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Abstract

The purpose of this paper was to study the effect of peripheral high energy missile trauma on oxygenation of the lung tissue. Eleven
pigs were randomised to either high energy gunshot wound of the soft tissues of the thigh or sham exposure. Under anaesthesia and
controlled ventilation, the carotid artery and the jugular vein were catheterised and a thoracotomy was performed. A Clark-type multiwire
electrode was placed on the surface of the middle lung lobe for registration of the oxygen pressure fields of the lung tissue (P.0,). In
animals subjected to missile trauma, an increased heterogeneity was seen in PO, 1 and 2 hours after exposure, specially under
hypoventilatory provocation. Furthermore, P,0, values did not return to baseline when hypoventilation was followed by normoventilation,
in contrast to what was seen in the sham exposed animals. No differences between groups were found in arterial PO, O,-saturation, PCO,
pH or in pulse frequency. These findings of disturbance in oxygenation of pulmonary tissue, may represent an early phase in the
development of a lung injury resembling the post-traumatic adult respiratory distress syndrome seen in man. The initiating events could
be release of mediators from traumatised tissue and/or direct effects of the shock waves from missile impact, passing through the body.
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Introduction

The relationship between severe trauma and devel-
opment of acute post-traumatic lung insufficiency mani-
fested by dyspnoea, tachypnoea and cyanosis was first
noted during World War I1." In the Vietnam War terms
such as “shock lung”, “Vietnam lung” and “DaNang
lung” came to describe what later was to be known as
Adult Respiratory Distress Syndrbme (ARDS),? an en-
tity which in peace-time USA affects maybe 150,000
patients per year and has a mortality of 50% to 70%.?
Initiating events in early onset ARDS, possible under
battlefield conditions, are listed in Table I.

An experimental model to study biological effects of
high energy missiles, using the hindleg of an anaesthe-
tised animal as target, was described more than two
decades ago” and later developed into what is now
referred to as the standardised “Swedish missile trauma
model” .? Using this or similar techniques, it has been
demonstrated that pressure waves generated at the
moment and site (i.e. in the thigh) of missile impact, can
travel through the body and be recorded in the abdomi-
nal® as well as in the thoracic” and cranial® cavities. When

the missile impact also fractured the femur, radiologic
and morphologic pulmonary changes corresponding to
what is seen in human ARDS, were found in pigs.
Furthermore, pulmonary trapping of platelets and fi-
brin was demonstrated.” Interaction of leukocytes with
the endothelium of the pulmonary vasculature has been
proposed as one contributing factor in ARDS.™
Neutrophilic infiltrates, microthrombi and alveolar
oedema and haemorrhage were recently reported in the
lungs of dogs subjected to high energy gunshot wounds
to the soft tissue of the thigh combined with haemorrhagic
shock, but without skeletal damage.” With the use of a
Clark-type surface multiwire electrode, the local tissue
oxygenation can be measured in any tissue.'?* We have
recently demonstrated the possibility to record pulmo-
nary tissue oxygen pressure (P O,) fields in the anaes-
thetised pig using this type of electrode.’* We found that
induction of hypoxic hypercapnia (hypoventilation) in-
duced a left shift of the PO, histogram associated with
low oxygenation of lung tissue itself. The aim of the
present study was to evaluate whether a high energy
gunshot wound to the soft tissue of the thigh would
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induce any changes in the oxygenation pattern of the
lung tissue in a porcine model. It was also of interest to
see how a hypoxic challenge (not infrequent in the
clinical trauma situation) would affect the local oxygen
utilisation of the lung tissue.

Material and Methods

Swedish land race pigs (n = 11) weighing 21 + 2 kg
were used in the study. The experimental protocol was
approved of by the appropriate Animal Ethical Com-
mittee (Umed, Sweden, #A137/94). Animals were al-
lowed to accommodate in an accredited animal facility
for at least three days prior to the experiments. They
were fed a standard diet and had free access to tap water.
Animals were premedicated with intramuscular injec-
tions of Ketamine, 500 mg (Ketalar®, Parke Davis & Co,
Pontypool, Gwent, Great Britain), Atropine, 0.5 mg (Kabi
Vitrum, Stockholm, Sweden) and Diazepam 5 mg
(Stesolid Novum®, Dumex, Denmark). Anaesthesia
was induced with Pentobarbital Sodium 15 mg/kg
(Apoteksbolaget, Umea, Sweden) intravenously and
maintained with continuous intravenous infusion of
Ketamine (Ketalar®) 60 mg/kg/h using an infusion
pump (Syringe Infusion Pump type 235, Atom Medical
Corporation, Tokyo, Japan). The animals were
tracheotomized or intubated orally and ventilated on
room air with a Servo ventilator 900 B (Siemens-Elema,
Sweden). The right common carotid artery and the left
jugular vein were catheterised for blood sampling and
fluid (Ringer Acetate, 10 ml/kg/h, Kabi Pharmacia,
Sweden) administration. Arterial blood gases, pH, se-
rum electrolytes, haemoglobin and haematocrit were
measured (BGE analysator and CO-Oximeter 482, In-
strumentation Laboratory Srl, Milano, Italy). A pulse
oximeter (OxiCap 4700, BOC Ohmeda, Vastra Frolunda,
Sweden) was used to record pulse frequency. A
thoracotomy was performed through the third right
intercostal space and an electrode holder was sutured
onto the pleural surface of the middle lung lobe. Ani-
mals were randomised to either high energy gunshot
wound or sham exposure. The former was induced
using the Swedish missile trauma model.®> Animals
were positioned on their backs with the right hind leg
suspended vertically. The weapon was a smoothbore
rifle, calibre 6.2 mm, and the missiles were steel spheres
(0 6.0 mm, mass 0.88 gram). The velocity of the missile
just before impact was measured by means of two ring
magnets, spaced 150 mm apart, connected to an electric
counter and a pulse generator to measure the passage
time of the missile, which struck the lateral aspect of the
right thigh posterior to the femur and the femoral
artery. The kinetic energy transfer from the missile to
the tissues of the animal was calculated, considering the
known characteristics of the missile, the velocity and
the length of the trajectory.”” Animals randomised to
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sham exposure went through the same procedure as
animals randomised to gunshot wound, except the
actual gunshot. The technique of recording lung PO,
has recently been reported elsewhere.'* Briefly, the
Clark-type membrane-covered surface oxygen electrode
(Mehrdracht Oberflache, Eschweiler, Kiel, Germany)
consists of eight platinum wires (0 15 um each) embed-
ded in a glass cylinder.'? The electrode was calibrated at
0% and 21% O, and recorded values were corrected for
drift, temperature and atmospheric pressure. When
placed in the holder on the lung surface, the electrode
was rotated slightly 15 times in 2.5 minutes, thus re-
cording 120 PO, values for each measuring situation.
Recordings were computer stored and analysed. The
first P O, measurement was performed after a 5>-minute
period of normo-ventilation (5.5 to 6.0 litres/minute;
frequency 28/minute) followed by another recording
after 3 minutes of hypoventilation (ventilator settings
reduced 50%). Hereafter a 5-minute period of
normoventilation followed, after which another PO,
measurement was carried out. Blood samples were
drawn after all PO, recordings. After this initial meas-
uring cycle [1], animals were subjected to either gun-
shot wound (trauma) or sham exposure (control). Im-
mediately thereafter, another measuring cycle [2] was
performed and repeated one [3] and two hours {4]
following trauma/sham exposure. After completion of
the experiments, animals were terminated with an over-
dose of Pentobarbital intravenously.

Statistics

Results are given as descriptive statistics and thus
expressed as mean + standard deviation. For calculation
of P O, heterogeneity, the coefficient of variation (CV =
standard deviation/mean) was used.*

Results

Six animals were randomised to gunshot and five to
sham exposure. The impact velocity of the missile (n = 6)
was 1494 + 10 m/s. Trajectory length in the right thigh
(n = 6) was 74 + 8 mm giving a calculated energy transfer
of 589 + 42 joules in the exposed animals. A characteristic
high energy missile trauma was seen in all six animals,
with a small entrance and a large exit wound. All ani-
mals survived the exposure.

Arterial PO, and oxygen saturation decreased after
hypoventilation in all animals and returned to baseline
after the second normoventilatory period. PCO, showed
the opposite pattern. Arterial pH decreased after
hypoventilation and returned to baseline again after
normoventilation. No differences in serum electrolytes,
haematocrit and haemoglobin levels were seen between
controls and exposed animals during the course of the
experiment. Heart rate decreased somewhat over time
in all animals. The same pattern was noted in every
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measuring cycle in both traumatised and control ani-
mals, i.e. no differences were noted between groups.

In Table II, PO, values and coefficient of variation
(CV) are given. Pulmonary PO, decreased 49% (range
44% to 61%) in the control group after hypoventilation.
Corresponding figures in the trauma group were 31%
(27% to 64%). In the control group, PO, increased 15%
(-16% to +50%) above baseline values after the second
normoventilatory period. Corresponding values in the
trauma group was -10% (-25% to +7%). Numerical PO,
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Fig. . Summarised ung tissue oxygen pressure (P O ) distributions (PO, classes 0f 0.3

kPa) after | hour in the sham exposed (control) group (n= 5) during normoventilation

(upper histogram), hypoventilation (middle histogram) and a second period of
normoventilation (lower histogram). N = number of sumpled values.

values in measuring cycles 1 and 2 were somewhat
higher in the trauma group compared to the controls.

Figures 1 and 2 show summarised PO, histograms
from all animals 1 hour after missile trauma/sham
exposure. In the trauma group lung tissue oxygenation
values were more scattered compared to controls. There
were also a greater number of values close to zero
during hypoventilation 1 and 2 hours after trauma
compared to controls. The CV in the trauma group
increased largely during hypoventilation compared to
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Fig. 2. Summarised lung tissue oxygen pressure (P Q) distributions (PO, classes 0f0.3

kPa} after 1 hour in the gunshot wound (trauma) group (n = 6) during normoventilation

(upper histogram), hypoventilation (middle histogram) and a second period of
normoventilation (lower histogram). N = number Of sampled values.
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the control group. This CV increase persisted after 2
hours as well (Table Il) which indicates an increased
PO, heterogeneity after the missile trauma.

Discussion

Pulmonary dysfunction after trauma and shock has
been known for decades.'” Mechanisms involved in-
clude both local trauma to the lungs' and trauma to
distant sites resulting in secondary pulmonary changes,
e.g. ARDS (Table I). Both cellular and humoral factors
have been proposed to mediate these changes!®''%2
which may be parts of a generalised post-traumatic
reaction.”

Although the Swedish Missile Trauma Model*® or
similar techniques have been deployed in several differ-
ent studies® #1522 few of these have been focused on the
lung and the possible development of ARDS-like condi-
tions.”!" In these studies changes in circulatory and
non-circulatory parameters (e.g. fibrinogen, endotoxin
and platelets) were noted 4 to 8 hours after the gun-
shot.’,” Pulmonary microembolism® and gut-derived
endotoxaemia!' were discussed as mediators of the
lung changes. In the present study, we found disturbed
pulmonary tissue oxygen pressure fields already 1 hour
after high energy missile trauma to the thigh, but not
immediately post exposure. Moore and co-workers'®
found an increase of circulating primed
polymorphonuclear neutrophils (PMN) 1 hour after the
initiating insult (gut ischaemia) and lung injury 2 hours

TABLE |: POSSIBLE CAUSES, UNDER BATTLEFIELD CONDITIONS,
OF ARDS

Major and multiple trauma (missile or other)

Severe haemorrhagic shock

Multiple fractures with fat embolism

Severe thermal burns

Pulmonary contusion

Pulmonary blast injury (“blast lung”)

Massive inhalation of smoke/toxic fumes

Massive inhalation of chemical warfare agents (e.g. sulfur mustard,
phosgene)

Intracranial injury
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after insult. In the present study PMN priming and/or
activation could take place in the muscular tissue dam-
aged by the missile and/or in the gut, possibly injured
by shock waves passing through the abdominal cavity.®
Direct effects of the pressure waves on the lungs during
the waves’ passage through the thorax’ cannot be ruled
out, although the fact that the pigs were thoracotomized
might counteract such effects.

The disturbed and scattered lung tissue oxygen pres-
sure fields found after peripheral high energy missile
trauma may be due to redistribution either of local
microvascular blood flow in the lung or of ventilation on
the alveolar level, or both. The animals were on a venti-
lator and no signs of impaired systemic ventilation were
found in the arterial blood gases, except of course during
hypoventilatory challenge. The increased PO, hetero-
geneity seen, especially during hypoventllatlon after
missile trauma may reflect an insufficient local tissue
oxygen utilisation.' This could be due to local metabolic
effects caused by cellular dysfunction induced either by
the shock waves passing through the thorax or by pe-
ripherally released circulating mediators. The some-
what higher PO, values in the trauma group compared
to the controls in measuring cycles 1 and 2 can be
explained by the known variations in local mean tissue
oxygenation between individual animals® and similar
treatment groups.??* However, no increase in CV was
noted earlier than in measuring cycles 3 and 4, where CV
was found to be higher in the trauma group, especially
after hypoxic provocation. An increase in this parameter
indicates a disturbance in local tissue oxygenation.*”

In other studies of lung effects of peripheral missile
trauma, the gunshot wound was combined with frac-
ture of the femur or haemorrhagic shock.”" No such
additional injuries were inflicted on the animals in the
present study. No signs of circulatory shock were noted,;
in fact the heart rate decreased somewhat (approxi-
mately 35%) over time in traumatised as well as control
animals. This decrease may be an effect of the anaesthet-
ics used (Ketamine). No differences in the blood param-
eters measured (e.g. serum electrolytes and haemo-
globin) were noted between the groups, indicating no

TABLE II: THE DEVELOPMENT OF LUNG TISSUE OXYGEN PRESSURES (PO,) (VALUES GIVEN AS MEAN+SD) AND COEFFICIENT OF
VARIATION (CV) (MEAN VALUES GIVEN) IN THE CONTROL AND TRAUMA GROUP

Measuring cycle | Measuring cycle 2 Measuring cycle 3 Measuring cycle 4
Normo Hypo  Normo Normo  Hypo  Normo Normo Hypo  Normo Normo  Hypo  Normo
Control
PO, (kPa) 6.4+3.8 2.5+15 5428 5.7+2.8 32+29 7.4+53 59+23  33+20 5721 5.0+2.3 2720 7.5+5.2
cv 0.59 0.61 0.52 0.50 0.92 0.72 0.39 0.60 0.35 0.46 0.74 0.70
Trauma
PO, (kPa) 9.8+52  5.6+40 7.7+£39 8.0+4529+ 1.9 6.0£32 6.0+4.5 4.4+6.1 6.4+5.1 4.0+3.5 25+£32 39437
cv 0.53 0.71 051 0.56 0.65 0.53 0.76 1.38 0.80 0.87 1.28 0.95
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gross systemic effects of the trauma during the com-
paratively limited observation period.

Thus, using the standardised Swedish missile trauma
model and the Clark-type multiwire surface oxygen
electrode, we found that a high energy missile wound of
the thigh resulted in disturbance of the oxygenation of
lung tissue 1 and 2 hours after trauma in the pig. The
energy transferred from the missile to the tissue was
well defined and since the missiles were steel spheres,
no missile deformation or tumbling occurred after im-
pact. The disturbed oxygenation patterns were most
evident during hypoventilatory provocation when a
pronounced heterogeneity of PO, values was found.
Furthermore, in the traumatised animals, the PO, re-
duction seen after hypoventilation was not reversed to
baseline as in the control group where an increase above
baseline actually occurred after the second
normoventilation.

These findings may represent an early phase in the
development of an ARDS-like condition. Release of
cellular and/or humoral mediators from the wound
area and/or from other peripheral tissues (e.g. intes-
tines) is a possible initiating event. Shock waves from
the impact can travel through both abdominal and tho-
racic cavities and thus induce injuries of the gut but also
of the pulmonary tissue itself.

Further studies using this model are warranted to
clarify the mechanisms behind the pulmonary changes
seen after peripheral missile wounds and to evaluate
possible prophylactic and therapeutic interventions.
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