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Joint Committee on Aviation Pathology:

Il. Heart Patholiogy Associated Wit

Exposure to High Sustained +G;

R. R. BurtoN and W. F. MACKENZIE
USAF School of Aerospace Medicine, Brooks Air Force Base,

Texas 78235

Burton, R. R., and W. F. MACKENZIE. Joinl Committee on
Aviation Pathology: Il. Hearl pathology associaled with exposure
10 high sustained +G.. Aviat. Space Environ, Med. 46(10):1251-
1253, 1975.

The pathology of +G, acceleration was examined using un-
anesthetized adult minlature and immature “farm-type” swine,
with and without anti-G sult Infistion. Foliowing single ex-
posures of +8 or 9 G, for 45 to 90 s—acceleration exposures
that have been shown “tolerable” to man-—swine were sacrificed
and a detailed necropsy performed. Considering only the adult
ministure swine, the endocardial area of the left ventricles
showed evidence grossly of recent hemorrhage of varylog se-
verity lavolving both the wall and papillary muscies. The de-
gree and location of the subendocardial hemorrhage were quan-
titated by grading the area of ventricle involved—1 (slight) to 4
(extensive). Of the 23 adult minlature pigs autopsied, the scores
for papillary muscle hemorrhage, after one exposure to +9
G, (45 to 90 5) ranged from a mean of 2.3 to 3.3 and the extent
of ventricular wall involvement was 2.5 to 3.3, Histologically,
heart hemoithage was limited to the subendocardial area, pri-
marily imvolving the space between heart muscle and the endo-
cardilum and was particularly evident surrounding Purkinje's
fibers. Similar studies using Immature farm-type swine (not
miniature pigs) found these younger swine (4 to § months of
age) to be less susceptible to such endocardial hemorrhage.
Heart tissue recovery in these pigy followlng one exposure to
+9 G, for 45 s, required approximately 14 d. It appears that
this lesion is simlliar, although less severe, than heart muscle
lesions associated with low blood volume (hemorrhaglc shock)
studies and may have simllar physiologic bases. It was con-
cluded that particular sttention should be made of the endo-
cardlum of victims of high-performance aircraft accldents.

M ODERN fighter aircraft are capable of developing
high sustained accelerations; i.c., acceleration levels
of 6 G and above for durations longer than 15 s. Man
wearing an anti-G suit and performing a straining ma-
neuver (M-1 or L-1) has tolerated +9 G, for 45 s and
+8 G, for 60 s without loss of vision (4,6). This is a
significant increase in human tolerance to +G, over
previously published reports; i.e., a new accelerative en-
vironment tolerable to man has been identified which has
been termed high sustained G (HSG) (2).

Since “protective” methods against G are not available
—anti-G devices only increase G tolerance (the ability of
man to endure G) in combination with physical exertion

The research reporied in this paper was conducled by per-
sonnel of the Eavironmenial Sciences Division and Velerinary
Sciznces Division, USAF School of Aerospace Medicine.

—.it is conceivable that man is exposing himself to an
altered environment that “may be hazardous to his
health.”

The possibility that HSG may produce pathology in an
animal that physiologically responds to G similarly to
man was examined using swine—both immature “farm-
type” swine and adult miniature pigs. The unanesthetized
pig, especially adult miniature swine, was chosen because
it has been found to be an acceptable human-analog for
pathophysiology studies of +G, (1).

Accordingly, several unanesthetized female swine were
exposed to various levels, durations, and conditions of
HSG, after which they were euthanized aad gross and
microscopic pathology performed. The results of these
HSG pathology studies are reported herein.

MATERIALS AND METHODS

Swine were exposed to various accelerations using the
“animal end” of the human centrifuge at the School of
Aerospace Medicine (SAM), Brooks AFB, Tx. Methods
used in exposing unanesthetized swine to acceleraticn,
including anti-G suit application, have been described in
a previous report (1). Acceleration exposure levels,
durations, and conditions will be indicated in the “re-
sults” section as appropriate.

Immediately after the final acceleration exposure the
pig was euthanized with an overdose of i.v. pentobarbital.
The thoracic cage was opened, the heart removed, gross
pathology determined, and tissues immediately harvested
for histopathology.

RESULTS

Gross Pathology: The only consistent pathologies ob-
served grossly in both adult miniature and farm-type
immature swine following HSG exposures were hemor-
rhage of the skeletal muscles of the rear leg (particularly
in the thigh region) and subendocardial hemorrhage of
the left ventricle. The right ventricle was less often in-

*The animaly involved in 1his study were mainlained and used
in accordance with the Animal Welfare Ac1 of 1970 and the
“Guide for the Care and Use of Laboratory Animals” pre-
pared by the Nalional Academy of Sciences—National Re-
search Council.
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Fig. 1. The endocardial wall of the Ieft ventricle of an aduh
miniature swine afler exposure to HSG. The black areas in-
volving particularly 1the papillary muscles are evidence of recent
subendocardial hemorrhage (grade 4).

volved. The ventricular hemorrhage involved specifically
both the papillary muscle and the muscular ridges, which
are prominent in the heart of the pig and run parallel
and longitudinally over the entire left ventricle below the
origin of the cardiac valves. The papillary muscle showed
hemorrhage beginning at the insertion of the chordae
tendineae and extending down the papillary muscle onto
the ventricular wall (Fig. 1).

In order to quantify the degree of ventricular hemor-
rhage found in each heart, a scoring system of 1 to 4 was
devised, the number increasing with the increasing severi-
ty of hemorrhage. A score (grade) of 1 indicated a slight
hemorrhage, barely visible, and involving only one area
of no more than 1 cm*. A grade of 4 was rarely used
and indicated the occurrence of the most severe ventri-
cular hemorrliagz involving several areas of wall and
papillary muscie and each site usually several cm? in
area. Never did the endocardial tissue rupture and allow
bleeding into the ventricular cavity. The heart hemor-
rhage shown in Fig. 1 involved the papillary and wall
subendocardium and was graded 4.

Incidence of Subendocardial Hemorrhage: The results
from 23 adult miniature swine, 30 to 55 kg body mass,
exposed to various levels and durations of HSG (grouped
accordingly) regarding the incidence of cardiac hemor-
rhage are shown in Table 1.

It is not difficult to produce minor, grade 1, sub-
endocardial hemorrhage in the left ventricle of adult
miniature swine (groups 7-10); however, the more severe
lesions are restricted to exposures of high G levels for
long durations (groups 1-3, 6).

Duration of exposure appears to be an important
consideration regarding heart hemorrhage, ¢.g., patholo-
gy was more severe after exposure to 8 G for 45 s in
group 6 than 9 G for 15 s in group §.

The use of the anti-G suit appears to reduce the severi-
ty of the heart lesions but does not prevent the occur-
rence of pathology—9-G exposures for 90 s without the

TABLE 1. INCIDENCE AND SEVERITY* OF SUBENDO-
CARDIAL HEMORRHAGE OF ADULT MINIATURE SWINE
AFTER EXPOSURE TO VARIOUS LEVELS AND DURATIONS

OF +G,.
- +G,! Hem. Grade®
Duration Anti-G Left Ventricle
Group  level (seconds) Suit N2 Papillary Wl
1 ) 90 No 3 13 33
2 9 90 Yes 1 3 3
3 9 45 Yes 6 23 2.5
4 9 453 Yes 2 0.0 0.0
5 9 15 Yes 2 0.5 0.5
6 8 45 Yes 2 1.5 2.0
7 8 15 Yes 2 1.0 1.0
8 7 15 Yes 1 0.0 1.0
9 5 45 Yes 1 0.0 1.0
10 5 15 Yes 1 0.0 2.0
11 0.3 45 No 2 0.0 0.0

*Sec text regarding methods of quanlifying the severily of hemor-
rhage.

Ipreceded by lower +G, exposures of 3, 5, and/or 7 G for 15 to
45 s each (exc pt for 0.3-G conlrol runs).

2number of animals per group.

Arepeated biweekly for 15 exposures.

anti-G suit frequently produced lesions that were un-
usually severe (grade 4).

Two swine were exposed to HSG biweekly for a total
of 15 exposures (group 4, Table I). Quite unexpectedly,
thess animals did not exhibit ventricular hemorrhage on
gross examination. However on microscopic examination
the presence of hemosiderin suggested evidence of pre-
vious hemorrhage. This suggests that repeated exposure
to HSG may provide some type of anatomic or physiolog-
ic “‘adaptation” to this environment.

This study was extended using immature farm-type
swine 5 to 6 months of age. This type of pig was con-
sidered because it was less expensive to buy, could be
purchased locally, and an adequate supply was available.
Although 56 of these pigs were employed, several factors
were involved in eventually discontinuing their use. The
primar/ considerations were age and body size. In-
terestingly, a pig under 5 months of age does not exhibit
heart hemorrhage after exposuie to HSG. However,
clder pigs are susceptible to subendocardial hemorrhage,
almost to the same degree as an adult miniature swine;
yet, at this age it frequently is too large to effectively
restrain without anesthesia. Also, since this study was
applicable to HSG exposures of adult man, the variables
associated with body growth of an immature animal
model were considered to be significant but incalculable.

The results of the study of subendocardial hemorrhage
in which 56 immature swine were exposed to HSG are
summarized as follows: a) extremely young animals do
not exhibit subendocardial hemorrhage after HSG ex-
posure; b) the anti-G suit reduces the severity of the
heart lesions as suggested in the adult swine study; <) in-
creasing oxygen (70 to 80% of the breathing mixture of
the pig) or decreasing oxygen (12 to 14% of the breath-
ing mixture) in combination with HSG exposure does not
alter the severity of the subendocardial lesions expected
of HSG exposure alone; and, d) after one exposure of
HSG, it requires approximately 2 weeks for the sub-
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TABLE M. INCIDENCE  AND  DEGREE  OtF SUBENDO-
CARDIAI HEMORRHAGE OF Tii: LEIT VENIRICLHE IN
IMMATURE SWINE FOLLOWING EXPOSURL 10 45§ OFF +9

G, WITHOUY THE ANTI-G SUTT.

1o alter [lemorrhage Score

Faposure 10 118G N* Papllary Wall
0 o 5 B T2
3 3 33 i3
7 3 1 1
14 k)

0 0
*N = number of pig:pcr gmub. '

endocardial hemorrhage to disappear on gross cxamina-
tion (Table I1).

Histopathology of Subendocardial Hemorrhage: His-
tologically. arcas of multifocal subendocardial hemor-
rhages were noted which were usually confined to the
subcndocardial tissue, although occasionally they were
found deeper in the myocardium, but never greater thun
1 or 2 mm in depth. Frequently, Purkinje’s fibers, which
arc numerous in this area, were completely surrounded
by hemorrhage. There was no significant inflammatory
response obscrved in the tissue of thc myocardium or
endocardium, except for occasional isolated neutrophils
or lymphocytes, which were extravasated from the ves-
scls. This was expected since the interval betwcen stress
and death was inadequate to allow for an inflammatory
response and el :unates all previous cardiopathies. An
example of the histologic appcarance of subendocardial
hemorrhage is shown at right in Fig. 2. Histopathology
of subendocardial hemorrhage was not different between
immature farm-type pigs and mature miniature swinc.
Patchy multifocal microscopic areas of myocardial de-
generation also occurred in areas of hemorrhage.

DISCUSSION

Heart pathology (subendocardial hemorrhage) has
been produced in swine wearing anti-G suits by exposure
to HSG. The acceleration levels used were not extreme
but of the magnitude previously experienced by man
(4,6). Of particular importance is the involvement of
Purkinje's fibers and possible interference with the con-
ductive properties ot the heart—the development of seri-
ous cardiac arrhythmias.

Subendocardial hemorrhage similar to our findings has
been reported in several species of animals, including the
pig. after they had experienced 1 to 3 i of severe
hemorrhagic shock (3). However, in addition to sub-
endocardial hemorrhage, they reported more severe car-
diac pathologies than we were able to detect; e.g., myo-
cardial necrosis and “zonal lesions.” Martin et al. (5)
concluded that, in order to get heart pathologies of this
nature, it required tachycardia, decreased ventricular
volumes, and an increased positive inotropic response—
all of which occur during exposure to HSG. The major
difference between HSG and hemorrhagic shock appears
to be the duration of exposure; viz HSG lasts for a
maximum of only 90 s (in our study) whereas hemor-
rhagic shock experiments are of at least 1 h duration,
Presumably therefore, the endocardial lesions associated
with HSG may well be oniy the initial lesions of the
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Fig. 2. Top: H and E stain %76 of section of normal ventricular
wall in 1he region of the endocardium. Bottom* H and E stain
x76 of scction of veniricular wall showing subendocardial
hemorrhage.

more severc myocardial nccrosis associated with hemor-
rhagic shock.
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