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SUMMARY

Increased gravitational force stresses the human physiology in a manner
that causes detrimental changes in the human's capability to maintain accept-
able performance levels. A set of physiologic models which dynamically de-
scribe acceleration stress responses are developed in this report. Each of the
models represents a major physiologic system or acceleration protection mecha-
nism. The submodels are assembled as a larger system using natural linkage
variables from one subsystem to the next. The major subsystems are the
Visual System, Cardiovascular subsystem, G suit system, Straining system, De-
cision system and the Energy Cost System. Each model is developed to the
extent possible based on current knowledge.

The use of dynamic models, presented as separate systems allows for a
variety of speculative studies. A system model assembly which emphasises the
optimal expenditure of energy by the human in conjunction with his protective
equipment, demonstrates the tradeoff necessary between peak G capability vs the
energetic cost to withstand sustained acceleration at the peak level. The
model demonstrates the need to establish an effort strategy which will utilize
the available physiologic energy in an efficient manner. The separate sub-
models provide a means of evaluating the major subsystem responses to the
acceleration stressor in a dynamic fashion. The model further provides the
basis for redefinition and extension of acceleration research into familiar
areas with new intent.
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SECTION 1

INTRODUCTION

Background

Increased gravitational force results in a number of physiologic changes
in the human exposed to such an acceleration. Classical methods of measuring
these effects have led to an ever increasing knowledge of the stressed physio-
logic systems (5). The two systems which have classically provided the de-
fining limits in the stressed condition are vision and fatique which then
impinge on the performance capabilities of the human. Various performance
measures have also been used to develop a greater knowledge of the acceleration

environment. A multitude of model structures have arisen to describe the
changes in oxygen levels blood pressure, and in visual capability in hope of
providing better descriptions and directions for advanced research. The model
in this report has been developed from an alternative standpoint. The suppo-
sition is that there are competing systems within the human physiology which
require oxygen, in order to function at an acceptable level. The visual system
requires a continuous flow of oxygen to the retinal layer to maintain function.
The muscle system requires oxygen for replenishment of anaerobic activity and
supply for aerobic activity. The central nervous system requires the same
oxygen for its sustained higher level activity. The model in this developmeit
then becomes a model related to oxygen transport and competing enerav used in
the stressed physiologic system.

A set of submodels are developed based on these energetic requirements.
The resulting model integration allows investigation of the model in terms of
an optimally controlled system. For example, varying acceleration time pro-
files can be run on the model with energy cost or acceleration level cost
functions having the greater weight. Performance is included through the
pattern analysis inherent in the visual modulation transfer function and the
cerebral oxygenation prediction. The system model provides the basis for re-

definition and extension of acceleration research into familiar areas with new
intent.

Physiologic Factors of Acceleration Tolerance

The physiologic changes caused by acceleration have been reported ex-
tensively in research literature (5, 16). The two widelv recognized factors




which contribute to pilot impairment in maneuvering aircraft are fatigue and
visual dimming. These two factors can be included in a simulation model system
to enhance the reality of simulated air combat. The visual system is directly
affected by the ability of the cardiovascular system to deliver adequate blood
pressure to the eye. Vision for the pilot is impaired as the retina responds
to acceleration induced changes in the eye level blood pressure. [xperimenta-
tion shows that the cardiovascular system has a well defined relaxed G limit
above which visual integrity cannot be maintained without the addition of energy
consuming maneuvers of straining and muscle tensing. Thus, the energy cost to
a subject in maintaining visual function at the G level above his natural re-
lared G: limit is greater than the energy cost at a lower G level. At some
level of energy expenditure there 1s a maximum limit above which the subject
cannot maintain vision regardiess of straining energy used.

The cardiovascular system has received the greatest attention in acceler-
ation stress studies as it provides an easily measured set of parameters. The
Jimiting factor in the cardiovascular system, from the viewpoint of combat
maneuvering stress, is the reduction of blood pressure at eye level and sub-
sequent loss of vision. The pressure gradient changes caused by the G loading
and blood pooling are, of course, the major contributing factors vhich reduce
the pressure available at the eye and in more severe cases at the brain.
Counteracting the reduced pressure is the primary purpose of straining maneuvers
(M-1 and L-), Appendix A). Blood pooling in the lower body is reduced by use
of the G-suit. The factors, then, which define an operating limit in the
cardiovascular system, are related dirvectly to the blood pressure response
characteristics in the 3-15 second time frame (15). A composite of experi-
mental results depicting acceleration tolerance end points is shown in Figure
1 (8, 17, 25). In general, the blood pressure response in a hypothetical
acceleration field with 5G/sec onset shows a gradual decrease below baseline
until eight seconds then a gradual increase to a final level still below base-
line. The pressure receptors in the carotid sinus are the primary cause of this
reflex action (38).

Another area of interest in the physiologic response to G stress is the
time period beyond 15 seconds. Once the pilot has passed a G stress leve!
which represents his/her relaxed tolerance [energy must be expended] in strain-
ing to increase blood pressure and thus maintain vision. The amount of energy
expended in the blood pressure maintenance task is a factor of the straining
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efficiency and the magnitude of the G difference between the relaxed tolerance
and the current G stress level. It can be speculated that the time endurance
limit 1s determined by the amount of straining energy used in visual maintenance.
When the energy pool is diminished to 2 certain level the fatigue limit is
reached.

The Pulmonary circulation is also a critical factor in determining the
amount of oxygen available to the physiologic system. Acceleration stress

causes a reduced blood flow to the ventilated areas of the lung which in turn
reduces the arterial oxygen concentration, Glaister (21). Therefore there is a
concomitant reduction in the oxygen delivery from the external environment.

The system model is shown in Figure 2. The model rationale is that of
energy balance or oxygen balance and provides a rational basis for description
of previously recorded experimental evidence. The model also generates a new
set of questions and requires a new set of experimental evidence in certain

areas to establish a validation from the new viewpoint. The transition from
2 oxygen depletion to CNS impairment and acceleration levels to manipulative
i control models is left to others.
-% tach of the computer based models is derived from literature and/or
experimentation and each subsection represents a partition of the complex

system into more easily modeled subsystems.
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SECTION 2

THE PHYSIOLOGIC MODELS
Introduction

The human organism is a highly complex system of interconnecting and
interdependent systems. Linearization of any of these systems is a precarious
practice if the attempt is to define the total system. However by restricting
the modeling effort to the problem at hand some success can be immediately
forthcoming. In attempting to tie the simulation of machines in direct
connection with the man further allowances and restrictions are forced upon the
modeler. Training and research simulation has an overriding requirement that
the system must run in real time. Using the engineer's tools such as linear
systems analysis, complex structural modeling and applying simplifying assump-
tions it is possible to define a manageable structure with some common signal
set which relates each part of the model. The rationale behind this system
structure is directed by such constraints.

kil SR sl

The simulation submodels are selected by a partitioning process which
separates identifiable physiologic systems. The systems are then modeled
using a common dimensional signal as the output.

The integrated system is represented in Figure 2. The various model
partitions are evident in the block diagram structure.

The Cardiovascular Response Model is represented by a dynamic linear
transfer function which corresponds to the effect of acceleration on the pilot's
blood pressure. One prime governing factor in pilot response to acceleration
is the onset of greyout and blackout. These visual probiems are directly
related to the available blood pressure at eye level. This model output pro-
vides a dynamically responding signal which is equivalent to nominal eye level
blood pressure values for an unprotected human undergoing the equivalent
acceleration, G(t), profile.

The Straining Simulation Model accounts for the G tolerance enhancement
which is afforded by a properly executed M~1 or L-1 maneuver. The purpose of
these straining maneuvers is to increase the blood pressure delivered to the
eye. Proper performance of the maneuvers requires that the abdominal and upper
torso muscles be tensed isometrically and that expirations should be made
against a partially closed or closed glottis. The result is an increased
intrathoracic pressure and increased blood pressure at the eye. Proper
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application of the straining maneuvers also results in the appearance of myo-
electric signals (EMG) on the skin surface. These biologically derived signals
may provide for an evaluation of the straining protection variable which re-
presents the increased blood pressure due to the M-1 or L-1.

The Ventilation Perfusion Model allows the effects of reduced perfusion
to be incorporated. Acceleration induced shifts in the pulmonary blood supply
reduce the amount of oxygen transport across the alveolar surface and thus
reduce the oxygen supply.

The results of oxygen/energy use in straining and the impaired supply
through the ventilation perfusion changes are embodied in the energy stores
Model.

The G Suit Model provides the parameters which describe the valve system
and the garment used to increase the individuals tolerance to +GZ. The suit
uses pressurized bladders to press against the legs and lower abdomen. The
external pressure inhibits displacement of the blood volume to the lower ex-
tremities thus insuring a better blood supply to the heart during acceleration.
The suit must be inflated by the G valve to a predetermined level for the suit
to be effective. The simulation model accounts for the required pressure level
and uses the actual suit to provide the necessary dynamics. The suit pressure
is compared with the required schedule and a protection value is generated by
the model.

The Dynamic Visual Field Model reacts to G level inputs from an «tornal
source and produces a dynamically responsive signal which predicts the expected
visual field of a pilot undergoing the identical G profile.

The system presented on the following pages represents the results of
partitioning the complex physiologic system into submodels. Each submodel is
explored and developed in detail based on a common protection variable (PV)
which is related physiologically to systemic blood pressure. The blood pressure
models are then finally combined in a systematic paradigm which provides the
driving values for the visual field response model.

The Cardiovascular Response Model

Background

Human tolerance to long term +Gz acceleration is normally measured in
terms of visual loss (blackout) and unconsciousness. Both of these tolerance
end points are related to the ability of the cardiovascular system to deliver

12




oxygenated blood at adequate pressure to the retinal and cerebral regions. The
acceleration causes a changing blood pressure profile in the human such that

the effective pressure vertically above heart level is decreased and the
pressure below heart level is increased. There is therefore a lower perfusion
pressure at eye level. The distribution of the blood in the body also changes
as the acceleration pools blood in the lower parts of the body and lungs. There
is therefore less available blood to circulate and a lower oxygen content be-
cause the lungs do not operate as efficiently.

There are two cardiovascular systems which are dynamically involved in
blood pressure maintenance which the human is undergoing +GZ acceleration. The
hydrostatic system which is related to classical fluid mechanics is responsible
for the reduced retinal perfusion pressure at the eye and eventual loss of
pressure at the cerebral level. The orthostatic system is related to blood
pooling in the lower body with a concomitant reduction to venous return to the
heart.

The cardiovascular system has self regulatory feedback systems which are
affected by blood volume and pressure. The feedback systems attempt to regulate
the pressure and flow characteristics of the cardiovascular system. One of the
primary pressure sensors for this system is located in the carotid artery. Any
change in pressure at the sensors results in a regulatory operation which
attempts to return the pressure to a preset value. For example, a pressure
drop at the carotid sinus initiates a neurologic refiex action which changes
the heart rate and output so as to increase the overall pressure level. This
section derives the rationale for a cardiovascular transfer function model
which describes the GZ acceleration response of the blood pressure delivery
system.

A radically new model for the cardiovascular system is not the intent of
this study. Rather a reasonably accurate transfer fuaction based on physiologic
and physical principles as well as experimental observation is sought. The
major requirements are that the transfer function model retain the major re-
sponse characteristics of the cardiovascular system, be implementable in a real

time digital simulation system, and retain factors which are identifiable with

measurable physiologic factors.

Transfer Function Dynamics
Models of the cardiovascular system have been developed by investigators

13




(19, 30, 32, 45) in an attempt to better understand the underlying mechanisms
which characterize the dynamic response of the system. The primary areas of
investigation deal with the carotid sinus feedback reflex, peripheral resistance
and blood distribution. Both animal analogs (principally canine) and human
experimentation have led to the current knowledge about the blood pressure
response to +GZ.

Canine blood pressure response curves have been derived by Knapp (30) with
maximum gain in the 30 to 60 mHz range. Koushanpour, et al (32) show a first
order transfer function with a 20 second time constant. Levison (38) has pro-
posed a second order system for the canine carotid reflex with a natural
frequence of 42 mHz. According to Scher (50) an adequate description of the
pressure response transfer function can be made as a single zero double pole
system. Gillingham (19) uses a single zero double pole system as one of his
empirical functions. Examination of Gillingham's data as a Bode plot indicates
that a single zero double pole transfer function can be applied with reasonable
results. This study has adopted a similar function to represent the pressure-
GZ acceleration (P-G) transfer function. The frequency range of interest is
restricted to f = 200 mHz as the physiologic response of interest as long term
maneuvering accelerations falls within this range. The generalized transfer
function is:

K.(1 #
Pls) = —— i

2
1+ b]s + bzs (1)
Values are selected for ars b], and b2 as compromise values from the literature
and Gillingham's response curves. The system lead term is selected at fz = 30
mHz and the system response is selected as a complex pole at fp = 70 mHz and
§ = 0.7. For these breakpoints the values are a = b3l b] = 3.23, and b2 =

5.17 ("i = 2nl ). The system gain k] is derived in the following section.
z

System Gain Derivation

The calculation of system gain requires the consideration of the laws of
hydrostatics, anatomy and experimental observation. The occurrence of blackout
defines the point at which blood pressure in the eye has dropped below some
critical value. The difference between this critical value and the normal eye
Tevel pressure provides the basis for calculation of the linear gain value.

14
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The resultant gain K] represents the static pressure loss at eye level per
unit Gz under the assumption of constant pressure at the aortic arch.

The laws of hydrostatics requires that ideal fluids at rest under gravity
have equal pressure in all directions at a point, have the same pressure at all
points on equal gravity planes and that pressure varies with depth. In a
gravity free environment the blood pressure would generally be constant over
all areas of the bodyf' Under this condition the effective internal eye level
blood pressure would be 90 mm Hg assuming a 20 mm Hg intraocular pressure and a
nominal systolic pressure of 110 mm Hg. If the body is placed in an accelera-
tion environment the hydraulic column of the blood supply will take on differ-
ing pressures at different vertical distances as measured along the acceleration
vector. The change in pressure due to acceleration and the hydraulic column is
given by Pascal's Law of hydrostatic differences. This can be stated as the
pressure at any point in a fluid with respect to another point is given by
p Gh where p is the density of the liquid, G is the acceleration and h is the
vertical distance to the reference point. The pressure in mm Hg at eye level
is calculated as:

Pae = Pa -0.77 G(t) he (2)

where(.77 is a conversion factor related to blood density with units of mm
Hg/cm.

There is generally some angular displacement from vertical of the hydro-
static column between the aortic arch and the retina. This offset angle (¢)
accounts for the GZ component of the acceleration vector. The pressure at
heart level is given as Pa and the pressure at eye level is given as Pae. The
hydraulic gain for the transfer function relating pressure at eye level to the
acceleration level is then given by:

Pae - Pa = -0.77 he cos 0/G (3)

The transfer function gain is:

K](e) = EQQ—&-BQ = -0.77 he cos 0 (4)
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For a nominal eye to aortic arch distance of 28 cm and ¢ = 0° the gain K](a) is:
K](n) = -0.77 (28)(1) = -21.6 mm Hg/G (5)

The gain value can also be calculated from blackout tolerance values
derived from experiment. The blackout tolerance figure for unprotected sub-
jects is reported by Burton (5) as 3.7 Gzi_.lo for peripheral light loss and as
4.7 Gzi .8 for central light loss. The occurrence of central light loss or
blackout corresponds to the cessation of blood flow through the retinal artery
and therefore is the point at which the effective pressure has dropped to zero.

The effective retinal pressure is calculated as the difference between eye
level blood pressure and the intraocular pressure (vide infra) where the intra-
ocular pressure is chosen with a nominal value of 18 mm Hg (11).

Pe = Pae - 18 (mm Hg) eiv: R)
(Pae = 120 - 0.77 (30)1) (7)
= 97 - 18 (mm Hg) (8)
= +79 nm Hg (9)

The G difference is taken from experiment (5) so that K] (0) is calculated
as:

= 79 :
K] (8) = s T s -21.4 mm Hg /¢ (10)

The general transfer function is constructed using the derived values as shown
in Figure 3.

The Protective Garmet Model (G Suit)
Background

The history of G-suits dates from World War II and has been reviewed in
recent monographs (5, 15, 16, 29). The wrap-around CSU-3/P cutaway-type of
anti-G suit, presently used by the U.S. Air Force, improves tolerance in the
+Gz vector by about 2+Gz (37). The protection effect of anti-G suits was
originally established on the Toronto centrifuge and at the Mayo Clinic and has
been summarized by Wood and Lambert (58). These studies showed that inflation
of a G-suit at 1 G produces an initial increase in arterial pressure, followed

16




6(t) -21.4cos0 (1 + 5.31s) PV,

2
1T % 3.23s & 5.17s

LEGEND
G(t) = Acceleration Vector
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by an almost immediate decrease in heart rate probably due to a depressor re-
flex originating in the carotid sinus and aortic areas. Lindberg has observed
that inflation of an anti-G suit under +GZ acceleration is associated with a
relative increase in mean aortic pressure which acts to counteract the in-
creased hydrostatic pressure (43). When the suit is inflated during accelera-
tion, the arterial pressure rises slightly above normal at the heart level but
remains below normal at the head level. Since the pressure in the carotid
sinus is not significantly elevated, slowing of the heart rate does not occur.
Lindberg, has shown that the decrease in cardiac output that occurs during +GZ
acceleration is not significantly altered by the use of an inflated G-suit
(43). Hence, the protection afforded by the suit is not associated with a re-
lative increase in cardiac output.

McCally has shown that the G suit does not provide protection unless the
suit is inflated to at least 80 mm Hg (46). In effect the pressure difference
between the suit bladder and the hydrostatic blood pressure in the lower body
must be such that the suit pressure is greater to effect a protection function.
The same reasoning is used in developing the simulation model. The suit
pressure must be within acceptable pressure tolerance or it will affort no
protection value.

The G Suit Model

The protective G suit garmet contains airtight bladders which are filled
with pressurized air delivered from a G sensitive mechanical valve. The
pressure delivered by the valve is a function of the current G level. The
normal suit pressure G relationship curve is presented in Figure 4.

At the lower end (left side of Figure 4) of the G-pressure curve it can be
seen that G suit inflation does not begin until the valve has reached a level
of 1.5-1.7 G. After this point the pressure output is a linear function of G
with a value of approximately 75 mm Hg per G. The air bladders, the suit air
feed hose and the containing garment represent a dead space which introduces a
time delay into the pressure system. The delayed suit filling is caused by
both a transport delay and first order lag. The transport time is caused by
the connecting air feed line from valve to suit and is on the order of 5 msec.
The bladder size and garmet tightness govern the lag term which has a time
constant on the order of 1 sec. These relationships can be seen in Figures 5a
and 5b.
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In terms of the model, the dynamic G suit effects do not easily fit into
the scheme of the blood pressure dependant variable. This must be circumvented

in the integration of the system to allow for straightforward implementation.
The general plan will be to establish a binary decision on appropriate suit
pressure.

A blood pressure G suit model is chosen based on experimental values from
MCally (46). The model assumes a nominal 2 G or equivalent 42.8 mm Hg increase
for a properly inflated suit. For a suit with lower than designated pressure

the increased G protection and equivalent blood pressure value decay linearly

to 0. The model is driven by a delta P.(APG) representing the pressure dif-
ference between the standard suit pressure curve and the actual suit pressure.
When suit pressure is equal to or greater than the standard curve value, full
protection is assumed. When the suit pressure is less than required by the
standard curve, the protection value is lowered. When the pressure differential
1 is greater than 80 mm Hg with the suit pressure below required values, there is
F} no protection afforded by the simulation model.

:

Where APG = Suit Pressure - Standard Curve Pressure
For APG < - 80 - Protection Value (PV) 0
For -80 < aP; < 0 ——— PV = (%8)ap + 42.8

For 0 - APG =——PVR="l9 8 (1)

It is most appropriate to include both suit dynamics and the physiologic E
system dynamics in the model. In fact the suit dynamics are included as a real
time system by the implementation of the actual suit system pressure signal in
the model. It is not possible to add the physiologic system dynamics at this
time without greater definition of the protective mechanisms. However the
errors inherent in the current system will not be of such magnitude that their

effect will be noticeable in this simulation system. The suit dynamic effects
may change the cardiovascular system transfer function. Both the stiffness of

the system and the lead term of the G-P transfer function would probably be
modified in a manner which cannot be accurately modelled. The simulation model
is presented in block diagram form as Figure 6.
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The Visual Model
Background

The effect that acceleration has on the visual apparatus is observed in
terms of tunnel vision, greyout, and blackout. During the periods of greyout
there are also decreases in visual acuity and brightness contrast dete~tion
ability. Although there are multiple factors related to the anatomy, psychology

and physiology of the human which are responsible for these changes in visual

f perception, the structure of the eye is a primary factor and provides the hasis
for a usable model.

The approximately spherical eyeball contains an optical system which
transforms light through a variable focus lens and forms an image on a light
sensitive layer on the inside rear surface (Figure 7). Detected light in
electrical signals that pass through neural links to the brain where conscious
recognition of the image takes place. The eye is supplied by the opthalmic
artery which has two branches in the eye itself. One branch, the retinal
artery, enters the eye within the optic nerve and provides the primary source
of blood to the retinal ilayers. The other branch, the ciliarv artery, supplies
the outer layers of the eye and the cilinary processes. The central retinal
artery enters the eye at the nasal side of the optic disc. Within the disc
margin the artery divides into a superior and inferior branch and these branches
then divide into temporal and nasal branches. These four divisions supply the
four quadrants of the retina and can be observed in vivo by means of the
opthalmascope. The branches are actually arterioles without precapillary
sphincters (13).

The retina is composed of distinctly different areas, the optic disc which
is the entry point of the neural links to the brain, the macula containing the
foveal area which is the optical center of the eye, and the parafoveal areas.
The principal light detection apparati of the eye are the rods and cones which
are distributed throughout the eye with varying densities in the different
areas. There are no rods or cones in the optic disc area and therefore the disc
represents a blind spot on the retinal field. The fovea contains the greatest
density of rods and cones and therefore provides the greatest visual resolution.
The peripheral areas of the retina have a greater recruitment of sensors per
neuron and thus have a lower resolution.

The neural linkages between retina and brain are also distributed with
varying densities to the rods and cones. In the peripheral areas containing
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only rods, there is a recruitment or summation of detectors so that one neuron
may serve multiple rods. In addition, the visual pathways have 3 cells and 2
synapses within the retina (see Figure 8). These neural junctions are particu-
larly susceptible to oxygen deprivation and the peripheral blackout phenomena
is thought to be at the ganglion level in the chain (37). The rods and cones
in the fovea region are innervated on a nearly one to one basis.

The eye is maintained at an internal pressure which is above that of the
surrounding tissue. This intraocular pressure ranges from 10 to 20 mm HG in
the normal eye. This internal pressure serves to hold the eye relatively rigid
thus supporting its optical apparatus. Any fluids which are transported into
the eye must enter at some pressure greater than the intraocular pressure.

When the blood pressure supply drops below some critical point the retinal
supply vessels no longer remain open to blood flow. Therefore, theory predicts
that visual field collapse in +GZ acceleration occurs when retinal artery
pressure approaches intraocular pressure and retinal perfusion ceases. In

1954, Lewis (40) examined the retina directly with a funduscope and drew
illustrations of the retinal supply at +GZ accelerations. In 1968, Newsome (48)
using color photography confirmed that blackout is characterized by pallor of
the optic disc and drainage of blood from the central retinal artery and vein.
Thus it is evident that sufficient pressure in the opthalmic artery is necessary
to insure delivery of nutrients and oxygen to the retinal layers.

The simulation model utilizes these concepts and offers a systematic look
at the blood pressure distribution across the retinal field. The changing
pressure levels which are postulated across the eye serve as a partial explana-
tion and a functional model for the prediction of field changes other than
total blackout. The model requires an oversimplification of detailed circula-
tion patterns and draws upon certain observations in the literature on the
anatomic structure of the eye.

The Visual Field Model

The structure at the retina is idealized as a network of cylindrical
hydraulic pipes with a central supply at the entrance of the optic nerve,
Figure 9. If a steady laminar flow is assumed through a cylindrical tube the
flow (Q) will vary with the 4th power of the radius of the tube and the
pressure differential AP. Also the flow will vary inversely as the length ¢ of
the tube and viscosity of the fluid n. This is stated in Poiseuille's law as:
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lens falls first on the nerve fibers, traversing these and two
layers of ganqlion cells before reaching the primary light
sensitive cells, the rods and cones. There are many more
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Figure 8 Schematic Section of Retina
from White. (57)
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and

The blood pressure drop across the cardiovascular system is mostly across
the arterioles (2). At higher levels of pressure the retinal arteries supply
the arterioles with sufficient pressure so that the entire retina is perfused
with a continuous flow of freshly oxygenated blood. As the pressure in the
retinal artery drops, the flow must decrease in accordance with Poiseuille's
Law, resulting in less blood and therefore less oxygen available to replenish
the retina.

The effective pressure (PR) in the retinal artery is the difference be-
tween supply pressure (Pae) and the interocular pressure pIO‘

PR = Pae - PIO (13)

As an initial approximation, the retinal supply network is assumed to be
a network with the supply pressure distributed linearly across the network.
That is at any point along the supply:

where dx is the distance along the arteriolar bed, dP is the corresponding
pressure change along dx and K is a function of the supply pressure at the optic
disc.

The family of curves describing the transretinal pressure gradient is a
series of straight lines with slope where PR represents the current retinal

PR

4

pressure at the disc and K4 is the outer circulation limit of the retina,
coresponding with the ora seratta. For any value of Pae the retinal pressure
as a function of distance from the disc is given by:

Pr
Pr=-R’4—X+PR (14)
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In a small blood vessel a pressure differential of about 15-20 mm Hg
across the vessel wall is required to maintain an open flow channel (2). When
this transmural pressure is not maintained, flow will cease and the blood supply
is cut off to all points beyond. This critical pressure is now labeled PCRIT‘

17 = - P2 + Pae
4
K, 17
= Kg = pae = Kq (1 - p3e) e

For a nominal value of K4 = 110° representing the outer circulation limit, x
is given by:

x = 100° (1 - 12 (16) |

The quantity x represents an angular distance measured from the center of
the optic disk. The optic disk is located on a visual field map approximately
10° to the right of and 10° below the optical axis for the right eye and to the %
left and below for the left eye. The expression for the visual threshold ]
distance x is now applied to the binocular field chart using this offset. The
peripheral edge of the model is determined by a polar projection of the retinal
field. The center of the polar map is taken as the visual axis and the disc

as the flow center. The field contribution of the right eye under acceleration
is then:

r2 - Zrdr cos (d + x) + rd2 - x2 (17)

where r is sensed visual limit at y, 4 is offset distance of the disc from the
visual axis and d is the angular offset of the disc from the horizontal axis.
A similar expression is found for the left eye.

The visual field model can now be extended to a binocular field. Figure
11 is a binocular field map showing the coincidental foveal areas as the visual
center, and the optic disc for each eye in a manner that depicts the observed
field from inside out. The outer lines depict the outer edges of the peripheral
vision. Lowered blood pressure supply in each of the modeled retinas causes the 3
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field to collapse as concentric circles with centers at each of-the optic discs
as shown by the dashed lines. Thus the visual field collapses toward a some-
what oval shape with the vertical field having a smaller visual angle than the
horizontal field. This shape is in aggrement with Gillinghams experimental
results (18).

The relationship between retinal blood perfusion, and the ability for
contrast detection in a visual scene is apparently an oxygen transport phenomena.
The observed visual dimming and field collapse model can be extended to include
these effects. A representation of the visual field model is included in

Figure 12.
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Figure 12. Schematic Representation of Visual Field
Size Model

The Straining Model

Background
Human tolerance to acceleration may be improved by the use of protective
measures and devices. Straining and grunting in tight turns was practiced by
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German pilots prior to World War II to improve their tolerance. This technique
gradually evolved into the M-1 maneuver. At the same time it was discovered
that bending forward also improved the tolerance of pilots in high acceleration
maneuvers. The effects of posture, restraint, and body position on G tolerance
have been well worked out and have been reviewed in detail (15, 16).

The M-1 maneuver, defined as muscular straining with expiration against a
partially closed glottis, (see Appendix A) is a most effective voluntary pro-
tection against the circulatory effects of +GZ acceleration (43, 58). The
physiologic basis for this protection has been ascribed to its effect on in-
creasing the arterial pressure during acceleration. As forced expiration is
instituted, the resulting increase in intrathoracic pressure is transmitted
directly to the aorta. There is an immediate increase in peripheral arterial

pressure which is only slightly less than the increase in intrathoracic pressure.

This maneuver affords up to 2.4 G protection against blackout (5). The
circulatory mechanisms described were identified by Rushmer in 1946 (49). The
“pressure raising" approach has theoretical difficulties in that blood pressure
is controlled within rather narrow limits by a number of effective servo-
mechanisms, the baroreceptor system being the best known. The elevated
intrathoracic pressure can result in a decreased venous return, lowered cardiac
output and therefore a lower blood pressure at the eye. The carotid sinus re-
acts to the initially increased blood pressure and also to attempt to regulate
the blood pressure. Both of these effects are minimized by a cyclic application
of the M-1 or I-1 procedure with a repetition rate of 4-5 seconds (Appendix A).

The vestibular-cerebellar system senses the initial G force and in fact
may anticipate it in the real sense as the cerebeller function has multiple
inputs to key it to oncoming acceleration. For example in the aircraft it is
an initial cerebral activity that initiates the maneuver and therefore the
system has apriori knowledge of the magnitude, onset rate and duration of the
upcoming acceleration profile. The centrifuge subject has some keying from
auditory senses originating from hydraulic valves, start up commands as well
as early motion cues to predict that something is going to happen. The
simulator pilot has cues in that his actions generate the profile. Of course
in a well designed test, the subject may not have apriori information on the G
profile.

The action of the vestibular-cerebellar system modifies the neurologic
system in a manner which leads to increased anticipation and undoubtedly higher
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sympathetic activity, i.e. increase muscle tone. The anticipatory activity
involving such anxiety then changes the hydraulic constants of the cardio-
vascular system. This of course affects the peripheral resistance, damping and
blood pooling capability and the natural frequency of the P-G transfer function.

Investigations by Lind and his coworkers on the effects of isometric
exercise have also identified cardiovascular responses to sustained muscular
contraction (41, 42). For example, a 50% maximum voluntary handgrip contraction
can raise mean arterial blood pressure 66 mm Hg. The mechanism of the response
has not yet been established. The tensing or isometric exercise of skeletal
muscle has been mentioned as a G protective factor (36, 43) but no attention
has been given to the cardiovascular mechanisms involved. Muscular tensing
has been alleged to decrease the amount of blood pooled in the legs and abdomen
and to increase peripheral arterial resistance. Muscle tensing alone has been
reported to elevate blackout threshold by about 1G although the muscle groups
used and the force exerted were not specified (37).

Use of the M-1 and L-1 maneuvers to increase the eye-level blood pressure,
and therefore the acceleration tolerance, carries with it an implicit use of
energy stored within the body. There is therefore, a energy cost to a pilot
undergoing acceleration stress in maintaining this visual function through in-
creased blood pressure. When the subject is close to the relaxed acceleration
tolerance limit, straining is required to increase that tolerance level. The
increase being essentially equal to the amount of elevated blood pressure that
can be generated with the straining. The energy expenditure is apparent in

the protective maneuvers used. The closer the subject is to a limit, the
greater the required straining. The acceleration force also reduces his venti-
lation rate and reduces his pulmonary efficiency. This further compounds the
problem of maintaining appropriate oxygen as well as blood pressure in the eye §
and cortial tissues. Thus, there are "at least" two important components
contributing to the reduction of energy reserves. These are the closeness to
the cardio-vascular limit and pulomonary efficiency. Once the pilot has ex-

ceeded the normal G-stress level, represented relaxed tolerance, even more
energy must be expended to increase the blood pressure and thus maintain vision.
The rate at which energy is expended in the blood pressure maintenance
task is a factor of the straining efficiency, G-suit efficiency, and the
magnitude of the G-difference between his relaxed tolerance and the current G-
stress level. His energy expenditure may be a factor in determing the time

34




endurance limit within the acceleration profile. The pilot is working in an
essentially oxygen deprived situation because of the blood-lung field shifts
which may not allow for continued replenishment of the oxygen within the blood.
This exercise activity of the pilot involves both aerobic and anerobic activity.
The aerobic portion of energy production utilizes glycogen and free fatty acids
as well as oxygen. The aerobic oxidation of a molecule of glucose yields 38
molecules of ATP. Contrast this with the 2 molecules of ATP produced in the
anerobic metabolism of glucose to lactic acid. It is obvious that the pilot,
to endure the acceleration profile for the longest time, should be performing
an aerobic exercise. However, the lTimited pool of oxygen that is available

and the activity of straining suggests that the activity in exercise in the

L-1 and M-1 maneuver is both aerobic and anerobic. The anerobic activity can
only be continued for the period of time that ATP is available. The act of
straining reduces blood flow in the active muscle and exacerbates the oxgen-

‘ ation problem. The exercise intensity may then determine the metabolic path-
way utilized in performing the M-1 and L-1. If the greater amount of exercise

performed in straining for acceleration tolerance improvement is essentially
anerobic, then it would seem that an anerobic training method would be most
beneficial for pilots rather than an aerobic training method. The protection
factor generated by the breathing pattern is critically controlled by the
straining and breathing rate. An improperly performed M-1 can actually reduce
protection and result in a detrimental pressure drop.

The response of blood pressure to the valsalva maneuver is depicted in
Figure 13. From a nominal value of 125 mm of mercury at the onset of the L-1
maneuver, the blood pressure is increased to a value of 160 mm Hg by use of the
L-1 or valsalva maneuver. As the technique is continued, the blood pressure
gradually decays back to normal or the 125 mm Hg value. It can be surmized
that the L-1 or valsalva is important in raising blood pressure if that
maneuver is maintained for a short period of time (between 3 and 5 seconds) and
then repeated at some short interval after that to maintain the higher level
blood pressure. The reason for the falling blood pressure after the extended

period of valsalva maneuver is that the blood return to the thoracic cavity is
inhibited by the higher pressure generated by the maneuver. With less blood
available, the heart is unable to effectively maintain a suitable pressure out-
put.
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Figure 13. Valsalva Maneuver
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In the recovery period, that is after the valsalva maneuver has stopped,
there is also an overshoot period wherein blood, now rushing back to fill the
heart, is expelled with greater force and the blood pressure increases after
the valsalva maneuver. This may well be a secondary effect which can be useful
in determining both repetitior rate and time period of application of the L-1
or valsalva maneuver. Thus this CV response provides clues as to modifications
of the M-1 maneuver and its applications.

A similar effect is seen with acceleration induced blood volume shifts.

If a quantity of blood is returned to the stressed heart by a positional change
there is a brief period of elevated pressure (31). The transient pressure rise
may be an important consideration in sequencing acceleration protection devices.

Model Implementation

Figure 14 represents a descriptive model used to implement the known re-
sponses and repetition rates of the M-1 maneuver. The M-1 maneuver, or modified
valsalva maneuver is most efficient at intervals of 3-5 seconds. Periods of
straining for the maneuver which are less than 3 seconds are not as effective
at reaching the maximum blood pressure. Periods of straining which extend be-
yond the 5-6 second time period involve the blood return to the heart problem
and therefore are also less effective at maintaining the higher blood pressure.
The actual blood pressure achieved by a given straining regime is difficult to
determine. In fact the blood pressure achieved is essentially a function of the
pilot's control strategy in maintaining his function within the acceleration
profile. Figure 15 represents the straining protection model based on the
physiology and the past research information. On the input side of the model,
the letter E represents a control strategy or the amount and duration of strain-
ing which is a function of the pilot's training. The model is characterized
by a gain value related to the straining level. The dynamic terms reflect the
activity of the muscle and neural systems and the changes in the blood flow.

Further research is needed in elucidating the effects of the L-1 and M-1
in terms of frequency response characteristics, overshoot times and other
important factors related to a control model.
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The Ventilation Perfusion Model

Background

Distortion of the lung field during acceleration causes serious changes in
the ability of oxygen to be transported across the lung surface and thence in-
to the blood. A number of methods have been used to describe the oxygen trans-
port across the lung. Glaister has summarized a number of these in his book
(21). The causes for the change in oxygen transport appear to be due to blood
shunts caused by the redistribution of the blood field across the lung at the
lower levels and due to the absence of blood at the upper levels of the lung.
To establish a linear model of such a system is an extremely difficult problem.
One method of attack has been proposed by Holden and Rogers and is used as a
basis for the model development in this system (28). The overriding concern is
that one develop a dynamic model which shows the oxygen concentration changes
as a factor of acceleration stress. If the model output matches the known in-
formation, then the input assumptions are at least realistic and the basic re-
search principle is then established to allow for further study.
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Model Development

A summary of the model development shows that the arterial oxygen concentra-
tion can be approximated by a polynomial in G and a rate of change of the oxygen
can be approximated by an exponential decay (28). The model response to G-force
is shown in Figure 16. Figure 17 is a block diagram control representation of
the Ventilation-Profusion Model. The input is the G-vector with the output the
oxygen concentration in percent of saturation. The block diagram model clearly
shows the polynomial factor of G as an input which is also a function of the
G-vector orientation.

The Energy Stores/Oxygen Model

Background

The energy production capability of the human is reilated to proportions of
fats, carbohydrates and proteins used as metabolic fuel and is related to the
amount of oxygen available to use these fuels in the production of energy. The
actual energy stores of the body in terms of how much work the human is capable
of is difficult to measure. The human, like all physical systems, however, is
constrained by basic laws of thermodynamics. We can, therefore, make the simple
assumption that a medel can be developed which is related to oxygen intake and
energy output. Although this model might not be accurate in a micro-sense,
certainly it should hold true over a long period in a macro-sense.

The energy stores model, then, is an energy balance system in which oxygen
is proficed through the pulmonary system. The oxygen is utilized with the
metabolic fuels in the straining system with the resultant higher blood pressure
through the straining. Other oxygen is utilized in normal metabolic maintenance
and the oxygen reserves are depleted. If all factors are related to equivalent
oxygen levels, and assumptions are made on the percentage of aerobic and anerobic
activity, then the energy balance equation is written as:

Oxygen reserves + oxygen intake = oxygen expended in
straining activity + oxygen expended in normal basic
metabolism
or more precisely:
m

T
nzl f £,0,dt = C) (19)
0

where EnO2 represents the oxygen dependent system n and C] is a constant.
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Figure 17. Ventilation Perfusion Model .
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Model Development

The energy system is modelled as depicted in figure 18. The straining
protection model driven by the effort strategy that the subject or pilot has
adopted to provide protection, provides a value to the system which is related
to elevated blood pressure. This value is PVS, protection variable from strain-
ing. The effort strategy that the subject or pilot has adopted also causes
energy expenditure. This energy expenditure depletes the energy stores re-
presented by the small block indicating the percent of oxygen saturation
normally found. The Ventilation Profusion Model at the bottom of the figure,
with an input of acceleration as a function of time, adds to the energy stores
and increases those stores in a fashion dictated by the control model formulation
of the Ventilation Profusion block. The output of the model is, the level of
oxygen in the blood and a protection value which provides the input to other
sections of the model. The Energy Expenditure Model is simply an integrator
which integrates the energy effort and transiates this to a depletion of the
oxygen stores in terms of a decreased percent of oxygen.
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SECTION 3

SYSTEM INTEGRATION
The Simulation Model

The Simulation Model representing the concept of an energetic system
applied to acceleration stress is brought together in Figure 19. When the pilot
or subject is exposed to an acceleration profile indicated by G(t) the cardio-
vascular system responds with a decreased blood pressure at the eye if the G
has a component in the z direction. This response is represented as the
Cardiovascular Model. The G suit is modelled as a system which responds to the
acceleration vector and increases the protection value (blood pressure). The
acceleration signal affects the Ventilation Perfusion System Model by decreasing
the inflow of oxygen to the available energy pool. The reduced protection
value (blood pressure) and the reduced PAO2 value reduced (oxygenation of the
blood) affect the Visual System Model by changing the visual information channel.
The visual changes are measured as alterations in the visual modulation transfer
function (MTF). The Decision Model is affected by the visual changes MTF
reduced protection value and PAO2 value. A protection effort strategy is
generated by the Decision Model and the Straining Models are activated. The
Straining Models increase the protection value and decrease the available energy
pool.

Thus the Energetics Model becomes one in which energy becomes a primary
constraint and a concomittent result of the straining and acceleration profile.
This concept ties the acceleration protection and the cost of the protection
together in a single model.

The Optimal Strateqy Model
A reorganization of the System Model and the addition of flight require-
ments now facilitates the application of an optimal energy and visual function

control scheme. Figure 20 presents the required organization. The physiologic
functions of pressure delivery are categorically identified under the pressure
system block. The Energy System is organized from the Straining and Ventilation
system. The Visual System is depicted as a function of pressure and oxygen
supply. A1l three of the functions are input to a decision/strategy filter
which evaluates the states of the functions, combines these with other functions
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and generates an "effort" or protection strategy. In the Simulation Model the

values of energy conservation, immediate protection value, and straining repe-
tition rate must be generated as functions of tb~ effort strategy filter.

The organization of the Simulation Model now allows the use of optimization
techniques to define appropriate effort and profile strategies for the maxi-
mization of acceleration protection with minimal energy expenditure. One con-
trol law which might be considered is to choose the application sequence of
protection equipment and straining periods for an acceleration profile such
that

f(sn)z(t)dt is minimized.
0

where En represents the energy using systems. Other combinations of protection

the linking correlates to such factors as the indifference threshold of the

t value and energy cost may be used to derived optimal‘protection and to establish

Optimal Control Model.
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

The development of this model and submodels has been based largely on the
experimental data available in the literature. The concept of energy as a
portion of the model is defined in a very general sense. Using the available
oxygen as an indicator of the energy is only the first approximation to a useful
system model. This development leads to a new set of research directions which
can be profitably followed for redefining acceleration physiology and performance
models. The sub-models of this system are in no way the final models, but are
only approximations based on information that was available at the time of this
study. Each of the sub-models needs further exploration and further definition
using a modelling technique which allows for integration with the larger model.

The difficulties, of course, are in the assumptions that each of the sub-
models is a linear system and does not have a cross-coupling affect with the
other sub-systems. These linkages and couplings can only be studied after more
refined models have been developed. In fact, further research may redefine the
structural model as laid out here and in doing so hopefully will bring us closer
to the point wherein it can be used as an optimal protection model. The de-
cision model will provide links with the optimal performance models used in
performance evaluation.

Optimized Protection System Sequencing

Evaluation of the model dynamics in an optimal control strategy system
provides a new look at the concepts of acceleration tolerance. Using optimiz-
ation techniques it is possible to define performance/protection stragegies for
specific combat maneuvers. A strategy or a maneuver can be tailored to extend
either the period of sustained acceleration tolerance or extend the level of
acceleration tolerance. A balance between the tolerance level and period can
be adjusted with the simulation algorithm.

Protection strategies can be developed which relate to increased protection
values based on the dynamic responses of the human, the dynamic responses of
the optimal strategy. It is not unreasonable to expect that acceleration pro-
tection methods can be improved by evaluating the model using Optimal Control
Strategies.
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The resulting protection sequence strategies will require advanced de-
velopment of protection equipment. The new equipment philosophy must be based
on the requirements of the maneuver dynamics as well as current acceleration
level. Among these requirements are, varied seat tilt times and angles under
acceleration, G suit pressure and fill schedule timing including couterpulsation,
and more energy effective use of the straining maneuver. It is a realistic con-
sideration that such sophisticated procedures will require the use of computa-
tional equipment which both monitors the human and is monitored by the human.

Straining Energy Cost

The dynamics which relate the straining mansuver to the increase in eye
level blood pressure are an important question yet unanswered. There is little
or no experimental evidence which allows an accurate description of the dynamic
increase in blood pressure as a function of straining under acceleration. The
time delays between straining onset, EMG output, and pressure elevation may be
significant and may lead to acceptable but unwanted inaccuracies in the strain-
ing model. The delay time between straining and appearance of the EMG potential
is on the order of 200 ms and is not significant in terms of the response times
of the cardiovascular system. Quantification of the actual straining energy
cost which is done in a particular protection maneuver can be done using the
EMG signals of the major muscle systems used in developing the straining
maneuver. The EMG straining information should be accompanied with information
of intrathoracic pressure used to generate the higher blood pressure at the eye,
and oxygen costs for the maneuver. A comparison of these values should be
used to update and refine the model which expresses the energy-to-blood
pressure protection level value.

Performance and Workload

The model provides an ailternate structure to link acceleration physiology
and performance systems. The combined effects of the reduced perfusion pressure
and the reduced oxygen saturation at the cortex provides a secondary basis to
re-evaluate performance which has been studied only in terms of oxygen de-
privation. Studies which better define oxygen transport across cell structures
at reduced pressure levels are an important requirement. The subset of models
which describe the energy balance concepts and the effort strategy have a
identifyable relationship with the Optimal Control Model (OCM) indifference
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threshold. This subset also is an important consideration in work load
measurement. In addition the physiologic basis for the retinal modulation
transfer function provides a direct input to the OCM parameter for observation

noise.

Visual Transfer Function

The blood perfusion schema of the retinal structure with some experimental
validation could lead to predictive methods for describing the retinal-eye
modulation transfer function. Thus, the modulation transfer function becowmes

a rational input to some Optimal Strategy Model in which the pilot is able to
balance impaired vision and the required energy expenditure, Lo maintain an
optimal visual function for a given mission situation. A promising extension
of the visual model would include a dynamic representation of oxygen transport
at the synapse junctions in accordance with Miller and Green (45). Reduction
of oxygen concentration levels due to impaired pulmonary function or exercise
would play an important role in this extended model. The distribution of visual
receptors and their activation levels may yield a physiologic basis for pre-
dicting changes in the modulation transfer function of the eye during accelera-
tion.
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APPENDIX A

THE M-1 AND L-1 STRAINING MANEUVERS (20)
M-1 Maneuver

"Pilots commonly refer to the M-1 Maneuver as the "grunt" maneuver since
it approximates the physical effort required to 1ift a heavy weight. The M-1]
maneuver consists of pulling the head down between the shoulders, slowly and
forcefully exhaling through a partially closed glottis, and simultaneously
tensing all skeletal muscles. Pulling the head downward gives some dgreee of
postural protection (shortens the vertical head-heart distance): inthrathoracic
pressure is increased by strong muscular expiratory efforts against a partially
closed glottis; and the contraction of abdominal and peripheral muscles raises
the diaphragm and externally compresses capacitance vessels. For long-duration
G exposures, the maneuver must be repeated every 4 or 5 seconds. When properly
executed, the exhalation phase of the M-1 results in an intrathoracic pressure
cf 50 to 100 mm Hg which raises the arterial blood pressure at head level and
thereby increases +G tolerance at least 1.5 G. The inspiratory phase of the
M-1 maneuver must (be done as rapidly as possible, sic.)."

L-1 Maneuver
"The L-1 maneuver is similar to the M-1 maneuver except the aircrew
member forcefully attempts to exhale against a completely closed glottis while

tensing all skeletal muscles. Using either maneuver the pilot obtains equal
protection, i.e. 1.5 G greater than relaxed blackout level with or without the
anti-G suit. In a 1972 study, subjects wearing anti-G suits and performing
either the M-1 or L-1 straining maneuver were able to maintain adequate vision
during centrifuge exposure of +9 G for 45 seconds. Higher and longer runs have
not been attempted. However, it is important to note (a word of caution) that
forcefully exhaling against a closed glottis without vigorous skeletal muscular
tensing (Valsalva maneuver) can reduce +G tolerance and lead to an episode of
unconsciousness at extremely low Gz levels. Therefore, instruction and train-
ing on the proper method of performing these straining maneuvers is essential."
(Source: Gillingham, K. K. and Krutz, USAFSAM AR 10-74, Brooks AFB, Texas
78235).
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