








Chapter 4





EFFECTS OF ACCELERATION


revised by Louis D. Eldridge, M.D., M.P.H. and Susan E. Northrup, M.D., M.P.H.








INTRODUCTION





	Aeromedical concern about the effects of acceleration has a long history.  Concern was first stimulated during World War I when pilots complained of a loss of vision and consciousness during pullouts from dives in aerial combat.  Interest in this area has continued until the present day, where the effects of sustained acceleration have become a major limiting factor in the operation of the newer generation fighter aircraft (F-15, F-16, F-18).  Because of their high thrust-to-weight ratios and structural strength these aircraft are able to routinely fly in the 7 to 9 +Gz range for sustained periods.  Future aircraft designs such as the advanced tactical fighter (ATF) will make it possible to fly in the 10 to 12 +Gz range if the human limitations to such operations can be overcome.  This chapter will discuss the human responses to acceleration in terms of physiology, tolerance, illusions of orientation, motion sickness, and protective measures against the adverse effects of acceleration.











BASIC PRINCIPLES





Speed and Velocity


	Speed is a scalar quantity which signifies rate of change of position (1).  It is calculated as:


                       


			Speed = distance/time or v = ds/dt





where v is the average linear speed measured in meters per second (m/sec), feet per second (ft/sec), miles per hour (mph), or more commonly in the aviation community nautical miles per hour (knots); ds is the distance traveled; and dt is the time elapsed.  Velocity is measured in the same units as speed and is calculated the same way, but it has the additional property of implying direction as well.  Thus velocity is a vector quantity.  Any change in direction or speed requires an acceleration.





Acceleration


     Acceleration is defined as the rate of change of velocity and it is a vector quantity (1).  It is calculated as:


                         	a = (v2-v1)/dt





where a is acceleration in meters per second per second (m/sec2)or feet per second per second (ft/sec2) or knots per second (knots/sec); v2 is the final velocity; v1 is the initial velocity; and dt is the elapsed time.





	A special case of acceleration is centripetal, radial, or curvilinear acceleration.  This acceleration occurs when the direction of motion of the body or aircraft of interest is changing as in a turn or a pull-up into a  climb.  The acceleration acts along the radius of the circle that is described by the motion made by the aircraft.  While this is not the only source of acceleration in the aviation environment, it is the predominant one (1).  The acceleration produced by a turn at constant velocity can be calculated by:





			a = v2/r





where a is the acceleration measured in the units previously mentioned; v is the velocity of the aircraft in the turn, and r is the radius of the turn measured in the same units of distance as the velocity.





	G values:  The measurement of acceleration is often done in units of G.  The previous calculations of acceleration can be converted to G units by dividing "a" by the acceleration experienced by a free falling object near the surface of the earth (the acceleration due to gravity).  This value is 32.2 ft/sec2 or 9.81 m/sec2.  This conversion results in a dimensionless number that is useful for comparing gravitational forces (1).








	As acceleration and velocity are vector quantities, it is necessary to define ways of expressing direction as well as speed by using the x, y, and z axes as defined by international agreement.  Table 4-1 and Figure 4-1 explain the precise scientific definitions of these axes.  When talking about physiologic functions the inertial resultant axes are important.  It is very important to understand these axes and what system a specific author is using when describing acceleration.  Pilots refer to "positive G" when they mean +Gz and to "negative G" when they mean -Gz.  However, physicists refer to "positive G" when they mean the airplane is accelerating in the -az direction.  Another example is that accelerating forward in the +ax  direction as in a takeoff one experiences being pushed back into the seat, and this is described as 


-Gx physiologically.











BASIC PHYSIOLOGICAL EFFECTS OF ACCELERATION





	The physiological effects of acceleration can be looked at from many perspectives.  This section will take the systems approach.  Different body systems will be looked at and the effects of acceleration on those systems will be discussed.  





�
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Figure 4-1. Description of the Anatomical Axes.	




















TABLE 4-1. NOMENCLATURE SYSTEM DESCRIBING


THE REACTION FORCES IN ACCELERATION (2).





A. Direction of Acceleration


				Aircraft


	Linear Motion		Standard		Acceleration Description


_______________________________________________________________


  	Forward	       	+ax	      		Forward acceleration


  	Backward	       	-ax	      		Backward acceleration


  	Upward	       	-az	     		Headward acceleration   


  	Downward	       	+az	      		Footward acceleration


  	To the right	       	+ay	      		Right lateral acceleration


 	To the left	       	-ay	      		Left lateral acceleration





B. Inertial Resultant of Body Acceleration





Linear        		Physiologic   			Physiologic 	Vernacular 


Motion	       		Descriptive			Standard     	Descriptive


__________________________________________________________________


Forward		Transverse PA G, prone G,    -Gx	    	Eyeballs-in


	   		back to chest G


Backward   		Transverse AP G, supine G,   +Gx	    	Eyeballs-out


	   		chest to back G


Upward	   	Positive G	                 	+Gz	    	Eyeballs-down


Downward   		Negative G			-Gz	    	Eyeballs-up


To right   		Left lateral G	 		+Gy		Eyeballs-left


To left	   		Right lateral G	         		-Gy	    	Eyeballs-right


   





Cardiovascular System Effects


	Numerous cardiovascular symptoms have been noted under G stress.  These symptoms include grayout, blackout, loss of consciousness with accompanying seizures, convulsions, amnesia and confusion, cardiac dysrhythmias (tachycardia and bradycardia), heart blocks, and a stress cardiomyopathy.


	The easiest way to understand many of the basic cardiovascular effects of G is to model the human circulation as a simple hydrostatic column.  The important parameters then become the height of the column, the pressures within it, and the density of the fluid affected.  For all practical purposes this model is a good representation of the body's response to rapid onset short duration +Gz stress.


     Assuming this model, the hydrostatic pressure at any point in the circulation can be predicted using the following equation:


			PH =  h d G





where: PH is pressure in mm Hg; h is the height of the column in mm; d is the specific density of blood; and G is the accelerative force in Gs (3).





	The hydrostatic column that is of the most interest is between the heart and the brain.  The brain is approximately 340 mm above the heart.  The specific density of blood with respect to mercury is 1/13.6.  Therefore, at 1 G there is hydrostatic pressure gradient (PH) of:





			PH = 340 mm x (1/13.6) x 1 = 25 mm Hg.





If one assumes an average heart level systolic blood pressure (Pa) of 120 mm Hg, then the brain level blood pressure is 120 - 25 = 95 mm Hg.  At 5 G the PH of 125 mm Hg will exceed the average Pa of 120 mm Hg and the lack of blood flow will cause unconsciousness.  To understand the phenomenon of "blackout" all one has to do is remember that the average intraocular pressure is 20 mm Hg.  This intraocular pressure is the pressure the retinal artery must overcome to supply blood to the retina.  "Grayout" occurs as the retinal artery pressure in the periphery can no longer overcome the intraocular pressure and blood flow to the peripheral retina ceases.  Blackout is explained by the complete lack of blood flow to the eye which causes it to cease to function before the brain does.  Blackout will precede unconsciousness by about 0.8 +Gz (20 mm Hg/25 mm Hg).





	The model just outlined does not adequately explain the cardiovascular  response to gradual onset +Gz because the cardiovascular reflexes can compensate for the changes caused by +Gz stress.  These reflexes will also play a role in the response to rapid onset G after 6 to 10 seconds of exposure. The reflexes which are mediated by the carotid and aortic arch baroreceptors result in increased sympathetic discharge and a resulting increase in cardiac rate, vasoconstriction and venoconstriction, and an increase in cardiac contractile forces.





	An increase in heart rate has been one of the generally observed responses to +Gz.  This response has been highly variable due to individual variation, psychological stress, and the amount of muscular straining being performed by the experimental subject.  The amount of absolute increase in heart rate is affected by the maximum G level reached and the rate at which the G was applied.  Occasionally, individuals have been observed to have a paradoxical bradycardia at high G levels.  This finding is thought to be a sign of  cardiac decompensation and is grounds for stopping a G exposure.  The heart-rate response to G has not been shown to be predictive of G tolerance.





	Cardiac output has been noted to transiently increase under +Gz.  The measurement of cardiac output under increased G load is difficult.  It has been shown that there is a decrease in venous return under high-G loads which decreases the preload to the heart.  So, despite the increase in heart rate, most authors believe that cardiac output is at best, maintained under high G, but probably decreases.





	The rhythm disturbances seen under +Gz have been of great aeromedical interest.  There has been and continues to be debate on the significance of these observations.  In asymptomatic and otherwise healthy individuals these dysrhythmias are probably benign.  Three specific dysrhythmias cause particular concern because of their potential for sudden incapacitation.  These dysrhythmias are sino-atrial (S-A) block, atrioventricular (AV) dissociation, and ventricular tachycardia.  Table 4-2 summarizes a 3-year history of acceleration-related dysrhythmias observed in healthy subjects on the United States Air Force School of Aerospace Medicine (USAFSAM) centrifuge.





TABLE 4-2. THREE YEAR HISTORY OF ACCELERATION-RELATED 


DYSRHYTHMIAS AT USAFSAM.  





       Rank  Occurrences	Dysrhythmia Description          


     ____________________________________________________________


	1	1566	Sinus arrhythmia (rate varying > 25 


                        	beats/min (bpm)between beats


	2	1073	Premature ventricular contractions (PVCs)


	3	768	Premature atrial contractions (PACs)


	4	546	Sinus bradycardia (Rate < 60 bpm)


	5	372	Ectopic atrial rhythm


	6	272	Premature junctional contractions (PJCs)


	7	171	PVCs with bigeminy/trigeminy


	8	126	Multiform PVCs


	9	104	AV dissociation


	9	104	Paired PVCs


     ____________________________________________________________ 


     Based on the exposure of 544 different individuals 


     exposed to 9831 +Gz runs (1).





	Many of the foregoing observations on cardiovascular response to +Gz were based on observations of response to one time exposures to +Gz on the centrifuge.  Recent research work has concentrated on the response to multiple +Gz exposures and the effects of fatigue on this response.  Generally, heart-rate response is dependent on +Gz level, but it also appears to be related to the blood lactate level which is an indication of the amount of anaerobic work involved in resisting the effects of +Gz and the performance of the anti-G straining maneuver(AGSM) (4).  This ability to perform anaerobic work may explain the observed effects of physical training regimens on aerial combat maneuvering G tolerance (5,6,7). 


 		   


Respiratory Effects


	The major physiologic effects of +Gz on pulmonary function can be summarized as: 


		a. altered ventilation/perfusion ratios resulting in hypoxemia,


		b. airway closure, and 


		c. atelectasis (1).  





There is also concern that exposures above 9 +Gz may result in pathophysiologic changes such as a compromise of chest wall mechanics, pulmonary edema, and disruption of the anatomical integrity of the lung (1).





	Observations of pulmonary function during increased +Gz have shown an increased respiratory rate, an increased tidal volume (limited at the upper +Gz levels by the G force and the compression of the G-suit), and an increased physiologic dead space.  As a result, the PaCO2 changes very little with increasing +Gz but the PaO2 progressively decreases with increasing G stress (1). 


 


	The hydrostatic theory, just explained would predict that at higher +Gz there would be less perfusion of the upper areas of the lung and that at higher -Gz there would be more.  This theory has been nicely demonstrated in a study of perfusion scans of the lung at various Gz levels (8).  Similar ventilation-perfusion (V/Q) inequalities would be expected from G exposure along the other axes and this has been observed (1,9). 





	Acceleration atelectasis is a collapse of alveoli in the dependent lung caused by absorption of the alveolar gas.  It has been associated with symptoms of cough, chest pain, and dyspnea.  Acceleration atelectasis has been observed to be exacerbated by breathing 100 percent oxygen and by the use of the anti-G suit (10).  It has been shown that the absorption atelectasis produced by +Gz exposure can be reduced progressively with the addition of an inert gas (N2) into the breathing mixture until it is almost entirely prevented with a mixture of 40 percent N2, by the use of unassisted positive pressure breathing (PPB) and by use of the anti-G straining maneuver (AGSM) (10).  Acceleration atelectasis has been one of the reasons diluter demand regulators have been favored by the United States Air Force (USAF).  The proposed use of onboard oxygen generating systems (OBOGS) or more appropriately molecular sieve oxygen generating systems (MSOGS) in new generation fighter aircraft which will provide 95 percent oxygen on a continuous basis has prompted concern that acceleration atelectasis may become an operational problem of some significance (10). 





Central Nervous System Effects


	The observed central nervous system (CNS) effects of acceleration are explainable by the effect of G on the cerebral circulation.  The electroencephalogram (EEG) studies have not shown any cumulative or pathologic effects of +Gz stress up to +7 Gz (1).  





Renal System Effects


	Decreases in renal blood flow observed when humans stand upright and when they exercise make it reasonable to predict that +Gz stress would decrease renal blood flow.  Although this prediction has not been investigated in man, animal models confirm this prediction (1).  Oliguria has been noted in humans and increased levels of plasma renin have been measured at +2 and +2.5 Gz (1).  Further work on this area may be useful as even small deficits of water and sodium balance have been associated with decreased +Gz tolerance.   





Musculoskeletal Effects


	Back, neck, and limb problems are the most frequently reported musculoskeletal problems.  There are reported cases of intervertebral disk ruptures under high +Gz and many complaints of sore necks after centrifuge rides and flights in high-G aircraft.  Permanent injury is rare enough to warrant a case report.











G Tolerance


	The human tolerance to acceleration has been the subject of much research.  This research has traditionally looked at the relaxed tolerance of subjects to single exposures of +Gz and the absolute level of +Gz the subject is able to withstand.  This research has defined the limits of G tolerance in the z axis very well.  The limits of G tolerance in the other axes are not so well defined.  More recently there has been increasing interest in repeated exposures to multiple +Gz levels for varying time courses.  The purpose of this research has been to define the other parameter in G tolerance, namely, that of duration tolerance.  When discussing G tolerance it is important to understand the definitions of tolerance and the various endpoints that have been used by researchers in their experiments.


 


	Early research in +Gz tolerance attempted to define the point of unconsciousness.  As the understanding of the response to G became more refined, "blackout" or visual loss was used as the endpoint in human research.  The modern concept defines +Gz tolerance in terms of the rate of acceleration whether it be rapid (> 0.33 G/sec) onset or gradual onset, and the point at which there is peripheral light loss (PLL) or the point of central light loss (CLL).





	Current research at USAFSAM uses three kinds of centrifuge runs to evaluate G tolerance.  The gradual onset run (GOR) is conducted at 0.1 G/sec, the rapid onset run (ROR) at 1 G/sec, and very high onset G (VHOG) at 6 G/sec.  The GOR evaluates the body's baroreceptor response to G, as the cardiovascular responses have time to be effective.  The RORs and VHOGs are more representative of the types of G onset profiles that aircrew are likely to experience in the F-15 and F-16 generation of aircraft.  This kind of research on normal unprotected subjects has resulted in the data found in Table 4-3 and is illustrated in Figure 4-2.























TABLE 4-3.  ROR G TOLERANCES OF 1000 


SUBJECTS (1 G/SEC ONSET RATE).





                             	Mean          		Standard	       


         Criterion        	Threshold        	Deviation     		Range  


                          	(G units)        		(G units)    		(G units)


     _____________________________________________________________


     Grayout or loss of      4.1            		+/-0.7       		2.2-7.1


     peripheral vision                                      


     Blackout                    4.8           		+/-0.8       		2.7-7.8


     Unconsciousness 	5.4            		+/-0.9       		3.0-8.4


     _____________________________________________________________


�
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Figure 4-2. G-Time Tolerance Curve.








	As discussed in the section on cardiovascular effects, the simulated aerial combat maneuver (SACM) has been used to evaluate longer duration tolerance to +Gz stress and to evaluate the fatigability of G tolerance.  This research has shown that the work of being at high +Gz is anaerobic and that understanding human performance and endurance at high +Gz is best related to isometric exercise physiology and to anaerobic metabolism (4).





G-induced Loss of Consciousness


	G-induced loss of consciousness (GLOC) has become an issue of major research and operational interest.  The USAFSAM definition of GLOC is "a state of altered perception wherein (one's) awareness of reality is absent as a result of sudden, critical reduction of cerebral blood circulation caused by increased G force"(12).   Current USAF mishap data shows that in the 1982-94 time frame, twenty-three class A mishaps and seventeen fatalities have been officially attributed to GLOC.  These high profile accidents have once again prompted calls for quick and effective measures to combat this operational threat.





	The loss of aircraft and aircrew are, of course, a major concern, but every GLOC episode does not result in a loss of an aircraft.  Surveys by the USAF and the U.S. Navy indicate that the pilot population in the fighter-attack-trainer is reporting about a 12-14 percent incidence of GLOC (13).  The work of Whinnery on the occurrence of amnesia  in GLOC suggests that at least half of pilots will not recall an incident of GLOC so the incidence may be as high as 24 percent, with occurrence rates in aircraft such as the F-18 of 9.3 incidents per 10,000 flying hours (13,14).  This is obviously an issue of major operational concern.











	Research on the degree of incapacitation caused by GLOC has indicated that there is an average total incapacitation (unconsciousness) time of 15 seconds followed by a period of relative incapacitation (confusion and disorientation) of 12 to 15 seconds, resulting in a total time of incapacitation of between 24 and 37 seconds (14).  Research is now focusing on    ways to both prevent the GLOC episode and to shorten the periods of incapacitation.





	G-Protection.  Several protective strategies to increase G tolerance and to prevent GLOC have been under development and in some cases already put into operational use.   These strategies include centrifuge training, weight training, new G suits and G valves, altering the seat back angle in the aircraft, and the use of positive pressure breathing both assisted (with counterpressure) and unassisted. 





	Centrifuge training has been received with enthusiasm by all those who have undergone it.  Most major North Atlantic Treaty Organization (NATO) air forces, including the USAF, either have centrifuge training programs in place or are developing them (15).  These programs usually consist of one day of lectures on the physiology of G, a GOR run on the centrifuge, followed by several ROR to a maximum of 9 +Gz (15).  The work on new G valves for inflating G-suits has revolved around the need for faster inflation rates with high flow valves, variable inflation rates that match the G-onset profile and the use of "smart" microprocessor controlled systems that may pulse the pressure in the suit, to "milk" the venous return from the legs (16).





	The first workable anti-G suit was developed by Franks in Canada during World War II (2).  The suit was not acceptable operationally because it was water filled, but it laid the groundwork for what was to follow.  The current USAF anti-G suit is the CSU 3-B/P which has calf, thigh, and abdominal air bladders that can be inflated to a maximum of 10.0 PSI.  This suit must be individually fitted and provides about 1 +Gz of protection.  Most of the protection seems to be provided by the abdominal pressure bladder or the combination of all the bladders as inflation of the leg bladders alone only provides 0.2 G increase in +Gz tolerance (1).





	The use of reclined seats to increase G tolerance has only been partially incorporated into an operational fighter, the F-16, which has an inclined seat of about 30 degrees.  Hypothetically, reclined seats would decrease the vertical distance between the heart and the brain, thereby decreasing the required blood pressure to maintain brain perfusion.  Most research suggests that there is no significant increase in G tolerance until the seat is inclined 45 degrees(17).  More recent studies have suggested that increased G tolerance in the reclined F-16 seat is due to greater leg elevation and hip flexion.  This body position decreases venous pooling in the legs and increases circulating volume and blood pressure.





	The lastest  advances in acceleration protection include Combined Advanced Technology Enhanced Designed G-Ensemble (Combat Edge) and the Advanced Technology Anti-G-Suit (ATAGS).  Multiple studies have proven the effectiveness of enhancing Gz tolerance with positive pressure breathing (PPB).  PPB passively augments blood pressure and facilitates inspiration, thereby reducing the pilot’s physiological workload and improving oxygenation.(37)  Historically, pulmonary overpressure leading to pneumothorax limited the operational usefulness of positive pressure breathing systems.  However, Combat Edge, fielded between 1990 and 1992, combines PPB with a chest counter-pressure vest (38) to remove overpressure concerns.  The standard G suit, worn with Combat Edge, optimizes the upper body blood volume as it diminishes blood pooling the legs and abdomen.  The Combat Edge helmet has an inflating bladder at the back of the neck which improves the mask seal.  Positive pressure is then uniformly applied through a modified regulator to the oxygen mask and chest suit (jerkin).  During passive inhalation, the positive pressure at the mask/mouth is directly transmitted into the lungs and chest cavity, and then indirectly to the heart and large arteries.  The chest suit provides external chest counterpressure to increase pilot comfort and provide more efficient G protection.  Positive pressure is scheduled and starts blending in at 4-5 G’s, reaching a maximum of 60 mmHg of pressure at 9 G’s.(39)  Combat Edge and the standard G-suit increase G tolerance about 2 G’s.





	ATAGS is an enhanced coverage anti-G garment which provides 90% below the waist coverage.  It is the first significant improvement in anti-G garments since W.W.II.  ATAGS is a full lower body coverage trouser, which may be worn with or without foot pressure socks.  Recently, the ATAGS concept was shown to provide improved acceleration tolerance as measured by endurance type acceleration profiles.(40)  It works best in combination with PPB -- yielding a 400% improvement in G tolerance.  Alone, ATAGS has a 60% improvement over the standard G-suit.(Conversation with LTC Thomas W. Travis, 12 Nov 95).  ATAGS is not currently fielded, but its final development and production are anticipated in the future. 





	It must be remembered, and briefed to aircrew, even the new and advanced countermeasures are not a panacea against G-induced Loss of Consciousness.  It will not protect against rapid onset to high G.(39)  The first G-LOC with Combat Edge occurred in 1994, secondary to a poor L-1 staining maneuver.  Additionally, if aircrew members fight the PPB system (passive inhalation, active exhalation), they will tire quickly, and not realize the full benefit of Combat Edge.  The new systems will improve G tolerance and decrease fatigue -- allowing aviators to better accomplish the mission.





	One final area of "GLOC protection" is the development of autorecovery systems.  The current generation of fly-by-wire aircraft can be flown by the mission computers without pilot input.  If systems can be developed to correctly identify that a pilot has lost consciousness, the aircraft's computers can be programmed to recover the aircraft to straight and level flight.  Problems with this concept at present are the unequivocal identification of loss of consciousness (LOC), the provision of appropriate pilot override capability and pilot acceptance of the machine doing the flying.





	While the problem of GLOC has not been entirely solved, the technology to solve many of the problems and the training to use the technology are at hand.
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SENSORY EFFECTS OF ACCELERATION





Basic Neurophysiology


	The effects of accelerative forces on the vestibular apparatus are also extremely important in the aerospace environment.  The vestibular apparatus has three main functions: first it provides the information required to initiate the reflexes required to stabilize vision when the head or body moves;  second, it provides orientational information for skilled and reflexive motor actions; third, it provides, in the absence of vision, a perception of position and motion.





	The main sensory organs involved in vestibular function are the semicircular ducts (or canals) and the two otolith organs, the saccule and the utricle.  There are three semicircular ducts on each side of the head.  These ducts are all perpendicular to each other and are called the anterior vertical or superior duct; the posterior vertical or posterior duct; and the horizontal or lateral duct.  All of the ducts communicate at both ends with the utricle.  One end of each duct is enlarged to form an ampulla which contains the sensory hair cells and their associated structures.  These hair cells measure angular motion by the amount of displacement of the hairs caused by the flow of fluid in the ducts.  The bottom of the utricle has a horizontal patch of neuroepithelium which contains hair cells which project their cilia into the overlying otolithic membrane which provide information on position and linear motion of the head.  The medial wall of the saccule contains a similar vertical structure which also provides information on position and linear motion of the head.  Much more is known about the structure and function of these organs (see Figure 4-3), but further discussion is beyond the scope of this chapter.  The reader is referred to Gillingham's description of the anatomy and physiology of the vestibular apparatus in DeHart's textbook (18).


     


	In summary, angular accelerations are, in general, perceived by the semicircular ducts (see Figure 4-4) and linear accelerations and gravity are perceived by the otolith organs (see Figure 4-5).  In performing the function of stabilizing of the retinal image these perceptions trigger certain reflexes.  Melvill Jones has described these reflexes in the following terms,  "... for control of the eye movement relative to space, the motor outflow can operate on three fairly discrete anatomical platforms, namely: a. the eye-in- skull platform, driven by the external eye muscles rotating the eyeball relative to the skull; b. the skull-on-body platform driven by the neck muscles; and; c. the body platform, operated by the complex neuromuscular mechanisms responsible for postural control"(19).
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Figure 4-3. The Vestibular End-organs.  


		a. The ampulla of a semicircular duct, containing the crista ampullaris.


		b. A representive otolith organ, with its macula and otolith membrane.
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Figure 4-4. Mechanism of Action of the Horizontal Semicircular Duct.  Angular accelerations to the right increase the frequency of action potentials originating in the right ampullary nerve and decrease those in the left.  This pattern of neural signals causes extraocular muscles to rotate the eyes in the direction opposite that of the head rotation, thus stabilizing the retinal image with a compensatory head movement.  Angular acceleration to the left has the opposite effect.
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Figure 4-5. Mechanism of Action of the Otolith Organ.  A change in the direction of the force of gravity (top) or a linear acceleration (bottom) cause the otolith membrane to shift its position with respect to its macula, thereby generating a new pattern of action potentials in the utricular or saccular nerve.  Shifting of the otolithic membranes can elicit compensatory vestibulo-ocular reflexes as well as perceptual effects.








	The primary reflex for stabilizing the retinal image in humans is the vestibulo-ocular reflex.  This reflex can be demonstrated by holding one's finger about half a meter in front of one's face and moving it back and forth.  If the rate of motion is increased, a point is reached where the image of the finger becomes blurred.  If one then holds one's finger still and moves one's head back and forth at the same frequency the image stays in focus.  This example demonstrates that the vestibulo-ocular reflex is much more powerful at stabilizing retinal images than are the optokinetic reflexes used for tracking objects.  As demonstrated in this example, the vestibulo-ocular reflex is very good at compensating for rapid, high-frequency movements of the head.  If there are sustained angular accelerations, nystagmus will be induced (see Figure 4-4).  This nystagmus will have a slow or compensatory phase in the direction of the acceleration and a quick anti-compensatory phase in the opposite direction.  The direction of the quick phase is used to label the direction of the nystagmus.  All three semicircular canals can respond to this phenomenon and so there can be horizontal, vertical, and even rotary nystagmus induced by certain accelerations.  There are also vestibulo-ocular reflexes of otolith origin.  Lateral or ay accelerations can result in reflexive eye movements and nystagmus as can vertical or az accelerations which result in the elevator reflex (18).
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	As discussed earlier, these reflexes are particularly good at compensating for rapid head movements of the skull-on-body platform.  These reflexes also have thresholds of perception that can lead to problems in the aerospace environment.  The lowest reported threshold of perception of rotation is 0.035 degrees/sec2, but this was only obtained with virtually continuous acceleration and response latencies of 20 to 40 seconds (18).  A more useful way of describing perceptual thresholds is to use Mulder's constant which is an acceleration-time product.  A reasonable value for this product has been found to be 2 degree/sec.  So, for example, an angular acceleration of 5 degrees/sec2 for half a second (5 x 0.5 = 2.5 degrees/sec) is perceptible while a 10 degrees/sec2 acceleration for one tenth of a  second (10 x 0.1 = 1 degree/sec) is not.





	Otolith perceptual thresholds have been found to be on the order of 1.5 degree change in the direction of applied G force or 0.001 to 0.03 G change in the magnitude of G.  As for angular acceleration, the acceleration-time product concept is useful for talking about the perception of linear acceleration. The perceptual threshold is thought to be 0.3-.04 meters/sec.


 


	It is important to realize that these thresholds are "constant except when they vary."  Inattention, distraction, fatigue, drugs, and individual variation can play a large role in altering these values.  The important concept to grasp is that these perceptual organs have a "design" frequency response.  The accelerative forces encountered in flight often provide stimuli outside the design envelope of these organs and as a result, illusions, or misperceptions, occur that can lead to spatial disorientation (18).





Illusions


	The somatogyral illusion (see Figure 4-6) is an example of such an illusion.  When a pilot first starts a prolonged turn, the angular motion is perceived correctly because the acceleration stimuli is within the response envelope of the vestibular organs.  If the turn achieves a constant angular velocity, the deformation of the hair cells in the cupula becomes less as the fluid in the semicircular duct "catches up" with the rotation.  If the turn is stopped or abruptly decelerated, this is interpreted as a turn in the opposite direction.  This sensation may remain even after all rotation ceases.  





	This illusion is the basis for the so-called "graveyard spin."  The scenario for this accident starts with the pilot entering a spin.  At first, the spin is perceived correctly as the initial angular velocity is high and within the design limits of the perceptual system.  When the spin has stabilized, a constant angular velocity is established.  If the pilot recovers from the spin by stopping the rotation, this angular deceleration is perceived as rotation in the opposite direction.  If the pilot is unaware of this illusion and does not use instruments to tell what the state of rotation is, the pilot may counter the perceived rotation and put aircraft back into a spin in the original direction. The problem of correctly perceiving position and rotational state can be compounded if these spin entries and exits induce nystagmus which then reduces the pilot's ability to read the instruments.
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Figure 4-6. The Mechanism of the Somatogyral Illusion.








	A further example of the same illusion at work is the "graveyard spiral."  In this scenario the pilot is in a coordinated, prolonged turn with a moderate amount of bank.  After several seconds in this state, the sensation of turning and the sensation of being banked disappears.  If the pilot then rolls out of the turn, the illusion is created of turning in the opposite direction.  If this  perception is believed and acted upon, the pilot rolls back into the original turn thinking the aircraft is returning to straight and level flight.  In doing so the pilot will not initially apply enough back pressure or G to maintain altitude as normally straight and level flight requires no G.  This correction will result in a loss of altitude, because in a turn, the wing loses lift.  If the pilot then responds to the loss of altitude by pulling back on the stick, the turn is tightened up and this can pull the aircraft into a spiral dive.  Unless the pilot correctly perceives the actual condition by use of instruments, the aircraft can continue descending in a "graveyard spiral."  At the speeds and altitudes that today's fighters fly, there is not a lot of time for analysis and correction of this kind of problem.





	The oculogyral illusion is a similar and related illusion.  This illusion is the false sensation of the motion of an object viewed by a subject undergoing angular motion.  The setup for this illusion is the same as the previous illusions mentioned.  The subject perceives that an object which is actually stable in front, is rotating in the opposite direction and this confirms the perception of the subject's own rotation.





     The Coriolis illusion is another illusion that almost every pilot knows about, because it has been demonstrated during physiological training (see Figure 4-7). This illusion results from an unusual stimulation of the semicircular ducts.  The setup for this illusion starts with the pilot rotating in the plane of one of the semicircular ducts (the usual one used for demonstration in the Barany chair is the horizontal one).  The rotation needs to go on long enough for the endolymph in those ducts to attain the same angular velocity as the head.  This time allows the hair cells to return to the upright position and the perception of rotation to cease.  If the pilot's head is rotated forward approximately 90 degrees, the horizontal semicircular duct is removed from the plane of rotation while suddenly placing sets of vertical ducts in the plane.  This position results in the simultaneous deflection of the hair cells in all three semicircular ducts and a sudden sensation of rolling and yawing at the same time which most people describe as a "tumbling" sensation.  While it is debatable whether this degree of rotation ever actually occurs in flight (20), this illusion is useful in demonstrating to aircrew the degree to which their vestibular apparatus can be fooled (18).
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Figure 4-7.  Mechanism of the Coriolis Illusion.


a. The subject is initially rotating in the horizontal plane long enough for the endolymph to stabilize in the semicircular duct.  b. After pitching the head forward the angular momentum of the endolymph deviates the cupula, which cause the subject to perceive rotation in the new plane of the semicircular duct, even though no actual rotation is occurring in that plane.








 	Somatogravic illusions:  The  otolith organs are also a source of illusion, the generic name for these illusions are the somatogravic illusions.  The classical illusion of this type is the "take-off" or "pitch-up" illusion.  This illusion is caused by the inertial displacement of the otolithic membrane caused by forward or rearward (ax) type acceleration.  For example, if a pilot takes off from a runway and accelerates forward at 1 G until reaching the desired climb speed, this has the effect of displacing the otolithic membrane towards the back of the pilot's head.  The position obtained is roughly equivalent to that which would have been obtained had the head been tilted back 45 degrees.  Thus, the pilot's perception from the otolith organ information is that of a 45 degree climb.  As the resultant G vector acting on the body is at that angle the proprioceptive and cutaneous receptors are also giving this information to the brain.  If the pilot is in visual conditions, this misperception is usually overcome or corrected by the visual input (visual dominance).  However, in low visibility conditions the pilot has a very strong sensation that the nose of the aircraft is pitching up.  Correction of this misperception can rapidly cause an accident.  In the typical scenario, a high performance or afterburner takeoff into low cloud results in a crash a few miles beyond the end of the runway.  Pilots of carrier-launched aircraft need to be particularly aware of this illusion as they typically receive impulses of +3 to +5 Gx during a catapult takeoff.





		An extension to the pitch-up illusion is the inversion illusion.  In this somatogravic illusion the pilot feels upside down.  This illusion usually results from an abrupt level-off, following a steep high performance climb, in which the airplane is "bunted over" which subjects the pilot to  -Gz acceleration.  The pilot may not experience negative Gs or even 0 G but the resultant force vector, which combines the 1 G of gravity, with the +Gx of the takeoff and the -Gz of the bunt, gives the same sensations as if the pilot had continued to pitch up and went over into an inverted position.  If the pilot counters this feeling by pushing forward on the stick the feeling is aggravated.  If, on the other hand the pilot does a nose high, inverted recovery which is usually taught as "roll to the nearest horizon and pull," the pilot may actually turn upside down, and pull back towards the earth.  In either event, in instrument flight rules (IFR) conditions, in an airplane traveling 500 knots, this scenario can become rapidly unmanageable and perhaps fatal.





		The G-excess illusion (see Figure 4-8) is also a form of somatogravic illusion.  In this illusion movements of the head in a greater than 1-G environment are misperceived because the excess G causes a greater displacement of the otolithic membrane than would have occurred in the normal 1-G environment.  In a high performance fighter there is the possibility that this illusion could occur during turns if the pilot looks down.  This movement would induce a perception of increased pitch or roll or both, which until recently has been erroneously ascribed to the Coriolis illusion (21).





	The oculogravic illusion is the visual analog of the somatogravic illusion.  This illusion has the same stimulus conditions as the somatogravic illusion and results in the perception that an object that is actually fixed relative to the observer moves (22).  This illusion results in the perception, for example, during sudden decelerations (ax) that the instrument panel has moved downward confirming the somatogravic illusion of a nose-down tilt.  A special case of the oculogravic illusion is the elevator illusion.  In this illusion the change in Gz results in the perception of upward or downward movement of objects in front of the pilot that are actually in a relative fixed position.





	The so-called leans is the most common vestibular illusion .  This phenomenon is basically an illusion of bank when one is straight and level.  The explanation for this phenomenon is thought to be, that while attempting to fly straight and level in instrument conditions a pilot allows the aircraft to roll into a slight bank.  The roll rate is below that perceptible by the pilot.  In other words, it is subthreshold or outside the design detection limits of the otolith organs and the semicircular canals.  If the pilot then notices the bank on instruments, and abruptly returns to straight and level flight, there will be the misperception that the aircraft is banked in the opposite direction.  The leans have been reported by many pilots in many different scenarios.  As pointed out before, the response of the vestibular system is not uniformly predictable and there is more to orientation than the straight forward action of forces on the perceptual organs.
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Figure 4-8.  Mechanism of the G-excess Illusion.


Subject in the normal 1-G environment (upper) experiences a resultant 0.5-G pull on the utricular otolithic membrane when the head is tilted 30 degrees off the vertical and a 1-G pull when the head is tilted 90 degrees.  In a 2-G environment, a 30 degree head tilt gives a resultant pull on the membrane of 1 G which is perceived as a tilt of 90 degrees which is ascribed to outside forces or movement (lower right).








Spatial Disorientation


`	Spatial disorientation is not solely caused by the effects of accelerative forces on the human body.  This phenomenon has visual, cognitive, and operational components as well.  However, a short description of the fundamentals of spatial disorientation and a definition of some terms is appropriate to this chapter as accelerative forces are a major source of spatial illusions and thus, a source of spatial disorientation.





	Spatial disorientation has been defined as the state in which one has some form of orientational illusion when one has need of a correct perception of orientation to control position, attitude, or motion (18).  Spatial disorientation has been further divided into Type I (unrecognized), Type II (recognized), and Type III (vestibulo-ocular disrupt).  The first two type descriptions are self explanatory, but the third requires some explanation.  Type III disorientation is when the pilot not only recognizes that he or she cannot control the aircraft, but that the motion being experienced has induced vestibulo-ocular reflexes, such as nystagmus, such that necessary information cannot be obtained from the instruments to regain orientation (18).





	Numerous surveys, over the years, have indicated that spatial disorientation accounts for about 6 percent of all major mishaps in the USAF and for between 10-30 percent of all fatal mishaps (23-26).  The average pilot involved in a spatial disorientation accident is said to be "30 years of age, have 10 years in the cockpit, and have 1,500 hours of first pilot or instructor-pilot time.  This average pilot will be a fighter pilot and will have flown approximately 25 times in the 3 months prior to the accident"(25).  These observations have remained relatively constant over the years, despite changes in equipment and mission roles.





	From the foregoing discussion of illusions, one can infer that certain conditions such as: prolonged turning at a constant rate, as in a holding pattern; head movements under these conditions, or under increased G loading; and sustained linear accelerations, are all potential setups for spatial disorientation.  Operationally, instrument flight conditions and conditions that require changing from visual to instrument flying and back, are also potential sources of problems.  Formation flying in weather is an extremely challenging environment, as the formation pilot is forced to abandon all normal references for flying (both visual and instrument) and concentrate on the lead airplane.  This situation means that the pilot is deprived of accurate information on orientation and should it be necessary to go "lost wingman" this individual would be required to immediately acquire this orientation.  This orientation must occur without, or in spite of, a pre- existing orientational precept.





	Prevention of spatial disorientation has been the subject of much debate and research over the years.  Some of the proposed solutions will be discussed here.





	The first thought about the prevention of disorientation mishaps is that adequate and realistic instrument training must be done.  The increasing use of simulators has caused some observers to postulate that pilots are now deprived of learning instrument flying in a dynamic and disorientating environment.  It is possible to inexpensively and safely train in many more scenarios in a simulator than in an aircraft.  It is currently not possible to provide a complete motion, G, and altitude environment in the simulator and this may diminish the value of the training received.  To this end, it is has been proposed that new spatial disorientation trainers be placed at physiological training units.  It is planned that these will be more sophisticated devices than the currently used Barany chair, and the commercially available devices such as the Vertigon( which use the Coriolis illusion to disorient trainees.  Hopefully, these devices will require the pilot to demonstrate the ability to make the instruments "read right," despite what the flier's orientation precept may be.





	Developments in cockpit layouts and instrumentation have also been made.  It has been recognized that placing critical instrument switches and displays in such a position as to require head movements to view them, is not good aircraft design.  The trend at present is to place frequency selectors and displays in front of the pilot, rather than buried deep in the lower reaches    of the cockpit.  It has also been recognized that the attitude indicator is the primary orientation device under instrument conditions and that it must be placed in the center of the instrument cluster.  Head-up displays (HUD) have proven to be both a help and a hindrance in solving the problem of spatial disorientation.  On the one hand, the presentation of flight information in a place where the head does not have to be move to view it, prevents G-excess and coriolis-induced type problems.  On the other hand, the symbology on the HUD and the presentation of pitch and roll information in the small vernier views afforded by the pitch ladder, have increased the difficulty of orienting oneself once orientation is lost.  Despite these problems, at least one major new fighter aircraft, the F-18, uses the HUD as the primary flight instrument in place of the traditional attitude indicator.  





	One of the reasons postulated for problems with orientation on traditional instrument and HUD displays is that both these instruments use central vision, while the act of orientation in the everyday world is actually a function of peripheral vision.  This awareness prompted the development a few years ago of the peripheral visual horizon display (PVHD) or the Malcolm horizon.  This device projects a LASER horizon bar across the cockpit which pilot can be viewed in the peripheral vision.  This device has been praised as being more physiologically sound and it has been readily accepted by pilots who have flown it, however, development problems and the lack of good controlled studies on its effectiveness have precluded its operational employment to date.





	Spatial disorientation has been identified as a problem in the operation of today's aircraft.  The proposed solutions are many and varied, as the problem is complex and not amenable to simple fixes.  Pilot awareness of the problem, combined with improved instrument training and advancing technology, may decrease the accidents caused by this phenomenon but they will not eliminate its occurrence.





Motion Sickness


	Motion has been and continues to be a problem in both the training and the operational aerospace environment.  Motion sickness has been defined as "a state of diminished health characterized by specific symptoms that occur in conjunction with, and in response to, unaccustomed conditions existing in one's motional environment"(18).  In short, the motion one is experiencing is making you sick.  The symptoms progress from lethargy, apathy and stomach awareness to nausea, pallor and cold perspiration, finally the unfortunate victim may retch, vomit or be totally prostrate.  This progression of symptoms is reliable enough to have prompted the publishing of a motion sickness rating scale based on the progression (27).  This response to motion is not limited to the aerospace environment, in addition to air sickness, space sickness and flight simulator sickness, motion sickness has been described  in response to the motion of the sea (the origin of the term nausea), cars, trains, amusement park rides, camels, and even in response to motion pictures.





	There is a reported incidence of air sickness in 10-40 percent of trainee aircrew.  The reporting differences in rates depend on the definition of air sickness, the population looked at, and the means used to determine the occurrence of motion sickness.  Most modern air forces have a fairly consistent loss of 1-2 percent of pilot trainees for unresolved motion sickness (18).





	A newly recognized problem is flight simulator sickness.  This problem usually occurs in highly experienced aircrews especially in the new wide field of view or dome type simulators.  It is not limited to fighter type simulators and has been reported in helicopter and transport type simulators as well.  Up to 70 percent of pilots in some simulators have reported symptoms and some symptoms have lasted up to 10 hours (18).





	The current theoretical explanation for motion sickness is the "sensory conflict" or "neural mismatch" hypothesis.  The theory states that motion sickness results from the simultaneous presentation of conflicting orientational information.  The two sources of conflict most often involved are the visual system and the vestibular system.  In short, the eyes are telling you one thing but your inner ear is telling you something quite different.  However, motion sickness is more complex than this, as there appears to be some effect of conflict between the anticipation of orientational information and actual orientational information presented to the sensory organs.  For example, pilots rarely get sick while they are doing the flying, but if they fly the same profile while someone else is flying, it can produce motion sickness.





	Numerous treatments have been attempted for motion sickness, none of which has proved completely satisfactory or successful.  The first step that is important, especially in dealing with pilot trainees, is to reassure them that some motion sickness is entirely normal and that they really don't need to see the flight surgeon as they aren't really "sick" in the traditional sense of the word.   These trainees should be advised that repeated exposures to the motion environment over a short time period will cause most people to adapt and that they will probably adapt as well.  Statements about avoiding self-induced stresses are also in order as well as avoiding flying on an empty stomach.  While none of these measures may actually contribute to decreased motion sickness, they tend to put the motion sickness in its proper light for the new pilot and to decrease anxiety which can be a strong aggravating factor.





	If the reassurance and counseling don't work, the next line of defense is pharmacologic.  The most commonly used preparation in aircrew is "scope-dex" which is 0.3-0.6 mg of scopolamine and 5-10 mg of dextroamphetamine, taken orally approximately 1 hour before flying.  Other drug combinations have been used with varying results (28,29).  In trainee aircrew, it has been the practice to let them fly about three missions on medication to facilitate further adaptation.  They must eventually fly without medication as continued use is contraindicated and most flight surgeons would not allow solo flight while taking these medications.  If this attempt at management fails to solve the problem of motion sickness, some air forces, most notably the Royal Air Force (RAF), the Royal Australian Air Force (RAAF), and the Canadian Force have tried more extended treatment protocols (30,31).  These approaches have usually involved some degree of desensitization to motion on the ground using a Barany chair, or a rotating platform, followed by further acclimatization to motion in the air with or without a flight surgeon pilot as a therapist.  The U.S. Air Force has had several similar experimental protocols, but at present (1988) there is no formal air sickness treatment program in the USAF (32).  Both the Canadian Forces and the USAF protocols have used biofeedback to teach aircrew how to control their symptoms (31,32).





	In summary, motion sickness continues to be a problem in aerospace medicine and is a particular problem in trainee aircrew.  Various treatment and prevention modalities have been tried with varying amounts of enthusiasm and success.





Vibration


	Another form of acceleration that is often experienced in the aerospace environment but is not often thought of as acceleration is vibration.  The frequency of vibration of interest is in the 0.5 to 100 Hz range which is not usually associated with sound or noise problems.  The source of these vibrations are the mechanical vibrations from the aircraft itself and the environmentally induced vibrations caused by various forms of turbulence (33).





	There is no specific target organ for these vibrations and their effects on biological tissues are dependent on the frequency of the vibration, its intensity, and the resonant frequency of the tissue in question.  There is scanty human data on the deleterious effects of vibration and of course extrapolations from animals are difficult due to differences in body mass and composition.  Whole-body vibrations of the maximum intensity voluntarily tolerated by humans, in the resonant frequency of the abdomen (4-8 Hz), have not caused any demonstrable pathology (34). 


 


	Vibration can have effects on sensory and motor performance.  In laboratory tracking experiments vibrations in the 2-12 Hz range cause increased errors.  Difficulties in reading instruments can occur when vibrations in the 11 to 15 Hz range are encountered.  Much work has been done in associating vibration with fatigue and stress but the results are very variable and generally not convincing (33).  The only well described vibration injury in humans is that of vibration white finger syndrome (35). This disease is generally not a problem in the aerospace environment.  Vibration limits for aerospace vehicles are primarily chosen on the basis of comfort and prevention of performance decrement.





	Guidelines have been drawn up to give designers goals to achieve in the design of vehicles and to allow industrial hygienists and bioenvironmental engineers to assess whole-body vibration in humans (36).
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