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Pathological Findings in Three Cases of

Decompression Sickness

CapraiN RicmarDp R. Rosig, USAF, MC,
Majyor F. Warren LoveLr, USAF, MC, and
CorLoNEL FrRaNK M. Townsenp, USAF, MC

sickness due to high-altitude

exposure is extremely rare.
Adler® calculated the mortality to be
seven fatalities in 1,000,000 exposures
to altitude or simulated altitude. Mas-
land* found six fatalities in a study of
470,000 training chamber runs, giving
the approximate incidence of 1:80,000.
Behnke? cited a mortality incidence of
one fatality in 40,000 simulated altitude
tests.

Fryer® has collected fifteen of the
previously known fatal cases of decom-
pression sickness. These, plus a recent-
ly reported case by Odland,** give a
total of sixteen fatal cases of which we
are aware.

This article will present three of the
most recent cases of decompression
sickness accessioned by the Armed
Forces Institute of Pathology. Empha-

D EATH from decompression

From the Aerospace Pathology Branch,
Armed Forces Institute of Pathology,
Washington, D. C.

Presented at the Aerospace Medical Asso-
ciaa‘c(i)on meeting in Miami, Florida, May 10,
1960.

NoveEMBER, 1960

sis is placed on the pathologic findings,
or the lack of demonstrable pathologic
findings, in this disease. No attempt is
made to review the clinical syndrome
because a recent review article by
Pfrommer* does so.

CASE REPORTS

Case 1—This thirty-six-year-old Air
Force Major, who was 73 inches in height’
and weighed 235 pounds, was an experienced
pilot, having accumulated 3,565 hours of
flying time, 251 of these in jets.

Two hours prior to an evening take-off,
the pilot had a cocktail and a fatty meal
Preflight checks were normal, with the ex-
ception of complaint of discomfort from
survival gear and the fact that he could not
sit upright, as his P-4 helmet struck the
canopy.

One hundred per cent oxygen was used
during the climb to 5000 feet. Mission
altitude was 29,000 feet ambient, and cabin
altitude was repeatedly reported as 22,000
feet. Approximately thirty minutes after
take-off, the patient coughed violently and
complained of chest pain.  Five minutes
later he lost consciousness. The mission was
immediately aborted, and the aircraft was
landed by the navigator, who was not a pilot.
The landing gear collapsed crossing an
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DECOMPRESSION SICKNESS—ROBIE ET AL

Fig. 1. Pulmonary congestion and edema.
Hematoxylin and eosin stain, X40. AFIP
Neg. No. 60-1832.

overrun, but neither occupant was injured
by the landing.

Physical Examination—When first seen,
the patient was moribund. He was somewhat
revived by an injection of caffeine sodium
benzoate and responded to stimuli but was
confused and disoriented. He was noted to
look older than his stated age and was heavy
set. There was moderate cyanosis. The
pupils were dilated and equal, with good
corneal and eyelid reflexes. The skin was
dusky and sweating. There was no disten-
tion of the neck veins. There were a few
scattered wheezes in the lungs. The heart
sounds were of fair quality, with no mur-
murs. The pulse was 87 and regular. Blood
pressure was 96/60. The neurologic ex-
amination showed flaccid extremities bi-
laterally and complete absence of deep
tendon reflexes.

Laboratory Findings—ECG tracing was
interpreted as incomplete right bundle
branch block and nonspecific ST segment
changes.

886
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Fig. 2. Pulmonary fat embolus. Oil red O
stain, X175. AFIP Neg. No. 60-1831.

Hospital Course—Shortly after admission
the patient became unconscious, and the
blood pressure and pulse were not obtain-
able. Intravenous fluids and Levophed
raised the blood pressure, but despite this
the patient remained unconscious, and his
condition gradually deteriorated.  The
blood pressure dropped, the pulse became
feeble, and the cyanosis and mottling of the
skin grew worse. Gradually, the patient
developed Cheyne-Stokes respiration and a
fever of 103°. He died thirteen hours
after onset of symptoms.

Postmortem Examination*

Gross—The autopsy was begun twenty-
two hours after death. There was cyano-
sis of the head and neck. The panniculus
measured: 5 c¢m. in thickness. There was no
pneumothorax. The pleural spaces con-
tained 200 cc. and 150 cc. of serous yellow
fluid, respectively.

The heart weighed 460 gm. No air bub-

*Prosectors: Major C. W, Delia, MC,
USA and Captain G. F. Huck, MC, USA.

AEROSPACE MEDICINE




DECOMPRESSION SICKNESS—ROBIE ET AL

bles were demonstrated in the left auricle
under water. The coronary arteries showed
very minimal atherosclerosis. The foramen
ovale was anatomically patent but function-
ally closed.

The lungs weighed 1,650 gm. Crepita-
tion was decreased, and a cut section showed
a wet, congested lung with hyperemia of
the bronchial mucosa.

The spleen weighed 350 gm. Cut surface
showed a soft, reddish parenchyma. The liv-
er weighed 2,800 gm. Cut section showed a

jority of the alveoli were filled with edema
fluid. Frozen sections stained with oil red
O (ORO) for fat showed a minimal num-
ber of fat emboli in the small pulmonary
arteries (Fig. 2).

The heart showed congestion and severe
interstitial edema with a focal increase in
interstitial cells, chiefly neutrophils with a
few mast cells. Focally, the myofibrils

showed a slight tinctorial difference in
staining and slight granularity of the
cytoplasm,

Fig. 3. Fatty metamorphosis of liver, se-

vere. Qil red O stain.
No. 60-1833.

X25. AFIP Neg.

light brown color with normal lobular pat-
tern. No abnormalities were observed in
the gastrointestinal tract or pancreas.

The kidneys weighed 160 and 175 gm.
The left ureteropelvic junction was slightly
narrowed, and there was a moderate hydro-
nephrosis on the left.

The brain weighed 1,800 gm. There was
a moderate pressure cone over the inferior
surface of the cerebellum.

Microscopic: Viscera—The lungs showed
marked congestion (Fig. 1), and the ma-

NoveMser, 1960

Fig. 4. Ischemic infarct in brain. Lillie
myelin stain. X85. AFIP Neg. No. 60-1835.

The spleen was moderately congested.

The liver showed marked fatty metamor-
phosis (Fig. 3) throughout a normal lobular
architecture,

The pancreas showed almost complete
autolysis of the pancreatic parenchyma.

The kidneys exhibited congestion and pro-
nounced autolytic change, which made a
diagnosis based on cellular detail tenuous.
The glomeruli were normal in appearance
except for an occasional hyalinized glomeru-
lus in the left kidney. ORO stains showed
an occasional fat embolus in the glomeruli.

887




DECOMPRESSION SICKNESS-—-ROBIE ET AL

Brain.—The sections showed evidence of
moderate cerebral edema throughout the
entire brain. Vascular engorgment of both
the pial and cerebral blood vessels, includ-
ing the capillaries, was very prominent.

Fig. 5.
stain. X235. AFIP Neg. No. 60-1836.

Ischemic infarct in brain. PTAH

There was occasional minimal perivascular
hemorrhage. The neurons of the cerebral
cortex showed mild pyknosis, satellitosis
and minimal neuronophagia. Some of these
changes may have been the result of autoly-
sis. " Special Lillie and PTAH stains showed
areas of ischemic necrosis (Fig. 4) which
were both focal and geographic and were
located near the junction of the white and
gray matter. These areas were rather sharp-
ly demarcated and were characterized by a
porous, spongy appearance. 'The cells
showed hyperchromatism and marked pyk-
nosis, and some had completely #aded
away (Fig. 5). There was marked autolysis
in the granular layer of the cerebellum.

Case 2.—This thirty-two-year-old white
chief petty officer was flying as a crew
member in an unpressurized A3D at an
altitude of 33,000 feet. - Approximately one

888 -

and one-half hours after take-off, he devel-
oped moderately severe pain in the left knee
and thigh. This pain warranted limiting his
motion, but he did not notify the pilot. The
pain slowly subsided, and approximately
thirty minutes before landing the patient felt
weak and light headed. He developed a
generalized throbbing headache and began
to sweat profusely. Nausea and extreme
suprapubic pain followed. After stepping
out of the aircraft, he nearly fainted and
was taken to the dispensary. At that time
he was pale, slightly cyanotic, very appre-
hensive, and hyperventilating. He denied
chest pain but felt a tight band around his
chest and seemed dyspneic. The abdominal
pain persisted and the patient was somewhat
relieved by lying on either side. He was
mentally oriented.

Physical Examination—The patient was
obese and looked older than his stated age.
He measured 65 inches in height and
weighed 241 pounds:

The blood pressure was 90/40, pulse 100,
and respirations 26. Temperature was 97.8°

The skin was cold, moist, and cyanotic.
The pupils were round and equal. No ab-
normalities were observed in the fundi.
There were moist riles in the lungs as well
as expiratory wheezes and a prolonged ex-
piratory phase, mainly in the posterior as-
pect of the base of the left lung. There was
a tachycardia with regular rhythm. The
heart tones were muffled and distant.

The abdomen was obese, soft, and some-
what tender in the lower portion. Bowel
sounds were present. The extremities were
obese and cyanotic. The left calf was
slightly tender.

The neurologic examination showed only
some facial weakness and the patient demon-
strated difficulty in swallowing.

Hospital Course—The patient was ini-
tially given Aramine and intravenous fluids
with Levophed. The blood pressure im-
proved but never rose above 80/40, and the
pulse slowed to 50 a minute. The lung
sounds improved.

One hour following this initial improve-
ment, the blood pressure fell and remained
unobtainable except occasionally by palpa-
tion. The pulmonary edema recurred. After

AEROSPACE MEDICINE
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a coughing paroxysm, he became unrespon-
sive, then developed a focal motor seizure
involving the left arm and hand, after
which he again regained consciousness.

Terminally, the patient went into ventric-
ular fibrillation and, despite cardiac mas-
sage, died nine hours after the onset of
symptoms.

Postmortemn Examination®

Gross—The autopsy was begun fifteen
hours after death. There was cyanosis of
the face, lips, neck, upper thorax, and lower
extremities. The conjunctiva and gingiva
showed punctate hemorrhages. There was a
recent thoracotomy incision on the left
hemithorax. The right pleural space con-
tained 600 cc. of amber fluid.

The heart weighed 420 gm. The cham-
bers were moderately dilated, mainly on the
right. The myocardium was flabby and pre-
sented a diffuse reddish discoloration, with
paler areas in the subendocardial region.
There were occasional petechiae on the en-
docardium. The coronary arteries showed
occasional slightly elevated, small subintimal
plaques.

The lungs weighed 1,360 gm. Crepitation
was decreased, particularly in the lower lobe
of the right lung. Cut section showed a
congested, wet lung. A moderate amount of
mucoid material was found in the bronchi.

No intravascular bubbles were demon-
strated upon opening the great vessels un-
der water.

The spleen weighed 160 gm. Cut section
showed a soft, reddish parenchyma with
prominent lymphoid follicles.

The liver weighed 1,520 gm. Cut surface
was pale and had a slightly greasy appear-
ance.

No abnormalities of the pancreas and
gastrointestinal tract were observed.

The kidneys weighed 125 and 135 gm.
Cut surface showed only congestion.

The brain weighed 1,500 gm. The con-
volutions were slightly flattened and the
sulci slightly narrowed. The cerebral ves-
sels were prominent and dilated, mainly

*Prosector: Dr. A. Santamaria, Univer-
sity of Kansas.

NoveMEER, 1960

around the ventricles in the subependymal
areas.

Microscopic: Viscera—The heart showed
diffuse congestion of the myocardium. The
myocardial fibers showed marked fragmen-
tation.

J 2
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Fig. 6. Pulmonary congestion, severe.
Hematoxylin and eosin stain. X30. AFIP
Neg. No. 60-1731.

The 1lungs showed diffuse congestion
(Fig. 6) and large patchy areas in which
the alveoli were filled with amorphous eosin-
ophilic material.

The spleen showed marked congestion of
the red pulp and focal areas of hemorrhage.

The pancreas showed marked postmortem
autolysis. )

The liver showed moderate congestion of
the central veins and sinusoids. There was
a minimal fatty metamorphosis (Fig.'7). o

The kidney showed advanced autolytic
change. There was moderate congestion.,

The thyroid, prostate, testes, and adrenals
showed moderate congestion. '

Brain—The brain showed moderate con-
gestion and edema (Fig. 8). Some of the
neurons in the thalamus and cortex showed
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DECOMPRESSION SICKNESS—ROBIE ET AL

signs of degeneration consisting of an in-
creased eosinophilia of the cytoplasm,
sharpening of the nuclear border, and in-
crease of the pericellular space consistent
with terminal hypoxemia. There were no
areas of ischemic necrosis observed. No
fat embolism was found in the lungs, kid-
ney, or brain.

Case 3.—This forty-year-old Air Force
pilot was flying with an instructor pilot in
a T-33 jet trainer at an altitude of 32,000
feet with cabin pressurized at 20,000.

The instructor pilot quickly landed the air-
craft—a total of twenty-four minutes after
the onset of symptoms. The patient was
pronounced dead upon removal from the
aircraft, three to five minutes later.

Postmortem Examination*

Gross—The autopsy was begun twelve
hours after death. The body was that of
a well-developed, well-nourished, middle-
aged white male. (Records show that he
weighed approximately 170 pounds and

Fig. 7. Fatty metamorphosis of the liver,
Hematoxylin and eosin stain. X65. AFIP
Neg. No. 60-1731.

Twenty-six minutes after take-off, he
switched off the front windshield defroster
and told the instructor pilot that the cabin
pressure had dropped from 20,000 to 23,000
feet. Two minutes later, he complained of
pain in his shoulder, spots in front of his
eyes, and dizziness. When asked to check
the “quick disconnect” of his oxygen hose,
he cried, “That’s it, that’s it!” When told
to fix it, he said, “I can’t, I hurt too much.”
The patient began to breathe heavily and
slumped to the left, then stopped breathing.

890

Fig. 8 Cerebral congestioi and edema.
Hematoxylin and eosin stain. X45, AFIP
Neg. No. 60-1731.

measured approximately 70 inches.) There
was marked cyanosis of the face and neck.
The panniculus measured 3 cm. There was
no hydrothorax or pneumothorax,

The heart weighed 400 gm. There were
a few scattered subepicardial punctate hem-
orrhages in the left ventricle. The coronary
arteries showed no sclerosis. ‘There was no
evidence of myocardial infarction.

The lungs weighed 1,250 gm. and were

*Prosector: Major R. E. Kellenberger
MC, USA.

AEROSPACE MEDICINE
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Fig. 9. Bullous emphysema.‘ Hematoxylin
and eosin stain. X11. AFIP Neg. No.
60-1731.

overexpanded and protruded from the
pleural spaces. Crepitus was diminished in
all lobes, and the lungs presented a “feather
pillow” sensation with loss of elasticity.
Both lobes showed numerous subpleural
bullae (Fig. 9), the largest measuring 4
cm. in diameter and situated on the anterior
inferior aspect of the left upper lobe. Cut
surface showed edema and congestion.

The spleen weighed 500 gm. and showed
marked acute congestion. One mediastinal
lymph node measuring 2x1x% cm.
showed, on cut surface, multiple small
granulomas,

The liver weighed 2,250 gm. and showed
marked acute congestion.

The kidneys weighed 250 gm. each. Cut
surface showed marked acute congestion,

The stomach showed marked congestion
of the mucosal vessels, and there were sev-
eral small foci of ectopic gastric mucosa in
the esophagus.

The pancreas, thymus, adrenal, and pitui-
tary appeared normal. :

The brain weighed 1,750 gm. and showed
marked edema with flattening of the gyri
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Fig. 10. Bullous emphysema. Hematoxy-
lin and eosin stain. X25. AFIP Neg. No.
60-1731.

and narrowing of the sulci as well as ten-
torial notching on the swollen uncal gyri
There was no cerebellar pressure cone. Cut
surface showed only edema.

Microscopic: Viscera—The heart showed
marked congestion and minimal subepicar-
dial hemorrhage of recent origin. The lungs
showed a patchy confluency of the alveolar
spaces (Fig. 10). In some areas, loose ends
or “spurs” characteristic of emphysema were
seen (Fig. 11). There were focal areas of
hyalinization and thickening of alveolar
walls. Some of the bronchi showed a thick
basement membrane and scattered eosino-
phils and mononuclear cells infiltrating the
peribronchial tissue. In focal areas there
was squamous metaplasia of the bronchial
mucosa.

The liver showed a moderate fatty meta-
morphosis in a normal lobular pattern. The
vacuoles were located primarily in the peri-
portal area.

The adrenal glands showed marked con-
gestion (Fig. 12), particularly in the zona
reticularis.
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ey B <
Fig. 11. Pulmonary emphysema “spurs.”

Hematoxylin and eosin stain. X60. AFIP
Neg. No. 60-1731.

Fig. 13. Cerebral congestion and edema,
severe; perivascular hemorrhage, minimal.
Hematoxylin and eosin stain. X55. AFIP
Neg. No. 60-1731.
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Fig. 12. Congestion of adrenal gland,
severe. Hematoxylin and eosin stain. X 30.
AFIP Neg. No. 60-1731.

The spleen showed marked congestion and
interstitial hemorrhage. The lymph node
showed multiple fibrotic nodules. No etio-
logic agent was seen.

Brain.—Sections of the cerebrum showed
marked congestion of the vessels, increased
clear spaces around the cells, and minimal
vacuolization of the ground substance char-
acteristic of edema. There was diffuse
shrinkage of the nerve cells of the cortex.
This change was probably related to the
massive brain edema. In the subcortical
white substance, there were vessels with a
finely fibrillary fibrosis of the adventitia
and/or lipid-laden macrophages in the ad-
ventitial spaces. Adjacent to a small artery,
in the ansa lenticularis, there were lipid-
laden macrophages and cells containing
granular hemosiderotic pigment. In the ba-
sal part of the external capsule, there was
minimal perivascular hemorrhage (Fig. 13).

Special Stains—ORO, Lillie, and PTAH
stains failed to show fat emboli or ischemic
areas of necrosis.
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TABLE 1. HISTORY IN THREE CASES

OF DECOMPRESSION SICKNESS

Case 1 Case 2 Case 3
1. Altitude
Ambient 29,000 feet 33,000 feet 32,000 feet
Cabin 22,000 feet 33,000 feet 20,000 feet
2. Duration at altitude
prior to symptoms 30 minutes 90 minutes 26 minutes
3. Survival 13 hours 9 hours Approximately 20 minutes
(sudden death)
4, Symptoms
Neurologic Unconsciousness None Scotomata; dizziness
Pain hest Abdomen, legs, and Shoulder
left knee
Pulmonary Cough Dyspnea None
Other Termig\al fever Nausea; weakness None
103
TABLE II. PHYSICAL FINDINGS IN THREE CASES
OF DECOMPRESSION SICKNESS
Case 1 Case 2 Case 3
Age (years) 36 32 40
Height (inches) 73 65 70
Weight (pounds) 235 241 170
Cyanosis Moderate Moderate Marked
Shock Marked Marked Dead on landing
Neurologic Absent deep tendon Facial weakness; Dead on landing
reflexes; flaccid dysphagia, mild
extremities
Other Rales, minimal Tender left calf; Dead on landing

tender abdomen

DISCUSSION

A summary of the salient points of
the history, physical findings, and path-
ologic findings of the three cases is giv-
en in Tables I, II, and III, respective-
ly. Case 1 presents a typical history
and typical pathologic findings of de-
compression sickness. Case 2 presents
a typical history but a relatively non-

specific pathologic picture. Case 3
presents an atypical history as well as
nonspecific pathologic findings.

Case 1*3 is considered typical because
of the remarkable similarity of the his-
tory and pathologic findings with two
cases reported by Haymaker et al®
All were somewhat older, obese pilots
who developed neurologic symptoms at

TABLE III. PATHOLOGIC FINDINGS IN THREE CASES
OF DECOMPRESSION SICKNESS

Case 1 Case 2 ’ Case 3
Interval between death and
autopsy 22 hours 15 hours - 12 hours
1. Cerebral edema Moderate Moderate Marked
2, Ischemic infarcts Present Absent . Absent
3. Foramen ovale Patent Unknown . Closed
4. Pulmonary congestion .
and edema Marked Moderate Moderate
5. Fatty liver Marked Minimal o Moderate
6. Fat embolism Minimal None found ! None found
7. Petechiae None found Gingiva; endocardium; Subepicardial
conjunctiva hemorrhage
8. Pleural effusion 200 ce. - 150 cc. 600 cc. None
9. Other pathology None None Vesicular and bullous
emphysema

NoveMBER, 1960
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altitude and quickly lapsed into pro-
found shock and died six to thirteen
hours later. All had cerebral edema,
patent foramen ovales, fatty livers, and
ischemic infarcts in the brain.

Case 2 showed similarities to Case 1
and many of the previously reported
cases.m®  The age, obesity, and
clinical course were not unlike many of
the characteristics of the reactors in
flight or in chamber runs.® The cerebral
edema, fatty liver, and signs of second-
ary shock (petechiae, effusions, visceral
congestion and edema) are also find-
ings in common. Conspicuous by their
absence, in comparison with the pre-
viously mentioned cases, are ischemic
infarcts in the brain and fat embolism
in Case 2. The presence of a patent
foramen ovale was not mentioned in
a detailed autopsy protocol. The lack
of these findings does not detract from
the diagnosis of decompression sick-
ness, since, in the tabulations by
Fryer,® ischemic infarcts were found in
only four of fourteen cases specifically
examined for them, and fat emboli
were found in only a few of the cases
examined,

Case 3 is atypical as to somatic type
and history, and there is a paucity of
pathologic findings. For these reasons
the cause of death can, at most, be only
speculative; but on the basis of the
circumstances, symptomatology, and
elimination of other possible diagnoses,
it is our opinion that this represents a
case of fatal decompression sickness.

The prominent pathologic findings in
this case were (1) marked cerebral
edema, (2) pulmonary emphysema,
(3) moderate fatty liver, and (4)
petechiae, pulmonary congestion, and
edema. The cause of the marked cere-
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bral edema, which in itself could have
caused the death, is unknown, but this
finding undoubtedly has some relation-
ship to this disease since it is common
in most of the other fatalities. The
cause of the emphysema is not known ;
the findings of chronic bronchitis and
thickened basement membranes with
eosinophilic infiltration suggest asthma,
but this could not be substantiated by
the past medical history. The role
played by the fatty liver is not known ;
however, all the reported deaths have
shown fatty metamorphosis to some
degree. Rait?® places great emphasis on
this finding as a predisposing factor
for the development of decompression
sickness.

Because of the rapidity of death,
which is an unusual factor in this case,
hypoxia was considered. This was dis-
counted, however, on the basis of (a)
the absence of discrepancies in the
oxygen system and (b) the history of
severe pain, which is not a feature of
death by hypoxia.

Spontaneous pneumothorax  was
specifically looked for and found to be
absent.

Carbon dioxide narcosis seemed un-
likely, since death from this cause
occurs more slowly and is usually pre-
ceded by symptoms of severe emphy-
sema.”

Cardiovascular disease was given
major consideration. The coronary
arteries, however, were only mildly
sclerotic and were widely patent, and
there was no evidence of any present
or past insults to the myocardium.
Therefore, this cause was discounted.

Decompression sickness seems to be
the most likely cause of this fatality.
Certainly the altitude of 20,000 feet is
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compatible with the development of
symptoms, and if there was an element
of decompression, as suggested in the
history, it was slight and would only
tend to increase the likelihood of
symptom development. Age may have
been a factor, since older pilots are
more apt to develop decompression
sickness.’> The symptoms of scintil-
lating scotomata and dizziness are the
most common neurologic manifesta-
tions of decompression sickness,® and
the severe shoulder pain may have
been the pain of “bends,” which com-
monly affects that joint.®

The pre-existing disease, emphy-
sema, may have been an important pre-
disposing factor. Pulmonary emphy-
sema can be associated with an in-
crease in blood CO, content,® and in-
creases in blood CO, have been shown
to facilitate bubble formation in decom-
pression.*

Lastly, the absence of specific patho-
logic findings in the brain does not
preclude the diagnosis of fatal decom-
pression disease, because ischemic
infarcts were found in only a few of
the published cases and because the
absence may be a relative one in that
there was insufficient time for changes
to develop.

The mechanism of death in Case 1
would seem to be in accordance with
that proposed by Haymaker et al'® of
aero-emboli traversing a paradoxical
routte through the foramen ovale to the
brain and producing ischemic infarcts
and subsequent shock. On the other
hand, the absence of the ischemic in-
farcts in Case 2 and the probable closed
foramen would tend to dispel the aero-
embolism theory and favor some of the
hypotheses such as generalized tissue

NoveMBER, 1960

damage proposed by others.®'* Pfrom-
mer has recently commented, ‘“Today
we may say that the symptoms of de-
compression sickness result from the
evolution of gaseous nitrogen, and
possibly of other body gases, during
environmental atmospheric pressure
changes. The symptoms are the effects
of the gases’ influence, in some incom-
pletely understood manner, on adjacent
or distant vascular and somatic tissue.
It is speculative to say more than
this.”'* This statement summarizes the
present state of knowledge on the
causation and our present contention in
this paper that much has been written
but little is actually known about the
basic pathogenesis of this disease.

SUMMARY

Three fatal cases of decompression
sickness have been presented. Case 1
presents a typical history and specific
pathologic findings. Case 2 presents a
typical history of the syndrome, but
there is a paucity of pathologic find-
ings to explain the death. Case 3 is
somewhat atypical in history and also
presents a paucity of pathologic find-
ings. Reasons were given for the
diagnosis of death as a result of de-
compression sickness.

From a review of the fatalities in
the literature and a comparison with
these cases, it is obvious that there is
still much to be learned about the dis-
ease and the pattern of pathologic find-
ings in the fatal cases.

REFERENCES

1. ApLer, H. F.: Neurocirculatory collapse
at altitude. USAF School of Aviation
Medicine, Special Project Report,
1950.

2. Beunke, A. R.: Decompression sick-
ness. Mil. Med., 117:3 (Sept.) 1955.

895




DECOMPRESSION SICKNESS—ROBIE ET AL

. BErry, C. A.: Severe dysbarism in Air
Force operations and training. U. S.
ﬁgged Forces M. J., 9:937 (July)

. Bunks, L. R, Twirry, V. C., and
WHITAKER, D, M.: Bubble formation
in frogs and rats. In Decompression
Sickness, Fulton, J. F. (ed). pp. 145-
%ggl Philadelphia: W. B.” Saunders,

9.

Fryer, D. I.: Notes on the present state
of knowledge concerning post decom-
pression shock. RAF Institute of
Aviation Medicine, June, 1957, Un-
published Report.

10. Havymaxer, W., Jounston, A. D, and

DowxEey, V. M.: Fatal decompression
sickness during jet aircraft flight—a
clinicopathological study of two cases.
J. Aviation Med., 27:2 (Feb.) 1956,

. Bopansky, M., and Bopansky, O.: 11. Mastanp, R. L.: Injury to central
Disease of the respiratory tract. In nervous system resulting from decom-
Biochemistry of Disease. Ed. 2. op. pression to simulated high altitudes.
168-186. New York: The Macmillan Arch. Newrol. & Psychiat, 59:445
Company, 1952, (Apr.) 1948,

. BurcrELL, H. B.: Report of accidents 12. Morant, G. M.: Results of tests in a
resulting from anoxia in aircraft. decompression chamber of 610 flying
Research Report, Army Air Forces personnel, Flying Personnel Research
School of Aviation Medicine, Ran- Committee (Great Britain) Report
dolph Field, Texas, Project No. 206, No. 793, June, 1952,

Report 2, Apr. 12, 1944 13. Opranp, L. T.: Fatal decompression

. CarLaway, J. J., and McKusick, V. A.:

illness at an altitude of 22,000 feet.

Carbon-dioxide intoxication in emphy- Aerospace Med., 30:840 (Nov.) 1959,
sema: Emergency treatment by arti- 14. PFROMMER, J. R.: Decompression sick-
ficial pneumoperitoneum. New Eng- ness: The state of the art. U. S.
land J, Med., 245:9 (July) 1951, Armed Forces M. J., 10:1292 (Nov.)
8 Ferris, E. B, Jr, Encer, G. L., and 1959,

Roman, J.: The clinical nature of 15. Rarr, W. L.: The etiology of post de-
high altitude decompression sickness. compression shock in aircrewmen.
In Decompression Sickness. Fulton, . S. Armed Forces M. J., 10:790
J. F. (ed). pp. 4-52, Philadelphia : (July) 1959,

W. B. Saunders, 1951,

Man In Space

* NASA is hammering out its program upstream of Mercury at this
writing. A few trends are now apparent. Most important is a decision to
abandon the Atlas-Centaur as a booster for a manned space vehicle,
NASA’s next manned vehicle after Mercury will be a multi-man space
observatory launched by Saturn. NASA will not pursue Centaur because
it is a “dead-end street,” according to one of its officials.

¢ Centaur will be utilized, however, in the advanced man-in-space program
to develop re-entry vehicles with a lift shape. It will be capable of testing
the basic “module” of the Saturn system—the escape, re-entry, and recovery
vehicle for the crew. This vehicle will also have control and communica-
tions capability.

* It is possible Saturn will also be pressed into service for upstream man-
in-space vehicle experiments even before it is ready for operational use.
Since the last four Saturns of the 10-vehicle test program will have all-live
stages, they will have a payload capability far in excess of that needed for
their own test instrumentation. As a consequence, NASA is studying the
possibility of using them to stage re-entry trajectories at escape velocities
—such as would be required for a manned circumlunar vehicle returning
to earth.—From Astronautics, August, 1960,
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Significance of Elevated Lactic Acid in the

Postmortem Brain

CapraiN A. M. DoMinGUEz, USAF, MSC, Major J. R. Havrsteap, USAT, VC,
H. I Cminn, Pr.D, L. R. GoLpBauM, PH.D., and Major F. W, LovELL,
USAF, MC

ties encountered by man at high
altitudes are well known. Inca-
pacitation by hypoxia, for example, has
been established as a contributory fac-
tor in aircraft accidents.” The in-
creased emphasis on the medical inves-

THE PHYSIOLOGIC adversi-

- tigation of aircraft accidents has fo-

cused attention on the need for a meth-
od of postmortem detection of acute
antemortem hypoxia.? Lack of suit-
able histopathologic criteria prompted
studies at the Royal Canadian Air
Force Institute of Aviation Medicine
and the School of Aviation Medicine,
USAF Aerospace Medical Center
(ATC), to explore the possibility of a
biochemical indicator of antemortem
hypoxia in postmortem tissue. Pre-
liminary studies suggested that the lac-
tic acid content of the brain might
provide such a criterion,

Franks and coworkers®™® exposed
mice to 100 per cent nitrogen which
caused death within ten to fourteen
minutes. The brains of these mice,
analyzed up to sixteen hours postmor-
tem, always contained significantly

From the Armed Forces Institute of
Pathology.

Biological Sciences Division, Air Force
8ﬂicte of Scientific Research, Washington,

Presented at the Aerospace Medical Asso-
gltgegc(i)on meeting in Miami, Florida, May 9,
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higher concentrations of lactic acid
than brains from control mice decapi-
tated and examined after the same pe-
riods. These studies were extended
by Van Fossan and Clark® who
found a graded response in the post-
mortem increase of brain lactic acid,
depending upon the simulated alti-
tude and the duration of exposure.
Increased levels of lactic acid in brains
of exposed animals were demonstrable
six, twenty, and thirty hours after
death in the rat, dog, and rabbit, re-
spectively. These experimental find-
ings were promising; therefore a pro-
gram was initiated at the Armed
Forces Institute of Pathology (AFIP)
to explore the value of using the level
of brain lactic acid as an indicator of
antemortem hypoxia in aircraft acci-
dent fatalities.

Aircraft Accident Studies—Frozen,
non-fixed tissue from victims of air-
craft accidents is submitted to the
Armed Forces Institute of Pathology
by the U. S. Air Force, Navy, and
Army. Since October, 1956, the brain
lactic acid level has been routinely de-
termined in these cases. Within the
experimental confines of the test lactic
acid levels over 200 mg. per cent in
brain tissue were considered to be in-
dicative of hypoxia, although the ele-
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vated value did not distinguish between
the causes of the hypoxia. In 775 air-
craft accident cases in which this test
was performed at the AFIP from
October, 1956 to January 1, 1960,
there were fifty-eight instances in
which a value over 200 mg. per cent
was obtained. In six instances there
was definite evidence that the elevation
was due to altitude hypoxia, in twenty-
nine there was history of short survival
in a shock state following the accident,
in eight suffocation was the cause, in
nine instances drowning was respon-
sible, in two no history was available,
in three cases a cause was doubtful,
and in one the possibility was either
hyperventilation or hypoxia.

Correlation of the elevated cases
(above 200 mg. per cent) with the
known circumstances of the accident
reveals that a large number of these
fatalities were not associated with alti-
tude hypoxia but with such causes of
death as drowning, suffocation and
shock. These cases were all associated
with conditions which produce a hy-
perglycemic response. Since glucose is
a precursor of lactic acid, any condi-
tion inducing a hyperglycemia and the
consequent rise in brain glucose might
result in a postmortem increase of
brain lactic acid.

Hypoxia produced by simulated al-
titude exposure or breathing low oxy-
gen mixtures has been known to in-
duce hyperglycemia, as cited by Van
Liere,”* Biddulph and Van Fossan.!
Asphyxia following obstruction of the
upper respiratory passage, for exam-
ple, in strangulation or hanging, has
resulted in blood sugar concentrations
which exceed normal limits.® Further-
more, in cases of severe hemorrhage or
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shock, hyperglycemia appears to be a
common occurrence.*** Thus hyper-
glycemia appears to be closely allied
with all conditions reported as associ-
ated with elevated lactic acid in the air-
craft accident cases; altitude hypoxia
is but one of many possible hyper-
glycemic stimuli.

Since hypoxia is a potent stimulus
for elevating blood glucose and since
glucose is the precursor for lactic acid,
animal studies were carried out at the
AFIP to explore the relationship be-
tween blood glucose and the post-
mortem lactic acid response.t Rats
utilized in these studies were exposed
to a simulated altitude of 32,000 feet
for ten minutes; they demonstrated a
marked rise in the concentration of
blood glucose and in the postmortem
level of brain lactic acid. Hypergly-
cemia without hypoxia was induced by
glucose infusion, epinephrine, or elec-
tric shock, each of which caused an in-
crease in the postmortem brain lactic
acid comparable to levels in hypoxia.
Conversely, when rats were given in-
sulin to reduce the blood glucose con-
centration prior to being exposed to a
simulated altitude, the elevated lactic
acid response normally seen following
hypoxia did not take place. In addition,
the administration of various synthetic
oral hypoglycemic agents prior to hy-
poxia significantly reduced the blood
glucose level and postmortem brain
lactic acid. Todoacetate, which blocks
the conversion of glucose to lactic acid,
markedly inhibited the increase in
brain lactic acid after hypoxia. In an-
other experiment, rats were made hy-
poxic by simulated altitude exposure
but then sacrificed at varying times
after return to ground level. When the
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blood glucose level returned to normal
the postmortem brain lactic acid
showed a parallel drop.

These findings, when correlated with
the findings on lactic acid in the human
aircraft accident studies, suggest
strongly that the elevated postmortem
level of lactic acid attained in the brain
is a reflection of the blood glucose.
With the increased concentration of
blood glucose, there is a concomitant in-
crease in the lactic acid precursor (glu-
cose) in brain tissue. After death, this
substrate is anaerobically metabolized
by surviving glycolytic mechanisms to
lactic acid in the brain. An increased
lactic acid found in the brain after a
hypoxic episode probably results from
the hyperglycemia induced, rather than
from any unique contribution of the
hypoxia itself.

SUMMARY

One must interpret cautiously the
postmortem chemical changes observed
in aircraft fatalities. Hypoxia is only
one of many possible factors that
might cause changes in the levels of
blood glucose. The blood sugar re-
sponse of individuals exposed toa given
stress or nutritional regimen is known
to vary widely. Both physical and psy-
chological stresses encountered during
flight may cause hyperglycemia as pro-
found as that caused by hypoxia itself.
The time required for descent prior to
crash would cause variable changes in
the blood and brain chemistry. The
time and nature of the last meal are
known to modify blood sugar concen-
trations. The lactic acid content of one
part of the brain differs from that of
another, so care must be exercised in
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sampling.>** All these and perhaps
other factors affect the lactic acid lev-
els in the brain. Thus, the diagnosis of
hypoxia during flight should not be
based upon an arbitrary level of lactic
acid per se in postmortem tissue as the
sole criterion, but should be correlated
with the history and circumstances of
the accident.

High lactic acid values in the brain
do not prove that there was hypoxic
exposure, nor do low levels preclude
this possibility. Nevertheless, the de-
termination can be of value when used
in conjunction with other evidence as
an aid in reconstructing the events
leading up to an aircraft accident.
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The Outer Radiation Belt

Analysis of the data obtained with the help of Sputnik III and the
Soviet space rockets warranted the conclusion that the intensity of the
outer radiation belt, girdling the Earth at an altitude of up to 37,260 miles,
could vary scores of times, Professor Sergei Vernov declared in a recent
report delivered at a general meeting of the Physics and Mathematics
Department of the U.S.S.R. Academy of Sciences.

Soviet scientists, he said, linked this phenomenon with the magnetic
storms which interfered with the circulation of charged particles in the

radiation belt.

Describing the structure of the outer radiation belt, Professor Vernov
said that it had now been proved that it consists of two main components
—electrons of relatively low energy of up to 10,000 to 100,000 electron
volts and high energy electrons of up to 1 to 3 million electron volts.

So far there was no theoretical explanation for the existence of such

high energy electrons.

However, one thing was clear, namely, that they must generate gamma
radiations so powerful that they would present a serious danger to future

space travelers.

Professor Vernov drew attention to the possibility of the Farth’s mag-
netic field at high altitudes being affected by intensive fluxes of low energy

electrons.

According to data obtained from Sputnik III, the distance from the
surface of the Earth to the outer radiation belt at one and the same latitude
differed sharply at various points. In the U.S.S.R., for instance, it was
993 miles, and in the United States it was as low at 372 miles.

Professor Vernov believes that this is due to the displacement of the
magnetic pole in relation to the centre of the Earth.

The artificial satellite technique, he said, made it possible to determine
this displacement more accurately and it amounted to approximately 310
miles and not 186 miles, as was hitherto believed.—From Space flight, April,

1960.
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Ability of Pilots to Perform a Control Task

in Various Sustained Acceleration Fields

Carrain HaraLp A. Smepar, MC, USN, BreNT Y. CREER,
and RopNEy C. WINGROVE

ANNED satellite or lunar ve-
hicles which employ lift in

order to minimize the effects
of aerodynamic heating and those of
deceleration upon re-entry may require
a certain degree of pilot control. The
acceleration stresses imposed upon the
pilot will vary with the lift and drag
of the vehicle. The pilot’s ability to
tolerate these stresses and at the same
time to adequately control the vehicle
~ depends on his position in the vehicle
relative to its direction of motion.
Numerous investigations®2*58:20
have indicated that man can withstand
the magnitude of deceleration required
of the vehicle during re-entry if he can
be positioned so that the acceleration
force is applied in a direction transverse
to the spinal axis of the body. Prefer-
ence so far has been given largely to
the placement of the pilot in a position
in which these forces are at right
angles to the spinal axis, applied from
the ventral to the dorsal surface of the
body. This direction of acceleration
has been variously described as front-
ward, positive nx, and, more collo-
quially in the vernacular of the aviator,
“eyeballs in” acceleration. The pilot
position is a backward facing one in

From the National Aeronautics and Space
Administration, Ames Research Center,
Moffett Field, California.

Presented at the Aerospace Medical Asso-
ciation meeting in Miami, Florida, May 9,
1960.
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relation to the direction of motion of
the vehicle.

Of considerable interest, especially
in the high lift-drag-ratio vehicle
which has the potentiality of being
maneuvered to a selected landing site,
is the use of the forward-facing seated
position. In this position the accelera-
tions would again be applied largely
transverse to the spinal axis of the
body but in a dorsal to ventral direc-
tion. The direction has been described
as backward, negative nx, or “eyeballs
out” acceleration. Because of the lift
of the vehicle a great deal of accelera-
tion is probably in the direction which
may be described as headward, ny, or
“eyeballs down” acceleration. Varying
amounts of a combined headward and
backward, negative nx and ny or “eye-
balls down and out” acceleration will
also be encountered as the flight path
of the vehicle is altered. Figure 1
illustrates the acceleration nomencla-
ture which will be used for the most
part hereafter.

Some of the lack of interest in the
forward-facing position of the pilot,
we believe, has stemmed from the fact
that no adequate anterior support or
restraint has as yet been developed.
Tt is stated? that positive nx accelera-
tion is best tolerated when com-
pared with negative nx acceleration.
The difference was said to be so great
as to justify rotating the pilot 180
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degrees if necessary in order that he
face aft during re-entry. However, it
was admitted that with an adequate
anterior restraint there would prob-
ably be little difference, if any, in the
tolerance levels,

-ny EYEBALLS OUT

Fig, 1. Acce}eration vectors and pilot
vernacular for impressed acceleration.

+ny EYEBALLS IN

In the past, it has been customary to
measure acceleration tolerance largely
on the basis of how many G’s the
individual could withstand without
much regard for the many factors
which influence these tolerances. For
proper evaluation of human tolerance
to acceleration one must exercise care
to relate this tolerance to all appropri-
ate variables. In crash survival one is
interested in factors far different from
those involved in the control of air-
craft.  Since it relates to satellite
vehicle re-entry, we will endeavor to
gauge tolerance by including five dif-
ferent factors which we feel are of
greatest importance : the magnitude of
the accelerative force, the rate of onset,
the direction in which the acceleration
is applied to the body, the duration of
the acceleration, and last but most im-
portant, the performance capability of
the pilot.

In order to explore some of the
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problems concerning entry vehicle con-
trollability, a joint study was under-
taken by the National Aeronautics and
Space Administration, Ames Research
Center and the Naval Air Develop-
ment Center, Aviation Medical Accel-
eration Laboratory. The investigation
was not intended to be a comprehen-
sive study in the field of controllability
of re-entry vehicles. Its purpose was
to probe into some of the problems by
investigating the ability of the pilot to
perform a meaningful task while im-
mersed in moderately high varied fields
of acceleration for prolonged periods
of time and seated in a forward-facing
position.

METHODS

The major piece of equipment used
in this program was the NADC,
AMAL centrifuge employed as a
flight simulator and operated as a
closed loop system.?

Six subjects were used in this study.
They were recruited from the various
NASA Research Centers, the Naval
Aviation Test Center, Patuxent River,
Maryland, Edwards Air Force Base,
California, and NADC, Johnsville,
Pennsylvania. Some had had previous
centrifuge experience. All could be
considered sophisticated and highly
motivated subjects.

The subjects were required to carry
out a relatively complex tracking prob-
lem.” The control task used was repre-
sentative of that which might be en-
countered in a re-entry of the earth’s
atmosphere. Certain “flight” informa-
tion was presented to the subject on
an instrument panel,

The pilot efficiency was calculated as
the accumulated tracking error com-
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pared with the accumulated excursions
of the target and is expressed in the
following equation:

Ee.z-gez
1
E. =

e e et

3%
1

P,

where

Z 9i2 = sum of the target excursions

Zez = sum of the tracking error excursions

The entire investigation was divided
into three phases. The first phase was
devoted to the evaluation of side con-
trollers. The second phase obtained
information on the combined effects of
magnitude and direction of applied
acceleration force and complexity of
control task on pilot performance. The
third phase was designed primarily to
obtain data regarding tolerance to
acceleration. Some of the third phase
experiments were interspersed in the
first and second phases in order to
avoid fatigue.

The controller chosen from phase
one and used for the majority of the
phase three runs was a two axis finger-
held side controller.®* Pitch and roll
control inputs were made with this con-
troller. Yaw control was made with a
set of toe pedals.® The toe pedal yaw
control differs from the conventional
rudder pedals in that control is per-
formed by flexion and extension of the
foot about the transverse axis of the

NoveMmBER, 1960

ankle joint in contrast to the rudder
pedals which are manipulated by
flexion and extension of the lower leg
at the knee,

Fig. 2. Over-all view of restraint system.

One of the most critical elements in
carrying out this program and upon
which the results that would be ob-
tained depended so greatly was the de-
velopment of the restraint system®
shown in Figure 2.

Additional protective devices against
the accelerations used in this study
consisted of the g-suit and -elastic
bandages for wrapping the legs and
arms.

Recordings were made of the electro-
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cardiograph, respiration, pilot efficiency
and acceleration pattern on a four
channel Sanborn recorder. The electro-
cardiogram electrodes were positioned

illustrates maximum G’s and the length
of time during which they would have
to be endured by an occupant of a
ballistic vehicle entering the earth’s at-

TABLE I. ACCELERATION-TOLERANCE PERFORMANCE DATA

. Magnitude | Tolerance | Tracking | Efficiency

Subject Ing’s Time Efficiency | Decrement

Per Cent Per Cent
Eyeballs out RC 7 4’47" 45 34
JH 7 223" 25 15
JH 7 348" 55 5
RI 7 2/45” 50 20
Eyeballs down and out 5.7 548" —10 67
RS 7.1 115”7 0 39
8.5 20” 25 30
5.7 335" 35 —10
JW 7.1 2742”7 45 5
MT 5.7 307" 50 25
Eyeballs down RI 6 6’277 50 20
MT 6 513" 53 29

on the lateral aspect of the chest.
Respiration was measured by means of
a chest strap containing a strain gauge.
The rate of onset for all acceleration
was approximately 0.1 G per second.
The duration of all experiments was
measured as the total time spent at 90
per cent of the maximum acceleration.
Each tolerance run was preceded by a
static 1 G run intended to serve as a
base line.

RESULTS

The results of the phase three (3)
or tolerance runs are tabulated in
Table I. From these data and that of
the tolerance to acceleration studies re-
ported by others, it was possible to
construct time-tolerance-to-acceleration
boundaries. In addition it was possible
to relate these boundaries to the accel-
erations anticipated during re-entry
from circular or parabolic velocities.
Figure 3 shows these boundaries and
requirements. The left dashed curve
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mosphere from a circular orbit. Note
that this is not a time history but
rather each point on the curve repre-
sents at atmosphere re-entry trajectory
with a constant initial entry angle.
The curve shows, for example, that by
proper drag modulation the maximum
G’s which the vehicle would encounter
during entry could be 10 G. This level
would have to be endured for about
0.7 minutes. The right dashed curve
illustrates the ballistic vehicle entry
from parabolic or lunar velocity. It
should be noted that the “eye balls out”
and “eye balls in” boundaries are seen
to be superimposed. It was demon-
strated in this study that with suitable
restraint, the tolerance to. “eye balls
out” acceleration was at least as good
as the tolerance to “eye balls in”
accelerations. If man is properly re-
strained he can withstand the accelera-
tion stresses required of re-entering
from circular velocity. However, in an
entry from parabolic or lunar velocity,
man’s tolerance to acceleration could be
exceeded.

AEROSPACE MEDICINE
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The subjective and objective findings
in this study involved primarily three

body systems, visual, cardiovascular.

and respiratory. The latter is the most
important.

The visual symptoms were of two
distinct varieties. During the “eye
balls out” accelerations, transient
changes in visual acuity occurred. The
acuity impairment could have been due
to distortion of the corneal surfaces.
Other possible but less probable causes
are lens displacement or tilting of the
retinal receptors. Loss of acuity was
never a critical factor. The other
visual symptoms involved alterations in
visual fields and “graying” or “black-
ing out.” These usual symptoms were
seen only during those runs in which
“eye balls down” accelerations were in-
volved.

The cardiovascular difficulties in-
volved primarily petechial hemor-
rhages, tissue fluid accumulation and
transient arrhythmias. The petechial
hemorrhages were seen in the lower
extremities on all runs in which the
“eye balls down” acceleration was a
factor. Tissue fluid accumulation was
seen in this same type of experiment.
It was also observed in the forearms
during “eye balls out” accelerations.
Elastic bandages minimized but did not
prevent these difficulties. Isolated pre-
mature beats were frequently seen in
the “eye balls down” and “eye balls in”
runs but never in the “eye balls out”
runs. In one case during a 6 G “eye
balls down” run, a series of four pre-
mature beats appeared each one
coupled with a normal beat producing
in effect a transient bigeminal or
coupled rhythm, ventricular in origin
and apparently from a single focus.

NoveMBER, 1960

There were S-T segment changes and
elevations in the amplitude of T waves.

The respiratory findings were of the
greatest interest. The method used in

R I ——
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- Fig. 3. Time tolerance to acceleration
boundaries.

recording respiration did not accurately
record more than respiratory rate,
although it was possible to obtain cer-
tain objective impressions from a study
of the respiratory patterns. All sub-
jects agreed that respiration was the
least difficult during “eye balls out”
acceleration and most difficult during
“eye balls in” acceleration, and a study
of the respiratory tracing supports
these subjective findings. During the
“eye balls in” accelerations a lowering
of the mid capacity level into the re-
serve air volume was frequently noted.
The relative ease of respiration during
the “eye balls out” as compared with
the “eye balls in” acceleration can be
largely explained on the basis of the
mechanics of respiration. During the
“eye balls out” acceleration, the inertial
forces of acceleration assist in in-
creasing the anterior-posterior diameter
of the chest which normally occurs
during inspiration. During “eye balls
in” acceleration, these same forces
tend to prevent this by chest compres-
sion. Exhalation by the same token is
enhanced by “eye balls in” accelera-

905




ABILITY TO PERFORM CONTROL TASK—SMEDAL ET AL

tion but impaired by “eye balls out”
acceleration, However reduction in ex-
halation during “eye balls out” accel-
eration served to leave the chest ex-

® 9 @

23 -
uW
) . - 15 SEC T W AN A AL
TRACKING SCORE
ACCEL | r "

T ABOVE 90% DESIRED ACCEL 3'35"

®

EC
Fig. 4. Sanborn recorder data; subjezt

J. W.; acceleration nx = —4. oy =

panded with a larger reserve air
volume. Figure 4 illustrates an effective
respiratory pattern established by one
of the subjects during a diagonal
vector run. Note how he appears to
have filled his lungs more completely
with air as the acceleration came on
and proceeded to breath off the top of
a larger lung volume. This same pro-
cedure is often seen during muscular
exercise in which the residual air is
increased and the vital capacity is de-
creased. Alteration in respiratory me-
chanics observed in this type of run
resulted in a more efficient oxygena-
tion of blood through more thorough
ventilation of the alveoli. There is a
greater volume of reserve air remain-
ing in the lung at the end of expiration.

SUMMARY

It has been demonstrated that a well
trained subject such as a test pilot can
successfully perform a moderately
compleéx tracking task, representative
of a re-entry control problem, while
being subjected to relatively high and
varied accelerations for prolonged
periods of time. Maximum meaningful
levels of acceleration obtained were
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approximately six times gravity for six
minutes and varied somewhat with the
direction of acceleration. Critical
factors in the establishment of these
levels were the restraint system and
the quality of the subjects.

The subjective and objective physio-
logical observations involved the visual,
cardiovascular and respiratory systems.
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Hemodynamic Changes during Forward

Acceleration

SurLpon H. SteiNer, M.D., Gustave C. E. MUELLER, M.D., and
Justin L. TavLor, Jr.

ODERN tecanology in rocket

research has placed men at the

threshold of space flight, but
present booster vehicles require accel-
erations of relatively great magnitude
in order to attain the required orbital
velocity. Knowledge of the physiolog-
ical effects of these alien accelerations
on the cardiovascular system are lim-
ited and ill defined. Investigation of
the effects of headward accelerations
of this order of magnitude in which
the vector is parallel with the long axis
of the body showed that in spite of
augmented compensatory changes, the
accentuated inertial effects upon the
cardiovascular system in the upright
position, resulted in the ultimate im-
pairment of venous return, and reduc-
tion of cardiac output. Thus blackout
and unconsciousness have limited tol-
erance to acceleration in this vector,
and even the use of G-suits has only
slightly improved this tolerance.

Forward aocceleration in which the
acceleration vector is perpendicular to
the long body axis has provided a
means of increasing man’s tolerance.
In this position, he has endured the
inertial effects of more than 16 G
without protective devices, and has not
been limited by blackout or uncon-

From Acceleration Section, Aerospace
Medical Division, Wright-Patterson Air
Force Base, Ohio. .
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sciousness. Major effects produced by
forward acceleration include severe
chest pain, dyspnea, and progressive
respiratory embarrassment with re-
duction of vital capacity, tidal vol-
ume,! and an increase in Respiratory
Equivalent'® in spite of augmented re-
spiratory frequency and minute vol-
ume,

Recent investigation® has shown
marked impairment of cardiac dynam-
ics during headward acceleration of
relatively low magnitudes (3-4G),
and less of an effect during forward
acceleration. The purpose of this pap-
er is to better define the candiovascu-
lar parameters encountered during for-
ward accelerations of high magnitudes
for extended time periods.

METHODS

Eight mongrel dogs weighing be-
tween 10 and 12 kilograms, fasted for
twelve hours except for water ad libi-
tum, were lightly anesthetized with an
intravenous injection of a 1 per cent
solution of alpha chloralose (80 mgm./
kgm.) in saline. In each animal an
endotracheal tube was passed. Poly-
ethylene catheters were placed in each
femoral artery and one catheter was
advanced into the superior vena cava
via the jugular vein. All animals were
given an intravenous injection of 30
mgm. heparin,
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Each animal was accelerated on the
centrifuge in a special restraint system
oriented perpendicular to the accelera-
tion vector. The experimental proto-
col consisted of randomized 6, 10 and
14G acceleration plateaus of either five
or ten minutes duration. Not every
animal experienced the entire profile.
Three control and three to five experi-
mental observations were made during
the course of each G profile, and one
hour was allowed for recovery between
experimental procedures.

Cardiac output was measured using
the indicator-dilution technique as de-
scribed by Stewart and Hamilton 815

The particular technique employed
in this experiment is a modification of
the original Stewart method for deter-
mining output by measuring changes
produced in resistance of the arterial
blood by the intravenous injection of
a 4 per cent sodium chloride solution.
Changes in indicator concentration
during passage through the pulmonary
circulation, and possible physiological
effects of a hypertonic solution on flow
dynamics were the obvious disadvan-
tages of the technique as it was first
used. Sapirstein® noted that the re-
sistance of arterial blood was related
to changes in erythrocyte concentra-
tion (hematocrit), and by directly re-
cording hematocrit dilution of arterial
blood induced by intravenous injec-
tion of autogenous plasma was able
to determine the cardiac output. In
order to eliminate the initial hemor-
rhage required to prepare the autogen-
ous plasma, a solution of 6 per cent
Dextran in isotonic saline was sub-
stituted. This synthetic preparation ap-
proximated dog plasma within 1 to 4
ohms as measured through a conduc-
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tivity cell cuvette, within 5 to 10 mil-
liosmols crystaloid osmotic pressure by
direct measurement using a Fiske os-
mometer, and within 5 mm. Hg onco-
tic pressure by calculation.® The close
approximation of this solution to auto-
genous plasma minimizes both indica-
tor concentration changes during pul-
monary transit and possible physiolog-
ical alterations arising from the use of
4 per cent saline.

A rapid (10 ml./sec.) multiple in-
jection syringe which automatically
marked its injection midpoint was con-
nected to the jugular venous catheter
and was used to inject the synthetic
solution to determine cardiac output.
Hematocrit dilution curves were moni-
tored through a conductivity cell cuv-
ette attached to one femoral catheter in
series with a constant speed (14 ml./
min.) electromechanical withdrawal
syringe. A second rapid withdrawal
(100 ml./min.) syringe arranged in
parallel through a stopcock manifold,
allowed for withdrawal of an anerobic
20 ml. sample of arterial blood during
acceleration. Arterial pressure was
measured from the other femoral ar-
tery with a Statham strain gauge (0-75
cm. Hg) placed at the midchest posi-
tion. Lead II of the ECG was moni-
tored using subcutaneous electrodes.
Respiratory frequency was recorded
from a pneumograph and Statham
gauge, and acceleration levels were
monitored through a Statham accelero-
meter. All data were recorded on a
photo-oscillographic recorder (Fig. 1).

The data reported consists of cardi-
ac output, heart rate, stroke output,
circulation time, mean arterial blood

‘pressure, and respiratory frequency.
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crease at 6G, and 23 per cent decreases
at 10 and 14G. Two sided “t” test

RESULTS

In Figures 2 and 3 control and ex-
perimental results are presented for 6,

evaluation with 95 per cent confidence

L
! i Marker
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Electrocardiogr'a.m i .
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Cardiac Output Curvé
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Fig. 1. Illustration of physiological variables recorded during

forward acceleration in the dog.

10 and 14G levels. Standard deviations
appear above each bar graph. Since
progressive changes with respect to
time at G were not observed in any of
the parameters measured, mean data
for each profile are grouped. ,

Physiological variables measured are
summarized in Table I

Comparison of control and G cardi-
ac output values showed only small
changes. There was a 14 per cent de-
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limits, used for all analyses, showed
significant changes only at 10 and 14G.
However, the results even at 14G were
within normal limits. Variability ob-
served in cardiac output from one de-
termination to another during control
and experimental periods was similar
to that observed by other investigators
in which there was no mechanical con-
trol of respiration.’®'” Mean control
values for cardiac output (140-220
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ml./kgm./min.) agreed closely with
those reported by others.!¢
Heart rate fell progressively with
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showed statistically significant in-
creases at each G level; 18 per cent at

6G, 45 per cent at 10G and 50 per
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Fig. 2. Comparative changes in Cardiac output, heart rate, stroke volume and circula-
tion time in the dog during forward acceleration. Mean values for seven dogs.

increments of acceleration. There was
a non-significant 14 per cent decrease
at 6G and a significant 28 per cent de-
crease at both 10 and 14G which cor-
related well with decreases noted in
cardiac output. Consequently, stroke
output, calculated by dividing minute
volume by heart rate, was unchanged.

The superior vena cava to femoral
artery conductivity cell circulation-time
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cent at 14G. This expected prolonga-
tion agreed physiologically in direc-
tion and approximate magnitude with
the observed decrease in heart rate and
unchanged stroke output during for-
ward acceleration in these animals.
Mean arterial blood pressure meas-
ured at the midchest position showed
no change at 6G, and significant 14
per cent and 20 per cent decreases at
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10 and 14G respectively. Total peri-
pheral resistance calculated from the

blood pressure and cardiac output
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Fig. 3. Changes in blood pressure and
respirato.ry rate in the dog during forward
acceleration. Mean values for seven dogs.

showed no changes at any G. The
reasons for not presenting these data
will be discussed.

Respiratory frequency was increased
at all G levels; 90 per cent at 6G, 70
per cent at 10G, and only 35 per cent
at 14G. In man there is a progressive
increase in respiratory frequency with
increments of acceleration. Whether
or not this downward trend was in-
herent in these experimental circum-
stances or is a species variation js not
known.
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- 6G 1.86%* 4

TABLE I. SUMMARY VALUES OF PHYSIO-
LOGICAL OBSERVATIONS MADE DURING A
STUDY Or HEMODYNAMIC CHANGES
DURING FORWARD ACCELERATION IN
SEVEN DOGS.

—_—
Cardiac Output
(liters/min)

Cont 2.167.5 Cont 2.95+ .6 Cont 1,625
10G 1.73.3% 14G 1,28+ 4*

Heart Rate
(beats/min)
Cont 1467230 Cont 1462231 Cont 145748

6G 138540  10G 119=*+30% 14G 98*29»
Stroke Output
(ml/stroke)
Cont 154  Cont 1625 Cont 13*6
6G 14+6 10G 15=*5 14G 14=*38
Circulation Time
(seconds)

Cont 7*1.1  Cont7%15 Cont 8*x14
6G8E1.3*  10G 10+2.4* 14G 12£3.0*

Mean Arterial Blood Pressure
(mm Hg)
Cont 14514 Cont 15215 Cont 139+13
6G 14426  10G 131+18* 14G 110==18*

Respiratory Frequency
(breaths/min)

Cont 2712  Cont 2624 Cont 2216
6G 52:36* 10G 44£24%  14G 30*=15

-—

*p < .05

At the end of each run every animal
showed marked cyanosis of the abdo-
men, buccal mucosa, and tongue. Ar-
terial blood samples anerobically drawn
prior to terminating each G profile
were visually compared with pre-run
samples, and in every case qualitative
evidence of arterial desaturation was
observed. These changes appeared
somewhat less marked at 6 G. Further
investigations are in progress to verify
and quantitate these clinical observa-
tions.

Positive autopsy findings were con-
fined to the lungs and frontal sinuses
and will form the basis of a communi-
cation concerning pathological changes.
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DISCUSSION

Although forward acceleration has
been substituted to minimize the car-
diovascular impairment of headward
acceleration the physiological effects
have not previously been adequately
measured. There is little alteration in
cardiac output at the G levels studied,
and changes that are observed closely
correspond to decreases in heart rate
and not to a fall in the stroke output
of the heart. The jugular vein—fe-
moral artery circulation time is con-
comitantly prolonged. These data show
a striking maintenance of cardiody-
namic function during forward accel-
eration up to 14G.

Gauer* using x-ray cinematography
in animals demonstrated a progressive
decrease in the size of the great veins,
and in cardiac dimensions during head-
ward acceleration. This shows a
marked impairment in the venous re-
turn, and effective blood volume which
ultimately determine the left ventricu-
lar output. Hershgold and Steiner® in
dogs and Lindberg, Headley, and
Wood2 in man have corroborated
these observations by demonstrating a
progressive failure of the cardiac out-
put with an augmentation of compen-
satory tachycardia resulting in 2 de-
crease in left ventricular stroke output
during headward acceleration. These
observations are in marked contrast
to those observed during forward ac-
celeration.

In this group of experiments, arteri-
al pressure measured at the midchest
position fell ~commensurate with
changes observed in cardiac output re-
sulting in an unchanged calculated total
peripheral resistance (TPR). Howev-
er, this observation needs careful and
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cautious interpretation, and cannot be
considered to reflect resistance changes
throughout the vascular system. The
mass of the blood filled vascular sys-
tem at an acceleration of 14G has a
weight-equivalent greater than mer-
cury. Since the heart moves poster-
jorly during forward acceleration,”
small differences in position of the
blood pressure strain gauge in rela-
tion to the actual heart level results in
large blood pressure changes which do
not reflect true differences in blood
pressure. Therefore, the determination
of blood pressure or total peripheral
resistance in terms of the neuro-hum-
oral regulation of the circulatory sys-
tem during acceleration, in relation to
surface anatomy, is physiologically
meaningless. Intravascular or differ-
ential manometers, properly G-oriented
should alleviate this problem.

An interesting decrease in heart rate
was observed and probably reflects a
differential stimulation of the carotid
sinus baroreceptors compared with
those in and around the heart and great
vessels which lie more arteriorly.

Respiratory frequency increases pro-
gressively with increasing forward ac-
celeration in man, but we cannot
explain why there was not a progres-
sive increase in these dogs.

On termination of an experimental
10 or 14 G run, all animals showed
marked cyanosis of the abdomen,
mouth and tongue. This was some-
what less noticeable at 6 G. Arterial
blood samples, when compared visual-
ly to control samples, were remark-
ably desaturated. However, a discus-
sion of ventilation and perfusion prob-
lems during acceleration must await a
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more accurate description of these
clinical observations.

Although it might seem reasonable
to hypothesize that some static venous
pooling occurs during forward accel-
eration, evidence presented here indi-
cates that the possible reduction in ef-
fective circulating volume thus pro-
duced 1s not sufficient to impair either
minute flow or stroke output at the
levels investigated.

Changes resultant from postural re-
positioning, from the erect to the re-
cumbent position at 1 G, result in some
redistribution of the circulating blood
volume from the greater to the lesser
circulation® Negative pressure
breathing has been demonstrated to
increase pulmonary blood volume.*®
Watson et al'® have shown that for-
ward acceleration simulates negative
pressure breathing, and therefore may
introduce an additional factor increas-
ing pulmonary blood volume. Al-
though definitive experimentation has
not been performed it is reasonable to
hypothesize that through a combina-
tion of these effects a greater fraction
of the venous blood volume is now
distributed to the lesser circulation.

Recent investigation? has demon-
strated that a regional increase in pul-
monary blood flow results in a de-
crease in vascular resistance in that
region. Only careful investigation can
confirm that this mechanism accounts
for the normal total pulmonary blood
flow (cardiac output) during forward
acceleration in spite of obvious changes
in perfusion of dependent lung areas.

A final word of caution must be
imposed to prevent over simplifying
the profound influence of centrifugal
forces on the hydrostatic columns of
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blood which cause marked impairment
of the flow distribution. No positional
change can compensate for the pres-
sure differential at high accelerations
due to the A-P diameter of the body.
In the dependent regions, since the
body is essentially a fluid filled con-
tainer, transmural vascular pressures
are only elevated where counter sup-
port is lacking. Confirmatory evidence
includes the presence of petechial hem-
orrhages over unprotected dependent
skin regions in man, dependent frontal
sinus hemorrhages observed in these
animals, and redistribution of pulmon-
ary blood volume as clearly demon-
strated by human x-ray studies” and
dog lung sections.*® Recent clinical ob-
servations in this laboratory have been
made of ischemic neuropathy after
prolonged accelerations when subject’s
feet have been elevated somewhat
more than 100 mm. above héart level.
Since the major cardioregulatory
mechanisms protect cerebral flow, spe-
cial 