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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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