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I. INTRODUCTION

The velocity and acceleration capabilities of aircraft developed in the

years since the Wright brothers have truly set man free from the bonds of

IG earth. However, in achieving these capabilities, it has been discovered

that man has certain physiological limits. G-induced loss of consciousness

(GLOC) is a wcll documented effect that can occur during positive Gz

(+Gz) acceleration of a certain duration and intensity that can produce

incapacitation in pilots and can result in a fatal accident.

Ongoing work utilizing centrifuge studies is designed to develop

methods to protect the occupant of high G, high speed aircraft from the

adverse effects of positive Gz. Methods have included the formation and

development of the G suit and valve, the development of the M-l/L-1

straining maneutver, seat tilt back, and more recently positive pressure

breathing (8,64). However, as engineering development has progressed

through these past four decades of supersonic flight it has become obvious

the limiting factor to improved aircraft performance and capability will be

physiological and not limited by the aircraft itself.

Most aircraft maneuvers and tactics involve turning so that force

remains in a positive Gz (+Gz) or positive Gx (+Gx) direction. Negative

Gz (-Gz) maneuvers have been specifically avoided because of unpleasant

sensations and adverse physiological effects. As a consequence aircraft

have been primarily built to withstand +Gx and +Gz forces. Aircraft



acceleration tolerances are now greater than human tolerances in most of

the six degrees of freedom.

Relatively little work has been done in order to protect the pilot from

-Gz acceieration. In an effort to try to expand the operational envelope of

present fighter aircraft as well as to increase the operational and

technological envelope of future designs in aircraft, this work was done to

study -Gz acceleration, i.e. foot to head acceleration.



II. BACKGROUND

A. NEGATIVE Gz ACCELERATION

1. HISTORICAL

Negative Gz acceleration was first reported in use as a medical

therapy for neurosis in Berlin in 1818. Patients were exposed to -4 Gz for

an unknown length of tine. The treatmcnt results were a high subjective

improvement rate and marked reddening and petechial hemorrhages about

the face (71). Early authors described that -Gz acceleration may be

accompanied by conjunctival hemorrhage, severe headache, mental

confusion, muscle incoordination, unconsciousness, and staggering gait for

several hours after exposure. Also reported were intense congestion in the

head and face, a sensation of the eyes protruding and skull expanding, and a

free flow of tears (27).
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2. PHYSIOLOGICAL STUDIES

a. Comparison to Positive Gz Acceleration

During +Gz acceleration with a rate of onset from 1 - 2 G per second

there is an immediate increase of blood pressure at the hip level, a reflex

increase in heart rate, and decrease in blood volume measured at the ear.

During exposures of greater than 30 seconds of +2 to +4 Gz the cardiac

output diminishes, stroke volume diminishes, heart rate increases, the mean

aortic pressure increases and the systemic vascular resistance increases.

The effects increase as the magnitude of acceleration increases from 2 to 4.

These effects are thought to be due to the decrease in hydrostatic pressures

ii, the superior portion of the cardiovascula'r system due to the increase in

the arterial pressure gradient that results from the increased G field (45).

Early +Gz studies demonstrated the effect of falling venous pressures

measured in the jugular vein of the neck during 30 second +4 Gz exposures.

Arterial and venous pressure both drop. lovever, the arterial-venous

pressure difference is relatively maintained (2;).

b. Negative Gz Studies

During the -Gz acceleration the direction of tie increased hydrostatic

pressure is reversed. The tendency under -Gz is for blood to pool in the

blood vessels of the head and superior parts of the body. This has been used

to explain the physiological effects.

Research was done at the Armstrong Aeromedical Lab in the 1950's

involving dogs and subjecting them to -7 Gz. Observations revealed that

venous pressure increased with the acceleration from 0 to approximately 60



mm Ilg (measured at the external auditory mcatus), and that arterial oxygen

saturation fell to 60-65%. After the run both recover within fifteen to

thirty seconds (19). Refer to Figure 1.

FIGURE 1 Physiological Data from -7 Gz Animal Experiment

SAT.

100

ART. 0 2 -SAT.% VENOUS
PRESS~URE

80 O00

Fwt 2. llecord obtained during exposure of an anc!cbt'wtj.J
dnr to 7 negative C for 2 minutes. Venous pressure increases A. th
the acceleration and arterial oxngen saturation fafls to 60 to
(3 per cent with recovery aJter the run. Pressures taken at th,
level of the external auditory meatus.

Reproduced from Gauer, Henry, et al (19).

Shaw and Henry did human experiments under -Gz acceleration to -3

Gz determining venous pressure changes in the forehead in seated subjects.

The pressures in the forehead were found to vary linearly with the

acceleration as one may find with a simple hydrostatic column of constant

length. The position of the subjects was not varied. Chest X-rays were

taken during the centrifuge runs. There was found to be no gross variation

in the position of the heart. The diaphragm was found to remain at a

constant lcvel, but at -3 Gz the lateral portions were elevated minimally

(65). Previous experiments had shown that under negative acceleration the



central venous syste,, May receive a sudden autotransfusion of blood from

the lower extremities and lower abdomen. lhere are estimates of about

800 cc of blood being available in the venous system of the legs (10). In

addition reflex bradycardia interferes with the heart's ability to increase

cardiac output to accommodate hicreased venous return. This combination

results in a transient increase in right atrial pressures during these 15

second exposures (65).

Gauer and Henry did work in order to predict the venous pressures at

various angles of tilt. It was discovered that venous pressure at the head

depended not only on the distance from te heart to the head but the distance

from the heart to the feet influencing the length of the venous column.

Investigations with humans were performed subjecting them to -2 Gz with

blood pressure cuffs inflated around the legs which effectively cut off the

arterial and venous circulation to and from the lower extremities.

Measured venous pressures were approximately 40 mm Ihg which rose 10

mm Hg upon release of the cuffs. Further studies showed a change in

pressures could be induced by bending the knees into a forward crouch

position thereby reducing the effective length of the column and reducing

venous pressures (19).

It was thought that, in human and animal experiments, the rise in

central venous pressure during -Gz acceleration could be due to the over-

distention of the cephalad venous reservoirs with blood. This hypothesis

was studied by bleeding a number of dogs 20-30% of their estimated blood

volume. Venous pressures at the level of the head during -Gz were

measured before and after hemorrhage. Venous pressures were measured

to be approximately 200 mm Hg during -10 Gz accelerations and were

noted to drop to 150 mm 1ig during the same acceleration after

6



phlebotomy. Removing 450 cc of blood reduced the venous pressure to 25-

40 mm Flg (19).

Gauer used the principle of the hydrostatic indifference point (HIP)

to explain what occurs in head down tilt studies. The 1-HP is the point where

the hydrostatic pressure does not change with change in position; for the

venous system this is approximately where the pressure equals 0. In the

upright individual the HIP is measured to be 8-10 cm caudal to the heart.

Wilkins found a decrease in right atrial pressures ouring 75 degrees of head

down tilt compared to the supine (73) and Gauer hypothesized that the HIP,

normally inferior to the heart, is shifted to a position superior to the heart.

Other researchers noted that filling pressures of the right atrium were

maximal when supine and lessened upon head up or head down tilt in the

normovolemic subject (18). Early work by Jongbloed and Noyons noted a

reduction in cardiac size with -Gz (34).

Other research examined volumes rather than pressure in a head

down tilt study at Armstrong Aerospace Medical Research Laboratory and

exhibited no change in left ventricular end diastolic, end systolic, and stroke

volumes, and no change in cardiac output in head down tilts to 90 degrees.

Subjects tilted at greater than 30 degrees demonstrated a line of plethora at

approximately the second intercostal space anteriorly, possibly depicting

the new HIP in the venous system (31).

c. Cerebrospinal Fluid Pressure

Since intracranial blood vessels are encased in a non-expansible skull

and surrounded by cerebrospinal fluid (CSF), it is reasonable to expect the

pressure in the intracranial vessels would be counteracted by the pressure in

the fluid and tissues outside the vessels. Rushmer has determined that CSF
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pressure increased linearly with venous pressures during -Gz exposures

(60). However, the extracranial blood vessels are not supported in an

enclosed cavity and under the influence of -Gz can readily distend and pool

blood. Changes in pressure in the carotid sinus area can stimulate the vagal

nerve and reflexly decrease the heart rate during -Gz acceleration.

Beckman in 1949 performed experiments with goats measuring CSF

and venous pressures directly at the base of the skull near the foramen

magnum. The studies showed that the CSF and venous pressures varied

simultaneously and approximately the same amounts during various

exposures to -Gz. Arterial pressures were also found to increase with the

venous and CSF pressures and by comparable magnitudes. The

experimental results seemed to indicate that within the described

experimental limits of bp to -9 Gz, the normal intracranial vessels are

adequately protected by simultaneous changes in the CSF pressure (4).

d. Arterial Pressures

As noted previously in animal research, arterial pressures will vary

in approximately the same magnitude initially as for venous and CSF

pressures under -Gz acceleration (4).

Experiments done in the late 1940's described cardiovascular

response and cerebral function during -Gz acceleration. Five subjects were

given -3 Gz exposures for 15 seconds. Arterial and venous pressures were

measured at the forehead level. Petechial hemorrhages were noted in the

conjunctiva and actual subconjunctival extravasations of blood did occur.

Transient diplopia was experienced twice and associated with mild

periorbital edema. The venous blood pressure recordings indicated a rise

8



in venous pressures from approximately 0 to 70-90 mm 1-1g. Figure 2

shows the physiological recording.

FIGURE 2 Simultaneous Increase in Artcrial and Venous
Pressures with -Gz Acceleration.

A 1(;1 P SIo

VENO F2f00

Firsurcs 10.,\rcr and l ptese asho y7 mm c1 dF. Tis m inicate .Wth

thec cffectise column lengths in both the Ictiots a1nd arterial systems arc iden-

tical. The tlopies of pressures at constant G are liribablv due to a reflcx change

of vascular tone and diminished cardliac output. Note rcilcx slowing of the heart.

Reproduced from Gamble, Shaw, H-enry et al (17)
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The recordings revealed a rapid parallel rise in the arterial and

venous pressures. As the run progressed the heart rate slowed and there

was a decrease in the arterial pressure and a steady rise in the venous

pressure thought to be due to continued drainage of blood from the legs.

Thus the arterial-venous pressure differential decreased with the increasing

time of application of the acceleration. Further experiments with dogs

under higher -Gz demonstrated that asystole could occur of a sufficient

duration to result in a collapse of the arterial pressure and led to stagnant

hypoxia and occasionally unconsciousness. Animal studies using

electroencephalograms showed that immediately after -7 Gz acceleration

abnormal EEG waves gave evidence of depression of the central nervous

system (17).

The arterial-venous pressure difference diminishes gradually for

prolonged -Gz exposures in man, approximately 30% at -5 Gz as venous

pressures havc a tendency to rise with the continuation of the exposure.

The cardiac output falls probably as a result of the bradycardia. Arterial

pressure in the femoral area falls to zero or becomes negative at -5 Gz and

the peripheral vascular resistance decreases (59).

Henry performed a series of experiments with -Gz. Pressures in the

arterial and venous system rose dramatically as measured in the carotid

artery and jugular vein. The disturbances noted in experimental studies

with men and animals seemed to result from excessive intravascular

pressures in the superior portion of the body. The eyes were congested and

the face became edematous. Conjunctival hemorrhages became frequent

when accelerations were greater than -2.5 Gz of fifteen seconds or longer

duration. Hemorrhages were massive when exposures of -5 Gz lasted for

five to ten seconds. Pitting edema of the head and neck have been observed

10



in animals exposed to -10 Gz acceleration. The animal's tongue swelled two

to three times its normal size. There was edema of the pharynx and upper

trachea and death has resulted from respiratory obstruction and asphyxia.

Occasional hemorrhage was seen in the anterior of the eye and the middle

ear (27).

e. Bradycardia

Bondurant noticed while doing vectorcardiograms during various

directions of acceleration that during his negative Gz work, bradycardia

was consistently observed with heart rate decreasing to 38-45 beats per

minute at -2 Gz. There were also noted occasional 3-5 second sinus pauses

which persisted until the G exposure had ended (6). Ryan noted heart rates

consistently below 50 for -3 Gz exposures (61). EKG abnormalities

include prolonged PR interval, sinus arrest with junctional mechanisms,

and PVC's at -3 Gz. Asystole of 7-10 seconds duration has been described

(17). A study by Kennealy demonstrated sinus bradycardia during -2 Gz

exposures. One individual developed a sinus arrest with a junctional

rhythm in a -2 Gz thirty second exposure which resolved upon return to

ambient 1 Gz except for a prolonged PR interval which normalized in two

hours (39).

This bradycardia has led to a loss of arterial pressure due to

prolonged asystole and resulted in loss of consciousness in research animals

(17). This method of incapacitation has been implicated in inflight loss of

consciousness and death when followed closely by +Gz acceleration

(40,58).
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Sicker's test subjects showed a slowing of the heart rate during -Gz

acceleration and with the greater acceleration for a given individual usually

producing a greater decrease in the heart rate. Four subjects noted some

difficulty breathing at -2.5 to -3 Gz (66).

Lower vascular resistance was measured as a result of the

baroreceptor reflex in animal studies by Rosenfield (59). The vagus nerve

stimulation causes a decrease in heart rate, decreased contractility, and

slowed AV node conduction (26). Sympathetic nerve impulses to the heart

also decrease as a result of the baroreceptor stimulation (9).

Animal and human studies involving alternating -Gz and +Gz in a

sinusoidal pattern showed that there are phase shifts and lags in

cardiovascular responses. A peak resonance at 20-30 seconds per cycle has

been shown and studies suggest a poor or possibly detrimental

cardiovascular response at G oscillations in the frequency range

encountered in acrobatic flight (23,44).

3. SUBJECTIVE

Negative Gz acceleration forces are experienced whenever a

pilot/occupant of a plane undergoes an outside loop or spin or executes a

maneuver involving such a motion. Kirkham and others have noted a

significant problem with G incapacitation in aerobatic pilots. They mention

that the most significant accelerations in aerobatic pilots are in the Gz axis

(40). Positive Gz accelerations are encountered in turns, dive pull-outs,

and upright banks; negative Gz accelerations are encountered in push-

overs, outside loops and maneuvers during inverted flight.

12



Kirkham notes that human tolerance to +Gz has been well studied,

however, tolerance to -Gz has been less well studied because the

uncomfortable symptoms caused by these accelerations (40). Mohler notes

that a pilot who performs an outside loop can experience -3.5 Gz for about

one second. An inside aileron roll requires six seconds and imposes a

maximum of up to +2.5 Gz. Studies done using accelerometers during

aerobatic flying showed that in maneuvers such as the half vertical roll with

negative pull out can attain levels of -3 to -4 Gz in the pull-out. The

duration of -Gz was approximately 14 seconds. In an outside/inside vertical

eight a pilot is subjected to levels of -5 Gz and within 5 seconds he is

subjected to +5 Gz (49).

Whinnery commented that in military flying aerial combat

maneuvering does not routinely involve high levels of -Gz, but may

produce brief zero and -l G exposures. Instead of using -Gz outside

maneuvers in aerial combat it is found to be more efficient and pleasant for

the pilot to roll over and use +Gz maneuvers. However, because of

competition and the maneuvers in civilian aerobatics the pilots must tolerate

both positive and negative Gz loads (72).

The subjective effects of negative Gz acceleration are described as

follows:

-1 Gz: unpleasant but tolerable facial suffusion and congestion

-2 to -3 Gz: severe facial congestion, throbbing headache,
progressive blurring, greying or occasionally reddening of
vision after five seconds. Congestion disappears slowly, may
leave petechial hemorrhages and edematous eyelids

-5 Gz: five seconds is the limit of tolerance, rarely reached by
most subjects (13).

13



FIGURE 3 Graphs of Human Tolerances for Gx and Gz
Accele ration

0 15 2 253891 5 2 5 M 0 0 0708 100 IS lt 20D )W AW O ?W LO

TIME (-I

Figure 4-2t. Human experience of sustained acceleration. Each datum point represents

a plateau of acceleration, not an incidental peak. Curves estimate maximum voluntary

tolerance in 4G,, -G, and 4-Gx vectors uwing restraint harness, couches, or anti-G suits
wlwre applicable. Dotted tines are extrapolations on basis of other evidence. (After
Frawcr, 1966; data from many sources)

0

- 10

.01 .02 .05 .1 .2 .5 1.0 2.0 5.0 10 20 5

TIME -mms

Figure 4-25. Comparison of average G tolerance in four vectors
of sustained acceleration.

Reproduced from Fraser (13)

Figure 3 graphically represents human G limitations in the Gx and

Gz directions. The tolerance to -Gz is shown to be less at any duration than

+Gz, +Gx, or -Gx acceleration of the same magnitude.
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Seiker did studies looking at symptoms in unprotected subjects

utilizing 44 individuals exposed to -1, -2, and -3 Gz. The frequency of

various complaints in objective findings were summarized in the following

chart:

TABLE 1 Table of Frequency of Subjective Complaints
during Negative Gz Acceleration

Acceleration -1Gz -2Gz -3Gz

% of Subjects

Uncomfortable fullness or pressure in head and neck 40 90 100

Bradycardia 30 90 100

Asystole 0 0 50

Headache 0 0 50

Conjunctival hemorrhage 0 0 40

Difficulty in breathing during acceleration 0 0 40

Diminished vision 0 0 40

Sinus pain 0 0 30

Ear pain 0 0 20

Ilese studies were done with the subject in a seated posture lying on

his side in a right lateral decubitus position (66).

The most frequent subjective finding under -Gz was fullness and

flushing of the face and neck with headward shift of soft tissues of the

checks and lower eyelids and lower lip. There was an increase in

discomfort with increased acceleration. The unpleasantness of these

symptoms was one of the factors which limited the tolerance in almost all

subjects to 10 seconds at -2.5 Gz. Observers noted redness and fullness of

15



the face and neck and distortion of the face due to shift of soft tissues in all

subjects during the centrifuge runs. Fifty percent of the individuals

exposed to -3 Gz had a generalized headache that lasted one half to two days

following the exposure. Twenty percent of the subjects noted pain in the

frontal and temporal areas of the head. This pain increased in severity and

became a limiting factor for tolerance in these persons. Three subjects

complained of pressure or pain in the ears at -2.5 Gz which subsided after

the acceleration. Exam of the ears showed only slight injection of the ear

drum. Twenty-five percent of the individuals noted blurring of vision at

-2.5 to -3 Gz. Tearing of the eyes and a tendency for the lower lid to cover

the eye was also noted. Two individuals sustained conjunctival

hemorrhages following exposure to -3 Gz for ten seconds. Fundoscopic

exam following unprotected runs showed no changes in the retinal vessels.

One person reported mental confusion during -3 Gz exposure in which he

had cardiac asystole for nine seconds (66).

Visual symptoms of -Gz reported by Ryan were frequent and

diverse. Blurring of vision was the most common complaint. Other

subjects noted greying of the vision. Others experienced reddening of the

vision at -2.5 and -3 Gz initially thought to be due to the squinting of the

eyelids or possibly the phenomenon called "red-out." However, later

authors have shown that this "red-out" phenomenon is either the result of

the lower lid being pushed superiorly providing a red visual effect, or

blood tinging of the lacrimal fluid (61).

At -3 Gz the pressure in the small vessels of the conjunctiva and sinus

mucosa ranges from approximately 50-100 mm of Hg and the pain may

become excessive (66).
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A pilot exposed to -4 to -5 Gz for 30 seconds or more described his

sensations as a severe expansion of the head with loss of hearing. The pilot

said he could not swallow, had a choking sensation in his throat, and his

vision was disturbed. The pain in his head was so severe that he felt it

would burst and mental confusion developed. There have been comments

that severe epistaxis also occurred with -Gz acceleration (27).

4. COUNTERMEASURES

Certainly, limiting the duration of the acceleration provides

protection because arterial and venous prcssures have been noted to take

sevcral seconds to increase and venous pressure increases only slowly

thereafter (27). Inflatable leg cuffs have been recommended and have been

proven to decrease venous return and possibly decrease venous pressures

during -Gz (19). Use of the prone and semi-prone position may be of

benefit in reducing the effective column heights and providing some

protection (27,66).

Some of the early methods of increasing tolerance to negative Gz

involved experime;its utilizing mechanical pressure in the form of Ace

bandages wrapped around the heads and necks of the animals. It was found

to be an effective means of preventing local edema and bradycardia ,hat

occurred (17,27). Hlenry used a neck-sealing pressure helmet and found

that if pressure was applied to the head and neck with the glottis closed

during exposure to the negative acceleration, symptoms due to vascular

engorgement of the head and neck were prevented or minimized. The

effect of the countermeasure was minimized if the glottis remained open
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because the resultant higher intrathoracic pressures increased cephalad

venous pressures. The counterpressure about the carotid sinus area

prevented the bradycardia found in unprotected subjects (27). It is

interesting to note that head and neck suction has been suggested as a

countermeasure to +Gz acceleration and there is some evidence of its

efficacy (24).

Rk .arch has been performed by Sicker utilizing a positive pressure

helmet from a high altitude suit. A graded pressure of 25 mm Hg per G was

used. All the subjects tolerated -3 Gz with less discomfort and less pulse

slowing than -2 Gz without protection. Higher levels of G seemed to show

that the helmet provides about 2 Gz of protection. Subjective symptoms

(fullness and pressure in the head and neck, ear pain, sinus pain, diminished

vision, headache, and difficulty in breathing during acceleration) and

physical signs (bradycardia, asystole, and conjunctival hemorrhage) all

improved with use of the helmet. The results showed that in each case the

bradycardia at any acceleration was less with the pressure helmet than

without the helmet. The average percent fall of heart rate was greater in

the unprotected than in the protected state and the average percent decrease

was greater in -1 and -2 Gz accelerations without counterpressure than

accelerations up to -5 G7 with counterpressure (66).
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B. LOWER BODY NEGATIVE PRESSURE

1. HISTORICAL

The first major historical interest in lower body negative pressure

(or LBNP) began in the early 1960's when it was discovered that LBNP

procedures seemed to cause physiological changes similar to head-up tilt

and orthostatic cardiovascular changes. Cardiovascular and aerospace

researchers noted that these effects were independent of earth's gravity and

had possible applications in physiological studies.

LBNP involves the application of reduced atmospheric pressure to

the lower portion of the body surface usually in resting supine individuals.

LBNP results in pooling of blood in the lower extremities and lower

portion of the abdomen and a reduction in central venous blood volume.

This stress imposed by this blood volume loss results in circulatory reflexes

that attempt to compensate for these changes (74).

When the LBNP is applied to the lower body the vascular transmural

pressure difference increases are directly related to the level of reduced

atmospheric pressure. This elevation in pressure leads to expansion of

capacitance vessels (or veins) and pooling of blood and also some plasma

filtration into the extravascular spaces. Measurements of the amount of

blood that pools during LBNP vary. Musgrave, et al, measured leg volume

changes by water plethysmography using -40 mm Hg LBNP and reported

pooling of 500 to 600 cc of blood in the legs (52). Brown et al measured the

shift in the body's center of gravity with application of -70 mm Hg and

these investigators estimated approximately 750 cc of blood was pooled in

the lower body during this procedure (7). In general the studies have
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shown that approximately 500 to 1,000 cc of blood is pooled during -30 to

-50 mm Hg LBNP depending upon differences in individual physiology and

experimental technique (74).

2. PHYSIOLOGICAL STUDIES

It has been shown that with the pooling of the blood to the lower body

central venous pressure (CVP) falls 3 to 7 cm of H20 depending upon the

amount of lower body negative pressure. Even negative CVP values are

recorded at greater than -40 mm Hg pressures. This reduction of CVP

reflects the reduced venous return and diminished right heart filling and

right heart output (74).

With LBNP there is a measured decrease in right ventricular

function resulting in a reduction of pulmonary blood flow and reduction in

the volume of the pulmonary capillary bed. A Soviet study by Katkov

measured the effect of -30 mm Hg of LBNP. Right heart output, end-

diastolic, and end-systolic volumes decreased by 22, 19, and 9 percent

respectively which are similar to orthostatic measurements. Left

ventricular function tests showed the left ventricular output decreased 26

percent, left ventricular end-diastolic volume decreased 22 percent, and

end-systolic volume decreased 4 percent (38). Stroke volume of the left

ventricle decreased by 47-50% for -50 torr LBNP exposures (14,25).

In experiments with anesthetized dogs Nutter showed that during -60

mm Hg LBNP there is an 85 percent reduction in diastolic pressure, 29

percent reduction in end-diastolic volume, and 25 percent reduction in end-
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systolic volume (55). Cardiac output has been measured to decrease

approximately 30 percent in humans with LBNP of -50 mm Hg (14).

Examining systemic arterial pressures in a series of studies Wolthius

related that systolic pressures generally decrease; however, changes in

diastolic pressure are variable. The pulse pressure was usually reduced and

the reduction has been found to correlate approximately with the increase

in heart rate. The heart rate was invariably increased but is variable among

individuals at low levels of LBNP, but heart rate was seen to uniformly

increase with increasing magnitude of LBNP. These changes in

cardiovascular parameters with low levels of LBNP are similar to those

that occur subsequent to hemorrhage: decreased venous return, reduced

cardiac volunies, decreased pressures (especially systolic), and a reflex

increase in peripheral resistance and heart rate (51,74).

Studies showed that similar changes in heart rate and blood pressure

were found for -50 to -40 mm Hg LBNP, and for head-up tilt at 70 degrees

in orthostatic studies (29,53). In fact LBNP has been used at the Civil

Acromedical Institute to simulate +Gz acceleration (42).

A Soviet study by Katkov, et al was designed to compare the effects

of orthostasis and LBNP on central and coronary circulation. The

experiment showed the greatest changes in CVP and pulmonary artery

pressures at the low LBNP levels. When applied at a rate of 10 mm Hg per

1 to 2 minutes the CVP becomes negative dropping from 4.4 to -0.7 mm Hg

with -30 mm Hg LBNP pressure. The systolic, diastolic, and mean

pulmonary artery pressures all dropped significantly. The heart rate

increased from 69 to 77 at -30 mm Hg but was statistically significant at -60

mm Hg at 92 beats per minute. The tilt test of 60 degrees and LBNP of -30

mm Hg were compared for effects on coronary and central circulation.
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There were no significant differences in coronary circulation between the

upright tilt test and LBNP. The central circulation differed in that the CVP

pressure and heart rate were slightly higher for -30 mm Hg LBNP than at

tilt, and at -60 mm Hg the heart rate and CVP were similar but the

pulmonary artery pressures were slightly lower. This was thought to be

due to the fact that in LBNP hypovolemia occurs without the hydrostatic

pressure gradient that is present in tilt studies (37).

Frey, et al at Kennedy Space Center utilized women in studies with

LBNP. Differences in heart rate and stroke volume, cardiac output and left

ventricular ejection time snowed very similar percent changes with LBNP

of -50 mm Hg and other studies reporting changes with orthostasis.

Comparison of cardiovascular parameters from this study and other studies

involving men only, showed women may exhibit a higher increase in heart

rate and less of an increase of peripheral resistance. The rest of the

parameters were similar at this level of LBNP. The researchers raised the

question of different cardiovascular compensatory mechanisms being used

by women in comparison to men (14).

3. SUBJECTIVE

Some subjects reported sensations of tilting with onset and cessation

of LBNP. Head up tilt sensations were reported with LBNP onset and head

down tilt sensations with cessation of LBNP. It has been postulated that a

decrease in CSF pressures with LBNP causes an endolymph flow with

resulting vestibular stimulation that is interpreted in the semicircular canals

as a change in body position (74). It is also possible that somatosensory

sensations could add to the illusion of tilt.
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Syncope or near-syncope was found in several experimental studies

and was more frequent with LBNP exposurcs in excess of -40 mm Hg.

Stevens and Lamb tested subjects at -25, -40, -60, and -80 mm Hg LBNP

pressures and noted syncope in 0, 58, 70, and 100% of individuals tested at

each level respcctivcl, (69). Epstein has developed a theory of two phases

of LBNP-induced syncope. Presyncope, or Phase I, is a period of

physiological instability characterized by a slow fall in arterial pressure,

and variable increase in heart rate. Rapid cardiovascular decompensation

occurs in Phase II when arterial pressure and heart rate falls and peripheral

resistance decreases (11).

Factors that have been shown to decrease tolerance to LBNP stress

and orthostasis are hypotension, low normal blood pressure, hemorrhage,

dehydration, fever, pain, some medications, apprehension, prolonged

bedrest, and weightlessness (74).

4. COMBINATION STUDIES

Many experiments have utilized LBNP as a stressor of the

cardiovascular system to evaluate syncope, orthostasis, and weightlessness

(74). Few experiments have been done using LBNP with head down tilt.

The purpose of most of these was to evaluate orthostatic changes with

bedrest simulation of weightlessness. Gazenko et al used LBNP in different

regimens after 20 minutes of 20 degree head down tilt. LBNP of -30 torr

(mm Hig) duplicated the cardiovascular parameters of 70 degrees head up

tilt of for CVP, pulmonary and systemic pressures except the systemic

diastolic pressure was slightly lower with LBNP. LBNP of -60 torr

lowered pulmonary pressures significantly (22). Katkov showed changes
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in cardiovascular parameters similar to the Gazenko experiment for LBNP

performed both supine and at -15 degrees head down tilt (38).

C. RATIONALE

Efforts to protect against -Gz acceleration in the past have used

pressure on the head and/or neck mechanically or pneumatically from a

helmet as a method to decrease the baroreceptor response to the -Gz

acceleration (27,66). Other methods employed have included the use of

arterial occlusion cuffs on lower extremities in an effort to decrease

cephalad venous pressures with -Gz. These have been somewhat successful

in reducing measured venous pressures (19,73).

The negative physiological effects of -Gz include the increase in

cephalad (or headward) venous pressures that cause many of the painful

sensations of facial pressure and suffusion, and sinus pain or pressure. The

increase in cephalad arterial pressures affects the carutia sinus and other

baroreceptors in the wall of the aortic arch causing a reflex increase in

vagus nerve impulses which decrease the heart rate, contractility, and

peripheral resistance (59). The baroreceptors are very sensitive to large

changes in arterial pressures especially from baseline values (26) and -Gz

acceleration has been shown to cause periods of asystole, sinus arrest

(39,66), and occasional incapacitation (17,40). Also, stimulation of the low

pressure receptors in the atria and pulmonary artery help to sensitize the

arterial baroreceptors to changes as well as elicit some vagal response

directly themselves (26).
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LBNP causes many cardiovascular changes which could counteract

-Gz. LBNP lowers venous pressures, decreases right and left heart

volumes, and shifts 500 to 800 cc of mostly venous vascular volume toward

the pelvis and legs (74). Animal studies have shown the benefit of

phlebotomy in reducing venous pressures in exposures to -Gz (19) and

LBNP can be thought of as a "reversible" phlebotomy. Although lower

body arterial volumes do not increase appreciably the systemic arterial

pressure does decrease with increasing LBNP. This decrease in arterial

pressures could protect against -Gz baroreceptor responses from the

carotid sinus and arch baroreceptors. Unloading both atria and the

pulmonary vasculature low pressure baroreceptors could decrease the -Gz

effect on these physiologic receptors by decreasing the sensitivity of the

arterial receptors.

Tripp et al have used LBNP in a 45 and 90 degrees head down tilt

study with echocardiography, and have demonstrated the efficacy of LBNP

with 45 and 90 degrees head down tilts to pool blood caudally and

qualitatively cause the same LBNP cardiovascular response as when supine.

The measured cardiac volumes were decreased with LBNP at both levels of

tilt. The increase in heart rate that occurs with LBNP was preserved at both

levels of tilt. Although 90 degrees of tilt without LBNP demonstrated little

effect on measured cardiovascular volumes per se, the unloading effect on

the venous and arterial baroreceptors as well as the anecdotal improvement

in subjective symptoms gave evidence that LBNP may protect against

higher magnitude -Gz (70).

LBNP in many ways can be thought of as the opposite of the MAST

(Military Anti-Shock Trousers) suit or G-suit. Both of these apparatuses

utilize higher than ambient pressures on the lower body (legs and
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abdomen). The theoretical effects were thought to provide an

autotransfusion of blood and increase peripheral vascular resistance and

support blood pressure and perfusion. In reality the MAST suit's primary

cardiovascular effect seems to be an increase in peripheral vascular

resistance, and possibly a mild increase in venous return. It serves as well

as a splint for lower extremity and pelvic injuries (16,32). A MAST suit is

utilized clinically in supine hypovolemic individuals.

In contrast to the MAST suit, the G-suit is used by healthy

normovolemic upright pilots. Its mechanism of action to improve G-

tolerance has been attributed to the increasing of peripheral vascular

resistance that assists in the maintenance of adequate cerebral perfusion

pressures, and the provision of counterpressure to oppose the extravasation

of plasma into tissue. It may also facilitate increased venous return to the

heart, and may support the diaphragm decreasing the heart-brain distance.

This suit is useful in situations where the G-onset rates will not allow

cardiovascular compensation to occur. G-suits usually improve G-

tolerance by 1-2 Gz for an individual (43).
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III. METHODS

A. SUBJECTS

Ten healthy young men (ages: mean 28.1 years , S.D. 3.84 years;

weights: mean 69.9 kg, S.D. 14.2 kg; height: mean 170.1 cm, S.D. 6.46

cm), members of the Acceleration Stress Panel at Wright-Patterson Air

Force Base, were used as subjects, The subjects were given detailed

information and instructions concerning the experimental conditions

before obtaining their consent. Each subject had been screened during

training runs to insure that a good quality echocardiogram was obtainable.

B. MATERIALS/EQUIPMENT

Echocardiograms were performed with a Hewlett-Packard Model

77020F two-dimensional echocardiograph and a 3.5 MHz transducer.

Apical views of the left ventricle were obtained by placing the transducer

over the subject's chest while the subject was seated in the centrifuge cab

and the site marked. The subject then put on the LBNP suit and a chest

harness was applied that held the transducer in place. The echocardiograph

was mounted in the cab and a 90 degree sector scan was recorded at a rate of

30 frames per second. Video images and EKG images were stored on 1/2

inch high quality video tape in the medical monitor's control room.

During all of the -Gz exposures the subjects wore one of two

different sized suits, both of which were constructed at the Armstrong

Aerospace Medical Research Laboratory. The suit resembled a pair of

27



rigid oversized fisherman chest waders. The legs and lower abdominal

section were made of a stiff polypropylene pipe that allowed some flexion

of the knee joints. Neoprene-impregnated nylon material formed the outer

surface of the suit as well as the abdominal seal. The abdominal seal was

obtained by a superior continuation of the neoprene nylon. Rubber latex

boots were used at the distal leg segments to provide an airtight seal for the

feet. The suit was constructed with two evacuation ports of one inch

diameter in the anterior thigh sections of the suit. See Figure 4 for an

illustration of the suit.
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FIGURE 4 Lower Body Negative Pressure Suit
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One inch diameter steel-reinforced hose connected each evacuation

port to a 13 ampere commercial grade vacuum pump capable of 22 cubic

feet per minute flow rate. Suit pressures were measured by an Omega

pressure transducer and controlled by a 24V DC ASCO Model 8210 on/off

electric solenoid valve controlling the flow from the hose. A Zenith 148

computer was used to monitor and control suit pressures by turning the

valve on and off. A large metal cannister reservoir was also used as a

source of low pressure in order to facilitate the beginning of suit evacuation

and smooth airflow.

C. DESIGN

Each subject was exposed to -100, -50, and 0 mm Hg LBNP while

accelerated at -1.0, -1.5, and -2.0 Gz. All levels of LBNP and -Gz were

randomized into a 3 by 3 matrix. Each subject was limited to no more than

three exposures per day. The randomization schedule is shown in

Appendix A. A typical daily series of tests consisted of the subject entering

the cab and sitting on the Stensel seat which has a seatback angle of 65

degrees. The gondola was then vectored so the seatback was in the

horizontal position. See Figure 5. A trial echocardiogram was performed

in the cab in order to determine the proper placement and angle of the

transducer and the chest wall site was marked. The subject was then

removed from the cab and the proper LBNP suit for his body size was put

on. The waist was sealed with an elastoplast wrap applied over benzoin skin

adhesive and then the chest mount harness was placed on the subject. The

PCU 15 safety harness for quick emergency egress from the cab was then

put on. The subject entered the cab and the echocardiogram transducer

placed onto the site marked on the subject's chest at the predetermined
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angle. Minor adjustments were made to the position of the transducer to

insure proper image quality, and the transducer secured in the harness with

the mount screws. The subject was visually monitored by video camera and

voice communication maintained with headset and microphone. The EKG

was monitored at all times, and the echocardiogram was monitored visually

as well as being taped during the experimental exposures.
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FIGURE 5 Diagram of Centrifuge Gondola

Direction of Acceleration -
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There was a fixed sequence of events for each exposure. The

participant was seated and restrained in the cab while sitting with the seat

back in horizontal position, his head outward with the subject's longitudinal

axis aligned in the radius of the centrifuge arm. The vacuum pump was

started while the valve to the LBNP suit was off. The valve was opened by

the computer initiating the designated level of LBNP, which was then

maintained by computer program. An 8 channel Clevite Brush recorder

Model Mark 20C was used to directly record the drop in pressure in the

suit. Within 10-15 seconds after the level of LBNP was insured, the subject

was accelerated to the -Gz plateau with a 0.1 G per second onset rate, a

thirty second plateau at the experimental level of -Gz chosen, and

subsequent deceleration at 0.1 G per second back to baseline. LBNP at the

selected pressure was maintained throughout the -Gz exposure. Echo and

EKG data was collected throughout the exposure, and subjective questions

were asked at the end of each testing series for each day. Each subject was

exposed to each one of the three levels of -Gz conditions and to each one of

the three LBNP conditions for each day of testing for a total of three

exposures per day. LBNP was monitored both by continuous strip chart

recordings and by sampling of pressures once per second by the computer

program.
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D. DATA ANALYSIS

Echocardiogram data were recorded throughout the exposure. If

there was loss of quality of the echo image during thc cxp%, sure to LBNP or

-Gz the run was aborted and adjustments were made to the transducer to

restore image quality. The image of the left ventricle was checked closely

to insure visualization of the mitral valve and the left ventricular free wail.

Adequate image quality was obtained for all test subjects that completed the

experiment. However, there were subjects in the acceleration stress panel,

in whom adequate image quality was not obtainable under preliminary

experimental conditions, who then were dropped from this study prior to

experimental runs.

Single plane ellipse method of echocardiogram analysis described by

Kantrowicz et al (35) was used to determine end-diastolic volume (EDV)

and end-systolic volume (ESV). Heart rate was determined by measuring

the R-R interval on the EKG. Stroke volume (SV) was calculated by the

difference in the EDV and ESV, and cardiac output determined by the

product of the heart rate and the SV. These measurements were made by a

single investigator who had been trained and had significant experience in

the procedure. Tapes were subsequently reviewed by board-certified

cardiologists and cardiovascular physiologists to verify clarity and

adequacy of image quality.

The four data points obtained were: (1) at baseline just prior to

beginning of LBNP ("BASELINE"), (2) after LBNP was instituted and the

cardiovascular parameters had stabilized for 10-15 seconds ("LBNP ON"),

(3) in the approximate middle of the 30 second -Gz plateau after the

cardiovascular parameters had stabilized ("-Gz") and (4) after the subject

had returned to ambient pressure and 0 Gz ("POSTBASELINE"). Three
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measurements under each condition were obtained, and the Hewlett-

Packard software was used to calculate the ESV, EDV, SV, hea-t rate (HR)

and cardiac output (CO). The image of the left ventricle was checed

closely for adequate visualization of the mitral valve. The largest left

ventricular area corresponding to the EDV was chosen for measurement by

a drawn ellipse, and the proper volume was calculated by the computer

program. The image of the smallest left ventricular area was selected as the

ESV, which occurred just prior to the opening of the mitral valve and

correlated with the descending portion of the T wave.

A questionnaire which was used to evaluate subjective sensations and

symptoms was completed by the subjects at the end of each day's

experimental runs. After all experimental runs he was asked to rank the

nine exposures from worst (1) to best (9). See Appendix B for the

subjective questionnaire.
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IV. RESULTS

A. PHYSIOLOGICAL

Testing was completed on 10 subjects and the data were reduced by

one investiaator. Upon data reduction it was noted that one subject who had

completed all experimental runs had poor image quality on some

echocardiograms during a few exposures and this individual was dropped

from the data analysis.

Means were taken from the 3 replications averaging end diastolic

volume, end systolic volume, and heart rate for each combination of subject

(N=9), -Gz (-1.0, -1.5, & -2.0), pressure (0, -50,&-100 mm Hg) and order

(baseline, LBNP ON, -Gz, & postbaseline) with coefficients of vaiiation

for the 3 replications of 1.3%, 2.1%, and 2.5% respectively. Stroke

volume and cardiac output were then calculated from these means. Means

and standard deviations for the 9 subjects' actual data are presented in

Appendix C Table C. 1. Actual data converted to Percent of Baseline are

presented on Appendix C Table C. 2.

Analyses of variance were performed in a repeated measures design

with dependent variables: (1) percent of baseline for LBNP ON, and (2)

percent of baseline for -Gz. Factors used were pressure, -Gz, and subject

(random). Subject interactions were used as the residual error term for

each F-test. See Table 2. If an F-test was significant, paired t-tests were
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used forpairwise comparisons. T-tests were also used to determine whether

changes were significantly different from 0. See Appendix D for the T-test

table.
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TABLE 2 ANALYSIS OF VARIANCE RESULTS

(I) PERCENT OF BASELINE FOR LBNP ON

SOURCE of ANOVA Sum of Squares

DF

Between Subject(random) 8
Within Subject

Pressure 1
Subject*Pressure 8

Total 17

DEPENDENT

VARIABLE EFFECT DF F-VALUE P-VALUE

% EDV PRESS 1,8 131.55 .0001

% ESV PRESS 1,8 70.95 .0001

% HR PRESS 1,8 18.37 .0027

%SV PRESS 1,8 23.48 .0013

% CO PRESS 1,8 0.13 .7302
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TABLE 2 (CONT.) ANALYSIS OF VARIANCE RESULTS

(II) PERCENT OF BASELINE FOR -GZ

SOURCE of ANOVA Sum of Squares

DF

Between Subject(random) 8
Within Subject

Gz 2
Subject*Gz 16
Pressure 2
Subject*Pressure 16
Gz*Pressure 4
Subject*Gz* Pressure 32

Total 80

DEPENDENT
VARIABLE EFFECT DF F-VALUE P-VALUE

GZ 2,16 1.02 .3821
% EDV PRESS 2,16 28.08 .0001

GZ*PRESS 4,32 0.51 .7284

GZ 2,16 0.27 .7695
% ESV PRESS 2,16 33.48 .0001

GZ*PRESS 4,32 0.38 .8198

GZ 2,16 24.37 .0001
% HR PRESS 2,16 9.72 .0017

GZ*PRESS 4,32 1.84 .1447

GZ 2,16 0.87 .4393
% SV PRESS 2,16 1.63 .2269

GZ*PRESS 4,32 1.18 .3364

GZ 2,16 23.72 .0001
% CO PRESS 2,16 14.40 .0003

GZ*PRESS 4,32 1.79 .1544
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Data summarizations and graphs have been made utilizing percent

change from baseline for the cardiac parameters of EDV, ESV, HR, SV,

and CO. See Tables 3-7 and Figures 6-10.

PERCENT OF BASELINE FOR LBNP ON

The effect of LBNP was dramatic prior to -Gz exposure. For EDV

and ESV the LBNP main effects decreased EDV and ESV significantly

more so for -100 mm Hg when compared to -50 mm Hg (p<.0001). LBNP

effects on SV decreased SV significantly more for -100 mm Hg compared

to -50 mm Hg (p=.0013). Effects on HR increased HR more for -100 mm

Hg (p=.0027). CO increased significantly for each exposure of -50 and

-100 mm Hg (p<.0128), but there was not a significant difference between

-50 and -100 mm Hg (p=.7302). See Table 2 and Appendix D.

PERCENT OF BASELINE FOR -Gz

Upon examining the ANOVA table (See Table 2) for the 5 dependant

variables, the interactions between Pressure and -Gz were not significant

for any of the variables (p>.1447). Main effects demonstrated significance

(p<.0017) for the variables EDV, ESV, HR, and CO for the effect of

pressure; for variables HR and CO for -Gz effects.
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EDV

The effect of LBNP ("Pressure") on EDV prior to -Gz was

significant (p=.0001). LBNP decreased baseline values significantly

(p<.0001) to 90.1% for -50 and 81.9% with -100 nm Hg. During -Gz the

effect of LBNP was lessened but still significantly different than baseline

values at -1.0 Gz (p=.0041) and -1.5 Gz (p=.0004), but not for -2.0 Gz

(p=.2141). The effect of -Gz acceleration was to increase EDV closer to

baseline, averaging 97.0%, but the 3 levels of -Gz were not significantly

different from each other (p=.3821). The effect of increasing the

magnitude of -Gz seemed to normalize the effect of LBNP on the EDV.

Pressure continued to exert a significant effect on EDV (p=.0001) and

pairwise comparison of all three levels of of LBNP show significant

differences (p<.0102), with greater negative pressure decreasing EDV.

See Table 3 and Figure 6.
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TABLE 3 END DIASTOLIC VOLUME RESULTS

LEGEND: = SIGNIFICANTLY DIFFERENT FROM 100
I = NOT SIGNIFICANTLY DIFFERENT

(I) PERCENT OF BASELINE FOR LBNP ON

MEAN
PRESS (P=.0001)

-50 90.1 *
-100 81.9*

(11) PERCENT OF BASELINE FOR -GZ

MEAN
m (P=.3821)

Percent of Baseline for -Gz

-1.0 97.4* 120

-1.5 95.9* 100

-2.0 97.8 80

MEAN % EDV 60- 0 EV

PRESS (P=.0001) 40
0 100.2 20

-50 98.0* 0 111
-100 93.0* .1 -1.5 .2 0 .50 -100

Pressure
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ESV

LBNP main effects on ESV were significant (p=.0001). LBNP

decreased the ESV significantly (p<.0001) to 86.8% of baseline for -50 mm

Hg and 79.0% of baseline for -100 mm Hg of pressure. Diring -Gz the

pressure effects were significant (p=.0001) and were still significantly

different than baseline values at -1.0 Gz (p=.0031) and -1.5 Gz (p=.0026).

At -2.0 Gz the difference from baseline was nonsignificant (p=.2671).

Pairwise comparisons of the three levels of pressure were all significant

(p<.0025), and the individual levels were significantly lower than baseline

(p<.0189) except for 0 mm Hg (p=.2935). Negative Gz effects were not

significant (p=.7695). See Table 4 and Figure 7.
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TABLE 4 END SYSTOLIC VOLUME RESULTS

LEGEND: = SIGNIFICANTLY DIFFERENT FROM 100
I= NOT SIGNIFICANTLY DIFFERENT

(I) PERCENT OF BASELINE FOR LBNP ON

MEAN
PRESS (P=.0001)

-50 86.8*
-100 79.0*

(11) PERCENT OF BASELINE FOR -GZ

MEAN
(P=.7695)

Percent of Basel'.ne for -Gz-1.0 96.2* 120

-1.5 95.1" 100 "

-2.0 96.8
80.

MEAN % ESV 60.m
PRESS (P=.0001) 40

0 101.1
-50 96.6* 20

-100 90.4* 0 _..
-1 -1.5 -2 0 -50 -100

(3z Pressure
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Sv

SV changes were significant with LBNP (p=.0013). SV values

changed significantly from baseline (p<.014 0) to 95.2% of baseline with

-50 mm F1g and 86.1% of baseline with -100 mm Hg pressure. With -Gz

acceleration both main effects become nonsignificant (p>. 2 2 6 9 )

demonstrating the ability of -Gz acceleration to normalize the effect of

LBNP to approximately 98.7% of baseline values. See Table 5 and Figure

8.
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TABLE 5 STROKE VOLUME RESULTS

LEGEND: = SIGNIFICANTLY DIFFERENT FROM 100
I= NOT SIGNIFICANTLY DIFFERENT

(1) PERCENT OF BASELINE FOR LBNP ON

MEAN
PRESS (P=.001 3)

-50 95.2*
-100 86.1*

(11) PERCENT OF BASELINE FOR -GZ

MEAN
(7- (P=.4393)

Percent of Baseline for -Gz

-1.0 99.4 1"0

-1.5 97.2 100 ',

-2.0 99.6 60

MEA % %SV 60.;~

PRESS (P=.2269)4
0 98.9 20

-50 100.5
-100 96.8* .1 1.5 -2 - 0 -50 .100'

cz Pressure

4 (
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IIR

The main effects for the two levels of LBNP were significant

(p=.0027). HR changes with LBNP show a significant increase in HR from

baseline values (p<.0001) to 118.2% and 131.9% of baseline for -50 and

-100 mm Hg LBNP respectively. With -Gz acceleration -Gz effects and

pressure effects were both statistically significant (p=.0001, p=.0017). All

of the pressures were significantly different than baseline (p<.0133) and

both pairwise comparisons with 0 mm Hg were significant (p<.0199) but

not the comparison between -50 and -100 mm HIg (p=.1502). Negative Gz

effects on FIR showed changes different than baseline values (p<.0004) and

all pairwise comparisons significant (p<.Ol10), with increasing magnitude

of the -Gz acceleration producing decreasing FIR values. Negative

acceleration had reversed the increase in IhR that occurred with LBNP to

levels below baseline values. LBNP pressure of -50 and -100 mm Hg had

significantly decreased the effect of -Gz to 82.1% and 87.4% when

compared to 0 pressure at 69.8% (p<.0199) across all levels of -Gz. See

Table 6 and Figure 9.
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TAI F 6 1-IEA RT RATE - 1\I: S LU! ITS

LEGEND: = SIGNIFICANTLY DIFFE-RENT FROMt 100
I = NOT SIGNIFICANTLY DlIFERE NT

(1) PERCENT OF BASELINE FOR LBNP ON

MEAN
PRESS (P=.0027)

-50 118.2*
-100 131.9*

(II) PERCENT OF BASELINE FOR -GZ

MEAN
CiZ (P=.00l)

-1.0 88.8* Percent of Baseline for -Gz

-1.5 80.0*10
-2.0 70.5* 80-: "U

MEAN 4

PRESS (P=.00 17) 2

0 69.S* 0
-50 82.1 * 1 -1.5 -2 0 50 -100

-100 87.4* G Pressure
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CO

Cardiac output (CO) is a combination of HR and SV values

multiplied. CO increased significantly with LBNP to 112.1% and 113.5%

of baseline for -50 and -100 nun Hg (p<.0128), but these changes were not

significantly different from each other (p=.7302). With -Gz acceleration

the main effects of Pressure and -Gz were both significant (p=.0001;

p=.000 3 ). Negative Gz acceleration decreased the values to an average of

78.7% of baseline. The main effects of -Gz show pairwise comparison of

all three levels of -Gz to be significrt (p<.0156), as well as each level being

significantly different than baseline (p<.0026). Increasing the magnitude

of -Gz decreased CO. The main effects of pressure show that all levels

were different than baseline (p<.0014) and pairwise comparisons were

significant for both comparisons with 0 mm Hg (p<.0051) but not the

comparison between -50 and -100 mm Hg pressure (p=.5033). Increasing

the magnitude of negative pressure increased the CO generally. See Table 7

and Figure 10.
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TrABLE 7 CARDIAC OUTP'1UT R"%ESULTS

LEGEND: = SIGNIFICANTLY DIFFERENT FROM 100
I= NOT SIGNIFICANTLY DIFFERENT

(1) PERCENT OF BASELINE FOR LBNP ON

MEAN
PRESS (P=.7302)

-50 112.1-1
-100 113.5*

(11) PERCENT OF BASELINE FOR -GZ

MEAN
Gz (P =.000 1)

Percent of Baseline for -Gz
-1.0 88.3* 100-
-1.5 77.8*
-2.0 69.9* so0

40-

PRESS MA20. (P=.0003) 6

0 69.O* 01 W.il
1.5 -2 0 -50 -100

-50 82.b* cProssur.

-100 84.3*I
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Data w'cr summarized for all the cardiac volunics and are shown in

Figure 11. The data for all the variables except SV are shown in Figure 12.

Figure 13 shows the EKG of one test subject during a -2.0 Gz run without

LBNP and shows prolonged sinus pauses, a junctional rhythm, and some

evidence of transient third degree heart block.

B. SUBJECTIVE

The results of the subjective questions are shown in Appendix E.

Signific ant results are shown in Table 8.

The sign test was used to determine pairwise differences among the 9

combinations of -Gz and Pressure for the responses to the subjective

questionnaire. Only three of the questions showed sinificant differences.

See Table 8.
The question for facial congestion showed differences (p=.0156) in

the ratings between -2.0 Gz and 0 mm Hg (abbreviated to -2.0/0) and all

other expo:;ures except -1.5/0 . The -1.5 Gz /0 mm l-g exposure was rated

higher than -1.5/-100 (p=.0312), -1.0/-50 (p=.0156), and -1.0/-100

(p=.0156). Neg:ti'e 2.0 Gz and -50 mm i lg was rated higher than

-1.0/- 100 (p=.0312) and -1.0/-50 (p=.0156).

Sinus pain ratings were higher in -2.0/0 than in all the other

-Gz/LBNP exposures at p=.0312.

The degree of comfort ratings demonstrated the exposure of -2.0/0

less comfortable than all exposures (p=.0312) except -2.0/-100.

The overall ratings done after all the runs were significant when

evaluated with Freidman's nonparametric test (p<.01). Using Freidman's
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test for indiviL ,li cliects reveals the rankiiyg, arc significant for each effect

of -Gz and LBNIP at p=.028. Using the sign test at -2.0 Gz, -50 and -100

mm Hg LBNP was tolerated better than 0 mm Hg at p=.0312, but there was

no significance in the ratings between -50 and -100. At -1.5 and -1.0 Gz the

same differences were found among the -100, -50, and 0 pressures.

Examining the ranks across pressures reveals pairwise comparison at 0 mm

-Ig among -2.0, -1.5 and -1.0 shows that greater magnitude of -Gz

consistently ranked lower (or, were rated worse) at p=.0312. At -50 mm

Hg LBNP -2.0 was ranked lower than -1.5 and -1.0 (p=.0312), but the

rankings between -1.5 and -1.0 were not significantly different. At -100

mm Hg the pairwise comparisons were all sigpificant at p=.0312 and

rankings followed the magnitude of -Gz as in the 0 mm I g rankings. See

Table 8.



TABLE S
Subjective Questions ResuLts

Using a 2-tailed sign test, pairwise mean ratings (i.e. comparing two

Gz-Pressure conditions) were significantly different (p=.015 6) if all 7
subjects had one of the conditions rated higher than the other condition or
(p=.0312) if 6 subjects had one of the conditions rated higher than the other
condition and one subject had them rated the same. The condition ratings
that demonstrated pairwise significant differences (p<.0312) are shown by
two-ended arrows below.

MEAN
QUESTION C PRESSURE RATING

FACIAL CONGESTION -1.0 -50 1.6-" <-
FACIAL CONGESTION -1.0 -100 1.7 <
FACIAL CONGESTION -1.5 -100 1.7(
FACIAL CONGESTION -1.5 -50 2.1
FACIAL CONGESTION -1.0 0 2.3
FACIAL CONGESTION -2.0 -100 2.3
FACIAL CONGESTION -2.0 -50 2.9
FACIAL CONGESTION -1.5 0 3.3
FACIAL CONGESTION -2.0 0 4.3

SINUS PAIN -1.0 -100 1.1 (
SINUS PAIN -1.0 -50 1.44
SINUS PAIN -1.5 -100 1.4 ,--
SINUS PAIN -1.0 0 1.6-
SINUS PAIN -1.5 -50 1.6'
SINUS PAIN -2.0 -100 1.9
SINUS PAIN -1.5 0 2.0
SINUS PAIN -2.0 -50 2.1
SINUS PAIN -2.0 0 3.1

DEGREE OF COMFORT -1.0 -100 1.4(
DEGREE OF COMFORT -1.0 -50 1.6 -
DEGREE OF COMFORT -1.5 -100 1.7
DEGREE OF COMFORT -1.0 0 1.9
DEGREE OF COMFORT -1.5 -50 2.1
DEGREE OF COMFORT -1.5 0 2.7
DEGREE OF COMFORT -2.0 -50 2.7
DEGREE OF COMFORT -2.0 -100 3.0
DEGREE OF COMFORT -2.0 0 4.3

' I



TABLE 8 (CONT.)

OVERALL RATING RESULTS
MEAN

QUESTION GZ PRESSURE RATING

OVERALL RATING -2.0 0 1 .0
OVERALL RATING -1.E 0 2.3
OVERALL RATING -2.C -50 3.0
OVERALL RATING -2.0 -100 4.5
OVERALL RATING -1.5 -50 5.0
OVERALL RATING -1.0 0 6.0
OVERALL RATING -1.5 -100 6.5
OVERALL RATING -1.0 -50 7.8
OVERALL RATING -1.0 -100 8.8

The Friedman nonparametric Two Way Analysis of Variance was used to
determine if the overall rating was significant.

Calculated S'= 39.5 (n=6,k=9) with So=.O= 21 for 8 d.f.

Therefore die overall ratings were significant with p<.01.

In order to test for dhe pressure effect and -Gz effect within the rankings the
mean ratings were ranked across each effect. These rankings were used to
calculate the S'. For both -Gz and pressure:

Calculated S'= 6.0 (n=3,k=3) p=.028 for these parameters.

The rankings were significant across each effect. Pairwise comparisons can
be used to examine pairwise differences. See text for the description of tie
differences.
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V. DISCUSSION

A. PHYSIOLOGICAL

Accepted normal values of EDV, ESV, SV, and CO are 120-130 cc

for EDV, 50-65 cc for ESV, 70 cc for SV and CO of 3.5-5.0 liters per

minute (26). Experimental values as measured by single plane ellipse

method from echocardiographs are lower than these normal values.

Studies using the same technique found that this method often

underestimated cardiac volumes that were definitively measured by

angiography (12,35,63). EDV is underestimated by 30% by one estimate

(35), bringing thc baseline values of 87.7-90.3 cc observed in this

experiment to normal ranges. The same study calculated ESV to be

underestimated by 19%. SV is therefore underestimated because of the

underestimation of EDV. CO calculated in this matter is dependent upon

the SV also. Taking into account these underestimations, the data obtained

for these cardiac variables seem to fall within the range of accepted cardiac

physiological limits. Erbel noted that this error is mainly due to

visualization of a tangential cross-section of the cardiac chamber leading to

shorter axes being used for the ellipse determination. Also, trabeculation

of the ventricle caused the volume to be underestimated because of low

resolution (12).



Lvcn . Il tie magnitude of the uildcrcstiniation, the average

coefficient of variations for the three data points of 1.3%, 2.1%, and

2.5%for the variables EDV, ESV, and HR demonstrate the reproducibility

of the data measurements. The data were analyzed as the percent change

from baseline values, so the magnitude of the variables was not as important

as the relative changes from baseline. Any bias in volume measurements

would have been consistent across all measurements, and using the change

from baseline values would help reduce this bias as a factor in our

experimental results. There was no inter-observer variability as all

measurements were performed by a single investigator.

The experimental results with LBNP alone showed cardiovascular

changes somewhat consistent with previous studies of LBNP (69,74),

although cardiac volumes were measured in few studies. A decrease in

filling volumes of the heart (EDV, ESV, and SV) occurred with a reflex

increase in [JR.

The change in EDV, ESV, and SV measured in other studies with

LBNP of -40 to -50 torr show a decrease of 19-26% for EDV (1,38,54), of

22% for ESV (38), SV changes of 22-35% for -40 torr (67) and 47-50%

with -50 torr (14,15) measured using various techniques. The changes of

10% for EDV, 13% for ESV, and 5% for SV obtained for -50 torr in this

-Gz study we,- notably less. In previous work at AAMRL utilizing

echocardiography EDV, ESV, and SV changes with LBNP during static

head down tilt showed decreases averaging 26% for EDV, 25% for ESV,

and 28% for SV at -50 torr. In the head down tilt study the echo teclique

was accomplished by the same observer and data gatherer and these data

obtained (70) were consistent with previous LBNP studies. Other factors in
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this dynamic study nmust account for the differences. Some reasons can be

postulated to account for the lower volume changes:

1. LBNP was instituted for only 10-15 seconds prior to -Gz acceleration.

The duration of LBNP in other studies is usually several minutes and often

includes a staiicasing of negative pressures giving a total exposure of 15-20

minutes (14,15,29,33,57,67). Usually changes in volumes of lower

extremities takes 1-2 minutes for 80-90% of the blood volume to initially

pool, then extravasation occurs slowly as a result of the increased gradient

in transmural pressures (52,53).

2. These subjects started their LBNP exposure in a seat with hip and knee

flexed approximately 90 degrees. Some vascular shifts headward may have

already occurred and stabilized prior to experimental LBNP. This factor

cannot be changed readily because of the configuration constraints and the

necessity to keep operational factors itact.

3. LBNP has not been used in any published experiment for a supine

individual in a seated position. LBNP may not have the same degree of

cardiovascular effects because of the vertical portion of the thighs.

4. Shifting or movement of the echo image may have occurred but this is

not likely bccatse of the quality of the images that was maintained.

These are all problems that cannot easily be changed in this design because

of the desire to test LBNP in the environment of a cockpit configured to

simulate operational conditions in order to evaluate protection of -Gz.

With other LBNP research HR changes were consistent with this

study. LBNP of -50 mm Hg produced increases of HR of 15-40%

(14,15,29,33,50,67), usually in the higher ranges for women subjects (14).
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This experiment showed HR increases of 18% fur -50 torr and 32% f,. r

-100 torr. These 1R values were obtained using direct beat-to-beat interval

measurements from the echo rather than the estimating techniques used for

the volumes. These HR changes were consistent with those of the static head

down tilt study (70).

CO increased in this study but CO usually decreased in other LBNP

studies similarly but not identically to orthostasis (14,37,69). This could be

due to the relatively small measured decrease in SV that occurred with the

large increase in HR that is the other necessary factor in CO calculation. A

Russian experiment in space showed similar increases in CO measured by

two dimensional echo (2). It could be that the barorecepter stimulation of

AHR. was greater han the decrease in SV after 10-15 seconds. A steady state

after another 1-2 minutes could easily reveal a measured decrease in CO.

Also the seated posture could have influenced the baroreceptors and made

them more sensitive to the decrease with LBNP.

A main purpose of this study was to determine if LBNP could protect

against -Gz acceleration. There was qualitative evidence that the data

graphs showed a reversal of the LBNP effects in all variables toward the

baseline values when the -Gz acceleration was applied. See Figures 11 and

12. This demonstrated that -Gz reversed the effects of LBNP. Also since

-Gz exposures were performed without LBNP pressure comparisons can be

made directly to exposures of -Gz with LBNP. Figure 12 reveals that -Gz's

greatest percent effects with 0 mm Hg LBNP were with -IR changes. LBNP

of -50 and -100 mm Hg lessened these HR changes, -100 more so (but not

statistically significant). LBNP had the same effect for CO changes

probably because this variable was dependant on HR changes.
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Sinicc -Gz t:ffccts were not significantly diferCent for EDV, ESV, and

SV these exposures were averaged across -Gz exposures and an additional

graph made comparing what happens to these variables across different

levels of LBNP, see Figure 11. It seems evident that with 0 mm Hg

pressure (i.e. no LBNP) there is little change in cardiac volumes (EDV,

ESV, SV) with the magnitude of -Gz used in this study. This is consistent

with the head down tilt study findings from Jennings, et al (31). Since this

study used -2.0 as a maximum and the head down tilt was a -1 Gz maximum,

the data suggest that from -1 to -2 there is little change in the measured left

heart volumes.

The effect of -50 and -100 torr on the volume variables is obvious in

Figure 11 when the exposures are averaged across -Gz. Increasing LBND, I'P

pressure caused greater decreases in all three measurements. With -Gz all

the volumes returned closer to baseline values. In fact there was no

significant difference in EDV, ESV, and SV between the baseline and -2 Gz

exposures with LBNP.

Looking at Figure 12, when LBNP of -50 mm Hg was performed

first, the cardiac volume changes with LBNP are dramatic. The heart

volumes EDV, ESV, and SV decreased as a result of blood shift and venous

pooling. Filling pressures decreased as reflected in other experiments

(37,38,74). Peripheral resistance increased approximately 50% as

measured in other studies (14,74). HR increased reflexly in order to

maintain perfusion. In this stressed condition -Gz reversed all measured

cardiac variables. EDV, ESV, and SV all returned to closer to baseline

levels. HR changes reversed from significantly greater than 100% to

significantly below 100%. Negative Gz seemed to normalize LBNP effects

on volumes, showing tiat LBNP could possibly protect against -Gz effects.

07



The cardiac variable that was most obviously effected is HR, as

shown in Figure 12 along with EDV, ESV, and CO. With no LBNP

protection the IR percent decreases were large. With the -50 and -100 torr

LBNP the IIR changes with -Gz were lessened considerably and both

pairwise comparisons between 0 and -50 torr and 0 and -100 torr level of

LBNP were significant.

Other studies (27) show that -Gz acceleration increased venous and

arterial cephalad pressures, but this study implies that the cardiac volumes

do not change appreciably with up to -2.0 Gz under this experimental

configuration and in these subjects. There are no available data on cardiac

volumes at a greater magnitude than -1 Gz. The increase in pressure that

occurs seems to effect the -IR and CO data. We may assume that the

subjects were in a homeostatic state and well hydrated, and that

intravascular volumes were adequate. These initial pressure increases that

occurred in the superior portion of the body were probably accompanied

by a volume of blood that was not reflected in the EDV and ESV

measurements because these are left heart measurements and initial blood

pooling would be more dramatic in the venous portion because it is a low

pressure reservoir. Since these data did not measure right heart volumes

directly it may be postulated that they increased at least transiently. The

heart rate (HR) slowed as a reaction to these cephalad pressures on the

baroreceptors and peripheral vasodilation occurred. More blood volume

was present cephalad because of -Gz acceleration but left ventricular

volumes were not changed as measured by these experimental data.

Research has shown that apical pulmonary congestion increased

dramatically with -Gz acceleration, and it makes sense that the low pressure

pulmonary vasculature and the low pressure systemic venous system will
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dilate and act as the reservoir for die headward blood shift (5,65). It is

evident from the experimental data that these volumes were not appreciably

shifted to the left side of the heart.

With -100 torr the effects on EDV, ESV, SV, and I-JR with LBNP on

were all dramatic and were greater in magnitude than -50 torr (p<.0027).

The comparisons between -50 and -100 for CO was not statistically

significant. When the -Gz acceleration was added, the pressure of -50 and

-100 decreased IIR more for -100 mm Hg, but not significantly more. With

the -Gz effect the EDV and ESV were brought closer to baseline, and

actually reversed the changes measured in 1IR and CO. The unloading of

these cephalad pressures is possibly the key to an effective countermeasure

for -Gz.

So with LBNP the effects of -Gz were lessened for the variables of

HR and CO. Negative Gz reversed effects on ESV, EDV, SV, and HR for

LBNP. It may have been better to perform the -Gz acceleration first and

then attempt to protect with LBNP. This was not done in this experiment

for several reasons. LBNP was instituted first so that the drop in suit

pressures could be validated as complete. Also the drop in pressure often

took 5-10 seconds. Since the -Gz plateaus were only 30 seconds in length, if

LBNP was started at the -Gz plateau only 20-25 seconds of cardiovascular

response could be monitored, and uniform parameters could have been

difficult to ascertain. Discussions were made concerning instituting LBNP

on the G rise, but differences in suit evacuation profiles existed between the

two different suits and with 10 subjects the variability could not be

accurately assessed. Also, this study was considered to be a preliminary

study. LBNP operationally would probably be used in a stepwise fashion as

G suit pressures are raised according to G magnitude. Also, since the 0 torr



control was used as a comparison, we thought the differences would be

apparent.

A valid criticism may involve the lack of a control for the -Gz

acceleration. The study could have used 0, -1.5 and -3.0 as easily and

therefore provided a 0 Gz control. This may have improved the

differences among the -Gz levels on the variables. It was hypothesized that

the -Gz effect might be significant on the cardiac volumes from -1 to -2 but

this was only true for HR.

The present study clearly shows that once blood was pooled with

LBNP the -Gz acceleration results in lessening of the effects of LBNP.

Work done in the opposite order, -Gz first then LBNP, would be an

interesting followup and should be considered if the other technical

problems mentioned could be solved. It may be easier or more difficult to

unload the cephalad pressures of -Gz with LBNP later.

Another point to consider is the -Gz magnitude in the experiment was

not in actuality pure -Gz. Pure -Gz could have been accomplished if the cab

were allowed to swing freely, however for this experiment the cab was

locked in place. This was done because of technical difficulties with

overshooting die -Gz magnitude when the cab was free. Also the subject

would be tilied ,it -I Gz in between exposures possibly biasing results.

Therefore all subjects experienced +1 Gx throughout exposures. It was not

thought to be a contributing factor to the results because it was consistent.

However the resulting G vector for the -1 Gz exposure was actually 1.41 G

in a 45 degree direction from horizontal. For the -1.5 Gz the resultant

vector was L.SO G in magnitude 34 degrees from horizontal, and for -2 Gz

the magnitude was 2.23 G at 27 degrees from horizontal. As the magnitude

70



of -Gz in this cxperimcntal configuration increases the resultant G vector

becomes closer to pure -Gz.

B. SUBJECTIVE

These subjective questions were pooled from several -Gz articles

(27,66). The results from subjective questionnaires were in agreement

with physiological findings despite the fact only 7 subjects completed the

questionnaires and one of these did not perform the rankings. For facial

congestion, where the most differences were noted, both the -1.5 and -2 Gz

exposure without. pressure were rated the worst and the ratings were

significantly higher than most of the other ratings. Negative 2 Gz/-50 torr

also rated higher than the -1 Gz/-50 and -I Gz/-100 runs.

For the sinus pain question, the ratings for -2/0 were significantly

higher than all other exposures. For the degree of comfort, the ratings for

-2/0 were significantly higher than all other combination of conditions

except one. The subjective ratings were handled in a different way than in

Sieker's study (see Table 1), but there is a similar preponderance of ratings

for facial congestion at these levels of -Gz (66). hIterestingly, his

experiments showed no complaints of sinus pain up to -2 Gz where in our

experiment the symptom was noted at a moderate degree at -2 Gz in many

subjects.

Examining the mean ratings for almost all questions one can easily

note that the -2 Gz/0 torr run was rated consistently worst if there was a

difference. The -50 and -100 torr LBNP runs were rated usually better as

one would expect if LBNP was providing some protection. Although not
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all questions gave significant results, at higher -Gz levels these signs and

symptoms may be more pronounced and differences may emerge. Having

more subjects in the study complete the questionnaire might have allowed

differences to emerge.

The overall rating was a forced ranking scale that seemed to give

similar results to the other questions. A problem with these data was that

the rating could not be completed until the 9 combinations were done, often

taking 8-14 days. The memory of each exposure could certainly have

faded. Also the ranking that was used (1 being worst, 9 being best) was

opposite the ranking of the rest of the questions. Although this could have

been confusing to the subjects there was no obvious "opposite" ranking

noticed, however the scale should be reversed for further work.

Using the Friedman nonparametric rank test the effect of -Gz and the

effect of LBNP pressure on ranking were significant at p=.028. See Table

8. This demonstrates the consistency in these ratings for each effect. The

-Gz was consistently rated less desirable as the magnitude increased. The

LBNP was preferred across the increasing pressures. The pairwise

findings are fairly consistent and remarkable in that there were only 6

completed rankings yet there was consistency in the all the rankings for

-Gz, and consistency for the extremes of LBNP pressure, i.e. 0 and -100

torr. One could argue that the rankings were not blinded, but this might be

possible in further studies. These subjective findings are not to be

minimized. Often the limitation of -Gz acceleration is more subjective than

physiologic and subjective improvement will be a vitally important aspect

of providing a countermeasure to -Gz.
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The echocardiographic data obtained for -Gz was in some ways

disappointing. No definitive work on estimates of cardiac volumes had

been done at greater than -1 Gz. A tilt experiment done at 90 degrees head

down tilt showed essentially no changes in cardiac volumes (31). The

pressure changes documented in the early -Gz studies in the cephalad

arterial and venous qudies in animals and in venous studies in humans are

not apparently accompanied by measurements of cardiac volume changes

Negative Gz increases cephalad blood volume and increases

.'eadward arterial and venous vascular pressures. The effect on arterial

volumes is probably minimal due to the elasticity of the arterial system.

The venous volumes increase markedly due to their distensibility. The

increased venous volumes and pressure probably provide most of the

subjective symptoms of facial swelling, sinus pressure, and discomfort.

The arterial baroreceptor reflex is activated by the higher arterial

pressures. The low pressure baroreceptors are also stimulated and increase

the sensitivity of the arterial reflex (26). The reflex gives vagal stimulation

and sympathetic inhibition, resulting in a decrease in heart rate, a decrease

in contractility, and peripheral vasodilation. Afterload will decrease.

Despite the possibility of transient right heart vo!ume increases, the left

heart volume changes were unremarkable at least at these tested levels of

-Gz. Higher -Gz levels may demonstrate some effect.

It is interestihg to note the hydrostatic indifference point, or HIP that

Gauer discusses (21) was measured to be 8-10 cm caudal to the heart. Head

down tilt studies of 5-6 degrees fairly consistently exhibited increases in

central and right heart volumes when measured after 15-10 minutes

(41,54). Knitelius and Stegeman noticed an increase of total heart volume

of 5.2% in a 6 degree head down tilt after 5 minutes (41). In a 6 degree
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head duvi Lt :tudy by Lollgen, right atriulm and pulmonary artery

pressures increased significantly after 15 minutes after tilt was initiated but

left ventricle volumes only increased after 40 minutes (47). These findings

are consistent with no change in volumes found in the short term with -Gz

in our echo study.

Tilts of 15 degrees head down with CVP and pulmonary artery

pressures measurements were usually unchanged in the first several hours

(38). This was seen to differ ,-ith head down tilt of 75-90 degrees so that

filliig pressures and volumes at the right side of the heart were unchanged

in some studies (3,20,73), but other observations indicated a slight increase

in right heart pressures and volumes (37,62). The variability is probably

the result of subject variation, differences in baselines, technique, and/or

measurements. There is evidence of the I lip may shift to near the second

intercostal space with 90 degree head down tilt (20.3 1).

If- I Gz acceleration causes this shift in ihe pressure g,-adient then

-Gz of greater magnitude may shift this HIP even more cephalad. This can

be considered analogous to the HIP shifting caudally in +Cz acceleration.

Therefore during -Gz of a greater magnitude the venous pressure and

volume aid the arterial pressure at the head are measured to be much

higher (,is measured by Gauer, Henry, and Rosenfield) but the filling

pressu:es at the heart itself are probably decreasing, as they do with +Gz

accelerations (28,30,45). Cardiac volumes were only determined in this

present study at up to -2 Gz and there was little change in volumes. Further

work at greater levels of -Gz may illuminate a reduction in these cardiac

volumes.

The image quality of the echocardiographs was satisfactory for

Lechnical analysis and although the technique has been shown to



underestimate volumCs it proved to be a con.istcit measure in these

experimental conditions. The average coefficients of variation for the

duplicate measurements are very good and probably reflect the consistency

in placement and direction of the ultrasound transducer for each subject.

Improvements in measuring volumes with the two dimensional

echocardiograph (56) are on the horizon and nity be of use in the future.

LBNI did not cause syncope or near syncope in this study. This

could 1," (1C to 11he population pool. Only males were utilized in order to be

consistcnt, and leh's may have less syncope witi 113NP Hian females (50),

althou !-h th1i, has1; lemCiI (Luestioned by other authors (1-4). Probably the most

imlportant reason for tile lack of syncopal sympt on; in our subjects was that

the duration of the LBNP was only 40-50 scconds total and for all

exposures at least -i Gz was used which partiallv reversed the LBNP

effects. Also, the subjCcts' legs were elevated into the seated position and

Ohis m ay have lesncred the LBNP effects. Indeed thme cLanges in cardiac

volumes wcrc less tlhan seen in supine LIBN I studics for reasons postulated

Carlicr, itltt'l tme elcart rate changes wC simnilifr. For whatever reason,

subjective tceralcc; lr LBNP or for -Gz were not exceeded in this study.

Oilne point that may be useful to discuss i, tie importance of the

opCrational natLrC ol thle experiment. Thie subjects in our study were seated

in a cockpit scat .o tl it the backrest was lionizomIal. Thme participant's knees

and hips were flcx,ed to approximately 90 degrees. The suit design which

allowed this was f;airly unique and was made so in order to evaluate LBNP

in an operational environment, i.e. seated as a pilot/occupant would

experience it. LI.NP caused quantitative changes in cardiovascular

parameters in our seated subjects that were similar to those in studies of

supine subjects if one accounts for the variations die to the underestimation



of heart volumes. Also, it seems that the vertical upper leg portion would

decrease the LBNP effect and indeed further testing may prove this as true.

Possibly greater magnitudes of LBNP could counteract any negative

posture effect. It remains to other studies to examine this.

Venous pressures measured by Henry, Gauer, Rosenfield and others

during -Gz showed a lessening of the pressures measured near the head

when hydrostatic column length was changed by arterial occlusive cuffs on

the lower extremities or by a change in posture. Certainly the change in

posture for our seated subjects could lessen the -Gz effect because the upper

legs were orthogonal to the -Gz field and would not contribute to the

arterial/venous vascular loading. However one must remember that the

resultant G vectors would partially effect vertical leg volumes because of

the +1 Gx component. We kept the +1 Gx constant to control this. It is

more difficult to consider how these vertical portons effect the

combination of LBNP and -Gz,

Certainly this study needs to be performed at higher -Gz levels in

order to prove efficacy at operational levels. The -2 Gz used in this study

was shown tolerable in other studies (27,66) and was fairly well tolerated in

this study despite sinus bradycardia into the 30's and petechiae about the

head in some subjects. Figure 13 shows an EKG in one subject during a

-2.0 Gz with no LBNP run. The transient siLs pauses and junctional

rhythm with heart rate of' 30-40 per minute demonstrate the high vagal

response from the -Gz acceleration.
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C. FUITILt,< SI UDIES

Later studies could utilize subjects protected at -3 Gz and perhaps

higher and results could be evaluated by the same methods. Since the

AANIRL Generic Sustained Acceleration Protocol limits exposure to -2.5

Gz (unprotected), accelerations above this limit must have protection in

force. LBNP therefore must be instituted prior to the -Gz plateau. A

balanced desii such as in this experiment using -Gz levels of -1.0, -2.5,

and -4.0 could be combined with 0, -50, and -100 or possibly 0, -60 and

-120 in order to evaluate the LBNP protection at higher -Gz. The -4.0 Gz

exposure with 0 torr LBNP would need to be dropped because of the

Generic Protocol limits. Increasing the LBNP pressures to greater than

-100 torr has not been routinely practiced experimentally but since the

exposure is of short duration and the LBNP is counteracted by -Gz, it

should not be dangerous.

Neck pressurization may provide a synergistic effect in further -Gz

experiments by decreasing the stimulation of the carotid sinus. A neck

pressurization experiment by Mancia showed more of an effect on arterial

afterload reduction than on the bradycardia (48), however; there may be

some beneficial effect on the venous pressures with -Gz.
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VI. CONCLUSION

The pressure effects of -50 and -100 torr LBNP demonstrated

protection for FIR changes. LBNP also revealed persistent unloading of the

cardiovascular volumes despite -Gz acceleration. Subjective symptoms of

-Gz that were noted at higher -Gz levels were improved with LBNP. There

is evidence that LBNP may serve as a countermeasure to the adverse effects

of -Gz acceleration.
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VIII. APPENDICES

APPENDIX A
RANDOMIZATION MATRIX

Legend:

PressUre Gz

AO 0rm Eg 1= -1.0Gz
B = -50mnm HaI 2= -1.5 Gz

-=100n-mi-g3 -. 0 Gz

DA Y

11 3

Run 1 2 3 1 2 3 1 2 3

Subject

1 A2 C3 BI B3 Al C2- Cl B2 A3
2 B3 C I A2 AlI B2 C3 C2 A3 Bi1
3 C3 Al 13B2 B I C2 A3 A2 133 Cl
4 AlI B2 C3 C2 A3 B I B 3 ClI A2
5 ClI A2 B33 B2 C3 AlI A 3 131 C-)
6 132 A3 ClI C3 B I A2 Al 1 C22 B3
7 A3 B31 C-1 ClI A2 P3 132 C3 AlI
8 C2- B3 AlI A3 Cl B2 131 A2 CG
9 B3I C2 A3 A2 B3 Cl C3 Al I 1B2

If more than 9 subjects are used, reverse dhe rows of the design and assign
sUbject 10 to row I , subject 11I to row 2 , etc.
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APPENDIX B SUBJECTIVE QUESTIONNAIRE

Use of LBNP as a Protection for -Gz acceleration Subject #
QUESTIONS -Gz profile

LBNP level
Please answer in regard to the last centrifuge run...

On a scale from I to 5,(l being none, 5 being very severe) rate the amount of facial
congestion fclt
1 2 3 4 5

On a scale fromi 1 to 5, (1 being none, 5 being very severe) rate the degree of headachte
felt
1 2 3 4 5

Please rate the degree of sinus pain felt(l= none, 5 being verv severe)
1 2 3 4 5

Did you notice any change or difficulties in vision'?
Yes No

Rate any blumng of vision noticed
1 2 3 -4 5

Rate any degree of "graying" of vision noticed
1 2 3 4 5

Did any degree of double vision occur?
Yes No

If yes, please rate the degree
1 2 3 4 5

Rate any loss or change in hearing noted (1 being none and 5 being a very severe change
or loss)
1 2 3 4 5

Rate your degree of comfort, (1 being very comfortable, 5 being very uncomfortable)
i 2 3 4 5

Any ringing in your ears? Yes No
If yes, please rate the degree
1 2 3 4 5

Are there any more comments you'd like to make concerning this run?

(After all the runs)
Please rate the combination of conditions from die best to the worst, I to 9.

0i(



> O -- oC -4 k-4

In 000 0t-"o>oo ,U )

0c -4) m-- rn

~00061,6

M > ? l .)r 1
k'r) Mc'

V) > t) Oc C kf) \
C) C)CC

V)Mo )0 -
DO M -r-kr- rl- t-z- ~ - c, 1 ~ - -

Hr Cr 0 0 -- r (1

r4C-mC- : C

r-k r - r .0r r Q

>Z cn rf0 lf ZO C' r 0 D0Q / C) C H C: cU\ 06 r- H- -:r;r
C, cl CJ N~ 00CO0 0c 0r 00

2DLQ0

<A

z V V-V

N N

c) z 0 )

R I



00 10 m 14 - 00

V' r)IllI e666614mtf n r

C5 ) C 6 6 6

-c-4

> ~ ~ -0 C ' J 1-C

r- r- t)Ci - k- r Do -

r") rC "'7r

Inr kC ) V- tC) 't T i;/ - -J .Ln

060- rr-ccrc

U) LL. U2

- _ Z < ~Z ezz <!
C-C

L.- (D~H

o Dn L
L) C

82



C))CC

rl-:1 CI

0- r-- 6 -~

11 ON -

CN~~O

z) \16 116 rT C C _ lf L

0 ON<nCl 0
rq -4t 4l r 0

r- C-r-00kf

9  
Nf V)

> 00 \ 0080



u ~ r4 - -

r--:0 0-

- i - - r - -

z *' *: *1 - n tl 1

,- -

Z1 ON CN C O

X-4

C) (NC) W
0- -l 0 U0

wj 0C7,\r C)

C14-

lj C-

LfJ 0 J . V

14



*V) .- 1- 1 -

C'4 "0 c- 00 C
06 .6 0 r -LrcN

m 0*

qC 0C\ c01

* '-1- ~Z CC -
/7-- f2

0 A
-~ -- Z LC~1- j-z*\--r
L2~~ rLr 6 6'i-'n

Un* t

7- z r c ~ 'ri- '~ -- .-

,CA, con ~
12.

- -- 0-



00 or-

00 ') 11

4 4 .)

ON( CION

V ~ C- - C)cnr

oe,

CD - 00 , - t

C/)

0 0
C.C

0 C4 Z 0 4 ~

= 0 ::

86



oo.o . -
I 0.. ....oo.......

.4 .,

0 .4

0 -

0 c 7



0~ e 0

- ~ .40044,flW~~~ C

043 004.4.4' 00fl~

I I .4 *4

4,4,0 .4OO044fli~tflCCfl 0 0

4440.~ 0
e.000 .. 4040 ~ .4

4,42.4 a

.4 0

44k 0. 0434444-4 04.4000 000CC .4 43 .44 004 S

4042.4 
LI 00~~ 0

.40 00LI0Ce~ C
CO

0 4 - 04'4

.4 *4 S

00 .4

C -, -, e 4.

0 4.4 *0

4.442.. LI4.4440.4 ~ 0 
0

I I

- .4
0 0.

4 .4 
44

44 4 
0

0@~.44400C4.~04'~0444* 000 -

4.4 44 . *C.4.4C..4,0C 0 000V0

4. 4 44

0 4 
0

.4 4' 
0

LI 4.1 4. 444

44 .4 ~444 444 000 .00 40440430.4 
0

* 0. 4,.4r~44 00000 000t0 .4 0

44 4,444 -. 0
.4.r.04,,.400 o oo.-oe a

0 000.40 44
000.40 00000 LI

- . 0

.44 
44

04 4.4 
.4

C 44 C

44. 44 .4,
0 4 0

e
4

40t.0430 *.9fl ~*4)444'0 0 0.~.0400

4.1 ~S.444 e.40..40Ct.0 0 044044.4 00.4 000.4.4 0

0. .. ,4...4. 4440.40 '44.430 000.fl4.'00r0'
4.4 .4

00000 0430.00 .2

H
4, .4 .4

N 
-

.4 .44, .4 4*4* .4.4 4.0 .4

44 .4 .444.I~0 (1.4.000 441,000

C..) 4. .4.4.44.40 00.40.4 440.U .4

- ) -' 
0.

44------------0 0

4. . *4

.4 C 44
4 .4 .4 0

4) 44 0' 0 0

4 44 4 .4 0I .4

44 .4 - 44. .4

-:~ Ci) 4. .4

.4 >0 .4.4 4. 4.

~40C0 04.4000 044-0 
42

E- - .4 4.44.444.4U4444424.iUb4 hJt.flI.4 4,

4' .4 -

.4 0

ULL0 0. .4 .4 0 
4.

4..

~,43



t12
CL Z;0
E Q

cr o 0

.~ - cz, 0

0 .0C' C~~ C:v.'

>( (0

m 0~ 00

cn- - (0

-6-6

0 c -oj- 0 NC2')1 .- ''

c~C)

-:cC~ CD> ur C MM

~/ 2 u2Z ) m

Li C

70E - n -o to~c~-D2t-

C) Un Lu

CDD 0 --

(9) jj - 0co -U

0 0 co 0  go
r - 0 a c

C.. C)j
0~ 2  ,-

(D -0 00 0o r- ,, co0 com oO co v o to aoc
> C) j 0i~V.V C J C'J - ---- V.CJ C\J

Z- rj -Q- -

C, (Zoocc
> < «< I I I I I

>LLLLLL C) IZZcc

-0 _0 89



U')

o) --- -- - -- - - - - -- i i

r-

00

c)i
C-)

co

o ~ q - -4 -4 -4 CCV - - .- -4 - - -- -- - -- -

C)

C)

00

Ln

Cl
C)

00

0

LI
C) C )C 0 : )C

CO C00 40 C l ~ 0 o -CDC i C ') -- - -o04D

CL

Z- -- -zO - - - -

00 00 0 0w o 0C WwOy OOOOOOC' OOO a00 OOO0 a-

~ O~o~Ou~u zoo 00UU1000 000 10000

MEEEEcREE ZZZ ZZZ22Zz rczczcrcrc 5555555
(La L( 2 ; < mmmaammmm m

ujnn=55 000000000
o U) Fn U) &) F55 FnCJZ/5 nFi5;5;55 >55

90



LO

C: ,-j -j ,-j - CY . - -- ) -, , -v C j m cO CV) O U)

co

o -- -- --- --- r i 04 N N CvO CO CO) IT I LO

0

C)
co

CD)

co

0

co

Cf)
0

00

Co)

co~- - -- v 0 N -VJ

o

000000000C\ 00 COC C0-O) I 40

C) C3 n C- C) -- C) C)~i C5-~ w - - N v - , CO

Cwc ) C D 4 lC) C C D C > C oC )C0 a ? L ) L ) V D :L) C ) V D U) L
c D

zz

zzzzzzzzz -
000000000

Z> > >> > 00000000&O 00 00 00
_1 WWJ ww !C 000000000 Hwww-j- -j j -j ZZZZZZZ ZZmmmmccnmm EEEEEfXc XC

=DnDnn~ n 6i m S S 0 0 000 0
= xg~gr2 ===Z x00: L,'

91



U')
0

0

0

co

(D
co

C)

00

(D

CD

co
C)

LL0

t= M 0 ) C~t (DLn w
cc6 q*L;(6(*r C

ccj
C) C ) C-C ) C

C)C ) C

0 
0 00U U ) -

-- -- -

0 000ougg~0oo w O WlOLOLfl

mw ZZZZZZZZZ>>>>>

o crcrrrxcxcmf 000000000

92



VIII. LIST OF REFERENCES

1. Ahmad M, Lomqvist CG, Mullins CB, Willerson JT. Left Ventricular
Function During Lower Body Negative Pressure. Aviat. Space
Environ. Med. 1977; 48: 512-515.

2. Atkov OY, Bednenko VS, Fomina GA. Ultrasound Techniques in
Space Medicine. Aviat. Space Environ. Med. 1987; 58: A69-73.

3. Avasthey P, Wood EH. Intrathoracic and Venous Pressure
Relationships During Responses to Changes in Body Position. J. of
Applied Physiology 1974; 37: 166-175.

4. Beckman EL. Protection Afforded the Cerebrovascular System by the
Cerebrospinal Fluid under the Stress of Negative G. J. of Aviation
Med. 1949; 20: 430-438.

5. Beckman EL, Ratcliffe HL. A Post-Mortem Study of Rhesus Monkeys
at Intervals after Single or Repeated Exposure to Negative
Acceleration. J. of Aviation Med. 1956; 27:117-130.

6. Bondurant S, Finney WA. The Spatial Vectorcardiogram During
Acceleration. J. of Aviation Med. 1958; 29: 758-762.

7. Brown E, Goei JS, Greenfield DM, Plassaras GC. Circulatory
Responses to Simulated Gravitational Shifts of Blood in Man
Induced by Exposure of the Body Below the Ileac Crests to
Subatmospheric Pressure. J. of Physiology 1966; 183: 607-627.

8. Bums JW. Prevention of Loss of Consciousness with Positive Pressure
Breathing and Supinating Seat. Aviat. Space Environ. Med. 1988;
59: 20-22.

9. Downing SE. Baroreceptor Regulation of the Heart. In: Berne RM,
Sperelakis, eds. Handbook of Physiology, Vol I. Washington, D.C.:
American Physiological Society 1979: 621-652, 708-716.

93



10. Ebert RV, StCald EA. The Effect of the Application of Tourniquets
on the liemodynamics of the Circulation. J. of Clin. Invest. 1940;
19: 561-567.

11. Epstein SE, Stampfer M, Beiser GD. Role of the Capacitance and
Resistance Vessels in Vasovagal Syncope. Circulation 1968; 37:
524-533.

12. Erbel R, Schweizer P, Lambert H, et al. Echoventriculography- A
Simultaneous Analysis of Two-Dimensional Echocardiography and
Cineventriculography. Circulation 1983; 67: 205-215.

13. Fraser TM. Sustained Linear Acceleration. In: Parker JF and West
VR,ed. Bioastronautics Data Book, Second Edition NASA SP-3006
1973: 149-190.

14. Frey MAB, Mathes KL, Hoffler GW. Cardiovascular Response- of
Women to Lower Body Negative Pressure. Aviat. Space Env; on.
Med. 1986; 57: 531-537.

15. Frey MAB, Mathes KL, Hoffler GW. Aerobic Fitness in Women and
Responses to Lower Body Negative Pressure. Aviat. Space
Environ. Med. 1987; 58: 1149-1152.

16. Gaffney FA, Thai ER, Taylor WF, et al. Hemodynamic Effects of
Medical Anti-Shock Trousers (MAST Garment). J. of Trauma
1981; 21: 931-937.

17. Gamble JL, Shaw RS, Henry JP, Gauer OH. Cerebral Dysfunction
During Negative Acceleration. J. of Applied Physiology 1949; 2:
133-140.

18. Gauer 01H. The Hydrostatic Pressures. In: Gauer OH and Zuidema
GD,ed. Gravitational Stress in Aerospace Medicine. 1961: 16-27.

19. Gauer OH, Henry JP. Negative (-Gz) Acceleration in Relation to
Arterial Oxygen Saturation, Subendocardial Hemorrhage and
Venous Pressure in the Forehead. Aerospace Medicine 1964; 35:
533-545.

94



20. Gauer 011, Hull W. Paradoxic Fall of Pressure in the Right and Left
Auricles and the Pulmonary Artery with I-lead Down Tilt. Federal
Proceedings 1954; 13: 52.

21. Gauer OH, Thron HL. Postural Changes in the Circulation. In:
Hamilton WF. Dow P eds. Handbook of Physiology, Vol III.
Washington, D.C.: American Physiological Society 1965: 2409-
2439.

22. Gazenko OG, Shumakov VI, Kakurin VE, et al. Effects of Various
Countermeasures Against the Adverse Effects of Weightlessness on
Central Circulation in the Healthy Man. Aviat. Space Environ.
Med. 1982; 53: 523-530.

23. Giiiingham KK, Freeman JJ, McNee RC. Transfer Functions for
Eye-Level Blood Pressure During +Gz Stress. Aviat. Space
Environ. Med. 1977; 48: 1026-1034.

24. Glaister DHI, Lenox JB. The Effect of Head and Neck Suction on G
Tolerance. Aviat. Space Environ. Med. 1987; 58: 1075-1081.

25. Graboys TB, Forlini FJ, Michaelson ED. Systolic Time Intervals
during Lower Body Negative Pressure. J. Applied Physiology
1974; 37: 329-332.

26. Guyton AC,cd. Textbook of Medical Physiology. Philadelphia: W.B.
Saunders Co., 1986: 153-162, 246-255, 273-286, 426-428.

27. Henry JP. Studies of the Physiology of Negative Acceleration. AF
Technical Report 5953, October 1950.

28. Henry JP, Gauer OH, Kety SS, Kramer K. Factors Maintaining
Cerebral Circulation During Gravitational Stress. J. of Clinical
Investigation 1951; 30: 292-300.

29. Hoffler GW, Wolthius RA, Johnson RL. Apollo Space Crew
Cardiovascular Evaluations. Aerospace Med. 1974; 45: 807-820.

30. Jennings TJ, Seaworth JF, Goodyear C The Effect of +Gz
Acceleration On Cardiac Volume Determined By Two-
Dimensional Echocardiography. SAFE J. 1985; 15: 4-9.

99



31. Jennings TJ, Seaworth JF, Howell L, et al. Effect of Body Inversion
on Hemodynamics Determined by Two-Dimensional
Echocardiography. Critical Care Med. 1985; 13: 760-762.

32. Jennings TJ, Seaworth JF, Tripp LD, Howell LL, Goodyear CD,
Kennedy KW. The Effects of Inflation of Antishock Trousers on
1lemodynamics in Normovolemic Subjects. J. of Trauma 1986; 26:
544-548.

33 Johnson RL, Nicogossian AE, Bergman SE, Hoffler GW. Lower
Body Negative Pressure: The Second Manned Skylab Mission.
Aviat. Space Environ. Med. 1976; 47: 347-353.

34. Jongbloed J, Noyons AK. Der Einfluss von Beschleunigungen auf der
Kreislaufapparat. Pflug. Arch. ges Physiol.I 934; 233: 67-97.

35. Kantrowitz NE, Schnittger I, Schwartzkopf A, et al. Rapid,
Semiautomated Technique for Estimating Left Ventricular
Volume. Am. Heart J. 1983; 106: 521-'527.

36. Katkov VE, Chestukhin VV. Blood Pressure and Oxygenation in
Different Cardiovascular Compartments of a Normal Man During
Postural Exposures. Aviat. Space Environ. Med. 1980; 51: 1234-
1242.

37. Katkov VE, Chestukin VV, Kakurin LI, Babin AM, Nikilaenko EM.
Central and Coronary Circulation of the Normal Man During
Orthostatic and Lower Body Negative Pressure Tests. Aviat. Space
Environ. Med. 1987; 58: A55-60.

38. Katkov VE, Chestukhin VV, Nikolayenko EM, Rumyantsev VV,
Gvozdev SV. Central Circulation of a Normal Man during 7-Day
Head-Down Tilt and Decompression of Various Body Parts. Aviat.
Space Environ. Med. 1983; 54: S24-S30.

39. Kennealy JA, Kirkland JS, Sneider RE. Bradycardia Induced by
Negative Acceleration. Aviat. Space Environ. Med. 1976; 47: 483-
484.

40. Kirkham WR, Wicks SM, Lowrey DL. G Incapacitation in Aerobatic
Pilots: A Flight Hazard. FAA-AM-82-13 October, 1982.

96



41. K1i1iu; 11, Stcg[-man J. Heart Volume During Short-Termin lead-
Down Tilt (-6 Degrees) in Comparison with -lorizontal Body
Position. Aviat. Space Environ. Med. 1987; 58: A61-A63.

42. Lategola MT, Trent CC. Lower Body Negative Acceleration Box
For +Gz Simulation in the Upright Seated Position. Aviat. Space
Environ. Med. 1979; 50: 1182-1184.

43. Leverett SD, Whinnery JE. Biodynamics: Sustained Linear
Acceleration. In: Dehart RL,ed. Fundamentals of Aerospace
Medicine 1985: 202-250.

44. Lim ST, Fletcher J. Cardiovascular Response of Men to Stimulation
by Sinusoidal Gravitational Field. Aerospace Mved. 1968; 39: 130-
138.

45. Lindberg EF, Sutterer WF, Marshal I-lW, Headley RN, Wood EH.
Measurement of Cardiac Output During H-leadward Acceleration
Using the Dye-Dilution Technique. Aerospace Med. 1960; 31:
817-834.

46. Loeppky JA, Hirshfield DW, Eldridge MS. The Effects of Head-
Down Tilt on Carotid and Pulmonary Gas Exchange. Aviat. Space
Environ. Med. 1987; 58: 637-644.

47. . ,,.,-,H, Cabhart U, B ,icrJ, et dI. Central Hemodynnamics During
Zero Gravity Simulated by Head Down Bedrest. Aviat. Space
Environ. Med. 1984; 55: 887-892.

48. Mancia G, Ferrari A, Gregorini L, et al. Circulatory Reflexes from
Carotid and Extracarotid Baroreceptors in Man. Circulatory
Research 1977; 41: 309-316.

49. Mohler SR. G Effects on the Pilot During Aerobatics. FAA-AM-72-
28. July 1972.

50. Montgomery LD, Kirk PJ, Payne PA, Gerber RL, Newton SD,
Williams BA. Cardiovascular Responses of Men and Women to
Lower Body Negative Pressure. Aviat. Space Environ. Med. 1977;
48: 138-145.

97



51. Murray R11, Kog J, Carlson LD, Bowers JA. Cumulative Effects of
Venesection and Lower Body Negative Pressure. Aerospace Med.
1967; 38: 243-247.

52. Musgrave FS, Zechman FW, Mains RC. Changes in Total Leg
Volume During Lower Body Negative Pressure. Aerospace Med.
1969; 40: 602-606.

53. Musgrave FS, Zeclman FW, Mains RC. Comparison of tie Effects
of 70 Degree Tilt and Several Levels of Lower Body Negative
Pressure on Heart Rate and Blood Pressure in Man. Aerospace
Med. 1971; 42: 1065-1069.

54. Nixon JV, Murray RG, Leonard PD, et al. Effect of Large
Variations in Preload on Left Ventricular Performance
Characteristics in Normal Subjects. Circulation 1982; 65: 698-703.

55. Nutter DO, Hurst VW, Murray RI-I. Ventricular Performance
During Graded tlypovolemia Induced by Lower Body Negative
Pressure. J. of Applied Physiology 1969; 26: 23-30.

56. Parra B, Buckey J, DeGraff FA, et al. Echocardiographic
Measurements of Left Ventricular Mass by a Non-Geometric
Method. Aviat. Space Environ. Med. 1987; 58: A64-68.

57. Raven PB, Rohm-Young D, Blomqvist CG. Physical Fitness and
Cardiovascular Response to Lower Body Negative Pressure. J. of
Applied Physiology 1984; 56: 138-144.

58. Rayman RB. In-Flight Loss of Consciouisness. Aerospace Med. 1973;
44: 679-681.

59. Rosenfield S, Lombard CF. Cardiovazcular Pressor Reflex
Mechanism and Cerebral Circulation under Negative G Head-to-
Tail Acceleration. J. of Aviation Medicine 1950; 21: 293-303.

60. Rushmer RF, Beckman EL, Lee D. Protection of the Cerebral
Circulation by the Cerebrospinal Fluid Under the Influence of
Radial Acceleration. Am. J. of Physiology 1947; 151: 355-365.

98



61. R) an I-A, Kerr INK, Franks WR. Some Physiological Findings on
Normal Men Subjected to Negative G. J. of Aviation Med. 1950;
21: 173-194.

62. Sancetta, S. Acute 1-lemodynamic Effects of Total Head Down Body
Tilt and Hexamethonium in Normal and Pulmonary
Emphysematous Subjects. J. Lab. Clin. Med. 1957; 49: 684-693.

63. Schiller NB, Acquatella H, Ports TA, et al . Left Ventricular Volume
from Paired Biplane Two-Dimensional Echocardiography.
Circulation 1979; 60: 547-555.

64. Shaffstal RM, Burton RR. Evaluation of Assisted Positive-Pressure
Breathing on +Gz Tolerance Aviat. Space Environ. Med. 1979;
50: 820-824.

65. Shaw RS, Henry JP, Gamble JL, Gauer Of. Variations in Venous
Pressure under Negative Acceleration. J. of Applied Physiol.
1948; 1: 441-447.

66. Sicker 110. Dcvices for Protection Against Negative Acceleration.
WADC Tech Report 52-87 Part I, RDO No. 695-69, June 1952.

67. Smith ML, Raven PB. Cardiovascular Response to Lower Body
Negative Pressure in Endurance and Static Exercised-Trained Men.
Med. Sci. Sports Exerc. 1986; 18: 545-550.

68. Stegenan J, Baer FM, Hoffman U. TIhe Valsalva Maneuver as an
Indirect, Noninvasive Indicator of Central Blood Volume Shift.
Aviat. Space Environ. Med. 1988; 59: 422-427.

69. Stevens PM, Liamb LE. Effects of Lower Body Negative Pressure on
the Cardiovascular System. Am. J. of Cardiology 1965; 16: 506-
514.

70. Tripp LD, Beck BG, Jennings TJ. The Effect of Various Amounts of
Lower Body Negative Pressure on the Physiological Effects
Induced by [lead-Down Tilt. paper in preparation.

71. Voge VM. Acceleration Forces on the I luman Subject. Aviat. Space
Environ, Med. 1980; 51: 970-980.

99



72. Whinnery Ji[. Letter to the Editor. Aviat. Space Environ. Med.
1981; 52: 718.

73. Wilkins RW, Bradley SE, Freidland CK. The Acute Circulatory
Effects of the Head Down Position (Negative G) in Normal Man,
With a Note on Some Measures Designed to Relieve Cranial
Congestion in This Position. J. of Clin. Invest. 1950; 29: 940-949.

74. Wolthius RA, Bergman SA, Nicogossian AE. Physiological Effects

of Locally Applied Reduced Pressure in Man. Physiological
Reviews 1974; 54: 566-595.

1 00 ¢U.S. Govwnmefnt Printing Office! 1989 - 648-002/00204


