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*_Pulmonary insufficiency continues to be a

major cause of death following trauma of
many types. In combat casualties, direct
injury to the lung is the most _common
cause of arterial hypoxemia ,Qu)’, though
contusion of the chest wall by a high velocity
bullet may actually produce a greater pul-
monary injury than when the lung is pene-
trated (5). Similarly, the familiar civilian
injuries that occur when the chest is crushed
against the steering wheel may produce
severe contusion of the underlying pulmo-
nary parenchyma while the chest wall re-
mains intact. An experimental method ior
producing a standard injury to the lung
through the intact chest wall has-been .
developed, and the acute changes in cardio-
pulmonary function following injury have
been studied. The physiologic changes as-
sociated with healing of the i mjury hfrve*been
documented. !

MATERIALS AN D METHODS

Thirty dogs were used in this investiga-
tion. The pilot study group consisted of 10
small beagles, weighing 7 to 10 kg. These
animals were unable to tolerate the injury
in many cases, but served to perfect the
tcennique and to cvaluate methods of
resuscitation. The principal experimental
group consisted of 20 large mongrels or fox-
hounds weighing 22 to 25 kg. In conducting
this research, the investigators adhered to
the Guide for Lat ~ratory Animal Facilities
and Care, as promulgated by the Committee
on the Guide for Laboratory Animal Facili-

Address for reprints: Roger V. Moseley, Major,
MC, Department of Experimental Surgery, Divi-
sion of Surgery, Walter Reed Army Medical Cen-
ter, Washington, D. C. 20012.

ties and Care of the Institute of Labora-
tory Animal Resources, National Academy
of Sciences—National Research Council.
The animals were anesthetized with pento-
barbital sodium 30 mg/kg, and the airway
was maintained with a Carlens endotracheal
tube modified to isolate each main stem
bronchus completely without occluding the
upper lobes. Catheters were placed in the
abdominal aorta and right ventricle through
incision in the femoral vessels. Calibrated

pressure transducers and limb leads were

used to record arterial and right ventricular
pressures, and the electrocardiogram, on a
Sanborn multichannel recorder.

After an initial period of eq_uxlibration as
the animal breathed room air, central ve-
nous and arterial blood samples were drawn
into heparinized syringes for determination
of hematocrit and partial pressure of oxygen
(pO2), carbon dioxide (pCO;), and the pH
with an Instrumentation Laboratories
Model 113 Blood Gas Analyzer. The oxygen
content of the blood was then calculated
with the nomogram of Severinghaus (14).
Respiratory rate was recorded and minute
volume measured with a Wright respirom-
eter. Cardiac output was determined by
bolus injection of 2.5 mg of indocyanine
green dye into the right ventricular catheter,
while blood was simultaneously withdrawn
from the arterial catheter by a Harvard
constant-rate pump. The dye curve was
recorded on a Beckman cardiodensitometer
and the cardiac output derived from the
area under the curve.

These studies were then repeated after
the anima! had spontaneously breathed
100 % oxygen for 15 min and again after 15
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min of respiratory assistance given by a
volume-controlled respirator with 100%
oxygen. Physiologic intrapulmonary shunt
under each condition was then calculated by
a modification of the Fick principle from
the arterial and venous oxygen content, and
an assumed value for partial pressures of
oxygen in pulmonary capillary blood of 105
mm Hg on room air and 670 mm Hg on
100 % oxygen. The oxygen content of expired
air was checked to insure adequate elimina-
tion of nitrogen when 100% oxygen was
breathed.

Contusion of the chest wall was then pro-
duced. A 2-inch thick foam rubber pad was
securely fastened in the subaxillary portion
of the right side of the chest to cushion a
steel plate, 3 inches in diameter, which was
placed on the pad. A Cash-X captive bolt
pistol (Accles and Shelvoke, Ltd., Talford
St. Works, Birmingham 6, England) was then
held securely against the steel plate while
a 1}4 gr cartridge was discharged. This was

always fired at the end of a spontaneous in--

spiration, to produce a consistenteffect,as em-
phasized by Hopkinson, Border, and Schenk
(9). The resultant blow to the chest wall
created a contusion of the underlying pul-
monary parenchyma with a characteristic
radiologic picture and a reproducible change
in pulmonary and cardiac function.

The sequence of studies outlined above
was then repeated during the first and
second hours after injury. Follow-up studies
were performed in seven animals at 2 days,
¢ight animals at approximately 1 week, two
at 10 days, and two at 14 days to evaluate
changes during the healing period. After
completion of the second study the aiiimal
was usually sacrificed and representative
sections of the lung taken for histologic
examination, - though some animals were
studied a third time.

RESULTS

In the pilot study most animals died
within hours of the contusion and survival
studies were not possible. In the second

MOSELEY, VERNICK, AND DOTY

group of 20 larger animals, one died 24 hr
later due to bilateral hemopneumothorax
and five were sacrificed acutely for study
of the histopathology of the injury. The re-
maining 14 recovered well and appeared in
good health within a few days of injury.

RADIOLOGIC CHANGES

A hazy density appeared in the lung at
the site of injury within minutes after con-
tusion (Fig. 1 A, B). This gradually increased
in size but usually remained circumscribed
except in the small animals when the entire
right lung was sometimes opacified. There
was a shift of the heart shadow and medias-
tinum to the right indicating atelectasis,
while the left lung usually remained normal.
Clearing of the opacified lung was often
apparent within 2 days of the injury, and by
a week the lung was almost normal. There
were no injuries to the bony thorax, except
for a single posterior rib fracture in one dog.

PATHOLOGY

Animals sacrificed within hours of injury
showed extensive intrapulmonary hemor-
rhage extending from the site of injury and
involving principally the dependent portions
of the right lung (Fig. 2A). There was a
circular area of hemorrhagic atelectasis ad-
jacent to the position of the metal plate,
and along the posterior portion of the lung
adjacent to the spinal column, which failed
to re-expand when the lung was passively
inflated. The surrounding lung tissue was
hemorrhagic and atelectatic, but expanded
readily with gentle insufflation of air. The
bronchial airway on the right side was
always filled with bicod. The left lung
usually appeared normal unless the Carlens
tube was incorrectly placed, allowing blood
to be aspirated from the opposite side with
resultant patchy consolidation posteriorly.
Healing of the lung occurred within a 10-day
period so that virtually normal appearance
was restored (Fig. 2B) except for some
scarring in the area directly under the site of
external contusion.
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Fic. 1. A. Normal lung before contusion. B. Two hours after contusion, a hazy density appears at
the site of contusion in right lower chest and the mediastinum is shifted to the right.

Fic. 2. A. Gross appearance of the lung 2 hr after contusion. A dense area of hemorrhagic
atelectasis is seen at the site nf contusion (arrow). The lower lobe shows diffuse patchy edema and
atelectasis, due in part to aspiration of blood into dependent areas of the lung. B. One week after in-
jury the lung appears virtually normal except for a small contracted scar, barely visible on the lung
surface (arrow).
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complete except for 5 small area of denge scar as shown in D,
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BLOOD GASES AFTER CONTUSION
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Histologic sections of the lung confirmed
the initial appearance of intrapulmonary
hemorrhage (Fig. 3A). ‘Alveolar walls ap-
peared to be intact. This was indistinguisha-
ble from that seen in an otherwise normal
lung after instillation of 30 ml of blood into
the right main stem bronchus. Two days
after injury, there was infiltration of poly-
morphonuclear leukocytes and giant cells
with beginning resorption of blood (Fig. 3B).
Seven to 10 days after injury, healing was
almost complete (Fig. 3C). A few patchy
areas of extravasated blood persisted, but
alveolar architecture was essentially normal.
In the scarred area of the lung directly
beneath the steel disk there was fibrosis,
but this was the only place where apparently
irreversible changes had occurred (Fig. 3D).
An additional interesting finding, sometimes
seen early after injury, was a small patch of
myocardial contusion, usually at the junc-
tion of the superior vena cava with the
right atrium. Histologic sections confirmed
this to be a site of hemorrhage into the wall
of the heart.

BLOOD GASES

These changes are illustrated in Figure 4.
There was a decrease in mean arterial pO,

from a control level of 76 mm Hg to 55 mm
Hg at 2 hr after contusion. A slight im-
provement occurred at 2 days and by 1 week
after injury, arterial pO, had returned to
control leveis. A decrease in mean arterial
pCO; persisted for the first 2 days and re-
turned to normal in 1 week. Mean control
value for pH was somewhat below accepted
normal values, but subsequently it rose in
reciprocal relationship to the pCO,. When
100% oxygen was breathed, there was a
sharp fall in mean pO, from 440 mm Hg
before contusion to 160 mm Hg 2 hr after
injury (Fig. 5). Once again, values had re-
turned to normal levels in 1 week.

The physiologic intrapulmonary shunt
was greater than normal during the control
period prior to contusion. Following con-
tusion there was a dramatic further increase
(Fig. 6). This was maximal at 2 hr, showed
some improvement at 2 days, and returned
to normal by 1 week. Although the respira-
tor usually produced a decrease in shunting
both during the control period and after
contusion, this change was not statistically
significant, due to the great variation among
the animals. In two animals, the instillation
of 30 ml of blood into the right main stem
bronchus produced a fall in pO; to 89 mm

» diknngn,
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ARTERIAL OXYGEN TENSION WHEN BREATHING 100% OXYGEN
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EFFECT OF RESPIRATOR ON INTRAPULMONARY SHUNT
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Hg on 100% oxygen. There was an acute returned within 1 min, and thereafter a
increase in shunt from 15% to 65 %. sharp increase occurred in respiratory rate
which was sustained during the first 2 hr
RESPIRATORY MECHANICS after injury (Fig. 7). At first this increase in

A brief period of reflex apnea immediately rate was associated with a slight decrease
followed injury. Spontaneous respirations in tidal volume, but fairly normal minute
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RESPIRATORY FUNCTION AFTER CONTUSION
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volume. Two days after injury, tidal volume
and respiratory rate were almost normal, but
minute volume was still increased. By the
end of 1 week, all parameters had returned
to the normal range.

HEMODYNAMICS

Severe cardiac arrhythmias with conduc-
tion defects and increased ventricular irrita-
bility were common immediately after con-
tusion, and there was an associated sharp
decrease in both arterial and right ventricu-
lar pressures (Figs. 8, 9). These pressures
usually rose spontaneously to acceptable
levels within a few minutes, although even
at 2 hr after contusion they were still lower
than control levels. The period of arrhythmia
was followed by return of sinus rhythm at a
slightly slower rate, so that 1 min after con-
tusion mean heart rate was 168 beat/min
compared with a control rate of 197 beat/
min. This slowing could ‘be prevented by
atropine, and was presumably a result of
vagal stimulation. Immediately following

injury there was a sharp decrease in cardiac
output to less than 50% of control levels,
and it remained at this level during the
first 2 hr. Two days after injury, although
arterial and right ventricular pressures had
returned to normal, cardiac output was still
slightly, but not significantly (p = 0.1)
less than normal. This remained true a week
later. Mechanically assisted ventilation
ceused an insignificant decrease in cardiac
output even at extremes of rate and tidal
volume.

DISCUSSION

The outstanding physiological conse-
quences of the blunt injury to the chest pro-
duced in this study were arterial hypoxemia
and decreased cardiac output. Some of the
changes were partly obscured because
many of these experimental animals had
hypoventilation with arterial hypoxemia
and a significant degree of shunting prior to
contusion. This was probably due to the
anesthetic agent, since barbiturates alone
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PRESSURE AND ELECTROCARDIOGRAPHIC CHANGES WITH CONTUSION
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have been shown to produce this effect (13).
Even though each animal serves as its own
control, variations in the degree of induced
anesthesia clearly influence such factors as

respiratory rate and tidal volume in a way
that cannot be adequately controlled, and
suggest caution in extrapolating these data
to humans. However, radiologically and




o e e s e 2 e

vomimemers Dacsirsr e 4,

e s s o e

EXPERIMENTAL CHEST TRAUMA - 681

pathologically the lesion produced is similar
to that seen in human injury (1). The iritial
insult presumably results in instantaneous
violent compression of the chest wall which
crushes and tears lung tissue. This is most
obvious directly under the site of external
injury and where the lung is compressed
against the vertebral column. Resultant
bleeding into the airway obstructs bron-
chioles and alveoli, and aspiration of blood
to uninjured and dependent areas of the
lung compounds the amount of atelectasis.
Continued perfusion of these nonventilated
alveoli produces venous admixture and
arterial hypoxemia which is most apparent
when 100 % oxygen is breathed. The physio-
logic shunt which develops under these cir-
cumstances amounts to more than 35% of
the cardiac output. Comparable changes in
blood gases and intrapulmonary shunting
were produced by simple instillation of
blood into one side of the Carlens tube.

Changes in respiratory rate and tidal and
minute volumes following injury are partly
reflex in nature and partly the result of the
stimulus of hypoxemia. Anesthesia un-
doubtedly modified these responses, because
while lower reflex pathways remain intact,
there is less antalgic restriction of chest wall
motion than is seen in awake humans follow-
ing chest injury (4, 11). Increased respira-
tory rate, which always followed initial re-
flex apnea, resulted in quite adequate alveo-
lar ventilation, since pCO, fell and there
was a mild respiratory alkalosis. Others (12)
have observed CO, retention, though this is
not seen in humans (2, 11), and again sug-
gests an effect of variation in the depth of
anesthesia.

In this study, assisted ventilation usually
decreased the amount of shunting both
before and after contusion, but the differ-
ences are small and not statistically signifi-
cant. Prior to contusion this is probably the
result of reversing anesthetic effects, as
Finley et al. (7) haveshown. After contusion,
a similar decrease in shunt was observed.
Other experimental studics have shown

dramatic benefits of assisted ventilation in
the treatment of this pulmonary injury (12).
Many aathors (2, 3, 11), ourselves included,
have also demonstrated the value of assisted
ventilation following chest injury in man.
The minimal effect seen here is probably
due to the fact that we made no effort to
remove the blood and mucus which often
completely occluded the major right bron-
chus. In patients, it is the tracheostomy
which makes thorough tracheal toilet possi-
ble and permits assisted ventilation to pro-
duce better alveolar aeration, as shown by
Burford and Burbank (4) 25 years ago. It is
pertinent that -assisted ventilation did not
produce adverse hemodynamic effects. The
decrease in cardiac output was minimal over
a wide range of tidal and minute volumes,
confirming the clinical studies of Hedley-
Whyte, Pontoppidan, and Morris (8).

The decrease in cardiac output after con-
tusion is noteworthy, since arterial hypox-
emia and shunting of blood in the pulmo-
nary circuit are usually associated with in-
creased cardiac output (6). The low cardiac
output seen in this study has added signifi-
cance, because it occurs when tissue de-
mands for oxygen a: greatest. Furthermore,
in the presence of a large intrapulmonary
shunt, low cardiac output will theorctically
exaggerate arterial hypoxemia as a result
of admixture of venous blood with especially
low oxygen tension (10). In the trial group
of small animals, the early fall in cardiac
output after injury was progressive and
resulted in a high mortality. When the
larger animals were used, blood pressure
changes were transient, although the decrease
in cardiac output persisted. This impairment
in cardiac function was presumably due to
direct contusion of the myocardium, and
would have been unrecognized without
actual measurement of cardiac output. It
suggests that low cardiac output may occur
following comparable injury in the human,
even when arterial blood pressure is normal.
DeMuth (5) has emphasized the occurrence

R
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of cardiac injury following tangential high-
velocity missile wounds.

Hypovolemia resulting from hemorrhage
and edema in the injured lung must also be
considered a possiLle cause of decreased
cardiac output. In the pilot group of small
animals, blood pressure and cardiac output
returned to normal after treatment with
large volumes of lactated Ringer’s solution,
but the effect was transient and death often
occurred. After approximately 500 ml of
fluid had been given, and arterial and ven-
tricular pressure were essentially normal,

.there was a sharp increase in radiographic
“density of the right side of the chest. At

the same time, copious amounts of bloody,
frothy “edema fluid” poured from the right
side of the Carlens tube while the left side
remained dry. Although an element of heart
failure was undoubtedly present in this
situation, the observation l:nds support to
the clinical impression that ‘“pulmonary
edema” is more likely o occur in a lung
which has had a previous injury (4).

SUMMARY

A convenient method for producing a
closed chest injury in dogs is described. The
lesion produced is similar to that following
closed chest injury due to compression or
high-velocity missile wounds ir man. Im-
mediately following injury there was reflex
apnea, but subsequently increased respira-
tory rate and minute volume resulted in
mild respiratory alkalosis. Continued per-
fusion of alveoli, occluded with blood at the
site of injury, resulted in arterial hypoxemia
due to venous admixture or physiologic in-
trapulmonary shunting of blood. The im-
portance of blood aspirated to uninjured
areas of the lung in compounding shunting
and hypoxemia is emphasized. Failure to
remove this blood and mucus from the
airway by mechanical means probably ac-
counts for the minimal beneficial effects of
assisted ventilation.

A decrease in cardiac output was demon-

strated after injury, and persisted after the
return of blood pressure to normal. Dimin-
ished cardiac function, when demands for
increased tissue blood flow were greatest,
was probably due to the direct myocardial
injury, although hypovolemia may have
contributed. Infusion of halanced electrolyte
solution restored blood pressare and cardiac
output to normal, but was complicated by
the development of “edema” of the injured
lung. Barbiturate anesthesia produced sig-
nificant changes in pulmonary function
which modified the response to injury, and
this must be recogniz:d when extrapolating
experimental data to the injured patient.
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