[image: image2.wmf][image: image3.jpg]}
A NATO
\4% OTAN






Is it Possible to Monitor the Warfighter
for Prediction of Performance Deterioration?






Is it Possible to Monitor the Warfighter
for Prediction of Performance Deterioration?

Is it Possible to Monitor the Warfighter for 
Prediction of Performance Deterioration?

COL Karl E. Friedl

Telemedicine and Advanced Technology Research Center

U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland  21702-5012, U.S.A.
friedl@tatrc.org, karl.friedl@us.army.mil
ABSTRACT
Monitoring soldiers for impending performance degradation is done effectively by good first sergeants.  In some special cases, it can also be done by another person with sensors and remote monitoring.  Technologies to do this same kind of monitoring automatically are not yet reliable in their prediction.  Among the eight key research challenge in remote soldier performance monitoring is accurate prediction of fitness for duty, especially those subtle but vitally important aspects of mental status. 

1.0
Concept of physiological monitoring of performance 

Automatic physiological monitoring of the soldier involves sensors, signal processing, and sensor data fusion.  These require engineering, mathematical, and biomedical expertise.  The goal is to provide a reliable and minimally invasive wear-and-forget system that monitors the performance readiness status of an individual and signal impending risk of failure (“amber”) or actual impairment (“red”) [1]. The main use for a commander is to predict the ability of the individual to continue or complete the mission (Table 1).  

Table 1.  Applications of physiological monitoring of soldiers

	· Predict the ability of the individual to continue or complete the mission (provided to the leader) 

· Trigger the use of a fatigue countermeasure to sustain performance (for leader or soldier)

· Train individuals and leaders to understand and extend human performance limitations

· Refine the effective use of fatigue countermeasures with real operational data (for researchers)

· Provide casualty alert and early triage for the medic


It would also be used to determine when a fatigue countermeasure might be useful.  In training environments (the first likely actual use of such as system), it will help to train individuals to recognize and extend their own limitations and train leaders to the normal limits of their soldiers.  It will also be useful to investigate the effectiveness of fatigue countermeasures in real operational environments.  The types of predictions envisioned include all aspects of fatigue – diminished performance resulting from the failure to cope with continued stressor exposure [2].  If this is useful to commanders for management of their troops, it can then also include other features such as casualty detection and early triage for a medic; these functions will likely require additional sensors and algorithms that are not discussed in this paper (Figure 1).  
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Figure 1.  The concept of physiological monitoring of soldier performance.  This same sensor set can also signal a casualty-producing event and follow the soldier through evacuation and early treatment (concept, courtesy of Dr. Fred Hegge, 1996; figure, courtesy of Ms. Janet Reese).

2.0 Monitoring by automatic remote sensing 

Telemetry of physiological signals has been available for many years, and sophisticated patient monitoring systems that include automatic alert systems are in regular use in hospitals, emergency vehicles, and even home monitoring.  These systems are primarily intended to alert on physiological signals that are outside of the normal range for healthy individuals.  Life sign detectors have been an Army interest for many years [3, 4].  Monitoring the performance status of healthy individuals is a radically different challenge.  There is no system yet available which reliably predicts performance.  

The closest applications are simple heart rate monitors used by athletes, pedometers and accelerometers used to manage activity and body weight, and temperature pills that have been used to monitor core temperature for safety purposes in experiments and hazardous environments.  Other commercially available systems with attractive claims are not reliable and are still technology toys, rather than dependable and accurate performance predictors.  Reliability of the predictions is critical in military use.  In addition to ruggedization and intensive soldier testing, this requires redundancies that can be used as a check on the prediction, hardware self-test routines and flags for improbable data (“blue” uncertainty/ unreliable signal instead of “black” for likely major physiological anomaly/possible death), and rigorous field-tested predictive algorithms [5, 6].    

Military leaders and soldiers might benefit from a variety of fatigue monitoring capabilities (Table 2), but actual value and application has to be determined through military field studies.  For example, some of this may be primarily useful in training because it is too intrusive or provides too much information for operational use, ensuring instead that high intensity training is safe and that soldiers/leaders have improved their understanding of human limits that will be useful knowledge in the operational environment without the monitoring system.  Several specific needs have been identified by the U.S. Army Infantry School [7] (Table 2).  

Table 2.  Categories of Militarily-relevant Fatigue and Potential Monitoring Technologies

	Fatigue Category
	What the US Army Infantry School Wants to Monitor
	Example Technologies that might be Useful

	Intensive Physical Demands (Overtraining)
	· Overuse injury risk

· Return to duty/recovery 
	Mobile biomechanics assessment (gait/ movement/activity/energy expenditure) using accelerometry, foot contact time, body position, heart rate, biochemical markers 

	Prolonged Wakefulness (Sleepiness)
	· Sleep and fatigue
	Slow eyelid closure (PERCLOS), actigraphy, oculomotor and pupillometry measures

	Circadian Disruptions (Jet Lag)
	· Circadian rhythm
	Markers of circadian coherence (salivary/ sweat/urinary biochemical indicators)

	Psychosocial Distractors/ Psychological Stress
	· Psychological Stress
	Voice stress analysis (fundamental frequency, articulation, speech content), oculomotor and pupillometry measures, peripheral/lacrimal biochemical markers; posture; gesture/motion monitoring 

	Environmental Strain/Stress
	· Cold stress

· Heat stress

· Acclimatization 
	Temperature (skin or core), heart rate, respiratory rate, oxygen saturation, peripheral cardiovascular changes (skin blood flow, bioelectric impedance)

	Metabolic Limiters (Exhaustion)
	· Dehydration

· Energy and Water Intakes

· Energy Balance
	Foot contact time, heart rate, continuous glucose, lactate monitoring, subcutaneous hydrogel hydration biosensing  


3.0 what indicators are possible and useful to measure?

3.1 Detection of physiological extremes with high probability of impaired performance

Physiological measures that reflect tightly controlled functions (e.g., blood glucose level, core body temperature, voluntary movement) can be reasonably expected to predict impaired performance outside of the normal human range (Table 3).  These are not particularly useful for monitoring and sustaining military performance because they fall in a part of the continuum that is nearing or already in the zone of “casualty.”  Therefore, performance predictions must be based on more subtle physiological changes that come earlier in the continuum. They will not have simple threshold values which are specific and accurate for all individuals, leading to the need for sensor data fusion through algorithms or models.  

Table 3.  Examples of obvious and more subtle signs of performance impairment (without direct measurement of performance outcomes)

	Performance-degrading stressor
	Obvious physiological extremes with strong predictive value
	Subtle and non-specific indicators that would contribute to predictions

	Hypoxia/altitude
	Oxygen saturation <80%
	Irritability, headache, increased ventilation rate 

	Cold
	Core temperature <34 C, bradycardia, cessation of shivering
	Reduced skin temperature, shivering

	Heat
	Core temperature >42 C, tachycardia, cessation of sweat production
	Increased skin temperature, sweating

	Hypoglycemia
	Blood glucose < 2.5 mmol/L
	Irritability, sweating

	Physical exhaustion
	Impaired locomotion
	Gait changes, muscle soreness

	Inadequate restorative sleep
	Frequent slow eyelid closure (very short sleep latency)
	Oculomotor responses, speech characteristics

	Fear and other psychological stress
	Overt emotional displays or catatonic display (e.g., fetal position)
	Shivering, change in communication behaviors, eye movements and pupil responses

	Dehydration
	Water loss >7% of body weight
	Headache, increased heart rate, dry skin, reduced urine volume, increased urine specific gravity

	Impulse noise/blast
	(Exposure) Pressure > 30 kPa
	Confusion, eye movements and pupil responses, oxygen saturation


3.2 Computational modeling of non-obvious impairment and impending impairment

The Army has been heavily invested in prediction of heat and dehydration consequences through computational modeling since WWII [8, 9].  These models provide a basis to predict performance degradation and limits from physiological indices such as heart rate and core temperature [10, 11].  Other combinations of sensors have been used to predict neurophysiological responses signaling deranged blood glucose levels in diabetics (e.g. skin wettedness and skin temperature) [12].  Ambulatory fitness monitoring has gone beyond pedometry and accelerometry to predict energy expenditure, with clever application of basic biomechanical rules using body weight and foot contact time [13].  In combination with heart rate, these data can also follow changes in aerobic fitness [14].  Combinations of accelerometers on legs and upper body have been used as a “mobile biomechanics” assessment system to measure energy expenditure and changes in gait that might signal impending fatigue or injury [15].  It has been more difficult to identify the set of signals that indicate changes in mental status.  Colonel Peter Wittels and Dr. Bernd Johannes have demonstrated an interesting differential between adrenergic activation and emotional strain using heart rate and voice stress analysis (fundamental frequency) in soldiers with various levels of experience conducting a challenging “slide-for-life” task [16].     

4.0 currently defined systems 

4.1 The current Army Warfighter Physiological Status Monitoring (WPSM) system

An effort to put the best available hardware technologies together in a soldier monitoring system that could measure something useful was successfully concluded in 2006.  The intent was to serve multiple purposes, with prediction of outcomes ranging from performance to injury detection and early triage.  The system capabilities were determined through a spiral development (iterative improvements in the device and the requirements through feedback from soldier testing and leader demonstrations) process based in part on what could be accomplished with current technology and also by agreement with key requirements generators.  The system measures heart rate, respiratory rate (based on two independent approaches), skin temperature, body position, activity through accelerometry, core body temperature (from temperature pill), ballistic impact, and instrumented hydration systems (to measure fluid consumption).  The predictions that emanate from models currently built into the hub include heat strain [17], casualty producing event (bullet entering the body) [18], life sign detection [19], and cognitive performance based on sleep history [20]; these have been subjected to various levels of validation, and currently the system represents a technology readiness level (TRL) of 6, the intended goal of the 3-year Army program (Army Technology Objective) under which it was developed.  This system was devised by an Army team led by COL Beau Freund in close collaboration with a lead system integrator (Hidalgo) and technologies contributed from other existing commercial systems, to produce the current state-of-the-art ruggedized system that could actually be worn by soldiers and incorporated into Army developmental programs, specifically the Future Force Warrior.  This demonstration could be used for field trials and further modified but the important accomplishments of this effort center on creation of a set of specifications and lessons learned that provide a baseline for creation of future systems for the military and/or by industry.  A current NATO Human Factors and Medicine panel is considering future capabilities of such a system (“Real-Time Physiological and Psycho-Physiological Status Monitoring for Human Protection and Operational Health Applications,” HFM-132). 

4.2 Commercial performance monitoring systems

The currently available “commercial off the shelf” systems that attempt to estimate performance functioning from multiple sensor inputs includes products such as the Life shirt (VivoMetrics) [21], Ranger Overwatch Physiological Status Monitor (ROPSM, SARCOS), Actiheart (Mini Mitter) [22], and the HealthWear Armband (Body Media) [23].  Some of these have publications to suggest their value but typically include proprietary data fusion approaches that have not been published and, therefore, have unknown validity.  Currently, the best uses of these systems are for data acquisition to further develop meaningful interpretation.  Even seemingly simple prediction of life or likely death (the Life Sign Detection System), based on extremes of heart rate and respiration, have proven challenging for system reliability of various devices that were not ready for soldier use [24].  

4.3 More direct measurements of performance – neuropsychological testing

One approach to monitoring fatigue and specific mental performance degradation that is currently available is a direct intrusive system for testing representative performance outcomes [25].  Neuropsychological testing in a clinical evaluation typically involves at least several hours of testing and interviewing.  Current Army needs to respond to concerns about head impact and mild traumatic brain injury impairments are driving an effort to deploy a short test battery which can be used to compare an individual to his/her own baseline testing after a concussive or other suspected impairing event.  This uses tests which have been tested repeatedly in large soldier populations, including before and after deployment.  The intended use is in the assessment of mild cases of mental performance alteration which are not obvious (e.g., a casualty requiring evacuation to higher levels of medical care).  The current test battery will assess a variety of standard tests such as reaction time and “working” memory (match to sample test).  Each soldier will be baselined and the stored information will be available through a central database and/or from individual electronic dogtags.  Every medic will have a thumb drive with the testing software that allows retesting on any available laptop computer.  How these data will actually be used by medics and commanders in the field remains to be determined, but it is expected that some kind of index will be devised that relates the degree of change to other generally recognized real world impairments such as a blood alcohol level.

4.4 Specific applications of systems

Another current approach to monitoring fatigue and performance degradation takes a step back from the development of a comprehensive system of sensors to monitor and predict multiple outcomes related to performance and casualty detection/triage, focusing instead on the development and validation of specific applications [14, 15, 26].  An example of this is an upcoming test involving heat strain management in a field setting.  Soldiers wearing instrumented hydration systems will be monitored for water consumption and compared automatically to heat strain model predictions of water requirements for ambient conditions and work levels, with transmission of information through a specially devised local squad area network that advises leaders (and the preventive medicine department in the post hospital) when individuals may be at risk for heat injury due to inadequate fluid consumption [27].  A large family of these types of specific applications of performance monitoring will provide the iterative improvements in monitoring capability and usefulness that can be built into a multipurpose or plug-and-play system in future iterations of the WPSM concept.   

5.0 major challenges

There are significant challenges to the development of a reliable wear-and-forget soldier performance monitoring system:

5.1 Demonstrate operational need/value

The system is not likely to be worn in operational environments if it does not produce critical value-added for the leaders.  This has to be proven by the research program through field studies and demonstrations in close collaboration with combat developers at the Infantry School, Army battlelabs, and wherever else it may be considered for use [28].  

5.2 Provide mental status measures 

Leaders want to know if their soldiers are significantly impaired by fatigue and if they can be reasonably expected to accomplish mission critical tasks.  The research program must use measurable indicators to look inside the soldier’s brain for mental status, especially cognitive performance capability [12, 25].

5.3 Handle individual variability and give prediction confidence intervals

Group predictions are more easily accomplished than individual predictions, but to be useful and reliable, the system must accurately predict the performance of individuals, including elite performers who do not fit standard group predictions [29].  This calls for systems that “learn their soldier” and for truer understanding of all the determinants of human fatigue.  Historical databases and individual databases contribute to the contextual interpretation of sensor data and predictions.  The predictions must also specify confidence or error of the estimates. 

5.4 Ensure that it is Soldier Acceptable, Minimally Invasive (SAMI)

Sensors need to be SAMI (Soldier Acceptable, Minimally Invasive) and also need to be proven reliable in operational environments.  This is not a trivial challenge, but has been consistently underestimated by materiel developers [30].  This needs to be assessed with soldier evaluation of proposed systems and approaches to use as early as possible in the process.  Even after physiological monitoring is put into use, the actual use must to be reassessed in post-market surveillance to ensure validity as it is actually used, and if it is actually used by soldiers.

5.5 Tackle the non-obvious predictive indicators

The parsimonious set of sensors that will provide effective performance monitoring may not have much resemblance to the physiologist’s first assessment of key outcomes to measure.  This does not necessarily involve a “black box” or neural net approach to develop unexpected predictive combinations; the prediction should have a known physiological basis [31].  But, it requires a thoughtful consideration of what the truly important signals are.  For example, instead of measuring core body temperature (which is currently impractical for continuous monitoring anyway) to detect hypothermia, it may be the cessation of intensive shivering in the context of a cold ambient environment that signals an important threshold for concern.  Thus, actigraphy signals rather than temperature might be the most productive approach to predicting important performance decrements associated with hypothermia.

5.6 Use experts in computational biology

The interpretation of sensor data through signal analysis, sensor data fusion, and creation of a manageable amount of useful knowledge for leaders is a major task that requires computational biologists with expertise in computer science, mathematical modeling, and physiology.  Currently, the Venn diagram of these three disciplines (resident in collegial teams or in single “renaissance” individuals) produces a nearly empty subset.

5.7 Develop data transmission and management protocols     

The flow of sensor data requires sophisticated protocols for real time data streaming and management [32-34].  This includes considerations ranging from minimizing bandwidth requirements by local sensor signal processing and soldier-level algorithm processing, to fundamental issues about storage of just the right information, updating of individual adaptive systems with new data, periodic synchronization with central databases, data quality issues, etc.   

5.8 Integrate with a fully affordable system of fatigue monitoring and intervention

Ultimately, the system must be cost effective and “low tech” in the sense that it capitalizes on enhancement of soldier performance through monitoring and modifying how we train, feed, rest/recover, equip, and lead our soldiers.  The system should effectively reduce costs for the taxpayer by improving the efficiency and success of the individual Soldier, Sailor, Airman, and Marine.
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