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INTRODUCTION.

The immediate human problems of high speed flight are
acceleration, environmental temperature and mental stress.,
All occur to some extent in every sortie, their relative
importance depending on the flight pattern. In order to
predict the human limitations it is necessary to determine
man's tolerance to these stresses and to examine any other

factors which may influence their effect.

Thig thesis presents the results of a number of
experiments designed to examine human tolerance to positive
acceleration. This type of acceleration, which will be
more closely defined in the following paragraphs, may be
considered as that which produces a force acting from the
head to the feet, i.e, an increase in gravitational force.
The simplest subjective example is the impression of
increased weight which is felt when ascending in an express
lift. The latter part of this thesis is the results of
studies on the influence of other physiological factors which
commonly occur in flight on bhuman tolerance to increased
gravitational force. These factors are heat, hypoglycaemia,
hyperventilation, breathing pure oxzygen, the affer effects
of alcchol and the degree of filling of the stomach. It is
appreciated that most of the experiments performed deserve
fuller examination ana that many other physiolozical
parameiers require to be measured. This work however was of

an applied nature and the requirement was for an urgent
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survey of the whole problen rather than a detailed analysis

of any one facet.

Force ig defined by Newton's first law as that which
modifies, or tends to modify, either the state of rest of a
body or its uniform motion in a straight line. Newton's
second law provides the fundamental basis for the
measurement of force and, when the units of measurement have

been suitably chosen, may be reduced to the equation:
r = m a (1)

where a 1is the acceleration produced in a body of mass nm

by the action of a force F.

This equation can be applied to calculate not only the
forces producing linear accelerations, but also the forces
involved when a body is made tb traverse a curved path.

Here, the direction of motion is being changed continually, and,

by Newton's first law, a force is required to do this. When

a body traverses a curve, radius r, with velocity v, it can

be shown that the continuous change of direction is

equivalent to an acceleration of amount v2/r (called the
centripetal acceteration) directed towards the centre of the
curve; 1.e. perpendicular to the direction of motion at any
particular instant. Hence the force required to provide

such an accelerationfor a body of mass m is m v2/r. This
force acts in the same direction as the acceleration (towards

the curve's centre) and is called the centripetal force.
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The effect of inertia is to introduce a force exactly
equal in magnitude, but opposite in direction, to the
centripetal force. This opposing force, called the
centrifugal force, would cause the body to fly off at a
tangent to its curved path if the centripetal force were to
be suddenly eliminated. It is this centrifugal force which

ig of importance in flight.

Forces due to acceleration, whether linear or centripetal,
can never act in isolation except in the hypothetical case
of an object removed to an infinite distance from all other
matter. In practice, whatever other forces there may be, the

force of gravity is always present.

The quantitative bagis of Newton's work on gravitational
attraction was his assumption that "every particle of matter
in the universe attracts every other particle with a force
inversely proportional to the square of the distance between
the two particles". He also showed that a sphere of uniform
density acts on an external body as if all its mass were
concentrated at its centre. For the gravitational force, W,
between the earth, mass I, and a comparatively small body,

mass m, distant R from its centre, Newton's law of attraction

gives the equation :=-

Wo- G im (2)
22

where G is the ‘'constant gravitation'; when the other

quantities are measured in c.g.s. units (i.e. M and m in ey
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R in cm. and W in dynes), G = 6,670 x 10~8. The force with
which any body is attracted by gravity towards the earth's

centre is defined as the weight of that body. Equation (2),
thus, gives the weight of a body of mass m, gituated at the

earth's surface, in terms of the earth's radius and mass.

It has been establighed that, if the effects of other
forces guch ag air resistance can be excluded, all bodies fall
to the ground with the same acceleration, irrespective of
their mass. Thus it has been demonstrated that a very light
body and a heavy one fall with the same acceleration when the
experiment is done in vacuo: This acceleration for free fall
is a characteristic of the locality at which it is measured.
It is called the ‘acceleration due to gravity' and is
represented by the symbol g. The conventional value of
32.2 ft./sec.2 is sufficiently accurate for normal use. By
Newton's second law of motion (equation (1)) the weight w of

a body of mass m may be expressed in terms of & as:
W = mg.

Since g is also the force with which gravity acts upon unit
mass, it is sometimes referred to as the ‘intensity of gravity!

at a given point.

If one equates the weight of unit mass in terms of the
earth's mass and G (equation (2)) with the weight of unit mass

in terms of g, then at the surface of the earth:-



.
g = Gl {2 (3)

R being the earth's radius. That g is the same for all
bodies at the same locality, is therefore demonstrated to
be a consequence of Newton's laws of motion and his law of

universal gravitation,

Equation (3) is approximate to the extent that the
distribution of the earth's mass is not completely symmetrical
with respect to its centre. Also the relatively small
centrifugal force due to the earth's rotation has been ignored.
The magnitude of this force depends on latitude, but its
effect never reduces true gravity by more than a few parts in

a thousand.,

The main purpose of this/digression on gravity has been
to explain what it meant by the term 'weight'! in its usual
sense and by 'acceleration due to gravity'. Also it will be
clear from equation (2), that, with the range of altitudes
possible at present with manned aircraft, overall variations
in the force of gravity due to change of distance from the
earth's centre cannot exceed 1 per cent and are therefore
insignificant from a physiological point of view. For
example, the error of assuming g to be that at the earth's
surface for an aircraft flying at an altitude of 100 mls.

would be less than one part in 1300 (Byford 195%).

By Newton's third law of motion, which states that action

and reaction are equal and opposite, the weight of an object



such as the human body is opposed by an equal and opposite
reactive force exerted by the floor, chair, or other support,
preventing motion with acceleration g towards the earth's
centre, It is this reactive force which produces the
sensation of weight. Not only is it responsible for pressure
on that part of the body in contact with the support, but, by
preventing motion, it sets up stresses thrbughout the body.
These stresses arise from the restraining forces exerted upon
any particle by its neighbours. In a solid such forces are
elastic in nature; in a liquid hydrostatic pressures are
produced, cmlculable in terms of the weight of a vertical
column per unit area (viz. pgh, where p is the liquid density,

and h is the height of the column).

Consider now a case in which the stresses due to the
action of gravity can be reduced to an abnormally low level.
Imagine a passenger in a 1lift that can be given a constant
downward acceleration, g_(less than g), for an indefinite
period by means of some device which introduces an increasing
dovnward force to balance the increase of air resistance with

speed., Applying Newbton's second law of motion to the
passenger, mass m, the resultant force acting upon him must be
m x a. The two components of this resultant are the man's
weight, mg, acting downward and the total upward reactive
force, P, exerted by the floor on hig feet. Thus we have the

equation: -

mg - P = ma.



The reactive force is m(g,~ a), therefore, and

although the force with which gravity acts on the man

(i.e. his true weight) is still mg, he is now living under
conditions corresponding to an acceleration due to

gravity of only (g - a). He lifts weights more easily,
stresses on his body are reduced, and all hydrostatic
pressures are reduced, Physiologically, in fact, the effect
is the same as if he had been transferred to a smaller
planet exerting a smaller force of zravity of intensity

(ﬁ - a), and the force m (g ~ a) will be called his

teffective weight' under these conditions.

It is therefore convenient to use the intensity of the
gravitational field which would produce the 'effective
weight'! as a measure of the mechanical stresses, and to use
&, the intensity of the gravitational field when the subject
is at rest on the ground, as the unit of measurement. For
example , in the case of the 1ift just considered, we say
that the man is subjected to ng, vhere n is a fraction equal
to (g - a)/g? In general the magnitude n can vary from zero

upwards according to the conditions.

The direction of the effective weight with respect to
the body is of physiological importance and by convention the

g is said to be positive or negative respectively, according

Te

to whether it acts from head to foot or from foot to head. Thus

a person standing or sitting on the ground would be subjected

to + 1g, but if he were suspended head—-downwards from a beam he



would be subjected to -lg.

The "effective" weight of an individual (or the number
of g to which he is subjected) is the resultant of the
acceleration of the seat or other support with which he ig
in contact, and the acceleration due to gravity. This

applies whether the acceleration be linear or centripetal.

In flight both linear and centrifugal forces oecur
commonly, but with the occupants seated in the normal
manner the former is of little importance. It is the
centrifugal force which occurs when the aircraft is turned
which causes the important physiological changes and this
force most commonly acts from head to feet, when, as has
been pointed out above, it is given a2 + sign and is referred

to as positive g.

The first part of the study was devoted to obtaining
bagic iﬁformation on the various effects of positive
acceleration, and from it to devise a method of measuring
human tolerance which would be safe, repeatable, accurate,
and capable of %Leing used by all other acceleration
laboratories. The results of these experiments are contained

in part I of the thesis.

Part IT of this thegis is an investigation of the effects
of various other siresses on tolerance to acceleration. There
is an increasing number of cases of unconsciousness in

flight occurring in all air forces for which no simple

8.



explanation can be found. In the author's view one possible
cause might be a summation of stresses each of which is
sublimonal in itself. The experiments described in part II

were designed to test this hypothesis
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CHAPTER IT.

METHODS AND MATERIALS,

Only the general principles of centrifuge techniques and
human instrumentation will be given in this chapter. The more
detailed specific methods wily%e discussed in the individual

{

gections.

Although it is possible to study the effects of positive
acceleration in flight, reproduceable runs are impossible to
achieve and full instrumentation is difficult. To overcome
these limitations the types of acceleration encountered in
flight can be reproduced at ground level by means of the
human centrifuge. The first human centrifuge was built in
Berlin at the beginning of the nineteenth century - (Plate I),
and was used in the treatment of psychological disorders.
Patients were spun so that they underwent negative g which must
have been of the order of -4g. Iliost patients maintained they
were much improved and required no further treatment. The
rationale of this treatment would seem to be as dubious as our

modern electroconvulsive therapy and the results as good!

The first human centrifuge to study aviation medicine was
built at Templehof outside Berlin by von Diringshofen in 1932,
This machine by modern standards was a miniature having a
radius of only 9 feet and a peak g of 20g. Nevertheless it
performed its purpose well and much valuable data was derived

from it. A% the beginning of the Second World War in 1939



Germany had a seven year lead in acceleration studies.

After the advent of hostilities a number of centrifuges were
constructed in the New World; the first was completed in
Toronto in 1941 and was followed rapidly by others at ¥Wright
Field, Ohio, azt the Mayo Clinic, and at Pensacola, Florida.
The performances of these wartime machines are shown in

table 1, Four more major centrifuges have been built in
the western world since the end of the war; the U.S. Naval
centrifuge at Johngville, P.A., the Swedish Air Force
centrifuge at the Karolinska Institute, Stockholm, the

grench Air Force centrifuge at Bretignie, and the R.A.F.
centrifuge at the Institute of Aviation liedicine, Farnborough.
These mechines profit from experience gained on the earlier
vergions and represent a great advance in engineering skill;
the most significant improvements are in the range of
performance available and the accuracy with which the runs can
be controlled. The performance figures for these

centrifuges are also shown in table 1.

11.



TABLE 1,

A COMPARISON OF THi PURFORMANCES OF VARIOUS

HUMAN CENTRIFUGES,

Centrifuge.

Templehof
Japanege
Toronto
Mayo Clinic

University of
Southern California

U.S .A .F L]
Wrightfield

U.S.,N, Pensacola
U.S.N. Johnsville

Karolinska,
Stockholm

R.A.F. Farnborough

F.A.A. Bretignie

Maximum

go

20
25
20

18

20
15
40

30
30
15

Maximum rate of

application of

acceleration
sec.

2.0
1.7
2.0

2.0

2.0

6.0
2.0

10.0

3.5
4.0
10

12,



In this study the human centrifuge at the R.A.F.

Institute of Aviation ledicine was used (see frontispiece).

The centrifuge consists of a 60 ft. arm carrying at
each end a gondola mounted on gimbals. On rotation the
gondolas tilt so as to position themselves in the
resultant of the centrifugal and gravitational gj
consequently the subject expefiences positive g. The arm
ig driven by a direct drive from a vertically mounted
electric motor of 2800 H.P. which is controlled
automatically by a cam. The cams are available in
families. Each gondola has facilities for full
instrumentation having 30 available channels for electrical
recordings. The signals from the gondolas are led along
the arms to the centre section where the leads ascend the
central shaft in co-axial cables to the recording room two
floors above., From the shaft the impulses are led out
through silver-graphite slip rings and mercury troughs to a
distribution board on which the amplifiers and recording
apparatus are also represented thus enabling an experiment

to be set up entirely on the single bhoard. (Plate II).

The centrifuge is operated from the control room
(Plate III) which overlooks the actual centrifuge chamber.
Although manual control is available the method of choice is
the use of families of programme cams. The variables in

acceleration are peak g, rate of onset of g, and duration

13.
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of peak g. The first of these is determined by the total
cam drop, that is,the depth of the step of the cam. The
rate of onset is controlled by the rate of cam drop, i.e.
the shape of the cam, and its rate of rotation. The latter
is prese_t on an electrical timer. Thus a separate cam is
essential for each peak g, and for varying rates of
application one must either have different cams or a means
of rotating a given cam at a large number of rates. In fact
a combination is used., The motor driving the cam is capable
of four speeds, one revolution lasting 9, 12, 18 or 30 seconds,
thus giving four rates of application for each cam. Three
families of camg are available, the first a constant time
series, take 4.5 seconds to reach peak g from Aféﬂ when
rotated at the 9 second rate. Thus the rate of application
is continually changing and the rate of change varies with
the peak g. The other two families are constant rate cams;
one having a rate of 3,6 g/second when rotated at the 9 second
rate, the other a rate of 1 g/second at the 9 second rate.

A total range of constant rate cams is thus available of

3.6, 2.7, 1.8, 1.08, 1.0, 0.75, 0.5, 0.3 g/second. For
completeness an auxillary motor has been constructed giving a
rate of application of acceleration of C,1 g/second. Sample

g/%ime curves for these cams may be seen in figure 1.

Thus for any run the choice of an appropriate cam gives
control of peak g and rate of application of g while the

duration may also be prese_t. Runs are therefore exactly
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repeatable., Normally decelerstion is produced by reversing
the cam drive thus obltaining s 5/time pattern which is the

mirror image of the acceleration.

For a more detailed description of the R.A.F.

centrifuge see Latham (1955).

The gondolas are shown in figure 2. They consist of
cabins 9' x 8' x 4' constructed of duralumin with perspex
windows. In each gondola is mounted an adjustable seat
similar in design t> those fitted in aircraft. The seat is
fitted with head and arm rests which a2re adjustable, as are
the foot rests. A gtandard four point suspension safety

harness is incorporated in each seat. The gondola is
cénnected,to the general intercommunication system and is so
arranged that the microphone is "live'". Thus whenever the
subject speaks he can be heard throughout the centrifuge
building. An automatic tape recorder allows permanent records
of +the conversation to be made. The gondolas can be fitted
with most aircraft systems such as an oxygen supply, anti-g
suit air supnly and instrument presentations. Four blocks

of Plessey plugs allow 30 channels of recordings to be made.

A closed eircuit television is also incorporated in one gondola

ag an additional safeguard.

Acceleration is measured by a 'lan-elec' variable
inductance accelerometer mounted on the subject's seat at

heart level. Since the subject is seated in a seat the back



16.

of which is raked 20°, and since at low g levels the

gondola does not each the horizontal, the applied g does
not act in the long axis of the body. The resultant

however can be resolved into two components, one of which isg
in the long axis of the body and the other of small
magnitude acting transversely. The latter is of little
physiological interest and can be neglected. The true
positive g is measured by mounting the accelerometer in the
axis of the subject's body. In the gondola there is a g
gradient, since the head and feet of the subject represent
different radii. By mounting the accelerometer at heart
level, which is always in the axis of the car gimbals an
approiimate mean is obtained from which the g at other
positions can be calculated. In addition the heart represents
the "centre" of the circulation and information obtained

at the heart level can be translated most easily. The
output of the accelerometer is displayed on an Ediswan pen

recorder for monitoring purposes.

The subject is provided with an event marker which in
some experiments can be used to provide an emergency stop

mechanism.

Routine human instrumentation involved the recording of
electrocardiograms. The leads routinely used are the
bipolar lead I and unipolar leads aVF and V3 . On some
occasions all 14 leads have been used, i.e. leads I, II, IITI,

aVR, aVF and leads Vj-Vg. All electrodes are placed in



accordance with the recommendations of the American

Heart Association and the British Cardiac Society (fig. 3).
The indifferent electrode used was that described by
Wilson et al (1934). To obviate muscle artefacts and
allow free use of the hands the two wrist electrodes were
replaced by disc electrodes on the shoulders over the
acromion. The potentials measured at the shoulders are
very little different from those found at the wrists

(fig. 4). In both cases the potentials are being recorded
essentially from the rcot of the upper limb and any |
difference in length of conducting medium is of little

significance when compared with the skin resistance,

Small non-polarisable silver elec*“rodes were attached
to the skin by "Nobecutane" (Browne 1957). In some
experiments it was found necessary to use a 15 c.p.s. filter
to reduce muscle artefacts occurring during convulsions of
the subject. This causes a slight reduction in the
amplitude of the more steeply rising parts of the wave form.
A time constant of 0.3 seconds in the A.C. coupled part of

the amplifierwas used throughout.

In some experiments recordings of arterial blood
pressure were made. The measurement of rapid changes
necessitated the use of a direct method. A No. 1 needle was
inserted into the radial artery at the wrist. The needle was
connected to a capacitance manometer by a short length of

polythene tubing. The needle was kept patent by a saline

17.



drip through a needle valve in the inlet to the manometer.
for recording from the manometer it was found convenient

to use frequency modulation, thé carrier frequency being

2 megacycles. The bloocd pressure was monitored on an
Ediswan ink-writing recorder and for more accurate time and
amplitude measurements was recorded photographically using
150 c.pes. galvanometers. It must be noted that the
absolute measurement of the blood pressure under
acceleration ig extremely difficult due to the effect of

g on the fluid columns involved and in addition the
manomebers are g-sensitive. Readings at any point are
therefore only accurate to within about 10%. Since the
hydrostatic pressures developed are of importance the blond

pressure at eye level is measured by supvorting the wrist

so that the needle is at eye level, Under these conditions the

pressure found may be assumed to be of the same order as
that in the retinal artery. Similarly the pressure at
heart level is determined by supporting the wrist at the
level of the heart. That these conclusions are justified
may be seen by comparing the results obtained with those
expected on theoretical grounds. Thus blackout occurs when
the radial artery pressure is 20 - 30 mm.Hg. at eye level.

This corresponds to the intraocular tension which acting in

o

opposition to the pressure in the retinal artery causes flow to

cease when the two become equal. The flow ceases in the

retinal artery when blackout occurs as has been shown by



Duane (1953), who examined the fundi during g. (see plate V).

Records of respiration were obtained during

several sets of experiments. The effects of g preclude any
device such as a mercury filled strain gauge and in any case
the chest could not be used because of the bhattery of
E.C.G. electrodes. Two systems were used. When the subject

was breathing through a face mask a pressure tapping was
made in the lateral wall of the mask and connected to a
Statham ‘pressure transducer from which pressure differentials
due to inspiration and expiration were recorded as a low
frequency wave form on the pen recorder. TFrom these records
respiratory rate and a rough measure of amplitude could be
obtained. Wwhen a mask was not being worn respiration was
recorded from a thermocouple placed in one nostril. Changes
in thermal e.m.f, due to respiration were recorded as a low
frequency wave form in a similar manner to the E.C.G.
This recording more closely resembled a square wave, The
.steeply rising part of the wave form was used as a signal to
trigger manually a C.R.0, when recording vectorcardiograms;

the details of this technique are described in appendix I.

Some form of yardstick is necessary to compare the
tolerance of different subjects to acceleration. The most
common method is to measure the level of g at which vision
is impaired or lost. The figure obtained is called the g
threshold. In experiments in which other stresces are being

used in addition to acceleration this method of threshold

19.



determination is unsuitable since there is a danger of
uncensciousness supervening. 4 new technigque was

developed for these experiments which it is hoped will become
standard in other léboratories. The new method will be

described in chapter IX.



CHAPTER III.
PHYSIOLOGY,

The changes occurring in the occupants of an aircraft
during positive acceleration are of two kinds, (a) tissue
distortion, (b) haemodynamic effects. Both are due to an

increase in the effective weight of the organs concerned.

(a) Tissue Distortion. This, although dramatic to

the onlooker (Plate VI), carries little danger to the
pilot and is of little importance. Vhere internal organs
. are displaced the effects produced are concerned with

circulation and will be considered under that heading.

(b) Haemodynamic. Since the changes induced by

positive g are primarily circulatory, they take time to
develop, and there is always a latent period during which
the pilot is free of symptoms apart from the sensation of
increased weight. If the force is prolonged, visual
symptoms occur and later progress to unconsciousness. The
symptonms (fig. 5) can be ascribed to a progressive decrease
in the blood supply to the retina and brain under sustained
positive acceleration, and the physiological reaction is an
attempt to compensate for these changes. The imporbtance of
the time factor in the production of symptoms becomes
apparent if the physiological effects of g are compared with
the effects of alterations in cerebral blood flow produced by

other methods. Sudden arrest of the cerebral



circulation by means of cervical ceclusive cuffs will lea

{24

to unconsciousness in § - 64 seconds (Rossen, Xabat and

Anderson 1943). The oxycen content of the blood entrapped
within the brain at any time will therefore support

cersbral function for this period.

The mechanism of reguls tion of the blood supply to any
Ziven part of the body is & simple physical one, and in the
brain, enclosed within the rigid skull, the intracranial
fluids form & closed Lydrodynamic system in which very little
volume or flow change can oceur withoul proportional
pressurs changes in the intracrsnial vessels or the
cerebrospinal fluid. There is incressing evidence that with
low blood pressure intracersbral vascular resistance may be
modified significantly in an effort to preserve s constant
flow through the brain., It is known that under normal
conditions however, intrinsic factors play only 2 minor
part in the control of cerebral blood flow (Schmidt 1950).
Normal visual and cerebral functions therefore depend
primarily on a pressure of blood in the head sufficient to
overcome the resistance of the cranial contents. If, for the
moment, one neglects the 2ll important function of the
carotid sinus in the regulation of cerebral arterial
pressure and considers the purely haemodynamic factors, then
the blood pressure at head level is determined by the

pressure required to support a column of blood between the

< .



heart and head, and zlso by the pressure at the heart.

The former factors bear a direct relation to the
magnitude of the force due to the acceleration and is not
susceptible to physiological compensation. On the other
hand the blood pressure at heart level is controlled by a
complex series of reflex mechanisms, so that it is to be
expected that factors influencing cardiac output such as
blood pooling &nd venous return, peripheral resistance and

heart rate will have a direct bearing on the problem,

The hydrostatic pressure exerted by the arterial column
of blood between the heart and the brain is proportional to
its length measured in the direction of the applied force,
and is only under the pilot's control by virtue of crouching
or the adoption of other body positions which reduce the
component acting through the longitudinal axis of the body.
The length of this column of blood, measured in this manner,
will henceforth be termed the "hydrostatic heart-brain
distance". If one assumes a heart-brain distance of 30 cm.,
then the arterial pressure required at heart level to elevate
a column of blood to the base of the brain is about 25 mm. Hg.
at 1 g. Under the influence of 5g, however, it has been
shown that the heart-brain distance may increase by at least
6 cm, due to stretching of the great vessels in the neck and
thorax, and descent of the diaphragm. (Rushmer 1944).

Therefore, just to maintain a column of blood 36 cm. in

K.

L
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length under an acceleration of 5g would require a

pressure at heart level of 150 mm, Hg. Elevating the
diaphragm whilst under the influence of 5g to its normal
mean level would produce the equivalent of at least lg
protection. X-rays of monkeys subjected to positive
acceleration have demonstrated descent of the diaphragm
associated with an apparent lengthening of the portion of
the inferior vena cava above the diaphragm. (Ruff and
Strughold 1939). This lengthening will increase the
difference between the intra-abdominal pressure and the
venous pressure at heart level which affects the venous
return from the lower part of the body. If the abdominal
contents are considered to behave as é column of fluid, and
the increases in abdominal hydrostatic pressure are
calculated and related to the magnitude of the centrifugal
force, the increments in pressure with increasing g fail to
reach the values expected by almost 40%. The discrepancy
between the calculated rise and the actual rise confirms the
gradual descent in the level of the diaphragm due to
abdominal protrusion and compression of intestinal gas, with

the consequent reduction in the height of the fluid column.

Lambert and %ood (1946) measured radial arterial pressures
in human subjects with the wrists at head level. They
concluded that the fall in blood pressure at head level was
directly proportional to the acceleration and corresponded

to a systolic fall of 32 mm. Hg./g and a diastolic fall of



20 mm.Eg.[g. The mean pressure fall amounted to

25 mm.Hg./g which is the pressure required to support a
column of blood bstween the heart and brain under lg.
Dimming of vision was associated with systolic blood
pressures at head level of approximately 40 mm.Hg., although
with an excess intra-ocular pressure of 26 mm.Hg. it is to
be expected that the retinal circulation will not fail
until the local systemic blood pressure approaches this
latter figure. Complete black-out occurred when the
pressure fell to 20 mm.Hg. and unconsciousness when it
reached zero. At heart level they noted that the systolie
pressure fell approximately 4 mm.Hg.[g, whereas the
diastolic pressure was maintained, which might reasonably
imply a fall in mean pressure of 2 mm.Hg./g. As ceredbral
blood flow may be more closely related to the mean arterial
pressure, it is desirable to examine the pressure changes
in the arterial column in these terms. Assuming a normal
blood pressure of 126/85 at heart level, then excluding
effects due to descent of the diaphragm, one would expect
blood flow to show significant impairment when
accelerations of 4g were attained. This has been
demonstrated in animals (Fischer 1937, Ranke 1937,

Koenen and Ranke 1937, Greenfield 1938, and Britton, Pertzoff,
French and Kline 1947), however average relaxed human
thresholds appear higher than this. In addition, it has

been shown that if the acceleration is sustained some



recovery may ensue after 6-12 seconds at the peak g.

(Ranke 1938, Greenfield 1938, liayerson 1942, Rose, Kerr
and Kennedy 1942, Sturm, Wood and Lambert 1945,

Britton et al 1947, Browne and Fitzsimons 1956).

Although it is apparent that the cardiac output and hence
blood pressure at heart level can be maintained at or above
normal under these conditions, there is an additional
factor concerned in the maintenance of an adequate

cerebral blood flow at subthreshold levels of acceleration.
Henry, Gauer, Kety and Kramer (1951) likened the cerebral
arteriovenous circuit to an inverted 'U' tube system. In
experiments on human subjects exposed to positive g they
measured arterial pressures at eye level and internal
jugular bulb pressures. The results appeared to indicate
that the negative pressures developed within the intra-cranial
veins compensated to some extent for the fall in cerebral
arterial pressure. Thus the arteriovenous pressure
differential across the brain was maintzined and hence an

adequate cerebral vlood flow also.

This explanation depends upon the pressure in the
jugular buldb being equal to that in the intra-cranial venous
ginuses. This was assumed by the authors but has not been

established experimentally.

The cerebral arteriovenous oxygen difference gave an
indication of blood flow and it appeared that a marked

decrease in cerebral venous oxygen saturation occurred only
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vhen acceleration of 4.5g were reached. The authors
pointed out that such & mechanism was ineffective in
supporting cerebral circulation when the arterial pressures
af the base of the brain dropped to zero., A hydro-
dynamical concept of the heart-brain circulation would
theoretically permit blood flow at all values of
acceleration if the blood vessels were considered as rigid
tubes, This is not the case, and when the pressure on the
arterial side crops to zero, collapse of unsupported vessels
on the venous side, with the establishment of a fluid level,
must presumably occur. On the other hand, under positive g
the extensive internal vertebral venous plexus is prevented
from collapse owing to the: subatwmospheric C.S.F. pressure
which may therefore allow an uninterrupted blood flow and
account for the maintenance of a high arteriovenous

pressure differential in the brain. These theories were also
subscribed to by Akesson (1948) who revorted them prior to

J. P. Henry.

If the acceleration is applied rapidly to a peak
above the level at which cerebral circulation ceases, it has
been found that the time to produce unconsciousness is
approximately the same regardless of the peak acceleration,
up to a maximum of 15g (Beckman 1953). The mean time above
values of 3g during accelerations leading to

unconsciousness, appears to be 4.2 seconds which is shorter



than the conscious survival times when cerebral

circulation is stopped by the apnlication of a cervical cuff,
Beckman attributed this difference to the fact that under
high positive g loads the total quantity of blood entrapped
within the brain after cessation of cerebral circulation |
was less. It must be noted however that high negative
C.S.F. pressures can be assumed under these conditions and

this fact may be more directly related to the discrepancy.

The above congiderations have so far presuppoced a
constant blood pressure at heart level, but this is
affected by many physiological variables which show marked

changes under the influence of positive acceleration.

In the lower half of the body the essential change
during positive acceleration is an increase in the
hydrostatic pressure gradient along the blood vessels‘which
results in a circulating blood loss due to pooling. The
degree to which physiological mechanisms can compensate for
this failure of venous return will determine the right heatt
filling pressure and hence cardiac output and mean blood
pressure at heart level. In this case, as the stress and its
effects have a mechanical basis, compensation can be
augmented by mechanical devices or voluntary efforts such as
breath holding and straining. Under such conditions subjects
have been known to maintain a blood pressure at heart level

of over 200 mm.Hg.

28.



The onset of acceleration is accompanied by an
immediate rise in pulse rate which may take 10-30 seconds
to reach its maximum value (Ruff 1938) in the region of
195-220. There does not anpear to be any relation between
the pulse response and g tolerance or the severity of
symptoms. During recovery there may be wide fluctuation
in the rate but this is followed by a bradycardia. With
the descent of the contents of the thoracic cage changes are
seen in the electrocardiogram whose interpretation varies
widely in the literature, The analysis of these changes will

be discussed in chaper V.

It is the venous return, however, which will have the
greatest influence on cardiac output. The extent of total
blood pooling in the abdomen has not been accurately
assessed, but the pooling in the lower limbs has been
measured by Lambert (1946) during human centrifuge
experiments, using leg plethysmographs. It would appear
that under the influence of 5g for 15 seconds the total leg
volume increased by only 60 ml. Chest x-rays during such
centrifuge runs have demonstrated an appreciable reduction
in heart size (Ruff and Strughold 1939, Rushmer 1944) - a
result of the progressive failure of venous return. The
rate of blood pooling in the lower limbs is governed by
the peripheral vascular resistance as the venous valves prevent

retrograde flow. The rise in venous pressure in the



lower limbs is slow and progressive depending on the inflow
of blood from the arterial side., Thus the pooling reguires
a period of time to develop depending on the degree of
peripheral vasoconstriction. In this connection Greenfield
and Patteréon (1954) have shown that there is a peripheral
vasoconstriction which follows a local response to an increased
transmural pressure on the arterial side of %he

cireculation. They also indicate however that when the
increase in transmural pressure exceeds 150-200 mm.Hg. there
may be a large persisting vasodilatation which in
consequence would lead to high arterial flow rates in the
lower limbs under g with more rapid shunting of the blood
into the venous side of the circulation. It is noteworthy
that under 5g the systolic arterial pressure at ankle level
may reach 350-400 mm.Hg. The rise in venous pressure in
dependent parts of the body produces a fluid loss with a
demonstrable haemoconcentration, but the magnitude of this
phenomenon in relation to the time of exposure makes it of
only academic significance. Petechial haemorrhages in
dependent parts of the body during short exposure to high

peak accelerations have rarely been described,

It is found that if g is maintained, the period of
general deterioration of the subject lasts approximately
7-10 seconds, after which a limited degree of compensation

takes place. It is difficult to see how the extent of the



abdominal pooling can be accurately evaluated, but any
factor which assists venous return to the thorax has a
profound effect on the cardiac efficiency. In this respect,
intra-abdominal and intrathoracic pressures are of great
importance. The production of an abdomino-thoracic pressure
gradient, by respiratory efforts related to the Valsalva
manoeuvre (i.e. forced expiration against a closed glottis)
in order to facilitate venous return, have been studied by
Rushmer (1944). These physiological implications are
discussed in relation to methods of protection. Some
fundamental work by E. H. Vood et al .(1943) does throw some
light on the significance of blood pooling, venous return
and righﬁ auricular filling pressure. It can be shown in
the human centrifuge that if the lower half of a subject is
immersed in a water bath up to chest level, then during
positive g hydrostatic counter-pressure is applied to the
surface of the body which exactly opposes the pooling
tendency. The experiments showed that the water level which
gave maximum protection was critical. The average visual
protection with water immersion to the xyphoid was 0.8g
whereas with the water level at the 3rd costal cartilage
rib the protection averaged 1.7g. On theoretical grounds,
simple elevation of the diaphragm to its normal mean level
should give a maximum of only lg protection. The remaining
0.7g protection must be attributed to an increased cardiac

output and raised systolic pressure at heart level.



32.

This follows the reduction of circulating blood volume in
the lower half of the body when counter-pressure is
applied, not only during positive acceleration but also in

the resting conditions.

On exposure to values of g which do not produce visual
symptoms there is no demonstrible disturbance of C.N.S.
function. If these exposures of g are repeated several
times in one day they are followed by lassitude and
exhaustion, the physiology of which is unknown. As a
result of this, six centrifuge runs per day are the
abgolute maximum allowed for any subﬁect. This tiredness may
be the result of minimal cortical anoxia and has been
compared with the fatigue following collapse on a tilting

table,

The further sequence of events begins with a greying of
vision manifested by an impairment of contrast discrimination,
and the black-out threshold occurs when the sensation of
light is completely lost. As a result of 215 centrifuge trials
Lambert (1944)'showed that when visual symptoms occurred they

took place approximately 6 seconds after maximum g was

reached. He further stated that if symptoms are going to appear
on a given centrifuge run they happen before the tenth second.
Hemianopia or scotomatous impairment of the visual fields has
not been reported. Vhilst cdnsciousness is retained, oculo-

motor functions are unaffected in common with other
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co-ordinated movements, and although Stewart (1945) noted
a left esophoria under g loadings, it could be overcome by
voluntary effort and was ascribed to muscular imbalance.

Nystagmus has never been observed.

Other sensory functions such as touch, pain, pressure
aﬁd temperature are not markedly impaired, even when
black-out lasts as long as 12 seconds, and they are only
lost with the onset of unconsciousness. This final stage is
heralded by a rapid loss of function of nervous tissue
progressing to the total abolition of all motor and sensory
functions. As is found in cases of anoxia, the subject
often does not appreciate that consciousness has been lost
unless there is some change in the environment. Thus, if
consciousness is regained while the éentrifuge is still
rotating the subject will state that he feels fine and that
nothing unusual has occurred. It is only if consciousness is
regained when the centrifuge has come to a stop that the
subject realises he has heen unconscious, and often the
presence of injuries is the final proof. The gross mental
changes associated with high g just prior to, during and
following unconsciousness may be manifested by confusion,
dreams, amnesia, paraesthesia, or convulsive episodes. Local
minor episodes are not uncommon, but clonic fits are
not necessarily associated with an abnormal resting E.E.G.

Recovery is usually rapid but complicated by disorientation,



confusion and dreams, which may last up to 20 seconds.

It will be seen that there are many ways in which the
effects of g may be potentiated leading to a premature onset

of black-out or unconsciousness.
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CHAPTER IV,

HUMAN TOLERANCE TO ACCHLERATION

Human tolerance to acceleration depends basically on the
strength, duration, direction and rate of application of the
applied force. From the discussion on physiology it can
readily be understood that individual tolerances can be
modified by various protective devices, such as crouching
to diminish heart-brain distance or tensing the abdominal and
leg musculature to maintain venous return. To obtain a base
line for comparison of subjects, and to allow evaluation of
methods and materials, it has been generally agreed that
human tolerance to positive g should be measured with the
subjects relaxed and in a normal sititing position. Since
unconsciousness is not desirable in routine experiments
the end point used for determining tolerance is grey-out or
black-out. The g at which symptoms appear being called the

threshold.

Grey—out and black-out, although commonly used by the
aviator, are confusing terms and deserve some explanation.
The sequence of visual changes which precede unconsciousness

are as follows :-

(l) There is a general dimming of the visual fields
associated with diminution of contrast

discrimination and impaired colour vision.
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This stage is called "greying" end lasts for a

variable length of time, It immediately precedes :=-

(2) Grey-out -~ this stage is chartacterised by loss
of peripheral vision, central vision being
unimpaired., It is associated with an arterial
blood pressure at head level of 40-6C mm. of Hg.
If the fundus 1s examined during this ‘'coning or
tunnelling of vision' the vessele are sesn to be
pulsating, the arteries being empty during
diastole end filling with each systole. If the

g is increased this stage gives way to :-

(3) Black-out (amaurosis fugax). At this point
vision 1s compietely lost although consciousness
is maintained, There are no changes in motor or
sensory functions with the excention of vision
waich is completely abolished. Any increase in
the applied force causes loss of consciousuess.

The physiological processes underlying black—out are

g£till controversial. The early Gemman thecories of
deformation of the brain, compression of the optic chiasma as
the brain slides over the tentorium, and intra-cellular
migration of mitochondria were all unlikely and can now be
disregarded. The modern view is thav blackout is due to

anoxia secondary to a failure of the blood supply. The

controversial point is whetner tue primary failure is in the
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retina or in the brain itself. The exponents of the latter
view have received most support from the anatomical work

of Young (1946). Briefly his theory is that with progressive
acceleration there is a diminished blood supply to the
occipital cortex from the vertebral arteries. At the same
time there is an increased outflow from the dural sinuses
via the jugular veins. Thus there is & decrease in the
volume of the cranial contents offsetting the cushioning
effect of the C.S.F. The brain is displaced in the
direction of the applied force and comprssces The vertebral
vessels leading to a further reduction in blood flow to the
visual cortex. In his view, this results in the visual
cortex being deprived of its blood supply before the rest

of the brain.

The other school oy thought places the loss of function
in the retina itseltr., Since the intra-ccular pressure is
20-30 mm.Hg., then flow might be expected to cease in the
retinal vessels wien the arterial presczure at eye level
reaches tlis figure., This Lz been verified repestedly and
ophthalmoscopic examinution of subjects reveals enpiying o “lo
blood vessels coincident with blackout (Bietti and Scano
1943, Duane 1953). It seems not unreasonable to suppose that
the blood supply to the retina ceases vhen the blood pressure

at head level is still adeguate to maintain the cerebral

circulation. Zurther weight is added to this argument from
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studies on pressure blindness. ‘hen pressure is applied
externally to the eyeball loss of vision follows the same
time course as during accecleration {Lambert and Wood 1946,
Howarth 1956). The pressures necessary to cause this
blindness agree with those occurring during g (Andina 1937),
while the last point of the wvisual field to be seen is
parafoveal in pressure blindcness (Howarth 1956) as it is with

acceleration (Latham - unpublished observations).

The most recent work which bears on this problem is
that of Lewis and .uane (1955) who have shown that the
electro~retinogram persists during blackout as do the direct
and consensual light reflexes. It is generally agreed that
the electro-retinogram is derived from the receptor cells
of the retina (i.e. the rods and cones; although part of the
complex may arise from the oiher nervous clenents involved.
The retina would thus appear to respond to light although
vision is lost. This is borne out by the presence of the
1light reflexes. Consideration of %he pathways involwed should
therefore suggest the point where *transmission is interrupted.
Fig, 6 shows diagrammatically the visual pathway. The
fibres in the optic nerve pass back through the chiasma to
relay in the lateral weniculate body of the same side as their
retinal origin. The next set of Tibres (the optic radiation)
travel via the retrolentiform part of the internal capsiule

to end in the visual cortex on the occipital pole of the cerebrum,
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The path of the fibres subserving the light reflex is shown

in fig. 7. The fibres pass medial to the geniculate body and
via the superior colilicuius to the pretectal nucleus where
they synapse with fibres going to the Edinger-Westphal nucleus.
At first sight it would appear that the block must be at the
lateral geniculate body or in the higher centres, the

latter probability being the mowe likely. However on five
subjects I have shown that during the course of pressure
blindness a light stimulus presented immediately after
black-out will elicit a consensual light rgflex, although
further pressure abolishes this lgtter response also. In

this cage it is difficult to see by what mechanism pressure

on the eyeball could influence the function of the lateral
geniculate body or the occipital cortex. A possible explanation
of the apparent contradiction in these results has been
advanced by Lewis and Duane (1956). These authors have
pointed out that vision has three cells and two synapses in
the retina whereas the affarent pathway for the light reflex
has Dbut fwo cells and one synapse (fig. 8). Moreover the
extra cell and synapse in the visual pathway are those of the
ganglion cell layer which lies in the inner part of the

retina supplied by the arteria retinae centralis; vwhereas

the outer structures of rods, cones and bipolar cells are
supplied by a.plexus of vessels from the choroidal circulation.

Thus when the blood flow of the central artery becomes zero
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at, 20-30 mm.Hg., arterial pressure the ganglion cell layer
becomes anoxic although the outer layers have still an adequate
blood supply. This theory explains the persistance of the
electro—refinogram and light reflexes during black-out due

to either g or external pressure. Grey-out is explicable in
the same way since as the pressure in the retinal artery falls
the flow becomes less and the peripheral part of the

retina will have a reduced blood supply with a lower

oxygen content,

In conclﬁsion it may be said that although there is some
indication of the loss of vision being central in origin
the weight of evidence points to failure of conduction in the
retina, the most probable site being the ganglion‘cell

layer.

The purpose of the digression into the origin of
black-out has been to establish its primarily haemodynamic
natufe in the nomal subject during acceleration. It must
also be borne in mind that changes in the vessels of the
retina follow closely those of the cerebral vessels and
changes in calibre may arise from many varied physiological
conditions. In addition,in some special cases there may be
upset of the higher centres although the retinal blood flow is
adequate to support vision. This will be discussed in

Part II.
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The threshold depends on several physiological factors
in addition to the mechanical ones already mentioned. Thus
the variables involved are heart-brain distance, blood
pressure at heart level, intra-ocular tengion, peripheral
resistance, and cardiac output. Other more tenuous
variables are physical fitness, somatotype and temperament,
a short stout subject has a better tolerance than a tall slim
one, other things being equal, while the athlete has a
higher threshold than the gtudent. Age also plays a part,
tolerance decreasing with age although thié effect may be
due to diminished physical fitness and lowered cardiac
reserve rather than age per se. Depending on the foregoing,
there is a large day to day variation in threshold which is
also related to fatigue. With so many variables it is
often difficult to decide which factors are operative at
any one time and this has led to many misconceptions in the
past.‘ It is interesting to note that practice does not

improve g tolerance but tends to decrease it.

These physiological variables tend to be static in any
one individual and his tolerance is then determined by the
strength, duration, direction and rate of application of the

force.

1. Strength and duration.

In the early days of studies on accelefation, large

numbers of threshold determinations were made in an attempt
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to obtain a normal range. To obtain uniformity most
centrifuges used a method whereby the subject was brought
from 1.0g to peak g in 5 seconds regardless of the value of
the peak 59 Much valuable data Was obtained in this way.
From these results strength/duration curves could be
constructed which would outline the limits of human
tolerance. Fig. 9 shows the curve obtained at this
laboratory compared with those of several American sources.
It will be seen that the curves, although having

similar characteristics, are widely displaced and tend
falsely to suggest that certain areas produce people with a
higher tolerance than others. This displacement is due
largely to differences of technique between various
laboratories and the use of differenziﬁsints. More
interesting is the fact that the curves all deviated from the
general form of physiological strength/duration curves in
having a secondary rise to the right of the graph, this
occurs at about 6-10 seconds after peak g is reached. Thus
a subject who greyed out after 5 seconds at 3.0 g might
expect his vision to clear again at T seconds. This
phenomenon only occurs at low values of g and would seem to

be explicable by compensatory mechanisms.

To investigate this problem several centrifuge runs
were carried out during which the blood pressure was
measured at eye level. Pulse rate was obtained in a further

200 runs from the electro-cardiogram. A sample result can be
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seen in fig., 10, It was found that as the acceleration
began the blood pressure at eye level rapidly fell. If

the S.B.P. reached 40 mm.Hg. then grey-out occurred and if
it fell below 20 mm.Hg. then black-out rapidly followed.
This agreed with the findings of Lambert and Wood (1946).
From the electro-cardiograms it was found that the

maximum pulse rates were reached 6-10 seconds after peak g,
as had been noticed by Rose et al. (1942). The rise in
pulse rate followed closely the fall in B.P. which
commenced to rise again as the pulse rate reached levels

of 120-130 pér min., Following the rise in blood pressure
the pulse slows again until the two stabilise, the final
degree of tachycardia énd hypotension depending on the g.
Following the rise in blood pressure the visual symptoms
disappear. One subject was run while the blood pressure

was measured at heart level.. The results obtained are shOWﬁ
in Pig., 11. It will be seen that the pressure at this level
showed a slight initial fall followed by a rise. BRecovery

is rapid following cessation of g.

The secondary rise in the strength/duration curve would
thus appear tc be due to cardio-vascular reflex activity.
The most probable mechanism is that the hydrostatic fall in
blood pressure at head level stimulates the pressure
sensitive areas of the carotid and aortic arteries leading
to increased cardiac rate and output, which in turn raises

the systemic blood pressure and restores the circulation to
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the retina. This compensatory rise obviously depends on an
adequate venous return to the right side of the heart and this
in turn is limited by pooling. Thus this transient wvisual
phenomenon is only found at lower values of gbvsince at

higher levels venous return is inadequate to allow full

compensation.

2. DRate of application.

The earlier work on threshold determinations did not
take account of the rate of application of acceleration. In
fhe common method of ﬁsing a time constant of 5 seconds to

reach peak g, each threshold level was reached by a
different rate of rise of acceleration (this quantity-%f is
called 'jolt'). That there will be a difference in
threshold under these circumstances can be readily appreciated
by considering the physiological changes occurring under
extreme conditions. If the jolt is very high, for example
200 g/sec. then failure of the body is mechanical since
circulatory changes have no time to occur. At H=6 g/sec.
grey-out, black-out and unconsciousness succeed each other
rapidly as compensatory reflexes do not have time to

develop completely. At the other extreme, very low rates
of appligation, for example 0.01 gyéec. also 1eéd to a low
threshold since although there is time for fullkreflex
activity, the long time lapse also allows pooling to occur

and so venous return is impaired and the heart cannot make
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the appropriate response. Between these extremes lie

the range of values which commonly occur in aircraft, varying
from 0.1 g/sec. to 4.0 g/sec., and it is in this range that
determinations of threshold are made in the human

centrifuge. Variations in threshold within this range have
previously been demonstrated (Browne and Fitzsimons 1956)
using constant time cams. A further investigation was made
-into alterations in threshold with varying rates of

application of g using cams giving a constant rate of rise

above ,JE .

Method and Material,

The rates of application of g were 3.6§/sec.,
2.7§/sec., 1.8g/sec. and 1.08g/sec. The centrifuge was
accelerated to a fixed g and maintained at a constant
acceleration for 15 seconds and then decelerated to rest.
Runs were repeated at 0.2g intervals until a grey-out
threshold was found, a different rate of application was’
then substituted and further runs made until a new
threshold was found. This was carried out for each of the
four rates of application. In each set of runs the
varying rates of application were presented in a random
order and the subject had no knowledge of which Tun he was
carrying out. Three minutes were allowed between runs to

allow pulse rates to return to normal.

A few experiments were performed separately using rates




of application of O.lg/sec.

All subjects were experienced on the centrifuge
except two, These inexperienced subjects showed higher
thresholds, as has been found before, but have been
included here as the results represent relative differences

rather than absolute values.

Grey—-out was used as the end point and was
measured by peripheral light loss. In all cases the
initial grey—ouf was used although at the élower rates
of application further grey-outs d§ sometimes occur

(Browne and Fitzsimons 1956).
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RESULTS.
TABLE 2.

GREY-OUT THRESHOLDS AT DIFFERENT BRATES OF
APPLICATION OF g,

: BRate of application g/sec.
Subject 3.6 | 2.1 1.8 1.08
P.H. 3.3 3.4 3.4 3.6
K.B. 3.4 3.6 3.7 4.0
I.F. 3.6 4.0 4.0 4.2
F.L. 3.5 3.5 3.6 3.9
M.B. 3.2 3.4 3.4 3.8
A.C. 3.7 4.0 4.1 4.4
G.A. 3.6 3.7 3.8 | 4.0
J.B. 3.7 3.8 4.0 4.2
R.H. 4.3 4.5 4.6 4.8
B.M.' ‘ 4.0 4.0 4.2 4.4
Means 3.6 3.8 3.9 4.1'

It will be seen that there is a trend towards higher
thresholds as the rate of apvlication decreases. This
trend is statistically significant at the level of P =.0.001.
The difference between the highest and lowest rate of
application was 0.5g, which corresponds to fhe figure found
previously for the congtant time cams (Browne aﬁd

Fitzsimons 1956).
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TABLE 3,

THRESHOLDS OF FIVE SUBJECTS AT A
RATE OF 0.lg/sec.

48.

Rate of application g/sec.
Subject

3.6 2.7 1.8 1.08 0.1
A3 33 3.4 3.4 3.6 4.2
A6 3.4 3.6 3.7 4.0 3.8
A4 3.6 4.0 4.0 4.2 3.8
A2 3.5 3.5 3.6 3.9 4.2
C71 4.0 4.0 4.2 4.4 3.8
Means 3.4 3.7 3.8 | 4.0 3.9

There is no significant increase in threshold when the
rate of application is reduced from 1.08 to O.Ig/sec. on the

data for five subjects.

DISCUSSION.

The increase in tolerance afforded by relatively slow
rates of application of g is very real and of an order which
approaches that of the ordinary g suit. With the rapid rate
of onset the reflex time response from the pressure
receptors is too long and cardiovascular compensation occurs
too late to combat the hydrostatic pressure fall at eye level

and so grey-out and black-out occur and persist. With
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slower rates however the increase in reflex activity
parallels the increasing g, thus maintaining pressure at
eye level to a higher peak g. With intermediate rates of
applicatioﬁ of g, and at lower peak g levels with rapid
application, the =reflex response may lag sufficiently to
allow a transitory visual disturbance to occur, but as the

run proceeds there is complete recovery,

The interesting possibility of whether the protection
aftorded b& the cardiovascular reflexes could be further
increaged by decreasing the application rate to low levels
wag studied to a limited extent (Tablés 2 and 3) at this
stage. From the encouraging results obtained a new method
of threshold determination was evolved. This is

described in detail in chapter IX.

Until recently the protective value of reflex responses
have been of 1little practical application as the rate of
application‘of acceleration in aircraft manoeuvres has been

high, and in combat slow manoeuvres are precluded.
However, at high altitudes navigational manoeuvres at high
speed can be carried out at moderate g levels although of
fairly long duration. Obviously in these cases where the
rate of application of g is not so important and can be
varied at will, this physiological factor should be

considered in relation to such manoeuvres.
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CHAPTER V,

THE ELECTROCARDIOGRAL DURING POSITIVE ACCELERATION,

In the early stages of operating the human centrifuge
objective methods of monitoring the subject's reactions to g
were required, partly as a safety precaution and partly to
provide bagic data for future experimentation. Earlier
investigators (Rose, Kerr and Kennedy 1942, Gauer 1950) had
discussed pulse rate responses to g, while Zuidema, Cohen,
Silverman and Riley (1956) described gross abnormalities of
cardiac rhythm occurring under g associated with T wave
changes. These they attribute to myocardial anoxia. On
the basis of these observations it was decided that the
electrocardiogram should he recorded routinely during

acceleration,

The preliminary studies on the electrocardiographic
changes with g were carried out in conjunction yith
J. Te Fitzsimons and the results of these pilot
experiments have already been published (Browne and

Fitzsimons 1959).

The normal electrocardiogram.

The electrocardiogram represents the electrical changes
taking place in the heart muscle during the cardiac cycle.
The representation varies with the position of the
recording electrodes., The conventional letter by which the

potentials are identified is shownm in the accompanying
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diagram. The first wave (P) represents the passage of the
electrical impulse through the

auricles and its magnitude and

direction vary with the position of
the recording electrode. The second wave form (the

QRS complex) represents the passage of the impulse through
the bundle of His and the ventricles. The convention for
lettering this complex is that any initial negative
deflection is labelled @, the first positive deflection R,
and any subsequent negative deflection §. If there are two
positive deflections they are designated R and g},

similarly S and §} wavés may occur. However @ may be absent
but duplication is never observed. The T wave which follows
the QBS complex represents the passing off of the impulse
as the heart returns to its resting state. As with the other
wave forms, its magnitude and direction depends on the

position of the recording electrode.

The PR interval, the time from P to the first
deflection of the QRS complex, be it § or R, represents the
time taken for the impulse to spread to the ventricles from
the sino-auricular node and this is the measure of the

auricular-ventricular conduction time.

Information as to the health of the wventricular
musculature can also be obtained. Since the QRS complex

represents the passage of an impulse through the ventricles
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vhile the T wave (Tw) represents the passing off of this
impulse, their algebraic sum should be zero and the ST
junction should be iscelectric. Any variation from this
condition represents an abnormality of conduction, this
will be described in more detail in chapter VI. When
using unipolar leads the labelling of the QRS complex can be
elaborated by the use of capital letters for large
detlections and small letters for small deflections. This
is illustrated in tig. 12 which shows typical ventricular
patterns obtained from various surfaces of the heart. THus
from any unipular lead it.is possible to deduce which
surface of the heart is presenting and hence the

position of the heart can be ascertained.

From the recordings of the E.C.G. we can obtain the
pulse rate and much valuable information about the heart
itself, its position, the state of the ventricles, the

normality of conduction, and most important, its rhythm.

Methods and materials.

The method of electrode placement and fixation have
already been described (chaper II). In the first stage of
this investigation, 78 subjects have carried out 500 runs
on the centrifuge at levels of 3.0, 3.5 and 4.0g. These
subjects were dréwn from two sources :-

(a) Experienced‘centrifuge subjects from the

Ingtitute of Aviation Medicine Staff.




(b) Inexperienced subjects drawn from the general

duties branch of the R.A.F.

The centrifuge runs lasted for 15 seconds at peak g,
the time taken to reach peak g and to return to rest
beiﬁg 9 seconds each. The rates of application of g

varied from l.Qg/sec. to 3.65/sec.

Results.

During positive acceleration the heart rate increases.
The resulté are shown in Table 4, broken down into
experienced and inexperienced subjects. The maximum pulse
rates reached and the time to reach maximum pulse rate from
the start of the run are shown for experienced and
inexperienced subjects at different lévels of & The

variance is given as * 1.0 S.D.

= £
- L i L
H 2 e g < ¥ : %o& i
s Fed b AN Bh - : ; B
B, 1Y : i
1 i L5 SR 3 i
e ¥ E ! 3 H
H 3 . ) B H ¥
H L ) 4 Z 7.
: PR R i . g
i Lot =27 e R i i 3
4 i 7 L : ¢
5 & 70 . :
: i 2.5 !
H i
k- ; St me;a,mf,,.;;,;»;m;gafgiuu«a- s i e ©

PN S PNRE. VTSRO S SR - YO U TS S PP s K

53.



CHANGES IN PULSE RATE DURING POSITIVE g

TABLE 4.

Experienced Subjects

No. of Resting | Uax. Percentage | Time
£ subjects. | pulse pulse increase to

rate rate in rate, maxXe

per min.| per min. sec.

3.0 12 T6t 97 £ 25.5 16.6
5e2 7.1 Y o303

3.5 11 85 121 £ 42.3 14.3
10.7 13.5 2.3

4.0 3 17 = 114 * 48.0 - 16.1
3.6 1.6 ¥ 1.6

Inexperienced Subjects
No. of Resting | Max. Percentage| Time
£ subjects.] pulse pulse increase to

rate rate in rate. max.

per min.} per min. sec.
3.0 20 g2 L , 120 4744 12.1
8.7 |= 12.1 a3
3.5 20 86 127 48.5 13.9
8.4 ro14.7 t 2.3
4.0 12 83 % 129 55.8 14.6
9.9 * 10.5 S * 3.




At 3.0g the differsnce in maximum pulse rate between
experienced and inexperienced subjects is significant at
the 1% level, but at 3.5z znd 4,02 thers is no siganificant
differsnce betwesn the 5Wwo zroups. Likewise the time to
maximum pulse rate shows a2 significant difference at the
0.2% level at 3.0g between experienced and inexperienced
subjects but no difference 2%t higher g levels. The pulse
rate does not begir to rise immediately the g commences but
lags behind, often only sitzriing to rise zfter peak g has
been reached. It will be sesn from the above figures that
mayimum pulse rzies were zlways rezched between 3 z2nd 7
seconds afier pezk g. Following %this pezk the pulse rate
inwvariably shows a decrease for the laiter half of the run.
Cessation of the g is followed by bradycardia, the rate being
less thzan the resiing valne.

The PR interwal was measured from some recoris as a

check on auriculo-ventricular conduction during g. The

resulis are shown in Fable 5.
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TABLE 5.

THE EFFECT OF g ON THE PR INTERVAL.

Each figure is the mean of five observations.

Static Stage of acceleration.
g P.R. (time from start of acceleration)

sec. 0 2.5 Te5 12.5 17.5 22.5

sec. sec. |sec. sec. sec, sec.

3.0 | 0.15 0.15 |0.13 |0.125 | 0.12 0.13 0.14
3.5 | 0.14 0.128 |0.12 |0.11 0.10 0.11 0.125
4.0 | 0.137 | C.14 |0.125 |0C.12 0.112 | 0.12 0,13
4.5 | 0.14 0.13 |0.12 |[0.105 | 0.10 0.12 0.13
5.0 [0.14 0.14 |0.12 |0.10 0.10 0.11 0.12

Analysis of variance shows that the sample was a

representative one and that the change in P.R. interval

during g is significant at the 0.1% level, as was also the

progressive change in PR interval with higher g levels.

It will be seen that the PR interval began to return to

normal values before the end of the g run,

This corresponds

to the behaviour of the pulse rate which also seems to

decline while the acceleration is still being applied.

Throughout the series all PR intervals fell within the

56-

normal range of 0.1 - 0.2 seconds, indicating that there was no

abnormality of A-V conduction.
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The cause or the increase in pulse rate is
the fall in blood pressure at head level whiech occurs

during acceleration.

On three volunteers blood pressure was measured in the
radial artery at eye level and the results correlated with
changes in heart rate. Pig., 10 shows 2 typical record.

As the Dblood pressure falls there is cardiae

acceleration. The blood pressure reaches a minimum and then
riges, finally stabilising at a level intermediate between
the resting value and the minimum which occurs at the
beginning of the run. The pulse rate closely reflects
these blood pressure changee, falling a2s the pressure rises

and stabilising after 6-10 seconds at peak g.

In this series, which ineluded a number of runs to
5.0g and several at lower g levels of up to 5 minutes
duration, there were no abnormalities of cardiac rhythm
apart from an occasional extrasystole which occurred randomly
and unrelated to g. When sinus arrhythmia was present at

rest it was freguently accentuated under g.

In view of the earlier observations on changes in the
wave Yorms the Tecords were carefully scrutinised for these
characteristics. The T wave changes which were found by other

workers were also found in this series of observations.

The changes across the unipolar chest leads varied from
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subject to subject but the transition point of unchanged T
waves was usually in the region of Vo - V3. There was no

evidence of T, inversion in any subject.

Associated with these changes there were changes in the
QRS complex, These also showed a large subject variation but
there was a certain basic pattern about all of them., There
was the development of 3_ waves in several leads, most commonly
in aVF, In general there was an increase in amplitude of
aVL and aVF, an RS pattern changing to an Rs. Increases in
amplitude were also frequent in V3 and Vo. Examples of these
changes are shown in fig. 13. VWhen viewing these traces
a comparison springs to mind, The changes are very similar to
those induced by respiration. Fig. 14 shows the changes due to
regpiration exaggerated by the subject breathing at maximum
depth. It will be seen that both show the same characteristics.
Since respiration becomes deeper and more rapid during
acceleration (fig. 15) it is easily seen that many changes
previously described as due to acceleration may be in fact
respiratory. However, even allowing for errors due to
respiration there are changes in the E.C.G., similar to those
occurring in inspiration. The changes in inspiration are due
to lowering of the diaphragm causing descent and rotation of
the heart. It has been shown (Buff and Strughold 1939,
Rushmer 1944) that g also produces lowering of the aiaphragnm,

accompanied by descent of the heart. This may amount to as

much as 6 cm., at 5g (Rushmer 1944). It therefore seems
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reasonable to presume that the changes in Q.R.S. complexes
and T waves are positional in origin as in normal
inspiration. Considering all leads together, there have been
no changes in this series of runs which could be

attributed to myocardial anoxia,

When measuring tolerance to acceleration by a visual

threshold it is important to consider cardiac compensation.

if the measurement i1s made when peak g is reached then
recovery will occur at a variable time (6~10 seconds)
thereafter aue to compensatory cardiac rerlexes (assuming
rates of application or up to 4g/sec.). The more usual

practice in tkis laboratory is therefore to measure
threshold 10 seconds after peak g. Since higher
thresholds are obtained with slower rates of application of
& presumably due to the more adequate time available

for cardiac compensation, it was deciaced to investigave
caraiac and blood pressure responses to a rate of change of
acceleration of O.lg/seo. Seven experienced centrifuge
subjects were used tor this investigation. ZEach subject carriea
out 5 runs per aay for 5 days. On each run a lead I E.C.G.
was recorded and analysed for pulse rate changes. The rate ot
change of acceleration was such that from ﬂﬁéﬁ't° the
threshold level the g/t curve vas linear. ©Sections of the
records ﬁere snalysed for the relation between change in pulse

rate to change in g.



Several records of blood pressure at eye level were
obtained during these runs by the method described in

chapter II.

TABLE 6.

CHANGES IN PULSE RATE DURING
THE APPLICATION OF g AT O.1lg/sec,

No., of| Mean Mean Increase Increase
Subjectd runs. resting | final in pulse 'g! lin pulse
rate rate rate rate/g
per min.| per min.} per min, per min.
P.G. 23 91.1 107.0 15.8 3.02| 5.2
G.H.B. 20 79.1 97.3 17.6 3.29 5e 36
M‘K.B‘ 18 75‘2 88.7 13.6 3.13 4036
N.L.A. 19 94.5' 109.2 14.8 3.28| 4445
C.licE. 6 19.7 95.5 15.8 2.67 5.92
J.C.G. 13 84,2 99.7 15.5 2.71 56T
A.C. 8 8043 100.9 20.6 3.17 6.48
]

It will be seen that the increases in pulse rate are lower
than those obtained using the conventional rates of application
of 1.0 - 4.0_g/sec. A typical graph obtained is shown in
fig. 16. It will be seen that from 1.0 - 1l.4g there is great
variation in the pulse rate., This is the period during which
the g/t relationship is not linear and there is a large
tangential component in the acceleration. After l.4g is reached

there is a continuous rise in pulse rate with &+ The abrupt

60.
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changes in rate seen with cams of 1-4g/sec. are not

evident when using a rate of rise of g of O.lg/sec. Thus
there is a constantly increasing degree of cardiac
compensation, The records were further examined %o
determine it the rate of increase of pulse rate with g was
linear. The portion of the records below l.4g were
neglected as the accelerations at these low levels are
complex and do not really concern us. Above l.4g small
increments of g were measured with the corresponding increase
in pulse raté. A regression line was derived for these two
variables, the results for all subjects were included. It
was found that there is a significant linear relationship
between the increase in pulse rate and the increase in

acceleration., The formula of the regression line is :-
Y = 6.369 + 5.0875 (x - 0.9618)

and the coetficient b = 5.0875 (S.E. £ 0.34). This line is

ghown in fig. 17.

As might be expected the records of blood pressure obtained
showed that the blood pressure also fell in a linear fashion
with this type of g/time pattern. These results are shown in

figs. 18 and 19.

Discussion:
When subjected to positive acceleration all subjects show
an increase in pulse rate. One cause of this increase is a fall

in pressure in the pressure sensitive areas of the carotid sinus,



61.

In fig. 10 it may be seen that the fal%hn blood pressure
precedes the rise in pulse rate. Another possible cause
however is an adrenal medullary response to stress. At

3.0g there is a significant difference in the maximum pulse
rates reached by experienced and inexperienced subjects., If
the tall in blood pressure in the carotid sinus was the only
tactor causing tachycardia there would be little difference
between the groups. However, the ract that at 3.0g
inexperienced subjects show an earlier and greater pulse rate
regponse suggests that in these subjects other mechanisms

play a greater part. Two tactors suggest themselves, first

an involuntary tightening of the abdominal and leg
musculature which tends to increase venous return to the heart,
and secondiy, release of adrenal medullary hormones resulting
from apprehension at being subjected to an unusual manoceuvre,
There is some evidence for the former in fhat inexperienced
subjects show more muscle artefact on the recordings, while in
support of the latter, von Euler and Lundberg (1954) have
shown an increased urinary output of catechol amineg in
inexperienced personnel when tlying. At higher g levels where
a maximum response is required on haemodynamic grounds, the
difference in maximum pulse rate tends to disappear, though
inexperienced subjects still tend to reach maximum pulse rates
sooner, éuggesting that apprehension is still having a
signiticant effect. The times between peak g and maximum

pulse rates reached are of the same order as those reported
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by Rose, Kerr and Kennedy (1942). It should be noted that the
duration of run up to peak g, 9 seconds, should be

subtracted from the pfesent results for comparison,

As has been pointed out in chapter IV, this type of
blood pressure and pulse rate response leads to difficulty
in estimating tolerance by visual means, Thus the question
arises of where to measure visual loss, Should it be when
the blood pressure reaches a minimum, or the pulse rate a
maximum, or subsequently, when both are tending to reach
equilibrium? The cause of the secondary rise in blood
pressure is the full development of the carotid and aortic
pressure reflexes; this in turn leads to a slowing of the
pulse, Thus the H to 10 seconds taken for the maximum pulse
rate to develop represents the time course of the reflex.

If the reflex were fully operative then the abrupt fall in
blood pressure would not occur and the problem of transitory
visual symptoms would not arise. Since the reflex time can
not be altered it seemed possible that by slowing the onset of
the acceleration adequate time would be allowed for the full
development of the reflex and the abrupt changes in blood
pressure and pulse would be abolished. ‘hen a linear rate

of application of g of O.lg/sec. was used the results
contirmed the above reasoning. The blood pressure fell
smoothly and gradually showing no tendency to a secondary rise.

Similarly the pulse rate rose linearly with the g and
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continued to rise with increasing g. At any g level on the
graphs the values of blood pressure are higher than those
obtained with the more conventional rates, showing that a
degree of protection is being afforded by the circulatory
retflex activity. In fact using this rate of application
suﬁjects have maintained 8.0g tor up to 60 seconds which was

previously thought to be beyond unprotected human tolerance,

The PR interval varies inversely as the pulse rate
(Goldberger 1953) and in this series behaved as predicted,
indicating there was no abnormality of A-V conduction.‘ This

agrees with the results of Gauer and Wieckert 1944.

Since this experiment a further thousand centrifuge runs
have been carried out with E.C.G. recordings, and of the
total fifteen hundred runs only one case of cardiac
arrhythmia has occurred, (see part II, chapter III), apart
from sinus arrhythmia which is relatively common and is
accentuated by g. This agrees with the findings of Pryor,
Sieker and McWhorter (1952) who state that at levels of g
insufficient to cause visual symptoms there were no cardiac
abnormalities. It is difficult to reconcile these results
with those of Zuidema, Cohen, Silverman and Riley (1956) who
say, "four out of five subjects showed arrhythmias at high
g levels . ® This myocardial irritability may be attributed to
a relative coronary insutficiency with maximum coronary flow

proving to be inadequate for a massive work load."

= 4g to 5g for 60 seconds,
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It might be that these subjects were older or in poor
health, however, Bondurant (personal communication)
repeated this work one year later with the same subjects
and the same runs, and failed to confirm Zuidema's results.
It is therefore fair to say that there is no evidence of
cardiac irregularity at levels of g which occur in everyday

flight.

There were changes in the form of the T wave as described
by previous workers (Rose, Kerr and Kennedy 1942, Gauer 1950,
Zuidema, Cohen, Silverman and Riley 1956). These changes in
the T waves are analogous to those Iound in respiration and
on asgumption of the erect pogture (fig. 20). They would
therefore appear to be positional in origin, although
Simonson, Nakagawa and Schmitt (1957) say that the E.C.G.
changes Auring respiration are signiticant but can not be
explained on positional changes alone. The effect of
respiration appears to have been largely neglected in the past
ana yet respiratory ana positional variation can explain the
T wave changes entirely. There was no evidence in any record
of myocardial anoxia or ventricular strain. It must be
remembered that changes in the T waves alone are of little
diagnostic significance, they must be considered in relation

to the RS-T segment in multiple leads.

Summary.

There is a rise in pulse rate with g. The rise occurs
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earlier and to a greater extent with inexperienced subjects
probably due to apprehension. The changes in pulse rate can

be related to the behaviour of the arterial blood pressure.

Using a linear rate of application of g of 0.lg/sec. the
increase in pulse rate as a function of g becomes linear.
This increase is smaller than that occurring with taster rates
of application and is thought to be due to the full
development of the cardiovascular reflexes. A significant
degree of protection is therefore to be anticipated from
this type of run. Similarly the arterial blood pressure at eye
level shows a linear fall with increasing g, and the fall in
pressure at any g level is smaller than with faster rates of

application.

In 1,500 runs there has been only one gross cardiac
arrhythmia and it is concluded that this is not a normal
hazard to be encountered in flight. Sinus arrhythmia was not

uncommon at rest and when present was accentuated by the g.

Changes in T waves were found, these are thought to be
largely positional and respiratory, and not related to

myocardial damage.
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CHAPTER VI,

CHANGES IN THE ELECTRICAL AXIS AND THE
VECTORCARDIOGRAM DURING ACCELERATION.

The interpretation of electrocardiographiec changes
has in the past been descriptive and subjective, using
terms which are not capable of precise definition. The
introduction of unipolar leads has overcome these
difficulties to some extent and allowed interpretation to
" be based on established physiological principles. This
improved understanding of the underlying physiology has led to
attempts to analyse traces mathematically. The three most

important methods which have gained acceptance are :=—

1. The derivation of the electrical axis.
2., The calculation of ventricular gradient.

3. Vectorcardiography.

The electrical axis is a representation on one plane of
the body of the instantaneous direction and magnitude of the
resultant electrical impulse passing over the heart. It is
therefore a vector quantity. Normally the axis measured is the
major electrical axis, that is, the axis derived from the
meximum potential, the B or S wave. However, a better method
ig the derivation of the mean ingtantaneous electrical axis
in which the area of the whole QRS complex is used as a
co-ordinate. By choosing leads which are at right angles to one
another, e.g. lead I and aVF, and using the QRS potentials of

each as co-ordinates, a vector can be drawn which represents




67.

the electrical axis of the heart. The methods of
derivation are standard procedures and will not be discussed
here. There are certain conventions applying to the
polarity of the co-ordinates, these are shown in fig. 21.

By selection of suitable leads the electrical axis can be
represented on any plane of the body, the one most

commonly used is the projection on to the trontal plane.

The two major limitations of this technique are :-

(a) The heart is three dimensional as is its
electrical axis but the above representation
is only a projection of it on to a two

dimensional surface.

(v) The electrical axis is continually changing as
the impulse spreads over the heart whereas it
is only measued at one instant, the peak of R or
S or, in the case of the mean axis, is averaged

over a whole complex.

In spite of these limitations the analysis is useful and
in common use. However, the normal range is from -90° to
+1500, depending on the position of the heart in regard to
its three axes and the method cannot therefore differentiate
normal variations from ventricular hypertrophy. Its main use
is in comparative work where changes in the position of the

heart are being investigated.
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The ventricular gradient repfesents the relation
between the mean electrical axis of QRS and the mean
electrical axis of the RS-T and T. Thus if a strip of
muscle returns to the resting state in the same direction
as it was stimulated these values are equal and opposite
and the ventricular gradient is zero. In the heart the Ty
normally points in the same direction as QRS showing that
the heart returns to its resting staté in a different direction
to that in which it was stimulated. Thus the heart normally
has a finite ventricular gradient. Any change in this
gradient will reflect an alteration in the state of the
muscle and is useful in interpreting T wave changes (Houssay

1955) .

It has been pointed out above that the electrical axis
represents only a single point in the changing electrical
pattern of the heart. If successive points are taken in the
QRS complexes of two leads then a series of electrical axés
may be drawn which represent the changing direction of the
impulse. If an infinite number of these are taken then a
solid figure results whose outline is the change in
electrical axig of the heart, this figure is the
vectorcardiogram. It can be appreciated therefore that by
deriving several electrical axes and joining their ends to
form a loop a vectorcardiogram is obtained (called a
derived vectorcardiogram). The larger the number of points

used the closer will the resulting loop approximate to the
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real condition. However by displaying the two E.C.Gs, on
the axes of a cathode ray oscilloscope a continuous loop
is obtained directly, this is called the direct

vectorcardiogram (V.C.G.).

The V,C.G. suffers from the same defect as the
electrical axis, namely that it is a two dimensional
representation of a three dimensional pattern. This is
obviated to some extent by obtaining V.C.Gs. in three planes
at right angles to each other from which the spatial figure
can be inferred. The three planes used in the body as the
frontal, horizontal and sagittal. The polarities are
arranged so that the sagittal plane is viewed from the left side
and the horizontal plane ig viewed from below. Rotation of
the heart about its axes causes changes in the shape, area and

direction of rotation of the vector loop.

These three mathematical analyses of the E.C.G. were
used in this study in an attempt to determine the changes in the
heart's position during g since there were no facilities for

X-ray investigation.




TABLE 7.

UEAN Q.R.S. VOLTAGES AND DERIVED VECTORS
DURING NOHMAL RESPIRATION AND UNDER 3g.

(Ve

Phase of Amplitude Direction (degrees)
Subject.| g respiration} I aVF Ty Frontal Sagittal Horizontal
1.0 | Ingpiration |438 588 750 +57 +137.5 =59
R.B. Bxpiration {375 500 638 +57 +136 -159
3.0 | Ingpiration (281 696 794 +70 +133 ~T0
| Expiration [316 509 691 | +63 +140 —-64.5
1.0 | Inspiration {325 234 1150 | +50 +161 ~T13
fP . Expiration [334 334 193 | +44.5 +160 ~70.5
. 3.0 Ihspiration‘389 287 1050 i +52 +154 ~70.5
Expiration '343 390 967 . +62 +145 -69.5
1.0 | Inspiration.245 475 1008 . +65.5 +142 -64
7.7 Expiration (250 392 1133 | +60 +133 -66
AR 3.0 [ Inspivation 100 450 900 | +79  +140 =TT
Expiration (179 383 1075 ! +68 +131 -T1
1.0 | Inspiration {300 475 1900 : +60.5 +150.5 =T72.5
N.X Bxpiration 487 450 2050 iﬁ+5o +153.5  =66.5
o 3.0 | Inspiration 287 1225 2000 ! +81 +125.5 =T6.5
Expiration [275 1075 2050 ! +77 +129 =T4.5
1.0 | Inspiration|288 1000 1180 ; +75  +135 =67
P.C Expiration |2i4 800 1120 ! +76 +129.5 -69.5
U 3.0 | Inspiration|178 1050 1160 . +80 +126 ~83.5
Bxpiration [232 800 1650 } +7T.5 +121.5 =79
1.0 | Inspiration|883 Te8 1190 | +406 +141 ~53e%
P.7 Ixpiration !824 616 845 +39 +144 —46f0
"™ 13.0| Inspiretioni650 821 813 | +47.5 4131 ~51.5
! Expiration (765 608 940 +42.5 +143.5 =50
| 1,0| Inspiration(660 304 1243 | +27 +164 -62
1 M. S Bxpiration [590 232 890 +24 +163 -56.5
o 3.0 | Inspiration|610 144 1180 i +14 +172 -63.5
Expiration 1650 155 85T | +17 +168 -53.5
1.0| Inspirationi536 177 676 +22 +162 -51
M.K.B Expiration [547 132 605 +16 +165 =47 :
770 1 3.0| Inspiration(547 158 470 | +19 +165 -49 i
Expiration |578 142 619 | +12 +164 -38
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Methods and Material,

The electrical axis was obtained from the E.C.G. The
1eadé used were; frontal plane - leads I and aVF;
sagittal plane - leads Vi and aVF; horizontal plane -
leads I and Vj. Since the leads were a mixture of bipolar
and augmented unipolar leads a correction must be applied to
the potentials measured. Thus the voltage of lead I must be
multiplied by 1.15 to he compatible with aVF (Goldberger 1953).
Lead V1 1ies in close proximity to the heart and since it
therefore records much higher voltages than the peripheral
leads, a correction must be applied. This is not capable of
precise determination and on an arbitrary basis it has been

divided by two as suggested by Goldberger (1953).

The vectorcardiograms were obtainea by two methods. One,
by the rectangular co-ordinate system of derivation
(Goldberger 1953), the other by displaying the loop on a C.R.O.
and photographing it. The first method is tedious and
approximate, and although it closely resembles the direct trace
(fig. 22), it was discontinued and all further V.C.Gs. were
displayed on the C.R.0. Goldberger's electrode placements
(1ead 1, aVF and V1) were used routinely. In some earlier runs
Duchosal and Sulzer's placements were tried but abandoned because

of excess muscle artefact.

In order that the phase of respiration be known when

interpreting the results, it vwas arranged to record
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respiration by means of a small thermocouple in the nose.
Changes in thermal e.m.f, due to respiration were recorded as a

low frequency wave form in a similar manner to the E.C.G.

Further refinements in the technigue of vectorcardiography
were subsequently made and a semi-automatic device built to
select one QRS complex only at a fixea position in the
respiratory cycle. This will be described in Part II in

association with the experiment for which it wag developed.

The centrifuge runs were made at various g levels using
constant time cams allowing 4.5 seconds from 1[25 to peak g.

All runs were of 15 seconds duration unless otherwise stated.

Results,

1, The Electrical Axis.

—

Table 7 shows the magnitude of the QHS complex during g and
at the peaks of normal inspiration and expiration. A&lso shown
is the direction of the manifest instantaneous electrical axis
in each plane calculated from these results. These are also
shown graphically in fig. 232-d. Each result is the mean oT
three observations Ior it was rarely possible to obtain more
than three full cycles of regpiration owing to the short
duration of the runs., However the scatter was very narrow and
figures for the same phage of regpiration were usually

identical,
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Out of the eight subjects, five had vertical hearts, as
judged from the electrical axis (i.e. over +45° in the front
plane), two had horizontal hearts,and one subject (F.Z.) was
border-line, 39-46°., In all subjects the range at lg varied

between +16° (M.K.B.) and 76° (P.G.) in expiration.

Respiration has a marked effect on the axis in most cases.
In the frontal plane the heart becomes more vertical with
inspiration. In the sagittal plane also the axis becomes more
vertical although the movement is rather less. In two
subjects, R.B. and M.S., the axis tended to become horizontal
by a negligible amount, In the horizontal plane, viewed from
below, the shifts are small, Two subjects show clockwise
rotation and five show anti-clockwise rotation, and there is no
change in one. There is no correlation between the direction

of movement and the resting mean position of the heart.

Under 3g the respiratory changes are of the same order
as at 1g, However, there is an overall shift in the mean
axise.

In all the subjects with the exception of the two with
horizontal hearts, (M.K.B. and M.S.), the axis becomes more
vertical under g in the frontal plane, more vertical in the
sagittal plane and shows anti-clockwise rotation in the

horizontal plane when rotation occurs.

In the two horizontal cases the axis surprisingly becomes




more horizontal in the frontal and sagittal planes, and in
the horizontal plane one rotates in a clockwise direction
and the other shows no rotation., These changes in mean

position are shown in Table 8.

TABLE 8,

CHANGE IN 1fEAW ELECTRICAL AXIS OF THE HEART AT 3g.
(POSITIVE SIGNS SIGNIFY CLOCKWISE ROTATION).

Subject. Fronsal. Sagivtal. Horizontal.
P.H. +10 =11 -2.0
J.JF. +11 -1.0 +9.0
¥.X. +24 -25 +6.0
P.G. +3.0 ~6,0 +13.0
F.Z. +2.5 -5.0 +2,0
R.B. +9.5 0 +8.0
.s. =10 +6.5 -1.0
K.K.3. -4 +1.0 -6.0

In order to try and relate these changes in electrical
axis to alterations in the anatomical position of the heart,
chest X-rays of three subjects were taken in full
inspiration and expiration. The long axis of the heart
derived from these radiographs is compared with the manifest

electrical axis in Table 9.

T4.
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TABLE 9.
Subject Anatomical axis Electrical axis
]
Inspiration}Expiration}Range Inspiration|Expiration|Range
J.T.F. +51 +33 +18 +84 +41l.5 +42.9
P.G. +58.5 +40 +18.5) +63 +70 +5.0
¥,K.B. +39.7 +36 +3.7 | +67 +18 : +49

In these three subjects the relationship between
electrical and anatomical axis is, to say the least, doubtful.
Thus we cannot deduce from changes in electrical axis uncer

& what anatomical changes are occurring.

Four suonjects carried out runs to a hign g level using the
rate of application or O.lg/sec. which is associatea with a
smooth linear cardiac response. The results for these subjects
are shown in fig., 24a and b. There is a change in electrical
axis towards the vertical in both frontal and sagittal planes

vhich is progressive with increasing g.

2. The Ventricular Gradient.

Since the ventricular gradient is said to be useful in
interpreiting T wave changes, some preliminary calculations were
carried out. These showed there was in fact a change during
acceleration., However in view of Wilson's remarks (quoted by

Barker 1952), and more important, the fact that the gradient




will vary both with position and pulse rate, the method was

abandoned.

3. The Vectorcardiogram.

There is little to comment on the V.C.Gs. obtained in

this investigation. In fig, 22 direct and derived V.C.Gs.

are compared for one subject at rest and at 3g. The
resemblance of the QRS is obvious though the match is by no
means perfect., Fulton's remarks (Fulton 1953) are
therefore perhaps justified, that geometric construction is
very likely to be erroneous. These V.C.Gs. are of one or the
subjects (M.K.B.) with horizontal hearts who show rotation
towards the horizontal., The reproducibility of the V.C.Gs.

is good but positional changes are largely masked by
respiration and the changes during acceleration provide no more
infomation than is obtained from the electrical axis itself.

It was hoped that direct observation of the loop might have
been useful since in a vertical heart the direction of
rotation of the loop is usually clockwise whereas in the
horizontal heart it is usually counterclockwise. Observation
showed no change of rotation iﬁ any of the subjects in this
series, It is possible that this was due to the fact that the
majority of the subjects had vertical hearts under static

conditions.

Discussion.

The most outstanding feature of this series of observations
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was the effect of respiration on the electrical axis of

the heart. This is large enough to mask changes in axis due

to postural changes and makes it imperative that in any
investigation electrical axes should only be compared at
identical points in the respiratory cycle. This effect

of respiration is frequently neglected and leads to

erroneous conclusions.

During acceleration there is a change in the electrical
axis of the heart. At 3g this is quite small but increases
progressively with g. Although there is no correlation
between anatomical axis and electrical axis, it would seem
not unreasonable to suppose that +this change is related to the
descent of the diaphragm which is known to occur under g.
Support for this supposition is given by the fact that the
change in position is similar and in the same direction as that
occurring with inspiration which is again associated with
diaphragmatic descent. Similar respiratory findings have
recently been reported by Simonson, Nakagawa and Schmitt
(1957). Since the aprlication of +g is merely an
accentuated form of -the force which acts on tilting from the
horigontal to the vertical, it is to be expected that similar
findings would obtain on change of posture. This has been
investigated by Mayerson and Davis (1942) who found identical
changes in the electrical axis when a subject is swung from

the horizontal to 75° head-up on a tilt table. In their
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series they also found that if the upright posture was
maintained there was a further clockwise swing of the axis
which in some cases might be as great as the initial change.
This obviously could not be positional or related to aﬁy
anatomical change. It was related in time to the reflex
vasoconstriction and cardiac acceleration which develops in
response to the assumption of the upright posture. On the
basis of these findings the authors concluded that the change
in axis is a result of increased sympathetic activity,
although it could equally well be due to decrease in vagal
tone., If this is so then the alterations in axis found in
the present study may also be partially due to increased
sympathetic or decreased vagal tone ag acceleration is
accompanied by a tachycardia and an increase in peripheral
resistance (see part II, chapter III). This would also
explain the lack of correlation between electrical and

anatomical axes.

The results of the vectorcardiographic analyses are open
to the same criticism. Since they represent the changing
electrical axis they also will reflect changes in autonomic
activity and will therefore not form a reliable guide to
positional changes. Nevertheless if this possibility is borne
in nind and the phase of respiration is known then they may

provide a crude guide to the changes in cardiac orientation.
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Summa ry.

There is a progressive change in the electrical axis
with increasing g. The majority of subjects show a
clockwise rotation in the frontal plane, and counter-
clockwise rotation in the sagittal plane, with little
alteration in the horizontal plane. These rotations are
similar in magnitude and direction to those occurring with
inspiration. The causation is probably positional due to
descent of the diaphragm, although there is no obvious
correlation with the anatomical axis. The lack of
correlation may be due in some part to similar changes

ocecurring with increased sympathetic activity.

The ventricular gradient is of no value as it varies with
position and rate of the heart, both of which vary during

acceleration.

The information obtained from the V.C.G. adds
nothing to that obtained from the electrical axis and is
subject to the same errors. However it is displayed
continuously and does not require calculation and is thus
useful as a monitor of the change in position of the heart
during compaiative studies where the errors are liable to

be constant.




CHAPTER VII,

THE ELECTRO-LICEFHALOGRAN DURING POSITIVE ACCELERATION.

During acceleration there is a progressive decrease in

80.

the blood supply to the brain. This cerebral anasemia eventually

leads to abolition of nervous function. The electro-
encephalogram might therefore allow objective monitoring of
the subject's condition. In addition it might provide some
evidence of black-out or show premonitory signs of impending
unconsciousnegs. Unconsciousness is to be avoided if
possible and at high g levels the only clue to the subject's

loss of consciousness may be the occurrence of convulsions.

Method and Materials.

The leads used were left and right bipolar occipital,
and in some experiments léft and right frontal were also
recorded. During g there is a large amount of head and scalp
movement and the normal E.E.G. electrodes are of no value.
Those described by Pitman and Whiteside (1955) were tried but
gave equally bad results. The method found to give the best
records was the use of E.C.G. electrodes (see chapter II)
stuck to the scalp with 'Nobecutane'. An initial source of

interference was the amount of noise (10-50 /uV) picked up

from the centrifuge controls. This was eliminated by mounting

the preamplifiers in the centre section of the centrifuge,
thereby increasing the signal-noise ratio, since the noise
originated between the centrifuge itself and the slip-rings

two storeys above.




The E.E.Gs. were recorded on an Ediswan pen writing recorder.

Six experienced centrifuge subjects carried out four runs
each to black-out level. The centrifuge was kept at peak g
for twenty seconds during which the grey-out and black-out

occurred,

Results,.

1. Resting E.E.Gs.

Two subjects (P.G., J.C.C.) showed a well organised
alpha rhythm (9-10 c.p.s. 30=70 /MY), while two others
(C.l.E.V., N.L.A.) showed occasional bursts of alpha rhythm
interspersed with medium frequency-medium voltage waves.

The last two (M.K.B., G.H.B.) showed no evidence of alpha
activity. There were no recognisable wave forms obtained from
the frontal eleétrodes. Each subject carried out two minutes
voluntary over-breathing., This produced no abnormality in any
of the E.E.Gs. although it was adequate to produce tingling of
the extremities in all subjects. In two subjects (N.L.A.,

J.C.G.) it increased the amplitude of the alpha rhythm.

2. The E.E.G. during acceleration.

During acceleration there is no characteristic change in
the E.E.G. In the earlier part of the runs there is a
diminished alpha activiﬁy which returns to normal about the
micddle of the runs (fig. 25). In some subjects there is an

inconstant change to fraster frequencies (10-15‘ops). These

81.
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changes are seen in the occipital leads, there is no change
from the resting record in the frontal leads. Grey-out and
black-out occur without any change in the E.E.G. although
with black-out some change may be seen in the frontal leads
due to eye movements, In one subject the run was continued
until uncongciousness supervened. Unconsciougness was
associated with the development of large slow wavés

(1.5 = 3 cepes. 50-120 /av) in the occipital leads. This
delta activity did not appear to precede loss of consciousness
but to be coincident with it. On recovery there was a return

to a normal resting record.

Discussion.

Various workers have studied the electro—encephalogram
during acceleration (in monkeys - Britton and Pertzoff 1943,
monkeys and cats - Jasper 1942, Jasper, Cipriani and
Lotspeick 1942a, b, 1943, man - Rose and Martin 1942,

Rose, Kerr and Kenneuy 1942, Kerr and Russell 1944,

Franks 1956a and b, Powell 1956, Brent, Powell and Scott 1957);

In examining published reports it is surprising to find
that there is a large gap between that carried out during the
war and that reported in the last few years. It is worth

while summarising the findings of the earlier workers in this
fields In animals it was found that the onset of acceleration
wags accompanied by signs of excitation in the E.E.G.

consisting of an increase in amplitude of the exigting rhythm
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with the appearance of large spikes similar to those

occurring in epilepsy. This was followed by depression with
the appearance of slow high voltage waves; continued g

led to entire abolition of electrocortical activity. This
extinction of the E.E.G. could not be produced below 3g,

took 80-120 seconds at 3-4g and appeared sooner with increasing
Z+. The absolute minimum time to extinction was 7-10 seconds
which agreed with the time to extinction following clamping

of the aorta. Recovery was associated with the above sequence
of evemts occurring in the reverse order, final recovery

occurring in 10 seconds to 3 minutes.

The findings in humans were essentially similar with the
exception of extinction of activity. This is probably due to
the fabt that unconsciousness was never maintained for more than
a few geconds. Specific wave forms were described by Rose,

Kerr and Kennedy (1942) who found waves of 16=22 C.D.S.

30-50 /MV which lasted throughout the run and waves of

5=14 c.pes. 30-120 /uV which occurred dﬁring rising acceleration
but disappeared at peak g. The former activity the authors
admit might well be muscle artefact although they suggest that
the slower rhythm is probably caused by labyrinthine

stimulation due to the changing angular accelgration during this
period. When these experiments were carried out at Toronto

the facilities for artefact-free recordings were not

available (Scott - personal communication) and the suggestion of

muscle activity is almost certainly true. In the author's
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view the slow wave forms are explicable on the same basis.

This is borne out by the fact that inexperienced subjects who
are tense show activity of this sort whereas it is absent in
experienced subjects. Experienced subjects by tensing their neck
muscles can produce similar activity. It is agreed that these
wave forms are probably due to labyrinthine stimulation but

arise from the muscles of the head and neck and not from the
cortex. In normal subjects spike and wave forms have never

been described nor were they found in this investigation.

In humans the delta activity (waves 1.5-6 C.DeS.
50-150 /uﬂ) occurred associated with loss of consciousness.
Occasionally consciousness was lost without their presence but
they rarely occurred in the conécious subject and then only

associated with 'deep black-out'.

More recent workers have only described E.E.G. changes
during experimental procedures where siresses in addition to

& have been applied. This will be discussed in Part II.

In various other experiments (Part II) where the E.E.G.
was recorded, twentyhine cagses of unconsciousness in fourteen
subjects have occurred. In fifteen of thoge the onset of
unconsciousness was associated with delta rhythm. In no case
did delta rhythm precede the onset of unconsciousness nor were
any epileptiform spike and wave forms seen., In particular,

delta activity was never associated with black-out. It is not
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It is not clearly understood what Rose means when he
describes them occasionally in 'deep black-out' as this term

has no meaning to present day investigators.

With these slight modifications the gross tindings
are in accord with those of previous workers, whose more
detailed descriptive changes were almost certainly due to
artefact and muscle interference arising from their earlier

equipment.

The conclusion is that the E.E.G. serves little purpose
monitoring normal subjects as there are no characteristic
changes with grey-out or black-out, and the only gross change

in rhythm occurs after consciousness is lost.
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CHAPTER VIII.

THE OCCURRENCE OF CONVULSIVE EPISODES ON
THE CENTRIFUGE.

In the routine running of the human centrifuge convulsions
are occasionally seen., Thege are only associated with loss
of consciousness during acceleration. Apart from the thirty
cases of unconsciousness mentioned in the preceeding chapter
a further ten to twenty have occurred accidently during
routine runs where no instrumentation had been employed.

In the majority of cases convulsions occur.

These fits vary in intensity from minor spasmodic tremors
to major convulsions. They are described by the observers
sitting in the centre, thirty feet away, and are therefore’not
clinically detailed. The minoéor forms consist usually of tremors
of the Tingers followed by jerking movements of the arms; in
this variety the lower limbs do not appear to participate
although they are not easily meen by the observer. From this
mild form all intervening stages can occur up to the major
convulsion where the whole body convulses. The convulsions do
not resemble the tonic and clonic epileptiform type so much as
the march of events seen in a Jacksonian fit. They were
described as convulsions by Rose and Martin (1942) but are
usually referred to as jactitations in this laboratory as they do
not closely resemble the types of fit more commonly encountered
in clinical practice. As can well be appreciated these fits are

potentially dangerous in the centrifuge gondola travelling at
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60 m.psh, with the subject seated amongst a mass of

equipment with sharp angles and edges. They also preclude
the use of intra-arterial needles in high g runs. Several
superficial injuries have occurred and have led to stringent
precautions being taken, including the use of safety harnesses
and padding of all dangerous objects. These incidents were a
stimulus to the development of a method of threshold
determination which would be free of the risk of
unconsciousness developing, since they depend not on the level
of g but rather the individual's black-out threshold. Thus in
some subjects they may occur at 4.0g and in others not until

6 or Tg.

These convulsions were first described by Rose and
Martin (1942) who found them to occur in twentysix out of
twentynine subjects who were run to unconscious levels. In their
series the fits occurred after consciousness was lost and most
commonly during recovery. It is often difficult to decide at
which point they commence as the centrifuge is usually
decelerated as soon as unconsciousness is seen., In some of the
cases occurring in this laboratory the g level has continued to
increase after the observation of the convulsion. The most
likely cause of these convulsions is acute cerebral anoxia since
they occur after the blood supply to the brain has failed. They
would thus be analagous to the Kussmane-Tenner spasms which

occur on occlusion of the carotids. It is interesting to note
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that Schmitt (1944) says, "convulsions are not a prominent
feature of positive g .... Acute cerebral anaemia does not
characteristically cause stimulation before depression although
stimulation may follow depregsion." It must be concluded that
Schmitt had little experience of acceleration since
convulsions are the rule rather than the exception. The
observations on stimulation of the C.W.%. do not fit the
picture tound in acceleration as although most of Rose's cases
occurred during recovery (i.e. post—depression), a cerftain:
number occurred at the onset while in fhe present series a
large bercentage occurred while the acceleration was still
being applied. It may well be theot acute cerebral anaemia is

not the sole agent responsible.

The electro-—encephalogram offers little useful ihformation.
The convulsions usually occur in the presence of slow large
amplitude waves in the parietal and occipital regions., They
produce no change in this rhythm apart from a certain amount of
muscle noise if the scalp and neck muscles are involved in the
convulsion, In some cases the head suddenly snaps forwards as
extensor tone is logt since it is weighing 5-8 times its normal
weight at this point. This strains the leads and frequently
causes blocking of the amplifiers and the E.E.G. loses all
evidence of wave forms, This may falsely suggest extinction of

cortical activity as described by Jasper, Cipriani and Lotspeick (1942).

In the series described by Rose and Martin (1942) it was

suggested that there was a correlation between the resting
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LE.E.G., and the occurrence of fits., OFf the twentysix subjects

who lost consciousness, eleven showed evidence of abnormal activity
in the resting electro-encephalogram. Of these eleven, eight
(about 75%) had major seizures while minor seizures were
exhibited by two others. The authors suggested that these
susceptible subjects may provide evidence for the epileptiform
nature of the convulsion. In the series reported here none of the
subjects showed any episodic activity in the resting E.E.G. ®mor
did two minutes over-breathing produce any evidence of such
activity. It must be pointed out that in no subject was there
ever an aura, and control of the sphincters was not lost. Thus

I have been unable to confirm the relationship between the

E.E.G. and convulsions, Névertheless there is no doubt that in

a person with an ictal diathesis the strain of positive

acceleration might well provoke a major or minor fit.

During unconsciousness the subject tends to dream, this is
especially marked in a convulsion. On recovery there is a
period of confusion where dream cannot be separated from
reality, and in this period the subject, while conscious, does
not respond to visual and auditory stimuli. Comvlete
recovery is associated with a short period of retrograde amnesia,

the subject not realising that anything abnormal has occurred.

Summary .

In the majority of cases loss of consciousness due to
acceleration is accompanied by Jjactitations. These may be

confined to the unper limb or involve the entire bhody. They



may occur as consciousness is lost or during recovery.

Their vgriable time of onset raises doubt as to whether acute

cerebral anaemia is the entire cause. They appear to be
without any concomitant on the E.E.G. The associations with
epilepsy and episodic activity in the resting E.E.G. has

not been confirmed.

Recovery is associated with confusion and retrograde

amnesia is common.

The dangers of convulsions in the centrifuge underline
the need for a means of threshold determination which allows
a large safety margin between it and the threshold of

unconsciousness,




CHAPIER IX.

A IETHOD FOR DETERMINING TOLERANCE IN THE HUMAN
CENTRIFUGE BY MEANS OF THE VISUAL THRESHOLD.

The method of visual threshold determination in
centrifuges varies from laboratory to laboratory throughout
the world. Results from different workers are therefore *
difficult to correlate, especially since details of the‘
variables involved are usually scanty if present at all. This
chapter describes a method which has been developed by the
author in which all the variables are capable of definition
and which gives results in a range which is both safer and

less fatiguing than that currently used.

In centrifuge work there is no doubt that black-out is
the end point of choice. However, since black-out levels are
80 close to unconsciousness and the safety factor therefore
low, the more elusive grey-out is more commonly used. The
usual experimental method is based on the use of two dim lights
situated peripherally in the visual field. The subject fixates
on a central spot and the peripheral lights are switched on.

The subject responds to this stimulus by switching the lights
oft and the sequence is repeated. At the threshold level when
coning of vision occurs, there comes a point when the subject
fails to respond to the peripheral lights and this is taken as
the end point of grey-out. To reach threshold repeated g runms
are carried out whose fomm is shown in fig. 26a, starting at

about 3.2g and raising or lowering the g value as necessary
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until grey-out occurs. There are many obvious disadvantages

to this system. Firstly, the threshold measured depends on the
intensity of the peripheral lights and on the angle they subtend
at the eyes; these factors vary from laboratory to laboratory,
while the latter varies with the position of the subject.
Secondly, it may be necessary to carry out several runs to

reach a threshold level and this is‘fatiguing to the subject
quite apart from the discomfort caused by the "toppling"
sensation experienced during the deceleration phase. Another
point is that subconscious cheating may easily occur as a small
eye movement to either side of the fixation point at threshold
will once m§re bring the lights inbto view. This is probably a
fairly common occurrence since, due to the general dimming of
vision, there is a period of uncertainty as to whether the
lights are on or not. These sources of error caused
considerable doubts to be felt concerning the validity of the
method., These were not allayed by the fact that it had been
frequently noticed that the threshold varied with the rate of
application of g (Maciolek 1955, Stole 1956, Edelberg, Henry,
Maciolek, Salzman and Zuidema 1956, Browne and Fitzsimons 1956).
This variafion is thought to be due to the time response

of cardiovascular reflexes, (Diringshofen 1942, Wood

1942) which only become operation some 6-12 seconds after the onset
of acceleration (Wood 1944, Code, Wood, Sturm, Lambert and Baldes
1945, Browne and Fitzsimons 1956). In general with higher rates
of rise of acceleration 3f¢y—out anid black-out are

indistinguishable and occur at a lower g value due to the lack of
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reflex cardiovascular response., This algo almost
paradoxically occurs with very low rates of rise when the
reflexes are fully operative due to the pure hydrostatic
effect of blood pooling. However, in the middle ranges there
is more distinction between the three phases and each occurs
at a higher g value. These responses have a wide individual
variation and also vary with time in any one individual

(Staufer 1952).

It is obvious that there are many objections to the
standard procedure and it was felt that it would be worthwhile
to state the ideal conditions and then attempt to develop a

method which would approach them asg closely as possible.

The variables which should be defined in ény method of
threshold measurement have been described by Howard (1957) and
are shown in fig., 27. It has also been emphasised that any
method should be applicable to all the centrifuges of the
Western world (Leverett and Zuidema 1957) and the conditions
should be capable of precise specification to allow
correlation of work in different laboratoriés. The first
attempt to ﬁeet those requirements has been reported by
Byford and Howard (1956). Briefly, it consisted of a central
white light viewed through goggles which only transmitied the red
end of the visual spectrum. By this means the subject viewed

a monochromatic light against a homogeneous visual field, The

intensity of the light was always adjusted by means of neutral
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density filters to 0.4 log.,units above absolute visual
threshold. Using this method the above authors obtained black- @
out levels of 1.5 - 2.5g which were remarkably consistent in
any one subject. Theiyﬁeasurement was made 10 seconds after
peak g to allow time for cardiovascular compensation to take
place. Vhile this method gives excellent results, there are

several limitations. The first i

w

the use of goggles.. Goggles
tend to mist despite the use of ventilabtion and anti-inist
solution, and if a large range of subjects are to be used the
fitting of the goggles, which must be light-tight, becomes a
serious problem., The second limitation is the number of runs
required to establish the threshold. The pattern of run is shown
in fig. 26a. The centrifuge is accelerated to a level plateau
and decelerated again, the run being repeated until the plateau
is found at which black-out occurs. Thus several runs are
necessary with the concomitant tumbling and fatigue. The present

method was evolved to overcome these difficulties.

In any physiological study in acceleration, and also in the
testing of equipment, the degree of cardiac compensation must be
considered. After a trial of many rates of application of g
it was found that a rate of rise of O.lg/sec. allowed cardiac
compensation to keep pace with the rising g stress (see chapter IV).
This rate of change of acceleration also allows the g/%ime curve to be
linear above «/ég.and go allows a high degree of specificity.

Since the g/sec. is low it was considered that black-out could
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be signalled by the subject during the rise period, and
assuming visual reaction time to be less than 0.5 seconds

then the error should be less than 0.1g. The g/time curve

is shown in fig. 26b.

Method.

VWhen a small fixation light is viewed against a
homogeneous background it undergoes apparent changes in
brightness as g is increased. When white light is used its
apparent brightness increases to a marked degree (on some
rough preliminary measurements an apparent decrease of some
20% on pre-run voltage supply was observed at 3.0g) and
low thresholds are diflicult to obtain. In addition,
changing the current supply to the lamp causes a change in
colour temperature of the emitted light which introduces
another variable. It was felt, therefore, that the light
should be monochromatic and capable of being fixated
centrally. A red light was chosen as it fulfilled these
requirements and a filter was easily obtainable which allowed
only a very narrow band of the visible spectrum to be
transmitted (fig, 28). In addition, changes in colour
temperature of the source were not reflected in the

transmitted 1light.

Basically the apparatus is simple (fig. 29). The gondola
of the centrifuge is divided one meter from the subject's eyes‘
by a matt black partition which is carried round the sides of

the car, thus giving a uniform field of view, The
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centrifuge chamber is "blacked out" and in complete
darkness. The safety precautions in the centrifuge require
a liedical Officer to be seated in the centre section to
observe the subject. Some provision had, therefore, to be
made for observing the subject. This was done by
installing a 25 watt 250 V. red lamp in the roof of the
gondola which, projecting through a 2 inch square aperture,
illuminated the subject's head without throwing any direct
light onto his visual field and therefore without
necessitating an increase in overall target brightness. In
the centre of the visual field is an aperture 5 me.m.
diameter behind which is mounted the light source. Between
the two is an opal glass screen which diffuses the light,
and an R.A.F. type 6 infra-red filter having the

characteristics shown in Tig. 28.

The subject is seated in the gondola and the chamber closed.
Ten minutes are allowed for dark adaptation, While dark
adaptation is not complete in this time, it was found by
experience that a shorter time gave poor results by causing
variations in the subsequent threshold measurements but that in
normal subjects allowing longer for dark adaptation did not
affect the results. Ten minutes were adopted as the minimum
time which would give repeatable results and would allow the
maximum number of runs per day. No atiempt was made to
determine the effects of vitamin A on the results. Vhen the

subject is dark adapted an 0.5 log.unit neutral density filter
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is placed in front of the light source and the light intensity
varied until the subject's visual threshold is reached. The
neutral density filter is then removed and the subject sees

a red disc whose intensity is 0.5 log.units above his
threshold. The centrifuge is started and accelerates at
0.lg/sec. Vhen the subject, who is relaxed, can no longer see
the light he presses a push button which marked the record

and brings the centrifuge to rest.

The value of the neutral density filter used was chosen
as one which would give a threshold of between 2.0 and
3.0g. By using other values the threshold can be selected at
will,with the upper limit being the absolute black-out
threshold; i.e. where the pressure in the retinal artery

equals intra-ocular pressure.

These is a continuous variation in the absolute visual
threshold. This variation measured, following 45 minutes of
dark adaptation, was found to have an amplitude of 0.05 to
0.2 log.density units and the congensus of opinion is that
this is an entirely threshold effect and should not occur when
the light is above that level as in the present method. A
further possible criticism of the method described is that
there is a fairly lengthy period (up to 30 seconds) of
labyrinthine‘stimulation which might be expected to cause
artefacts in the results and lead to undesirable side effects,

€.g. nystagmus and motion siclmess. The relation between the



resultant acceleration (a) experienced by the subject and

angular acceleration of the centrifuge (w) is given by the

equation s=

radius = 30 ft.
32 ft./sec.2

g
no
e
[\
2]
i

1}

Whence it can be seen that with a rate of change of
acceleration of O.lg/sec. the angular acceleration is of the
order of 2°8';5./sec.2 which is well above the threshold for
labyrinthine stimulation given by Van Egmond, Groen and
Jongkees (1949). This is further complicated by the fact +hat
during this time the gondola is rotating about its

longitudinal axis.

In the preliminary experiments on the method it was found
that some subjects did in fact experience an oculogyral
illuvsion, the spot rotating and rising to the right., To
attempt to overcome this and to provide a %isual clue to the
position of the spot should it inadvertently be lost, two
wedge~-shaped horizontal white bars were placed round the spot
with their broad ends inwards., Their brightness was higher
than that of the spot. With this modification there was no
further complaint about the oculogyral illusion. Subjectively
there is no nystagmus nor are there any unpleasant sensations,
all subjects have unanimously voted it the most comfortable

"pide" of all the available cams.

RESULTS.

For the initial investigation of the method each subject
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had his visual threshold determined as described above and
this value was used throughout the series. Seven
experienced centrifuge subjects were used. Five threshold
determination were made on each subject every day for five
days. ZEach subject carried out his runs at the same time
each day and had a total of twentyfive determinations in the
week. DRepeated checks on pulse rates were made during the

runs by means of a lead I E.C.G.

The results obtained are shown in Table 10. It will be
seen that’the threshold obtained lies between 2.0 and 3.5g.
The standard deviations lie between = 0.04 and ¥ 0.17 for any
oné subject in any one day. This is an acceptable variation
since the tolerance limits for the human centrifuge from run

to run are t 0.10g up to peaks of 5g.

Within the group of seven subjects there is a daily
variation for any one subject over the range 0.2 to 0.6g
which is of %the order found using the other methods of
threshold determination. The subject to subject
variation is up to l.3g which again compares with the results
oBtained using peripheral lights and plateau runs (Browne
and Fitzsimons 1956, Table 11). These are physiological

variations and do not depend on the method used.

99.
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TABLE 10,

DAILY g THRESHOLDS OF SEVEN EXPERIENCED CENTRIFUGE SUBJECTS.

DATE
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Mean & S.D.l2.7 + 0.10 3.3 % 0.04 2.9
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TABLE 10 (contd.)
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DAILY VARIATION IN THRESHOLD MEASURED BY PERIPHERAL LIGHT LOSS.

TABLE 11.

(3.6g/sec. RATE OF APPLICATION OF ACCELERATION)

102,

DAY SUBJECTS
J.r.F. M.K.B., F.,L, P.H. ©N.L.A. G.H.B.

1 3.6 3.4 3.5 3.3 3.7 3.0
2 3.5 3.5 3.6 3.4 3.8 2.5
3 3.8 3.6 3.7 3.2 3.6 2.8
4 3.7 3.4 3.5 3.6 4.0 3.0
5 4.0 3.6 3.8 3.4 4.0 3.0
6 3.6 3.5 3.6 3.6 3.8 3.0
T 3.6 3.6 3.6 3.4 3.6 3.0
Range| 0.5 0.2 0.3 0.4 0.4 0.5

In view of the satisfactory results obtained from this

trial the method is rnow used routinely in this laboratory,.

Two thousand runs have since been carried out of which one
third represents normal thresholds cstimated to act as controls

for various experimental series.

These runs have been

analysed for each subject and for all subjects together.

results are algo divided into two six month periods.

threshold results are shown in Table 12.

The



TABLE 12,

103.

AVERAGE OF THRESHOLDS OF TEN EXPERIENCED CENTRIFUGE SUBJECTS
OVER A TWELVE XONTH PERIOD. (THE NUMBER OF DETERMINATIONS
SHOWN IN BRACKETS).

Average Average Average Standard
Subject thresholds for|thresholds for|threshold for|deviation for
1st six month |2nd six month |twelve month jall runs
period period period
() (g)
C.McE. 2.6 2.6 2.6 t 0.23
(52) (52) (104)
N.L.A. 3.1 3.2 3.2 ¥ 0.40
(25) (26) (51)
G.H.B. 3.0 3.1 3.0 to.28
(42) (41) (83)
M.K.B. 2.9 2.9 2.9 Io.m
(64) (63) (127) |
J.S.G. 2.5 3.3 2.9 fo0.43
(6) (1) (13)
4.C. 3.1 2.9 3.0 to.os
(11) (12) (23)
F.L. 2.6 2,6 2.6 ¥ o.28
(32) (31) (63)
M.H.0. | 3.6 3,2 3.4 Io.38
(4) (4) (8)
P.C. 2.9 2.8 2.8 L 0.43
(46) (46) (92)
+
J-C‘oGo 2.8 207 2.8 - Oosl
(55) (55) (110)
+
Means of | 2.83 2.85 2.84 - 0.377
all (337) (337) (674)

subjects
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It can be seen that over a period of time the day to day

variation cancels itself out and results are remarkably
constant from one period to thé next. The figures
adequately display the low fatigue element and illustrate
the lack of adaption to g. When all subjects are included
there is a mean thfeshold which again is virtually constant
over a long period of time. Thus the method could be used

to compare results on any subject over a period of months

without undue error.

DISCUSSION.

The results obtained in this series are highef than
those described by Byford and Howard (1956). This can be
accounted for by the fact that dark adaption is not complete
in the present series and that there is a low level of
ambient illumination. The thresholds could be made lower if
desired by using neutral dengity filters of lower value.

The present value of 0.5 log.units was chosen because the
method was primarily developed to allow decrements in
threshold +to be measured and a very low initial value was not

desirable.

The advantages of the method are :-

(a) specification of the variables is possible, thus
allowing accurate duplication of the method in
other laboratories (fig. 35);

(b) thresholds can be detemmined with a minimum of
discomfort since only two runs are necessary at

the most, and the jolt (O.lg/sec.) is so low
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that unpleasant sensations are entirely absent;

(¢) the threshold can be selected by the use of an
appropriated neutral density filter. Black-out
can be obtained at extremely low values of g
thus allowing a large safety margin between
black-out and unconsciousness;

{d) full cardiac compensation is continually present.
This eliminates one of the physiological variables
and further increases the safety marging

(e) adaption and learning do not seem to occur, the
mean thresholds remaining constant over many months;

(f) it is suitable for all centrifuges at present in

existence.

Yo serious disadvantages have been found with this method.
It is simple to use, is pleasant for the subjects and requires
a minimum of equipment. It was described to the European
Congress of Aviation lledicine in Stockholm in 1957 and
proposed as the standard method of threshold determination in
all centrifuges of the Western World., This method was again
discussed at the Aero-ledical Agsociation in Washington, 1958,
and was issued by the centrifuge standardisation committee for
test to the member countries. To date favourable results in
agreement with those described here have been obtained from the

major American acceleration units.
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SUMIMARY .,

A method of threshold determination is described which
utilises visual black-out as the end point. The method
consists of viewing a pale red light against a homogeneous
background with the dark adapted eye. The thresholds can be
varied at will by the use of various filters and allow a
large safety margin between black-out and unconsciousness.

The method is capable of precise specification and is easily

performed.

The use of a rate of application of O.Lg/sec. allows the
acceleration time curve to be linear, while cardiac
compensation has time to develop fully. ‘The use of repeated

plateau runs with their concomitant fatigué is avoided.
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PART II

THE EFFECTS OF OTHER PHYSIOLOGICAL
STRESSES ON MAN'S TOLERANCE TO

INCREASED GRAVITATIONAL  FORCE.
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BHAPTER I

INTRODUCGCTION

Dufing the last few years the total number
of aircraft accidents in the Royal Air Force has
been steadily diminishing and the percentage
attributable to piloﬁ error has fallen proportion-
ally. Despite these gratifying figures the fact
remains that there is a number of fatal accidents
in all the air forces of the world which appear to
be due to failure of the human factor. In thé
majority of these cases observers on the ground
tell a similar story; the aircraft is seen to be
out of control and flies straight into the ground
leaving no evidence save small pieces of wreckage
strewn over the surrounding countryside. The
most disturbing feature of these cases is that,
although some degree of warning must aiways occur,
the pilot makes no attempt to use his radio or his

e jector seat. This can only mean that he has lost

useful consciousness.
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In the modern high speed aircraft the demand
for a continued high degree of cerebral alertness
is insistent, with any lapse of attention or
concentration inevitably leading to disaster.

This places a strong psychological stress on the
pilot, whose mind is continually working at full
capacity. This utter dependence on consciousness
may seem not unreasonable since it is a state
which is normally taken for granted. It must be
remembered however that the physiological mechanisms
maintaining consciousness are easily upset and that
the brain, although the master control, has the
least reserve, Thus the oxygen reser#e of the
brain allows only six seconds of useful conscious=-
ness, although the brain demands a blood flow ten
times that of the muscles, weight for weight, for
normal function. That consciousness may be lost
quite simply can be shown in many ways. For
example, passive tilting from the horizontal to

the vertical causes syncope in many normal people

(Brigden, Howarth and Sharpey - Schafer, 1950).
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Since it seems unlikely that there is any
gross anite mortem pathology in these fatal
crashes, one mnst consider therefore the physiol-

ogical causes of disorders of consciousness.

The final cause of loss of consciousness
must be some change in the neurones themselves
leading to explosive discharge or complete
inhibition. Converging on this final stage,
however, are many varied factors which may act
singly or in combination. ©Some of these stresses
which have particular application to aviation are

discussed below.

There are s number of factors leading to loss
of useful consciousness which produce little change
at ecell level. These arise in the highest centres
of consciousness and are comprised of emotional
changes and disorders of affect. In considering
these causes there is no clear cut division between
physiological processes and psychopathology; the

only reason for considering them physiological in
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this context is that they occur in normal people
who, if they survive the incident, still appear

normal by our methods of judgment.

Perhaps the commonest occurrences of this
type are those arising from abnormal extremes of
sensory inflow, In modern flying there is a large
continual volume of sensory inflow, visual, audit-
ory, tactile and proprioceptive. With adequate
training the pilot can adapt himself to assimilate
this variety of sensations, integrate them and make
the appropriate responses. There are occasions,
however, particularly in an emergency, when this
inflow'is suddenly increased and under the bombard-
ment of stimuli requiring immediate attention
function at higher level ceases and a trance-like
state develops. Although not unconscious by the
usual criteria, the subject behaves in a decere-
brate way and can play no useful part in the control
of his aircraft. Closely allied to this condition
is the "panic state," when, under the same

stimulation, the pilot becomes so agitated that he
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finds himself unable to make the response

required by the developing situation.

At the opnosite extreme there are conditions
of flight where the sensory inflow is reduced to
a minimum. This is most commonly encountered at
high altitudes. In the stratosphere weather
conditions are perfect and the normal bumps and
swings of the aircraft no longer occur. There
are few visual stimuli; the sky is very dark,
while below. the earth is usually enshrouded with
cloud like a white carpet. Apart from intermittent
radio messages there is only the faint throbbing
of the ehgines to keep out the invading silence.
Under these conditions of sensory deprivation an
interesting state develops called depersonalisation.
This is a disorder of perception. The pilot's
mind wanders from his undemanding task and roams
freely; He begins to dream and, within a short
time, dreams and reality become inseparably mixed.
In this state purposeful action is beyond his
ability and any flight emergency will invite

disaster.,
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Emotional factors are also of major
significance. The everyday emotions of fear,
anger and anxiety can diminish the level of
cerebral alertness and vredispose to unconscious-
ness due to some other factor (Powell, 1956, 1957;
Silverman and Cohen and Lazar, 1957) or produce it

rarely on their own account (Rook, 1946).

BEpilepsy is commonly invoked as an explanation
of an unexplained loss of consciousness. At this.
point it is well to consider what is meant by
epvilepsy. To the clinician it is generally sub-
divided into grand mal and petit mal, both
characterised by an interruption in the stream of
consciousness. In the case met by the civilian
medical practitioner these attacks occur spontan-
eously; however in‘many apparently normal people
similar attacks can be provoked experimentally,
the only difference being the intensity of the
threshold stimulus. These latter cases are
unlikely ever to have an attack under everyday
conditions of life. The characteristic clonic
seizures of epilepsy are also of doubtful signific-

ance: epilepsy is often associated with flaccidity,
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while syncope méy be associated with convulsive
movements (Brown.and McCormack, 1941; Medical
Research Council Report, 1944). Similarly, in
the Stokes-Adams syndrome convulsive movements
are common: and, if cardiac ventricular stand-
still lasts for ten seconds or more, tonic and
clonic convulsions usually supervene. Parkinson,
Papp and Evans (1941) have also shown that
incontinence can occur in Stokes-Adams attacks.
Thus epilepsy is a condition in which patients

are distinguished from the normal populace by
their lowered threshold rather than by any inherent
difference. It is fair to say that when an
isolated episode of unconsciousness is attributed
to epilepsy in an apparently healthy person with
no previous convulsive history, the diagnosis is
open to doubt. If by epilepsy is meant uncon-
‘8sclousness due to some unknown factor, then it is
perhaps justified but an unfortunate choice of

expressione.

Nevertheless, in spite of the foregoing

discussion, cases of epilepsy may occur in the
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air due to some additional stimulus not
normally occurring on the ground and it must
be remembered that an epileptic may become a
pilot by deliberately misleading the medical
boards with regard to his past history. This

was relatively common in wartime (Rook, 1946).

The post hoc diagnosis of unconsciousness
in flight is fraught with difficulty as in many
cases the pilot is dead and his body disihtegrat-
ed. Apart from speculation theré is 1little
chance of firmly establishing the causation.
Although the psycho-physiological factors
mentioned above may be operative, it is always
as -well to look for more physical causes, as it
seems probable that psychological strain is more
likely to be a predisposing rather than a

primary cause.

The physical factors which may be involved
in disturbances of consciousness are changes in
the cerebral circulation. Injury and noxious
substances also play a part. However, in this

discussion injury will not be considered as in
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most cases the aircraft has not been in any

accident when the incident occurs.

Although loss of consciousness in flight
is commonly due to cerebral anaemia, it also
occurs with cerebral congestion. The latter is
due to arterial hypertension or increased venous
back pressure. Arterial hypertension, while a
cause of convulsions and unconsciousness, is not
likely in the type of individual who is a pilot,
since frequent medical examinations eliminate
those who show any tendency to a high blood
pressure. Venous congestion on the other hand
is a distinct possibility. Cerebral congestion
while flying classically occurs during manoeuvres
involving negative g, that is, where the body is
accelerated in a head to foot direction causing
the blood to be forced into the vessels of the
head and neck. Human tolerance limits are of
the order of -3 to -3.5g for 30 sec. (Maher, 1948;
Beckman, 1952; Sieker, 1952). The cause of
unconsciousness appears to be cerebral anoxia

arising from vascular stagnation. The latter



117.

arises secondarily to the extreme bradycardia
which develops in response to over-stimulation
of the carotid sinus (Simons and Henry, 1950;
Henry, 1950). However, negative g aerobatics
have been banned in the R.A.F. and eye witness
reports can usually establish whether this type
of manoeuvre preceded an aircraft crash. A

more mundane cause of cerebral venous congestion
is a bout of coughing. Rook (1946) has describ-
ed four cases of aircrew who lost consciousness
during coughing while Whitley (1943) has describ-
ed four similar ones and found a hundred other
non-aircrew cases in the literature. The
mechanism by which syncope is produced in these
cases has been described by Sharpey-Schafer (1953).
Thus coughing or choking may well be a cause of

an incident in flight.

Cerebral anaemia is the classic cause of loss
of consciousness. In the air the commonest cause
of cerebral anaemia is positive acceleration.
When g is applied two factors come into operation

which cause or contribute to cerebral ischaemia.
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Firs?ly, the abdominal contents are forced down
into the pelvis with descent of the diaphragm
(Ruff and Strughold, 1939; Rushmer, 1944).

This effect is associated with descent and
rotation of the heart - increasing the heart-
brain distance. As the g increases so does the
weight of the blood and the heart is called upon
to do more work to maintain a supply of this

heavy blood to the brain. This is aggravated

by the increased heart-brain distance and so,

with progressive g, the blood supply to the brain
diminishes, the limiting factor being the pressure
necessary to open the asortic valves. The second
mechanism takes a longer time to develop and
requires the g to be maintained for over 6 seconds.
Blood pools in the abdomen and lower limbs so that
venous return diminishes and as the systemic
demand for a greater cardiac output arises the
ventricles have less and less blood to fill them
until eventually the ventricle may be completely
empty during the latter stages of systole (Henry,
1950). In practice both of these mechanisms
occur together and each contributes to the failure

to maintain an adequate circulation under g.
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Other factors predisposing to cerebral
anaemia are general ones: 1loss of blood or
extensive vasodilation elsewhere in the body,
such as occurs with heat or after ingestion
of alcohol. When there is extensive vaso-
dilation then pooling has to some extent
commenced and the reduced efficiency of the heart
is manifest in its rapid action with a low or

falling blood pressure.

Alterations in cerebral blood flow can also
occur locally within the skull, by vasoconstric-
tion or dilation. There is some evidence
(Schmidt, 1950) that cerebro-vascular control is
obtained by relaxation of a pre-existing high
degree of tonus rather than by active vaso-
constriction. These changes might be brought
about by nervous control or by local changes in
vessels due to the accumulation of metabolic
productse. The evidence for the former is scanty
and has been discussed by Schmidt and Kety (1947)
who conclude that nervous control is unlikely to
be of any significance if it exists at all. On

the other hand large variations in flow may be
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produced by metabolic products. All the usual
concomitants of metabolism cause dilation of
derebral blood vessels: thus decreasing the,02
supply or increasing the.pCquhydrogen ion con=~
centration, or deep body temperature causes an
increased blood flow. In other words, cerebral
flow is increased by the same factors as increas-
ed flow in other vital vascular territories. On
the other handvthe reverse condition is also pro-
duced by the opposite changes. This is especially
true of the respiratory gases - a high O2 tension
and low CO, tension causing increased vascular

2

resistance. In fact a decreased pCO, is the only

2
physiological stimulus causing intense cerebral
vasoconstriction and the response of the cerebral
vessels is unique since no other vessels in the
body are known to react to such a degree to hypo-

- capnia. The changes due to blood gases are shown

“fn Table le
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Effect of Changes in Arterial Gas Tensions on

Cerebral Blood Flow in Man

(after Kety and Schmidt 1946, 1948)

Mean Blood | Cerebral | Cerebral
Pressure: Blood Vascular
Conditions mm. Hge Flow: Resistance
ml/100
go/mine
Air Breathing
Control 86 54 1.6
Hyperventil-
ation 98 36 2.7
(Low 002)
High (5-7%)
CO2 93 93 1.0
Low (10%) 0, 78 73 1.06
High
1(85-100%) 0, 98 L5 2.2
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~ Changes in the blood gases produce the
most marked effect; cold, acids and cholin-
esterases have little effect and it is doubtful
if any vasoconstriction attributable to them

occurs physiologically.

The effect of a high oxygen tension is
interesting academically but until recently
appeared to be of no practical importance.
However, in modern high speed aircraft, pure
oxygen is breathed from take-off,and in low level
flight is being inspired at atmospvheric pressure.
Although under these conditions local cerebral
blood flow is diminished the oxygen tension is
sufficient to prevent impairment of consciousness.
It must also be borne in mind that cerebral blood
flow is largely determined by arterial blood

pressure at head level.

To summarise, the main factors which may at
various times cause a diminished cerebral circul-
ation are a fall in blood pressure at head level,

cerebral venous congestion, generalised vasodilation



and local changes in the calibre of the blood
vessels due to a high partial pressure of
oxygen or a low partial pressure of carbon

dioxide.

. The other factors on which consciousness
depends are an adequate supply of oxygen and
nutrients reaching the nerve cells in the absence

of noxious substances.

Since the ill-fated balloon flight of
Tissandier and his colleagues, anoxia has con-
tinued to be a constant hazard in aviation. When
aircraft in the second world war started to climb
higher, it became apparent that better oxygen
supply systems were needed. Above 10,000 feet
in daytime, oxygen rather than air must be breath-
ed to maintain efficiency. At 34,000 feet, 100
~ per cent oxygen is required, while above 40,000
feet pressure breathing becomes necessary. To
maintain adequate levels of blood pO2 above this
height, 100 per cent O, is forced into thé

2
aviator's lungs at a positive pressure which
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would increase with altitude to a value of about
100 mm.Hg. at 70,000 feet. Thus above 10,000
feet the oxygen supply is maintained by a
mechanical system in which there is always the
possibility of failure. The effects of oxygen
lack are notoriously insidious and have been com-
pared to the early stages of drunkenness. At
Pirst there are errors of Jjudgment associated with
the inability to aporeciate errors as they are
made and this sense of over-confidence continues
until consciousness is lost. It must be realised
therefore that a pilot may be suffering from a
mild degree of anoxia without being aware of it
and, although he is conscious and quite confident
of his ability, his alertness is diminished and he
has moved down the scale towards the threshold of

unconsciousnesse.

Other varieties of anoxia are encountered in
flight. Anaemic anoxia is uncommon in aviators
due to selection and the intensive medical

attention they receive. However, stagnant anoxia



125,

may arise in cerebral venous stasis as described
above. Histotoxic anoxia may also occur when
the oxygen is not utilizable at cell level. 1In
flying this does occasionally occur whan the
causative factors are noxious fumes (from the
engine) entering the cockpit. Carbon monoxide
impairs the oxygen-carrying capacity of the blood;
other vapours such as ethylene glycol act as cell
poisons inhibiting the cellular enzyme systems

responsible for oxygen transfer.

The most important nutrient for cerebral
metabolism is glucose. 4 failure of the supply
of this essential substance is rapidly followed
by unconsciousness, while a sufficient decrease
in its circulating level in the blood causes
impairment of normal cerebration. There are wide
individual variations in man's susceptibility to a
low blood sugar but it is probably safe to say that
a fall to 30 mge. per cent is usually associated
with unconsciousness while levels below 70 mge. per

cent will cause some diminution in cerebral function.
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From these brief notes on the physiological
factors leading to unconsciousness it can readily
be appreciated that the continuum of conscious-
ness 1s easily breached and may be interrupted by
many and varied simple conditions. Since these
rarely act singly and are closely interrelated,
it seems reasonable to suppose that several
stresses, each in itself of subliminal value, may
summate to produce a profound effect which cannot

be related to any single factor.

In flight many of these stresses are
potentially present. Fear, anxiety and positive
acéeleration are constant companions of the modern
aviator, while hyper~ventilation and anoxia
frequently occur. In the rapid pace of squadron
life, hypoglycaemia also can easily arise, either
from missing meals or to rebound after a purely
carbohydrate meal. It therefore seems reasonable
in an investigation of the cause of unconscious
episodes in flight to examine in the first place
the physiological stresses which are known to
occur and to determine whether their summation may

give rise to an incident which is unexplainable by
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any one factor.

Since acceleration is ever present in high
speed flight, it has been used as the basic
stress to which others might be added. Loss of
vision also provides a useful end point short of
unconsciousness by which the effects of stress

summation can be studied.

This part of the thesis presents the results
of investigations into the effect of in-flight

stresses on tolerance to positive acceleration.

There is little historical background to
this problem which is essentially one of the
"space age." Over the last few years, however,
various pointers have emerged from the air forces
of the western world. These will now be summar-

ised briefly.

It is felt that loss of consciousness of the
pilot is probably not uncommon in modern high
performance aircraft. Its incidence is difficult

to determine as in most cases the episode will lead
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to a fatal accident. In the U.S. Naval Centre

at Pensacola, a questionnaire was circulated to
pilots on the final stages of flying training
asking for details of evpisodes in the air.

The results have been described by Stauffer (1952)
who found that of a hundred and nineteen pilots,
twenty-seven (twenty-three ver cent) had been un-
conscious one or more times and often when flying
solo. Stauffer concluded that these were due to
positive acceleration and a lack of knowledge
amongst the pilots of how to protect themselves.
In the U.S.A.F. training command anxiety was also
being felt about the number of aircraft accidents
in which failure of the human factor appeared to
be the cause. A study of the aircrew's routine
revealed that many pilots missed meals, or "made
do" with snacks of coffee and doughnuts. Regula-
tions insisting on regular adequate meals resulted
in a dramatic fall in the accident rate. This
finding led Lawton (1953) to deduce that hypo-
glycaemia was a factor in the causation of aircraft

accidents.
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In France investigations of accidents due
to pilot error have been reported by Senegas
and Cantoni (1957) and Bémond (1957). The
former, on the basis of ten fatal cases, ascribed
the accidents to disorientation or misreading of
instruments due tc inexperience. A feature of
all their cases was the failure of any pilots to
eject, although adeguate warning occurred.
(Several pilots were ordered to eject by their
flight commanders but did not do so, nor did they
acknowledge radio signals). The description of
the cases does not allow any clear cut conclusions
to be drawn in spite of their ingenious analysis
by the authorse. Each case might well have been

due to loss of consciousness of the pilot.

Réﬁond analyses loss of consciousness of
obscure origin. His analysis involves psycho-
logical mechanisms and he lists five probable

causes. These are:

1. Abnormal sensory sensitivity (e.g. reflex
epilepsies), when various stimuli are
repeated at certain frequencies in hyper-

excitable subjects.
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2. Psychomotor epilepsies occurring as
a result of stress causing activation
of a cerebral area whose resistance

- is lowered by previous stress.

3. Syncopes in subjects with Vagal hyper-
excitability in condiﬁions such as

heat, acceleration, emotional upset.
1. Paroxysmal sleep.

5« Paroxysmal coma associated with

visceral diseases.

There is no doubt these are causes of
unconsciousness and may occur in flight. However,
it is dubious if these causes alone would explain
many aircraft accidents. The importance of this
paper is that Réﬁond points out that there are
predisposing causes and that summation of stresses

may occur to produce loss of consciousness.

In Holland there has been little information
obtained. ©Palthe (1959) describes a condition

of "lipothymie" which is similar to Rémond 's
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syncope and is a general term to cover unexplained
loss of consciousness in a normal person. He
finds certain people exhibit this condition, e.g.
faiﬁting at the sight of blood, vasovagal attack

in the heat or orthostatic collapse. He maintains
that these lipothymic subjects are not more prone
to aircraft accidents than those who have not this
diathesis. He also describes a condition occurr-
ing with violent emotional stimglation called
"Totstellreflexe" which is akiq%ia with mutism, or
to panic with loss of purposeful action. He is
unable to relate these conditions to known accidents

but points out that they may be involved.

Previously Palthe (1953) had pointed out that
the effect of hyperventilation was potentiated by
a concurrent hypoglycaemia and that a number of
people were susceptible to this combination which
he called the Hv.Hg. complex. These people would
lose consciousness by "taking one hundred breaths
in three minutes" if their blood sugar was low.
This could be aborted by induced hyperglycaemia
which also normalised the E.E.G. The condition
does not apvear if the subject hyperventilates

half an hour after the ingestion of fifty grams
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of glucose. On the basis of these findings,
Palthe advocates that pilots showld not fly on
an empty stomach and, when physical or mental
stress is anticipated, the taking of sugar is
advisable. Thus the elements of summation of
effect of hyperventilation and hypoglycaemia

were appreciated by Palthe and in his description
of "lipothymie" he acknowledges several of the

other factors which may cause loss of consciousnesse.

The Norwegian Air PForce were amongst those
who recognised that heat might influence the
pilot's tolerance to acceleration. No research
has been carried out but, on questioning, aircrew
stated that they could not "pull tight turns"
after they had been flying in immersion suits
which made them hot. A similar finding was
reported by Martin and Henry (1951). These latter
authors carried out an experiment in the centrifuge
at Wright Patterson Air Force Base which consisted
of determining a man's g threshold using the
peripheral light system and then heating or cool-

ing his environment and carrying out duplicate
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measurements. There was no attempt to control
the experiment and the subject was either normal,
cold and shivering or hot and sweating. It is
therefore difficult to know just what heat load
was applied. However, when the subject was hot
his threshold fell by about 0.2g, from which the
authors conclude that as long as heat regulation
is successful the subject will not show significant

impairment of g tolerance.

The same anxiety over loss of consciousness
is being felt by the Indian Air Force. In many
of their fatal aircraft accidents a similar history
can be obtained. An aircraft takes off in the
early morning to avoid the excessive heat load
which occurs later in the day. The pilot climbs
to about ten thousand feet and carries out some
aerobatics, the aircraft is then seen to fly into
the ground. Subsequent analysis frequently shows
that the pilot has risen late and missed his break-
fast. Although no experimental data has been
obtained, these observations have led Indian
medical officers to postulate that hypoglycaemia
and heat may lower the threshold of conscéiousness

and predispose to collapse in the air,
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The most pertinent data has been provided

by the researches of the Canadian team working

at the Aviation Medical Laboratory (D.R.W.L.),

Toronto.

Powell (1956) collected a series of

nine cases of pilots who had survived an episode

of unconsciousness in the air. Wo pathological

lesion was found on examination but, in each case,

there were several factors operating which may

have contributed to the incident. The episodes

were labelled "physiological unconsciousness" and

the possible operating factors in their production

were:

(a)
(v)
(e)
(a)
(e)

Previous or concomitant positive acceleration;
Hypoglycaemia;

Hyperventilation;

Fear or anxiety:

Susceptible subjects who had early slow
E.E.G. activity with hyperventilation.

Further work in D.R.M.L. established this

concept more firmly and has been reported by Brent,

Caney, Powell, Scott, Taylor and Franks (1957), who
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found fasting, hyperventilation and g summated

to produce earlier showing of the E.E.G. than

ene alone or any combination of two. Of their
fourteen cases; three lost consciousness at levels
of 3.0g - 3.5g. In the last year Scott (personal
communication), working at D.R.M.L., has continued
this work and confirmed the findings, although he -
believes that delta activity in the E.E.G. preceeds
the loss of consciousness and is of diagﬁostic
importance. This has not been‘the finding in the

present study.
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CHAPTER IT

THE EFFECT OF HEAT ON TOLERANCE TO

ACCELERATION

A synergism between heat and other flight
stresses is suggested by the accident rates in
the eastern air forces. In the HKiddle and Far
East Air Forces the fatal accident rates where
pilot error is thought to be the cause are higher
in the hot season, while in the Indian Air Force
the accident rate shows a sharp increase in
February and is maintained high throughout the

summer months (Nath, personal communication).

Although the development of high body
temperatures in normal people is associated with
the tropics, in a modern air force it may occur in
aircrew regardless of the operational theatre and
js one of the immediate problems of high speed

flight.

The origin of the heat may conveniently be

considered under two headings, static and kinetic.
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(a) Statie.

To-day aircraft on "standby" require to be
standing on the runway with their crews in place
ready for immediate take-off. It is in this
situation that high statiec heat loads are mainly
encountered. In Pige 1 the temperature inside
the cockpit of a Canberra aircraft is compared
with the ambient air temperature on a sunny daye.
The difference between the two represents the
effect of solar radiation due to the "glssshouse
effect." It can well be understood that at hign
altitudes the effect of solar radiation will be
increased as the filtering effect of the atmosphere
diminishes. Blockly, ¥cCutchan and Taylor (1954)
showed a 20 per cent increase in heat load due to
solar radiation at 1CC,000 ft. as compared to
5,000 ft. Thus even the static heat load alone
is sufficient to limit human performance or in

some cases to cause collapse.

(b) Kinetic heating (sometimes ealled aerodynamic

heating) is derived f rom twc sources, "ram air

effect,” which is compression of air by the impact
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of the aircraft structure and skin friction due

to the viscous motion of the air over the aircraft
surfaces. Both of these depend on the velocity
of the aircraft and will become increasingly
important as aircraft progress even further beyond

the speed of sound.

Fig. 2 shows the aircraft surface temperature
which occurs at Mach 1.0 at various altitudes.
For comparison, curves are also shown for Mach 1.5
through 4.0 which will be being attained in the
near future (Mach number is the ratic of true air
speed to the local speed of sound at any altitude).
From this graph it will be seen that above Mach 1.0
at altitudes below 35,000 ft. the temperatures may
be beyonﬁ the limits of the human body. When one
adds the additional heat arising in the cockpit due
to the "glasshouse effect'" of solar radiation, the
heat load becomes extremely high and even with
present cooling systems the aviator may be unable

to maintain heat balance.

With these points in mind, it is of interest

and of importance to study the effect of heat on
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human tolerance to acceleration. This chapter

presents the results of such a study.

METHOD

Toierance to acceleration was measured by
méans of a visual threshold determination. The
end point used was loss of central vision with
the dark adapted eye as described in Part I,

Chapter IX.

The temperature of the gondolas of the human
centrifuge cannot be accurately controlled. It
was decided therefore to heat the man, rather than
his environment. The method was to supply an
adéquate amount of heat to the subject and as far
as possible to eliminate heat loss from the body.
At high temveratures loss of heat is by evaporation
of sweat. The prime object therefore was to
exclude this means of temperature regulation. To
this end the subject, clad in shorts and suitably
instrumented, (Plate I) donned a polythene overall
which was tight fitting at the neck, wrists and

ankles. On his feet he wore polythene boots which

overlapped the suit and rubber gloves were worn



140.

overlapping the sleeves. This assembly is shown
in Plate II. When sweating commenced, the
atmosphere within this clothing assembly rapidly
became saturated after which no further evapora-
tion of sweat took place. On top of the insulat-
ing polythene layer was worn an R.A.F. electrically
‘heated suit. This suit ooerated from a 24v. D.C.
supply and had an output of 300 watts. Further
insulation agéinst'heat loss was provided by sheep-
skin flying boots and lined flying gauntlets. This
final assembly is shown in Plate III. As an
additional safeguard against heat loss by radiation
and convection, the ambient temperature of the
gondola was raised by means of a 1500-watt convector
heater below the subject's seat and a 500-watt §
infra-red lamp directed at the subject's head. The |
effect of these car heaters on ambient air tempera-
ture is shown in Fig. 3. By the above means it ;

was found possible to raise the mouth temperature

of the subject to 101°F. in L45-60 min.

Seven experienced centrifuge subjects were

used for the investigation, none of whom had teken
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part in any other heat experiments in the previous
year. Each subject carried out two runs to act
as controls for threshold and mouth temperature.
Both the subject's and the gondola heating were
then switched on and further thresholds estimated
at varying periods of time until a mouth tempera-
ture of 101°F. was reached, or until the subject

asked for the experiment to be terminated.

Routine recordings were made of mouth
temperature and pulse rate. The latter was
obtained from the electrocardiogram - the leads
used for the E.C.G.'s were standard lead I, aVF,
Vl’ V3, Vu. In order to minimise 50 cycle mains
frequency interference induced in the E.C.G. leads
from the elements of the electrically heated suit,
the D.C. supvly was earthed, thereby surrounding
the subject with an effective screen. In some
subjects records of respiration and skin tempera-
ture were obtained. Mouth temperatures were
measured by means of a thermocouple embedded in
dental wax held between teeth and cheek; this was
frequently checked against a clinical thermometer.

Respiration was recorded from a thermocouple in
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the nostril. Plate I shows the instrumented

subject before donning the clothing assembly.

RESULTS

Two distinct types of response to the effect
of heat on g tolerance were obtained. The first
group of three subjects (M.K.B., N.L.A., P.G.)
showed a large fall in threshold when their deep
body temperature was raised (Fig. L). The total

changes in the three parameters measured are shown

in Table 2.

TABLE 2

Changes in Mouth Temperature, g Threshold and Pulse

Rate in the Subjects of Group I during Heating

© Subjects  M.E.B. N.L.A.
Duration of heating (min.) 50 )
Initial temperature (°F.) 99.2 98.8
Final temperature (°F.) 101.0 101.5
Rise in temperature (°F.) 1.8 2.7
Initial threshold (g) 2.6 3.4
Final threshold (g) : 1.2 2.1
Fall in threshold (g) lely 1.3
Initial pulse rate/min. 96 93

% increase in pulse rate 3hely Ll 0

P.G.
Lo
98.7

101.2

2.5
2.7
1.8
0.9

115

27.8
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From Fige L it will be seen that the mouth
temperature rose slowly at first during the stage
when the gondola was cool and the subject's sweat
was evaporating within the suit. After about 20
min. the mouth temperature began to rise rapidly
and in a linear fashion. It is reasonable to
assume that this point of inflection of the curve
represents the time at which the heat capacity
of the shell was exceeded and heat loss from the
head could not compensate for the steady heat input
and is a measure of the efficiency of the polythene

clothing.

During the first 20-30 min. there is an
inconstant change in ﬁhe threshold; M.K.B. shows
little change, N.L.A. a slight fall and P.G. a rise.
Thereafter there is a progressive fall in threshold
as the temperature rises. It is interesting to
examine the changes occurring in this latter phase

of the experiment. These are shown in Table 3.
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TABLE 3

The changes in the mouth temperature and g threshold
of the subjects in Group I are shown for the latter
part of the experiment (from the inflection of the

threshold curve).

Subjects M.K.B. N.L.A. P.G.

MY s e s
Final threshold (g) 1.2 2.1 1.8
Change in threshold (g) -l.h4 -1.1 -1l.4
USRI TP o 100k 996
Final temperature (°F.) 101.0 101.5 101.2
Change in tempepature'(oF.) +1.6 +1.1 +1.6

Rate of change of threshold ‘
with respect to 0.88 1.00 0.88

temperature (g/°F.)

From Table 3 it will be seen that the rate of
change of threshold with temperature is very similar
in the three subjects and, as can be seen in Fig. U,

is almost linear.

The changes in pulse rate with heat are as

expected. The added g produces the same change
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in pulse rate whether the temperature is normal
or high. The effect of g on the pulse rate is

represented by the shaded areas in the graphs.

In the second group of subjects the changes
in body temperature were of the same order as in
Group I. The change in threshold, however, was
very much less (Fig. 5). There was no significant
difference between the two groups of subjects as
regards age, height or weight. The results for

this group of subjects are shown in Table L.

TABLE L

Changes in Mouth Temperature, g Threshold and Pulse

Rates in the Subjects of Group II during Heating.

Subjects J.C.G. G.H.B. C.McE. F.L.

Duration of heating 55 72 65 60

(min. )

%Bit%al temperature 99.1 97.7 98.0 99.0
P,

?ana% temperature 102 100.9 100.7 100.9
F.

?Bse)in temperature 2.9 3e2 27 1.9
F.

Initial threshold (g) 3.4 2.9 2.0 2.6

Final threshold (g) 2.7 2.4 2.4 2.1

Fall in threshold (g) 0.7 0.5 0.0 6.5

Initial pulse rate 100 72 70 -

(per min.)

% increase in pulse 4O 62.5 - -

rate
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In this group of subjects the increase in
body temperature was greater than in the previous
Broup due to lower initial temveratures. The
fall in threshold, however, was much less, one
subject (C.lcE.) showing no change at all. The
change in pulse rate was larger than those of
group I; this can be explained by the slightly
larger temperature increases to which they were
subjected. One subject (C.McE.) became uncon-
scious during the last centrifuge run, Jjust at the

moment he signalled black-out.

The subjective sensations recorded by the two
groups of subjects varied. The subjects of Group
I noticed no change in the quality of the end-point
and did not realize their threshold was falling.
The subjects of Group II all noticed that the end-
point was associated with unpleasant constitutional
upset and was a true black-out rather than simple
central light loss. Fig. 6 shows the changes in
threshold for all subjects, the results are shown

in Table 5.
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Shows the Changes in Threshold of all Subjects

expressed as a Percentage of the Normal Value.

The Relation between this Fall and the Change in

Temperature is also shown.

% Change | Change in % Fall in
Group | Subject] in Mouth Temperature 1
Threshold | Temperature| per °F.
M.K.B. -53¢5 +1.8 29.8
I N.L.A. -36.8 +2e7( 13.6
P.G. -39.0 +2e5 1546
JeCoGe -20.0 +269 6.9
G.H.B. -15.5 +362 L.9
II | c.ucE. 0.0 +2.7 0.0
F.L. -18.5 +1.9 9.75

sy
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From Table 5 it can be seen there is a
large difference in response to heat between the
two groups, Group II showing a smaller percentage
fall in threshold in spite of a greater increase

in temperature.
DISCUSSION

"When man stands erect without moving, he
hovers on the verge of circulatory collapse®
(Asmussen, Christiansen and Nielson, 1940).

This statement expresses the problem of gravity
shock and orthostatic hypotension to a nicety.
The adoption of the erect nosture by the primates
has placed a strain on the circulatory systems.
Despite compensatory reflexes such as tachycardia
and vasoconstriction arising from the pressure
sensitive areas of the carotid sinus and aorta,
and increased production of adrenaline and nor-
adrenaline (Munro, 1958), there is still a fall in
blood pressure when man rises from the reclining to
the erect posture. This fall may be transient if
the compensatory mechanisms are efficient, but
there 4g a certain number of individuals in whom

the'hypotension versists and often leads to syncope.
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This fall in blood pressure is aggravated in all
subjects if the change in position is passive or
if, when erect, the subject stands without moving.
The hypotension is due to the pooling of blood in
the dependent parts of the body under the action
of gravity. The pooling in the abdomen on stand-
ing is small compared to the 1loss into the legs
(McLean, Allen and Magath, 1944) and many ortho-
static circulatory failures can be prevented by
tourniquets round the legs. These circulatory
changes are analogous to the circulatory changes
under acceleration. In the latter case we are
merely aggravating the effect of gravity; thus
the subject standing erect without moving can
tolerate little acceleration even with full use of
his compensatory reflexes. The situation arising
in the human centrifuge is very similar to a
subject being tilted from the horizontal to the
vertical only in the centrifuge the subject stays

seated at rest and a g field is created around him.

Heat produces similar changes on the
circulation. As the body temperature rises,

there is a progressive vasodilation, large areas

























































































































































































































































































































































































































































































































































































































































































































































