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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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