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ABSTRACT
Fatigue is the state of reduced human performance capability caused by an inability to continue to cope with physiological stressors.  This paper provides examples in an overview of current work on mechanisms of fatigue and interventions to sustain performance in military operations.  At least six categories of militarily-relevant fatigue can be described:  intensively demanding tasks (“overtraining” or “overload”), prolonged wakefulness, circadian disruptions, psychosocial distractors, environmental strain, and metabolic limiters.  There are at least three major categories of mechanisms of the performance degradation: insufficient fuel, damage or pre-damage afferent limiters, and central mechanisms.  Sophisticated scientific investigations of potential Interventions must provide practical and affordable solutions.  Affordable near term potential countermeasures include:  training to build resilience, rest and recovery strategies, “pre-habilitation”(physical therapy in advance of failure), nutrition and dietary supplements, pharmaceuticals, assistive technologies, and “mindfulness” training.

1.0 DEFINITION OF Fatigue 

Fatigue is such a useful word that the English language has borrowed it from the French.  For this paper, the word is defined as “the state of reduced human performance capability due to inability to continue to cope with physiological stressors.”  Stressors are any challenges to the organism that evoke a response.  They may be external (e.g., ambient heat, cold, hypoxia) or internal (e.g., metabolic, perceived psychological threats, illness).  Coping is the set of responses that sustain performance in the presence of stressors.  Resilience is the relative assessment of coping agility.  This definition of fatigue does not include performance degradation in response to stressors caused by maladaptation which occurs through an excessive or inadequate response of the system to a stressor (e.g., stress fracture due to bone metabolism responses to biomechanical forces), or appropriate adjustments to stressors that enhance survival but reduce performance (e.g., loss of manual dexterity in the cold because of peripheral vascular responses to preserve core temperature). 

2.0 militarily important examples of fatigue   

2.1 Key types of military stressors

Military performance is affected by the types of tasks that are commonly required to accomplish a mission and by the operational or training environments in which they are typically performed (Figure 1).  These can be grouped as key classes of stressors.  Classification is useful so that common types of mechanisms can be examined and interventions devised to counter these key types of stressors that provoke fatigue:  

· Intensively demanding tasks (“overtraining” or “overload”)

· Prolonged wakefulness (“sleepiness”)

· Circadian disruptions (“jet lag”)

· Psychosocial distractors  (“psychological stress”)

· Environmental strain (“environmental stress”)

· Metabolic limiters (“exhaustion”)

2.2 Intensively demanding tasks

Soldier missions typically require stamina for prolonged performance.  Extreme strength, speed, and intelligence are less important to mission success than stamina.   The key tasks for most soldier specialties involve muscle endurance such as patrolling activities that require prolonged walking with an equipment load (e.g., rucksack and weapon) [1].  In sustained operations (SUSOPS), these activities, without adequate rest, result in reduced performance capacity [2]; this is separate from the metabolic limitations that occur with inadequate refueling.  A well rested soldier concentrating on vigilance activities such as sentry duty begins to lapse in detection and correct distinction of friend or foe signals after approximately 2 hours in optimal conditions [3].  This is not simply a result of the sum of accumulated external stimuli because the presentation of other types of alerting stimuli such as odor may actually reverse the performance decrements [4].  There are measurable limits to the number of mental tasks that a soldier can accomplish in a given period of time, with an eventual mental overload.  Fatigue errors begin to increase with continued excessive demands such as simultaneously operating a camera mounted robot or unmanned aerial vehicle, monitoring incoming radio messages, and paying attention to possible enemy activity [5].

2.3 Prolonged wakefulness     

During continuous operations (CONOPS), soldiers may not have the opportunity to obtain adequate restorative sleep.  Within 48 hours, important aspects of mental performance are degraded [6].  A minimum of about 4 hours of restorative sleep per 24 hours is required to sustain basic mental performance; U.S. Army Ranger students balance out at slightly less than this in a sustained eight week training program [7].  Seven hours per night for one week still results in performance degradation, including vigilance skills [8].  Most soldiers cannot continue for 72 hours of total sleep deprivation without some accommodation such as “micro-sleeps”.  Based on wrist-worn actigraphy, this accommodation totals at least 1 hour per day in soldiers provided no opportunities for organized sleep for 5-7 days [9].  

2.4 Circadian disruption

Night operations and rapid long range deployments across multiple time zones put soldiers into a portion of their circadian rhythm with reduced mental performance [10] but with much less important effects on physical performance [11].  Chronic disruptions such those produced by forcing unnatural cycles (e.g.18 hours instead of 24 hours) in enclosed submarine environments can impair individual and crew effectiveness [12]. 
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Figure 1.  Warfighter performance is affected by fatigue caused by multiple stressors.

2.5 Psychosocial distractors         

Many psychological stressors affect deployed soldiers, depending on their perception of the situation.  The threat of injury and death may produce fear and anxiety; viewing death and serious injury or even encountering unexpected poverty and depravity can be psychologically traumatic; conflicting roles in peace keeping operations such as the inability to intervene in civilian riots produce frustration; family separation during deployment may produce sadness, loneliness, or anxiety; and isolation from main groups or other individuals in remote observation posts, isolated environments in submarines or desolate regions, and even in full NBC encapsulation may produce anxiety or loneliness.  All of these examples are situational and individual but can have major impacts on performance degradation [13].

2.6 Environmental strain

Environmental factors can tax the physiological system to the point of performance degradation.  Initial responses to a new stressor such as heat, altitude, or even some low level toxins may produce well-known acute effects on performance until acclimatization or other physiological compensation occurs [14].  However, uncompensable strains also produce acute performance degradation; for example, humid heat such at that encountered in full protective suit encapsulation rapidly impairs physical and mental performance [15].  Repeated cold exposure leads to a thermoregulatory fatigue with diminishing ability to sustain core body temperature [16] and other stressors increase susceptibility to hypothermia [17].  Other environmental stressors that can produce physiological fatigue include some inhalation threats that cause hyperventilation [18], and exposure to toxic substances and infectious agents that reduce physiological resilience (the ability to respond to other stressors) [19].

2.7 Metabolic limiters 

Physical performance is limited by the availability of metabolic substrates that fuel the mitochondria.  Soldiers are physically limited by their typically inadequate intake of calories in field operations, with a ceiling effect on the amount of muscle work that can be produced relative to recent energy intake [20, 21].  Water metabolism is a key limiter of soldiers in the field with imperceptible dehydration of more than 3% of body weight producing significant physical and mental performance impairment [22, 23].  Other metabolic factors such as changes in blood pH (such that occur with hyperventilation at altitude) appear to be key factors in central regulation of voluntary exercise performance [24].  Rest recovery including restorative sleep and physical rest (cessation of physical work) may also be working through reset of metabolic limiters such as the accumulation of free radical species from oxidative stress in the brain and other organs [25].  Toxic chemical exposures occurring through inhalation, dermal absorption, or ingested in drinking water may also limit soldier metabolic function affecting physical and mental performance.   

3.0 Mechanisms of FATIGUE

Key physiological mechanisms of physical and mental fatigue have been explored but are incompletely understood.  This is an important area of basic research for NATO forces.  These can be roughly discussed by the categories of stressors described above, but in a general sense, all of these fatigue mechanisms are ultimately related to metabolism and mitochondrial function (at least from the perspective of an integrative physiologist!).  “Overtraining” effects on muscle are discussed in detail by experts on the subject at this meeting.  Mental overload, severe environmental stressors, and possibly also psychosocial distractors appear to be mediated by central catecholamine metabolism [5].  This is suggested by the interesting and important findings that providing more dietary tyrosine in challenging altitude and cold exposures or with information overload, mental performance is better sustained [26].  Performance degradation associated with circadian disruptions are understood to be associated with a normal downtime process for the brain and intrinsic rhythms that cannot be overruled but can be resynchronized through master “zeitgebers” such as timing and intensity of light exposures; melatonin is one regulator involved in this process [10].  Likewise, restorative sleep is an essential process to performance sustainment for which there appears to be no substitute, although it might be delayed with stimulant drugs [27].  The purpose of sleep remains a mystery, with theories that include recovery from accumulated oxidative stress on a biochemical level and memory consolidation at a functional level.   Many physiologists have attempted to describe the key factors involved in fatigue; for example, one group has proposed this list of mechanisms affecting fatigue and performance in cyclists:  cardiovascular/aerobic, energy supply/energy depletion, neuromuscular fatigue, muscle trauma, biomechanical, thermoregulatory, psychological/motivational, and central governor [28].

Overall, the key mechanisms of fatigue may be broadly summarized in three categories:

· Insufficient fuel (e.g., carbohydrate)

· Damage or pre-damage afferent limiters (e.g., pain, inflammation, oxidative stress)

· Central mechanisms (e.g., pH, neurotransmitter overresponse, neurotransmitter exhaustion)

4.0 Practical Countermeasures to fatigue

Understanding the mechanisms of fatigue will be helpful to development of countermeasures.  Empirical exploration of countermeasures also helps to shed light on the mechanisms (as any well designed applied study nearly always contributes to basic research advances).  For example, stimulant drugs have been well studied to sustain soldier performance.  Excellent studies on amphetamines extend back at least to World War II [29], and caffeine was a consideration in studies of road march performance during the American Civil War [30].  More recent investigations of emergency sustainment of performance when sleep is not possible have compared the effectiveness of amphetamine, modafinil, and high dose caffeine for a variety of effects ranging from risk taking behavior and moral judgment to sleep latency and mood state [31-34].  These drugs serve as pharmacological probes to understand not just more effective countermeasures to fatigue but also to explore the basic functions of sleep.  PET scans of sleep deprived brains demonstrate hypometabolic regions; it will be of great interest to compare the reversal of this hypometabolism (or compensation in other regions) produced by the various stimulants, and to compare these specific regional brain effects with the differential actions.  Ultimately, these effects will be traceable to specific brain cell receptors and key actions will be explained through mediation of important common pathways such as DARPP-32 [35].    

Common countermeasure strategies currently include:

· Training to build resilience (e.g., typical physical training programs that improve the efficiency of lactate metabolism, induce intrinsic antioxidant production such as glutathione, and stimulate memory and neurogenesis as well as bone and muscle development) 

· Rest and recovery (“reset”)(e.g., mathematical models to predict work-rest periods for optimized mental and physical performance) 

· “Pre-habilitation” (e.g., physical therapy intervention for individuals to avoid impending injury)

· Nutrition and dietary supplements (e.g. carbohydrate macronutrition, tyrosine to increase depleted brain neurotransmitters, caffeinated products)

· Pharmaceuticals (e.g., stimulants for emergencies when sleep is not possible, sleep enhancers to maximize opportunities for rest)

· Assistive technologies (e.g., technologies that reduce the burden on the soldier such as material handling devices and rucksack design)

5.0 Future technologies to sustain military performance

An important goal of much of this high-tech military medical research is to produce low-tech effective and affordable countermeasures.  The understanding of basic mechanisms will help to more precisely guide very simple useful anti-fatigue strategies.  After all this work, the users will see only programs that may be very familiar such as running exercise.  However, this running exercise will be precisely configured to optimize their needs.  Perhaps running will be split into two sessions per day instead of one because of discoveries that osteoblasts are temporarily refractory to further stimulation (and consequent bone mineral accretion benefits) after a short bout of exercise.  The dose and mode of exercise may be set according to the greatest interaction with dietary protein intake to optimize the stimulation of IGF1 hormone which benefits many systems including musculoskeletal development and protects brain cells against apoptosis, increasing soldier resilience against deployment threats [36, 37].  The intensity of the running may vary through the training to stimulate the greatest improvement in lactate thresholds and effective utilization of lactic acid as a fuel, possibly determined from future studies with a continuous noninvasive glucose and lactate monitor used to track soldiers through typical training (exercise, rest, and nutrition) programs.  There are many possibilities for enhancing fatigue resistance.  A few of the near term possibilities include: 

· Training metabolic adaptation to substrate utilization & stimulate intrinsic antioxidant pathways

· Training increased “resistance to catecholamine depletion” & provide tyrosine dietary supplement

· Training individuals and leaders in “mindfulness” and psychological resilience

· Using planning tools and pharmaceuticals to optimize rest and extend performance   

Using only the way we train, feed, rest, talk to, and treat our soldiers, longer term but reasonably achievable possibilities include influencing host-defense responses (especially through current studies on muscle and brain cytokine responses to military training) to reduce susceptibility to infectious disease, toxic chemicals, inflammatory processes voluntary control of metabolic processes (learning to think “warm thoughts” in the cold, as current practiced by extreme cold water swimmers and yogis)[38]; and training “mindfulness” and clarity of thought in a psychologically challenging (stressful) situation, as demonstrated with mental resilience of some individuals who respond well to crisis.

General research barriers still limit this work, regardless of the stressor, mechanism, or proposed countermeasure.  Fundamental to all of this effort is a clear definition of practical measures of performance that can be used to determine when and how performance is degraded and the effectiveness of countermeasures.  Another key barrier is the determination of individual variability in response to stressors and interventions.  
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