





Chapter 2





HIGH ALTITUDE RESPIRATORY PHYSIOLOGY


revised by Paul W. Fisher, Ph.D.








INTRODUCTION





	It is generally recognized that the most serious danger for the aircrew member is the decreased partial pressure of oxygen encountered at low barometric pressures. Without the proper use of oxygen equipment and cabin pressurization, hypoxia can quickly lead to incapacitation or death, depending on the altitude.  At least 75 hypoxic fatalities are known to have occurred in the European Theater during World War II aboard aircraft flying at high altitude. 


     


	Human tolerance to hypoxia has not changed since it was first described, but the altitude capability and performance of aircraft are constantly changing the requirements for adequate protective equipment and strict oxygen discipline.  These factors have all continued to increase in importance as humans fly higher and faster. Even hypoxic episodes that lead only to mental confusion or temporary unconsciousness may result in the loss of the aircraft and its occupants.


     


	To understand and appreciate the nature of hypoxia requires an understanding of the physical characteristics of the atmosphere as well as an understanding of the physiology of respiration under both normal and abnormal environmental conditions.





THE ATMOSPHERE





Composition


	The atmosphere surrounding the earth is a vast mixture of gases and trace quantities of liquids and solids held earthward by gravity.


     


	The gases that make up the greatest percentage of the atmosphere are nitrogen and oxygen. The percentages of the other gases are so low that they are considered negligible. It is more convenient to refer to nitrogen as about four-fifths, or 79 percent, and oxygen as one-fifth, or 21 percent, of the atmosphere. The percentage or ratio of oxygen to nitrogen is constant up to an altitude of approximately 60 miles (96 kilometers) where layering begins (see Table 2-1).


     


	While the proportions of oxygen and nitrogen remain essentially unchanged, the proportions of minor constituent gases are changed by many factors. The amount of carbon monoxide, sulfur dioxide, nitrogen dioxide, and nitric oxide present in the atmosphere vary with time and location since these gases result from industrial activities. Water vapor varies with time, location and meteorological conditions as well as with altitude, since the presence of water vapor is governed by temperature.








TABLE 2-1. CHEMICAL COMPOSITION OF THE ATMOSPHERE (DRY) AT SEA LEVEL.


         ____________________________________________________


                                			Molecular         	Percent by


          Constituent           		Weight            	Volume


         ____________________________________________________


          Nitrogen (N2)			28.016   		78.09


          Oxygen (O2) 			32.000 		20.95


          Argon (A) 			39.944  		  0.93


          Carbon dioxide (CO2) 		44.010  		  0.03


          Neon (Ne) 			20.183   		  1.8X10-3


          Helium (He)			4.003 			  5.24X10-4


          Krypton (Kr) 			83.7    			  1.0X10-4


          Hydrogen (H2) 		2.016 			  5.0X10-5


          Xenon (Xe) 			31.3   			  8.0X10-6


          Radon (Rn) 			222. 			  6.0X10-18


         ____________________________________________________


          Dry Air   			28.966  		100.00





Pressure


	One of the characteristics of the gaseous form of matter is that it has neither a definite shape or volume, but will instead expand in an attempt to completely fill, with uniform density, any vessel in which it is contained. The earth retains its gaseous envelope by the influence of gravity.  The effect of gravity on the gaseous atmosphere results in an envelope which has a constantly decreasing density related to increasing distance from the earth's surface.  Another way of expressing the change in density with increasing altitude is to consider the weight of the atmosphere at any given point.  The weight of a column of the atmosphere with a cross sectional area of one square inch under standard sea level conditions is 14.7 pounds.  This atmospheric weight, or pressure, will support a column of mercury in an evacuated tube to a height of 760 millimeters or 29.92 inches, or a column of sea water of 33 feet.  In aerospace physiology the unit most often used for atmospheric pressure is millimeters of mercury (mmHg). 


     


	Since atmospheric pressure in flight is commonly described in feet above sea level, a standard or reference plane is required. The standard which has been employed for the longest period of time is the 1965 United States Standard Atmosphere Table.  The U.S. Standard Atmosphere is based on the following assumptions: 


	a. Temperature decreases linearly with increase in altitude until the isothermal layer begins 	    (35,332 feet under standard conditions).


	b. The temperature of the isotherm layer is constant at -55oC 


	    (-67oF).


	c. Air is dry. 


	d. Air is a perfect gas.


	e. Gravity is constant at all altitudes.





	Some physical properties of the United States Standard Atmosphere are given in Table 2-2. At sea level, the standard pressure and temperature are 760 mmHg (29.92 in.) and 15oC (59oF).





Temperature


	Heat is a result of the sun's radiation. This radiation (primarily visible and ultraviolet light) passes through the atmosphere without an appreciable warming effect on the air, but it does heat the surface of the earth.  The intermediate layers of air are then heated by convection.


     


	In as much as warm air is less dense than cold air, it rises.  If a mass of rising air does not gain or lose heat, as during a rapid ascent, then the mass of air expands adiabatically; that is, without loss or gain of heat.


     


	In adiabatic expansion, part of the moisture of the rising mass of air is precipitated in the form of clouds which will prevent excessive loss of heat from the earth through radiation.  Repeated cycles of these physical phenomena is commonly known as "weather" which produces the relatively constant temperature.  The water content of the air is so low that a balance exists between absorption of heat radiated from the earth and radiation from the atmosphere to outer space.


     


	Temperature Lapse Rate.  Temperature lapse rate can best be defined as a standard temperature change produced by warmed air masses that, as they rise from the surface of the earth, they expand, lose pressure, and cool.  This phenomenon produces a heat loss rate of 2 degrees C (3.6oF) with each 1,000 feet of altitude.  The heat loss will continue until the rising air mass reaches an altitude where it stabilizes with the surrounding atmosphere.  The temperature will then maintain a constant -55oC.  Variations in temperature do occur due to locality.


     


	Temperature Inversion Caused by Radiation.  Nocturnal air is relatively still; under this condition the earth loses heat through radiation.  When the temperature of the atmosphere surrounding the earth falls below that at higher altitudes, a temperature inversion occurs.  In winter, for example, surface temperatures at night have been recorded at -40oC, while over the same area at 8,000 feet, a -5oC has been recorded.


     


	Temperature Inversion Caused by Turbulence.  Turbulence inversions occur when a rapidly rising air mass expands and cools more rapidly than the temperature decrease with altitude.  This causes an air mass at a given altitude to become colder than the surrounding air, resulting in a temperature inversion due to turbulence.





Cosmic Radiation


	The primary particles which make up cosmic radiation are photons, neutrons, alpha particles and heavy nuclei.  The particles come from outer space and travel at high velocities.  Cosmic rays are much more penetrating than other radiations.  In fact, their passing through the entire atmosphere is equivalent to passing through a 37-inch lead plate.  The total energy of the particles is either dissipated by ionization and excitation, or they collide with atmospheric nuclei, and so promote secondary cosmic radiation.  These explosive collisions produce showers of secondary and tertiary particles such as electrons, positrons, mesons and neutrinos.  The number of these collisions reaches a maximum at a height of about 80,000 feet, and the shower of particles may cover an area on the ground as large as 600 feet in diameter. This shower constitutes little or no hazard, however.  A thousand collisions between body nuclei and cosmic particles occur every second.  The human body accepts this constant irradiation without any noticeable effects.


     


	The ionizing effect of cosmic radiation is measured with the aid of the same devices that are used to measure other ionizing radiation such as x-rays. Cosmic radiation at any given altitude may be expressed in terms of the roentgen(r) unit.  The total cosmic ray intensity increases with increasing altitude or decreasing pressure.





 


     �
TABLE 2-2.  BAROMETRIC PRESSURE AND TEMPERATURE


            CHANGES WITH GEOMETRIC ALTITUDE.


                       (US Standard Atmosphere, 1962.)


                                (1 torr = 1 mm Hg)





                          Pressure                 Temperature


  Alt (Feet)      Torr     in.Hg     PSIA          oF       oC


  Sea Level     760.00     29.92    14.70         59.0     15.0 


       500      746.37     29.38    14.43         57.2     14.0


      1000      732.93     28.86    14.17         55.4     13.0


      1500      719.70     28.33    13.92         53.7     12.0


      2000      706.66     27.82    13.66         51.9     11.0


      2500      693.81     27.32    13.42         50.1     10.0


      3000      681.15     26.82    13.17         48.3      9.1


      3500      668.69     26.33    12.93         46.5      8.1


      4000      656.40     25.84    12.69         44.7      7.1


      4500      644.30     25.37    12.46         43.0      6.1


      5000      632.38     24.90    12.23         41.2      5.1


      5500      620.65     24.43    12.00         39.4      4.1


      6000      609.09     23.98    11.78         37.6      3.1


      6500      597.70     23.53    11.56         35.8      2.1


      7000      586.49     23.09    11.34         34.0      1.1


      7500      576.46     22.66    11.13         32.3      0.1


      8000      564.58     22.23    10.92         30.5    - 0.8


      8500      553.88     21.81    10.71         28.7    - 1.8


      9000      543.34     21.39    10.51         26.9    - 2.8


      9500      532.97     20.98    10.31         25.1    - 3.8


     10000      522.75     20.58    10.11         23.4    - 4.8


     10500      512.70     20.19     9.91         21.6    - 5.8


     11000      502.80     19.80     9.72         19.8    - 6.8


     11500      493.06     19.41     9.53         18.0    - 7.8


     12000      483.48     19.03     9.35         16.2    - 8.8


     12500      474.04     18.66     9.17         14.5    - 9.8


     13000      464.76     18.30     8.99         12.7   - 10.7


     13500      455.62     17.94     8.81         10.9   - 11.7


     14000      446.63     17.58     8.64          9.1   - 12.7


     14500      437.79     17.24     8.47          7.3   - 13.7


     15000      429.08     16.89     8.30          5.5   - 14.7


�
TABLE 2-2. (CONTINUED)





                          Pressure                 Temperature


  Alt (Feet)      Torr     in.Hg     PSIA          oF       oC


     16500      420.52     16.56     8.13          3.8   - 16.7


     16000      412.10     16.22     7.97          2.0   - 16.7


     16500      403.82     15.90     7.81          0.2   - 17.7


     17000      395.67     15.58     7.65        - 1.6   - 18.7


     17500      387.65     15.26     7.50        - 3.4   - 19.6


     18000        79.77     14.95     7.34        - 5.1   - 20.6


     18500      372.02     14.65     7.19        - 6.9   - 21.6


     19000      364.40     14.35     7.05        - 8.7   - 22.6


     19500      356.90     14.05     6.90       - 10.5   - 23.6


     20000      349.53     13.76     6.76       - 12.3   - 24.6


     20500      342.29     13.48     6.62       - 14.0   - 25.6


     21000      335.17     13.20     6.48       - 15.8   - 26.6


     21500      328.16     12.92     6.35       - 17.6   - 27.6


     22000      321.28     12.65     6.21       - 19.4   - 28.5


      22500      314.51     12.38     6.08       - 21.2   - 29.5


     23000      307.86     12.12     5.96       - 22.9   - 30.5


     23500      301.33     11.86     5.83       - 24.7   - 31.5


     24000      294.91     11.61     5.70       - 26.5   - 32.5


     24500      288.60     11.36     5.58       - 28.3   - 33.5


     25000      282.40     11.12     5.46       - 30.0   - 34.5


     25500      276.31     10.88     5.34       - 31.8   - 35.5


     26000      270.32     10.64     5.23       - 33.6   - 36.4


     26500      264.44     10.41     5.11       - 35.4   - 37.4


     27000      258.67     10.18     5.00       - 37.2   - 38.4


     27500      253.00     9.96      4.89       - 38.9   - 39.4


     28000      247.43     9.74      4.78       - 40.7   - 40.4


     28500      241.96     9.53      4.68       - 42.5   - 41.4


     29000      236.59     9.31      4.57       - 44.3   - 42.4


     29500      231.31     9.11      4.47       - 46.1   - 43.4


     30000      266.13     8.90      4.37       - 47.8   - 44.4


     30500      221.05     8.70      4.27       - 49.6   - 45.3


     31000      216.06     8.51      4.18       - 51.4   - 46.3


     31500      211.16     8.31      4.08       - 53.2   - 47.3


     32000      206.35     8.12      3.99       - 54.9   - 48.3


     32500      201.63     7.94      3.90       - 56.7   - 49.3


�
TABLE 2-2. (CONTINUED)





                         			Pressure     		     Temperature


			Alt (Feet)      Torr     in.Hg     PSIA          oF       oC


     			33000         197.00     7.76      3.81       - 58.5   - 50.3


     			33500         192.46     7.58      3.72       - 60.3   - 51.3


     			34000         188.00     7.40      3.64       - 62.1   - 52.3


     			34500         183.62     7.23      3.55       - 63.8   - 53.2


     			35000         179.33     7.06      3.47       - 65.6   - 54.2


     			36000         170.99     6.73      3.31       - 69.2   - 56.2


     			37000         163.00     6.42      3.15       - 69.7   - 56.5


     			38000         155.37     6.12      3.00       - 69.7   - 56.5


     			39000         148.11     5.83      2.86       - 69.7   - 56.5


    			40000         141.18     5.56      2.73       - 69.7   - 56.5


     			41000         134.58     5.30      2.60       - 69.7   - 56.5


     			42000         128.29     5.05      2.48       - 69.7   - 56.5


       			43000         122.30     4.81      2.36       - 69.7   - 56.5


     			44000         116.58     4.59      2.25       - 69.7   - 56.5


     			45000         111.13     4.38      2.15       - 69.7   - 56.5


     			46000         105.94     4.17      2.05       - 69.7   - 56.5


     			47000         100.99     3.98      1.95       - 69.7   - 56.5


    			48000           96.27     3.79      1.86       - 69.7   - 56.5


     			49000           91.77     3.61      1.77       - 69.7   - 56.5


     			50000           87.49     3.44      1.69       - 69.7   - 56.5


     			51000           83.40     3.28      1.61       - 69.7   - 56.5


     			52000           79.51     3.13      1.54       - 69.7   - 56.5


     			53000           75.79     2.98      1.47       - 69.7   - 56.5


     			54000           72.25     2.84      1.40       - 69.7   - 56.5


     			55000           68.88     2.71      1.33       - 69.7   - 56.5


     		 	56000           65.67     2.59      1.27       - 69.7   - 56.5


     			57000           62.60     2.46      1.21       - 69.7   - 56.5


     			58000           59.68     2.35      1.15       - 69.7   - 56.5


     			59000           56.89     2.24      1.10       - 69.7   - 56.5 


     			60000           54.24     2.14     1.05        - 69.7    - 56.5


     			61000           51.71     2.04     1.00        - 69.7    - 56.5


     			62000           49.30     1.94     9.53-1     - 69.7    - 56.5


     			63000           47.00     1.85     9.09        - 69.7    - 56.5


     			64000           44.80     1.76     8.66        - 69.7    - 56.5


�
TABLE 2-2. (CONTINUED)





  		                        	Pressure                 	     Temperature


  			Alt (Feet)      Torr     in.Hg     PSIA          oF       oC


    			65000           42.71     1.68     8.26        - 69.7    - 56.5


     			66000           40.72     1.60     7.87        - 69.6    - 56.4


     			67000           38.82     1.53     7.51        - 69.1    - 56.1


     			68000           37.02     1.46     7.16        - 68.5    - 55.8


     			69000           35.30     1.39     6.83        - 68.0    - 55.5


    			70000           33.66     1.33     6.51        - 67.4    - 55.2


     			71000           32.10     1.26     6.21        - 66.9    - 54.9


     			72000           30.62     1.21     5.92        - 66.3    - 54.6


     			73000           29.20     1.15     5.65-1      - 65.8    - 54.3


         			74000           27.86     1.10    	5.39        - 65.2    - 54.0


     			75000           26.57     1.05     5.14        - 64.7    - 53.7


     			76000           25.53     9.98-1   4.90       - 64.2    - 53.4


     			77000           24.19     9.52     4.68        - 63.6    - 53.1


    			78000           23.08     9.09     4.46        - 63.1    - 52.8


     			79000           22.02     8.67     4.26        - 62.5    - 52.5


    			80000           21.01     8.27     4.06        - 62.0    - 52.2


     			81000           20.05     7.90     3.88        - 61.4    - 51.9


     			82000           19.14     7.54     3.70        - 60.9    - 51.6


     			83000           18.27     7.19     3.53        - 60.3    - 51.3


     			84000           17.44     6.87     3.37        - 59.8    - 51.0


     			85000           16.65     6.55     3.22        - 59.3    - 50.7


     			86000           15.89     6.26     3.07        - 58.7    - 50.4


     			87000           15.17     5.97     2.93        - 58.2    - 50.1


     			88000           14.49     5.70    	2.80        - 57.6    - 49.8


     			89000           13.83     5.45    	2.67        - 57.1    - 49.5


     			90000           13.21     5.20    	2.55        - 56.5    - 49.2


     			91000           12.61     4.97    	2.44        - 56.0    - 48.9


     			92000           12.05     4.74    	2.33        - 55.4    - 48.6


     			93000           11.51     4.53    	2.22        - 54.9    - 48.3


     			94000           10.99     4.33     2.13        - 54.4    - 48.0


     			95000           10.50     4.13     2.03        - 53.8    - 47.7


     			96000           10.03     3.95     1.94        - 53.3    - 47.4


     			97000            9.58     3.77     	1.85        - 52.7    - 47.1


     			98000            9.15     3.60     	1.77        - 52.2    - 46.8


�
TABLE 2-2. (CONTINUED)





  		                        	Pressure                             Temperature


			Alt (Feet)      Torr     in.Hg     PSIA            oF       oC


     			99000            	8.75     3.44     1.69    	    - 51.6    - 46.5


    			100000      	8.36     3.29-1   1.62-1      - 51.1    - 46.2


    			101000      	7.99     3.14     1.54        - 50.6    - 45.9


    			102000      	7.63     3.01     1.48        - 50.0    - 45.6


    			103000      	7.29     2.87     1.41        - 49.5    - 45.3


    			104000      	6.97     2.75     1.35        - 48.9    - 45.0


    			105000      	6.66     2.62     1.29        - 48.4    - 44.7


    			106000      	6.37     2.51     1.23        - 45.8    - 43.1


    			107000      	6.09     2.40     1.18        - 45.8    - 43.2


			108000  	5.82 	2.29	1.13 	    - 44.3    - 42.4  


			109000  	5.57 	2.19	1.08 	    - 42.8    - 41.6


			110000 	5.33	2.10	1.03	    - 41.3    - 40.7


			120000	3.45 	1.36 	6.67-2	    - 26.1    - 32.3


			130000	2.27 	8.92-2   4.38 	    - 10.9    - 23.8


			140000	1.51	5.95	2.92	    +  4.3    - 15.4


			150000 	1.02	4.02 	1.97        + 19.4      - 7.0


			160000 	6.97-1	2.75	1.35	   + 27.5      - 2.5	


			170000 	4.78	1.88 	9.23-3	   + 27.5      - 2.5


			180000 	3.26	1.28	6.31 	   + 18.9      - 7.3


			190000 	2.21	8.70-3	4.27  	    +  8.1    - 13.3


			200000        	1.48     5.85  	2.87         -  2.7     - 19.3


    			210000        	9.85-2   3.88  	1.91         - 22.0    - 30.0


    			220000        	6.41     2.52 	1.24         - 43.5    - 41.9


   			230000        	4.08     1.60 	7.88-4       - 64.9    - 53.9


    			240000        	2.53     9.95-4	4.89         - 86.4    - 65.8


    			250000        	1.53     6.01 	2.95       - 107.8    - 77.7


    			260000        	8.92-3   3.51 	1.73       - 129.3    - 89.6


    			270000        	5.09     2.00 	9.85 -5     - 134.5    - 92.5


    			280000        	2.90-3   1.14-4  5.62-5      - 134.5    - 92.5


    			290000        	1.66     6.52-5	3.20       - 134.5    - 92.5


    			300000        	9.49-4   3.74	1.84       - 126.8    - 88.2


    			350000        	8.52-5   3.35-6  1.65-6       - 24.5    - 31.4


    			400000        	1.60     6.30-7   3.10          233.9    112.2


    			450000        	6.31-6   2.48     1.22          734.1    390.1


�
 TABLE 2-2. (CONTINUED)





  		                        	Pressure                             Temperature


			Alt (Feet)      Torr     in.Hg     PSIA            oF       	oC


 			500000        	3.50     1.38     6.78-8       1203.8     651.0


    			600000        	1.50     5.92-8   2.91         1647.2     897.3


    			700000        	7.42-7   2.92     1.44         1835.7    1002.1


    			800000        	3.95     1.56     7.64-9       1964.3    1073.5


    			900000        	2.22     8.74-9   4.29         2053.4    1123.0


   			1000000        	1.30     5.13     2.52         2124.6    1162.5


   			1100000        	7.92-8   3.12     1.53         2160.3    1182.4 


   			1200000        	4.96     1.95     9.59-10      2189.3    1198.5


   			1300000        	3.19     1.25     6.16         2214.6    1212.5


   			1400000        	2.10     8.25-10   4.05        2217.2    1214.0


   			1500000        	1.40     5.52     2.71         2221.2    1216.2


   			1600000        	9.55- 9  3.76     1.85         2232.1    1222.3


   			1700000        	6.61     2.60     1.28         2233.7    1223.1


   			1800000       	4.62     1.82     8.93- 11     2232.9    1222.7


   			1900000       	3.26     1.29     6.31         2241.4    1227.4


	2000000        	2.33     9.17-11  4.50        2250.8    1232.7








	The cosmic ray intensity at a given altitude increases with geomagnetic latitude.  The total energy per minute for the individual particles entering the earth's atmosphere is equivalent to power production at the rate of less than 10 kilowatts.  This is a minute fraction of the energy derived from the sun and is, in fact, about the same as that reaching the earth from starlight!  Hence, in spite of the enormous energies carried by individual cosmic ray particles, the portion of total energy delivered to the atmosphere by this means has little significance.  Cosmic rays deliver, on the average 0.1 roentgens a year at sea level.  At higher altitudes, such as in Denver, Colorado, cosmic radiation amounts to about 0.5 roentgens a year.  Humans have been constantly subjected to this type of irradiation without any apparent harmful effects.


     


	Data relayed from instruments in orbiting satellites and upper atmosphere rocket probe experiments have verified the existence of radiation of increasing intensity in the range of 300 to 5,000 miles from the earth. The intensity varies with latitude as well as altitude, being highest over the equator and theoretically nonexistent over the poles.  The lines of magnetic flux surrounding the earth appear to serve as a trap preventing radiation of lethal intensity from reaching the earth.  This radiation is concentrated in the Van Allen Radiation Belts first discovered by Explorer I in January 1958.





Physical Meteorological Divisions of the Atmosphere


	The atmosphere has been classically considered as being divided into layers, each with its own characteristics.  At the time of the calculation of the U.S. Standard Atmosphere little was known about the characteristics of the atmosphere above 100,000 feet, hence the atmosphere was divided and characterized into the divisions presented below.


     


	Troposphere.  The troposphere is characterized by a varying moisture content, turbulent air, and a constant rate of decrease in temperature with increase in height above the earth.  Most phenomena of weather occur in this layer since they are inherently associated with the physical effects of winds, temperature change, and moisture.  Winds become more strongly westerly with increasing altitude and zonal winds above 35,000 ft are usually from west to east.  The strongest average winds, the jet streams, in the lower atmosphere occur somewhat above this altitude.  The maximum winds in these jet streams are 200 miles per hour at about 30o latitude north or south.


     


	Tropopause.  The tropopause is a zone of transition between the troposphere and the stratosphere.  The height of the tropopause varies with latitude and with the seasons.  At the equator the height is about 60,000 feet, while over the poles, it is only 30,000 feet.  More solar energy is received by the earth in the region of the equator than at the north or south pole.  This energy heats and expands the air, and the rising air, in turn, increases the height of the tropopause.  At the same time the earth and the troposphere in the polar regions are cooling, resulting in contraction of the air and a lower tropopause. 


     


	Stratosphere.  The stratosphere is characterized by an almost complete absence of moisture and a fairly uniform temperature of -55oC (-67oF) that varies little at different altitudes.  However, the temperature of the stratosphere does vary with latitude.  At the poles it is about -40oC while temperatures as low as -85oC (-121oF) have been recorded over the equator. A reversal of the trend toward stratospheric temperatures has been observed at extremely high altitudes, especially over the equator.  In the stratosphere, winds decrease before beginning to increase again with increasing height.  The stratosphere extends from the tropopause to about 50 miles above the earth's surface.


     


	Ionosphere.  The ionosphere begins at a height of 30 to 50 miles and ends at about 600 miles above sea level.  The gases present in this division are ionized as a result of photochemical and photoelectric reactions with ultraviolet irradiation from the sun.  When ultraviolet radiation comes in contact with oxygen at altitudes of about 50,000 to 140,000 feet, ozone is  produced.  Ozone is highly irritating to the respiratory tract and is corrosive to various materials.  The ionosphere acts as a reflector for long wavelength electromagnetic radiation, allowing transmission of radio communications between distant points on the earth's surface.  During periods of solar disturbances (eruptions, flares and sunspots) the ionosphere is altered by changes in solar irradiation disturbing radio communications.


     


	Exosphere.  The final physical division of the atmosphere extends from 600 to 1200 miles and has been called the exosphere. There are few molecular collisions due to the rarity of gas molecules. These undisturbed molecules therefore move in long elliptical trajectories under the influence of gravity; some lighter particles (hydrogen and helium) even attain the escape velocity (7 miles per second or more) and leave the atmosphere.





Measurement of Altitude


	Altitude is expressed in feet above some certain reference point.  There are three types of altitude which must be understood.


     


	Pressure Altitude.  Altitude above the standard datum plane is called pressure altitude.  The standard datum plane is at sea level when "standard conditions" exist; that is, 760 mmHg and +15oC.  Pressures shown on the U.S. Standard Atmosphere are pressure altitudes.  The human body responds physiologically to pressure altitude.


     


	True Altitude.  True altitude is the altitude of an object above mean sea level (MSL).  This is the altitude used most frequently in flying aircraft at altitudes below 18,000 feet in the United States.  On a standard day the true altitude and pressure altitude are the same.  Above 18,000 feet pressure altitudes are flown and referred to as Flight Levels (FL).  For example, 25,000 feet is referred to as flight level 250 or FL 250.


     


	Absolute Altitude.  Absolute altitude is the distance from the aircraft or space vehicle to the ground directly below it.  This altitude is sometimes referred to as tapeline altitude.  This value will change as the terrain changes.  Expressed as altitude above ground level (AGL), absolute altitude is used to indicate minimum aircraft altitude for ejection or bailout.





Physiological Divisions of the Atmosphere


	The characteristics and divisions of the atmosphere discussed above describe the physical features of the atmosphere.  In the aerospace environment, it is the human's relation to that environment which is of primary concern.  It is useful, therefore, to consider physiological responses at various levels of the atmosphere, and to divide the atmosphere into three physiological zones.


     


	Physiological Zone.  The region of the atmosphere to which humans are adapted physiologically extends from sea level to 10,000 feet.  The oxygen level within this zone is sufficient to keep a normal, healthy person physiologically fit without the aid of special protective equipment.  The changes in pressure encountered with rapid ascents or descents within this zone can produce ear or sinus difficulties.


     


	Physiologically Deficient Zone.  This zone extends from 10,000 feet to about 50,000 ft (FL 500).  Because of reduced atmospheric pressure, this is the zone in which oxygen deficiency becomes an ever increasing problem.  Supplemental oxygen is required when flying above 10,000 feet.  Trapped gas in the intestinal tract and evolved gas problems occur within this zone.  In addition, protection must be provided against decreasing temperature.   


     


	Space-Equivalent Zone.  From a physiological viewpoint this zone begins when 50,000 feet is reached since supplemental oxygen (100%), even when supplied under pressure, no longer protects one from the problem of hypoxia. The means of protecting a person above 50,000 feet are such that they will also offer protection in true space (i.e., pressure suits, sealed cabins); hence, the name of this zone is quite applicable.  The only additional physiological problems occurring within this zone, which extends from 50,000 feet to 120 miles, are possible radiation effects and the boiling of body fluids in an unprotected individual.  Boiling of body fluids will occur when the total barometric pressure is less than the vapor pressure of water at 37oC (47 mmHg) which is reached at 63,500 feet (Armstrong’s Line).





THE GAS LAWS





	The physical laws governing the behavior of a gas describe its volume changes in response to changes in pressure and temperature, its behavior in solution, and its ability to diffuse.  Since air is a mixture, each gas behaves independently and the gas laws apply to both mixtures and individual gases.  These laws are reviewed to help in the understanding of respiratory gas exchange, oxygen deficiency and the problems of decompression sickness and trapped gas expansion.





Boyle's Law


	At a constant  temperature, the  volume of  a gas  is inversely proportional to the pressure to which it is subjected.  Expressed mathematically, Boyle's Law states that:





				P1/P2 = V2/V1 where





where: 		Temperature is constant


         		P1 = initial pressure 		P2 = final pressure


		V1 = initial volume 		V2 = final volume	











In dealing with gas expansion in the hollow organs of the body a correction must be made for the ever present water vapor tension of 47 mmHg.  Therefore, the expression of gases according to Boyle's Law becomes:





 (P1 -47 mmHg)/(P2 -47 mmHg) = V2/V1





    P1, P2, V1, and V2 are as above and 47 mmHg is water vapor pressure at body temperature.





Dalton's Law


	The pressure exerted by each gas in a gaseous mixture is independent of other gases in the mixture, and the total pressure of the mixture is equal to the sum of the partial pressures.  Mathematically Dalton's Law can be presented as:





PT = P1 + P2 + P3 + . . . Pn





where:		  	PT = total pressure of mixture


         			P1, P2, P3, = partial pressures of individual gases


         			n = total number of gases present.





The atmosphere can be considered as a two-gas mixture and the simplified expression becomes:





PT = PN2 + PO2





where:			PT = Total barometric pressure at any altitude


         			PN2 = partial pressure of nitrogen (79% of PT)


         			PO2 = partial pressure of oxygen (21% of PT)





By demonstrating a decreased PO2 with increased altitude, this principal explains the problem of hypoxia.





Henry's Law


	The amount of a gas dissolved in a given liquid with which it does not combine chemically is directly proportional to the partial pressure of the gas above the liquid.  Hence, when equilibrium is attained, the dissolved gas tension will equal the partial pressure of the gas in the atmosphere to which a solution is exposed.  The absolute amount (number of molecules) of gas dissolved depends on both the partial pressure and the solubility of the particular gas in a given liquid.  Therefore, if a very soluble gas and a very insoluble gas are exposed to the same solution at identical partial pressures, the tension of dissolved gases will be identical.  However, the absolute quantities of gases in solution will differ in direct proportion to their solubilities.  Henry's Law and gas solubilities describe a purely physical process; however, in the human there are further factors which influence and modify the process of gas uptake and elimination.  These factors, including different types of fluids and tissues, hemoglobin, varying blood flow to different areas, and capillary distribution must be considered.  Henry's Law can be expressed mathematically as:





P1/P2 = A1/A2 





where:			P1 = initial partial pressure of a given gas


         			P2 = final partial pressure of the same gas


         			A1 = initial amount of gas dissolved in a given solution


         			A2 = final amount of the gas dissolved in the same solution





This principle helps explain decompression sickness caused by gas being released from solution into bubbles following a reduction in total pressure over the solution.





The Law of Gaseous Diffusion


	A gas will diffuse across a semipermeable membrane (alveolar, capillary, etc.) from an area of high concentration (partial pressure) to an area of lower concentration (partial pressure).  This self-evident statement simply describes the process by which gas exchange occurs at the alveolar-capillary junction and the capillary-tissue junction.  It is important to remember that each gas in a mixture behaves independently and therefore different gases will diffuse in opposite directions at the same location and time if their partial pressure gradients are in opposite directions.





Avogadro's Law


	This law states that the same volume of gases at the same temperature will contain the same number of molecules.  A liter of oxygen at a pressure of 760 mmHg and a temperature of 20oC will contain exactly the same number of molecules as a liter of CO2 or of any other gas under these same conditions.





Charles' Law


	The pressure of a gas varies directly with its temperature, volume remaining constant, and the volume of a gas varies directly with its temperature, pressure remaining constant.  If the volume of a gas is kept constant, as in a gaseous oxygen system on an aircraft, as the temperature decreases the pressure will also decrease.  Expressed mathematically:





P1T2 = P2T1  or P1/P2 = T1/T2   where volume is constant





Absolute Temperature


	The temperature, when working with the gas laws, refers to absolute temperature. Absolute temperature is arrived at by adding 273 to the Centigrade temperature.  Therefore, 10oC equals 283oA (absolute).  Absolute temperature may also be expressed as degrees Kelvin (oK) since the absolute temperature scale is known as the Kelvin scale, or in degrees Rankin (oR) by


adding 460 to the Fahrenheit Scale.


    


	The behavior of gases in the human lungs and other organs can be explained on the basis that gases are composed of discrete particles (molecules) constantly in motion in straight lines and with great velocity (kinetic hypothesis).  Pressure or tension of a gas is due to the bombardment of the walls of the containing vessel by the constantly moving molecules.  Anything that affects the bombardment will affect the pressure.  The above laws express the factors of greatest physiological importance.











PHYSIOLOGY OF RESPIRATION





Introduction


	The chief purpose of the respiratory process is to supply the lungs and, subsequently, the blood and tissues with adequate oxygen and to eliminate the carbon dioxide that is generated by the metabolism of the body tissues. A homeostatic state is maintained in spite of a wide variety of conditions and activities. Respiration, in conjunction with the renal system, also plays a role in maintaining the acid-base balance of the body within narrow limits under normal environmental conditions.  However, in chronic hypoxic environments, the kidney is the major factor in this regard, and is important in the process of altitude acclimatization.


    


	Respiration may be divided into three general categories-namely, the ventilation phase, the transport phase, and the utilization phase. The ventilation phase involves the exchange of gases between the external or ambient atmosphere and the alveolar air, and between the alveolar air and the blood in the pulmonary capillaries. The transport phase depends on an adequate cardiovascular system and on blood constituents for transporting the respiratory gases in adequate quantities between the lungs and tissues. The utilization phase of respiration involves the exchange of gases between the cells of the body and the blood in the tissue capillaries, and the utilization of oxygen in metabolic processes.


�
Ventilation Phase of Respiration


	The total volume of air in the lungs (total lung capacity) is subdivided as shown in Figure 2-1. These subdivisions are important in the study of pulmonary function in health, in disease, and under abnormal environmental conditions such as pressure breathing. The end of a quiet expiration is the usual reference point when making quantitative measurements of these divisions.


    


	At the end of quiet expiration, the elastic recoil force of the lung is approximately balanced by expansile tendency of the chest wall. It, therefore, is often called the equilibrium point. There are four primary lung volumes as shown in the related illustration. Combinations of two or more primary lung volumes are known as lung capacities. These sometimes reflect the functional compartments of the lung more accurately than do the lung volumes.


    


	The definitions and average normal values, measured in the resting state and at BTPS (gas volume in the lung existing at body temperature and atmospheric pressure and completely saturated with water vapor at body temperature) for the primary lung volumes are as follows: 








�


Figure 2-1. Standardization of Terms Used in Respiratory Physiology.








Tidal volume is the volume of air exchanged in one breath.  The resting tidal volume is ~500 ml.


Inspiratory reserve volume is rarely referred to since it is quite variable, depending on the amount of the tidal volume.  It is the maximum amount of air that can be inspired at the end of a resting inspiration.


Expiratory reserve volume is the maximum amount of air that can be forcibly expired following a normal expiration. The average value is about 1200 ml.


Residual volume is the amount of air remaining in the lungs following a maximum expiratory effort. The average value is about 1200 ml, and constitutes 20 to 25 percent of the total lung capacity.





	There are also four major lung capacities:  


Total lung capacity is the sum of all four of the primary lung volumes and averages ~6000 ml. Inspiratory capacity is the maximum volume of air that can be inhaled from the end of a quiet expiration (the sum of the tidal volume and inspiratory reserve volume). The average value is about 3600 ml.


Vital capacity is the maximum amount of air that can be exhaled from the lungs following a maximum inspiration. The average value is about 4800 ml. It is the sum of the inspiratory reserve volume, tidal volume, and expiratory reserve volume.


Functional residual capacity is the amount of air remaining in the lungs following a normal tidal expiration.





	Measurements of all lung volumes and capacities can be made with a spirometer or special helium dilution techniques. The values given for the lung volumes and capacities are approximations only. The values are affected by the age, sex, height, and weight of the subject; more accurate values may be calculated for individual subjects by using regression formulas which take these variables into account. When regression formulas are used to predict the normal values, the results are often given as "percent of predicted normal."


    


	Knowledge of pulmonary physiology has increased rapidly in recent years. A significant number of advances have resulted from research associated with aviation physiology. A brief summary of some important concepts follows. The major physiologic functions of the lungs can be grouped under three main headings; namely; ventilation, diffusion, and perfusion:


    


	Ventilation may be defined as the mass movement of air in and out of the lungs, or the process by which alveolar air is periodically mixed with atmospheric air. Adequate ventilation depends upon the creation of a pressure gradient between the alveoli and the external atmosphere by the bellows action of the chest and diaphragm acting upon the lung. The patency of the airways, the integrity of the "respiratory center" in the medulla, the strength of the intercostal and abdominal muscles and the diaphragm, and the elastic characteristics of the lung and thorax systems are important factors in the maintenance of adequate ventilation. In addition, distribution of the inspired gases throughout the lung is of great importance.


    


	The presence of bronchial secretions, bronchiolar narrowing, or masses occluding some of the airways will cause the alveoli to be unevenly ventilated. Some will be normally ventilated or hyperventilated, and others will be underventilated. Uneven distribution of inspired air may cause the lung to function as a group of compartments, each ventilating at its own rate. For example, about 50 percent of normal people show relatively slow ventilation of a lung compartment equaling 10 to 50 percent of the functional residual capacity. In individuals with severe obstructive emphysema, as much as two-thirds of the functional residual capacity may receive only 10 percent of the total ventilation.


    


	Diffusion of gases across the alveolar-capillary wall refers to the mechanism by which the respiratory gases are transferred from the alveolar air to the blood in the pulmonary capillaries and vice versa. Carbon dioxide diffuses across the alveolar wall about 20 times as rapidly as oxygen. However, the pressure gradient of oxygen across the alveolar membrane is normally about 10 times as great as the pressure gradient of CO2. The presence of fibrosis, granuloma, edema or exudate in the alveoli or in the alveolar-capillary wall interferes markedly with the process of diffusion and may result in hypoxia or CO2 retention, or both.  Certain types of diffusion abnormalities, such as granulomatous involvement of the alveolar wall in pulmonary sarcoidosis, are referred to as "alveolar-capillary block syndromes."


    


	In diseases leading to abnormalities of diffusion, oxygen diffusion is generally impaired earlier and to a greater degree than is CO2 diffusion, which is due chiefly to the much greater diffusibility of CO2 across the alveolar-capillary membrane.  Thus, by increasing the minute volume of ventilation, normally functioning areas of lung may compensate for CO2 retention in diseased areas. On the other hand, for end-capillary blood in the pulmonary circulation to become adequately saturated with oxygen, the oxygen must diffuse across the alveolar membrane through the interstitial fluid and the capillary endothelium.  Within the capillary, the dissolved oxygen must then diffuse through the plasma, the red blood cell membrane and the intracellular fluid within the red cell to combine with the hemoglobin. Thus, oxygen must diffuse from a gaseous state in the alveoli to a dissolved state within the alveolar membrane and the pulmonary-capillary tissues and fluids. The solubility of a gas, as well as its partial pressure, greatly influences its diffusion characteristics. Carbon dioxide is about 25 times more soluble than oxygen in pulmonary tissues and fluids and, as indicated above, its capacity for diffusion is about 20 times greater than oxygen.


    


	Perfusion of blood through the lung capillaries is not always uniform, even in normal individuals. In various disease states, blood flow through the lung may vary greatly from one area to another. Uneven perfusion of the lungs with blood may become a very serious matter when combined with uneven ventilation of the lung. Some areas of lung may be well-ventilated but poorly perfused. These areas merely increase the dead space and do not contribute to gas exchange. Other areas may be well-perfused but poorly ventilated. These areas act virtually as right-to-left vascular shunts since the blood flowing through them retains its venous character.


    


	Disturbances of ventilation-perfusion relationships may occur during flight when G forces act on the lung during acceleration, causing redistribution of the blood flow to the lungs. For example, during exposure to +Gz forces, the lower lobes would become somewhat engorged. During exposure to -Gz forces, the apical regions would become engorged.  Other ventilation- perfusion disturbances can result from pressure breathing.





Composition of Respired Air


	Dry atmospheric air contains 20.9 percent oxygen, 79.02 percent nitrogen, and 0.03 percent carbon dioxide by volume.  Included with the nitrogen are small amounts of rare gases that apparently have no physiological significance. The relative percentage composition of dry atmospheric air does not vary appreciably with altitudes up to 80,000 feet or about 15 miles.  Above these altitudes, the percentage of oxygen very gradually decreases and the percentage of the trace gas helium increases slightly because of their molecular weights and the influence of gravity. There are no significant variations with latitude (see Table 2-1).   


    


	Quantities of gas at various altitudes expressed in percentages of the atmosphere have little significance, for percentage represents the relative volume of a gas and not its molecular concentration. Since molecular concentration determines the availability of the gas to the body, the actual concentration of any gas is best expressed in terms of partial pressure. The partial pressures of the other gases may be similarly calculated. Table 2-2 summarizes the barometric pressure of the atmosphere at various altitudes.





Composition of Pulmonary Air


	The atmospheric air that is drawn through the nasal passages into the trachea becomes saturated with water vapor.  Furthermore, it mixes with the alveolar air. One must visualize in the alveoli an interface, across which gaseous interchange occurs between the air previously present in the alveoli and that which has newly entered. The newly entered air "delivers" oxygen and "receives" carbon dioxide, whereas that already present in the alveoli "receives" oxygen and "yields" carbon dioxide.  Therefore, expired air contains less oxygen and more carbon dioxide than does inspired air which normally is essentially free of carbon dioxide. Expired air does not give a true picture of the conditions that exist in the alveoli, since it is a mixture of air from the alveoli and from the dead space. The partial pressure of oxygen in the alveoli determines how much oxygen reaches the blood and tissues. The pressure of oxygen in the trachea varies with the percentage of oxygen in the inspired air and the barometric pressure, and is given by the following equation:





(1)      PTO2 = FIO2 (PB - 47), where





         PTO2 = tracheal oxygen tension in mmHg


         FIO2 = fraction of inspired oxygen (0.209 for air)


         PB = ambient barometric pressure in mmHg


         47 = vapor tension of water in mmHg at 37oC





	The pressure of oxygen in the alveoli also varies with the carbon dioxide tension. The carbon dioxide tension will decrease as the individual begins to hyperventilate with the onset of hypoxia, but the range of variation is small as compared to the extensive changes in alveolar tension. The water vapor in the alveolar air remains constant. The equation for calculating the alveolar oxygen tension, when inspired carbon dioxide is essentially zero, is:





(2)      PAO2 = (PB - 47) FIO2 - PACO2 [FIO2 + (1 - FIO2)/R] 





         or





(3)      PAO2 = PTO2 - PACO2 [FIO2 + (1 - FIO2)/R]     where      





         PAO2 = alveolar oxygen tension in mmHg


         PACO2 = alveolar carbon dioxide tension in mmHg


         R =  respiratory  exchange ratio  (carbon  dioxide


              given off/oxygen taken up)





         When R is unity, equations (2) and (3) reduce to:





(4)      PAO2 = (PB - 47) FIO2 - PACO2                     





When breathing 100 percent oxygen at any altitude PAO2 is closely approximated by the following equation:





(5)      PAO2 = (PB - 47) - PACO2                        





since oxygen, carbon dioxide and water vapor are the only gases which, for all practical purposes, occupy lung volume. Assuming that nitrogen washed out from the tissues is insignificant compared to oxygen volume. The partial pressures of the gases in the alveoli at sea level and at various altitudes, when breathing air and when breathing 100 percent oxygen, are shown in Table 2-3 which provides a comparison of the equivalent altitudes at which the alveolar gas compositions are essentially the same.


    


	When one is breathing pure oxygen at 33,700 feet, the partial pressure of oxygen in the alveoli is the same as the pressure at sea level when breathing air. Above 34,000 feet, the partial pressure of oxygen in the lungs begins to fall below the pressure at sea level, even though 100 percent oxygen is breathed. At altitudes greater than 40,000 feet, the partial pressure of oxygen decreases rapidly and falls below the limit that maintains the body in a physiologically safe condition.


    �
TABLE 2-3. TABLE OF PULMONARY GASES AT EQUIVALENT ALTITUDES


WHEN BREATHING AIR OR PURE OXYGEN





�








	For the unacclimatized human, an alveolar oxygen tension of less than 50 mmHg is considered as approaching a severe state of hypoxia and an oxygen tension of 30 mmHg is not adequate for supporting consciousness; thus, collapse is imminent.  Theoretically, at a barometric pressure of 87 mmHg  (50,000 feet), with a normal carbon dioxide tension in the lungs of 40 mmHg plus the water vapor tension of 47 mmHg, even when breathing pure oxygen, the alveolar oxygen tension is reduced to zero and approaches a true state of anoxia. At 63,000 feet where the barometric pressure is 47 mmHg, the lungs are completely filled with water vapor, theoretically, leaving no available room for other gases.  Actually, under such a condition as this, not only is there the theoretical tendency for the body fluids and venous blood to boil, but offgassing of all dissolved gases in the venous blood, including oxygen, carbon dioxide, and nitrogen will proceed outward at a vigorous rate through the lungs. This offgassing process becomes most extreme under conditions of a vacuum, such as in space flight conditions where the ambient barometric pressure is essentially zero. The term ebullism has been suggested for this unusual boiling phenomenon and unique medical syndrome. The altitude where ebullism occurs, 63,000 feet, is called Armstrong's line.


    


	At sea level, the combined pressure of PCO2 and water is 87 mmHg and occupies 87/760 or 11 percent of the lung volume; oxygen occupies 103/760 or 14 percent; and nitrogen 75 percent.


     


	At 18,000 feet, PCO2 equals 31 mmHg, PH2O remains 47 mmHg, and barometric pressure is 380 mmHg. At this level (31 + 47)/380 or 21 percent of the lung volume is occupied by carbon dioxide and water vapor. Water vapor alone occupies about 50 percent of the lung volume at an altitude of 47,000 feet and, without hyperventilation at this altitude, less than 15 percent of the volume is available for oxygen.  





	Between 30,000 and 40,000 feet, the automatic pressure-demand oxygen regulators are designed to deliver 100 percent oxygen under a slight "safety" pressure (3 to 4 mmHg) to prevent inboard mask leakage. At altitudes above 40,000 feet, the positive pressure delivered to the mask increases with increasing altitude, as shown in Table 2-4.





	It can be noted that, at 50,000 feet, a positive pressure of about 30 mmHg is transmitted to the mask, resulting in a tracheal PO2 of about 70 mmHg, provided there is no excessive mask leakage. This is equivalent to breathing oxygen at 44,000 feet or breathing air at 18,000 feet. In all of these cases, a severe degree of hypoxia is being compounded still further at 50,000 feet by the high degree of unsupported pressure breathing and its effect on the cardiovascular system.  For these reasons, this type of pressure breathing at altitudes above 45,000 feet provides inadequate protection except for brief periods, in extreme emergencies, followed by immediate descent. For adequate  protection the pressure suit is mandatory to effectively bring the equivalent altitude for pulmonary oxygenation below 40,000 feet.








TABLE 2-4. TRACHEAL PARTIAL PRESSURE OF OXYGEN (mmHg)


INSPIRING 100 PERCENT OXYGEN, WITH AND WITHOUT PRESSURE BREATHING.





		Barometric  	Tracheal PO2  	Breathing Pressure   	Tracheal PO2


 Altitude   	Pressure     	100% O2       		Using Standard    	Using Standard


                                      				Air Force Oxygen  	Air Force Oxygen


                                         				Equipment         	Equipment


_________________________________________________________________________


  40,000      	141          	94              		 4-8             		98-102


  43,000      	122          	75              		11-14       		86-89


  45,000      	111          	64              		15-18            		79-81


  48,000       	96          	49                		23              		72


  50,000       	87         	40                		30               		70


_________________________________________________________________________








Blood Transport of Oxygen


	The oxygen which has diffused from the alveoli is transported by the blood by two different methods: a. as physically dissolved oxygen in the plasma and b. as oxygen chemically combined with the hemoglobin molecules.


    


	Physically dissolved oxygen normally plays a small role in oxygen transport because of its low solubility in the plasma.  The solubility coefficient for oxygen in aqueous solutions such as plasma at body temperature is 2.44 ml O2 per 100 ml plasma per atmosphere (760 mmHg) O2 pressure. Therefore, at the usual oxygen tension of 95 mmHg in arterial blood only 0.3 ml of oxygen will be dissolved in 100 ml of plasma.


    


	Most of the oxygen is carried in the red blood cells (RBC) in combination with hemoglobin as oxyhemoglobin (HbO2). Hemoglobin which is not combined with oxygen is called reduced hemoglobin (HHb). One gram of hemoglobin is capable of combining with 1.34 ml of oxygen. In a normal human who has a hemoglobin content of 15 grams per 100 ml, the blood is capable of carrying 20.1 volume percent of oxygen as oxyhemoglobin, in addition to the comparatively small amount dissolved in the plasma. Although hemoglobin is capable of combining with this amount of oxygen, it does not normally do so because the partial pressure of oxygen in inspired air might not be high enough to result in complete saturation. The extent to which hemoglobin combines with oxygen is usually expressed as the percentage saturation, and is illustrated by the following formula:





		Percent oxygen saturation = oxygen content     X 100


						 oxygen capacity





Oxygen Dissociation Curve


	In Figure 2-2 a family of oxygen-hemoglobin dissociation curves is presented. From these curves it can be seen that the blood leaves the pulmonary capillary bed with the hemoglobin about 98 percent saturated. Even if the alveolar PO2 is reduced by 20 mmHg, the saturation is reduced by only three to four percent.  In the tissue capillaries, however, a small decrease in oxygen tension causes changes in the dissociation curve which result in a large quantity of oxygen being made available to the tissues.  The upper section of the dissociation curves remains relatively flat through an oxygen tension change of 40 mmHg; thus, when the alveolar PO2 falls from 100 to 60 mmHg the blood saturation is reduced by only about eight percent. As the oxygen tension continues to fall, however, an additional reduction of 30 mmHg results in a precipitous drop in blood saturation to 58 percent. 


    


	Thus, the characteristic shape of the dissociation curves accounts for the relatively mild effects of hypoxia at low altitude and the very serious impairment of function at higher altitudes.





Influence of the CO2 Partial Pressure


	The carbon dioxide content of the blood exerts a significant influence upon the oxygen dissociation curve (the Bohr effect).  An increase in CO2 shifts the dissociation curve to the right, while a decrease results in a shift to the left. Bancroft demonstrated that this influence of CO2 is chiefly a consequence of changes in pH and the similar changes can be produced by other acids.  The influence of CO2 on the curve is of considerable physiological significance. In the lung, as CO2 is released, the curve is shifted to the left so that at a given partial pressure of oxygen, more oxygen combines with hemoglobin. In the systemic capillaries the curve is shifted to the right and, at a given partial pressure of oxygen, more oxygen is released from hemoglobin to diffuse into the tissues.


   

















�





Figure 2-2. Oxygen Dissociation Curves for Human Blood








Influence of Temperature


	As temperature rises, the curve is shifted to the right.  The physiologic value of this effect is realized during exercise wherein the temperature of the active muscles increases, resulting in an increased release of oxygen at any given oxygen partial pressure in the tissues. A decrease in temperature shifts the curve to the left permitting less oxygen to be released from hemoglobin at a given oxygen tension. This temperature effect may have clinical significance in that exposure to cold, especially of certain body regions, may decrease the oxygen supply to the involved tissues, a circumstance which would aggravate any impairment of circulation imposed by a local vascular disorder.


    


	Under physiological conditions with a normal position of the oxyhemoglobin dissociation curve, the arterial blood partial pressure of oxygen is 95 mmHg, it contains about 20.0 volume percent 02, and the hemoglobin saturation is approximately 98 percent.  At the capillaries, the partial pressure of oxygen in the tissues is less than the arterial partial pressure, resulting in removal first of plasma (dissolved) oxygen to the tissue by simple diffusion down the pressure gradient. The loss of plasma oxygen reduces its partial pressure in the plasma; O2 is released from the hemoglobin since the association of oxygen with hemoglobin depends on the plasma partial pressure. From the hemoglobin, the oxygen diffuses into the plasma and then into the tissues until there is no longer a pressure gradient. The blood entering the pulmonary artery has a PO2 of about 40 mmHg and O2 content of 14-15 volume percent and is approximately 75 percent saturated.  Therefore, there is a drop-off of 5 to 6 ml O2 per 100 ml of blood from arterial to mixed venous blood.


    


	The amount of oxygen extracted from the blood depends on the metabolic level of the particular tissue. The higher the metabolic rate, the lower the tissue oxygen partial pressure, and consequently more oxygen will dissociate from hemoglobin. The effect is potentiated by the effects of pH and the partial pressure of carbon dioxide so that with a decrease in pH, at a given tissue oxygen partial pressure more oxygen will dissociate from hemoglobin.





Transport of Carbon Dioxide (CO2)


	Before the transportation of CO2 is considered, a review of the fundamentals of acid-base chemistry will be presented. The relative acidity or alkalinity of the blood plays an important role in the maintenance of normal body activity, and the blood CO2 content is a significant factor regulating the blood acid-base level.


    


	A very small amount, about 5 percent, of the CO2 presented to the blood is carried in simple solution. Most of the CO2 is carried as the bicarbonate ion (70 percent) with the remainder (25 percent) in combination with protein (carbamino). Shifting the blood acid-base balance is pathologic in itself; it also changes the slope of the HbO2 dissociation curve. An excess of bicarbonate would move the HbO2 curve to the left (curve pH = 7.6 in Figure 2-2) and increase the affinity of hemoglobin for oxygen. Conversely, an increase in the carbonic acid component, which results from an increase in the blood partial pressure of CO2, favors the dissociation of oxygen from hemoglobin (curve pH = 7.2 in Figure 2-2). This is a very desirable situation since body tissues are continually producing CO2 and eliminating it into the bloodstream. It increases the blood CO2 partial pressure at the capillary tissue level, thereby accelerating the dissociation of oxygen from the Hb and making more oxygen available for diffusion into the tissue.


    


	The association of CO2 with Hb to form HbCO2 (carbamino hemoglobin) is another important factor influencing the dissociation of oxygen from Hb at the tissue level and making more oxygen available for diffusion into the tissue. A fraction of the CO2 eliminated by the tissues enters the red blood cell and the following reaction takes place (to the right):





CO2 + HbO2 <- -> HbCO2 + O2





	At the lung level this reaction proceeds to the left. The oxygen diffusing into the blood stream from the alveoli accelerates the dissociation of CO2 from hemoglobin, thereby enhancing the elimination of carbon dioxide into the lungs. This is called the Haldane effect.


�



Summary of Transport Phase


	The relationship between the oxygen dissociation curve, arterial and venous oxygen saturations, and equivalent altitudes in terms of the alveolar oxygen and carbon dioxide tensions is shown in Figure 2-3 where the values from Table 2-3 have been used. The normal oxygen dissociation curve (pH 7.4) indicates the arterial and venous points under sea level conditions and shows that from arterial (A) to venous blood (V), the saturation decreases to approximately 70 percent with a decrease in oxygen content of about 6 volumes percent. At 20,000 feet while breathing air, or at 45,000 feet while breathing oxygen, the dissociation curve shifts slightly to the left because of the hypoxic hyperventilation which decreases carbon dioxide and increases pH. Here, the arterial saturation (A') is about the same as for venous blood (V) under sea level conditions. To deliver six volumes percent of oxygen to the tissues, blood flow remaining constant, the blood saturation must decrease to almost 40 percent saturation (V') with an oxygen tension of not much more than 20 mmHg. By increasing the blood flow, for example, by doubling the cardiac output, the same quantity of oxygen can be delivered to the tissues with a net effect of decreasing the oxygen content by three volumes percent and raising the venous oxygen saturation and tension to about 55 percent and 26 mmHg, respectively. Both the cardiovascular and ventilatory responses to hypoxia are important compensatory adjustments.


    


	Furthermore, Figure 2-3 shows that, at the critical hypoxia levels above 18,000 feet while breathing air, and at 44,000 feet while breathing oxygen, the arterial saturation points lie on the steep portion of the dissociation curve where the oxygen tensions are between 30 and 40 mmHg. It is in this region of the curve that even a small decrease in the barometric pressure can result in a striking decrease in the arterial oxygen saturation. This is particularly true when breathing pure oxygen above 44,000 feet; each mmHg change in the barometric pressure represents the same change in the oxygen tension, and a change of only 2 to 3 mmHg can be the difference between consciousness and unconsciousness. This same concept holds true when pressure breathing at these or higher altitudes (with a tight or leaky oxygen mask). Under these conditions, every mmHg of oxygen counts, and even a slight drop in the mask pressure will immediately cause the arterial oxygen saturation to slide sharply down the dissociation curve to a dangerously low level. It is interesting to compare this type of situation with a change in altitude from sea level to 10,000 feet while breathing air. In this case, a decrease of 40 mmHg in oxygen tension has only a slight effect on the arterial oxygen saturation which decreases to about 90 percent. This important characteristic permitting humans to function effectively in a fairly broad pressure environment is the very basis for the design of cabin pressurization systems which allow considerable latitude in the selection and control of pressure differentials for the cabin.





Gas Exchange in the Tissues


	Within the body tissues there is a partial pressure of O2 less than 30 mmHg and a partial pressure of CO2 greater than 50 mmHg. The partial pressure of oxygen in the arterial blood is approximately 100 mmHg and the arterial partial pressure of carbon dioxide is approximately 40 mmHg. Because of these pressure differentials, O2 diffuses across the capillary tissue junction from the blood to the tissues and CO2 from the tissues to the blood. The mixed venous blood leaving the tissues has a partial pressure of O2 of 40 mmHg and a partial pressure of CO2 of 46 mmHg. The HbO2 dissociation curve indicates that at a partial pressure of O2 of 40 mmHg, Hb is approximately 75 percent saturated. Therefore, approximately 25 percent of the O2 carried by Hb in arterial blood was delivered to the tissues. During conditions of severe exercise the venous HbO2 saturation will drop to values much lower than 75 percent due to the increased oxygen requirements of the body tissues. In such cases of exercise, the increased tissue requirement for oxygen is accommodated for by respiratory and cardiac rates which increase the minute volume of blood, and therefore, of O2 presented to the tissues. In addition, greater amounts of O2 will diffuse into the tissues from the blood because:  a. accelerated tissue metabolism and O2 utilization lower the tissue oxygen partial pressure, creating a greater blood-to-tissue pressure differential and b. increased CO2 formation in the tissues lowers the pH, shifting the oxygen dissociation curve to the right which, in turn, increases the release of oxygen from the hemoglobin.
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Figure 2-3. Oxygen Dissociation Curves. The figure demonstrates the normal dissociation curve (pH 7.4) and the points on the shifted dissociation curve at various equivalent altitudes, breathing air or oxygen. The volume percent scale is based on a blood oxygen capacity of 20 volumes percent (data from Table 2-3).   


TABLE 2-5. PHASES OF RESPIRATION.





                   MIXED VENOUS BLOOD              ARTERIAL BLOOD


__________________________________________________________________


  O2


     Content            14 vol%                       		19 vol%


     Tension            36 mmHg                     		100 mmHg


     Physical Sol      0.1 vol%                     		0.24 vol%


__________________________________________________________________


  CO2


     Content            54 vol%                       		49 vol%


     Tension            46 mmHg                       		40 mmHg


     Physical Sol      3.0 vol%                      		2.5 vol%


__________________________________________________________________


  Hemoglobin


     Content            15 gram%                      		15 gram%


     Oxy Hgb          70 %                          		96%


     Hgb                 30 %                           		4%


__________________________________________________________________














CONTROL OF RESPIRATION





Neural Control


	Physiological Anatomy. The periodic and rhythmic characteristics of respiration are maintained by means of relatively well-defined nervous pathways between the lungs and respiratory muscles and the brain. The seat for this neural control of respiration is located in the medulla oblongata. Within the compact, definitively located segment of the medulla, is the respiratory center; two subcenters or aggregations of nerve cells are discernible. These are the inspiratory and expiratory centers. It is believed that the inspiratory center is located caudal to the expiratory center. In the pons are located specialized nerve cells which also influence respiratory activity. This higher center is sometimes referred to as the pneumotaxic center. 


    


	Innervating the lungs are branches of the vagus nerve. The fibers of the vagus nerve carry impulses from the lungs to the respiratory center. They enter the brain stem at the level of the medulla. The phrenic nerves, whose fibers originate from cells in third and fourth cervical segments of the spinal cord, propagate impulses from the respiratory center to the diaphragm. The intercostal nerves carry nerve impulses from the respiratory center to the intercostal muscles via their respective spinal levels.   


    


	In addition to the vagus, there are other afferent nerves which influence respiratory activity. These nerves originate in the chemoreceptors of the aorta and carotid arteries (see below), in the pneumotaxic center and in higher brain centers.


    


	Physiology. The Hering-Breuer reflex is the classical explanation of the manner in which nervous control of respiration proceeds. This theory has received considerable discussion in texts and is the subject of much controversy. It will be presented here as the most clear-cut, schematic representation available of what actually takes place during the respiratory cycle. The student is cautioned against categorical acceptance of this explanation and is reminded that the Hering-Breuer Reflex is but one segment of the very diagrammatic discussion of the neural control of respiration presented.


    


	Classically, inhalation is initiated by a discharge of nerve impulses from the inspiratory center via the phrenic and intercostal nerves to the diaphragm and the rib cage.  Inflation of the lungs follows, and the resulting distention of stretching the lung excites the vagal nerve endings; impulses are carried by the vagus to the expiratory center.  The nerve cells of the expiratory center are excited and impulses are propagated to the nerve cells of the inspiratory center which inhibits the action of the inspiratory center and terminates the discharge of impulse down the phrenic and intercostal nerves. The result is a cessation of inhalation and the initiation of exhalation (Hering-Breuer Reflex).  If the vagus nerves are severed, thereby eliminating vagus excitation of the expiratory center, the nerve cells of the inspiratory center will discharge impulses to the higher pneumotaxic center (simultaneously with the nervous discharge down the phrenic and intercostal nerves).  The pneumotaxic center relays a series of impulses to the expiratory center.  Inhibition of inhalation is accomplished in this case without the influence of the vagus.


    


	Many contemporary authors and investigators consider the following account of the neural control of respiration more plausible and in accord with data obtained from animal experimentation.  Under normal conditions of quiet breathing the respiratory movements are regulated by the periodic intrinsic activity of the medullary respiratory center.  Inspiratory impulses are set up within the respiratory center.  These impulses are propagated by the phrenic and intercostal nerves, thus resulting in inhalation.  During the recovery phase of the respiratory center, the propagation of these impulses is minimized and exhalation ensues (it should be noted that there is no direct or positive inhibition of an "inspiratory" center as suggested by the first theory). 


    


	After exhalation the respiratory center is again "auto-excited" by circus or cyclic conductance of the impulse within the center; another volley is sent down the phrenic and intercostal nerves and inhalation is repeated.  This intrinsic respiratory center activity accounts for the periodicity of respiration.  It has been concluded from experimental brain sectioning with animals that the rhythm of respiration is superimposed on the respiratory center by higher centers in the brain.  The role of the Hering-Breuer Reflex is limited here to one of tonically maintaining proper respiratory center excitability, i.e., insuring that the respiratory center's threshold is maintained within normal limits (analogous to the maintenance of continuous braking action on the movement of a vehicle so that it will not attain excessive speeds).  The respiratory center might therefore be considered autonomous.  However, it is normally influenced by other centers, viz., higher centers (including the "pneumotaxic" center) as mentioned above, and impulses    from the chemoreceptors (see below). 


   


	It should be noted that, if the respiratory center is depressed directly (by drugs or disturbance in the levels of blood constituents), its activity may be maintained voluntarily (cerebral influence) or by the driving force of other impulses arriving at the center.





Chemical Control of Respiration


	Variation in the chemical and gas constituents of the blood will effectively alter the respiratory frequency. The most important single factor influencing respiration is the blood CO2 level. Other factors influencing respiration are the acid-base balance and the O2 level of the blood. The way in which each of these affects respiration will be considered.


    


	CO2 Level. It has been realized for quite some time that an increase in the blood CO2 level will increase the rate and depth of respiration, and that a decrease in the blood CO2 level will depress respiration. At sea level (and usually up to 10,000 feet) the alveolar partial pressure of CO2 is relatively constant at 40 mmHg. Any alteration in the alveolar CO2 tension is an indication of a corresponding change in the blood CO2 level. Harmful effects are produced on the body if the alveolar partial pressure of CO2 and, therefore, arterial CO2 tensions vary from the normal level. If such changes should occur, respiratory rate is immediately altered to restore the proper balance. For example, an increase in alveolar partial pressure of CO2 of approximately 3 mmHg results in a respiratory rate 2.5 times normal. Respiratory rate is increased in an attempt to eliminate excessive CO2 and restore the normal level. If the CO2 level drops, respiratory drive decreases.


    


	The site of CO2 activity on the respiratory center has not been definitely localized. It is possible that CO2 may directly excite the nerve cells of the respiratory center, or that CO2 may excite certain specialized chemoreceptors (nerve endings sensitive to changes in blood gas and acid-base concentrations) in the brain stem (near the roots of the 9th and 10th cranial nerves), which in turn influence the respiratory center. In any event an increase in the CO2 content of the blood and an increase of spinal fluid H+ ions perfusing the brain, will increase respiration; a decrease will slow it down. Inspired CO2 in excess of 10 percent may reduce respiratory volume due to an anesthetic effect on the respiratory center.


    


	The blood CO2 level also has a lesser affect on the respiratory center through the peripheral chemoreceptors in addition to the direct effect of CO2 on the respiratory center (see below). An increase in blood CO2 will thereby stimulate respiration reflexly.


    


	Acid-Base Balance. Alteration of the blood pH will change the slope of the HbO2 dissociation as indicated in Figure 2-2. Blood pH is altered when the CO2 concentration deviates from normal. When the CO2 level is raised, there is an increase in the H2CO3 (acid) content in relation to the HCO3- (base) and blood acidity rises. This increase in acidity affects the respiratory center directly, accelerating respiration. Similarly, respiration is depressed when there is a decrease in the blood CO2 level, and therefore a decrease in blood acidity.


    


	Oxygen level. The respiratory center is influenced reflexly by special nerve endings, and chemoreceptors, located in the aorta and the carotid arteries. From these receptor cells nerve fibers are sent to the medullary respiratory center. Discharge of impulse from the chemoreceptors �
             


is increased whenever the arterial O2 partial pressure is decreased. Significantly, this


reflex drive of the O2 respiratory center caused by an O2 deficiency (hypoxia) is the most important factor for the maintenance of respiration during hypoxia.  Depression of the blood O2 level also directly depresses the respiratory center. However, the reflex drive of the chemoreceptors supersedes the central depression during periods of oxygen deficiency and exclusively maintains respiration.





 TABLE 2-6. SUMMARY OF CHEMICAL CONTROL OF RESPIRATION





  Factor     	Direct Effect on 				Reflex Effect on


             	Respiratory Center                               	Respiratory Center


                                                  				through Chemoreceptors


____________________________________________________________________________


 CO2 Level   	Increased PCO2 stimulates            		Increased PCO2 stimulates


             	resp ctr (when alv. PCO2             		resp ctr reflexly.


             	increases excessively. 60-70 mmHg,


             	CO2 becomes a depressant.


             	Decreased PCO2 depresses resp ctr.





 Acid-Base   	Increased acidity due to increased   		Increased acid stimulates


 Balance     	PCO2 stimulates resp ctr. 			Decreased  resp ctr reflexly.


             	acidity due to decreased PCO2


             	depresses resp ctr. Increased


             	acidity due to other metabolites


             	stimulates resp ctr.





 O2 Level    	Decrease PO2 depresses resp ctr.     		Decreased PO2 stimulates


                                                  				resp ctr reflexly (predom-


                                                  				inant drive in hypoxia).


____________________________________________________________________________











HYPOXIA





	Hypoxia in aviation is a syndrome that is usually acute and results from inadequate oxygenation of tissues secondary to a decreased partial pressure of oxygen in the inspired air.


    


	Anoxia, meaning literally "without oxygen", is sometimes used synonymously with hypoxia, but it is more exact to use the term "hypoxia," for even in cases of acute altitude sickness the tissues are never entirely without oxygen.


�



Classification of Hypoxia


	There are generally four different classifications of hypoxia, which is defined as oxygen deficiency in the blood, cells, and tissues sufficient to cause impairment of function.


    


	Hypoxic hypoxia. Hypoxia is caused by a decrease of the partial pressure of oxygen in the lungs, or by other conditions that reduce the diffusion of oxygen across the alveolar-pulmonary capillary membrane. Hypoxic hypoxia is the most common type reported in flying. Specific causes include:


	a. Reduced atmospheric pressure that causes a reduced alveolar partial pressure of oxygen 	    (PAO2).


	b. Reduced pulmonary ventilation from any cause.   


	c. Pneumonia (where the collection of fluid in the alveoli hinders oxygen diffusion across  	 	    the alveolar-capillary membrane).


	d. Obstruction of air passages by tumors or strangulation.


	e. Admixture of fully oxygenated blood with venous blood reduces the PO2 of arterial 		   blood in systemic circulation.  The causes of admixture are arteriovenous shunts, 		   thebesian veins, and congenital cardiovascular defects. 


    


	As the arterial oxygen tension declines with altitude, cellular delivery of oxygen is reduced. As blood flows through a capillary, the PO2 continually decreases. Oxygen is supplied to each cell by capillaries and, as oxygen diffuses farther from a capillary, the PO2 may be reduced to such a low value (approximately 1 mmHg) that aerobic metabolism is inhibited. Where metabolism is reduced, cellular function is depressed, and a tissue unit without oxygen, referred to as a lethal corner, may develop. According to this model, the lethal corner would appear first in the cells most distant from the venous end of a capillary.


    


	Hypemic or anemic hypoxia is caused by a reduction in the capacity of the blood to carry a sufficient amount of oxygen because of a decreased hemoglobin content. For example, 1 gram of hemoglobin normally carries 1.34 ml of oxygen, and a normal, healthy human has the capacity to transport 20 vol percent. If the same individual were wounded and the hemoglobin were reduced by one-half due to blood loss, then only 10 vol percent could be transported. In the latter instance there may be insufficient oxygen for the tissues although the blood is fully saturated with oxygen and no cyanosis is present. For cyanosis to occur, over 5 grams of reduced hemoglobin per 100 ml of blood must be present in the capillaries of the skin. Carbon monoxide, nitrates, sulfa drugs, etc., cause the same type of hypoxia by forming stable compounds with hemoglobin and reducing the amount of hemoglobin available to form oxyhemoglobin. 


    


	Histotoxic hypoxia ensues when the utilization of oxygen by the body tissues is hindered. Alcohol, narcotics and certain poisons such as cyanide interfere with the ability of the cells to make use of the oxygen available to them, although the supply is normal in all respects. During histotoxic hypoxia, the venous HbO2 saturation is higher than normal because the oxygen is not being unloaded to the tissues since they are unable to metabolize the delivered oxygen.


    


	Stagnant hypoxia is due to a malfunction of the circulatory system which reduces blood flow through a tissue. While the oxygen-carrying capacity of the blood is adequate, there is an inadequate circulation of the blood. Such conditions as heart failure, arterial spasm, occlusion of a blood vessel, and the venous pooling encountered during positive G maneuvers and pressure breathing would predispose to stagnant hypoxia.


    


	It is evident that all these forms of hypoxia may become problems in flight; but the most frequent and important type of hypoxia encountered in aviation is that caused by breathing air with a low partial pressure of oxygen.





Factors Influencing Hypoxia


	The appearance of the signs and the severity of the symptoms of acute hypoxic hypoxia depend on the following variables:


    a. Altitude.


    b. Rate of ascent.


    c. Duration at altitude.


    d. Ambient temperature.   


    e. Physical activity.


    f. Individual factors:


       1. Inherent tolerance.


       2. Physical fitness.


       3. Emotional state.


       4. Acclimatization.


    


	A high surrounding temperature and physical exertion favor the development of symptoms at lower altitudes. Physical fitness and acclimatization from residence at high altitude raise an individual's "ceiling", while apprehension and lack of adequate physiological compensation by the respiratory and circulatory systems lower it.





Stages of Hypoxia


	For convenience, the symptomatology of hypoxia may be divided into stages related to the approximate pressure, the altitudes, and the oxygen saturations of the blood. As shown in table 2-6 the stages of hypoxia are:


    


	Indifferent Stage. The only adverse effect is on dark adaptation, which is manifest at altitudes as low as 5,000 feet. It emphasizes the need for oxygen from the ground up during night flights especially in the case of fighter pilots. Electrocardiographic changes may occur at altitudes as low as 5,000 feet; there is also an increase in pulse rate and a slight increase in alveolar ventilation. 


    


	Compensatory Stage. Physiological compensations may provide some defense against hypoxia so that effects are latent unless the exposure is prolonged, or unless exercise is undertaken. Respiration may increase in depth or slightly in rate. Cardiac output increases.


    


	Disturbance Stage. In this stage, the physiological compensations do not suffice to provide adequate oxygen for the tissues; latent oxygen want becomes manifest. Subjective symptoms may include fatigue, lassitude, somnolence, dizziness, headache, breathlessness, and euphoria. Occasionally there are no subjective sensations up to the time of unconsciousness. The effect on systems is:


	a. Special Senses. Both the peripheral and central vision are impaired and visual acuity is diminished. Extraocular muscles are weak and uncoordinated, and the range of accommodation is decreased. Touch and pain are diminished or lost. Hearing is one of the last senses to be impaired or lost. 


	b. Mental Processes. Intellectual impairment is an early sign which makes it impossible for individuals to comprehend their own disability. Thinking is slow, and calculations are unreliable. Memory is faulty, particularly for events in the immediate past. Judgment is also poor. Reaction time is delayed.


	c. Personality Traits. There may be a release of basic personality traits and emotions as with alcoholic intoxication. There may be euphoria, elation, pugnaciousness, overconfidence, or moroseness.


	d. Psychomotor Functions. Muscular coordination is decreased, and delicate or fine muscular movements may be impossible resulting in stammering, illegible handwriting, and poor coordination in aerobatics and in formation flying.


	e.  Hyperventilation Symptoms.  (See section on hyperventilation).


	f.  Cyanosis. The color of the skin becomes bluish from the reduction of hemoglobin in the capillaries.











 TABLE 2-7. STAGES OF HYPOXIA





               		________Altitude in Feet_______           	


									Arterial O2


Stage             		Breathing Air     	Breathing 100% O2    Saturation (%)


_____________________________________________________________________


Indifferent      	 0 to 10,000     		34,000 to 39,000       	 95 to 90


Compensatory  		10,000 to 15,000    		39,000 to 42,500        	90 to 80


Disturbance   		15,000 to 20,000    		42,500 to 44,800        	80 to 70


Critical      		20,000 to 23,000    		44,800 to 45,500        	70 to 60


_____________________________________________________________________





     


	Critical Stage. This is the loss of consciousness stage. It may be the result of circulatory failure ("fainter") or a central nervous system failure ("nonfainter," unconsciousness with maintenance of blood pressure). The former is more common with prolonged hypoxia, the latter with acute hypoxia. With either type there may be convulsions and eventual failure of the respiratory center. 


�



Time of Useful Consciousness


	Time of useful consciousness (TUC) is the period of time from the interruption of the oxygen supply or exposure to an oxygen-poor environment, to the time when useful function is lost. The individual is no longer capable of taking proper corrective and protective action. It is not the time to total unconsciousness. Table 2-8 reflects various altitudes with the corresponding average TUC. These times have been established from observations over a period of years. 


    


	These TUCs are for an individual at rest. Any exercise will reduce the time considerably. For example, usually upon exposure to hypoxia at FL 250, an average individual has a TUC of 3 to 5 minutes. The same individual, after performing 10 deep knee bends, will have a TUC in the range of 1 to 1.5 minutes. Although the times in Table 2-8 are often called average TUCs, an average failure is meaningless to a person who has a shorter TUC. There are many individual variations, and there will be variations in the same person. At the higher altitudes, the TUC becomes very short. The danger of hypoxia at high altitude is evident, and the emphasis is on prevention rather than cure.








TABLE 2-8. TIMES OF USEFUL CONSCIOUSNESS





							Time of Useful


				Altitude   		Consciousness





              			FL 180                	20 to 30 Min


              			FL 220                	10 Min


              			FL 250                	3 to 5 Min


              			FL 280                	2.5 to 3 Min


              			FL 300                	1 to 2 Min


              			FL 350                	0.5 to 1 Min


              			FL 400                	1.5 to 20 Min


              			FL 430                	9 to 12 Sec


              			FL 500 and above      	9 to 12 Sec








	A rapid decompression can reduce the TUC by up to 50 percent caused by the forced exhalation of the lungs during decompression and the extremely rapid rate of ascent. The TUC has also been called Effective Performance Time (EPT). It is defined as the amount of time an individual is able to perform flying duties efficiently in an environment of inadequate oxygen supply.





Symptoms of Hypoxia


	The crewmembers' last line of defense against incapacitation from altitude hypoxia, regardless of its cause (mechanical failure of pressurization or other equipment, etc.), is to recognize their own symptoms of exposure to hypoxia. Chamber flights permit students to experience and identify their individual symptoms of hypoxia under safe and controlled conditions. Individuals will experience their own symptoms or combination of symptoms, which will vary with age, physical condition, temperature, and the degree of apprehension. Once experienced, these symptoms of hypoxia can be classified as either objective signs perceived by the observer, or subjective symptoms perceived by the subject. In some cases, a particular reaction may be noticed by both the subject and the observer. 


    


	Objective Signs. Although not all signs are recognized by the subject, they can often be recognized by a chamber observer. These signs include an increase in rate or depth (or both) of respiration, cyanosis, mental confusion, poor judgment, loss of muscle coordination, and unconsciousness. At times they may be noted by the subject and the observer. Behavioral changes, such as an exceptional feeling of well-being or belligerence, may be noticed by the hypoxic individual and by the observer.


    


	Subjective Symptoms. The warning signals most important to the aircrew member are those that can actually be sensed and identified. These symptoms are emphasized as a means to recognize hypoxia during demonstrations in the chamber or during aircraft flight. Subjective symptoms that have been reported are air hunger or oxygen want, a feeling of apprehension, headache, dizziness, fatigue, nausea, hot and cold flashes, blurred vision, tunnel vision, tingling, and numbness. Euphoria and belligerence might be noticed by the subject. Experiencing and remembering these symptoms in the hypobaric chamber should provide for the crewmember a basis for recognizing hypoxia if it happens to the crewmember in an aircraft.


    


	Individual variation in the ability to withstand hypoxia is considerable and accounts for variations in "ceiling." A large part of the tolerance is based on the adequacy of physiological adjustments, especially in breathing. The immediate result of deeper breathing is an increase of partial pressure of oxygen in the lungs and increased alkalinity of the blood. The latter favors uptake of oxygen by the hemoglobin. At such extreme altitudes as 40,000 feet, where 100 percent oxygen must be breathed, the total pressure in the alveoli equals the sum of the partial pressures exerted by water vapor, carbon dioxide and oxygen. (The pressure of the water vapor is relatively constant, tending to correspond to a saturated state of 37oC). Consequently, lowering of the partial pressure of carbon dioxide such as occurs in deep breathing will increase the partial pressure of oxygen in the lungs by an approximately equivalent amount.


    


	Inexperienced personnel collapse more frequently at intermediate altitudes than do experienced individuals. The factors involved in such collapse are primarily psychogenic. The hyperventilation produced by hypoxia ordinarily lowers alveolar carbon dioxide enough to produce only minor symptoms such as dizziness, but it could have more serious effects. However, an individual who is apprehensive may hyperventilate to a greater extent and produce a degree of hypocapnia associated with more marked symptoms. Such hypocapnia, added to the splanchnic vasodilatation, which is a not-infrequent response to fear, may bring about collapse.





Prophylaxis and Treatment of Hypoxic Hypoxia


	The treatment for hypoxia consists in giving 100 percent oxygen by inhalation. The aviator recognizing hypoxia must immediately switch to 100 percent O2 and emergency. Thus, instruction in the proper use of United States Air Force oxygen equipment is imperative. The principal types of oxygen equipment are described and illustrated in a later section.  If respiration has ceased, artificial respiration along with simultaneous use of 100 percent oxygen is indicated. If peripheral circulatory failure persists, the type must be determined and treated accordingly.  


    


	Recovery from hypoxia is rapid when sufficient oxygen is supplied. An individual on the threshold of unconsciousness may regain full faculties within 15 seconds after receiving an abundance of oxygen. Experience has shown that if a hypoxic patient breathes deeply of oxygen, a flash of dizziness may occasionally be experienced, but this phase passes immediately followed by complete restoration of normal function. Performance, however, can be impaired for one to two hours after severe hypoxia.





Pressure Breathing


	Though most high performance aircraft are pressurized, there are times when cabin pressure is lost and the body is exposed to decreased barometric pressure. Above FL 400, gut gas expansion is prevalent, and problems may arise (see later under Cabin Depressurization). Decompression sickness is also possible, even if descent begins immediately upon declaring an inflight emergency.


    


	Hypoxia, however, is the primary acute threat that is of concern and for which protective steps must be taken. To prevent the occurrence of hypoxia above FL 400 feet, some method of increasing the partial pressure of alveolar oxygen must be used. One method is positive pressure breathing (PPB) by using an oxygen system that delivers 100 percent oxygen at greater than ambient pressures. Special pressure breathing equipment is required.


    


	PPB Requirement. PPB as a means of protection against the hypoxia associated with exposure above FL 400 feet is a well-established technique. Its delivery as an emergency procedure during acute, unintentional exposures to high altitude is routine in military air forces throughout the world. The technique has also been adopted for use by flight deck crews in civilian supersonic aircraft. Recently, the acronym "PBA" has come into common usage when describing pressure breathing for altitude protection in contradistinction to the newer technique of pressure breathing for acceleration (G) protection (PBG).


    


	At altitudes above FL 400, 100% oxygen under continuous positive pressure must be delivered in order to prevent hypoxia. In order to maintain total pressure within the lungs at the minimum acceptable level, i.e., at 141 mmHg (FL 400 equivalent), the magnitude of PPB delivered must increase progressively with altitude. For example, at FL 450 where PB=111 mmHg, PAO2 = 39 mmHg, PAH2O = 47 mmHg, and PACO2 = 25 mmHg, a positive pressure of 30 mmHg [141 - (39 + 47 + 25)] is required. Even higher levels of pressure breathing are needed as altitude further increases.


    


	Pressure breathing is not without considerable physiologic penalties of its own, however, and at very high altitudes the level of pressure required to completely prevent hypoxia must be balanced against the potential disadvantages of the pressure. In other words, a compromise must be reached between the magnitude of pressure breathing which is physiologically tolerable and an acceptable degree of hypoxia. For example, a positive pressure of 30 mmHg may be regarded as adequate at FL 500 where PB = 87.3 mmHg. A total alveolar pressure of only 117.3 mmHg would exist in this circumstance.


    


	Physiologic Effects of PPB. The physiologic effects of PPB have been extensively investigated and are well-documented in standard aviation medicine texts. Of primary importance are the effects on the respiratory system, the cardiovascular system, and the head and neck.


    


	Respiratory Effects. In continuous PPB the act of breathing becomes more difficult at increasingly higher pressures. The normal phenomena of active inspiration and passive expiration must be changed to a passive inspiration and a very active expiration.


    


	In clinical settings, intermittent PPB partially compensates for this change in breathing mechanics by using a regulator which delivers oxygen under pressure only during inspiration. Both inspiration and expiration become passive phenomena. This quite commonly leads to a symptomatic hyperventilation, which would be a major disadvantage of intermittent PPB if used in operational flight.


    


	The mean mask oxygen pressure must always be discussed when considering pressure breathing. Mean mask oxygen pressure refers to the average pressure of oxygen at the mask over one complete respiratory cycle. The highest pressure offers the best physiological protection against hypoxic hypoxia. Continuous PPB delivers a mask oxygen pressure nearly equivalent to the pressure delivered by the regulator. Intermittent PPB delivers only one-third to one-half the peak mask pressure. Therefore, the highest mean mask oxygen pressure is obtained with continuous positive pressure breathing.


    


	The efficiency with which the continuous positive pressure can be accepted also depends on the subjective response. If a rapid inspiration is followed by a prolonged expiration, the mean mask oxygen pressure is somewhat higher. There is also an increase in the intrathoracic pressure. This pressure increase restricts the normal flow of blood through the lungs and results in an increased venous pressure.


    


	If the breathing pattern is changed to a prolonged inspiration followed by a rapid expiration, the mean mask pressure of oxygen is slightly lowered but the average intrathoracic pressure is considerably reduced. This latter condition allows higher pressures of oxygen to be used without compromising lung blood flow. With pressures from 15-30 mmHg (8-15 inches H2O pressure), pressure breathing can be continued for a limited period.


    


	With pressures above 30 mmHg, it has been shown that, besides fatigue, other symptoms may occur. Subjects commonly complain of being overinflated, and a concurrent feeling of congestion occurs in the region of the frontal sinuses. At even higher pressures, pain may occur in the ears and in the posterior pharynx, as a result of overdistension. When attempts are made to pressure breathe at 60 mmHg pain in the posterior pharynx is commonly the cause for termination. At pressures between 60 and 100 mmHg there is a likelihood of parenchymal lung damage secondary to overexpansion, unless counterpressure is applied.


    


	PPB normally causes distention of the chest and lungs. The latter are fully distended at a pressure of 20 mmHg and require support by chest counterpressure (CCP) garments when the pressure reaches 80-100 mmHg. Overdistension can be prevented by training in the breathing technique. Nevertheless, there is a tendency for inspiratory reserve volume to fall and expiratory reserve volume to rise.


    


	Pulmonary ventilation may increase by 50% when breathing at a pressure of 30 mmHg. There is also an exaggeration of the ventilation-perfusion (V/Q) mismatch normally seen in the upright lung. Consequently, a fall in total pulmonary blood flow causes a generalized underperfusion of the alveoli throughout the lung. Pulmonary artery pressure rises to a lesser degree than intrathoracic pressure. The result is a greater decrease in perfusion normally seen at the lung apices, i.e., there is an increase in alveolar dead-space. PPB also causes a fall in carbon dioxide tension as a result of true hyperventilation, although this can be minimized by training.


    


	Cardiovascular Effects. The cardiovascular effects of PPB depend upon the magnitude of positive pressure and the time during which it is delivered. The initial effect is peripheral pooling of blood. The rise in intrapleural pressure, which equals the breathing pressure less lung elastic recoil, is transmitted to the great vessels and causes a rise in central venous pressure. Venous return from the limbs to the chest is reduced and may stop almost completely, though cerebral and abdominal return is maintained. Peripheral vascular distention occurs and blood pools in the limbs until the peripheral venous pressure exceeds the elevated central venous pressure. This usually occurs 10-20 seconds after pressure breathing starts, and flow from the limbs is re-established.


    


	The amount of peripheral blood pooling which occurs is directly related to the degree of PPB. For example, approximately 200 ml pools at a pressure of 30 mmHg, while about 400 ml pools at a pressure of 80 mmHg. This reduction in circulating blood volume occurs as a result not only of blood pooling, but also extravasation (leaking) when peripheral venous and capillary pressures rise. 


    


	PPB at a pressure of 30 mmHg for ten minutes causes extravasation of about 250 ml of circulating fluid into the tissues. A total decrease in effective blood volume that occurs is equivalent to a hemorrhage (about 450 ml). Extravasation and pooling eventually lead to circulatory collapse if pressure breathing continues and no additional protection is provided. Pooling and extravasation can be minimized by the application of lower limb counterpressure.


    


	Cardiac output is usually maintained at an adequate level, although it may decrease by about 30% when pressure breathing at 30 mmHg. Circulatory collapse may occur when there is a loss of peripheral arteriolar tone. Before collapse occurs, tachycardia and a gradual fall in blood pressure usually precede profound bradycardia and a precipitate fall in blood pressure. Such a collapse is akin to a simple syncope of the sort associated with pain or hemorrhage, and has the same clinical features.


    


	Effects on the Head and Neck. PPB may cause spasm of the eyelids as the lachrymal ducts are pressurized.  Distention of the upper respiratory tract frequently causes difficulty with speech and swallowing, and is distinctly uncomfortable at pressures greater than 70 mmHg. A significant rise in intravascular pressure can produce conjunctival hemorrhage.





PPB and Counterpressure Garments


	PPB for Altitude Protection. It is as an attempt to minimize the potentially harmful physiologic effects of PPB that counterpressure (partial pressure) garments may be employed to support the chest, abdomen and limbs. This is otherwise known as Balanced, or Assisted PPB (APPB). The partial pressure assemblies become more elaborate the higher the altitude and PPB level to which the aircrew may be exposed. For example, a pressure-sealing oro-nasal mask without counterpressure garments is suitable for use at pressures up to 30 mmHg, and is well-tolerated without additional support. Yet, when it is used in conjunction with a partial pressure jerkin (PPJ), a maximum pressure of 60 mmHg can be tolerated. Furthermore, when it is combined with a G-suit, it allows 70 mmHg to be tolerated, although head and neck discomfort are very noticeable. 


    


	At even greater pressures up to 100 mmHg, severe head and neck discomfort dictates the need for a partial pressure helmet, together with a sleeved PPJ and G-suit. Such an assembly is needed to apply breathing pressure not only to the respiratory tract, but also counterpressure to the ears, the neck and the floor of the mouth. The effective upper limit for PPB for altitude protection is about 100 mmHg. If exposure is to occur to altitudes at which delivery of higher pressures is required, a pressure suit must be worn.


    


	It is important to note that a direct pneumatic connection must link the chest counterpressure garment to the mask. Pressure must always be available in the former when the latter is receiving pressure. One must also understand that PPB for altitude protection is an emergency procedure only. The physiologic acceptability of such protection is predicated on the assumption that descent to a safer altitude must be initiated immediately after an emergency occurs.


    


	PPB for Acceleration Protection. The proposed use of PPB as a routine technique for acceleration protection has necessarily prompted a review of the technicalities of the procedure. The use of an inflated G-suit in order to prevent peripheral pooling of blood is obviously required. Evidence from centrifuge studies and flight trials indicates that the additional use of chest counterpressure and automatic mask tensioning provides improved comfort and efficiency. Other studies have shown that the maximum breathing pressure required to achieve the desired improvement in G tolerance is 55 - 65 mmHg at +9 Gz. These concepts have all been incorporated into the design of Combat Edge, the recently fielded system PPB and counterpressure for +Gz protection in the F-15 and F-16.


    


High Altitude Limits and Protection


	Therefore, to have flights of any duration above FL 400 it is necessary to pressurize the person either in a pressurized cabin or by means of a counterpressure suit. According to USAF flying regulations, it is not permissible to fly above FL 500 regardless of cabin altitude unless the subject is protected by a pressure suit. Further, unpressurized flight is not authorized at cabin altitudes above FL 250.


    


	One big disadvantage of pressurized cabins is that a sudden loss of pressure, due to mechanical defects or damage by gunfire, may subject the pilot or crew to a rapid decompression above the critical altitude at which pure oxygen is sufficient to sustain life. Between FL 400 and FL 500, pressure breathing regulators supply enough pressure to the individual to remain conscious until an immediate emergency descent can be made.


    


	Above FL 500, pressure breathing is of little value since it is impossible to tolerate the amount of positive pressure necessary to prevent severe hypoxia without counterpressure. It is for this reason that all individuals flying in aircraft above FL 500 are required to wear a counterpressure suit. These suits must inflate automatically in the event of a loss of cabin pressurization. 


    


	The likelihood of sudden exposure to "critical altitudes" necessitates familiarity with the use of oxygen equipment and current pressure suits, since even under the most favorable conditions, only 15 to 20 seconds may elapse between the time of the decompression and loss of consciousness. Figure 2-4 shows the times of consciousness with varying types of exposure at high altitudes.


    


	Pressure Suits. The protection given by oxygen regulators and oxygen masks is sufficient for the operational and emergency altitudes established for the various types of oxygen delivery systems. The limiting factor for sustained flight at, and above, FL 500 is primarily an individual's respiratory and circulatory physiology, rather than technology to develop oxygen regulators and masks. As the flight altitude is extended beyond FL 430, the necessity for breathing 100 percent oxygen at increasingly higher pressures becomes critical. The flyer cannot tolerate the elevated breathing pressures for an extended period of time, because the normal function of respiration and circulation become seriously impaired.
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Figure 2-4. Time of Consciousness with Varying Types of Exposure at High Altitude. A- TUC after rapid decompression on oxygen. B- TUC after turning off oxygen at altitude. C- TUC after rapid decompression on air.





	The need for pressure suits, then, arises primarily because of the hypoxia threat. A plane may ascend to a high altitude above FL 500 and the aircrew needs backup protection for the pressurization system, or sustained flight at very high altitudes causes an excessively high cabin altitude because of limitations in pressure ratio and compression temperature (discussed later under Aircraft Pressurization).


    


	Design Criteria. Pressure suits are designed to embody three primary considerations: protection, mobility, and comfort. The basic protection provided by a pressure suit is the prevention of hypoxia. High breathing pressures can be tolerated in a pressure suit because of the counterbalance effect of the pressure suit and helmet. Counterpressure may be achieved by using a pressure suit that applies a mechanical squeeze force on the flyer's body, or by surrounding the body with a pressurized gas envelope.


    


	Some pressure suits are specially designed to guard against thermal extremes encountered in the flying or survival environments, while others may offer minimal protection. Pressure suits do not protect against decompression sickness or the effects of trapped gases in the body. Current pressure suit technology does not provide absolute or total protection without compromising the important design criteria of mobility and comfort.


    


	The aircrew member whose mission demands sustained flight above FL 500 is relatively secure in the aircraft pressurized cabin, and receives breathing oxygen at a very slight positive pressure within a specially constructed helmet. The pressure suit is basically inactive, or depressurized, and the crewmember can move the body, arms, and legs with comparative ease. If the cabin decompresses, the flyer is immediately subjected to all of the environmental stresses of the actual pressure altitude. However, the pressure suit assembly pressurizes almost instantaneously, and the crewmember is again safe. 


    


	Freedom of movement is moderately or severely impaired by the pressurized suit assembly. The degree of mobility the flyer has depends upon the type of pressure suit assembly in use, and the pressure altitude to which it is exposed. Proper suit size, adequate sizing adjustments, and equipment familiarity through training are important factors that contribute to optimum mobility required to perform flight duties. Finite movements of the arms and gloved hands are difficult, even for the experienced flyer. This is due to the rigidity or constraining force of the protection it must provide.


    


	Comfort of the flyer is of primary importance when considering the design and use of any item of protective equipment. Pressure suit assemblies pose some special problems concerning thermal stress, body water balance, impaired circulation, fatigue, cramps, and general discomfort.


    


	The earlier designs of pressure suit assemblies that applied mechanical counterpressure directly to the surface of the body were subjectively less restricting to movement, but caused superficial skin discomfort due to the pressure or pinching exerted by seams and adjustment lacings. When pressurized for long periods of time, these assemblies also reduced peripheral circulation of blood, caused tingling sensations on the body, and contributed to muscle cramps. Modifications have partially corrected these problems.


    


	Pressure suits that cover the entire body in a virtually airtight enclosure cause an accumulation of body heat and profuse sweating unless some method of cooling is provided. Heat removal is generally accomplished by convection. Cooling air or oxygen is introduced into the suit assembly and then exhausted to the outside of the suit. Fluids for drinking are obtained by inserting tubes through a specially designed orifice in the helmet visor or shell, and thereby maintain body hydration.    


    


	Types of Pressure Suits. The two basic types of pressure suits are the partial pressure suit and full pressure suit. The former applies counterpressure directly to the body surface by means of mechanical squeeze, and the latter by surrounding the body with an envelope of air or oxygen.


    


	Partial Pressure Suits. The development of this series of suits began in 1947, and they are called partial pressure suits because counterpressure is applied only to the legs, torso, arms, and hands. The helmet, which seals around the neck of the user, provides breathing oxygen and pneumatic counterpressure surrounding the entire head.


    


	The partial pressure suit is virtually form-fitting and applies direct counterpressure when the aircraft cabin altitude exceeds FL 400. The variable squeeze effect is produced by means of inflatable capstans, which extend down the back and along the arms and legs. These tubes are attached to the suit by means of crossing tapes. The diameter of the capstan is approximately one- fifth the diameter of the area it protects. Therefore, the pressure introduced into the capstan must be five times the desired resultant pressure on the body. The objective is to supply the amount of counterpressure that will just balance the breathing pressure necessary to prevent hypoxia at a given altitude.


    


	For example,  breathing pressure of 100 mmHg, or approximately 2 PSI, requires balanced counterpressure of 2 PSI, obtained by applying a pressure of 10 PSI to the capstan. Capstan pressures and breathing oxygen are delivered to the suit by means of a dual function oxygen regulator located in the seat kit of the aircraft. Partial pressure suits are in limited use.


    


	Full Pressure Suits. The first operational full pressure suit was produced for the U.S. Navy during the 1950's, and has been succeeded by a number of other specially designed models. The full pressure suit, helmet, and gloves surround the body with a pressurized gas envelope to provide counterpressure usually when the aircraft cabin altitude exceeds FL 350.


    


	Since the flyer is completely within the suit assembly, counterpressure and oxygen breathing pressure are metered at a ratio of approximately 1:1. Most full pressure suits are unpressurized until the cabin altitude exceeds FL 350. When the cabin altitude exceeds FL 350, a suit-mounted controller senses the decreasing pressure and automatically causes the suit to inflate to a given pressure which, when added to the ambient pressure at that altitude, equals about 3.4 PSI (FL 350 equivalent). Therefore, a flyer wearing a full pressure suit is never exposed to a pressure altitude greater than FL 350, regardless of aircraft altitude.


    


	High Altitude Reconnaissance Mission (HARM) Support. This support consists of specialized physiological training, life support training, survival continuation training, pressure suit maintenance, survival kit maintenance, preflight inspection of pressure suits, survival kits, and parachutes, aircrew integration into the pressure suit and cockpit, and recovery of the aircrew member. This specialized support is provided by Aerospace Physiologists, Aerospace Physiology Technicians, Life Support Specialists, Survival Instructor Specialists, and some civilians. Administrative Specialists and Supply Specialists also provide key support.


     


	Physiological Support Division (PSD). This is an organization composed of the specialists listed above which directly support day-to-day HARMs. The special life support requirements and physiological stresses encountered by these operational aircrew are addressed by special aerospace physiology training units. These units are called physiological support divisions. PSD personnel ensure that aircrews are dressed, tested, and denitrogenated on 100 percent oxygen for 60 minutes prior to takeoff for U-2/TR-1 high flights. The equipment and supplies managed and cared for by PSD personnel consists of many different components. Some of these are simple and some are complex and require a considerable amount of training to care for and maintain. Maintenance of this equipment is the most labor intensive and time consuming portion of PSD operations.


    


	The  following  is  a listing  of  this  life support equipment  and supplies. The functions  of these items  are described, and  are related to the day-to-day activities of physiological support operations.


    


	Special Modified Underwear. Each U-2 and TR-1 aircrew member is supplied modified long cotton underwear, modified jockey briefs, thin nylon or cotton gloves and wool socks. The underwear modification consists of a hole cut out in the front of the bottoms to accompany a condom shaped urine collection device (UCD). The hole is surrounded by the soft part of Velcro. This holds the UCD in place. If a UCD is not worn, then a patch is placed on the hole. This underwear is washed, dried, sorted and placed in the aircrew's locker by PSD personnel. 


     


	Urine Collection Device (UCD).  This is a neoprene rubber device that is cylindrical in shape, measuring about 8 inches long and 1.75 inches in diameter. The UCD has a cone shaped portion that is trimmed for size by the aircrew member to fit comfortably on the penis. It is then held in place by the modified underwear. There is a hole positioned on the top of the UCD to allow air from a slightly pressurized pressure suit to enter and then pass out the front of the UCD through a tube. It then passes through the pressure suit at the UCD valve and into a tube which leads to a urine collection tank or a urine collection sponge device. This piece of personal equipment is washed and maintained by the aircrew member.


    


	Full Pressure Suit Assembly. The full pressure assembly comes in twelve sizes and can be fine tuned in size through lace adjustments on the legs, arms, and torso. Each aircrew member is issued two pressure suit assemblies, called a S1030 or S1031, but only one helmet. This assembly has a comfort layer that is held in place by Velcro and is periodically removed and washed. The fire retardant outer cover is a treated material called fypro. This cover is removed occasionally and washed. The aircrew's primary suit undergoes a 25 minute preflight check and the back-up suit is given a cursory inspection prior to each high flight. A periodic inspection is conducted every 120 days, 125 flight hours, or 20 donnings.


    


	The inspection is extensive and takes about four hours to complete. Each suit is overhauled annually. This entails an extensive breakdown of the suit, an 8 PSI stress test, replacement of worn parts, and replacement of diaphragms. Re-calibrations of various functions of the dual oxygen regulator and suit pressure controller are also necessary. The overhaul of these two pieces of hardware is very delicate work and requires a highly trained and skilled PSD technician. Maintaining the neck ring can be quite time consuming due to the approximate 122 ball bearings and nylon spacers that have to be removed, cleaned, and re-inserted one at a time. The 36 month overhaul requires about eight man-hours to complete.


    


	Pressure Suit Helmet. Each crew member is issued one helmet. Several additional helmets are maintained and periodically inspected to serve as back-ups in case the aircrew's helmet has a mechanical problem during the suit up. All the helmets are the same size. Sizing is accomplished by different thickness helmet liners. The helmet is a fairly complex portion of the pressure suit system that requires considerable maintenance. Individual items that require a fair amount of maintenance and care include the exhalation valve, the anti-suffocation valve, and the dual oxygen regulator which is located in the back of the helmet. Maintaining the correct adjustment of the bailor bar (visor lock down lever) is also critical. The visor must be kept scrupulously clean. The microphone and ear phones in the helmet liner are notorious sources of problems and must be carefully maintained and inspected.


    


	Gloves. Each crew member is issued three pairs of gloves. Gloves used to be constructed by PSD personnel and took about 30 minutes to make each glove. Now the gloves come almost pre-constructed. Each glove takes an average of 10 minutes to make when several are built at one time.


    


	The Torso Harness. Each aircrew member is issued two of these harnesses. This harness contains the support webbing and parachute koch fittings to attach the crew member to his 35 foot canopy parachute. It also contains the automatic personal flotation device. This harness also undergoes certain periodic inspections.


    


	Boots and Spurs. Each crew member is issued a pair of insulated boots two sizes larger than normal. This enables the pressure suit bootie to inflate in the boot. A set of spurs is attached to the heel of the boot during the dressing process and secured by nylon straps and Velcro. This spur is then attached to a ball and cable device attached to the ejection seat to prevent leg flailing during bailout. These items take very little maintenance and are replaced when worn out.


    


	Tube Food and Drinking Bottles. In order to provide nutrients to the aircrew during flight without opening the visor, a feeding port is located to the right of center of the helmet. This feeding port is automatically closed when not in use. When food or drink is required, "tube food" with a feeding "pon tube" attached or a water bottle filled with various beverages, is inserted into the feeding port. The "tube food" comes in 10 different varieties. The specific manufacture date must be monitored to ensure freshness. The aircrew's food and drink requirements have to be coordinated prior to every flight. After flight the water bottles have to be washed and sterilized to be used again.


    


	Survival Kit. The survival kit used in the, U-2 or TR-1 is unique. Two 2200 PSI 45 cubic inch oxygen cylinders are a part of the survival kit. These provide oxygen during bailout or when required to supplement a malfunctioning aircraft oxygen system. The cylinders provide about 30 minutes of oxygen if there is no significant leak in the suit. This survival kit requires a 10 minute preflight inspection prior to installation into the aircraft. The seat kit repack takes about 30 minutes. The kit is repacked and inspected every 120 days. 


    


	Parachute. The parachute used in the, U-2, and TR-1 has a 35 foot canopy. The parachute pack and harness are inspected daily by PSD personnel prior to being used on a flight. This inspection takes about 10 minutes. The parachute is installed and removed from the cockpit daily by PSD personnel. Parachute repack and repairs are accomplished by the local parachute shop.


    


	71800 Tester. The large 900 pound oxygen regulator and pressure suit controller calibration and testing console is maintained and calibrated by specially trained PSD personnel. Each PSD has at least two of these tester/calibration devices.


    


	LOX Cooler. The LOX cooler is used as a portable source of 100% breathing oxygen and a source of ventilation air. It weighs 35 pounds when full of the 2.5 liters of LOX. The LOX cooler is overhauled when required.


   


	PSD Van. It is a standard Air Force one ton step van that is customized by the same company that makes the pressure suit hardware. The roof is raised and two ceiling mounted air conditioners are installed. Shelves and racks are installed to hold the liquid oxygen (LOX) coolers and other PSD equipment. Two lounge recliners are installed for aircrew use. The van is designed to minimize aircrew member fatigue prior to being integrated into the cockpit.











HYPERVENTILATION





	Hyperventilation is a condition in which the respiratory ventilation is abnormally increased causing an excessive loss of CO2 from the lungs and lowering the normal CO2 tension of 40 mmHg. Consequently, the acid-base balance of the blood is disturbed. The blood becomes more alkaline, a condition known as alkalosis. The two important results of hyperventilation are, therefore, hypocapnia (decreased CO2 concentration) and alkalosis.





	Preliminary principles of hyperventilation:


    a. Normal respiratory rate is between 12 and 20 cycles per minute (average is 16). You will recall that control of respiration is mediated reflexly through the chemoreceptors in the aorta and the carotid artery by arterial oxygen deficiency in conditions of hypoxia. Under normal conditions, the ventilation rate is controlled directly by the CO2 and acid-base balance of the blood circulating through the respiratory center in the medulla.


    b. In normal individuals the amount of CO2 produced by the tissues and the amount of CO2 eliminated from the lungs are in perfect balance. This balance is maintained mostly by the blood buffers, which resist any tendency to alter blood pH. It becomes obvious that excessive elimination of CO2 can cause a much-too-rapid fall in H2CO3. The result is an elevation in blood pH.


    c. The activity within each body cell is regulated by the acid-base balance therein. Where the proper balance is destroyed, cellular activity is diminished and the entire organism does not function properly. In severe cases, excessive amounts of acid or base may completely prevent the organism's function and cause death.


    


	Acidosis. Acidosis can be produced by a number of factors. For example, acidosis will result from any disturbance causing an excessive production of acids or preventing their elimination. Acidosis resulting from excessive production of acid will be seen in uncontrolled diabetes or indulgence in diets high in organic acids. Acidosis from failure to eliminate CO2 can be caused by obstruction of air passages, pulmonary diseases (asthma, pneumonia), or cardiac disease where there is insufficient blood pumped to the lungs.


    


	Alkalosis. The usual way in which alkalosis develops is by excessive elimination of acid since, in most cases, ingestion of high alkali or excessive alkali in the bloodstream will be neutralized immediately and quickly eliminated. The most common cause of alkalosis is excessive CO2 elimination from the lungs. The development of this alkalosis is seen relatively frequently in naive aircrew personnel during aircraft and chamber flights. It appears that one effect of alkalosis is on the neuromuscular system. Alkalosis also seems to interfere with normal oxygen utilization by the brain cells. The symptoms of these effects on cerebral tissue are euphoria (a feeling of well-being) and eventually unconsciousness. When alkalosis occurs, the low CO2 content of the blood induces the respiratory center of the brain to inhibit breathing to retain CO2 and the cerebral blood vessels to constrict, thus inhibiting blood flow and O2 transport to the brain.


    


	The events leading to unconsciousness from hyperventilation are as follows:


    	a. Increase in minute volume (inappropriate for metabolic needs) leading to:   


       		1. Decrease in partial pressure of alveolar CO2.


       		2. Decrease in partial pressure of arterial CO2.


       		3. Increased blood pH.


       		4. Respiratory alkalosis.


    	b. Vasoconstriction of blood vessels supplying brain (opposite to the normal 	  		    vasodilating effects elsewhere).


    	c. Pooling of the blood present in the brain at the moment.


    	d. Brain utilizes O2 available in the pooled blood.


       		1. O2 concentration here drops.


    	e. Unconsciousness (due to hypoxia of cerebral tissue).





	The symptoms manifested by alkalosis are neuromuscular irritability, muscular spasms, tingling and numbness of the extremities and around the mouth, and a sense of euphoria. Most people also feel short of breath. It is evident that these symptoms are somewhat similar to those of hypoxia; consequently, confusion about hypoxia in the untrained person is understandable. Cyanosis is seen in many cases of hyperventilation at altitude. This cyanosis is not a result of hyperventilation itself, but is often associated with it because of concurrent hypoxia.


    


	Mechanism of Hyperventilation. The symptoms of hyperventilation are the same as those encountered in alkalosis since hyperventilation will always result to some degree in alkalosis.


    a. General. Normally, the amount of O2 and CO2 diffusing through the capillary alveolar membrane in the lungs is regulated to promote a proper balance between these gases. When there is a normal increase in respiratory rate, as during exercise, there is an increase in the O2 demand of the body and in the CO2 production by the body; therefore, proper CO2 balance is maintained. If the respiratory rate should increase without need for additional O2, then excessive CO2 is eliminated inasmuch as additional CO2 is not being produced. If this imbalance should continue alkalosis results. Examples of the causes of this alkalosis are voluntary overbreathing or, as in certain instances of anxiety and apprehension, involuntary overbreathing. Involuntary overbreathing is the most common cause of alkalosis in aircrew personnel and may result in a vicious cycle -- the effects of hyperventilation will produce anxiety and anxiety in turn aggravates hyperventilation. 


    b. At altitude the picture is slightly different. At altitudes above 10,000 feet O2 tension in the lungs is reduced below minimum acceptable levels. This reduced O2 tension sets up a reflex impulse to the respiratory center which in turn increases respiration to increase the amount of O2 presented to the blood. With the increase O2, more CO2 is eliminated in proportion to the O2 received and the blood becomes slightly alkaline. This is normal (a slight increase in blood pH, in fact, is beneficial to O2 transport and delivery to the tissues). It becomes abnormal when continued for a long period of time, causing severe alkalosis. In untrained or apprehensive individuals, hyperventilation may occur without the presence of hypoxia. The knowledge of the dangers of altitudes, i.e., reduced O2 pressures, may incite the individual to breathe faster. The effects of hyperventilation are soon mistaken for hypoxia and the individual aggravates the condition by breathing even faster. All observers on a chamber flight must be constantly alert for any sign of abnormal respiration, and be prepared to issue corrective instructions. It should be noted that in hyperventilation, hypoxia occurs only in the brain and nowhere else since there is a reflex vasodilation of all blood vessels except those in the brain; there is no oxygen deficiency. Hence, cyanosis will only be seen when hypoxia occurs concomitantly with hyperventilation. After unconsciousness, respiration is reduced sufficiently to increase the CO2 tension and correct the alkalosis, but sufficient O2 must be present to maintain life.


    


	Summary of Hyperventilation Signs and Symptoms.


    a. Neuromuscular. The increased sensitivity and irritability of neuromuscular tissue, due to an elevation in blood pH, gives rise to a superficial tingling of the extremities (this tingling is not limited to the extremities, but is usually encountered there). The tingling usually precedes muscular spasm (i.e., a fixation of the hand wherein the fingers are drawn back toward the wrist). In severe cases facial muscles will be tetanically contracted, and the face will give an appearance of being pulled downward. The most dire and dramatic reaction is the "stiffening" of the entire body due to generalized muscular tetany. It is believed that a reduction in the partial pressure of alveolar CO2 to 24-30 mmHg is the critical level for the onset of these symptoms.


    b. Psychomotor. Deterioration of muscular control and coordinated activity is invariably seen during severe hyperventilation. Performance deterioration is encountered whenever the partial pressure of alveolar CO2 is reduced below 25 mmHg. As the value falls below this level, performance deterioration becomes more marked.





Treatment of Hyperventilation


	Voluntary reduction in the rate or depth or both of respiration of the individual affected is the most effective method of treatment, when applicable. It is conceivable, however, that an extremely apprehensive person would not respond to directions to slow respiration.


    


	It should be noted that the symptoms of hypoxia and hyperventilation are virtually indistinguishable. The individual must treat for both simultaneously. If either occurs, a decrease in the respiratory rate and breathing 100 percent O2 will correct the condition. In the presence of hypoxia, if other disturbances coexist, or in more severe cases, it is imperative to return to ground level before more serious developments occur.





OXYGEN TOXICITY





	Oxygen is vitally necessary for the flier to operate an aircraft safely and efficiently. This chapter has emphasized its importance. The indispensability of O2 to maintain life at altitude is undisputed. However, excessive amounts of O2, or excessively high O2 partial pressures can prove fatal. Death will result from too much O2, paradoxically enough, because of tissue hypoxia. The O2 partial pressures utilized by USAF aircrew are never great enough to cause harm to the body. On the other hand, prolonged 100% oxygen breathing at sea level as in denitrogenation could lead to pulmonary oxygen toxicity. The harmful manifestations of elevated partial pressures of oxygen are directly related to two factors: a. level of elevation of partial pressure, and b. duration of exposure. At altitude, because of decreasing ambient pressure, breathing even 100 percent oxygen produces alveolar O2 partial pressures which generally do not produce damage. The type of oxygen toxicity significant in sea-level oxygen breathing is the Lorrain-Smith Effect (Pulmonary Oxygen Toxicity). This phenomenon, first recognized during treatment of decompression sickness in deep sea divers at a depth of 165 feet or 6 atmospheres absolute (ATA) using air, can occur at as low as 0.7-0.8 ATA (532 mmHg or 9,500 feet) breathing 100 percent O2 for long periods. 


    


	The lung damage which can result consists of fluid accumulation and hemorrhage into the alveoli with a resulting pneumonia-like condition which can be fatal. Some people are much more likely to suffer damage than others, but it has been noted that most people develop symptoms and signs in about 20 hours breathing 100 percent oxygen at sea level.











AIRCRAFT PRESSURIZATION AND DECOMPRESSION





	The most effective method for providing physiological protection from reduced barometric pressure is aircraft pressurization. Aircraft pressurization is accomplished by increasing the barometric pressure above ambient pressure within the crew and passenger compartments, thus, in effect, reducing the cabin altitude to safe levels. In a pressurized aircraft there is a greater pressure inside the cabin than outside, and the walls must be structurally reinforced and sealed to contain this pressure. Aircraft pressurization necessarily increases the engineering and maintenance costs of the aircraft and tends to reduce the performance characteristics due to the added weight and power considerations. The conventional method for increasing the pressure in aircraft cabins is to use the ambient air as a source of gas and force it into the cabin by means of a compressor. Cabin pressures and ventilation can be controlled by varying the amount of air forced into the cabin and the amount allowed to escape though adjustable outflow valves. Aircraft pressurization falls into two schedules, Isobaric and Differential.





Methods of Pressurization


	Isobaric control refers to the condition where the cabin altitude is maintained constant, for example, 8,000 feet. The cabin remains at the 8,000-ft pressure level while the aircraft continues ascent to a lower barometric pressure. 


    


	Differential control refers to the system that, rather than maintaining a constant cabin altitude up to the aircraft's operational ceiling, automatic controls seek to prevent the cabin pressure from exceeding the outside pressure by a given amount. When an aircraft reaches the engineering design limit for the isobaric schedule, and can no longer sustain the difference in outside and inside pressure, then a constant pressure differential is maintained between the aircraft cabin and the outside altitude, for example, 5.00 pounds per square inch. Thus, a differential pressure from inside to outside remains constant and both cabin and flight altitude vary proportionally. The rate of pressure change, however, is less inside than outside.


    


	Usually the isobaric control maintains the cabin at 8,000 feet until the aircraft passes through FL 230. At this point a 5.00 PSI differential is reached. As the aircraft continues to climb, the cabin maintains this differential. The cabin altitude also climbs, but at a slower rate. For large aircraft, such as the C-5, the isobaric schedule begins at ground level and keeps the cabin at that altitude until a set pressure differential level is reached, usually a 8.6 PSI differential (PSID).





Limitations to Pressurization


	Pressure Ratio Limitations. The ratio between the cabin pressure and the outside ambient pressure is expressed as the number of times that the rarefied outside air must be compressed to maintain the desired cabin pressure. For example, an aircraft cabin maintained at an equivalent altitude of 3,048 m (10,000 ft) has a pressure ratio of 10:1, or 10, when flying at an altitude near FL 600. This means that the outside air must be compressed to a pressure that is 10 times greater in order to achieve the desired cabin altitude. Under the same conditions near FL 750, the pressure ratio is 10:0.05, or 20. It is in this range that cabin pressurization by mechanical compression becomes limited. 


    


	Compression Temperature Limitations. In addition, as the pressure ratio increases, the temperature of the compressed air also increases. Therefore, all compressed air must be cooled, necessitating an elaborate environmental control system. At FL 750, for example, with a pressure ratio of 20, the compressed air temperature is about 315.6 degrees C. At FL 1000 with a cabin maintained at 3,048 m (10,000 ft), the pressure ratio is more than 60 and the compressed air temperature increases to over 500 degrees C. This normally exceeds the heat exchange capacity of pressurization systems. Together with the pressure ratio limitations, compression temperature limitations require that aircraft which fly above FL 800 maintain higher than normal cabin pressures. This obviously means that additional efforts (denitrogenation and pressure suits) must be taken to prevent DCS and hypoxia.





Cabin Depressurization


	The major causes of cabin pressure loss in recent incidences have been the failure of canopies, hatches, doors, and Plexiglas, defective component parts, or human errors. During a decompression the effects on the body are primarily due to rate of pressure change and to the pressure differential to which the body is exposed. Decompression can be divided into two categories: Slow and rapid.


    


	Factors Affecting the Decompression Rate.  Decompressions exhibit a rate of pressure loss from the aircrew compartment which can be calculated when several specific parameters are known. Rates of pressure loss per unit time depend on the cabin volume, the size of the opening, and the relative pressure ratio from inside to outside.


	a.  Volume of the Pressurized Cabin. The larger the cabin, the slower the decompression, with other factors remaining the same. 


	b.  Size of the Opening. The larger the opening or defect in the cabin, the faster the decompression. The ratio between the volume of the cabin and the product of the cross sectional area of the opening and speed of sound at that altitude, are factors used to determine the rate (feet per minute) and time (usually in seconds) of a decompression.


	c.  Relative Pressure Ratio. The time of decompression is also dependent on the ratio of the cabin pressure before the decompression to the cabin pressure after decompression. More specifically, it is the relative change in pressure loss (pressure inside minus pressure outside divided by the pressure inside) that determines the rate of decompression, not the absolute pressure difference between the inside and outside of the cabin. The larger the relative pressure ratio, the longer the decompression time. Thus, the volume of the cabin, the size of the opening, and the relative pressure ratio are the principal factors that govern the total time of a decompression used to calculate rate.


     


	Factors Affecting the Severity of a Decompression.  Two other factors are often mentioned as affecting the rate of decompression, but more appropriately should be considered as affecting its severity, and therefore, the threat to the aircrew. The first is flight altitude.


	a.  Flight Altitude. Generally, the higher the flight altitude, the greater will be the pressure ratio until the differential pressure setting is achieved, e.g., 5 PSID. It is true that the greater the relative pressure ratio, the longer will be the total time of decompression. Yet, the issue of greater consequence is time to onset of hypoxia, which is critically shortened at flight altitudes above 12200 m (40,000 ft). Severity of decompression, therefore, is critically determined by flight altitude.


	b.  Pressure Differential. The second factor critical to severity is the difference in the inside and outside pressures. Large pressure differentials always increase the severity of a decompression, but not necessarily the total time of the decompression. The difference in pressure from inside to outside is the pressure that must be released from the cabin, and is also the pressure that must be released from trapped gas areas of the body, particularly the lungs. The potential harm to the aircrew increases depending on the physical nature of the pressure loss. Flight altitude and pressure differential figure prominently in this hazard potential.


    


	Slow Decompression. Cabin decompression, or failure of the cabin pressurization system, is not always sudden. It is possible that a slow leak may occur without the aircrew member detecting it. Hypoxia symptoms may be the first indications a crewmember has that there is a loss of cabin pressure. The crewmember may be incapacitated by hypoxia if the cabin is decompressed above 10,000 feet (3,048 meters). Therefore, it is important that the aircrew member make periodic checks of the cabin altimeter.


    


	Rapid Decompression. When considering the possible physiologic effects of a rapid decompression, one must distinguish between what may occur during the decompression itself, such as having a crewmember blown through an opening in the cabin, or having physiological injury occur, due to the expansion of gas in the lungs. There are also physiological consequences that can result after the decompression, such as acute hypoxia and decompression sickness.





	Windblast Effects. The rapid decompression that follows the loss of a  window or door in a pressurized aircraft is accompanied by a forceful outward movement of air. Crewmembers caught in the path of the outrushing air may be blown from the aircraft; therefore, persons sitting close to windows in larger aircraft, or under the cockpit canopy in smaller aircraft, should have seat belts fastened during pressurized flight.





	Mechanical Expansion of Gases.


	1. Gastrointestinal Tract During Rapid Decompression. One of the potential dangers during a rapid decompression is the expansion of gases within body cavities. The abdominal distress during rapid decompression is usually no more severe than that which might occur during slower decompression. Nevertheless, abdominal distention, when it does occur, may have several important effects. The diaphragm is displaced upward by the expansion of trapped gas in the stomach, which can retard respiratory movements. Distention of these abdominal organs may also stimulate the abdominal branches of the vagus nerve, resulting in cardiovascular depression, and if severe enough, cause a reduction in blood pressure, unconsciousness, and shock. Usually, abdominal distress can be relieved after a rapid decompression by the passage of excess gas.





	2. The Lungs During Rapid Decompression. Because of the relatively large volume of air normally contained in the lungs, the delicate nature of the pulmonary tissue, and the intricate system of alveolar airways for ventilation, it is recognized that the lungs are potentially the most vulnerable part of the body during a rapid decompression. Whenever a rapid decompression is faster than the inherent capability of the lungs to decompress (vent), a transient positive pressure will temporarily build up in the lungs. If the escape of air from the lungs is blocked or seriously impeded during a sudden drop in the cabin pressure, it is possible for a dangerously high pressure to build up and to overdistend the lungs and thorax. No serious injuries have resulted from rapid decompressions with open airways, even while wearing an oxygen mask, but disastrous, or fatal, consequences can result if the pulmonary passages are blocked, such as forceful breath-holding with the lungs full of air. Under this condition, when none of the air in the lungs can escape during a decompression, the lungs and thorax becomes over-expanded by the excessively high intrapulmonic pressure, causing actual tearing and rupture of the lung tissues and capillaries. The trapped air is forced through the lungs into the thoracic cage, and air can be injected directly into the general circulation by way of the ruptured blood vessels, with massive air bubbles moving throughout the body and lodging in vital organs such as the heart and brain.





	The movement of these air bubbles is similar to the air embolism that can occur in SCUBA diving and submarine escape when an individual ascends from underwater to the surface with breath-holding. Because of lung construction, momentary breath-holding, such as swallowing or yawning, will not cause sufficient pressure in the lungs to exceed their tensile strength.





	3. Decompression Sickness. Because of the rapid ascent to relatively high altitudes, the risk of decompression sickness is increased. Recognition and treatment of this entity remain the same as discussed elsewhere in this publication.


        


	4. Hypoxia. While the immediate mechanical effects of rapid decompression on occupants of a pressurized cabin will seldom be incapacitating, the menace of subsequent hypoxia becomes more formidable with increasing altitudes. The time of consciousness after loss of cabin pressure is reduced due to offgassing of oxygen from venous blood to the lungs. Hypoxia is the most immediate problem following a decompression.   


        


	5. Physical Indications of a Rapid Decompression. The rapid decompression given in the hypobaric chamber is designed to train aircrew personnel to recognize some of the physical characteristics of a rapid decompression occurring in a pressurized aircraft. It is unfortunate that all physical characteristics found in an aircraft decompression cannot be duplicated in hypobaric chamber decompressions; however, periodic rapid decompressions better prepare the aircrew member to recognize and react to an actual aircraft decompression.


		(a) Explosive Noise. When two different air masses make contact, there is an explosive noise. It is because of this explosive noise that some people use the term explosive decompression to describe a rapid decompression.


	 	(b) Flying Debris. The rapid rush of air from an aircraft cabin on decompression has such force that items not secured to the aircraft structure will be extracted out of the ruptured hole in the pressurized compartment. Items such as maps, charts, flight logs, and magazines will be blow out. Dirt and dust will affect vision for several seconds.


		 (c) Fogging. Air at any temperature and pressure has the capability of holding just so much water vapor. Sudden changes in temperature or pressure, or both, change the amount of water vapor the air can hold. In a rapid decompression, temperature and pressure are reduced with a subsequent reduction in water vapor holding capacity. The water vapor that cannot be held by the air appears in the compartment as fog. This fog may dissipate rapidly, as in most fighters, or not so rapidly, as in larger aircraft.


		 (d) Temperature. Cabin temperature during flight is generally maintained at a comfortable level; however, the ambient temperature gets colder as the aircraft flies higher. If a decompression occurs, temperature will be reduced rapidly. Chilling and frostbite may occur if proper protective clothing is not worn or available.


		 (e) Pressure. A rapid drop in pressure can be expected when a rapid decompression occurs. The earlier the aircrew member recognizes the physical characteristics of a decompression, the sooner the physiological hazards can be countered.











OXYGEN EQUIPMENT





	In general, an oxygen system in an aircraft consist of containers for storing the oxygen, tubing to conduct the oxygen from the main supply to a metering device which controls the flow of oxygen, and a mask to direct the oxygen to the user's respiratory system.





Oxygen Storage Systems


	Oxygen is carried in cylinders or converters mounted in the aircraft. The location of these containers depends on the type aircraft and maybe found in the wings or fuselage. There are three predominant types of oxygen storage systems in use in the USAF, and each is classified by the method in which the oxygen is contained in the aircraft.





	Low Pressure System. In the USAF, low pressure oxygen is stored in yellow, lightweight, nonshatterable cylinders. These cylinders carry a maximum charge of 450 PSI and are normally filled to a pressure of 400 to 450 PSI. The low pressure system reduces the possibility of explosions, but limits the volume of oxygen. This limited volume dictates immediate descent to altitudes not requiring supplemental oxygen anytime the pressure drops below 100 PSI.





	High Pressure System. Some aircraft, especially commercial carriers, are equipped with high-pressure cylinders. Most tactical fighters, bombers and trainers are equipped with high pressure emergency systems. These cylinders are non-shatterable and can carry a maximum charge of 2000 PSI and are normally filled to a pressure of 1800 to 2000 PSI. The most distinguishing characteristics of these cylinders in the USAF are their bright green color and heavy weight. The chief advantages of the high pressure cylinder is that a large amount of oxygen can be stored in a relatively small space.


    


	Liquid Oxygen System. Liquid oxygen (LOX) systems are the most widely used storage systems in military aircraft today. Low pressure gaseous systems are lightweight, but require considerable space. High pressure gaseous systems require less space, but are heavier. A LOX system saves on both space and weight, and thus has become the system of choice. A LOX converter is used to store the oxygen in a liquid state and convert it to gaseous oxygen as needed. The standard LOX converter is a double-wall vacuum insulated container. A LOX converter will expand each liter of liquid oxygen into 860 liters of gaseous oxygen. The expansion is controlled and the gaseous oxygen is maintained at a constant operational pressure. In multi-place aircraft such as bomber, cargo and aeromedical evacuation aircraft, the LOX converter is designed to produce an operational pressure of 300 PSI. In jet fighters and trainers the operational pressure is generally 70-90 PSI. Higher pressure is necessary in multi-place aircraft because of the greater number of crew members and the need to recharge portable oxygen assemblies.





Oxygen Delivery Systems


	The oxygen delivery system receives oxygen from the storage system and delivers it to the user. The delivery system consists of a regulator which meters the amount of oxygen, and a mask which directs the oxygen to the user's respiratory system. There are three types of delivery systems currently used in the Air Force: the continuous flow, diluter demand, and pressure demand systems. Each system can be installed as a fixed, aircraft-mounted, or portable system. 


    


	Continuous Flow System. This system delivers a continuous flow of 100 percent oxygen to the user. Although continuous flow equipment has disappeared from the flight deck of military aircraft, it is still used in some general aviation aircraft and by passengers and non-flight control crew members on many military cargo aircraft. This system will supply an adequate amount of oxygen to the passenger who does not require as much oxygen as the crew members flying the aircraft. The operational altitude of this system is FL 250. Above FL 250, this system serves as emergency function to get the passenger down to a safe altitude.





	On military transport aircraft, there are fixed mounted continuous flow oxygen regulators with distribution lines extending down each side of the passenger compartment, and oxygen masks which are attached to the distribution lines. The regulators are designed to supply oxygen to a large number of individuals simultaneously. There are numerous masks designed for use with a continuous flow system. 


    


	Pressure Demand System. This system consists of a pressure demand regulator and a pressure demand mask. Oxygen is delivered only during inhalation; that is, on demand. This system reduces the oxygen waste evident in a continuous flow system and provides a higher percentage of oxygen to the user because of better mask fit and efficiency. The regulator will deliver adequate oxygen to protect an individual at all altitudes up to FL 350. During inhalation, negative pressure closes a one-way exhaust valve in the regulator. There is dilution at all altitudes up to FL 340. Above FL 340 the regulator delivers 100 percent oxygen.


    


	The demand regulator is designed with an diluter lever which can be set at "NORMAL OXYGEN" or "100 PERCENT OXYGEN." When in the "NORMAL OXYGEN" position, the user will receive a mixture of ambient air and oxygen up to FL 340, as described above. When placed in the "100 PERCENT OXYGEN" position, 100 percent oxygen will be provided at any altitude. A red emergency toggle, located on the left side of the regulator, provides a means of manually supplying positive pressure for testing mask fit and for emergency use. The emergency setting directs a steady stream of 100 percent oxygen to the mask, making it operate as a continuous flow system regardless of altitude. The emergency setting is for use with suspected hypoxia, unconsciousness or serious leakage in the mask or delivery hose. Use of the emergency setting, however, depletes the oxygen supply in a relatively short time and causes difficulty exhaling when wearing the face mask.


    


	Above FL 400 the oxygen saturation of the blood decreases to low levels even if 100 percent is breathed. Pressure demand oxygen systems have been developed to protect individuals exposed to altitudes in excess in FL 400 by presenting 100 percent oxygen under a continuous positive pressure to the oxygen mask. Since the lungs have a relatively low tolerance to high internal pressures, the effective range of the pressure demand equipment is limited. The operational ceiling for pressure demand equipment without counterpressure is FL 430 with an emergency ceiling of FL 500.


    


	Pressure demand oxygen masks (there are several designs available) are, in principle, designed to hold pressure in excess of ambient pressure requiring two features which are not found in other type masks. A face seal forms a ring around the inside of the mask which serves as a pressure seal. A special inhalation/exhalation valve located on the floor of the mask is designed to allow oxygen to enter the mask on inhalation and sustain a continuous positive pressure until regulator pressure is overcome during exhalation.


    


	With the pressure demand mask, a connector assembly is used to attach the oxygen mask delivery tube to the regulator oxygen delivery hose. The connector assembly provides a means for quick disconnect from the aircraft oxygen supply during bailout or ejection. The most widely used connector is the CRU-60/P connector assembly. The connector is a three-way manifold block. It recesses by means of a dovetailed plate into a receiving bracket which is mounted on the parachute harness. Disconnection from the aircraft oxygen supply hose takes place at the lower intake port. The oxygen mask delivery tube remains attached to the parachute harness to prevent flailing. The emergency oxygen cylinder hose is attached to a swivel port on the side of the connector. The oxygen mask delivery tube attaches to the other port of the connector. The connector incorporates a disconnect warning device which offers a resistance to breathing during inhalation unless the inlet is properly inserted into the regulator oxygen delivery hose. When the emergency oxygen supply is activated during egress procedure, the resistance to inhalation is not experienced as long as oxygen is supplied. The CRU-60/P is designed to allow a straight pull during occupant-seat separation facilitated by the short flexible hose on the connector.


    


	Emergency Oxygen Assembly. In the event the aircraft oxygen system should fail, or during high altitude egress, the emergency oxygen assembly provides an emergency source of oxygen to the flier. This assembly supplies a    sufficient continuous flow of oxygen for aircraft escape and parachute descent from a maximum altitude of FL 500. The system consists of a high pressure cylinder, a pressure gauge and a hose for attaching the cylinder to the connector assembly, CRU-60/P. Emergency oxygen is obtained by pulling the activation ball ("Green Apple"). There are provisions for housing this system in the parachute or in the seat kit. Activation of the seat kit system is usually automatic when the ejection seat separates from the aircraft, but certain aircraft, such as the A-7 and T-38, require manual activation.


    


	Portable Oxygen Assemblies. Portable or "walk-around" oxygen assemblies are provided in multi-place aircraft which permit the safe movement of personnel within the aircraft. Most walk-around assemblies consist of low pressure cylinders and regulators which are comparable to the fixed system used in the aircraft. The duration of oxygen in a portable system will vary with the physiological need of the user, the pressure of the system, and the altitude where it is being used. There are continuous flow and pressure demand portable assemblies. One of the more commonly used portable assemblies is the MA-1 assembly. This assembly consists of a low pressure cylinder and a pressure demand regulator. The MA-1 is designed to provide 100 percent oxygen at ambient pressures up to FL 300. Above this altitude, positive pressure is obtained by manually setting the pressure control valve on the 30M or 42M or emergency position. 


    


	Solid State Oxygen System. A recent advance in USAF oxygen equipment is the chemical combination, solid state, oxygen system. This system was developed for use in aircraft such as the C-5 for emergency use by passengers. The system components are enclosed in a plastic canister. It consists of a continuous flow mask with lanyards connected to actuating pins and attached to the inner canister which houses a sodium chlorate candle. The system is activated by removing the mask and extending the lanyards far enough to release the actuating pins. A harmless amount of chlorine may be detected for about 12 seconds after activation. The candle burns at a maximum temperature of 1,100oF. The oxygen supply generated depends on the size and burning time of the candle.





Oxygen Equipment Problems


	Even though oxygen equipment is well designed and reliable, crew members can encounter oxygen equipment problems. Fortunately, the majority of these problems are minor and can be corrected with common sense and the equipment knowledge learned during training. There are two ways to approach oxygen equipment problems, through preventive maintenance and through on-the-spot corrective action. Some of the more common oxygen equipment problem areas will be discussed.


    


	One of the most frequent errors committed by crewmembers is the failure to have their oxygen mask inspected by the Base Life Support Section. This inspection is required every 30 days and all flying personnel are responsible for compliance. The Life Support Section can correct major discrepancies such as broken or deteriorated parts. When using a pressure demand oxygen mask, the crewmember may occasionally encounter difficulty exhaling. This difficulty is frequently caused by moisture collecting in the exhalation port of the oxygen mask valve. If it is found that the exhalation valve will not open when performing the initial oxygen equipment preflight check, the life support technician should be informed of the problem. The emergency oxygen assembly employs the continuous flow principle. The pressure demand mask was not designed to be used with a continuous flow system for normal operation. Thus, oxygen flows continuously through the mask, opening the inhalation valve but closing the exhalation valve almost entirely, accounting for the difficulty in exhalation. Consequently, most of the gas will be exhaled around the mask face seal. This system, however, will supply sufficient oxygen for emergency use.


    


	Occasionally a crew member may lose the rubber gasket located on the quick-disconnect of the mask-to-regulator connector (CRU-60/P), causing a serious leak, and could result in hypoxia. In addition to leakage, the quick disconnect could become permanently lodged in the regulator hose connector. Crew members should assure a gasket is in place before flying. Most aircraft are equipped with automatic pressure demand regulators (MD-1 Series). These regulators have proven to be very reliable.


    


	Equipment Checklist. Aborted missions, hypoxia incidents, and deaths have occurred because crewmembers and passengers did not perform adequate or frequent checks of their oxygen equipment. The PRICE oxygen equipment checklist is designed to guide crew members and passengers in checking oxygen equipment prior to each flight and for frequent inflight checks. Each letter in the word "PRICE" represents an inspection point that must be checked. The following listed items should be checked by each member of the aircrew on every flight requiring the use of oxygen equipment. MAKE THESE CHECKS HABIT! Perform each check in the same order each time to prevent missing an item.





	a. Pressure. Depends upon system being used.


	1. Low Pressure Gaseous  System - 400 to  450 PSI or 425 +25. Cylinders are color-coded yellow.


	2. High Pressure Gaseous System - 1,800 to 2,000 PSI for fixed aircraft system. Cylinders are color-coded green. High pressure emergency cylinder pressure is 1,800 to 2,200 PSI.


	3. Liquid Oxygen (LOX) System-generally, with 70 to 90 PSI, or in the case of multi-place aircraft, 300 PSI. In addition to checking the pressure gage on a LOX system, the quantity gage must be checked to determine if the converter has been filled with the adequate amount of LOX.


    


	b. Regulator. Everything must be checked on the specific regulator being used. Checks for dents, cracks, legibility of printing, movement of knobs, dials and levers, presence of oil or grease, and broken gages. The automatic pressure breathing regulators are given the following check (check for good mask fit):


	1. ON-OFF lever to the ON position.


	2. Automix lever to the 100 PERCENT OXYGEN position.


	3.  Emergency - test mask lever to the EMERGENCY position.


    	4.  Breath normally for a minimum of three cycles.  The flow indicator should show alternately black and white.


       	5. Hold breath. The flow indicator should indicate black, or no flow. White indicates a leak somewhere in the system.


      	6. Automix lever to NORMAL position. Indicator should remain black. White in this case, indicates a leak. You should hold your breath for this check.


       	7. Emergency - test mask lever to NORMAL position.





	c. Indicator.  The flow indicator shows gas is flowing through the regulator.





	d. Connections. Connections should be checked in the following sequences:


	1. Regulator hose to regulator connection - secure if exposed.


	2. Regulator hose - check for signs of wear, damage, and missing parts.


	3. Quick disconnect.


		(a) Silver C-Ring - 12 to 20 pounds (5.4 to 9.1 kg) pull to    disconnect.


		(b) Breath restricting valve - check operation.


		(c) White silicone gasket - provides airtight seal.


		(d) Black silicone "O" ring.


		(e) Short black hose of CRU-60/P - check clamps and general condition.


		(f) Emergency assembly connector - secure.


		(g) Hold-down plate where applicable - secure.





	e. Emergency Assembly. The emergency assembly is usually packed in the parachute or seat and must be checked prior to fitting and wearing of the parachute.


       1. Pressure gauge - 1800 to 2200 PSI.


       2. Green ball handle - secure.
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