 
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Figure 3. Local thermal insulation Icl local (m2K/W) values on a standardised manikin with basic clothing, PTFE-laminated outer clothing, and permeable clothing.


3.3
Comparison of the formula for calculating total thermal insulation


Total thermal insulation can be calculated from the manikin measurements in two ways: as an area- weighted mean (serial model) or by using the manikin’s total thermal efficiency (parallel model). The area-weighted mean is usually slightly higher than the value obtained with total thermal efficiency. The difference between the thermal insulation values calculated with these two methods for the two sets of clothing is around 10% up to wind velocities of 8 m s-1. At higher wind velocities the difference is up to 15%, being even greater for laminated clothing (20%).


The area-weighted formula yields a higher value, because it emphasises the role of the large sections, such as the back and chest, and underemphasizes the role of smaller sections, such as the arms and legs, in total thermal insulation. For instance, when the peripheral thermal insulation values are small compared to the corresponding values of the central body, the difference between the two methods of calculation may be over 50%, if the the total thermal insulation is also low. The big difference between the total thermal insulation values yielded by the two methods is due to uneven local distribution of the thermal insulation, which may be a risk factor in extreme conditions. It has therefore been proposed that the maximum permissible difference between the methods of calculation should not exceed 5%.


4.0
DISCUSSION


In the literature, the wind effect has been described in the air velocity of 0 – 4 m s-1, [15,11,16, 17, 18,19]. Parts of the results of this studies were used whereas the present study covered velocities up to 18/s. In low-velocity winds, the values for the total thermal insulation of the clothing on the manikin were similar to those reported in the literature. In manikin measurements, an increase in air velocity from 0.5 to 1.1 m s-1 reduced the thermal insulation of the clothing by 6 – 10%, while the changes reported in the literature have been 10% for non-permeable and 30% for permeable clothing [12]. An increase in wind velocity of up to 4 m s-1 reduced total thermal insulation by 20 – 34%, while the corresponding effect reported in the literature has been 40 % [13]. The difference in results can be explained by partial blocking of internal ventilation, because the natural vents in the clothing were closed to obtain the maximal thermal insulation.


When PTFE-laminated outer clothing was used, the change in total thermal insulation was similar to that obtained with normal basic clothing at air velocities under 8 m s-1, but was smaller at higher velocities with air-permeable clothing.


The total thermal insulation of clothing depends on the permeability of the material, the size of the air space between the layers of clothing, and the presence or absence of the boundary layer around the clothing. The thermal insulation of non-permeable laminated clothing was affected by the smaller air space between the layers and the disappearance of the boundary layer. A further mechanism that affected total thermal insulation was the pumping effect due to walking, which increases the ventilation inside clothing; the thicker the air layer the stronger ventilation. When thinner intermediate clothing was used, movement gave rise to greater air flow in the air spaces between the layers of clothing, and the greater  permeability of the clothing allowed the air flow to penetrate deeper, which in turn resulted in a decrease in total thermal insulation.

The changes in local thermal insulation due to the wind effect on an immobile manikin were mostly due to the air bags that developed inside the clothing: the extra air increased the local thermal insulation. The compression of the clothing by a stronger wind increased the loss of thermal insulation on the chest and upper arm when the clothing was compressed by the wind. The decrease in thermal insulation on the back and thigh was less, because air bags developed at these points. 


The effect of movement on local thermal insulation increased as the permeability of intermediate clothing increased and its thickness decreased. Walking reduced thermal insulation most on the thigh, while the effects on the chest and back were clearly smaller. A faster walking speed increased the pumping effect due to the movement of the extremities; this was particularly obvious when permeable and thin intermediate clothing was used. When thin intermediate clothing was used, the effect of the increased ventilation was 2- to 4-fold compared to less air-permeable intermediate clothing. The effect of increased internal ventilation is further accentuated when the airflow is able to penetrate into the clothing. The walking speed increases the air spaces between the layers of clothing have a lesser effect than the permeability of the intermediate layers as walking speed increases. On the chest area the walking-boosted ventilation is greatest at low air velocity (0.4 – 1 m s-1), but with higher air velocities the ventilation is prevented because of the compression of the clothing, as the air layers that make ventilation possible are being blocked. On the back area air velocities greater than 3 m/s created an airbag that increased thermal insulation, whereas the ventilation generated by higher air velocities decreased the effect of the airbag. The reduction in the thermal insulation of limbs was caused by intensified ventilation due to the increased pumping of the airflow generated by exercise.


The effect of airflow was found to be stronger than estimated by the IREQ-index. The airflow reduced thermal insulation by 50-60% whereas the IREQ-index predicted a 20% reduction when the airflow increased from 0.4 to 14 m s-1. It is obvious that the IREQ-index should be corrected to account for the effect of wind. The following calculation has been proposed [25]:


Icl,r = Il,r – Ia,r/fcl 







(4)


Il,r/It = 0.54 e(0.075 ln(AP) – 0.15v – 0.22w)-0.06 ln(AP) + 0.5 


(5)


Where Icl,r is the resultant insulation, Il,r is total insulation, Ia,r boundary air layer insulation, fcl is the ratio of clothing, Il,r is the resultant total insulation, It is total insulation, ap is air permeability, v is air velocity, w is walking speed.


When estimating the effects of wind on thermal insulation, one  should take into account the difference between natural wind and laboratory wind. The intensity of natural wind varies and it is often more turbulent than the wind created in a laboratory. The greater turbulence breaks down the air layer of the clothing more effectively, and the variation in velocity increases fluttering and changes in shape.


Turning the body sideways in wind increased total thermal insulation compared to situation when manikin was facing to wind, which was caused by the reduced effective area exposed to wind. Turning sideways increased thermal insulation on the parts of the body whose wind-exposed areas decreased, and also increased the thermal insulation of the parts of the body behind which the airflow altered.
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						basic parallell			basic seriel			laminated parallel			laminated seriel


			0.5			72			70			67			67						0.45


			1			68			62			60			59


			4			57			52			52			47


			8			49			44			41			37


			15			43			38			24			21


			18			39			35			21			18


						basic parallell			basic seriel			laminated parallel			laminated seriel


			0.5			0.450			0.438			0.419			0.419


			1			0.425			0.388			0.375			0.369


			4			0.356			0.325			0.325			0.294


			8			0.306			0.275			0.256			0.231


			15			0.269			0.238			0.150			0.131


			18			0.244			0.219			0.131			0.113








Sheet1


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0





basic


woollen


cotton


laminated


lighter


wind (m/s)


Icltot (m^2K/W)


0
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0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0
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kokonaiseristävyys


			0			0			0			0


			0			0			0			0


			0			0			0			0


			0			0			0			0


			0			0			0			0


			0			0			0			0





basic parallell


basic seriel


laminated parallel


laminated seriel


wind (m/s)


Total thermal insulation (m^2K/W)
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0
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paikalliset


			KOKONAISLÄMMÖNERISTÄVYYDEN MUUGTOKSET KESKIARVONA 3 LÄMPÖTILASSA


			basic																											ptfe																											cotton																														sparse


			wind			standing			walking 0.3 m/s			walking  0.8 m/s																		wind			standing			walking 0.3 m/s			walking  0.8 m/s																		wind			standing			walking 0.3 m/s			walking  0.8 m/s																					wind			standing			walking 0.8 m/s


			0.42			0%			0%			0%																		0.4			0%			0%			0%																		0.4			0%			0%			0%																					1			0%			0%


			1			-9%			-5%			-3%																		1			-6%			-4%			-3%																		1			-3%			-6%			-4%																					3.9			-41%			-35%


			4.1			-26%			-19%			-17%																		3.9			-22%			-20%			-19%																		4			-26%			-21%			-19%																					8			-64%			-57%


			8.1			-44%			-37%			-32%																		8			-33%			-32%			-29%																		7.9			-40%			-38%			-35%																					12.1			-73%			-65%


			15.9			-67%			-61%			-60%																		14.9			-43%			-41%			-40%																		14.7			-60%			-60%			-58%																					15			-76%			-72%


			18			-72%						-63%																																																																											17.7			-79%








paikalliset


			





wind (m/s)


standing


walking 0.3 m/s


walking  0.8 m/s


Change in thermal insulation (%)


Basic clothing





tuulen vaikutus lokaalisiin


			





wind (m/s)


standing


walking 0.3 m/s


walking  0.8 m/s


Change in thermal insulation (%)


PTFE-laminated





 kääntäminen ja turbulenttisuus


			





wind (m/s)


standing


walking 0.3 m/s


walking  0.8 m/s


Change in thermal insulation (%)


Cotton intermediate clothing





lokaalinen kääntäminen


			





wind (m/s)


standing


walking 0.8 m/s


Change in thermal insulation (%)


Lighter clothing





			Lokaaliset eristävyydet keskiarvona eri lämpötiloissa mitattuna


						basic																								laminated																											sparse																											cotton


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.625			0.383															0			0.466			0.397			0.515			0.316															0.00			0.532			0.380			0.346			0.367


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															1			0.386			0.330			0.473			0.293															0.45			0.512			0.368			0.352			0.345


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															3.9			0.187			0.179			0.338			0.181															1.06			0.453			0.325			0.334			0.349


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															8			0.098			0.111			0.183			0.109															4.16			0.237			0.208			0.251			0.300


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															12.1			0.066			0.088			0.137			0.078															8.15			0.162			0.156			0.221			0.221


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15			0.054			0.073			0.113			0.067															15.12			0.094			0.096			0.155			0.122


						17.97			0.085			0.086			0.157			0.080																																							17.7			0.051			0.070			0.090			0.049
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			0			0			0
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shoulder
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shoulder


chest
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wind (m/s)


Icl local (m^2K/W)


Laminated clothing
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shoulder


chest
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wind (m/s)


Icl local (m^2K/W)


Lighter clothing


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0
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			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0





shoulder


chest


back


wind (m/s)


Icl local  (m^2K/W)


Cotton intermediate clothing


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0
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			Tuulen vaikutus lokaalisiin eristävyyksiin


						basic																								laminated																											cotton																														sparse


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.601			0.383															0.00			0.532			0.380			0.346			0.367																		0			0.466			0.397			0.488			0.316


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															0.45			0.512			0.368			0.352			0.345																		1			0.386			0.330			0.473			0.293


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															1.06			0.453			0.325			0.334			0.349																		3.9			0.187			0.179			0.338			0.181


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															4.16			0.237			0.208			0.251			0.300																		8			0.098			0.111			0.183			0.109


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															8.15			0.162			0.156			0.221			0.221																		12.1			0.066			0.088			0.137			0.078


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15.12			0.094			0.096			0.155			0.122																		15			0.054			0.073			0.113			0.067


						17.97			0.085			0.086			0.157			0.099			0.077																																																																		17.7			0.051			0.065			0.099			0.049


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.45			0%			-0%			0%			-0%												0.44			-0%			0%			-0%			0%															0.45			0%			0%			0%			0%																		1			0%			-0%			0%			0%


						1.05			-16%			-14%			-9%			-6%												1.03			-12%			-12%			-5%			-2%															1.06			-12%			-12%			-5%			-1%																		3.9			-52%			-46%			-29%			-38%


						4.13			-49%			-44%			-22%			-14%												4.07			-47%			-44%			-21%			-6%															4.16			-54%			-43%			-29%			-13%																		8			-75%			-66%			-61%			-63%


						8.12			-65%			-61%			-41%			-36%												7.98			-59%			-58%			-39%			-10%															8.15			-68%			-58%			-37%			-36%																		12.1			-83%			-73%			-71%			-74%


						15.03			-78%			-75%			-59%			-60%												14.84			-66%			-66%			-46%			-19%															15.12			-82%			-74%			-56%			-65%																		15			-86%			-78%			-76%			-78%


						17.97			-84%			-79%			-65%			-72%															-60%																																																						17.7			-87%			-80%			-79%			-83%








			0.4521111111			0.4521111111			0.4521111111


			1.0544444444			1.0544444444			1.0544444444


			4.1283333333			4.1283333333			4.1283333333


			8.1162222222			8.1162222222			8.1162222222


			15.0305555556			15.0305555556			15.0305555556


			17.97			17.97			17.97





wind (m/s)


shoulder


chest


back


Change of local thermal insulation (%)


Basic clothing


0.0004521134


-0.0001471129


0.0009933606


-0.1607985941


-0.1426584269


-0.0858264165


-0.4888653351


-0.444687529


-0.2205781153


-0.6478370074


-0.6075196697


-0.4126569739


-0.7812746146


-0.7528610933


-0.5924860503


-0.8440491956


-0.7938702421


-0.6459091715





			0.4381111111			0.4381111111			0.4381111111


			1.0267777778			1.0267777778			1.0267777778


			4.0654444444			4.0654444444			4.0654444444


			7.9818888889			7.9818888889			7.9818888889


			14.8394444444			14.8394444444			14.8394444444





wind (m/s)


shoulder


chest


back


Change of local thermal insulation (%)


PTFE-laminated clothing


-0.0009218862


0.0008320951


-0.0007373892


-0.1158847427


-0.1194349303


-0.0533973817


-0.468469499


-0.4408934468


-0.2144990442


-0.590420972


-0.5778868948


-0.3906389063


-0.66


-0.6644429028


-0.459919728
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wind (m/s)


shoulder
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Change of local thermal insulation (%)


Cotton intermediate clothing
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			0			0			0
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wind (m/s)


shoulder


chest


back


Change of local thermal insulation (%)


Lighter clothing
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			Nuken kääntämisen vaikutus


			turbulenttisuus																																	Tuuli (m/s)			normal (3.6 %)			turbulence (20 %)


			nukke kohtisuoraan tuuleen																																	0.5


			tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back												1.1			0.352


			1.08			0.04			3.70			0.357			0.447			0.444			0.361			0.405												4.1			0.291


			4.39			0.20			4.56			0.291			0.290			0.269			0.228			0.324												8.1			0.222


			7.86			0.34			4.26			0.224			0.190			0.203			0.165			0.245												15.0			0.141


			15.17			0.61			4.02			0.145			0.117			0.117			0.102			0.187												1.4						0.328


																																				3.5						0.283


																																				6.8						0.222


																																				9.5						0.167


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346						M91			kokonais45			kokonais


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172						0.352			0.381			0.369


																																				0.291			0.317			0.316


																																				0.222			0.257			0.250


			Nukke 90 astetta tuuleen																																	0.141			0.164			0.164


			+ 5 C


																																				3%			8%			5%


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi						0%			9%			9%


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352						3%			16%			12%


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342						0%			16%			16%


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410						Tuuli (m/s)			0°			45°			90°


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211						0.5


																																				1.1			0.352


																																				4.1			0.291


																																				8.1			0.222


			kohtisuoraan																																	15.0			0.141


			wind (m/s)			left shoulder			right shoulder			chest			back																					1.0						0.369


			1.1			0.447			0.444			0.361			0.405																					3.8						0.316


			4.4			0.290			0.269			0.228			0.324																					7.6						0.250


			7.9			0.190			0.203			0.165			0.245																					14.2						0.164


			15.2			0.117			0.117			0.102			0.187																					1.0									0.381


																																				3.8									0.317


			45 kulmassa																																	7.7									0.257


			wind (m/s)			left shoulder			right shoulder			chest			back																					14.4									0.164


			1.0			0.412			0.559			0.408			0.392


			3.8			0.237			0.450			0.291			0.336


			7.6			0.122			0.298			0.188			0.273


			14.2			0.076			0.164			0.115			0.193


			90 kulmassa


			wind (m/s)			left shoulder			right shoulder			chest			back


			1.0			0.348			0.539			0.390			0.369


			3.8			0.208			0.385			0.341			0.320


			7.7			0.108			0.273			0.239			0.255


			14.4			0.068			0.207			0.145			0.141
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left shoulder


right shoulder


chest


back


wind (m/s)


Icl local (m2K/W)


Direct by facing wind
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left shoulder


right shoulder


chest


back


wind (m/s)


Icl local (m2K/W)


Turned 45 degrees to wind
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left shoulder


right shoulder
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turbulence (20 %)
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			Turbulenttisuuden vaikutus


			+15 C									kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			Tuuli (m/s)			Hajonta			Turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.4			0.27			19.92			0.328			0.387			0.369			0.302			0.351			0.343			0.297


			3.5			0.55			15.85			0.283			0.367			0.259			0.213			0.323			0.314			0.278


			6.8			0.94			13.81			0.222			0.209			0.167			0.158			0.270			0.235			0.212


			9.5			1.30			13.63			0.167			0.138			0.109			0.118			0.216			0.159			0.156


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172


			Nukke 90 astetta tuuleen


			+ 5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211
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lokaalinen kääntäminen


			Lokaaliset eristävyydet keskiarvona eri lämpötiloissa mitattuna
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			Tuulen vaikutus lokaalisiin eristävyyksiin


						basic																								laminated																											cotton																														sparse


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.601			0.383															0.00			0.532			0.380			0.346			0.367																		0			0.466			0.397			0.488			0.316


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															0.45			0.512			0.368			0.352			0.345																		1			0.386			0.330			0.473			0.293


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															1.06			0.453			0.325			0.334			0.349																		3.9			0.187			0.179			0.338			0.181


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															4.16			0.237			0.208			0.251			0.300																		8			0.098			0.111			0.183			0.109


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															8.15			0.162			0.156			0.221			0.221																		12.1			0.066			0.088			0.137			0.078


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15.12			0.094			0.096			0.155			0.122																		15			0.054			0.073			0.113			0.067


						17.97			0.085			0.086			0.157			0.099			0.077																																																																		17.7			0.051			0.065			0.099			0.049
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			Nuken kääntämisen vaikutus


			turbulenttisuus																																	Tuuli (m/s)			normal (3.6 %)			turbulence (20 %)


			nukke kohtisuoraan tuuleen																																	0.5


			tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back												1.1			0.352


			1.08			0.04			3.70			0.357			0.447			0.444			0.361			0.405												4.1			0.291


			4.39			0.20			4.56			0.291			0.290			0.269			0.228			0.324												8.1			0.222


			7.86			0.34			4.26			0.224			0.190			0.203			0.165			0.245												15.0			0.141


			15.17			0.61			4.02			0.145			0.117			0.117			0.102			0.187												1.4						0.328


																																				3.5						0.283


																																				6.8						0.222


																																				9.5						0.167


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346						M91			kokonais45			kokonais


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172						0.352			0.381			0.369


																																				0.291			0.317			0.316


																																				0.222			0.257			0.250


			Nukke 90 astetta tuuleen																																	0.141			0.164			0.164


			+ 5 C


																																				3%			8%			5%


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi						0%			9%			9%


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352						3%			16%			12%


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342						0%			16%			16%


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410						Tuuli (m/s)			0°			45°			90°


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211						0.5


																																				1.1			0.352


																																				4.1			0.291


																																				8.1			0.222


			kohtisuoraan																																	15.0			0.141


			wind (m/s)			left shoulder			right shoulder			chest			back																					1.0						0.369


			1.1			0.447			0.444			0.361			0.405																					3.8						0.316


			4.4			0.290			0.269			0.228			0.324																					7.6						0.250


			7.9			0.190			0.203			0.165			0.245																					14.2						0.164


			15.2			0.117			0.117			0.102			0.187																					1.0									0.381
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			Turbulenttisuuden vaikutus


			+15 C									kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			Tuuli (m/s)			Hajonta			Turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.4			0.27			19.92			0.328			0.387			0.369			0.302			0.351			0.343			0.297
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			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172


			Nukke 90 astetta tuuleen


			+ 5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211
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			Tuulen vaikutus lokaalisiin eristävyyksiin


						basic																								laminated																											cotton																														sparse


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.601			0.383															0.00			0.532			0.380			0.346			0.367																		0			0.466			0.397			0.488			0.316


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															0.45			0.512			0.368			0.352			0.345																		1			0.386			0.330			0.473			0.293


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															1.06			0.453			0.325			0.334			0.349																		3.9			0.187			0.179			0.338			0.181


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															4.16			0.237			0.208			0.251			0.300																		8			0.098			0.111			0.183			0.109


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															8.15			0.162			0.156			0.221			0.221																		12.1			0.066			0.088			0.137			0.078


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15.12			0.094			0.096			0.155			0.122																		15			0.054			0.073			0.113			0.067
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			Nuken kääntämisen vaikutus


			turbulenttisuus																																	Tuuli (m/s)			normal (3.6 %)			turbulence (20 %)


			nukke kohtisuoraan tuuleen																																	0.5


			tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back												1.1			0.352


			1.08			0.04			3.70			0.357			0.447			0.444			0.361			0.405												4.1			0.291


			4.39			0.20			4.56			0.291			0.290			0.269			0.228			0.324												8.1			0.222


			7.86			0.34			4.26			0.224			0.190			0.203			0.165			0.245												15.0			0.141


			15.17			0.61			4.02			0.145			0.117			0.117			0.102			0.187												1.4						0.328


																																				3.5						0.283


																																				6.8						0.222


																																				9.5						0.167


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346						M91			kokonais45			kokonais


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172						0.352			0.381			0.369


																																				0.291			0.317			0.316


																																				0.222			0.257			0.250


			Nukke 90 astetta tuuleen																																	0.141			0.164			0.164


			+ 5 C


																																				3%			8%			5%


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi						0%			9%			9%


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352						3%			16%			12%


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342						0%			16%			16%


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410						Tuuli (m/s)			0°			45°			90°


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211						0.5


																																				1.1			0.352


																																				4.1			0.291


																																				8.1			0.222


			kohtisuoraan																																	15.0			0.141


			wind (m/s)			left shoulder			right shoulder			chest			back																					1.0						0.369


			1.1			0.447			0.444			0.361			0.405																					3.8						0.316


			4.4			0.290			0.269			0.228			0.324																					7.6						0.250


			7.9			0.190			0.203			0.165			0.245																					14.2						0.164


			15.2			0.117			0.117			0.102			0.187																					1.0									0.381


																																				3.8									0.317


			45 kulmassa																																	7.7									0.257


			wind (m/s)			left shoulder			right shoulder			chest			back																					14.4									0.164


			1.0			0.412			0.559			0.408			0.392


			3.8			0.237			0.450			0.291			0.336


			7.6			0.122			0.298			0.188			0.273


			14.2			0.076			0.164			0.115			0.193


			90 kulmassa


			wind (m/s)			left shoulder			right shoulder			chest			back


			1.0			0.348			0.539			0.390			0.369


			3.8			0.208			0.385			0.341			0.320


			7.7			0.108			0.273			0.239			0.255


			14.4			0.068			0.207			0.145			0.141
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			Turbulenttisuuden vaikutus


			+15 C									kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			Tuuli (m/s)			Hajonta			Turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.4			0.27			19.92			0.328			0.387			0.369			0.302			0.351			0.343			0.297


			3.5			0.55			15.85			0.283			0.367			0.259			0.213			0.323			0.314			0.278


			6.8			0.94			13.81			0.222			0.209			0.167			0.158			0.270			0.235			0.212


			9.5			1.30			13.63			0.167			0.138			0.109			0.118			0.216			0.159			0.156


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172


			Nukke 90 astetta tuuleen


			+ 5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211
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Sheet1


			Kokonaislämmöneristävyys tuulen funktiona


						basic			woollen			cotton			laminated			lighter


			0.5			0.431			0.418			0.406			0.450			0.393


			1			0.387			0.380			0.374			0.418			0.241


			4			0.317			0.298			0.298			0.349			0.184


			8			0.247			0.241			0.247			0.292			0.152


			15			0.148			0.158			0.158			0.260			0.101


			18			0.127			0.108			0.120			0.241			0.089


			Kokokonaistehon ja pinta-alapainotetun laskennan lämmöneristävyydet


						basic parallell			basic seriel			laminated parallel			laminated seriel


			0.5			72			70			67			67						0.45


			1			68			62			60			59


			4			57			52			52			47


			8			49			44			41			37


			15			43			38			24			21


			18			39			35			21			18


						basic parallell			basic seriel			laminated parallel			laminated seriel


			0.5			0.450			0.438			0.419			0.419


			1			0.425			0.388			0.375			0.369


			4			0.356			0.325			0.325			0.294


			8			0.306			0.275			0.256			0.231


			15			0.269			0.238			0.150			0.131


			18			0.244			0.219			0.131			0.113
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paikalliset


			KOKONAISLÄMMÖNERISTÄVYYDEN MUUGTOKSET KESKIARVONA 3 LÄMPÖTILASSA


			basic																											ptfe																											cotton																														sparse


			wind			standing			walking 0.3 m/s			walking  0.8 m/s																		wind			standing			walking 0.3 m/s			walking  0.8 m/s																		wind			standing			walking 0.3 m/s			walking  0.8 m/s																					wind			standing			walking 0.8 m/s


			0.42			0%			0%			0%																		0.4			0%			0%			0%																		0.4			0%			0%			0%																					1			0%			0%


			1			-9%			-5%			-3%																		1			-6%			-4%			-3%																		1			-3%			-6%			-4%																					3.9			-41%			-35%


			4.1			-26%			-19%			-17%																		3.9			-22%			-20%			-19%																		4			-26%			-21%			-19%																					8			-64%			-57%


			8.1			-44%			-37%			-32%																		8			-33%			-32%			-29%																		7.9			-40%			-38%			-35%																					12.1			-73%			-65%


			15.9			-67%			-61%			-60%																		14.9			-43%			-41%			-40%																		14.7			-60%			-60%			-58%																					15			-76%			-72%


			18			-72%						-63%																																																																											17.7			-79%
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			Lokaaliset eristävyydet keskiarvona eri lämpötiloissa mitattuna


						basic																								laminated																											sparse																											cotton


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.625			0.383															0			0.466			0.397			0.515			0.316															0.00			0.532			0.380			0.346			0.367


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															1			0.386			0.330			0.473			0.293															0.45			0.512			0.368			0.352			0.345


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															3.9			0.187			0.179			0.338			0.181															1.06			0.453			0.325			0.334			0.349


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															8			0.098			0.111			0.183			0.109															4.16			0.237			0.208			0.251			0.300


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															12.1			0.066			0.088			0.137			0.078															8.15			0.162			0.156			0.221			0.221


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15			0.054			0.073			0.113			0.067															15.12			0.094			0.096			0.155			0.122


						17.97			0.085			0.086			0.157			0.080																																							17.7			0.051			0.070			0.090			0.049
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			Tuulen vaikutus lokaalisiin eristävyyksiin


						basic																								laminated																											cotton																														sparse


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.601			0.383															0.00			0.532			0.380			0.346			0.367																		0			0.466			0.397			0.488			0.316


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															0.45			0.512			0.368			0.352			0.345																		1			0.386			0.330			0.473			0.293


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															1.06			0.453			0.325			0.334			0.349																		3.9			0.187			0.179			0.338			0.181


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															4.16			0.237			0.208			0.251			0.300																		8			0.098			0.111			0.183			0.109


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															8.15			0.162			0.156			0.221			0.221																		12.1			0.066			0.088			0.137			0.078


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15.12			0.094			0.096			0.155			0.122																		15			0.054			0.073			0.113			0.067


						17.97			0.085			0.086			0.157			0.099			0.077																																																																		17.7			0.051			0.065			0.099			0.049


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.45			0%			-0%			0%			-0%												0.44			-0%			0%			-0%			0%															0.45			0%			0%			0%			0%																		1			0%			-0%			0%			0%


						1.05			-16%			-14%			-9%			-6%												1.03			-12%			-12%			-5%			-2%															1.06			-12%			-12%			-5%			-1%																		3.9			-52%			-46%			-29%			-38%


						4.13			-49%			-44%			-22%			-14%												4.07			-47%			-44%			-21%			-6%															4.16			-54%			-43%			-29%			-13%																		8			-75%			-66%			-61%			-63%
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			Nuken kääntämisen vaikutus


			turbulenttisuus																																	Tuuli (m/s)			normal (3.6 %)			turbulence (20 %)
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																																				3.5						0.283


																																				6.8						0.222


																																				9.5						0.167


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346						M91			kokonais45			kokonais
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																																				0.291			0.317			0.316


																																				0.222			0.257			0.250
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			1.1			0.447			0.444			0.361			0.405																					3.8						0.316
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			Turbulenttisuuden vaikutus


			+15 C									kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			Tuuli (m/s)			Hajonta			Turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.4			0.27			19.92			0.328			0.387			0.369			0.302			0.351			0.343			0.297


			3.5			0.55			15.85			0.283			0.367			0.259			0.213			0.323			0.314			0.278
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			9.5			1.30			13.63			0.167			0.138			0.109			0.118			0.216			0.159			0.156


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172


			Nukke 90 astetta tuuleen


			+ 5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211
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						basic parallell			basic seriel			laminated parallel			laminated seriel


			0.5			72			70			67			67						0.45


			1			68			62			60			59


			4			57			52			52			47


			8			49			44			41			37


			15			43			38			24			21


			18			39			35			21			18


						basic parallell			basic seriel			laminated parallel			laminated seriel


			0.5			0.450			0.438			0.419			0.419


			1			0.425			0.388			0.375			0.369


			4			0.356			0.325			0.325			0.294


			8			0.306			0.275			0.256			0.231


			15			0.269			0.238			0.150			0.131


			18			0.244			0.219			0.131			0.113








Sheet1


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0


			0			0			0			0			0





basic


woollen


cotton


laminated


lighter


wind (m/s)


Icltot (m^2K/W)


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0





kokonaiseristävyys


			0			0			0			0


			0			0			0			0


			0			0			0			0


			0			0			0			0


			0			0			0			0


			0			0			0			0





basic parallell


basic seriel


laminated parallel


laminated seriel


wind (m/s)


Total thermal insulation (m^2K/W)


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0





paikalliset


			KOKONAISLÄMMÖNERISTÄVYYDEN MUUGTOKSET KESKIARVONA 3 LÄMPÖTILASSA


			basic																											ptfe																											cotton																														sparse


			wind			standing			walking 0.3 m/s			walking  0.8 m/s																		wind			standing			walking 0.3 m/s			walking  0.8 m/s																		wind			standing			walking 0.3 m/s			walking  0.8 m/s																					wind			standing			walking 0.8 m/s


			0.42			0%			0%			0%																		0.4			0%			0%			0%																		0.4			0%			0%			0%																					1			0%			0%


			1			-9%			-5%			-3%																		1			-6%			-4%			-3%																		1			-3%			-6%			-4%																					3.9			-41%			-35%


			4.1			-26%			-19%			-17%																		3.9			-22%			-20%			-19%																		4			-26%			-21%			-19%																					8			-64%			-57%


			8.1			-44%			-37%			-32%																		8			-33%			-32%			-29%																		7.9			-40%			-38%			-35%																					12.1			-73%			-65%


			15.9			-67%			-61%			-60%																		14.9			-43%			-41%			-40%																		14.7			-60%			-60%			-58%																					15			-76%			-72%


			18			-72%						-63%																																																																											17.7			-79%








paikalliset


			





wind (m/s)


standing


walking 0.3 m/s


walking  0.8 m/s


Change in thermal insulation (%)


Basic clothing





tuulen vaikutus lokaalisiin


			





wind (m/s)


standing


walking 0.3 m/s


walking  0.8 m/s


Change in thermal insulation (%)


PTFE-laminated





 kääntäminen ja turbulenttisuus


			





wind (m/s)


standing


walking 0.3 m/s


walking  0.8 m/s


Change in thermal insulation (%)


Cotton intermediate clothing





lokaalinen kääntäminen


			





wind (m/s)


standing


walking 0.8 m/s


Change in thermal insulation (%)


Lighter clothing





			Lokaaliset eristävyydet keskiarvona eri lämpötiloissa mitattuna


						basic																								laminated																											sparse																											cotton


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.625			0.383															0			0.466			0.397			0.515			0.316															0.00			0.532			0.380			0.346			0.367


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															1			0.386			0.330			0.473			0.293															0.45			0.512			0.368			0.352			0.345


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															3.9			0.187			0.179			0.338			0.181															1.06			0.453			0.325			0.334			0.349


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															8			0.098			0.111			0.183			0.109															4.16			0.237			0.208			0.251			0.300


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															12.1			0.066			0.088			0.137			0.078															8.15			0.162			0.156			0.221			0.221


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15			0.054			0.073			0.113			0.067															15.12			0.094			0.096			0.155			0.122


						17.97			0.085			0.086			0.157			0.080																																							17.7			0.051			0.070			0.090			0.049








			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0





shoulder


chest


back


wind (m/s)


Icl local (m^2K/W)


Basic clothing


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0





			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0





shoulder


chest


back


wind (m/s)


Icl local (m^2K/W)


Laminated clothing


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0





			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0





shoulder


chest


back


wind (m/s)


Icl local (m^2K/W)


Lighter clothing


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0





			0			0			0


			0			0			0
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			Tuulen vaikutus lokaalisiin eristävyyksiin


						basic																								laminated																											cotton																														sparse


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.00			0.609			0.462			0.451			0.385												0.00			0.524			0.499			0.601			0.383															0.00			0.532			0.380			0.346			0.367																		0			0.466			0.397			0.488			0.316


						0.45			0.542			0.415			0.442			0.352												0.44			0.506			0.474			0.613			0.371															0.45			0.512			0.368			0.352			0.345																		1			0.386			0.330			0.473			0.293


						1.05			0.455			0.356			0.404			0.331												1.03			0.447			0.417			0.580			0.364															1.06			0.453			0.325			0.334			0.349																		3.9			0.187			0.179			0.338			0.181


						4.13			0.277			0.230			0.345			0.302												4.07			0.269			0.265			0.482			0.348															4.16			0.237			0.208			0.251			0.300																		8			0.098			0.111			0.183			0.109


						8.12			0.191			0.163			0.260			0.227												7.98			0.207			0.200			0.374			0.334															8.15			0.162			0.156			0.221			0.221																		12.1			0.066			0.088			0.137			0.078


						15.03			0.119			0.103			0.180			0.140												14.84			0.201			0.159			0.331			0.301															15.12			0.094			0.096			0.155			0.122																		15			0.054			0.073			0.113			0.067


						17.97			0.085			0.086			0.157			0.099			0.077																																																																		17.7			0.051			0.065			0.099			0.049


						wind			shoulder			chest			back			thigh												wind			shoulder			chest			back			thigh															wind			shoulder			chest			back			thigh																		wind			shoulder			chest			back			thigh


						0.45			0%			-0%			0%			-0%												0.44			-0%			0%			-0%			0%															0.45			0%			0%			0%			0%																		1			0%			-0%			0%			0%


						1.05			-16%			-14%			-9%			-6%												1.03			-12%			-12%			-5%			-2%															1.06			-12%			-12%			-5%			-1%																		3.9			-52%			-46%			-29%			-38%


						4.13			-49%			-44%			-22%			-14%												4.07			-47%			-44%			-21%			-6%															4.16			-54%			-43%			-29%			-13%																		8			-75%			-66%			-61%			-63%


						8.12			-65%			-61%			-41%			-36%												7.98			-59%			-58%			-39%			-10%															8.15			-68%			-58%			-37%			-36%																		12.1			-83%			-73%			-71%			-74%


						15.03			-78%			-75%			-59%			-60%												14.84			-66%			-66%			-46%			-19%															15.12			-82%			-74%			-56%			-65%																		15			-86%			-78%			-76%			-78%


						17.97			-84%			-79%			-65%			-72%															-60%																																																						17.7			-87%			-80%			-79%			-83%
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-0.4408934468


-0.2144990442


-0.590420972


-0.5778868948


-0.3906389063


-0.66


-0.6644429028


-0.459919728





			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0





wind (m/s)


shoulder


chest


back


Change of local thermal insulation (%)


Cotton intermediate clothing


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0





			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0


			0			0			0





wind (m/s)


shoulder


chest


back


Change of local thermal insulation (%)


Lighter clothing


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0


0





			Nuken kääntämisen vaikutus


			turbulenttisuus																																	Tuuli (m/s)			normal (3.6 %)			turbulence (20 %)


			nukke kohtisuoraan tuuleen																																	0.5


			tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back												1.1			0.352


			1.08			0.04			3.70			0.357			0.447			0.444			0.361			0.405												4.1			0.291


			4.39			0.20			4.56			0.291			0.290			0.269			0.228			0.324												8.1			0.222


			7.86			0.34			4.26			0.224			0.190			0.203			0.165			0.245												15.0			0.141


			15.17			0.61			4.02			0.145			0.117			0.117			0.102			0.187												1.4						0.328


																																				3.5						0.283


																																				6.8						0.222


																																				9.5						0.167


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346						M91			kokonais45			kokonais


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172						0.352			0.381			0.369


																																				0.291			0.317			0.316


																																				0.222			0.257			0.250


			Nukke 90 astetta tuuleen																																	0.141			0.164			0.164


			+ 5 C


																																				3%			8%			5%


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			left shoulder			right shoulder			chest			back			vasen reisi			oikea reisi						0%			9%			9%


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352						3%			16%			12%


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342						0%			16%			16%


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410						Tuuli (m/s)			0°			45°			90°


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211						0.5


																																				1.1			0.352


																																				4.1			0.291


																																				8.1			0.222


			kohtisuoraan																																	15.0			0.141


			wind (m/s)			left shoulder			right shoulder			chest			back																					1.0						0.369


			1.1			0.447			0.444			0.361			0.405																					3.8						0.316


			4.4			0.290			0.269			0.228			0.324																					7.6						0.250


			7.9			0.190			0.203			0.165			0.245																					14.2						0.164


			15.2			0.117			0.117			0.102			0.187																					1.0									0.381


																																				3.8									0.317


			45 kulmassa																																	7.7									0.257


			wind (m/s)			left shoulder			right shoulder			chest			back																					14.4									0.164


			1.0			0.412			0.559			0.408			0.392


			3.8			0.237			0.450			0.291			0.336


			7.6			0.122			0.298			0.188			0.273


			14.2			0.076			0.164			0.115			0.193


			90 kulmassa


			wind (m/s)			left shoulder			right shoulder			chest			back


			1.0			0.348			0.539			0.390			0.369


			3.8			0.208			0.385			0.341			0.320


			7.7			0.108			0.273			0.239			0.255


			14.4			0.068			0.207			0.145			0.141
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			Turbulenttisuuden vaikutus


			+15 C									kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			Tuuli (m/s)			Hajonta			Turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.4			0.27			19.92			0.328			0.387			0.369			0.302			0.351			0.343			0.297


			3.5			0.55			15.85			0.283			0.367			0.259			0.213			0.323			0.314			0.278


			6.8			0.94			13.81			0.222			0.209			0.167			0.158			0.270			0.235			0.212


			9.5			1.30			13.63			0.167			0.138			0.109			0.118			0.216			0.159			0.156


			Nukke 45 astetta tuuleen


			+5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.68			0.381			0.412			0.559			0.408			0.392			0.359			0.351


			3.8			0.16			4.22			0.317			0.237			0.450			0.291			0.336			0.323			0.332


			7.6			0.30			3.90			0.257			0.122			0.298			0.188			0.273			0.332			0.346


			14.2			0.53			3.76			0.164			0.076			0.164			0.115			0.193			0.139			0.172


			Nukke 90 astetta tuuleen


			+ 5 C


			Tuuli (m/s)			hajonta			turbulenttisuus			kokonais			vasen olka			oikea olka			rinta			selkä			vasen reisi			oikea reisi


			1.0			0.04			3.87			0.369			0.348			0.539			0.390			0.369			0.344			0.352


			3.8			0.15			4.01			0.316			0.208			0.385			0.341			0.320			0.316			0.342


			7.7			0.30			3.87			0.250			0.108			0.273			0.239			0.255			0.303			0.410


			14.4			0.53			3.67			0.164			0.068			0.207			0.145			0.141			0.158			0.211
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Abstract

Underwear is the functional part of the military clothing system and it is affected by middle and outer clothing layers. Main function of the underwear is to maintain conscript's skin dry and improve thermal and moisture sensations on the skin. Underwear is exposed to both water vapour and liquid exchange. Thus, material for underwear garments has to be evaluated regard to moisture handling and hygienic function. Moisture properties are affected by fibre material and construction, fabric’s porosity construction and overall thickness of the clothing system. On moisture transfer and accumulations in the underwear can be affected by military combat clothing's adjustability of convection and ventilation. Underwear gives also additional protection against heat radiation. This study aims to support and to improve performance in military tasks and survivability in cold climate. In addition, the objective was to find the optimum materials for conscript’s underwear in cold conditions. Properties of eight different materials for conscript’s winter underwear were tested in laboratory conditions. We tested material and clothing properties such as thermal insulation, water retention properties, drying time, colour change by simulated sweat, influence of wash on properties and dimensional change of fabrics. Also in laboratory conditions have been tested wetting and drying properties with test subjects. During the Finnish Defence Forces' infantry and artillery winter field training was observed underwear's moisture handling properties and its affect on survivability. Moisture accumulations and drying time of wet underwear vary between underwear materials and fabric construction. The construction of the underwear fabric is prefer to be non-plain for avoid wet textile's sticking on the skin. Outer clothing layers have a great impact on underwear's functionality and soldiers' survival and military performance in cold climate. Long term use of clothing impaired underwear's wetting and drying properties.


1.0
introduction

Underwear is the functional part of the military clothing system and it is affected by middle and outer clothing layers. Main function of the underwear is to maintain conscript's skin dry and improve thermal and moisture sensations on the skin. Underwear is exposed to both water vapour and liquid exchange. Thus, material for underwear garments has to be evaluated regard to moisture handling and hygienic function. Suitable winter underwear material would have good tactile properties, high wicking properties, being light weight and non-compressible. [1, 2] According to previous research when wearing one layer of thermal underwear in winter the same level of thermal comfort can be maintained as those at around 5°C higher temperature [3]. The contact layer near the skin has important role in whole clothing system [4].

Evaporative moisture from a human is 30g/h at rest and high physical activity increase it to 4kg/h. Moisture properties are affected by fibre material and construction, fabric’s porosity construction (knit or weave fabric) and overall thickness of the clothing system. Different fabric constructions have differences in capillary absorbencies, air content between fibres and yarns and also in wicking properties. In addition moisture transfer properties and moisture accumulations in the underwear can be affected by military combat clothing's adjustability of convection and ventilation. [1, 4]

Functional underwear in cold does not increase friction between the combat clothing layers. Differences of up to 50% have been found between the friction values of dry fabrics. Clothing with low friction between the layers increases performance by 7-13% relative to clothing with high friction according to previous studies. [5] 

Military combat clothing system has to protect against fire and sparks. Materials against skin have to be non-fusible or fire retardant. Underwear gives also additional protection against heat radiation. [4]

According to previous study washing of fabrics increases the insulation of woollen material to a certain extent. Each use and washing reduces the amount of material in the fabric and in long run the thermal insulation reduces. [6]

This study aims to support and to improve performance in military tasks and survivability in cold climate by finding optimum materials for conscripts' underwear in cold environmental conditions. In addition, the objective was to find the optimum materials for conscript’s underwear in cold conditions.

2.0
material and methods


2.1
Tested winter underwear materials and clothing combinations

Properties of eight different materials suitable for winter underwear for military conscripts were tested in textile laboratory. The underwear fabrics were measured together with the new Model 2005 (M05) middle clothing fabric (Terry knit: WO 70%, PA 30%) and combat clothing fabric (weft satin weave: CO 50%, PES 50%). In Table 1 is given information about tested underwear fabrics.

Table 1. Descriptions of tested winter underwear fabrics.


		Underwear

		Material



		Winter 1

		PES 50%, CO 33%, MAC 17%, rib knit



		Winter 2

		PP 40%, CMD 30%, CO 30%, plush



		Winter 3

		WO 46%, PP 42%, PAN 12%, plush



		Winter 4

		PA 95%, EL 5%, plain knitted



		Winter 5

		PES 100%, plush



		Winter 6

		PES 100%, interlock



		Winter 7

		PES 77%, WO 23%, 2-layer



		Winter 8

		WO 100%





In this research have been used also combat clothing systems from previous decades, Model 1991, M91, and course cloth. The underwear belonging to the M91 consisting 50% of polyester, 33% of cotton and 17% of modacrylic, the middle layer clothing was 80% of wool and combat clothing was 65% cotton and 50% polyester. The other reference clothing system used in addition to M91 was the coarse cloth system. These two systems were otherwise similar except that the M91 combat clothing was replaced with coarse cloth outerwear made out of a dense felted material consisting 85% of wool and 15% polyamide. This material had good air trapping properties and thickness, giving it good thermal insulation values but high levels of moisture absorbance and stiffness.

2.2
Laboratory measurements


We tested material and clothing properties such as water retention properties, thermal insulation, drying time, colour change by simulated sweat, influence of wash on properties and dimensional change of fabrics. Also in laboratory conditions have been tested wetting and drying properties with test subjects. 

The underwear materials were tested when they were new and after ten washes. Water vapour permeability, drying properties and thermal insulations of eight different materials suitable for winter underwear were measured using the artificial skin model. The tests are quoted for an ambient temperature of -15°C and air movement was 1.0m/s. The measurements were made according to SFS 5681:1991 standard. Over the artificial skin was placed Gore-tex membrane. Water condensed into different clothing layers was measured by weighting fabric before and after the tests.

The dynamic sweating simulation test was performed feeding water 300g/m²h during 1.5 hours. This is corresponding with hard physical work. After the water feed, measuring continued during two hours. After the measurement drying energy can be calculated. Needed drying energy is calculated using 1 below:
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where E is needed drying energy (Wh), P(t) is needed heating power of the artificial skin when time is t (measuring period is one minute) and P(120) is heating power of the artificial skin at end of the test (120 min). Then, time when 90% of the moisture has dried from the initial moisture can be calculated.

Dimensional changes of the winter underwear fabrics were tested according to EN 340:2003, ISO 5077:1984 and ISO 6330:2000 standards. 

Colour fastness to perspiration was tested according to EN ISO 105-E04:1994 standard. The underwear materials were handled with alkaline and acid solutions. Colour changes of the fabrics after the tests are evaluated based on grey scale. Grade 5 is given when original and tested has no notable difference. 

In laboratory conditions were tested with test subjects wetting and drying properties and an effect of utilization on these properties. The test was performed an ambient temperature of 22°C on a foam mattress where was absorbed water of 3l/m³. Test subject was laid on his elbows on the mattress during 20 minutes (Figure 1). The test was made for examine moisture retention properties of new and used clothing layers. The test subject was wearing rubber boots (Model 1991). The clothes were weighted before the test and three times after the test, once in hour.


[image: image2]

Figure 1. The test subject lying on the water absorbed mattress during the moisture retention tests.

2.3
Questionnaires in military manoeuvre


The effects of middle and outermost clothing layers on functionality of the underwear and test subjects' moisture sensations in long-term cold exposure were tested with conscripts during the Finnish Defence Forces' winter field training for infantry and artillery (Otso -05 manoeuvres in December 2005). The Middle and outermost clothing layers were three combat clothing systems from different decades, the new Model 2005 (M05) combat clothing, the previous Model 1991 (M91) system and coarse cloth system. The same underwear, M91, was used with all the systems, and they all had a similar utilization rate. The test subjects were healthy volunteers from among the male conscripts taking part in the manoeuvres, average age 20 years, and the clothing systems were distributed at random. Subjective experiences in terms of survivability and physical and mental performance were elucidated using daily questionnaires. The data were analysed separately for the three clothing systems to enable comparison.

The clothing questionnaires were used in this research to monitor moisture sensations. The detailed instructions about what to wear during military manoeuvres were prepared in co-operation with clothing experts from the Western Finland Logistics Regiment of the Finnish Defence Forces. The ballistic protection and armoury of all the test subjects conformed to regulations.

The clothing questionnaires were distributed 11 times during the military manoeuvres and a total of 242 completed forms were obtained. Of the conscripts that answered daily, twelve were wearing the coarse cloth system, ten the M05 clothing and seven the M91 clothing. Some changes were made to the garments used daily during the manoeuvre. The winter combat clothing had been worn on 41 occasions altogether and the ballistic vest on a total of 48 times. These answers included 23 given by conscripts using the M05 clothing and 25 using the M91 clothing. 


The data were analysed statistically using the Statistical Package for the Social Sciences (SPSS). This enabled direct analysis of question and cross-tabulation of the data. The test subjects were given code numbers in the database, so that their identities were not revealed at any stage in the research. 

3.0
results and discussion


3.1
Material properties


The tested underwear fabrics are not thick with relation to whole combat clothing system. Consequently, the change in thickness is not significant after the ten washes; change is between 0 to 13% in all materials. Washes and used of the fabrics cause pilling and furthermore increase of the fabric thickness. Underwear thicknesses are presented in Table 2 when they are new and after ten washes. Effect of ten washes on underwear material fabrics' dimensional chances is shown in Table 3. The dimensional change is greater in warp direction than in weft. 

Table 2. Thicknesses of new and ten times washed underwear materials and the percentage difference in thickness after washing.


		Underwear

		Thickness (mm)

new

		Thickness (mm)

10 times washed

		Difference (%)



		Winter 1

		1,3

		1,3

		0



		Winter 2

		1,0

		1,1

		+10



		Winter 3

		1,2

		1,3

		+8



		Winter 4

		1,3

		1,3

		0



		Winter 5

		1,2

		1,3

		+8



		Winter 6

		0,8

		0,9

		+13



		Winter 7

		1,0

		1,1

		+10



		Winter 8

		1,0

		1,0

		0





Table 3. Effect of washes on dimensional changes of the underwear materials. 

		Underwear

		Dimensional changes after


10 times washes (%)



		

		warp

		weft



		Winter 1

		-11

		4



		Winter 2

		-11

		1



		Winter 3

		-7

		-8



		Winter 4

		-6

		-2



		Winter 5

		-3

		-3



		Winter 6

		-3

		-4



		Winter 7

		-8

		-4



		Winter 8

		-5

		-4





Moisture accumulations increase along the number of washes. This is consequence of thickening of material and loss of the finishing chemicals over the fabric structure. Moisture accumulations of the new and ten times washed in the different clothing layers after perspiration simulation test are presented in Figure 2. 

Desorption times of the underwear fabrics were shorten after ten washes except with polyamide and woollen fabrics. Determined desorption time needed for 90% dried from initial moisture of the new and ten times washed underwear fabric is given in Table 4.

[image: image3.emf]Moisture accumulations in different clothing layers after sweating (150g/m²h)


0


5


10


15


20


25


30


Winter 1 Winter 2 Winter 3 Winter 4 Winter 5 Winter 6 Winter 7 Winter 8


Clothing combination with different under wear material


%


Under wear, new Under wear, 10 times washed Middle layer, new under wear


Middle layer, 10 times washed under wear Combat clothing, new underwear under wear Combat clothing, 10 times washed




Figure 2. Moisture accumulations using the new and ten times washed underwear fabrics in different clothing layers, Ta=-15°C, sweating rate 150g/m²h. 

Table 4. Time needed for desorption of winter underwear fabrics, Ta=-15°C, sweating rate 300g/m²h.

		Material combination

		Time when 90% dried from initial moisture

(min)

		Time when 90% dried from initial moisture

(min)


10 times washed

		Difference (%)



		Winter 1

		28

		24

		-14



		Winter 2

		44

		24

		-45



		Winter 3

		33

		21

		-36



		Winter 4

		19

		26

		+37



		Winter 5

		27

		20

		-26



		Winter 6

		45

		24

		-47



		Winter 7

		39

		17

		-56



		Winter 8

		22

		30

		+36





The clothing combinations were measured with the new M05 middle clothing and combat clothing fabrics. Underwear materials do not has high thermal insulation values. Consequently, the effect ten washes are not significant. Generally, reduce of the thermal insulation caused by moisture absorption is smaller with 10 times washed underwear fabrics, because materials were also thickened during the washes. Measured dry and wet thermal insulation of the new and ten times washed underwear fabrics are presented in Figure 3.
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Figure 3. Thermal insulation of the new and ten times washed underwear materials, Ta=-15°C, sweating rate 150g/m²h

Colour fastness to perspiration of the different tested winter underwear fabrics are presented in Table 5. All tested materials had excellent resistance to perspiration. 

Table 5. Colour fastness to perspiration of the underwear materials.


		Underwear

		Color

		Change of color



		

		

		Alkaline solution

		Acid solution



		Winter 1

		Green

		5

		5



		Winter 2

		Black

		5

		5



		Winter 3

		Black

		5

		5



		Winter 4

		Black

		5

		5



		Winter 5

		Dark green

		5

		5



		Winter 6

		Green

		5

		5



		Winter 7

		Grey / Black

		5

		5



		Winter 8

		Black

		4/5

		4/5





3.2
Effect of other clothing layers on functionality of the underwear

The Figure 4 illustrates the effect of the different middle and outermost (M05, M91 and course cloth system) clothing layers on perspiration moisture sensations when the underwear is the same with all combat clothing systems. The moisture sensations caused by sweating of the test subjects were dryer when they were using the newly developed M05 combat clothing system than when using systems from earlier decades (M91 and course cloth) even the underwear was always the same. 
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Figure 4. Sweat moisture sensations wearing three different military combat clothing during military manoeuvre and effect of middle and outer clothing on underwear.

3.3
Effect of long-term use on functionality of the underwear


In Figure 5 is illustrated water penetration into underwear material with new and used clothing layers, used under and middle clothing with new outermost layer and with new under and middle clothing with used outermost layer. The effect of utilization rate is significant when the outermost layer is used.
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Figure 5. Influence of use of underwear and middle clothing on wetting and drying properties, Ta=+22°C, water content on the ground 3l/m²

4.0
conclusions

Properties of eight different underwear materials for conscripts were tested in laboratory conditions. We tested material and clothing properties such as thermal insulation, water retention properties, drying time, colour change by simulated sweat, influence of wash on properties and dimensional change of fabrics. Also in laboratory conditions have been tested wetting and drying properties with test subjects. During the Finnish Defence Forces' infantry and artillery winter field training was observed underwear's moisture handling properties.

Moisture accumulations and drying time of wet underwear vary between underwear materials and fabric construction. The construction of the underwear fabric is prefer to be non-plain for avoid wet textile's sticking on the skin. In cold environmental conditions underwear's ability to transfer moisture to next clothing layer in short time period supports conscripts' physiological properties after moderate or high activity performance. Thermal insulation of the underwear did not affect notably on combat clothing's total thermal insulation. This research suggested that polyester/wool underwear material did meet overall the best results.


Outer clothing layers have a great impact on underwear's functionality and conscripts' survivability and military performance in cold climate. Non-fusible properties of underwear can be improved by textiles with one part of natural fibres, such as wool. Long term use of clothing impaired underwear's wetting and drying properties.
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Abstract

Comfort of an overnight stay out of doors depends on several factors.

Laboratory and field measurements and a simple calculation model were used to form a model for choosing overnight equipment in different environmental conditions. The calculation model is based on combining the micro- and macro-models so that the macro-model is used to calculate thermal conditions inside the shelter using energy balance equations. Then the lowest rest temperature inside the sleeping bag with the clothing used is calculated using the micro-model.

The overnight equipment model takes into account the ambient temperature, wind, shelter and the need for heating as well as the overnight equipment;  sleeping bag, camping mattress and clothing. Laboratory measurements with tent and lean-to shelter were conducted in temperatures of 0, -15 and –20 °C with wind speeds 0,3…10 m/s. Sleeping bags used were either 1- or 2-layer bags, with the camp mat underneath. Soldiers were simulated by use of thermal manikin or 40W heater. Field measurements using tents were conducted in ambient temperatures around –13 °C with 11 men sleeping in either a cold or heated tent. An unheated two-layer tent enables staying overnight in conditions even 20 °C higher than the ambient temperature depending on the wind. Wind can decrease the thermal insulation of overnight equipment by even 50 % and overnight temperatures by 5…25 °C. Damp clothing and an old sleeping bag require 10…20 °C and resting without a camping mattress 5…10 °C higher overnight temperatures. Using a 2-layer sleeping bag, normal clothing, foamed plastic camping mattress and tent thermal balance can be reached in ambient temperatures of –25 °C, but sleep may be disturbed by cooling of extremities. In windy conditions the need for heating is considerably smaller with a 2-layer tent than a 1-layer one. In the conditions studied the heating need of a tent was 0,1…0,3 kW/°C. In the future overnight shelters for individual soldiers, 2-layer tents, protection of the extremities, durability and drying of overnight equipment, increasing thermal insulation of the camping mattress and ways of heating a tent need to be developed.

1.0
Introduction

The basis of a soldier's performance is a sufficient rest. The thermoneutral ambient temperature for an unclothed human is about 29 (C [1]. The quality of sleep suffers in too low or high ambient temperatures, decreasing the performance also when being awake [2]. Awakening during the night is common especially in the cold [2,3]. Sleeping is difficult, when the mean skin temperature drops below 30,5 °C or core temperature below 35,5 °C or the temperature of the air surrounding the skin drops below 26 °C [4]. When sleeping in a sleeping bag outside or in a tent there are lots of factors disturbing sleep as well as thermal comfort: formation of cold pockets at the edges of the sleeping bag due to the shape and size of the sleeping bag, overheating of the feet due to asymmetrical heat radiation and heat loss from the head-shoulder region as well as discomfort caused by hard or uneven ground [5]. When sleeping and resting out of doors the equipment given has a great influence on the amount and quality of rest. The resting and sleeping equipment consists of a sleeping bag, camping mat, tent, clothing used, possible heater and extra heat sources. 


The tent-portable stove combination provides the basis for the soldiers' rest period. Acceptable rest during this time is a significant factor concerning the performance of the soldier. The main factors in assessing the quality of a tent are the thermal comfort of the sleeper and the thermal conditions of the tent. Also the heat economy of the tent, it's IR-visibility and air quality inside the tent are quality aspects. Also the ventilation and way of drying clothes affect heat economy and ventilation of a tent [6]. 

2.0
material and methods


The areas covered by the first part of this research included the range of use, effect of moisture and change in the sleeping bag properties due to use and maintenance. A total of 18 sleeping bags and 4 different types of camping mat were tested.


The methods used were:


· Thermal insulation of the sleeping bag, thermal mannequin (DIN 7943-2).


· The effect of use and maintenance on thermal insulation and moisture transfer, sweating guarded hot plate (EN 31092, SFS 5681).


· The required thermal insulation of a sleeping bag for different conditions can be calculated with several different equations. Established equations were:


· Thermal neutral state: Ta(min) = 32- 5,4 * I


· Thermal insulation enabling 6h rest: Ta(min) = 32 - 6,7 * I.


The aim of the second part relating to tent study was to compare different tent structures and the effect of these on the thermal conditions and heat economy of the tent. Five different tent structures were concluded in the research (table 1). The tents were pitched in a laboratory, the temperature of which was kept below zero and constant throughout all the tests. Liquefied petroleum gas was used as the fuel for the portable stove. The fuel mass flow rate was kept constant by reading the scales at one-minute intervals and calculating the consumption. The tracer gas (N2O) was hand fed into the tent and mixed well and the concentration was measured with a gas analyser (Brüel & Kjaer 1303) at six different measuring points (decay method). Local thermal conditions were measured with a black globe, temperature probes shielded from radiation (datalogger and YSI 409 A) and a flow analyser (DANTEC 54N10 multichannel flow analyser and 54B10 low velocity transducer). The results presented are an average of the 20-minute surveillance period. The surveillance period was chosen so that the conditions had stabilised.

Table 1. Characteristics of the studied tents.

		tent 


type

		upper opening


(ventilation)

		                      outer tent


      side wall                     roof

		                    inner tent


    side wall                    roof



		tent A

		open

		cotton 470 g/m2

		cotton 470 g/m2

		

		



		tent B

		open or closed

		cotton 470 g/m2

		cotton 470 g/m2

		

		cotton 470 g/m2



		tent C

		open

		cotton 470 g/m2

		cotton 470 g/m2

		cotton 470 g/m2

		cotton 470 g/m2



		tent D

		open

		coated polyester

		cotton 470 g/m2

		

		cotton 470 g/m2



		tent E

		open or closed

		coated polyester

		

		

		silver-plated


fibreglass





3.0
Results

The thermal insulation values of the tested sleeping bags are presented in table 2. The values have been measured as the combined thermal insulation values of the used clothing and sleeping bag. The thermal mannequin was wearing log underwear, a pile middle layer, socks and woollen socks. 


Table 2. Thermal insulation of sleeping bags by thermal mannequin measurements ( DIN 9743).


Ta = -10C, v=0.3 m/s. Solid surface of 12 mm plywood and camping mat of 10 mm cellular rubber. 

		sleeping bag

		Weight


(g)

		Iclo 


 (clo)

		Tamin


(°C)

		Tamin (6h)


(°C)



		inner bag 1

		2330

		7.94

		-11

		- 21



		outer bag 1

		1200

		5.42

		+3

		- 4



		combination 1

		3530

		10.00

		-22

		-35



		inner bag 2

		2090

		7.43

		-8

		-18



		outer bag 2

		1030

		5.71

		+1

		- 6



		combination 2

		3120

		9.28

		-18

		- 30



		inner bag 3

		2040

		6.57

		-3

		-12



		outer bag 3

		1510

		6.29

		-2

		-10



		combination 3

		3550

		8.94

		-16

		- 28



		inner bag 4

		2420

		6.40

		-3

		- 11



		outer bag 4

		1190

		4.96

		+5

		-1



		combination 4

		3610

		7.96

		-11

		-21



		inner bag 5

		1960

		7.08

		-6

		- 15



		outer bag 5

		1090

		5.12

		+4

		- 2



		combination 5

		3050

		8.83

		-16

		- 27



		bag 6 

		1600

		7.18

		-7

		- 16



		bag 7

		1130

		6.07

		-1

		- 9



		bag 8

		3620

		8.14

		-12

		- 23



		bag 9

		2830

		8.20

		-12

		- 23





All new prototypes had a thin liner inside the single layer inner bag. 


Table 3. Thermal insulation of a sleeping bag by thermal mannequin measurements ( DIN 9743).  Ta = -10C, v=0.3 m/s. Solid surface of 12 mm plywood.


		sleeping surface

		Iclo


(clo)

		Tamin


(°C)

		Tamin (6h)


(°C)



		 wooden surface

		5.93

		± 0

		-8



		 10 mm cellular rubber

		6.57

		-3

		-12



		 camping mat with skirt

		6.75

		-5

		-13



		 air filled mat

		7.32

		-8

		-17



		 membrane-cover + air filled mat

		8.31

		-13

		-24



		

		

		

		





The thermal insulation of sleeping bags is often estimated on the basis of their (filling) weight. Figure 1 shows the relationships of the thermal insulation compared to weight of sleeping bags. 


[image: image1.wmf]4.00


5.00


6.00


7.00


8.00


9.00


10.00


11.00


12.00


500


1000


1500


2000


2500


3000


3500


4000


Weight (g)


I (clo)


Out 2


Out 1


Out 4


8


7


Out 5


6


Out 3


In 4


In 3


In 5


In 2 


In 1


9 


Com 4


Com 5


Com 3


Com 2


Com 1




Figure 1. Measured thermal insulation values compared to their weight. S = inner bag, U = outer bag and Y = combination. The Norwegian sleeping bags were measured with an unclothed mannequin (A). Conditions Ta = -10C, v=0.3 m/s. Solid surface of 12 mm plywood and camping mat of 10mm cellular rubber.


Feedback from the field test was that all sleeping bags should have better flame retarding properties when used near open fire. All sleeping bags were slippery on the camping mat and two bags had problems with slipping between outer and inner bag. All sleeping bags were cramped. Drying of clothing was not a problem. All bags were too complicated. The hood style and 2-layer bag was considered as a good solution. None of the sleeping bags had moisture problems.


All the measured tents showed improved thermal conditions and heat economy compared to the traditional 1-layer tent structure (table 4). Compared to the traditional 1-layer tent the operative temperature around the sleepers head increased over 5 °C at its best, the infiltration of air increased by 10-25 % and the fuel consumption decreased by over 40 % with the use of 2-layer structures and facings. By using 2-layer structures and adjusting the ventilation the rate of air infiltration can be reduced by 40-55 % compared to that of the 1-layer tent. Looking at the thermal conditions and heat economy the best solution would be tent type E. 


Laboratory and field measurements and a simple calculation model were used to form a model for choosing resting and sleeping equipment in different environmental conditions. The calculation model is based on combining the micro- and macro-models. The macro-model is used to calculate thermal conditions inside the shelter using energy balance equations. Then the lowest possible rest temperature inside the sleeping bag with the used clothing is calculated by using the micro-model. The resting and sleeping equipment model takes into account the ambient temperature, wind, shelter (tent, lean-to shelter) and the need for heating as well as sleeping bag, camping mat and clothing. Laboratory measurements were conducted in temperatures of 0...–20 °C with wind speeds 0…10 m/s. Field measurements using tents were conducted in ambient temperatures around –13 °C with 11 men sleeping in either a cold or heated tent. 


Table 4. Outdoor temperature tu, black globe temperature tb at the height of 0.1m and 1.1m at a distance of 1.4 m from the portable stove, air temperature ti at the height of 0.1m and 1.1m at a distance of 1.4 m from the portable stove, air change rate ntent (average of six points), air change rate n0,1m closed to the side wall at the height of 0.1m and mass flow rate qmpa of the liquefied petroleum gas.


		tent


type

		upper opening

		tu


(oC)

		tb,0,1m


(oC)

		ti,0,1m


(oC)

		tb,1,1m


(oC)

		ti,1,1m


(oC)

		n0,1m

1/h

		ntent

1/h

		qmpa

g/h,oC,m3



		tent A

		open

		-7

		3

		1

		5

		3

		11

		12

		3,1



		tent B

		open 

		-7

		7

		5

		10

		8

		8

		9

		2,1



		tent B

		closed

		-7

		18

		12

		21

		17

		7

		6

		1,6



		tent C

		open

		-6

		9

		6

		12

		7

		9

		11

		2,5



		tent D

		open

		-6

		9

		4

		12

		6

		9

		9

		2,5



		tent E

		open

		-5

		15

		8

		16

		11

		10

		9

		2,0



		tent E

		closed

		-5

		17

		10

		18

		13

		6

		6

		1,7





An unheated two-layer tent enables sleeping in conditions even 20 °C higher than the ambient temperature depending on the wind (Figure 2). 


Figure 2. A chart for choosing resting and sleeping equipment.


Wind can decrease the thermal insulation of resting and sleeping equipment by even 50 % and ambient temperatures by 5…25 °C (table 5). Damp clothing and an old sleeping bag require 10…20 °C and resting without a camping mat 5…10 °C higher ambient temperatures (table 1). Using a 2-layer sleeping bag, normal clothing, foamed plastic camping mat and tent thermal balance can be reached in ambient temperatures of –25°C, but sleep may be disturbed by cooling of extremities. 


Table 5. The effect of extra components to the thermal insulation of a sleeping bag.

		Component

		Effect


(%)

		Effect


(C



		Standard camping mat


Air filled camping mat

		+14


+23

		+5


+10



		Damp clothing

		-5…-10

		-5



		Thin liner


Weather protective bag

		+3


+15

		+1


+5



		Washing

		- 6… -11

		-5



		Mangling

		-10…-22

		- 10



		Tightness

		-10…-15

		-5





In windy conditions the need for heating is considerably smaller with a 2-layer tent than a 1-layer one. In the conditions studied the heating need of a tent was 0,1…0,3 kW/°C. In the future shelters for individual soldiers, 2-layer tents, protection of the extremities, durability and drying of resting and sleeping equipment, increasing thermal insulation of the camping mat and ways of heating a tent need to be developed.

3.0
Conclusions

Most important factors according to the research were sufficient thermal insulation and adjustment possibilities as well as big enough size of the sleeping bag. Also security aspects and moisture handling ability as well as washing durability are significant. Proposed target values are presented in table 6. Only two sleeping bags fulfilled all criteria.


Table 6. Target values for sleeping bag systems.


		property




		standard

		value

		reason / reference






		thermal insulation of basic sleeping bag

		DIN 7943-2




		1.085 m²K/W / 7.0 clo

		6h sleep possible at temperatures of -15 °C / Finnish military



		thermal insulation of sleeping bag combination

		DIN 7943-2




		1.318 m²K/W / 8.5 clo

		6h sleep possible at temperatures of -25 °C / Finnish military



		thermal insulation when damp 

		DIN 7943-2

		decrease of up to -20 % (1kg water)

		6h sleep possible at temperatures of -6 °C / 


Finnish military



		thermal insulation when compressed 

		EN 31092

		local decrease of sleeping bag + mat up to 50 %

		technically possible / 


Finnish military



		size of sleeping bag (inside measurements for mummybag)

		DIN 7943-1

		inside length 200 cm, 


inside width:


feet 55 cm


knees 72 cm


shoulders 86 cm

		fulfils DIN-standard requirements for size L (sleeper>175 cm)  /


Finnish military





Main observations of the testing period were that the sleeping bags were cramped at places and too short. This has a significant effect also on the thermal insulation. The significance of a hood and protective bag was found especially concerning protection against fire and moisture. The 2-layer sleeping bag was supported, as was the use of mummyliners although the liner must be properly fastened. Slipperiness of the sleeping bag is easily considered a problem. Also a weight limit should be considered (9 clo/3kg). The sleeping surface and camping mat can have a significant effect (up to 40 %) on the thermal insulation. Hence the all parts of sleeping system is important.


The lowest using temperature in which 6h sleep is possible can be lowered by 5 °C by using dry clothing [7]. When sleeping in cold conditions protection of feet becomes important, because decrease of skin temperatures in toes and feet most easily causes disturbance in sleep [8]. The head and neck areas should also be covered during sleep by use of head gear, hood or insulating collar. During long stays in the terrain clothing is often dried also in sleeping bags [9]. According to measurements moisture decreases the thermal insulation of a down filled sleeping bag by -35 % in temperatures below zero, the decrease being -10 % with sleeping bags with man-made fibres as filling [10].


The most important needs for development in the present sleeping bag are broadening the climatic utility range of the overnight gear, decreasing the weight, optimising the size and packing volume as well as the moisture transfer and drying properties of the materials. In order or increase the climatic utility range a combination of two sleeping bags could be introduced. For special troops a water- and windproof outer bag should be developed.

Significant improvements to the rest time of the soldier and the heat economy of the tent can be achieved by using 2-layer tent structures and facings. The solution of reflecting ceiling is the most promising development area. The significance of coated walls is emphasized in windy conditions and more research should be done in these conditions in the future. The thermal comfort and especially the heat economy of the tent can be effected by choice of ventilation system. Systems with low infiltration of air and appropriate ventilation are the basis for new, thermally comfortable and heat economical shelters for extreme conditions. 


The developed simple calculation model based on combining the micro- and macro-models were used to form a model for choosing overnight equipment in different environmental conditions, which takes into account the ambient temperature, wind, shelter  and the need for heating as well as the overnight equipment like sleeping bag, camping mattress and clothing. The macro-model is used to calculate thermal conditions inside the shelter using energy balance equations. Then the lowest rest temperature inside the sleeping bag with the clothing used is calculated using the micro-model. 


 An unheated two-layer tent enables staying overnight in conditions even 20 °C higher than the ambient temperature depending on the wind. Wind can decrease the thermal insulation of overnight equipment by even 50 % and overnight temperatures by 5…25 °C. Damp clothing and an old sleeping bag require 10…20 °C and resting without a camping mattress 5…10 °C higher overnight temperatures. 


Using a 2-layer sleeping bag, normal clothing, foamed plastic camping mattress and tent thermal balance can be reached in ambient temperatures of –25°C, but sleep may be disturbed by cooling of extremities. In windy conditions the need for heating is considerably smaller with a 2-layer tent than a 1-layer one. In the conditions studied the heating need of a tent was 0,1…0,3 kW/°C.


 In the future overnight shelters for individual soldiers, 2-layer tents, protection of the extremities, durability and drying of overnight equipment, increasing thermal insulation of the camping mattress and ways of heating a tent need to be developed.
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Abstract

The needs concerning gloves in key military tasks were determined. A good combination consists of an inner glove, mitten shell and insert combination, fingered winter glove with membrane and extreme cold weather mitten. According to questionnaires most tasks in all task groups were carried out barehanded due to gloves affecting the performance. Cold caused greatest problems in the task groups of shooting, communications and repairs. The thermal insulation of the gloves was measured using a standardised hand model and contact cooling speed with a finger model. According to these the addition of glove layers increased the thermal insulation when dry. When damp and in windy conditions the effect of layers decreased because damp inner gloves conduct heat. Adding a membrane increased thermal insulation in damp measurements, the effect on mittens being 42 %. Contact cooling was distinctly quicker with fabric gloves than with leather ones.


Survival and performance using seven different glove combinations was (+2 °C and -20 °C, 2 m/s) using six volunteers. The effect of glove thickness and finger skin temperatures on shooting accuracy, loading and survival was determined. Gloves had a significant statistical meaning on the results. The inner glove can be considered the best and the fingered winter glove with lining the worst. From gloves with different trigger finger solutions, results were least affected using a knitted trigger finger mitten. The results in the loading test decreased as the thickness of the glove increased. The effect of hand temperature on the diameter of the shooting pattern could be determined at 1,5 mm/°C. The time spent on loading using leather gloves grew by 50 % in warm and 30 % in cold (-20 °C) compared to barehanded times. By using the glove correctly the hand skin temperature could be lifted by 5 °C. According to reference values finger temperatures can be kept at over 0 °C at ambient temperatures over -10 °C wearing the gloves used. At temperatures of -20 °C frostbite to the hands is likely if heat production of the subject drops below 200 W. Even using good gloves light work can not be done for more than 2 - 4 hours in -20 °C. Concerning individual gloves better protection of the wrist, choosing the right size of glove, use of inner gloves, development of a lined glove with membrane, use of membrane in mitten shell and insert combination and use of trigger finger mitten in connection with mitten shells still need considering.

1.0
INTRODUCTION

The aim of this research project was to improve hand performance in cold conditions [1, 2].  Due to marked cold problems in hands, a hand wear system for different conditions was developed in co-operation with Finnish Defence Forces in the area of the Northern Finland among conscripts, during military exercise and in the cold laboratories.

2.0 METHODS


Both human and material measurements were performed in this project. Questionnaires and physiological measurements were used in human studies. In physiological measurements, carried out either in field or laboratory, skin temperature and physical performance were determined. Material measurements were performed by using thermal manikin, sweating hot plate as well as hand models [3, 4].




Figure 1: Study design

3.0 RESULTS


Because the performance of hands is of vital importance [1,2], we tested in laboratory and field tests both survival and dexterity of developed gloves for military tasks. The aim was to determine the system of hand wear suitable for temperature range from -40 C to 30 °C. To find out the solution we made field queries, clothing physiological measurements, performance and survival tests. 


The needs concerning gloves in key military tasks were determined. A good combination of hand wear for winter use consists of an inner glove, a mitten shell and an insert combination, fingered winter glove    with membrane and extreme cold weather mitten put on the normal hand wear. According to questionnaires most tasks in all task groups were carried out barehanded (40 - 70 %) due to gloves affecting the performance. Cold caused greatest problems in the task groups of shooting, communications and repairs.

Table 1. The effect of different parameters on thermal insulation of fingered gloves 

               and mittens (%). Wind was 4 m/s (3).


		Parameter

		Finger.glove

		wind

		wind

		mitten

		wind

		wind



		

		dry ( %)

		     wet ( %)

		   wet ( %)

		  dry ( %)

		    dry ( %)

		     wet ( %)



		Effect of wind

		-45

		

		

		-27

		

		



		Thin underglove

		10

		34

		16

		13

		15

		-10



		Lining

		22

		54

		21

		

		

		



		Inner mitten

		

		

		

		46

		62

		61



		Membrane

		10

		14

		16

		8

		7

		11





The thermal insulation of the gloves was measured using a standardised hand model and contact cooling speed with a finger model. According to the measurements, the addition of glove layers increased the thermal insulation when dry. In damp and in windy conditions the effect of layers decreased because damp inner gloves conduct heat. Adding a membrane increased thermal insulation in damp measurements, the effect on mittens being 42 %. Contact cooling was distinctly quicker with fabric gloves than with leather ones.



Figure 2: Shooting pattern in different conditions, Lazle riffle N=6.


Table 1. Typing time, error % and subjective opinion.


		 

		 PP-under 


 glove

		 Leather 


 glove

		 Leather glove   


 (lining)



		Time (s)

		 45 ± 6

		 52 ± 6

		 53 ± 6



		Average error-%

		 3

		 31

		 66



		Superiority

		 1

		 2

		 3



		Subj. opinion

		 

		 

		 



		    Thickness

		 5

		 2

		 2,5



		    Dexterity

		 4

		 2

		 1,5



		    Accuracy

		 4

		 1,5

		 1





Survival and performance using seven different glove combinations were tested (+2 °C and -20 °C, 2 m/s) with six volunteers. The effect of glove thickness and finger skin temperatures on shooting accuracy, magazine loading and survival was determined. Gloves had a significant statistical effect on the results. The thin inner glove can be considered the best and the fingered winter glove with lining the worst. The lining decreases the performance measured as time delay by 11 % and the stiffness of glove material by 18 %. From gloves with different trigger finger solutions, results were least affected when a knitted trigger finger mitten was used. The performance in the loading test decreased as the thickness of the glove increased. The effect of hand temperature on the diameter of the shooting pattern was 1.5 mm/°C. The time spent on loading when using leather gloves grew by 50 % in warm and 30 % in cold (-20 °C) compared to barehanded times. In cold conditions thin inner glove didn't decrease the performance but it increased finger temperature. By using the glove correctly the hand skin temperature could be lifted by   15 °C in short term and 5 °C in long term exposure.
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Figure 3. Contact cooling with mitten, finger model.




Figure 4. Skin temperature of finger with winter mitten in cold exposure.

According to reference values finger temperatures can be retained above 0 °C at ambient temperatures over -10 °C wearing the recommended gloves. At the temperatures of -20 °C frostbite in hands are likely, if heat production of the subject drops below 200 W. Even with good gloves light work can not be done longer than 2 to 4 hours in -20 °C.  Thermal balance of the body effects on finger temperature 10 to 15 °C [5].


4.0 Discussion and conclusions


According to the field questionnaires the hand wear needed development most often. Especially exact work in wet condition was the most problematic and very often these tasks were done barehanded. However, at temperatures of -20 °C frostbite of the hands is likely, if heat production of the subject is low. The thermal balance of the body effected on the finger temperature more than by 10 °C. The effect of lining and semipermeable lining was also important on thermal insulation. Although gloves always decrease the performance of hands, it also improves it in cold conditions by raising the skin temperature [1,5]. 


Concerning individual gloves, better protection of the wrist, choosing the right size of glove, use of inner contact gloves, development of a lined glove with membrane, use of membrane in mitten shell and insert combination and use of trigger finger mitten in connection with mitten shells still need to be considered.
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Abstract

The aims of this two-piece study was to set standards for cold protective face masks for military use, to determine the effects of material and design factors on the performance of face masks and to develop a model for predicting conditions under which there is a risk of frostbite to the face. The basis for target values concerning military face masks was survival without facial frostbite at an ambient temperature of –30°C and air velocity of 10 m/s. Ease of transportation, in this case pocket size, and dimensional stability in industrial laundering were considered important usability factors. Nine designs of basic face mask were prepared, one design of basic face mask being fabricated separately from three materials. The thermal insulation properties of all masks were measured under calm and windy conditions. The protective effects of the face masks developed here were verified in measurements on test subjects, the results of which were used in developing the prediction model. The measurements showed that the air permeability of the fabric of a face mask has very little effect on the protection it gives. The design of a face mask has more influence on the amount of moisture absorbed by it than does the fabric used. A hole for the nostrils and mouth is necessary to enable efficient moisture extraction and minimisation of respiratory resistance.

A theoretical model for describing cooling of the face was developed as the result of this study. The model divides the head into three parts: bare skin, the area covered by the helmet and the area covered by a face mask. The development was made based on the laboratory measurements with a head model and test subjects to provide a scientific basis for instructions on protecting the face. The present results show that the amount of heat lost by a soldier on guard through insufficient protection of the head can amount to over 90 % of his heat production. A face mask can give a protective effect of 5-15 °C informed as air temperature depending on air velocity.

1.0
INTRODUCTION

Frostbite to the face has been the third most common type of frostbite in the Finnish military, straight after feet and hands [1, 2, 3]. The risk for facial frostbite will probably grow in the future due to increase in the use of motorised transport in cold weather. The combined effect of cold air and wind is still calculated using the basic wind chill index or more sophisticated indexes [4, 5]. It has also been found, that natural behaviour to protect your face is equivalent to wind speed at wind speeds over 2 m/s [6]. In military tasks this protective behaviour is not always possible, therefore the face needs to be protected from the cold by use of a facemask even though other methods have been used [7].

In previous researches the main problems with facemasks have been caused by accumulation of exhaled moisture. Correct fit was also found important in prevention of cold airflows onto nose and cheeks [8]. The aims of this study were to set standards for cold protective facemasks for military use and to determine the effects of material and design factors on the performance of facemasks. The basis for target values concerning military facemasks was set to be survival without facial frostbite at an ambient temperature of –30 °C and air velocity of 10 m/s. But when should we use it and what is the effect of it?

The second aim of this work was to evaluate the need for cold protective facemasks and help prepare instructions for the use of them. For this task the effects of material, design and protection area on the performance of facemasks had to be determined. After this a model could be produced for predicting conditions under which there is a risk of frostbite to the face.


A calculation model for describing cooling of the face was developed as the result of this study. The model divides the head into three parts: bare skin, the area covered by the helmet and the area covered by a face mask. The development was made based on laboratory measurements conducted on a head model and test subjects to provide a scientific basis for instructions on protecting the face.  


2.0
MATERIAL AND METHODS


First user requirements were determined by questionnaire and a market survey was carried out. On the basis of these and literature a list of target properties was determined. Ease of transportation, in this case pocket size, dimensional stability in industrial laundering at 60 °C and minimal skin irritation in long-term use were considered important usability factors. With these target properties in mind a total of seven materials were chosen for material tests. Material tests carried out were water vapour resistance (EN 31092), thermal insulation (EN 31092), air permeability (ISO 9237) and material thickness (SFS 3380). 


To determine the effect of facemask design on the protective properties of a facemask five designs of basic facemask and a total of four designs of special facemask were produced. To relate the effect of material differences and design differences one basic facemask design was made in three different materials. All other designs were made from 70 PP/30 CO knit only. All special facemasks were made from neoprene. 


A thermal head model (ENV 342) placed in a climatic chamber was used to determine the thermal insulation of facemasks in calm and windy conditions. The same head model with additional temperature and heat flow sensors was used to measure the effect of design, material and use of glasses on heat flow to cheeks, temples and chin. The ambient temperature in all these measurements was 15 °C with wind velocities of 0,3 m/s and 4 m/s. In all of these measurements a Finnish military composite helmet was worn in addition to the face mask under observation. 


Since respiratory condensation is one of the main problems concerning facemasks in the cold, a breathing head model was constructed to help determine the effect of material and design on the amount of accumulated condensation. A coiffure head was used as the basis of the model. The model breathes only through the nose, as this is the recommended breathing method in the cold. A flexible tube (( 12 mm) was placed inside the head from the nape of the neck to the forehead, where it was forked into two smaller tubes functioning as nostrils. The temperature of the tube was kept constant with use of a heating cable and tubing insulation. Moisturised (0,039 g/l) 20 °C air was pumped into the tube at the rate of 20 l/min. Heating elements were fitted under the plastic shell of the model keeping cheek skin temperatures at 33 °C at ambient temperature 20 °C. Temperatures on the outer surface of the tube, inside the head, on the cheek, chin and side of nose were measured throughout the measurements. Facemasks were weighed and photographed before and after measurements to determine the amount and location of accumulated moisture and freezing. Measurements were carried out in a climatic chamber at ambient temperature –15 °C and air velocity 1 m/s. 


Finally test subjects verified the results obtained from laboratory measurements. Test subjects (n= 5, male) did light work in conditions of Ta= –25 °C, v= 8 m/s for 30 min wearing adequate clothing, facemask, woollen hat and Finnish military composite helmet. Skin temperatures next to the nose were measured and both thermal sensation according to ISO 10551 and skin moisture sensation were asked after exposure. An IR-camera was also used to compare skin temperatures after exposure. 


To make a model for describing head cooling we used the data of the described measurements. The thermal insulation of ten face masks were measured under calm and windy, up to 16m/s, conditions using a heated head model. During the measurements a Finnish military composite helmet was worn in addition to the facemasks. 


A theoretical model for describing cooling and protection of the facemask was developed as the result of the measurements. The model divides the head into three parts: bare face, the area covered by the helmet and the area covered by a facemask.

Heat flow from the head can be calculated according to Newton's law,


Pout=hc(Tsk-Ta)Ahead,



(1)


where hc is the convection coefficient of the head, Tsk is the skin temperature, Ta is the ambient temperature and  Ahead  the area of the head. From another direction a heating power from the inner part of the head is [9].

Pin=hi(Tsk-Thead)Ahead,



(2)


where hi is a conduction coefficient of a inner parts of the head and  Thead is the temperature of those inner parts. 


When using the facemask and headgear we need to know the covering areas and convection coefficients of these different sections. When the area covered by headgear is p and the area of apertures of facemask is q, the convection coefficient of the whole head is as follows [10]:

hc = q%*((4,5+16 v0,5)+(100-p%-q%)/Ifm + p%*1/(Ihel*A*e-vB),


(3)


where Ifm is thermal insulation of facemask, Ihel is thermal insulation of the headgear, v is wind velocity and  A and B are parameters depending on material. The first part of the formula describes the heat flow from bare skin, the second term the heat flow through the facemask and the last one through the headgear. 


Hence the thermal insulation of facemask is


Ifm=I1m/s*e-(v-1m/s)*B,





(4)


where I1m/s is the thermal insulation value of the material at the wind velocity of  1 m/s, v is the actual wind velocity and B is a parameter depending on the air permeability of the material (0,07).

3.0
RESULTS


3.1
Material measurements


On the basis of results from material measurements three materials with the best thermal insulation values ie. PP/CO, PES, WO/PP were chosen for facemasks. Properties of these materials are given in Table 1. Differences between the properties of the measured materials were small.

Table 1. Properties of facemask materials according to material tests. 

		Fibre content

		Material construction 

		Weight


g/m²

		Thickness


mm

		Thermal insulation


m2K/W

		Water vapour resistance 


m2Pa/W

		Air permea​bility 


mm/s



		70 PP/30 CO

		milanorib

		185

		1,3

		0,032

		4,4

		1044



		100 PP

		1x1 rib

		145

		1,0

		0,025

		3,5

		1916



		100 CO

		1x1 rib

		150

		1,0

		0,020

		3,2

		1141



		100 PES

		1x1 rib

		135

		1,0

		0,034

		3,5

		1600



		70 WO/30 PP

		milanorib

		170

		1,3

		0,041

		4,7

		1470



		100 NE

		foamrubber

		

		3,8

		0,062

		(

		0





3.2
Thermal insulation 


In thermal insulation measurements conducted with the thermal head model it was found that a facemask has significant effect on heat loss from the face especially in windy conditions. The percentage of protected area affects the thermal insulation of a facemask more than the material used. The measurements showed that the air permeability of the fabric of a facemask has very little effect on the protection it gives. The thermal insulation of a special facemask made of neoprene is much better in calm conditions than that of knitted facemasks, but decreases to the same level in windy conditions. This difference is caused by the differences in material drape and elasticity. A material with good elasticity and drape enables a snug fit, which in itself reduces heat loss by convection. Neoprene does not follow the shape of the face as closely as knitted materials do and in windy conditions cold air can get inside the facemask. 


3.3
Heat flow 


Differences in design of a facemask have more influence on the heat flow on the face than the material has. Adding a “mouth and nose hole” to a facemask with a small eyehole only increased the heat flow on the chin, but did not affect airflow on the cheek or temple. Heat flow on the cheek was even decreased by the addition of the mouth hole. The air permeability of the material used had only a very slight affect on the heat flow under a facemask with a small eyehole. Right size and fit around openings had significantly more influence on heat flow than air permeability. 


The effects of a good fit and sealing of the edges of the holes could easily be seen in the measurements made to determine the effect of glasses on heat flow. These measurements were done using a basic facemask with only a narrow eyehole, with and without slits for earpieces of eyeglasses at the temples. The airflow results are given in Figure 1. The decrease in heat flow could also be seen in temperatures measured by four sensors at the temple. In calm conditions no differences were found between the measurements which were consistent with the heat flow results. In windy conditions the use of glasses course temperatures at the temple to decrease by 1-1,5 °C as far as 4 cm inside the facemask. By threading earpieces of eyeglasses through the slits temperatures dropped only right at the slit, the drop being 0,8 °C. 


From these results the conclusion can be made, that if the edge of a hole in a facemask is not in contact with the skin, the heat flow inside the mask can increase up to 2.5-fold. A slit on each temple to allow glasses to be worn outside the mask provides an effective way of eliminating the flow of air to the temples when using glasses. 


[image: image1.wmf]The effect of glasses on heat flow under a facemask  


176


136


257


426


139


139


637


402


171


141


266


410


0,0


100,0


200,0


300,0


400,0


500,0


600,0


700,0


Left temple, 0,3 m/s


Left cheek, 0,3 m/s


Left temple, 4 m/s


Left cheek, 4 m/s


Heat flow W/m²


facemask


facemask + glasses


facemask + slits + glasses




Figure 1. The effect of glasses and slits for earpieces of eyeglasses on the heat flow inside a basic facemask with one narrow eyehole. Ta= 15 °C, v= 0,3 or 4 m/s.

3.4
Moisture control


The design of a facemask has more influence on the amount of moisture absorbed by it than does the fabric used. This can be seen from the measurement results in Figure 2. When a "mouth and nose" hole was added to a mask with a narrow eyehole the amount of moisture absorbed dropped to a third, from 1,1 g to 0,4 g. The effect of nose protection can be seen when comparing a facemask with large eyehole (nose and part of cheeks exposed) and a facemask with small eyehole and mouth hole. The thin knit provides sufficient insulation to the nose to keep breathed air warm enabling condensation of the exhaled moisture to happen further away from the face decreasing the amount of water absorbed by the facemask.  Changes in fabric caused the amount of absorbed moisture to drop only 0,4 g, from 1,1 g to 0,7 g. The effect of fabric change was due to both fibre content, change to 100 % synthetic and decrease of water vapour resistance. 
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Figure 2. Amount of moisture absorbed by different facemasks in moisture control measurements. Ta= -15 °C, v=1 m/s, amount of air 20 l/min, amount of moisture 0,039 g/l, duration of measurement 30 min. 


3.5
Test subjects 


Facemasks were tested on five subjects. Two basic facemasks with a small eyehole and “nose and mouth hole”, one made from 70 PP/30 CO milanorib and the other from 100 PES 1 x 1 rib, were tested. Skin temperatures measured using a sensor next to the nose were higher with the PP/CO facemask, though the IR-camera pictures showed more variation. The average thermal sensation for cheeks for PP/CO facemask was 2,8 and for PES mask 2,4, for the chin respectively 2,4 and 1,6 and for the top of the head 3,0 and 2,8 respectively (0= extremely cold 4= neutral). Although the amount of moisture absorbed was by average was the same 2,6 g for both facemasks, the skin moisture sensations for the PP/CO facemask were on average much dryer than for the PES facemask (Table 2).


Table 2.  The average skin moisture sensations (n=5) for different parts of the face, using two different facemasks. 1 = totally dry, 4 = damp, 7 = dripping wet.


		Facemask

		forehead

		cheek

		nose

		chin

		top of head



		PP/CO, 


small eyehole + mouth hole

		2,0

		1,6

		2,0

		2,4

		2,0



		PES, 


small eyehole + mouth hole

		2,6

		2,2

		2,2

		3,8,

		1,8





On the basis of results from material measurements the typical properties of the used materials were given in Table 1.

Based on our measurements the following values of parameters for the calculation model have been used. The covering percentage of the helmet with woollen hat was 60 % and 40 % without hat, parameter B when using just a helmet was 0.04 and for PES face mask 0,035. Parameter A was 0,9 and the size of the apertures in the face mask about 10 % of the area of head (0.12 m2).


The original measurement results used in modelling are in table 3. In table 4 there are some calculated and measured results relating to the convection coefficient of the head.  


Now we can use for calculation of skin temperature the developed two layer model [11],


Tsk = (hc * Ta + hi * 37) / (hc + hi),  where

(5)


hc = 1 / (1/(4,5 + 16*v0,5) + Ifm) [W/m2oC].

(6)


By using formula (5) we have calculated the facial skin temperatures with different masks results of whoch are presented in Table 5. 


Table 3. Measurement results with the head model.


		Face mask

		Wind v(m/s)

		Lg       (mm/s)

		Average for 

head cover

		Insulation on face

		Insulation of material

		Area of apertures (cm2)



		

		

		

		I (m2K/W)

		 I (m2K/W)

		 (m2K/W)

		



		naked

		0.3

		

		0.217

		

		

		



		

		1

		

		0.076

		0.042

		

		



		

		4

		

		0.067

		

		

		



		

		8

		

		0.025

		0.014

		

		



		

		

		

		

		

		

		



		helmet+ 

		0.3

		0

		0.314

		0.174

		0.062

		75



		foamrubber

		4

		0

		0.126

		0.060

		

		75



		facemask+


woolen hat

		8

		0

		0.084

		0.039

		

		75



		PES-face mask+   helmet

		0.3

		1800

		0.232

		0.128

		0.034

		70



		

		4

		1800

		0.074

		0.043

		

		70



		PES-face mask+ helmet+ woolen hat

		0.3

		1904

		0.276

		0.148

		0.034

		70



		

		4

		1904

		0.118

		0.056

		

		70



		

		8

		1904

		0.075

		0.035

		

		70





Table 4. Convection coefficients for whole head with different masks, hc (W/ m2K).


		

		1 m/s

		4 m/s

		8 m/s

		16 m/s



		PES-mask+woollen hat

		

		

		

		



		hc measured

		

		8.5

		13.3

		



		hc calculated

		7.7

		10.3

		13.3

		19.9



		rubberfoam-mask

		

		

		

		



		hc measured

		

		7.9

		11.9

		



		hc calculated

		7.2

		9.7

		12.4

		18.4





Table 5. The measured and calculated skin temperatures under the masks and  head covers (-25 (C  and 8 m/s).


		Head gear

		Calculated Tsk  ((C)

		Measured Tsk ((C)

		Used hc


(W/m2K)



		PES-mask+      woollenhat+ helmet

		

		

		



		cheek

		1

		5

		17.3



		fore head

		18

		19

		5.2



		

		

		

		



		Rubberfoam-mask


+woollenhat+helmet

		

		

		



		cheek

		3

		6

		14.7



		forehead

		18

		18

		5.2





According to the formula (5) we can now in a certain wind calculate the ambient temperature Ta, in which Tsk = 0oC, meaning a risk of facial frostbite. Those conditions are given in figure 3 as a function of wind velocity.
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 Figure 3. Ambient conditions of frostbite risk, Tsk=0 °C with different facemasks.


4.0
DISCUSSION AND CONCLUSIONS


Air permeability of the fabric of a facemask has a small effect on the protection it gives. A material with good elasticity and drape enables a snug fit, which in itself reduces heat loss by convection. Use of a thicker material with good elasticity would give slightly better cold protection, but moisture absorbtion may cause more problems than with the materials tested. The thermal insulation of the neoprene used in the special facemasks was excellent in planar measurements but decreased to the same level as that of the knitted materials when made into a facemask, especially in windy conditions. The decrease was mainly due to heat loss by convection as gaps between the face and mask enabled cold air to flow under the mask. Feel to the skin is also very important. Moisture in contact with the  skin causes cool and unpleasent sensations. The effect of this could be seen in the test subject measuremenst where the two-layer PP/CO knit was rated dryer than PES. Since the amount of moisture was actually the same, it must be concluded that the gathered moisture was absorbed in the outer (CO) layer of the knit leaving the skin relatively dry. The two-layer knit also felt warmer, though skin temperatures were conflicting in some cases. 


The design of a facemask has more influence on the amount of moisture absorbed by it than does the fabric used. When a "mouth and nose" hole was added to a mask with a narrow eyehole the amount of moisture absorbed dropped to a third, whereas it was only halved by changes in fabric. If the nose and mouth have to be covered the water vapour resistance of the fabric used becomes significant, but moisture accumulation will grow considerably even so. It can be conclude that a hole for the nostrils and mouth is necessary to enable efficient moisture extraction and minimisation of respiratory resistance. 


The effects of a good fit and sealing of the edges of the holes could easily be seen in the measurements made to determine the effect of glasses on heat flow. If the edge of either the eyehole or the mouth hole is not in contact with the skin, the heat flow inside the mask can increase up to 2.5-fold. Slits on each temple to allow glasses to be worn outside the mask, provides an effective way of eliminating the flow of air to the temples. The facemasks measurede do not give sufficient cold protection when worn on there own under the Finnish military composite helmet. By wearing a woollen hat with a strip of windbreaker material on the forehead the range of survival without facial frostbite is considerably broadened. 

The present results show that the amount of heat lost from a human in rest through insufficient protection of the head can amount to over 90 % of his heat production. A facemask can give a protective effect of 5-20 °C against frostbite, depending on the air velocity. This means about 25 % change in convection coefficient. The model and the measurements done with test subjects also showed clearly the most important properties of face masks. 

The percentage of protected area affected the thermal insulation of a facemask more than the material used. When the size of apertures increased from 4 % to 20 % compared to head area hc, increased about 20-30 %. 


The curves calculated for frostbite risk slightly differed from those given in previous literature. The difference in higher wind velocities is a consequence of human protective behaviour [6]. When changing the posture of the head a person can change the convection coefficient of the head. 

According to the results, if the ambient conditions are more severe than -30 °C and 8 m/s, we need more protection than the normal face mask e.g. a good hood around the head [12]. 
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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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Abstract


In the civilian and military standards ISO 15027 (2002) and STANAG No. 3981 (1995) the "survival time" in immersion suits in cold water is correlated to their thermal insulation and the water temperature, using a prediction model developed around 1984 by E.H. Wissler. However, tests with human subjects performed by the German Air Force have shown that these survival times are far too long, dangerously overestimating the performance of survival suits. Considering the demand that a person should come through an immersion situation without irreversible physical damage, a different test and evaluation method for the "tolerance time" in immersion suits is required.

Two such methods have been developed by Germany, namely the thermo-physical model (Hohenstein Institutes) based on measurements with a thermal manikin, which, in a climatic chamber floats in a water basin in the same body posture as a person wearing the immersion suit in combination with a flotation device and the thermo-physiological model (German Air Force, Patent DE 10 2006 058 039 A1 2008.06.19). In order to validate this test and evaluation method, the German Air Force has performed controlled trials with male and female subjects dressed in a cold protective immersion suit and floating in water. The subjects’ physiological data such as rectal and skin temperatures, heart and breathing rate, blood pressure etc. as well as their subjective thermal perception and general well-being were continuously registered and monitored.

Considering the precision of the results of these human subject tests on an α = 0.05 level, with water temperatures between 0 and 7 °C a very good, and with water temperatures above 7 °C a good agreement with the prediction of the tolerance times resulting from the thermal manikin tests with the Hohenstein evaluation model is found.


Keywords: Survival time, tolerance time, thermal manikin, thermo-physiological model.

1.0
introduction


Current operations of the German Armed Forces have led to increasing operational requirements of soldier equipment. Their equipment has to protect them from cold, heat, humidity and conditions under NBC-threat to be able to continue their mission without any activity-related deterioration of performance.

For the selection, optimization and development of individual protective equipment, thermo-physical [38] [39] and thermo-physiological [27] [28] simulation methods are available in Germany that are capable of determining and predicting the wear time, tolerance time and survival time of the individual wearer under defined climatic conditions.

In the civilian and military standards ISO 15027 (2002) [9] and STANAG No. 3981 (1995) [32] the "survival time" in immersion suits in cold water is correlated to their thermal insulation and the water temperature, using a prediction model developed around 1984 by E.H. Wissler [42]. However, tests with human subjects performed by the German Air Force [28] [29] have shown that these survival times are far too long, dangerously overestimating the performance of survival suits. Considering the demand that a person should come through an immersion situation without irreversible physical damage, a different test and evaluation method for the "tolerance time" in immersion suits is required. 


Meanwhile, such methods have been developed in Germany. 


The thermo-physical model (Hohenstein Institute [38] [39]) is based on measurements with a thermal manikin which, in a climatic chamber, floats in a water basin in the same body posture as a person wearing the complete immersion suit. 


The thermo-physiological model (German Air Force Patent DE 10 2006 058 039 A1 2008.06.19 [28]) used as part of the test project was designed on the basis of the mission to create a measurement setup and a measurement process that allows to determine the quality of thermal protection of a protective system under test in all body regions of a soldier at varying exposure temperatures and, using the obtained data, to make accurate predictions on the tolerance and survival times, e.g. the time of onset of frostbite of given body areas.  

The following manuscript in detail describes the thermo-physiological method presents and discusses its results. 


2.0
methods


2.1
Survey of the Separate Steps of the German Methods
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Figure 1: Flow diagram depicting the separate steps of the thermo-physical and thermo-physiological tolerance time calculation


2.2 Thermo-Physical Model


The basic principle of the thermo-physical model consists in exposing a copper-shell manikin (thermal manikin) to defined climatic conditions. In the process, the copper surface of the manikin is heated up to a constant temperature (32 °C), and the produced heat flow to the environment is measured. The thermo-physical measurements serve the determination of the insulation value of the protection system [38].
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Figure 2: „Charlie 4“ copper manikin including a description of the thermo-physical measurements used by the Hohenstein Research Institute


2.2
Thermo-Physiological Model


2.3.1
Measurement Setup and Process 


The new thermo-physiological model was developed on the basis of cooling curves of the human body. In the process, physiological data recorded during thermo-physiological tests of the protection systems, thermoregulatory mechanisms of the human body [2] [3] [17] [30] clinical and forensic aspects of hypothermia [13] [16] [22] [23] [26] [37] as well as norms [4] [9] [32] were used to calculate the points in time at which critical temperatures for vital functions are reached. 

The thermo-physiologically relevant limits of the German method were defined in analogy with EN ISO 15027 and [4] in analogy with [9] [23]. The limit for the skin temperature was fixed at 10 °C, and the limit for the body core temperature was fixed at 35 °C.


2.3.2
Measurement Setup


Continuous observation of the subject was ensured by video and through an observation window facing the climatic chamber as well as by Intercom.   
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Figure 3: Test room showing the climatic simulation chamber and Recording system 


The medical parameters such as ECG, blood pressure, pulse rate, rectal temperature, breathing rate and peripheral blood oxygen saturation were recorded by the „IntelliVue MP70“ patient monitor  (Philips mfrs). Any other parameters were recorded by the temperature and temperature / humidity sensors (Additive mfrs.) at various body locations (big toe, lower leg and thigh, front and back of trunk, neck and forehead) and were continuously recorded along with the climatic chamber parameters.


2.3.3 Climatic conditions


The tests were conducted successively with two different climatic simulation conditions. Relevant parameters are at Table 1 and Table 2.


Table 1: Climatic parameters in the „climatized cockpit“ test facility


		Parameter

		Value



		Temperature dry, air

		+25.8 °C ( 1.0 °C



		Rel. humidity, air

		33.4% ( 2.2%



		NET [41]

		21.7 °C





Table 2: Climatic parameters in the „cold water“ test chamber


		Parameter

		Value



		Temperature dry, air

		+1.7 °C ( 0.4 °C



		Temperature globe, air

		+1.2 °C ( 0.1 °C



		Rel. humidity, air

		60.5% ( 2%



		Temperature, water

		+4.4 °C ( 0.1 °C



		Wind speed

		3.0 m/s ( 0.02 m/s


Wind direction:


frontal





2.3.4
Physiological Parameters


· ECG


· Heart rate 


· Breathing rate 


· Body core temperature (rectal and tympanic temperature)


· Blood pressure


· pO2

· Mean skin temperature in accordance with RAMANATHAN [24]0 and EN ISO 15027-3 (2002 D) [9]
tRAMANATHAN = 0.3(tchest +tupper arm) + 0.2(tthigh + tlower leg)


· Temperature under the protection system (back and chest)

· Temperatures measured at forehead and limbs  

· Relative humidity measured between undershirt and immersion suit (shoulder blade) 


· Relative humidity measured between skin and underwear


· Body mass, loss of body fluids


· Exact sensor locations are shown at Figure 4a and b
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Figure 4: Sensor locations in accordance with EN ISO 15027


2.3.5
Psychological Parameters


· Queries about general well-being were made using the questionnaire „Thermal well-being – cold” 


· Queries about the experienced psychophysical stress were made using the questionnaire „SAM 136“


2.3.6
Course of Thermal Testing


		Duration of Load

		Type of Load

		Simulation



		10 min


Test facility

		Sitting at rest on a bicycle ergometer


at room temperature 

		



		10 min


Test facility

		2nd time completing 2 questionnaires

		Flying under normal ‘climatized cockpit’ conditions 



		10 min


Test facility

		Ergometry workout at 1.0 W/kg body mass 

		Ejection



		100 – 350 min Test facility

		Thermal images


Entering the cold water, 3rd time completing 2 questionnaires („Chamber 0“)


After 35 min: 4th time completing 2 questionnaires („Chamber 1“)


After 60 min: 5th time completing 2 questionnaires („Chamber 2“)


After 85 min: 6th time completing 2 questionnaires („Chamber 3“)


After 115 min: 7th time completing 2 questionnaires („Chamber 4“)


After 100 - 350 min: Exiting the cold water

		Pilot’s stay in cold water
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2.3.7
Subjects


Only physically and psychologically fit individuals (aged 31 ( 9 years) were selected for voluntary participation as test subjects. All of the test subjects were examined in accordance with the regulations governing Military Flying Fitness, Class III.


The test included 3 female and 7 male subjects.


Table 3 is a survey of the values and averaged values, standard deviations of body mass, body length, body surface [5], fat percentage [25], BMI [30], basal metabolic rate [31], age and sex of the subjects.


Table 3: Subjects’ data

		Subject

		Body mass


[kg]

		Body length


[m]

		Body surface


[m2]

		Fat percentage


[%]

		BMI

		Basal metabolic rate


[kcal]

		Age


[years]

		Sex



		E

		76.31

		1.68

		1.86

		31.2

		27

		1517

		24

		f



		F

		68.07

		1.62

		1.72

		36

		26

		1424

		24

		f



		G

		62.75

		1.68

		1.71

		28

		22

		1370

		25

		f



		H

		102.81

		1.86

		2.27

		31.2

		30

		1698

		43

		m



		K

		103.66

		1.86

		2.28

		25.1

		30

		1730

		45

		m



		L

		101.39

		1.82

		2.22

		20.4

		31

		1673

		26

		m



		M

		82.56

		1.82

		2.03

		24

		25

		1767

		37

		m



		N

		81.89

		1.90

		2.09

		22

		23

		1725

		20

		m



		O

		83.69

		1.75

		1.99

		25.9

		27

		1769

		35

		m



		P

		87.02

		1.79

		2.06

		22.2

		27

		1963

		29

		m



		Average value

		84.56

		1.77

		2.01

		23

		26.5

		1663

		31

		



		Standard deviation

		13.55

		0.09

		0.20

		5.3

		0.8

		153

		8.7

		





2.3.8
Test Discontinuation Criteria


The test was to be discontinued in case of:


· Pathological ECG curve 


· Cardiac dysrhythmias such as: high extrasystoles, bundle-branch block formation


· Increase in heart rate to > 200/min minus years of age 


· Decrease of heart rate to < 50/min


· Increase in blood pressure to ≥ 200 mm Hg (systolic) and ≥ 120 mm Hg (diastolic)


· Decrease in blood pressure to ≤ 100 mm Hg (systolic) and ≤ 50 mm Hg (diastolic)


· Increase in body core temperature to > 38,5 °C (rising tendency)


· Decrease in rectal temperature to < 35,5 °C (falling tendency)


· Decrease in skin temperature at any one measuring location to ≤ 10°C (IAW EN ISO 15027-3)


· Clinical signs of exhaustion and / or as directed by independent physician 


· Approximation and approximation speed of average skin temperature to the body core temperature (rising gradient) 


· At the subject’s wish


2.3.9
Medical Safety


Every subject was examined for his / her medical fitness by a physician prior to each test. The physiological parameters were continuously recorded, visualized and stored for observation and / or continuous assessment of the parameters listed under „ discontinuation criteria”. Medical observation of the subjects was ensured by the presence of a physician. A medical emergency kit was kept available in preparation for an emergency. The communication between subjects and the test director outside the climatic chamber was via a headset / microphone system.


2.3.10
Voluntary Participation


Prior to the test, each subject was informed about the nature, scope and purpose of the test as well as about his / her rights associated with his / her voluntary participation in the test. The subjects gave their written consent with the option to discontinue the test at any time without giving a reason.


3.0
Results


3.1
Physiological Parameters


The cold-water exposure time varied from subject to subject. In order to enable the statistic evaluation of the measured data, the averaged curves were visualized in the following figures only up to the 70th test minute. In the process, only the averaged heart rate, rectal temperature, mean skin temperature curve progressionss (in accordance with RAMANATHAN) and the skin temperature of the big toe were visualized.  


3.1.1
Heart Rate


3.1.1.1
In Air


The average heart rate of the subjects (Figure 5) at the beginning of measurements was 87 ( 14 min-1 and, within the rest interval, dropped to 85 ( 15 min-1. The heart rate rose to 97 ( 12 min-1 for a short period during the completion of the questionnaire. Under physical load (1 W/kg body mass), the heart rate continuously rose from initially 90 ( 13 min-1 to 139 ( 11 min-1.
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Figure 5: Mean heart rate curve progression

3.1.1.2
In Water


During exposure in cold water, the heart rate continuously decreased from initially 122 ( 13 min-1 to 82 ( 14 min-1 in the 70th test minute. Exceptions to the cooling phase that lasted to the 70th test minute were the phases of immersing (2nd minute) and donning the gloves / muff (2nd to 3rd minute) – during which the heart rate rose again to its initial value of 122 ( 7 min-1.


3.1.2
Rectal Temperature


The curve progression of the mean rectal temperature is at Figure 6.


3.1.2.1
In Air


From initially 37.77 ( 0.10 °C, the rectal temperature continuously (also during physical load) dropped until the 28th test minute to 37.64 ( 0.27 °C. Subsequently, it slightly rose again to 37.67 ( 0.29 °C at the end of the ergometric workout.


3.1.2.2
In Water


During cold exposure, the rectal temperature decreased continuously from 37.40 ( 0.29 °C to a final value of 36.88 ( 0.29 °C.
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Figure 6: Mean rectal temperature curve progression


3.1.3
Mean Skin Temperature in Accordance with Ramanathan


The mean skin temperature curve progression in accordance with Ramanathan is at Figure 7.


3.1.3.1
In Air


At room (test facility) temperatures (+25.8 °C), the temperature continuously rose slightly from initially 
35.3 ( 0.4 °C to 35.7 ( 0.3 °C in the 25th minute. During the last five minutes of physical load, the rate of increase of the average mean skin temperature was higher, finally reaching 36.3 ( 0.3 °C.
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Figure 7: Averaged Mean skin temperature curve progression (Ramanathan)

3.1.3.2
In Water


During immersion in cold water, the average mean skin temperature exponentially dropped from  32.2 ( 0.6 °C to 26.3 ( 1.1 °C.


3.1.4
Average Skin Temperature ate the Big Toe


The average skin temperature (measured at the big toe) curve progression is at Figure 8.


3.1.4.1
In Air


The temperature changed cyclically with the load phases. From initially 30.2 ( 2.4 °C, the skin temperature measured at the big toe reached its maximum of 34.2 ( 4.8 °C in the 19th minute and decreased again to 32.0 ( 2.0 °C during the physical load phase.

3.1.4.2
In Water


In contrast to the measurement in air, the temperature continuously, almost linearly, dropped from 28.5 ( 2.6 °C to 12.8 ( 1.8 °C during cold-water immersion.
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Figure 8: Mean skin temperature (measured at the big toe) curve progression

3.1.5
Thermal Images


Thermal images of the subjects’ body surface and of the outer surface of the protection system were taken prior to and after cold exposure. The thermal images of one subject are at Figure 9 – Figure 11. They were taken after 41 minutes of cold exposure.

In spite of individual distribution, the maps of the isothermal surfaces (delineated isothermal surfaces) of the temperature distribution on the skin show gender-specific commonalities.


The temperatures of the limbs of female subjects are markedly lower than in male subjects already before cold exposure. Thus, the cooler isothermal surfaces of female subjects increase at the expense of the warmer isothermal surfaces. 


After cold exposure, the skin temperature above the vital organs such as kidneys, liver, lungs and heart was not below the critical temperature values. The surface of the subjects’ back, back of the head / neck and limbs was markedly more cooled than the remaining skin areas.


In spite of proper release of the life vest – checked by rescue and safety personnel (R&S specialists) – and the inflated floatation devices, the back of the subjects’ heads was immersed in water, resulting in intense cooling of the head, particularly at the back of the head / neck (cf. Figure 11). The massive hypothermia of the back of the head / neck and, in some cases also of the hands and feet, was the reason for premature discontinuation of the test. 


The intense cooling of the feet (Figure 10) is indicative of insufficient thermal protection by the sock-shoe system.  


Some subjects show asymmetry of cooling of the left and right body surface. 


The thermal images of the subjects wearing the protection system made thermal bridges visible. These thermal bridges were particularly pronounced in the unprotected area between the helmet and the collar of the life vest (Figure 9).


Figure 9: Thermal image: Marine survival suit, frontal and dorsal view
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Figure 10: Thermal images: Naked feet and hands upon exposure to cold water
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Figure 11: Thermal images: The head upon exposure to cold water

3.2
Tolerance time


3.2.1
Problem Definition


Numerous mathematical and physical models to calculate survival times and / or tolerance times exist in the literature. They were developed on the basis of physical models [7] [10] [11] [27] [34] [35] [36] [42].


The basic principle of thermo-physical methods consists in using a protective equipment-draped heat-dissipating thermal manikin to determine the insulation value of clothing. Subsequently, the tolerance times are predicted on the basis of the insulation value using mathematical algorithms.

The disadvantage of these methods consists in the fact that mathematical-physical modelling cannot ascertain the totality of reactions of the human body. Most models cannot sufficiently accurately incorporate body parts such as head, neck and limbs in the calculation of the cooling curves of the human body.


3.2.2
Determining the Cold-Tolerance Time with a Collective of Subjects


3.2.2.1
Measurement Setup and Process

This prediction method was developed on the basis of cooling curves of the human body. In the process, physiological data recorded during thermo-physiological tests, mechanisms of thermoregulation of the human body as well as clinical and forensic aspects of hypothermia for the calculation of the time at which critical temperatures are reached were factored in.


Theoretical findings obtained from the energy balance [10] [12] [25] [30] of the human body and its behaviour in cold environments [17] [19] [29] as well as from the modelling of physiological processes enabled the prediction of the wear, tolerance and survival times also for non-tested climates [German Air Force, Patent DE 10 2006 058 039 A1 2008.06.19 [28]].

The process was divided into the following two phases: 

In the first phase, the cooling curves of the human body and / or the cooling of given body parts were measured. In the second phase, mathematical calculations were made depending on the problem definition to determine the relevant times (wear, tolerance and survival times). This is explained in greater detail in the following sections:


3.2.2.2
Determining the Tolerance Time for One Single Climatic Condition

The subjects were dressed in the protective system and exposed to defined climatic conditions (Table 1 and Table 2). 


The physiological parameters were continuously recorded. The measured parameters were graphically visualized as a function of exposure time (Figure 5 - Figure 8). The functions of the physiological parameters were mathematically treated, visualizing the theoretical curve progression up to a defined critical limit that enabled the calculation of the maximum exposure time.


To make a statistically reliable statement on the obtained results, the standard deviation, the confidence interval (the expected value of a random variable α = 0.05) and the approximation for each curve were determined using the regression method (coefficient of determination R²).


For calculating the tolerance time, the critical rectal temperature was fixed at 35 °C, and the values of the skin temperatures, in accordance with EN ISO 15027-3, were fixed at 10 °C. In case the rectal temperature drops below 35 °C [23] [26] the danger exists that the body could uncontrollably cool. This could finally result in cold death. If the skin temperature drops below 10 °C [26], irreversible cold damage to these areas can no longer be excluded. 


To protect its core from cooling and to delay cold death, the body reduces the blood flow to its limbs [1] [2] [8] [26] [33]. Thus, these body areas cool much more quickly than the rest of the body mass. 


Looking differentially at a drop in rectal temperature and skin temperature allows for calculating:


· the critical survival time without taking account of the above body areas 

· the time limit at which these body parts sustain frostbite or

· the tolerance time without irreversible damage


The tolerance times for the tested population wearing the protection system are at Table 4. The determined tolerance times are limited to one single climate condition (cf. Table 2).


Table 4: Determined tolerance times and coefficient of determination R²


		

		Water Temperature +4 °C



		Tolerance time for protection system not including hands and feet up to 

		120 min


R² = 0.99



		Danger of frostbitten feet from 

		67 min


R² = 0.97





The calculated data should be interpreted such that the wearer of an intact protection system has full capacity to act as long as the time limits for the danger of frostbitten limbs are not exceeded. Below that time limit, the victim will be able to independently initiate and perform rescue action after ejection above land or sea with a 95% probability (regression computation: α = 0.05). After the stated time limit he / she will, however, no longer be able to safely handle the firearm which is part of the survival equipment. 


Within the tolerance time – not considering hands and feet – the victim can be rescued alive. However, irreversible damage to the limbs cannot be excluded.


Finally, it must be pointed out that acute change of and / or increase in psychological stress (combat mission) or substantial deterioration of the physical constitution (unconsciousness / trauma) will reduce the real tolerance time (time limit) by as much as 50%. 


Finally it must be stated that based on the tolerance times and time limits - calculated in accordance with EN ISO 15027-2  - the tested protection system cannot be assigned to any protection class.

3.2.2.3
Tolerance Time as a Function of Water Temperature


The following thermodynamic regularities were applied to calculate the tolerance time as a function of effective exposure temperature.


· Definition of tolerance time:

tT = 
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Where:   tT = tolerance time 




Δ Smax = maximum tolerable reduction in heat content (Watts per hour) 




Δ H = effective reduction in heat content (Watts)

· Computation of the effective reduction in heat content: 


When assuming that the maximum possible tolerable cooling rate of the body is 60 - 100 Watts per hour, the following formula can be used to define Δ H :

 
 ΔH = 

[image: image13.wmf]tT


S


max


D












(2)


· Computation of heat loss: 


The actual heat loss allows computing body heat dissipation to the environment (H)


H = ΔH - M               



      




(3)


Where: 
M = metabolic activity that was fixed at 160 W for computation

· Computation of perceived (sensible) heat flow: 

Hc = H - Hres 


Where: Hres = energy loss due to respiration        





(4)

· Calculation of Hres:
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· Computation of the „insulation value“ of the protection system:

Rc* = 
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Where: 
Ts = average mean human skin temperature (°C)


Ta = effective environment (test chamber) temperature (°C) 


A = Body surface of population  (actual mean value: 2.01 m²) 


Rc*= „Insulation value“ of the protection system  

When assuming the thermal insulation capacity of the protection system and taking account of the above described physical relationships (formulae 1 – 6), the tolerance time tT can thus be calculated and presented as a function for each effective exposure temperature Ta of interest. 


If the temperature limits defined above are taken account of, the following relationship (cf. Figure 12) can be established. The red curve of the function designates time limits. If the stay time in water exceeds the values of the red curve, frostbite of the extremities cannot be excluded.
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Figure 12: Graphical presentation of the tolerance time as a function of the effective water temperature 

In order to validate the obtained data, the identical cold-protection system was tested on a („Charlie 4“) copper manikin under identical conditions. The tolerance time was calculated using a thermo-physical model (Hohenstein Institute, Umbach [38]). A graph comparing the thermo-physical with the thermo-physiological data is at Figure 13. Up to an effective water temperature of 7 °C, the tolerance time correlates of the two German models are good, and with the divergence between the two functions increasing for higher temperatures. At an effective water temperature of 5 °C, the divergence is ± 0.5 h and thus still within the range of the standard deviation of the physiological data.

[image: image17.emf]0


2


4


6


8


10


12


0 1 2 3 4 5 6 7 8 9 10 11


Effective water temperature  T


W 


 [°C]


Predicted tolerance time [h]


Thermo-physical model 1,2 clo


Thermo-physiological model


2,4  ±  0,5 h


p = 0,05




Figure 13: Graph of the functions of the thermo-physiological and the thermo-physical model based on tolerance time


The valid military norms refer to the method developed by Wissler [42] whose final result of the predicted survival time substantially differs from the methods described above. In order to explain that difference, the final results of the predicted tolerance time for the three models are graphically illustrated at Figure 14.
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Figure 14: Functions of tolerance time and survival time calculated with three different models as a function of
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Figure 15: Functions of tolerance time and survival time calculated with the German and Wissler’s models based on the identical assumption: Tre = 34 °C

4.0
Discussion


4.1
Validation of the Thermo-Physiological Model

Within the effective range of exposure temperatures between 0 °C and 7 °C, the thermo-physical method [38] showed good correlation with the thermo-physiological model [28] [29] [40]. For the effective water temperature of 5 °C, the predicted tolerance time calculated with the thermo-physiological model was 0.5 h higher (α = 0.05) than that calculated with the thermo-physical model. This difference is within the standard deviation of the physiological values.

4.2
Commonalities and Differences between the Three Models

In order to evaluate and compare the obtained results with other models, the assumptions made, the test methods used and their objectives need to be highlighted. 


Both the thermo-physical and the thermo-physiological models fixed the maximum possible cooling of the body core (rectal temperature) at 35 °C. Wissler’s model [42] fixed it at 34 °C as a basis for calculation.


The rectal temperature of 34 °C used by Wissler for calculating the survival time [42] is too low. Confusion and disorientation can occur even at higher temperatures. The references [1] [2] [3] [13] [14] [23] state that heat production is reduced beginning at a rectal temperature of 35 °C (95 °F). Besides respiratory and circulatory irregularities, marked mental deficits occur that may result in incapacitation. The associated situation that is considered „hopeless“ by the victim, can, in turn, cause him to abandon himself / herself. That self-abandonment markedly reduces cold tolerance to such a degree that still existing „heat reserves” can no longer be used by the body. Thus, rectal temperatures below 34 °C [23] lead to uncontrollable cooling of the body that finally results in cold death.  


The norm DIN 33403 (page 3) [4] established by the German Institute for Standardization states that „... any further reduction in the rectal temperature (to below 35 °C) ...“can be life-threatening“.


Ejection and emergency egress causes high stress in pilots. Hypobarism, hyperbarism, hypocapnia and / or intoxication induced by ejection will markedly reduce resistance to cold. Even if no injuries were sustained, it must be assumed that cooling is much faster during the first 20 minutes after ejection than in the predicted theoretical assumption and the results obtained from cold simulation under laboratory conditions. The selection of a higher rectal temperature – at least 35 °C – is justified also for safety reasons.


Another methodological difference (Wissler vs. Germany) consists in the test process itself. Wissler’s cold-exposure method immerses the thermal manikin up to the head in water. The thermal load test of the German  models uses a natural floating behaviour in water. In the process, the effective temperature is composed of the effective temperature index [43] in water and in the air while taking account of the exposed body surfaces. The German test configuration / setup better mirrors the reality of the victim’s cold load. These differences in the methods lead to no longer comparable differing insulation values of the protection systems. In this case, it would be recommendable to introduce an internationally recognized and standardized test method in order to enable the international use of the comparison of insulation values and of the verification and classification of the protective value of the tested protection systems. 


Another difference between the German and Wissler’s models consists in the use of different mathematical algorithms. 


This statement of facts is to be illustrated more closely using the following consideration:


Figure 14 shows functions of the predicted survival times using different prediction models with Tre min fixed at 35 °C for the German models.  


The functions used by the German models apply to an energy turnover of 160 Watts and a protection system with an insulation value of 1.2 clo.


The function used by Wissler’s model applies to a rectal temperature of 34 °C and a protection system with an insulation value of 0.75 clo.


The compiled results show that the survival time values – calculated with Wissler’s model - are three times and above higher than the tolerance time values calculated with the two German models. 


When considering the fact that the insulation value of clothing underlying Wissler’s model is 1.6 times lower than that of the two other German insulation values, this results in an even higher difference between the survival and tolerance times.


Even if the value Tre = 34 °C is used in both German models (Figure 15), the predicted final tolerance time is several times lower than that calculated with Wissler’s model.


In sum: it could be demonstrated that the survival time (calculated with Wissler’s model) is different from the tolerance time calculated with the German models and that the valid assumptions, test methods / processes and their final objectives of Wissler’s and the German models are not comparable.

4.3
Advantages and Disadvantages of the Thermo-Physiological Model


Physical body temperature regulation begins with the constriction of the blood vessels in the body’s shell [2] [3] [30]. The constriction of these vessels serves the reduction of the heat flow from the body’s core to its shell. The skin temperature drops as a result of the reduced blood flow and the associated reduction of the heat transport to the body’s shell as well as the initially high heat losses from the skin to the environment [6] [8]. This drop of skin temperature varies in terms of body region and is steepest peripherally where the heat loss rises due to a high tissue surface-to-tissue volume ratio [1] [6] [8]. Maximum insulation of the body shell is reached by a temperature drop of approximately 6 K between the body core and the body surface. For skin temperatures below 10 °C [4] [6] [9] [16] [21] [22] [26] irreversible cold damage to the affected areas cannot be excluded. These body areas, however, need effective thermal protection. In order to take account of thermoregulation and to maintain the capacity to act of the wearer of the protection system, the design and construction of marine emergency and protection systems must reflect this particularity.


The main advantage of the thermo-physiological model is that it verifies the particularities of thermoregulation of the human body in cold environments. Depending on the operational requirements, statements relevant to the following critical times can be made:


· Time of death


· Onset of unconsciousness


· Survival with irreversible damage 


· Time of onset of frostbite at given body locations


· Incapacitation


· Survival without irreversible damage


In addition, it enables detailed statements on the weak spots of protection systems such as the visualization of thermal bridges etc.


The disadvantage of the thermo-physiological method consists in the fact that the measured data depends on the thermo-physiological reaction of the evaluated population – i.e. on their individual cold tolerance / resistance. This disadvantage can be mitigated by selecting a representative population of subjects from a user population while taking account of its percentiles [15], state of fitness, their body’s water balance and other thermo-physiologically relevant parameters.
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A wide range of topics related to the performance of the soldier in the cold have been presented. Key issues that need to be addressed are for the NATO to establish a common protocol for testing clothing on humans and manikins.  This protocol must include men over 35 years old and women must also be included. A common protocol must be developed  for the treatment of hypothermia and a working group should be funded to revise the survival  prediction model in cold air and cold water. Furthermore Bimoclomol and Tyrosine should be considered for use in the treatment and prevention of cold injuries by all NATO medical services; and these medical services need to receive all the data on Non Freezing Cold injury from the RTO.
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