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Preface to the German Edition

Expanded knowledge about the pathophysiologic effects of severe in-
juries, advancements in the intensive care of victims of multiple injuries,
and the treatment made possible by modern cardiovascular surgery
make it appear sensible to combine the assessment and therapy of
thoracic injuries into a synthesis of various branches of medicine.

This monograph, therefore, is intended not only for the specialist in
thoracic or cardiac surgery but also primarily for the person who is
the first to be confronted by thoracic injuries, namely, the general
surgeon or the traumatologist.

It reflects my own personal experience as chief surgeon of an emer-
gency surgery ward of a university hospital and as head of an inten-
sive care unit for the severely wounded, which treats well over
100 patients with severe thoracic injuries annually, and is based on
an analysis of these cases. My experience as a military surgeon in
Vietnam was also taken into consideration.

Many wounds in the area of the thorax can be successfully treated
with simple, conservative procedures, though by “conservative” I
do not mean to imply “inactive.” An aggressive conservatism is need-
ed, which must pay attention to small details. In given cases, how-
ever, it requires the quick decision-making capability of the com-
petent surgeon. For this reason, considerable space is devoted to
questions of evaluation and practical procedures.

In most instances, thoracic wounds are accompanied by other
wounds. Among our patients, more than 75% of all patients hospital-
ized with blunt thoracic injuries were wounded in other parts of the
body. My respected chief and teacher, Professor H. U. BUFF, fre-
quently called attention to the fact that the severely injured patient
belongs in the care of a facility that accepts responsibility for the
treatment of all of his wounds and that he may not be parceled out
to a multiplicity of specialists on the basis of his injured organs.
This principle was put into practice in the Surgical Department B of
the University Hospital in Ziirich. The spirit of that approach, I hope,
finds expression also in the text of this book; precisely in the chap-
ters of the first section an attempt is made to present thoracic trauma
within the framework of the patient’s other wounds along with
their mutual consequences.

Ziirich, Spring 1978 Werner GLINZ
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Part 1

General Considerations for the Assessment and
Treatment of Thoracic Injuries



Chapter 1

Initial Considerations in the Management
of Severe Thoracic Injury

The evaluation of thoracic injuries is only one aspect of the total assessment of a se-
verely injured patient. Even though each patient represents a unique case with its
own peculiarities and special problems, there is nevertheless a logical sequence of
diagnostic and therapeutic procedures. Both diagnosis and therapy go hand in hand.
As in the care and management of every severely injured patient, the basic principle
of elective surgery — “first investigate and make the diagnosis, then treat the ill-
ness” — is a dangerous illusion. The most threatening situations and injuries must
first be correctly recognized and then treated, even if only symptomatically.

Often the most important question is not whether a certain procedure is to be car-
ried out, but rather when. The performance of a certain diagnostic or therapeutic
precautionary procedure may delay others, which under certain circumstances may
be lifesaving.

Some Examples:

1. If a tension pneumothorax has been recognized on the basis of clinical examina-
tion, taking roentgenograms of the thorax will only serve to delay the prompt inser-
tion of a lifesaving chest tube.

2. Intubation and mechanical ventilation applied in a tension pneumothorax with-
out drainage only makes matters worse.

3.In a case of obvious respiratory insufficiency, a blood gas analysis will only delay
the necessary intubation and mechanical ventilation.

4. Severe penetrating cardiac injuries or heart wall ruptures can be treated success-
fully by immediate operative intervention, even if cardiac arrest has occurred, if no
time is lost in additional diagnostic procedures.

5. An attempt to perform aortography on a patient in severe shock with a ruptured
aorta that has perforated into the thoracic cavity causing a left-sided hemothorax
usually gambles away any chance of operating in time.

6. An emergency tracheostomy keeps the surgeon occupied for a valuable period of
time; it is indicated primarily only if the patient cannot be intubated.

Even in severe thoracic injuries, there are only a few situations in which there is an
immediate threat to life; many of them can be detected and treated by simple
means.



4 Initial Considerations in the Management of Severe Thoracic Injury

I. The Ten Vital Questions in the Initial Evaluation
of Severe Thoracic Injuries

The first step is to make a rough estimate of the status of the circulatory and respira-
tory systems. This provides the first diagnostic clues and often determines which
therapeutic action is to be taken. Specific questions are then posed pertaining to in-
dividual injuries or their consequences (Table 1).

Table 1. Ten questions to be asked in the initial assessment of severe blunt thoracic injuries

. Hypovolemia?

1

2. Respiratory insufficiency? Immediately life-threatening; diagnosis and
3. Tension pneumothorax? therapy before taking roentgenograms

4. Cardiac tamponade?

. Multiple rib fractures? (paradoxical respiration?)

. Pneumothorax? (subcutaneous emphysema? mediastinal emphysema?)
. Hemothorax?

. Diaphragmatic rupture?

. Aortic rupture?

. Cardiac contusion?

O D o0~

—_—

1. Hypovolemia?

If there are clinical signs of hypovolemic shock, volume replacement is begun imme-
diately after the establishment of venous access and is continued throughout the re-
mainder of the examination.

Measurement of the central venous pressure is essential in every case of severe tho-
racic injury. This makes it possible to differentiate between hypotension caused by
loss of blood and a drop in blood pressure caused by cardiac tamponade or cardiac
insufficiency. The measurement also serves as a guide in managing volume replace-
ment. It must be pointed out emphatically, however, that the monitoring of central
venous pressure does not help to detect lung-damaging overinfusion with electrolyte
solutions.

Massive blood losses resulting from thoracic trauma manifest themselves in the
form of a hemothorax or mediastinal hemorrhage. The analysis of 200 patients with
blunt thoracic injuries who had an arterial blood pressure below 100 mmHg upon
admission to the emergency ward revealed, however, that in half of all the cases (98
patients) an intra-abdominal injury was partially or fully responsible for the hem-
orrhagic shock. In 53 of these patients, the spleen had been ruptured.

2. Respiratory Insufficiency?

Initial evaluation of ventilation is provided by an examination of the patient’s breath-
ing and thoracic movements, auscultation of the chest, and testing of the expiratory
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airflow by holding the hand in front of the mouth and nose. Even in severe respira-
tory insufficiency, cyanosis does not necessarily occur; with massive blood loss, the
necessary 5 g% of reduced hemoglobin are often not attained.

If there is a pneumothorax, it is drained. In all other forms of respiratory insufficien-
cy, an open airway is maintained by endotracheal intubation, and mechanical venti-
lation is provided if necessary. In addition to facilitating ventilation, intubation
makes effective and repeated endotracheal suctioning possible and prevents aspira-
tion.

3. Open Pneumothorax? Tension Pneumothorax?

A pneumothorax that is open to the outside can usually be recognized immediately
by the characteristic sound of air flowing into and out of the wound (“sucking
wound”); however, its danger is often underestimated. Emergency treatment con-
sists of sealing the thoracic wound by applying a compression bandage or by tempo-
rarily closing it with the flat of the hand protected by a sterile glove. Under clinical
conditions, however, intubation and mechanical ventilation is usually the preferred
alternative.

A life-threatening tension pneumothorax caused by blunt thoracic trauma is occa-
sionally overlooked even though clinical diagnosis is usually easy. It may be re-
vealed by the appearance of subcutaneous emphysema in the area of the chest or neck
or auscultatory evidence of mediastinal emphysema. The immediate relief of pres-
sure by external drainage is lifesaving. Under hospital conditions, no time should be
wasted on attempts at needle aspiration, which is inadequate anyway. Instead, a
chest tube is inserted immediately. It is no more time-consuming, and sterile chest
tubes, available for immediate use, should be part of the basic equipment of every
emergency room.

4. Cardiac Tamponade?
In penetrating thoracic injuries, the localization of a wound in the precordial area it-
self will indicate the possibility of cardiac tamponade. The classic triad (high venous

pressure, arterial hypotension, diminished heart sounds) is found in only 35% —40%
of trauma patients with such injury [507, 508]. The prominent sign is that of venous

Table 2. Elevated central venous pressure in thoracic injuries

Warning: straining and coughing may also cause elevated central venous pressure

Cardiac tamponade

Tension pneumothorax

Massive undrained hemothorax (after volume replacement)
Possibly mediastinal emphysema

Cardiac insufficiency

Overtransfusion
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congestion: distended neck veins and elevated central venous pressure. A paradoxi-
cal pulse (see p. 186) will also raise suspicion of cardiac tamponade.

Raised venous pressure (Table 2) is, of course, not pathognomonic of tamponade
but can also indicate a tension pneumothorax, a massive undrained hemothorax,
mediastinal emphysema, cardiac insufficiency, and overtransfusion. Elevated cen-
tral venous pressure may also be erroneously measured in patients who are straining
and coughing.

Pericardiocentesis (see Chap. 16 for technique) can and should be employed as a
diagnostic aid. It is also the first, though not definitive, therapeutic measure. If acute
cardiac tamponade is diagnosed, operation is usually indicated for control of the in-

jury.

Not until the emergency measures occasioned by these first four questions have
been carried out should time be taken for radiologic examinations. The thoracic
roentgenogram is the basic tool for the diagnosis and evaluation of other thoracic
injuries, which as a rule do not pose an immediate threat to life.

This does not mean, however, that the patient is to be sent to the radiology depart-
ment. A severely injured person is X-rayed in the emergency room with portable
equipment so as not to interrupt monitoring and treatment.

According to a study by Key [6], the average time required for a roentgenogram of
the thorax under optimal conditions is 14 min, assuming the work is done in the ra-
diology department.

5. Rib Fractures? (Paradoxical Respiration?)

Rib fractures are often not visible on a roentgenogram even if they are located in
the bony part of the rib. Clinical findings, therefore, play an important role in diag-
nosis.

If the patient demonstrates guarded breathing and is not breathing deeply, it is of-
ten difficult to detect paradoxical respiration. This clinical diagnosis is facilitated if
the patient can be induced to breathe as deeply as possible. Intubation and mechan-
ical ventilation are indicated only if there is respiratory insufficiency.

6. Pneumothorax? (Subcutaneous Emphysema?) (Mediastinal Emphysema?)

If there is no tension pneumothorax, the drainage of a clinically suspected pneumo-
thorax should be postponed until the thoracic roentgenogram is obtained since if the
diaphragm is ruptured, gas-filled abdominal organs (stomach, colon) displaced into
the thoracic cavity can simulate a pneumothorax. Subcutaneous emphysema, by it-
self, is not significant. Mediastinal emphysema is more important since it may herald
a tracheobronchial or esophageal rupture. It can often be diagnosed by a characteris-
tic finding upon auscultation of the heart (see p. 152) before it becomes visible on
the roentgenogram and before subcutaneous air accumulates in the cervical area.
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7. Hemothorax?

Only a massive hemothorax results in a restriction of ventilation that is clinically de-
tectable. Clinical diagnosis is sometimes difficult since percussion findings may be
misleading if there is a simultaneous pneumothorax.

8. Diaphragmatic Rupture?

This is recognized clinically only when bowel sounds are audible in the thoracic
area. In general, the diagnosis is made radiologically. False diagnosis of a hemotho-
rax is not uncommon. Initially, a rupture of the diaphragm often follows an undra-
matic course, but the increasing displacement of intra-abdominal organs into the
thoracic cavity progressively leads to respiratory insufficiency.

9. Rupture of the Aorta?

In addition to clinical symptoms of a pseudocoarctation syndrome, i. e., weakened
pulses in the lower extremities, an occasional systolic murmur, and signs of com-
pression in the upper mediastinum, the radiologic finding of a widened mediastinum
(see Chap. 3) is the chief indicator of this injury. Further verification requires the
use of aortography. If the patient already has a left-sided hemothorax and is in a
state of uncontrollable shock, emergency operative intervention is performed with-
out preceding angiography.

10. Cardiac Contusion?

This injury occurs much more frequently than is commonly supposed. Contusion of
the heart is to be suspected following any accident involving compression of the
sternum against the spinal column. The changing picture makes diagnosis difficult.
The most common findings are variations in the ECG (mainly disturbances in repo-
larization and heart rhythm); however, the ECG can be normal initially, and in rare
instances remain normal. The cardiac enzymes (see p. 194) are always elevated.
The clinical significance of this injury lies in the danger of life-threatening distur-
bances of cardiac rhythm and acute cardiac insufficiency.

IL. Evaluation After Initial Management

During the initial phase of diagnostic and therapeutic procedures, the condition of
the patient will have to be checked at regular intervals. The early course of develop-
ment, especially the success of shock therapy, is often of greater significance than
the nature of the injury itself in determining the need for operative intervention.
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Table 3. Injuries frequently overlooked or diagnosed late

[ L SV S

. Cardiac contusion

. Paradoxical respiration
. Diaphragmatic rupture
. Aortic rupture

. Bronchial rupture

. Esophageal rupture

Frequency

Table 4. Synopsis of initial assessment of the most important thoracic injuries

Suspected if there is

Additional examina-

tion required

Initial therapeutic

measures

Tension pneu-
mothorax

Open pneumo-
thorax

Cardiac tam-
ponade

Inflated hemithorax with
reduced mobility of
thorax

Hypersonorous ausculta-
tion

Weakened breath sounds

Venous congestion; in-
creasing elevation of
central venous pres-
sure

Thoracic wounds with
sounds of air rushing in
and out (“sucking
wound”)

Location of wound in the
precordium or corre-
sponding tract of the
bullet or knife

None -
None -
None -

Immediate thoracic

—

drainage

. Tight bandage

or

. Intubation,

mechanical ven-
tilation

Pericardiocentesis
Operation

Rib fractures

Pneumothorax

Hemothorax

Subcutaneous
emphysema

Local tenderness
Compression pain
Possibly crepitation on
auscultation
Inspection: possibly para-
doxical respiration

Hyperresonance
Diminished breath
sounds

Dullness to percussion

Subcutaneous crepitus on
palpation

Chest roentgeno-
gram

Chest roentgeno-
gram

Chest roentgeno-
gram

Chest roentgeno-
gram

Relief of pain
Intubation and

mechanical venti-
lation when respi-
ratory insufficien-
cy occurs

Thoracic drainage

Thoracic drainage
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Table 4. Continued

Suspected if there is

Additional examina-
tion required

Initial therapeutic
measures

Mediastinal Characteristic crunching
emphysema sound above the heart,
synchronous with the
heart beat (Hamman’s
sign)
Diaphragmatic ~ Percussion: dampened or
rupture hypersonorous percus-

sion sounds

Rupture of
bronchus

Mediastinal emphysema

Pneumothorax or tension
pneumothorax

No expansion of lung
during thoracic
drainage

Total atelectasis

Rupture of eso-
phagus

Mediastinal emphysema

Rupture of aor-  Possibly pseudocoarcta-
ta tion syndrome
Possibly compression syn-
drome in the upper me-
diastinum
Possibly systolic murmur
Roentgenogram:
Wide mediastinum
Tracheal displacement
to the right
Displacement of the
left bronchus
downward
Possible left-sided
hemothorax

ECG:
Irregularities in
repolarization
Disturbances in
rhythm and
conduction
Infarct pattern

Cardiac contu-
sion

Chest roentgeno- Cervical mediastino-

gram tomy only when
Central venous pres- there is significant
sure venous congestion

Determination of
possible cause by
means of:

Bronchoscopy
Esophago-
graphy

and no rupture of
bronchus or eso-
phagus

Roentgenogram of
thorax with possi-
ble use of naso-
gastric tube and/
or contrast media

Operation

Bronchoscopy Operation

Esophagography Operation

Aortography Operation

Cardiac enzymes ECG monitoring

Drug treatment of
rhythm irregulari-
ties and of possi-
ble cardiac insuffi-

ciency
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The ongoing surveillance of the patient includes monitoring of arterial blood pres-
sure, central venous pressure, and respiration. Arterial blood gas analyses are abso-
lutely essential in the treatment of severe injuries. They provide the only means for
correctly determining the need for mechanical ventilation in all cases where the de-
gree of respiratory insufficiency cannot be clearly judged clinically. The hourly
urine output is a good measure of the tissue perfusion.

It is especially important to closely follow the progress of thoracic drainage. The to-
tal amount of drainage and, even more so, the rate of additional blood loss provide
valuable indicators as to whether bleeding can be stopped by conservative measures
or whether operative intervention is necessary. Similarly, the presence and rate of
an air leak provides important diagnostic information.

In every case of severe thoracic trauma, a 12-lead ECG should be recorded in the
early stages, which can then also serve as a basis of comparison for evaluating sub-
sequent variations. As a rule, continuous ECG monitoring is done. This is essential
if cardiac injury is suspected since only ECG monitoring enables the timely detec-
tion and treatment of cardiac arrhythmias.

The indications for an operative intervention are described in Chap. 5.

In blunt thoracic trauma, there are six types of injury that are frequently overlooked
or belatedly detected. Analysis of our case records clearly showed that diagnosis of
these injuries, which are listed in Table 3, was often delayed when compared to oth-
er lesions in the thoracic area. The injuries involved are by no means rare ones.
Blair et al. [2] came to similar conclusions. Knowledge of diagnostic difficulties asso-
ciated with these types of injury can help significantly in reducing the instances in
which they are either overlooked or diagnosis is delayed.

This is illustrated impressively in the cases of cardiac contusion. In 1971 only two patients were
diagnosed clinically as having a cardiac contusion. Five years later, among a comparable num-
ber of patients with thoracic injuries, there were 31 cases.



Chapter 2

The Patient with Additional Injuries
in Other Parts of the Body

The force of impact to which a person is subjected in an accident does not respect
anatomic boundaries. Whereas a majority of gunshot and stab wounds are restricted
to organs of the chest, blunt trauma usually involves multiple injuries.

In our case records, more than three-quarters of all patients hospitalized with blunt
thoracic injuries had companion injuries in other parts of the body.* 55% of the
patients with thoracic injuries caused by blunt trauma also suffered craniocerebral
trauma (including concussion), 20% had significant abdominal injuries, and 38%
fractures of the extremities.

At this point we shall refer only to those factors that are of special diagnostic and
therapeutic significance when thoracic trauma is accompanied by injuries to other
organ systems. Interrelationships and reciprocal influences will be noted.

In the treatment of blunt thoracic injuries, operative intervention is rarely necessary.
After the insertion of chest tubes, intubation, and mechanical ventilation, none of
which are very time-consuming, even severe thoracic injuries are usually sufficiently
taken care of to allow for urgent surgical procedures, such as a laparotomy for intra-
abdominal bleeding or a craniotomy for intracranial hematoma. If the thoracic
injury also requires immediate operative intervention, it may be necessary for two
surgical teams to operate simultaneously.

It is a tried and tested rule that a prophylactic chest tube should be inserted in every
patient with multiple rib fractures who is to undergo an operation under general an-
esthesia even when there is neither evidence of a hemothorax nor of a pneumotho-
rax. Otherwise, during ventilation, a life-threatening tension pneumothorax can
quickly develop, the prompt recognition of which is by no means assured if the an-
esthesiologist is fully occupied with volume replacement and other problems and if
the thoracic area is, in addition, covered with surgical drapes.

The chances of adult respiratory distress syndrome (ARDS) occurring are directly
proportionate to the severity of the general injuries and the number of blood trans-
fusions (see Chap. 4) [4]. Positive end-expiratory pressure (PEEP) should always be
applied to a severely injured patient during an emergency operation unless there
are cardiovascular contraindications. Craniocerebral injuries are an exception to
this (see below). After the operation, ventilation with PEEP is continued until re-
peated blood gas analyses have shown that there is no significant intrapulmonary
right-to-left shunt [13].

* The proportion of patients with multiple injuries admitted to the University of Zurich Surgi-
cal Clinic B is probably higher than that of other hospitals since many patients with especially
severe injuries are referred to it from other hospitals.
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I. Craniocerebral Injuries

The combination of a thoracic and a craniocerebral injury is not only very common,
but the two injuries have a high degree of reciprocal influence on each other, both
in diagnostic and therapeutic terms.

1. A pure thoracic injury can produce the clinical symptoms of a cerebral injury or
an intracranial hematoma. This is especially true in the case of a severe hypoxia. A
coma and fixed dilated pupils can be caused by hypoxia alone or in combination
with a state of shock. It is therefore absolutely essential that a normal supply of oxy-
gen be provided to the brain by restoration of circulation and adequate mechanical
ventilation before the final evaluation of a patient with head injuries is made.

Example: A 6-year-old patient was admitted to the hospital with left-sided multiple comminut-
ed rib fractures and suspected intracranial hemorrhage. On the way to the hospital, ventilatory
assistance was necessary because spontaneous breathing was inadequate. Upon admission, the
patient was comatose, had a wide, dilated left pupil, and did not react to painful stimuli. There
was a tension pneumothorax. Following insertion of a chest tube, the patient recovered con-
sciousness and the left pupil contracted. There was slight residual difference in pupil size
caused by direct trauma to the bulb of the eye.

In some cases, cerebral dysfunction is also part of the clinical picture of traumatic
asphyxia (see Chap. 20). This syndrome is the result of a massive thoracic compres-
sion that produces a sudden rise of venous pressure in the head and neck, which
in turn causes multiple small hemorrhages and, in some cases, severe neurologic
deficit and even coma. The characteristic clinical features (bluish-violaceous dis-
coloration of head and neck, cutaneous petechiae, and subconjunctival hemor-
rhages) reveal the diagnosis at a glance. In general, the prognosis is good.

Fat embolism should also be mentioned in this context. It is usually not caused by
thoracic trauma; nevertheless, the pulmonary damage is of essential importance for
diagnosis and because of its effect on oxygenation. Disturbances of consciousness
may be caused directly by fat embolization in the brain or by hypoxia caused by the
pulmonary involvement.

Example: A 20-year-old patient suffered a fracture of the lower leg. One day after the accident,
he was admitted to the hospital in a comatose state. During the administration of oxygen by
mask prior to the anticipated intubation, the patient regained consciousness, and when the
oxygen supply was interrupted, the patient again lapsed into unconsciousness. Petechiae, a
characteristic roentgenogram, the blood gas analysis, and the EEG left no doubt as to the diag-
nosis of a fat embolism with cerebral involvement. The patient recovered completely without
residual effects after 10 days of mechanical ventilation.

2. Conversely, a craniocerebral injury tends to have an adverse effect on every pa-
tient with thoracic injury. Impairment of breathing, secondary to central nervous sys-
tem damage, and the inability of the patient to perform breathing exercises and to
expectorate secretions require in many cases intubation and mechanical ventilation,
which could be avoided in conscious patients with identical thoracic injuries. Prima-
ry aspiration of blood or stomach contents by the unconscious patient also plays an
important role in this context.

3. Not only an inadequate perfusion resulting from the decreased cardiac output as-
sociated with shock or heart failure but also an impairment of venous return to the
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heart promotes the formation of cerebral edema in brain injuries. Special attention
should therefore be paid to central venous pressure when treating combined thorac-
ic and cerebral injuries. An increase in venous pressure caused by mediastinal em-
physema, mediastinal hematoma, pericardial effusion, or cardiac insufficiency may
not go untreated in patients with craniocerebral injuries.

4. Therapeutic conclusions: because of the danger of cerebral edema in cerebral hy-
poxia, adequate oxygenation is of even greater importance in craniocerebral injuries
than in other types of trauma. In these cases, we require a minimal arterial PO, of
80 mmHg. This value is higher than that required of other patients (see Chap. 4). If
this minimal level of PO, is not attained by administration of oxygen, mechanical
ventilation is indicated.

Special care must be exercised in calculating the amount of blood to be transfused.
At the “ideal hematocrit” of 32% to 35%, the beneficial flow properties of blood
in this range allow optimal oxygenation of the tissues [11], provided there has
been a compensatory increase of cardiac output. In elderly persons and patients
with cardiac disease, this compensatory mechanism is limited, and in such cases one
should aim for a higher hematocrit. Overtransfusion should always be avoided.

A high central venous pressure is detrimental. In addition to keeping the head raised,
appropriate measures for reducing the elevated central venous pressure should be
taken, namely, aggressive treatment of cardiac insufficiency, broader indication for
a cervical mediastinotomy for treatment of mediastinal emphysema, etc. For the
same reasons, positive end-expiratory pressure (PEEP), which is otherwise applied
generously in ventilating severely injured patients, is to be reserved for cases for
which no adequate oxygenation can be attained by other means.

II. Intra-abdominal Injuries

In the diagnosis of lower rib fractures, their frequent combination with spleen and
liver injuries should always be kept in mind. Diaphragmatic ruptures are often ac-
companied by fractures of the pelvis. Since these are usually caused by a heavy,
broad-surfaced impact upon the abdomen and thorax, there are often intra-abdom-
inal companion injuries. In the majority of cases, this means a rupture of the spleen.
In gunshot and stab wounds in which a perforated diaphragm is suspected because
of the external point of entry or internal path (as in the case of a bullet), an explora-
tory abdominal operation is indicated.

If the roentgenogram does not reveal a significant hemothorax or widening of the
mediastinum, an intrathoracic hemorrhage can usually be ruled out as the cause of
hypovolemic shock. It should then be remembered that internal hemorrhages are
most often caused by injuries to intra-abdominal organs. Among our cases, 30% of
the patients with multiple rib fractures also had intra-abdominal injuries.

The clinical assessment of the abdomen can be difficult with associated severe tho-
racic injuries, particularly in the unconscious patient. For such cases, peritoneal la-
vage has become an indispensable diagnostic aid.
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IIIL. Injuries of the Extremities

In minor thoracic injuries presenting neither diagnostic nor therapeutic problems,
there is no contraindication to the immediate operative treatment of fractures and
ligamentous injuries.

The timing of internal fixation of fractures in severe thoracic and multiple injuries is
presently under debate. Every operative intervention adds additional trauma, partic-
ularly if it has to do with operations on the femur and pelvis, which usually involve
considerable blood loss [1, 3, 16, 17, 144]. Furthermore, it interferes with subsequent
assessment of the severely wounded (e. g., determining the state of consciousness)
and hinders further diagnostic procedures that may be necessary.

Experiences with an aggressive program of mechanical ventilation and continuation
of PEEP ventilation after the operation [13], however, clearly show that they signif-
icantly reduce the frequency of pulmonary complications (ARDS, fat embolism),
which are occasionally observed after a primary internal fixation of the major long
bones [16, 17, 144].

In agreement with other authors [12, 14, 15], in treating the severely injured we al-
ways perform primary internal fixation on fractures with concomitant vascular in-
juries, open injuries to joints and other wide, open fractures, or dislocations that
cannot be reset or cases in which surgical intervention is unlikely to impose an addi-
tional burden on the patient. In severely injured patients, ventilation with PEEP is
also continued postoperatively.

If primary internal fixation is waived on the day of the accident, then early internal
fixation is performed a few days after the accident provided that the patient’s gener-
al condition and skin permit operation. If possible, we try to avoid a longer delay
for the following two reasons:

1. When treating patients with severe thoracic injuries and patients receiving me-
chanical ventilation, it is important to provide changing lateral positions for the pa-
tient to avoid pulmonary complications. Skeletal traction not only prevents the pa-
tient from being turned but also makes the general care of the patient more difficult.
Distal fractures can be immobilized temporarily in a plaster cast, but for a femoral
fracture, internal fixation is necessary if the patient is to be turned in bed.

2. The longer a patient remains in intensive care before internal fixation of a frac-
ture is performed, the greater the danger of infection with highly pathogenic orga-
nisms.

IV. Maxillofacial Injuries

Fractures of the skeletal bones of the face are accorded a low priority. Combined
with thoracic trauma, they occasionally pose two problems:

1. Immediate aspiration of blood frequently occurs. Also after the accident, contin-
ued hemorrhaging from the nose and throat can cause repeated minor aspiration of
blood, which the patient then coughs up. This is often misinterpreted as hemoptysis.
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2. Subcutaneous emphysema can also occur locally in the facial area, in which case it
is caused not by thoracic injury but by a maxillofacial fracture with sinus involve-
ment.

V. Injuries to the Vertebral Column and Spinal Cord

Fractures of the thoracic vertebrae not only result in the formation of a mediastinal
hematoma but also cause hemothorax and, in rare instances, hemopericardium (es-
pecially fractures of T-9) or a reactive pericardial effusion [293].

Transverse lesions in the upper thoracic area or in the lower cervical spinal cord
cause paralysis of the intercostal musculature. If the damage is below C-4, such pa-
tients are usually able to breathe adequately with the innervation of the diaphragm
intact. However, if there is a significant paralysis of the intercostal musculature,
even a minor thoracic injury can cause severe respiratory insufficiency. Further-
more, pulmonary complications, such as the formation of atelectasis and pneumonia,
are extremely frequent in such cases. If spontaneous breathing is adequate, such
complications may be prevented by the immediate institution of specific pulmonary
therapy, particularly intermittent positive pressure breathing (IPPB).



Chapter 3

Interpretation of the Chest Roentgenogram

1. Basic Considerations

The thoracic roentgenogram is the most important diagnostic tool in the assessment
of thoracic injuries. It is not the intent of this chapter to review the radiodiagnostic
features of individual injuries. For the most part, these are well-known and are dis-
cussed in the separate chapters in the special section of this book as well as in com-
prehensive: radiologic texts [19]. Rather, the following paragraphs are intended to
call attention to the difficulties and errors that are associated with the interpretation
of chest roentgenograms taken after trauma and to summarize the indications for
special radiologic examinations.

Taking Roentgenograms of Recumbent Patients

The evaluation of the thoracic roentgenogram is much easier if it is taken in an
upright position; however, it is usually impossible to take the desired roentgeno-
gram of a severely injured patient in a standing or sitting position. It is senseless and
only a waste of time to attempt a roentgenogram of the seated patient in such cases.
It is much better in the evaluation of thoracic roentgenograms taken in a recumbent
position to pay attention to the special characteristics and possible sources of error.
In a recumbent patient, the domes of the diaphragm are elevated. Accumulations of
fluid in the thoracic cavity are distributed throughout that cavity and the shadow it
causes becomes more diffuse. Even a slight cloudiness signifies an accumulation
of several hundred milliliters of blood or other fluid (Fig. 1). The classic picture
of an effusion with an elevated fluid level against the lateral thoracic wall never
appears on this roentgenogram. A pneumothorax appears just the same on the roent-
genogram of a recumbent person as that of an erect person: the border of the lung
is brought into relief from the wall of the thorax and can hardly be overlooked if
the roentgenogram is examined carefully. If there is significant hemothorax at the
same time, however, a pneumothorax will occasionally remain undetected because
of the opacity of the entire part of the thorax. This is of no clinical significance
since treatment consists of insertion of a chest tube with suction in any case. Later
roentgenograms taken after evacuation of blood from the thoracic cavity will show
whether the lung is fully expanded.

Only if a roentgenogram of the chest is taken with the patient in an upright position
will a pneumohemothorax be revealed by the horizontal fluid level. The latter invari-
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Fig. 1a,b. With the patient in a recumbent position, a hemothorax is distributed throughout
the entire half of the thorax; even a significant accumulation of blood may produce only a
mild cloudiness (thoracic drainage = 1 liter of blood)

Fig. 2a,b. Roentgenograms in standing or sitting positions make it possible to identify even
small accumulations of fluid; in each case a horizontal fluid level confirms the presence of a
pneumothorax

ably indicates the presence of free air in the thoracic cavity even if the contour of the
lung, set off in relief from the wall of the thoracic cavity, is either not visible at all or
shows up very unclearly (Fig. 2).

The assessment of the mediastinum in a roentgenogram of the thorax of a recum-
bent patient can present special problems. The false picture of a “widened mediasti-
num” can appear. We shall discuss the great practical significance of this problem
later on.



18 Interpretation of the Chest Roentgenogram
What the Chest Roentgenogram “Cannot Do”

The inexperienced person usually expects the roentgenogram to furnish information
that it cannot possibly provide. This can result in errors of interpretation and atten-
dant serious consequences:

1. Multiple rib fractures are usually more numerous than the roentgenogram demon-
strates. It is understandable that rib fractures in the cartilaginous part of the ribs
will not be visible, but even fractures of the bony part, unless the ribs are dislocat-
ed, will often not show up in roentgenograms taken immediately after the accident
(Fig. 3). Additional rib fractures are frequently discovered on follow-up chest
roentgenograms taken during the course of hospitalization.

In an autopsy analysis of 30 patients with multiple rib fractures, we found almost
twice as many sites of rib fracture as had been revealed by the roentgenograms.
Fractures of the first and second ribs were the ones most often overlooked.
However, the number of fracture sites is usually irrelevant clinically in the diagnosis
of rib fractures. Of much greater importance are their functional effects and the pres-
ence of intrathoracic companion injuries. One should therefore not be tempted to
use special techniques highlighting bony structures to obtain a better diagnosis of
rib fractures at the expense of a poorer assessment of the pleura and lungs.

When diagnosing rib fractures, one should bear in mind the large number of rib
anomalies that exist. According to Kohler and Zimmer [24], such rib anomalies occur
in 0.15% —0.3% of all thoracic roentgenograms. These include cervical ribs, missing
or underdeveloped first ribs, bony fusion of the two uppermost ribs (Srb’s anomaly),
lumbear ribs, bifurcation (Luschka’s bifurcated rib), splitting of ribs, and synostoses.

2. The thoracic roentgenogram will not reveal a possible impairment of lung func-
tion. This is typically the case in adult respiratory distress syndrome (ARDS), in

b

Fig. 3a,b. Rib fractures often cannot be detected radiologically. a Day of accident; b 5 days
after the accident
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which initially there are no radiologic changes or only very slight ones, while at the
same time the pulmonary function is seriously impaired (see Chap. 4). While the
minimal pulmonary findings on the roentgenogram often generate a false sense of
security, it is the arterial blood gas analysis that provides the diagnosis of such life-
threatening conditions.

3. In acute cardiac tamponade resulting from a hemopericardium, there is virtually
never a tent-shaped widening of the heart shadow, as is characteristic of chronic peri-
cardial effusion. In the acute stage, the accumulation of 150 ml in the inelastic peri-
cardium suffices to threaten the life of the patient. Acute cardiac tamponade too is a
clinical, not a radiologic, diagnosis.

The Roentgenogram Is Always a Momentary Picture

The apparently self-evident fact that the chest roentgenogram only records the con-
dition at a particular moment does not seem to be taken sufficiently into consider-
ation. Even if the initial roentgenogram appears to be normal, in the further course
of development there may be findings that allow the correct diagnosis to be made.
This is of practical significance in the case of lung contusion (whose radiologic signs
continue to increase during the first few days after trauma because of further hema-
toma and edema formation), in the case of diaphragmatic rupture (in which diagno-
sis cannot be made until the abdominal viscera have herniated into the thoracic cav-
ity), and in the case of aortic rupture (which occasionally goes unsuspected until at-
tention is called to it by the growing hematoma formation in the upper mediasti-
num). Obviously, a hemothorax or pneumothorax can increase in volume or may
even appear for the first time after the initial assessment. Repeated follow-up radio-
logic examinations are therefore indispensable in the management of every thoracic
injury.

Indications for Special Radiologic Examination
1. Lateral Thoracic Roentgenograms

In an acute stage of severe thoracic trauma, a lateral thoracic roentgenogram is sel-
dom helpful. In exceptional cases, it may provide the outline of the aortic arch or lo-
calization of circumscribed accumulations of blood. During subsequent stages, a lat-
eral roentgenogram may occasionally be helpful in determining the exact location
of the chest tube, especially if circumscribed effusions of blood or accumulations of
air are not draining properly. A lateral roentgenogram may also be needed to pin-
point localized atelectasis or traumatic pulmonary pseudocysts.

2. Lateral Roentgenograms of the Sternum

The diagnosis of a sternal fracture cannot be made with an anteroposterior roentgen-
ogram. A lateral roentgenogram of the sternum is the method of choice if an injury
of this type is suspected.
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3. Tomograms

There has never been a case in our records where a tomogram was indicated in the
acute phase. In later stages, tomograms may become necessary to differentiate
between a posttraumatic intrapulmonary hematoma and a preexisting carcinoma,
or to localize posttraumatic pseudocysts and delineate them from postpneumonic
liquefaction or tuberculous caverns. Occasionally, fractures of the sternum can be
exhibited only by means of tomography.

4. Esophagography

If an esophageal injury is suspected, esophagography with a water-soluble contrast
medium [meglucamine diatrizoate (Gastrografin)] is the examination method of
choice. The indication for this simple procedure with its low level of complications
should be viewed as broadly as possible. Every penetrating injury of the posterior
mediastinum and all unexplained mediastinal emphysema should be investigated to
exclude the possibility of an esophageal lesion.

5. Bronchography

There is no indication for bronchography in acute trauma. The diagnosis of an inju-
ry of the bronchus is made by means of bronchoscopy. The only conditions in which
bronchography has meaningful application is in posttraumatic sequelae, i.e. in sus-
pected stenosis or occlusion of the bronchus.

6. Aortography

The indications for this investigation are discussed in detail later on (see “widened
mediastinum”).

II. Opacities

The fact that most of the intrapleural opacities after thoracic trauma are caused by a
hemothorax occasionally results in missed diagnoses with serious consequences. If
the opacity is caused by an intrapleural effusion of some other origin, e. g., a pre-
existing pleural effusion with cardiac insufficiency, a differential diagnosis is nei-
ther possible nor necessary since examination of the thoracic drainage material will
provide the correct diagnosis.

There are two principal differential diagnoses in which the insertion of a chest tube
is contraindicated, and in both cases serious damage may result if such placement is
attempted. They are diaphragmatic rupture and atelectasis.
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Fig. 4. Diaphragmatic rupture on the left side. Misinterpretation of this roentgenogram as a
hemothorax led to an attempt at a thoracic drainage in which stomach contents were evac-
uated

Fig. 5. Right middle
lobe atelectasis
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Fig. 6. Total atelectasis of the right lung. In contrast to a hemothorax, the mediastinum is
drawn toward the shaded side. Note the deviation of the lower trachea to the right.

Diaphragmatic Rupture

Opacities in the thoracic area that are sharply defined, as well as opacities with areas
of increased translucence corresponding to air in the displaced magenblase or in-
testinal loops, suggest a rupture of the diaphragm (Fig. 4). The displacement of the
mediastinum to the opposite side is often more pronounced in these cases than in
corresponding opacification caused by hemothorax. It happens again and again that
the stomach or the intestinal loops are injured in the attempt to drain what is
thought to be a hemothorax.

Atelectasis

Atelectasis seldom occurs immediately after trauma. However, when it does occur
and is wrongly diagnosed as a hemothorax, the attempt to drain the pleural cavity
usually results in injury to the lungs.

Segmental and lobar atelectasis is differentiated from hemothorax by the sharply de-
fined borders (Fig. 5). The most distinguishing feature in every atelectatic formation
is the displacement of the mediastinum, especially the heart and trachea toward the
opacified side (Fig. 6). All other causes of opacification in the thoracic area leave the
mediastinum in the middle or push it over to the opposite side.

IT1. Accumulation of Air

Problems arise here particularly when there is subcutaneous emphysema, but not
because of its diagnosis, which, clinically and radiologically, is the simplest in the
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Fig. 7. An instructive roentgenogram: 1. The massive subcutaneous emphysema prevents an
assessment of intrathoracic conditions. Only the displacement of the mediastinum to the left
reveals the presence of a tension pneumothorax on the right side. 2. The proper insertion of a
chest tube can be made difficult by massive subcutaneous emphysema; the tube, inserted on

the basis of clinical diagnosis, lies outside the thorax. It drains air from the subcutaneous tis-
sues

Fig. 8. Simulated pneumopericardium caused by a Mach’s band (see text)
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whole of thoracic traumatology. However, an extended area of subcutaneous em-
physema prevents the correct evaluation of the underlying pleural cavity and lungs
in the roentgenogram. Its hazy radiologic picture, permeated with small fields of ra-
diolucency and opacities, may overlay large areas of the lungs. Under these circum-
stances, a pneumothorax is hardly detectable (Fig. 7). Since the extensive subcuta-
neous emphysema also prevents clinical diagnosis of a pneumothorax and since the
latter is frequently the cause of the emphysema, a chest tube is inserted in doubtful
cases even though the diagnosis has not been verified.

The difficulty in identifying significant intrapulmonary lesions and evaluating their
course is also clinically important. This applies to pulmonary contusions, pulmo-
nary edema, and particularly to the diagnosis of aspiration. Missed diagnoses or mis-
takenly interpreted intrapulmonary shadows are frequent in this situation.
Mediastinal emphysema can often be detected clinically by a characteristic ausculta-
tion of the heart before the radiologic evidence (double contour of the heart silhou-
ette on the left, appearance of more air in the mediastinum) is available.

Because of the danger of a tension pneumothorax, the diagnosis of even a minimal
pneumothorax assumes special importance if the patient requires ventilation for ei-
ther an operation or treatment of respiratory insufficiency. In the case of diaphrag-
matic rupture, an air-filled stomach that herniates into the thoracic cavity can simu-
late a pneumothorax or even a tension pneumothorax [25].

Traumatic pneumopericardium is extremely rare. Sometimes the diagnosis is made
erroneously: either there is nothing more than mediastinal emphysema or a pneu-
mopericardium is simulated by a Mach’s band* (Fig. 8) (this is particularly true in
cases with intrapulmonary opacities).

IV. The “Widened Mediastinum”

Special significance is attached to a widened mediastinum when diagnosis of an
aortic rupture is involved. In my experience, an aortic rupture will not be over-
looked if the widened mediastinum is recognized. If in this situation the decision is
made to forego aortography, this should be done for well-founded reasons after thor-
ough consideration. In all cases in which an aortic rupture was overlooked, the wid-
ening of the mediastinum was not detected, although it was almost always visible
upon retrospective study of the chest roentgenograms.

A widening of the mediastinum can also occur for purely technical reasons. The
thoracic roentgenogram of a severely injured person is usually taken with the pa-
tient lying down, in expiration, often with an elevated diaphragm. and in an ante-
roposterior direction. All these factors may make the mediastinum appear to be
widened [18]. It is particularly the picture taken with portable X-ray equipment,
with its short distance beetween tube and plate and with anteroposterior direction of
its rays, that exhibits a widened mediastinum [18, 31] (Fig. 9).

* Mach’s band (1866) is an optical phenomenon: a relatively bright or dark band perceived in
a zone where the brightness increases or decreases rapidly.
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Fig.9 a,b. Apparent widening of the mediastinum resulting from the radiologic technique.
a Roentgenogram taken upon admission to emergency room; b 12 h later

However, even when the mediastinum is actually widened, the cause can be traced
to aortic rupture in only a minority of the cases. Of 64 patients whose first roentgen-
ograms taken after emergency admission showed a widened upper mediastinum,
only 11 were subsequently found to have ruptured aortas. The numerous other
causes are summarized in Table 5. The most common are hematomas in the medi-
astinum caused by spinal fractures, sternal fractures, or multiple dorsal paravertebral
rib fractures. Equally frequent are hemorrhages into the mediastinum from the small-
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Table 5. Causes of widening of the mediastinum

1. Technical cause Short distance between X-ray tube and plate
Anteroposterior direction of roentgenogram
Patient in horizontal position

2. Fracture hematoma Sternal fracture
Vertebral fracture
Paravertebral multiple rib fractures

3. Aortic rupture, avulsion or
laceration of supra-aortic

branches
4. Other arterial hemorrhage Internal thoracic artery
into the mediastinum Intercostal arteries
5. Venous bleeding Small veins (mediastinal veins, internal thoracic
veins, thyroid veins, branches of the subclavian
vein)
Rupture of the vena cava or brachiocephalic vein
6. Iatrogenic causes Hematoma after carotid angiography
7. Dilatation of aorta or change Preexisting aortic aneurysm (also syphilitic mesaor-
in its position titis)

Extensive aortic sclerosis
Poststenotic dilatation of aorta
Pectus excavatum

er venous vessels. In such cases, the source of the bleeding is not identified. Arterial
bleeding from an internal mammary artery or an intercostal artery is less common.
In each of three patients, a mediastinal hematoma was caused, respectively, by a
tear in the superior vena cava, a rupture of the right ventricle, and by an iatrogenic
hematoma following carotid angiography. We also found one case of mediastinal
widening caused by a poststenotic dilatation connected with aortic stenosis (77-year-
old female patient), one case of syphilitic mesoaortitis, one case of aortic dilatation
caused by arteriosclerosis in a 78-year-old male patient, and one case of dislocation
of the aorta by pectus excavatum.

Indications for Aortography

Successful recognition of an aortic rupture depends upon the conscious allowance
for negative aortographies. The wide mediastinum associated with an aortic rupture
is not always caused by bleeding from the rupture site on the aorta. A mediastinal
hematoma caused by tearing of small vessels in the vicinity of the aorta may point
toward injury of the aorta itself (see p. 227). In case of doubt, an angiogram should
always be performed. Since this examination of the severely injured often represents
a considerable expenditure of time and effort, several additional considerations and
hints may be helpful in deciding whether aortography is indicated.

1. The widening of the mediastinum is often not the only sign of an aortic rupture. In
addition to clinical signs (see Chap. 18), there are other radiologic findings that while
not diagnostic in themselves do corroborate the suspicion:
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Fig. 10. a Widened mediastinum caused
by mediastinal hematoma in fracture of
thoracic vertebrae 7, 8, and 11. b Aor-
tography excludes the presence of an aor-
tic rupture b

— Displacement of the trachea to the right is an important sign less commonly associ-
ated with other causes of mediastinal hematoma [23]

— Downward displacement of the left main bronchus

— Abnormal aortic contour or fuzzy delineation of the aortic arch on the left

— Association with a left-sided hemothorax

Aortography becomes imperative if one of these additional radiologic findings is
present.

2. In almost all clinically significant cases, the aortic rupture is located in the area of
the isthmus. By taking the roentgenogram with the left side of the thorax turned for-
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ward at an angle of 30°, the descending aorta can be turned further away from the me-
diastinal shadow and thus be evaluated more accurately.

3. A vertebral fracture or multiple paravertebral rib fractures help to explain the cause
of a mediastinal hematoma, but they should not serve to exclude the possibility of an
aortic rupture. Particularly left-sided dorsal paravertebral rib fractures can be asso-
ciated with an aortic rupture, as was the case in one of our patients. If there
is any suspicion, aortography should be performed also in these cases (Fig. 10).

4. If, because of only minor mediastinal widening, the decision is made to dispense
with aortography, roentgenograms should be used to check the subsequent course of
development. On the day of the accident, it is advisable to repeat the chest roentgen-
ogram after 4 h. If the mediastinum has grown in width, aortography is imperative.
If the widening can no longer be demonstrated, the first finding may have resulted
from faulty technique. However, Greenway [21] and Sandor [28] observed that in
aortic ruptures the mediastinal hematoma may no longer be detectable in the roent-
genogram because of a downward displacement.

It should be pointed out that even a normal chest roentgenogram does not exclude
the possibility of an aortic rupture. In the autopsy of two of our patients, we found
aortic ruptures that were not accompanied by any significant hematoma formation.
They were not, however, the cause of death. Retrospective examination of the roent-
genograms of these patients also revealed no abnormalities. Flaherty [20] described
the case of an aortic rupture in which there was no mediastinal widening but in
which the trachea was pushed to the right in the roentgenogram.

If aortography is indicated, every further delay of this examination (scheduling aor-
tography on the following day as part of hospital routine) represents an unnecessary
risk. It should be postponed only in favor of other, more life-threatening injuries
that demand immediate attention.

Immediate operation on the aortic rupture without aortography may be necessary if
the rupture shows signs of incipient perforation into the left hemothorax. However,
if time permits, it is preferable to perform aortography before proceeding with the
operation. Although an aortic rupture can be overlooked even in a radiologic exam-
ination with contrast medium [29], its diagnostic reliability is greater than that of
surgical exploration of the aorta [529].



Chapter 4

Respiratory Insufficiency

I. Basic Considerations

Respiratory insufficiency in severely injured patients is often a multifactorial event
in which the part played by individual causal components is difficult to estimate.
For this reason, there appears to be a resigned tendency in the more recent litera-
ture to group such respiratory disturbances together under a common term (e. g..
“adult respiratory distress syndrome” or “shock lung”). Unless these expressions are
used very restrictively, there is a danger of lumping a number of diseases with vary-
ing clinical significance together under a single label.

In the care of severely injured patients, I regard it of decisive importance to strict-
ly dissociate respiratory disturbances, which can be delineated and defined etiologi-
cally, from a collective term of the above type. They are incomparably more fre-
quent and differ with respect to treatment and prognosis. The pathologic condition
that remains is quite rare among cases given optimal initial treatment and can no
longer be defined etiologically but is characterized precisely with respect to its clini-
cal features and functional effects. In this book, I use the most current expression
“adult respiratory distress syndrome” (ARDS) for this condition.

Admittedly, in individual cases this differentiation can be difficult; however, there
are a series of special investigations available for this purpose.

Some of the therapeutic procedures undertaken in the treatment of the severely in-
jured may, alone or in combination with other factors, be responsible for impaired
pulmonary function. It is essential that cognizance be taken of them in the treat-
ment of thoracic injuries, and it is certainly justifiable to summarize them in a spe-
cial section.

II. Assessment of Respiration in Patients with Thoracic Injuries

1. Clinical Assessment

Let us keep in mind right from the beginning that, by itself, a clinical assessment of
respiration of a severely injured patient is not sufficient. Thoracic roentgenograms
and, above all, an arterial blood gas analysis are absolutely essential. Nevertheless,
a clinical examination is of decisive importance, particularly in cases of thoracic in-
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jury; it is senseless, for example, to diagnose or to document a tension pneumo-
thorax with the aid of blood gas analysis. Every respiratory problem that is clearly
life-threatening demands immediate treatment, which, apart from the insertion of a
chest tube, usually consists of immediate intubation and mechanical ventilation.
Subsequent diagnostic procedures are then carried out with the patient stabilized on
a respirator.

2. Chest Roentgenograms

This examination, which is conducted as a matter of course on every patient with
thoracic injuries, often produces diagnostic hints as to injuries and the effects of in-
juries of the thorax; however, it says nothing about functional impairment of respi-
ration. It is quite typical that in ARDS the initial appearance of the lung is normal
or nearly normal on the roentgenogram despite already existing severe functional
respiratory disturbance (Fig. 11). Conversely, massive lesions shown on the roentgen-
ogram (hemothorax, pneumothorax, aspiration, pneumonia) often cause only minor
functional disturbances.

Fig. 11. Typical of ARDS: in an almost normal roentgenogram of the thorax, there is already
a significant functional impairment: spontaneous breathing on 6 liters O,, P,O,=58 mmHg;
after 12 h of ventilation (F,0,= 1.0) P,O,= 63 mmHg. The patient died from the lung damage
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3. Arterial Blood Gas Analysis

1. If conditions permit, the blood gas analysis is carried out at first with the patient
spontaneously breathing room air. In this way a regional hypoventilation (“uneven
ventilation”) can be recognized. If one part of the pulmonary parenchyma is venti-
lated to a lesser degree, this results in a decrease in the partial pressure of the oxy-
gen in the affected alveoli. The oxygen content at the end of the capillaries of the af-
fected pulmonary area is thereby lowered. This is a characteristic finding in patients
with rib fractures. If oxygen is administered, the partial pressure of the oxygen in
the affected alveoli is raised so high that this abnormality may no longer be detect-
able (see example in Table 6).

2. Blood gas analysis during administration of a known quantity of oxygen helps to
answer the question of whether sufficient oxygenation is being attained and, above
all, provides a means for monitoring further developments.

3. Significant diagnostic information is provided by blood gas analysis after 20 min
of respiration or mechanical ventilation with pure oxygen, i. e., the oxygenation test.
It is used to evaluate the degree of the intrapulmonary right-to-left shunt that occurs
in ARDS or in the formation of atelectasis. The arterial PO, remains at a low level
(see example in Table 6). With this type of respiratory insufficiency, this test can
also be helpful in the daily monitoring of the patient’s course.

Table 6. Differentiation between regional hypoventilation (uneven ventilation) and intrapul-
monary right-to-left shunt: two typical examples

Spontaneous breathing: P,0, Therapy
Ambient air 6 liters O, Pure O,
(F1 0,=0.21) (F1 0,=1.0)
Regional hypoventilation
M.W., 3, 20 yrs old: 59 mmHg 154 mmHg 353 mmHg! = O, adminis-
Multiple comminuted frac- tered nasally
tures of ribs V—IX on the Analgesics
left side with paradoxical Breathing exer-
respiration, fractured cla- cises
vicle, cardiac contusion,
rupture of spleen, fracture
of pelvis, torn knee liga-
ments
Right-to-left shunt
R.C,, 3,34 yrs old: 60 mmHg 79 mmHg 125 mmHg!  Ventilation
Multiple fractures of ribs (PEEP)
I-1V on the right side, Steroids

compression fracture of
thoracic vertebra IX
ARDS
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Fig. 12. The three basic types of severe disturbances in ventilation-perfusion distribution (see
text)

Normal

Collapsed alveoli with perfusion — shunt

No perfusion with ventilated alveoli —dead space

No ventilation and no perfusion — silent unit



Assessment of Respiration in Patients with Thoracic Injuries 33
4. Disturbances in the Ventilation-Perfusion Ratio (V4/Q)

Of the three basic types of disturbances in the ratio between alveolar ventilation
(V) and perfusion (Q) (Fig. 12), the intrapulmonary right-to-left shunt as well as
the increase of dead space ventilation after thoracic injury and general trauma are
of vast clinical importance. Specific and somewhat demanding measurement tech-
niques make it possible to accurately calculate their extent. In daily practice, how-
ever, it is permissible to use simplified examination procedures that provide suf-
ficiently accurate estimates of functional disturbance.

Intrapulmonary Right-to-Left Shunt

Under normal conditions, approximately 3% of the cardiac output is not available
for gas exchange because it flows through anatomic shunts from the right to the left
side of the heart via bronchial and pleural veins and via the thebesian veins. If non-
ventilated alveoli are perfused, there will be an additional capillary shunt. The total
shunt volume (unfortunately also misleadingly referred to as “physiologic shunt”) is
composed of an anatomic shunt and a capillary shunt.

In every severely injured patient, there will be a modest increase in this total shunt
volume. A right-to-left shunt of 12% — 15% can be observed in almost all patients
with multiple injuries [188].

A considerable increase in the right-to-left shunt is a characteristic feature of the
pulmonary disturbances in ARDS and in atelectasis. The flow of venous blood from
the right side of the circulation system to the left side of the heart, not coming into
contact with any ventilated alveoli and hence not participating in the gas exchange,
results in a mixing of venous blood with arterial blood and thereby causing arterial
hypoxia. An increase in the oxygen concentration of the inspired air naturally has
no effect upon the oxygen content of this venous blood admixture. This circum-
stance can be used to differentiate it from other forms of arterial hypoxia.

The total shunt volume compared to the volume of cardiac output (“shunt fraction”
Qs/Qy) can be calculated during inhalation of pure oxygen according to the follow-
ing formula [40, 92], in which the measured arterial (C,) and mixed venous (Cy)
oxygen content are compared with the maximal oxygen content theoretically attain-
able at the end of the pulmonary capillaries (C,):

95_=9¢_ Ca
QT Cc— C\'/
In which

Cc=Hb - 1.394+P,0, - 0.003
P,O,=Pg - P,H, 0 - P,CO,
Pg: actual barometric pressure; PACO,: see p. 34
P,H,O: water vapor pressure; at 37° C=47 mmHg
C,=Hb-1.39-S,+P,-0.003
Cy=Hb - 1.39 - S¢+P;*-0.003 *

The oxygen content of the blood corresponds essentially to the hemoglobin-bound
oxygen (hemoglobin content X 1.39 X oxygen saturation of the hemoglobin; it is
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assumed that the hemoglobin is totally saturated at the end of the capillaries, hence
is equal to 1.0) and to the physically dissolved oxygen (PO, x 0.003), which is so
minimal that the corresponding term in the equation (marked with asterisks) can be
ignored in actual practice.

Simplified formulas for the calculation of shunt [38] proceed on the assumption
that there is an O, saturation of 100% in the arterial blood. In a large shunt (i. e, a
very low P,0,), this can lead to errors in calculation. When P,O, values exceed
150 mm Hg, however, the Qg/Qrcan be calculated as follows:

Qs (Pao—P,)-0.003

Qr  (Cu=Cy)+(Po—P,)-0.003

However, the exact calculation of the shunt fraction is based on the determination
of the oxygen saturation of mixed venous blood. If the blood used is taken from the
superior vena cava or from the right atrium, serious errors in calculation may result.
The only blood that is genuinely mixed venous is that taken from the pulmonary ar-
tery [113, 121]. Because a pulmonary catheter must be inserted (e. g., Swan-Ganz
catheter), the practical application of the shunt measurement is restricted.

From a clinical point of view, there is no reason to doubt the significance of a diag-
nosis of right-to-left shunt; however, when interpreting the calculated values, it is
well to remember that an alveolar oxygen content of 100% promotes the formation
of microatelectasis, and because of that, a shunt fraction is created that is higher
than that obtained during inhalation of a mixture of oxygen and air. In fact, this ef-
fect has been observed after only 5 min of ventilation with pure oxygen [91].

Oxygenation Test, Alveolar-Arterial Oxygen Gradient

There are two clinical measurements, both of which are easier but considerably less
precise, that can be used to identify an intrapulmonary right-to-left shunt, namely,
the determination of arterial PO, during ventilation with pure oxygen or the calcu-
lation of the alveolar-arterial oxygen gradient. In the process, the patient inhales
pure oxygen for 20 min through a three-way air valve.

The partial pressure of the alveolar oxygen (Pa O,) is equal to the barometric pres-
sure (Pp) minus the two partial pressures remaining in the alveoli after the nitrogen
has been completely washed out, namely, the partial pressures of P,CO, and
water vapor (PH,O). Because CO, diffuses so well, it can be assumed that the
alveolar and arterial CO, partial pressures are identical.

Alveolar-arterial oxygen gradient:
A —a DO,=(Pg- P,CO,~- PH,0) - P,0,
[PACO,= P,CO,]
The use of the alveolar-arterial oxygen gradient as a standard of measurement for
the intrapulmonary right-to-left shunt, however, is subject to several significant and
very restrictive assumptions. The following values must remain unchanged during

repeated investigations: (1) hemoglobin content, (2) cardiac output, and (3) position
of the hemoglobin dissociation curve. Only when these conditions are met can there
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be a direct relationship between A —a DO, and the shunt. Since these values do not
remain constant over a prolonged period of time, however, there are considerable
possibilities for error.

The determination of the arterial PO, after inhalation of pure oxygen serves as a
quick method of orientation, not only in emergency situations but also in the rou-
tine hospital setting. In unequivocal cases, it effectively differentiates pathologic con-
ditions with a distinct intrapulmonary right-to-left shunt from arterial hypoxia
caused by regional hypoventilation (see example in Table 6). The same restrictions
apply here as in the calculation of the alveolar-arterial oxygen gradient.

For clinical purposes, an arterial PO, of over 300 mmHg (F;O, = 1.0) can be taken
as a sign that there is no life-threatening right-to-left shunt present. Values below
250 mmHg (F{O, = 1.0) indicate the presence of a distinct right-to-left shunt and, in
my judgment, require aggressive therapy.

The P,0, values measured under clinical conditions are always lower than those ar-
rived at theoretically. This is caused by technical difficulties associated with the mea-
surement of PO, at high partial pressures of oxygen. It is of special importance that
there be no delay in making the blood gas analysis since oxygen escapes into the
ambient air and blood itself uses up oxygen. To a lesser degree, there is also an oxy-
gen loss at the electrodes [73]. Obviously, the same problem also exists in calculating
the shunt. In actual practice, the examination should be carried out as soon as possi-
ble after the blood sample has been taken, and if the analysis cannot be performed
in the vicinity of the patient, the blood samples should be covered with ice while
being taken to the laboratory.

This dependence of arterial PO, upon the magnitude of the intrapulmonary right-
to-left shunt and on the alveolar oxygen tension can be illustrated by computed
curves (Fig. 13). They show that the detection of a marked right-to-left shunt is
much easier if the patient is inhaling concentrated oxygen rather than ambient air.

00T T
mmHg \\ ‘
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Fig. 13. Calculated values of the
arterial partial oxygen pressure 100 L
(P.O,) related to alveolar partial
oxygen pressure (P,O,) and to pul- NN
monary right-to-left shunt quo-
tients  (Qs/Qr).  Assumptions: 50 |
hemoglobin 15 g%, arterial -
pH 7.40, arteriovenous oxygen dif-
ference 6 ml/100 ml, standard | | | |
hemoglobin dissociation curve. % 10 20 0 W0 % %o

Pontoppidan et al. [108] Qg/Qy
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Increase in Dead Space

Dead space is defined as that portion of the inhaled volume of air that does not par-
ticipate in the carbon dioxide exchange. In adults, the volume of anatomic dead
space amounts to approximately 150 ml. The alveolar dead space, which is the ven-
tilated volume of nonperfused alveoli, is practically zero under normal conditions of
rest.

Dead space to tidal volume ratio (Vp/Vr)
Vp _ PACO, - Pg CO,

vy  P,CO,
PrCO, =PCO, of expired air collected in a container for 3 min.
Normal value: ﬂ = 0.3.

450

No doubt this determination is of considerable theoretical importance, but its appli-
cation in actual practice is not obligatory since the arterial PCO, value obtained via
the blood gas analysis will quickly indicate whether the necessary increase in venti-
lation minute volume required to compensate for the increased fraction of dead space
has in fact occurred.

There is always an increase of dead space ventilation in every severe thoracic injury,
during hypovolemic shock, and in every significant increase of the intrapulmonary
right-to-left shunt. This increase in dead space also causes an increase in the work of
breathing. Compensation can usually be made for Vp/V values of up to 0.6, but
when the ratio exceeds 0.7, adequate spontaneous breathing is no longer possible
because at this level of Vp/Vr the increased CO, production, generated by the nec-
essary increase in the work of breathing, exceeds the ability of such effort to elimi-
nate the additional CO,.

5. Disturbance in Diffusion

Acute respiratory insufficiency is doubtlessly often accompanied by a disturbance in
diffusion. However, severe disturbances in diffusion occur in ARDS only in ad-
vanced stages, particularly of course after formation of hyaline membranes [185].

6. Cardiac Qutput

Cardiac output usually increases if there is a significant intrapulmonary right-to-left
shunt. This process is a thoroughly sensible compensatory mechanism that attempts
to guarantee an adequate supply of oxygen to the vital organs despite a low arterial
PO,. (If the right-to-left shunt reaches 50%, there are 2.5 liters/min of oxygenated
blood available for perfusion of organs at a cardiac output of 5 liters/min; however,
if the cardiac output is 10 liters/min, there are 5 liters/min of oxygenated blood
available.) The calculation of the shunt fraction by itself provides only a superficial
assessment of the overall situation and of the prognosis of the patient.
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The increased burden upon the heart, however, entails the danger of cardiac failure.
The situation becomes critical if the pulmonary conditions remain poor and cardiac
output decreases. Only by measurement of cardiac output can such a decrease be
detected in time.

The cardiac output in turn has an effect upon the size of the shunt in that a rise in
cardiac output not only brings about a corresponding increase in the amount of ve-
nous blood being mixed with arterial blood, but it also increases the shunt fraction
(QS/QT) of the total cardiac output [74, 119].

II1. Respiratory Insufficiency Caused by the Thoracic Injury Itself

The impairment of ventilation caused by pneumothorax and hemothorax is easily
eliminated by immediate drainage. In rib fractures, pain and mechanical restric-
tions upon breathing usually lead to a regional hypoventilation. The corresponding
lowering of arterial PO, that this causes can almost always be compensated for by
administration of oxygen. If there is no craniocerebral injury and if the oxygenation
test provides no evidence of ARDS, a more conservative attitude toward providing
mechanical ventilation is justified. In such cases, we would tolerate spontaneous res-
piration as long as, with the administration of oxygen, the P,0, does not fall below
60 mmHg. In our case records, 30% of the patients with multiple rib fractures had to
receive ventilatory assistance, often necessitated by a combination of thoracic injury
with other severe lesions, especially simultaneous brain injuries.

The restriction on breathing caused by pain or mechanical factors is also accompa-
nied by inadequate expectoration. The accumulation of secretions can lead to for-
mation of atelectasis or infection. These deleterious consequences, which often
cause a secondary respiratory insufficiency, can be prevented by adequate analgesia
and above all by intensive breathing exercises, which are begun on the day of the
accident.

By itself, paradoxical respiration involving a free fragment of chest wall resulting
from multiple double rib fractures is not an indication for ventilatory assistance.
Only with evidence of respiratory failure is long-term mechanical ventilation un-
avoidable, unless it is one of the rare cases where surgical stabilization of the
thoracic wall promises to be successful. Three-quarters of our patients with para-
doxical respiration required mechanical ventilation.

Even a satisfactory blood gas analysis does not take away from the fact that in mul-
tiple rib fractures the function of the lungs is restricted to a considerable degree. In
the first few days after the accident, the vital capacity is reduced an average of 40%
of normal (Fig. 14). Of the 23 patients with multiple rib fractures whom we tested
daily during one full week for lung function, there were 3 patients with a forced
vital capacity below 20% of normal (13%, 16%, and 19%, respectively). In their cases
adequate spontaneous respiration was possible.

The vital capacity continues to drop slightly in the first 2 days after injury, then be-
gins to slowly but steadily rise; as a rule, significant respiratory insufficiency seldom
occurs after the critical 4-day period following the accident. Even with a normal
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Fig. 14. Restriction of forced vital capacity (FVC) in patients with multiple rib fractures dur-
ing the first 8 days after the accident (n =23; normal values according to Anderhub et al. [33])

PCO,, the dead space ventilation is elevated in proportion to the total ventilation
(Vp/ V7). The consequence of this is an increase in the work of breathing, which dur-
ing the critical period can lead to symptoms of fatigue.

Patients with thoracic injuries are especially sensitive to excessive infusion of fluids.
This is particularly true of the pathologic picture of pulmonary contusion, which is
harmless in most cases, yet occasionally can develop into a form analogous to
ARDS. There can be no doubt that shock treatment and fluid resuscitation are par-
ticularly significant in these instances. If on the basis of the blood gas analysis done
during the oxygenation test, a pulmonary contusion with respiratory insufficiency is
diagnosed, the treatment indicated is ventilation with positive end-expiratory pres-
sure (PEEP) and accompanying therapy as with ARDS.

IV. Aspiration

Primary aspiration is common in the case of injuries to the nose-throat area, in frac-
tures of the upper jaw, in the unconscious patient, and in severe injuries to the lungs.
What is aspirated is a crucial question. Aspirated foreign bodies, such as teeth or
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Fig. 15. Progressof
aspiration of blood as
revealed by roent-
genograms on the day
of the accident and |
day later

Fig. 16. Toxic lung edema after
aspiration of gastric contents
(Mendelson syndrome)

broken dentures, must be removed by bronchoscopy. Aspiration of bleod produces
a striking thoracic roentgenogram, in most cases showing relatively little functional
impairment. The radiologic findings return to normal as a rule very quickly (Fig.
15). Pneumonia developing after aspiration of emesis usually responds well to treat-
ment.

A special form presents itself in the aspiration of acidic gastric fluids (Mendelson’s
syndrome) [94]. This life-threatening acute condition coupled with severe hemorrhag-
ic edema of the lungs (Fig. 16) demands immediate, aggressive treatment: ventila-
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tion with positive end-expiratory pressure and administration of steroids. If this ther-
apy is applied promptly, the prognosis is good [50, 114].

We must also call attention to the imperceptible, “silent” aspiration of material pass-
ing the cuff in patients with a tracheotomy or with an endotracheal tube. It is not
clear whether this repeated aspiration of small amounts of saliva is deleterious or
not; however, it may play an essential role in the formation of pulmonary infections
[51].

V. Adult Respiratory Distress Syndrome (ARDS)

The term “adult respiratory distress syndrome” (ARDS) should be used in a restric-
tive sense for a well-defined posttraumatic pathologic condition. It is characterized
by a substantial intrapulmonary right-to-left shunt, a decreased functional residual
capacity, and an interstitial lung edema (Fig. 17). Characteristic findings in early
stages are listed in Table 7.

Table 7. Characteristic findings in the early stages of ARDS

Arterial PO, |
Arterial PCO, normal (in rare cases |: hyperventilation)
Cardiac output

Right-to-left shunt
Functional residual capacity |
Interstitial lung edema

The pathologic condition is defined by its functional consequences, not by its etiolo-
gy. The concept “shock lung” is misleading to the extent that in most cases the
shock is not the most important, let alone the sole cause of respiratory insufficiency
[95]. It must be regarded as established fact that this pathologic condition also oc-
curs without a preceding state of shock. Instead of “shock lung,” I use the expres-
sion “adult respiratory distress syndrome” (ARDS). In the literature there are over
40 terms for this one pathologic condition [45], for example:

— Posttraumatic pulmonary insufficiency (Moore et al. [98])

— Congestive atelectasis (Jenkins [80])

— Wet lung (Burford and Burbank [47])

— Progressive pulmonary insufficiency (Collins [52])

— Capillary leak syndrome (Derks and Peters [57])

— Progressive pulmonary consolidation (Safar [118])

— Respiratory distress syndrome (Ashbaugh [34], Petty and Ashbaugh [107])

In optimal treatment of patients with multiple injuries, ARDS is relatively rare. In
general, it occurs more frequently the more severely the patient is injured.
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Fig. 17. Severe interstitial lung edema. Lobular and segmental bronchi show up only in ad-
vanced cases (air bronchogram)

Pathophysiologic Mechanisms

The purpose of this brief overview is to summarize the results of the more recent clin-
ical and experimental investigations (Fig. 18). No final judgment is as yet possible
regarding the importance and significance of the individual factors.

1. Capillary Permeability

The central feature of this event is the damage done to the capillary wall along with
an increase in capillary permeability. In electron-microscopic investigations of lung
biopsies, Wegmann and I [68] were able to demonstrate that edematous swelling of
the capillary endothelium is an early change. Sodium ions and proteins [130] cross
over into the interstitial tissue and bind there a corresponding amount of water,
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Fig. 18. Reciprocal influences of pathophysiologic changes in ARDS

which results in interstitial edema. This can be demonstrated by means of elec-
tron microscopy [103] and with the use of tracer substances [71]. The capillary wall
is damaged either directly by hypoxia, catecholamines, kinins, histamine, free fatty
acids in fat embolism, and by endotoxins, or indirectly via a precapillary and presum-
ably also a postcapillary vasoconstriction or by substances produced by platelet ag-
gregates (see below).

2. Vasoconstriction of Terminal Vessels

In contrast to the periphery, hypoxia leads to vasoconstriction of the small vessels in
the lung (von Euler-Liljestrand effect [134]). What is involved in this is a significant
adjustment of circulation to ventilation. An acidosis has the same effect [61]. Circu-
lating catecholamines, histamine, and other substances set free by the platelet ag-
gregates likewise result in vasoconstriction. Accordingly, this gives rise to an in-
crease of resistance in the vascular system of the lungs.

3. Surfactant

Surfactant, a phospholipid, reduces the surface tension as a means of lining the al-
veoli and in so doing keeps the alveoli open. The type II alveolar epithelial cells,
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which synthesize surfactant, are damaged in the state of shock [75]. The reserve of
surfactant lasts, however, for some 18 h. This may explain the frequently observed
latency in the development of the pathologic picture. Moreover, surfactant is
rendered inactive by transudate in the alveoli.

When the surfactant content is reduced, atelectasis forms, which produces a func-
tional right-to-left shunt. This gives rise to a vicious cycle, which maintains arterial
hypoxia.

4. Thrombocyte Aggregates, Disseminated Intravascular Coagulation

Thrombocyte aggregates in venous blood, which appear after soft tissue injury [39,
42], after local ischemia [85], and after hemorrhagic shock [86], are collected in the
pulmonary capillaries [86]. This can cause a reduction in peripheral blood thrombo-
cytes.

The increased resistance in pulmonary vessels, however, is not the result of mechan-
ical blockade of the capillaries, which is impossible for quantitative reasons [112].
Rather, from the local thrombocyte aggregates certain substances are liberated that
cause vasoconstriction: histamine, catecholamines, and serotonin. Except for hista-
mine, these in turn lead to the further aggregation of platelets so that an additional
vicious cycle takes place (Fig. 19). A second such vicious cycle consists of the libera-
tion of ADP from the aggregated thrombocytes, which even in very small amounts
produces the aggregation of platelets. Some of these substances also alter the per-
meability of the vessels [35, 36].

Microthrombosis

Disseminated intravascular coagulation

Coagulating
substances from
thrombocytes
/\. Release of:
— Histamine |
Platelet —————— —> Vasoconstriction
aggregation — Catecholamines i
\/ — Serotonin I
ADP

Fig. 19. Pathophysiologic significance of thrombocyte aggregates in the pulmonary micro-
circulation
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The formation of such thrombocyte aggregates can be fully reversible. However, un-
der the influence of clotting substances derived from the thrombocytes (platelet fac-
tors), a microthrombosis can result and if this development continues, it can lead to
disseminated intravascular coagulation, which can be demonstrated to be con-
sumption coagulopathy [112, 144]. In my experience, this has seldom been the case.
Furthermore, I have seldom found such microthrombi in lung biopsies so that ex-
clusive causal significance can hardly be ascribed to these thrombocyte aggregates.
It is my judgment that the importance of this factor is frequently overrated.

Development and Prognosis

If these vicious cycles, which occur automatically in the lung the moment damage
begins, cannot be interrupted by prompt and aggressive therapy, an increasing dete-
rioration of the situation is unavoidable. The result of this is a continuing reduction
of lung compliance, development of hyaline membranes, and finally fibrosis of the
lung. The required minute ventilation volume and the concentration of inhaled oxy-
gen must be increased. Respiration pressures increase. Tension pneumothoraces oc-
cur whereat the lung is unable to collapse. The conclusion of this development is the
“hepatization” or “carnification” of the lung (Fig. 20).

As Wilson [139] has shown, the extent of the pulmonary right-to-left shunt allows prog-
nostical conclusions. However, it must be related to the cardiac output. Moreover, it
has been my experience that prognosis is rated as unfavorable if the shunt is not re-
duced when ventilation with positive end-expiratory pressure is applied (Table 8).

Table 8. Unfavorable prognosis of ARDS

Pulmonary right-to-left shunt over 50%

No reduction of right-to-left shunt during PEEP
Low cardiac output

Combination with renal failure

Table 9. Therapy for ARDS

I. Ventilation with positive end-expiratory pressure (PEEP)
II. Steroids (1 g methylprednisolone IV, repeat once after 6 h)

Therapy (Table 9)

It is decisive for the therapy of ARDS that treatment is instituted early, i. e., imme-
diately after the diagnosis has been established. Every delay results in a progression
of intrapulmonary abnormalities and conceals the danger of passing the point of no
return.

1. Prompt ventilation with positive end-expiratory pressure (PEEP). This very deci-
sive step in treatment is taken because it counteracts the reduction of functional
residual capacity [111, 126]. Microatelectases are opened. A positive end-expiratory
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Fig. 20. Terminal stage of ARDS with extensive fibrosis of the lung (“hepatization”)

pressure (PEEP) of + 10 cm H,O usually will not be detrimental to the function of
the heart; in some instances, the cardiac output will even increase [e. g., 127].

2. Administration of high bolus dosages of corticosteroids, which directly affect the
heightened permeability of the capillaries, according to more recent research [79,
82, 140] seems to be favorable. We administer 1 g methylprednisolone IV immedi-
ately and repeat this dosage once after 6 h. Simultaneous ventilation with positive
end-expiratory pressure (PEEP) is maintained.

3. Maintenance of normal oncotic pressure in the intravascular area. According to
Starling’s law [123], the intravascular oncotic pressure is an essential factor in the re-
turn of fluid from the interstitial tissue to the capillaries. It is largely determined by
the protein content of the serum and falls sharply in the presence of hypoproteine-
mia. (The relationship is shown in Table 10.)

Table 10. Calculated oncotic pressure dependent upon protein content of blood (Landis and
Pappenheimer [84])

Serum protein Calculated oncotic pressure®
7.5 g% —28 mmHg
6.0 g% —20 mmHg
5.0 g% - 15 mmHg

* According to the formula: P=2.1 ¢+0.16 ¢*+0.009 c* (c = plasma protein concentration)
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Maintenance of a normal serum protein content by restricted fluid supply using
fresh blood or human albumin as volume replacement can be significant during early
therapy, as long as there is no severe damage to the pulmonary capillary wall.

The application of a concentrated albumin solution in manifest ARDS, however, is
questionable and should be carefully considered in each individual case since even al-
bumin can penetrate into the interstitium because of the increased permeability of
the capillary wall for proteins [130].

The use of heparin, often recommended, is highly problematic and in the case of
patients with multiple injuries is contraindicated. Besides, an indication would be
given only if tests for coagulation provide evidence of a disseminated intravascular
coagulation, something that in my experience is astonishingly seldom the case. A de-
crease in thrombocytes by itself is insufficient for this diagnosis; it occurs in every
severely injured individual and especially after massive transfusions. Proof'is lacking
for the effectiveness of proteinase inhibitors.

Hypothermia

If despite optimal therapy the arterial PO, at an oxygen concentration of 0.6 at in-
spiration falls below 60 mmHg, the application of a hypothermia of 30°-32°C is
recommended. This not only reduces the need for oxygen, it also decreases CO,
production by reducing the entire metabolism; the necessarily increasing rise of
the respiratory minute volume in such advanced cases can thereby be restricted. Be-
cause of the toxic effect of high oxygen concentrations at inspiration, I prefer to go
this route rather than via the alternative of increasing the F;O, beyond 0.6.

Extracorporeal Oxygenation

New perspectives in the treatment of severe advanced ARDS are suggested by the
possibility of extended extracorporeal oxygenation with membrane oxygenators. If
oxygenation can no longer be provided by the usual therapeutic measures, this pro-
cedure, which is slowly accomplishing the transition from experimental to clinical
usage, can be considered. Because of the danger of severe bleeding, it must be re-
stricted to those cases that undergo rapid and increasing deterioration despite opti-
mal therapy.

On the other hand, the administration of long-term perfusion makes sense only be-
fore fibrosis of the lung has begun, i.e., in the first 10 days after the appearance and
diagnosis of the syndrome. Even if there is a possibility of applying this therapy, the
technical and personnel requirements are enormous.

There have been cases of patients with severe and otherwise unfavorable pulmonary
insufficiency surviving long-term perfusion (up to 9% days) [142]. According to the
opinion of Hill [76]. in cases of increasing deterioration, a P,0O, below 50 mmHg ob-
tained with an F;O, of 0.6 is an indication for this procedure.
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VI. Fat Embolism

Is it justifiable to differentiate fat embolism from ARDS as a cause of respiratory in-
sufficiency?

Fat embolism undoubtedly represents a specific syndrome, which due to the pulmo-
nary changes it causes can indeed lead to ARDS. However, in addition to the prom-
inent sign of respiratory insufficiency, it is usually accompanied by other symp-
toms that do not occur in ARDS. Of particular importance is cerebral involvement
with disturbances in consciousness of every kind, which are by no means limited to
hypoxia, but as a consequence of a specific pathologic event in the brain can also
appear without arterial hypoxia [93]. The pure cerebral form of fat embolism without
pulmonary involvement is well-known [37]. In addition, petechiae of the skin are char-
acteristic of fat embolism (Fig. 21) and are observed in over 60% of the patients
[37, 105]. They are not found in ARDS. The specific, though less frequently found
changes in the retina [32] and kidneys [72] also suggest a unique and specific
pathologic condition.

As far as the pulmonary situation is concerned, there is an important additional rea-
son for separating it from ARDS: There are two distinct forms of pulmonary fat em-
bolism that, completely independent of the findings of the chest roentgenogram,
are distinguishable in their functional injury (Table 11). This differentiation is

Fig. 21. Petechiae caused by fat
embolism
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Table 11. The two different forms of pulmonary fat embolism

Respiratory Insufficiency

Type I Type ll
Characteristic Insignificant Significant
intrapulmonary intrapulmonary
right-to-left shunt right-to-left shunt
Diagnosis

P,0, air (F; O,=0.21) Low or normal Low
P,0, (F; O,=1.0) =+ Normal (over 300 mmHg) Low (below 300 mmHg)
A-aDO, + Normal (below 350 mmHg) Over 350 mmHg
Roentgenogram Characteristic changes of fat
embolism
Prognosis Good Questionable, corresponding to
ARDS
Therapy Mechanical ventilation if “Aggressive” as with ARDS:
necessary to guarantee — PEEP
sufficient P,0, — Maintenance of normal on-
cotic pressure
— Steroids
Example L.Ch, 38,26 yrs: A.D, 3,29 yrs:

P,O,: Spontaneous
breathing

P,0,: Mechanical
ventilation
(PEEP+10)

Fragmented fracture of femur
on the right

Fracture of right lower leg

Fracture of IVth lumbar verte-
bra

Thoracic contusion

48 mmHg (6 liters O,)

128 mmHg (F; O, =0.4)
494 mmHg (F; O, = 1.0)

Fracture of femur on the right
Fracture of right lower leg

Intra-abdominal bleeding

Cerebral contusion
69 mmHg (5 liters O,)

72 mmHg (F; O,=0.4)
130 mmHg (F; O, =1.0)

based on the extent of the intrapulmonary right-to-left shunt and is probably rath-
er arbitrary. However, it seems to me to be useful for clinical practice since it facili-
tates evaluation of the degree and further course of the pulmonary impairment and
provides signs for the prognosis. Recovery from the severer form — type II — is not
possible without treatment, and ventilation with PEEP is always necessary.

Type I Pulmonary Fat Embolism

In type I, there is an initial normal arterial PO, or arterial hypoxia, in which by
spontaneous breathing or mechanical ventilation with pure oxygen a P,0O, corre-
sponding to an F;O, of 1.0 can be attained. In this form, there is no significant
right-to-left shunt. The dead space quotient (Vp/Vr) is elevated. Because of arterial
hypoxia, respirator treatment may be necessary, but adequate P,O, values on the
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respirator should be attainable without difficulty. The prognosis of this first form of
pulmonary fat embolism is good.

Type II Pulmonary Fat Embolism

In type II, arterial hypoxia is caused by an essential functional intrapulmonary
right-to-left shunt. In breathing or mechanical ventilation with pure oxygen, the at-
tainable P,O, remains far below normal values. The alveolar-arterial oxygen gra-
dient is greatly elevated. In its functional effects and prognosis, this form corre-
sponds to ARDS.

In both forms, the changes in the lungs as shown on the roentgenogram are usually
pronounced and characteristic (resembling “snow flurries” or a “fine-grained, mili-
ary” picture of the lung). The functional limitation of respiration can, however, pre-
cede the pathologic X-ray picture by 1 or 2 days. The thoracic roentgenogram there-
fore does not allow any conclusions to be drawn about which form of fat embolism
is present. The arterial blood gas analysis at room air is also inconclusive. Only ex-
amination of the blood gas on 100% O,, during spontaneous breathing or, if need be
with mechanical ventilation, can distinguish between the two forms.

Among our patients, we found almost twice as many with type I pulmonary fat em-
bolism as with type IL

Differentiation between these two forms of pulmonary fat embolism appears to me
to be important not only for prognosis but also for therapy. In the case of type I, it
corresponds to the treatment for ARDS: aggressive mechanical ventilation with pos-
itive end-expiratory pressure (PEEP) and steroids in high dosage. In the case of
type I, treatment can be restricted to guaranteeing an adequate supply of oxygen by
means of mechanical ventilation. However, frequent monitoring of arterial blood
gases is essential.

VII. Other Forms of Respiratory Insufficiency Among the Injured

Respiratory Disturbances in Craniocerebral Trauma

Severe cerebral injuries can result in a variety of respiratory disturbances, from hy-
perventilation to various forms of hypoventilation to cessation of respiration [124].
The failure of deep breathing reflexes and inadequate expectoration are also of sig-
nificance. The treatment of the cerebral damage and of the brain edema naturally
takes precedence. Intubation should be liberally employed to avoid aspiration and
to allow endotracheal suction. Mechanical ventilation is also broadly indicated since
under no circumstances should hypoxia be permitted to develop.

In addition to these basic respiratory disturbances, which have been known for a
long time, it was the Moss group [101, 103, 104] that took note of mechanisms
that give rise to central lung edema. (Attention must be called, however, to the fact
that these investigations could not be confirmed by other authors.) Thus, a cerebral
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hypoxia leads to an increase in the permeability of the lung capillaries and thereby
to a state that corresponds functionally to ARDS. In experiments with animals, such
an interstitial lung edema could be produced by selective perfusion of the brain
with oxygen-poor blood [101]. Medication with diphenylhydantoin produced a pro-
phylactic effect. These lung changes were absent in denervation of the lung through
autotransplantation [104].

Renal Failure

Posttraumatic failure of the kidneys has clearly become less frequent and is avoid-
able in most cases [56]. Adequate shock treatment, monitoring of kidney functions
(urine production. osmolality, in certain cases creatinine clearance), appropriate,
but not excessive administration of fluids, and correction of other extrarenal factors
of kidney insufficiency (cardiac failure) as well as avoidance or correct dosage of po-
tentially toxic substances (e. g., aminoglycoside antibiotics) will keep the number of
dialyses needed to a minimum.

In many cases, renal failure is accompanied simultaneously by respiratory insuffi-
ciency. During the first few days after trauma, the latter might be occasioned by over-
infusion inasmuch as the attempt is made by means of generous intravenous ther-
apy to maintain adequate urinary output. What is important here is to recognize this
danger early and to limit the amount of infusion drastically. In the case of obvious
overinfusion, a timely dialysis with rigorous withdrawal of water can eliminate lung
edema [143]. In such cases, one needs only minimal indication for the use of me-
chanical ventilation with positive end-expiratory pressure (PEEP). In the case of
established ARDS accompanied by simultaneous anuresis, the lethality is extraordi-
narily high and survival is possible only in exceptional cases.

Lung changes caused by uremia conform largely to the image of ARDS. In an al-
ready damaged lung, a rise in urea and creatinine, which can be tolerated without
difficulty by a person with healthy lungs, causes additional lung damage. The prog-
nosis in such patients can only be improved by aggressive dialysis, which keeps the
blood urea-nitrogen level below 90 mg% [53].

Smoke Inhalation

The inhalation of smoke or toxic gases generated by the combustion of modern
synthetics, besides causing local damage to the larger respiratory passages, can in
severe cases lead to changes in the lungs that correspond functionally to ARDS.
Therapy would then follow the same principles. If treatment with a respirator is not
considered necessary, intensive breathing exercises become decisively important.
The early use of steroids in high dosages (two applications, each 1 g methylpredni-
solone IV) is helpful [58, 59, 125].

VIII. Lung Damage Caused by Therapeutic Measures

In the multifactorial event that leads to the progressive respiratory insufficiency of
ARDS, the damage to the lungs done by therapy of the injured assumes major signif-
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Table 12. Potential lung-damaging therapeutic measures and prophylaxis

“Prophylaxis™

Blood transfusion Freshest possible blood
Special filters in massive transfusions
Alternative: microaggregate-free blood components

Infusion of crystalloids Controlled fluid infusion
in excess
Oxygen Oxygen on need basis

F; O, maximally 0.6

Supine position Alternating side positions
Early mobilization
Breathing exercises

icance. Some measures that would be tolerated by an undamaged lung without bad
effects will result'in critical damage in the case of trauma or as a consequence of dis-
turbed capillary permeability of the lung.

Knowledge of these various possibilities of damage caused by therapy is of great
practical significance. Some severe injuries to the lungs could be avoided if in ther-
apy of the severely injured, especially in primary shock treatment, more attention is
paid to the lung (Table 12).

Excessive Use of Fluids

If blood loss is replaced with crystalloid solutions, multiple volumes will be neces-
sary because noncolloidal solutions quickly disperse in intravascular and extravascu-
lar space in a ratio of 1:4[97]. This fluid stays in the interstitial tissues. In a lung in-
jury (e. g., lung contusion) or in otherwise damaged permeability of the lung capil-
laries, the lung retains this fluid to a far greater degree than other body tissues [88,
97, 131]. Furthermore, the plasma proteins are diluted by large amounts of crystal-
loids and concomitantly the oncotic pressure in the plasma is reduced (see Table
10). This also promotes the loss of water from the intravascular bed. In fact, in a se-
verely injured individual, the levels of serum albumin and total proteins are low-
ered but this is not only caused by the infusion of salt solutions [54].

In a damaged lung, an excess infusion of crystalloids undoubtedly acquires decisive
importance for further pulmonary developments.

However, this does not answer the question of whether primary shock treatment
should be instituted with colloids or crystalloids. Colloids, especially the administra-
tion of albumin, can also exert deleterious effects on the lung. If the capillary per-
meability is impaired, proteins enter the interstitium, remain there, and are condu-
cive to the formation of interstitial edema. This lung-damaging effect is probably
more difficult to reverse than the edema alone.

I would once again like to call attention to the protective effect of prophylactic ven-
tilation with PEEP for decreasing fluid retention in the lung.
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Fig. 22. a Severe allergic lung edema in a 20-year-old patient with facial lacerations after
transfusion of one unit of blood. b Normalization of the lung condition 2 days after ad-
ministration of steroids and ventilation with PEEP
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Blood Transfusion

In stored whole blood, there are thrombocyte and leukocyte aggregates that are de-
posited in the lung during transfusion as microemboli, as Swank [128] pointed out
for the first time in 1961. They consist of clumps of degenerated thrombocytes and
leukocytes with a diameter of 15—200 um and therefore pass through the normal
blood filters that catch only particles over 170 um in diameter.

The aggregate formation is dependent upon the length of preservation [128]. In pre-
served blood over 1 week old, this aggregate formation can reach 60 million in
400 ml of blood [100].

In massive transfusions, such microaggregates from stored blood share responsibili-
ty for the occurrence of ARDS. The damaging effect here most likely consists not in
obstructing the capillaries of the lung but in liberating biologically active substances
(serotonin, histamine, ADP) from the microaggregates.

Use of micropore filters can prevent the entry of such aggregate formations into the
venous circulation. In massive transfusions, the early use of such special filters is re-
quired. However, their use in transfusions of fresh blood is not advisable since they
also filter out an essential portion of functional platelets [77, 90]. In clinical usage, it
is necessary that such special filters allow for an adequate filtering rate and do not
clog too quickly.

An alternative to special filters would be the use of microaggregate-free blood com-
ponents, such as fresh blood, fresh frozen plasma, and erythrocyte concentrates with-
out a buffy coat [64]. It has been demonstrated experimentally that permeability
disturbances of the pulmonary capillary wall caused by preserved blood do not oc-
cur when transfusions without platelets and without a buffy coat are administered
[43].

Interstitial edema and the signs of ARDS can also develop on the basis of an aller-
gy. In the literature, only a few cases are recorded [48, 135]. I have observed two
such allergic reactions to blood transfusions resulting in interstitial lung edema and
respiratory insufficiency, in one case after the transfusion of a single unit (Fig. 22).
In both cases complete recovery resulted after respiratory treatment with positive
end-expiratory pressure (PEEP) and steroids.

Oxygen Toxicity

Since the turn of the century, it has been known that laboratory animals that inhale
pure oxygen longer than 3 or 4 days die of severe lung damage [122]. Oxygen in
high concentrations is also deleterious to the human lung. Of decisive importance
are the partial pressure of the oxygen being inhaled as well as the time of exposure.
In experiments on healthy persons who inhale 100% oxygen at a pressure of 1 atm,
changes in the lungs appear after 24 h [49, 133]. At a pressure of 2 atm, lung damage
is already detectable after 6 — 11 h [62].

Lower partial oxygen pressures are tolerated for a longer period of time without dam-
age. Volunteers in the American space program inhaled oxygen at a PO, of
300 mmHg over a period of 3 days, and American astronauts breathed pure oxygen
at 258 mmHg in the space capsules [116].
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All of this applies to healthy persons with undamaged lungs. There is evidence to
suggest that a previously damaged lung (e. g, by ARDS or after lung trauma) is
more sensitive to the toxic effects of oxygen [120].

The clinical observation that atelectasis occurs more frequently even during a brief
application of pure oxygen is easily explained by resorption. In actual oxygen toxic-
ity, however, there is direct tissue damage, principally manifested by enzyme dam-
age to the mitochondrial membranes [83] and interference of surfactant synthesis
[99].

Based on these observations, practical clinical conclusions can be drawn:
Ventilation with pure oxygen is only justified in immediate emergencies, €. g., in
cardiac arrest or during acute hypotension. In intensive care, the lowest suitable
concentration of oxygen should be used for ventilation, i. e., oxygen should only be
administered on the basis of “need.” An inspired oxygen concentration of more than
60% over an extended period of time is to be avoided at all costs! If the intrapulmo-
nary right-to-left shunt in ARDS is so extensive that no adequate arterial PO, can
be attained with this oxygen concentration, then even an increase to 100% F; O, will
no longer produce any substantial gain, as can readily be seen in Fig. 13. In these
cases, instead of raising the inspired oxygen concentration to toxic levels, the at-
tempt should rather be made to lower oxygen requirements by means of hypo-
thermia.

Supine Position

The distribution of ventilation and perfusion in individual sections of the lung de-
pends upon the position of the body. In the lower parts of the lung, perfusion ex-
ceeds ventilation [137].

The supine position is the worst one for the patient because a large part of both
lobes of the lung are poorly ventilated. The functional residual capacity, which is
greatly reduced in ARDS, decreases 20% even in healthy lungs when the person is
laid on his back [108]. Frequent changes of position are therefore extremely impor-
tant for all patients who cannot be mobilized [115].

Sedatives and Narcotics

The suppression of deep breathing reflexes favors the formation of atelectasis. In
addition, suppressing the cough reflex makes expectoration more difficult.

Long-term Ventilation

There is still discussion going on about the possibly damaging effect of long-term
ventilation and its causes [138]. Persons with healthy lungs (e. g., poliomyelitis pa-
tients) were ventilated over a period of years without noticeable pulmonary damage.
The question is academic since no long-term ventilation is undertaken without indi-
cation, and it is precisely in cases of interstitial lung edema that ventilation serves
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not for the maintenance of oxygenation but must be designated as actual therapy. If
advancing pulmonary insufficiency nevertheless results, of all the possible damag-
ing factors involved, mechanical ventilation is not primarily responsible. The ex-
pression “ventilator lung” is one of the worst that can be used for ARDS and im-
plies a completely misleading causality that does not exist.

IX. Conclusions and Consequences for Prophylaxis and Therapy

1. Prophylaxis Against ARDS

— The most effective prophylaxis against ARDS in severely injured patients is pro-
phylactic ventilation with PEEP. High-risk patients are intubated and ventilated
for 1 — 3 days with PEEP at + 10 cm H,O.

— Even if mechanical ventilation is instituted for other reasons (e. g., instability of
the thoracic wall), as a principle PEEP is applied provided there are no contrain-
dications present (e. g., brain injury).

— The amounts of electrolyte solutions should be carefully balanced against uri-
nary output.

— Microfilters should be used in massive transfusions. This does not apply when
fresh blood or erythrocytes are used.

— Avoid excessive transfusion.

— During volume infusion a normal plasma protein content (c. 7 g%) and concomi-
tantly a normal oncotic pressure in the plasma should be maintained.

The infusion of 20% human albumin is established practice in the primary volume
replacement. Giving larger amounts of albumin in concentrations of 4 g% or 5 g%
should be avoided as much as possible as it leads to dilution of protein.

2. Differential Diagnosis of Respiratory Insufficiency

— Repeated arterial blood gas analyses are indispensable.

— If there is arterial hypoxia, an oxygenation test, possibly during mechanical ven-
tilation, is used to determine whether there is only a regional hypoventilation or
a significant intrapulmonary right-to-left shunt involved, i. e., if atelectasis can
be ruled out, whether the pathologic picture is that of ARDS or a functionally
comparable disorder.

3. Adult Respiratory Distress Syndrome (ARDS)

— The diagnosis of ARDS or functionally equivalent disorders implies intubation
and ventilation with positive end-expiratory pressure (PEEP).
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— In this situation, consideration must be given to the fact that ventilation not only
effects the maintenance of sufficient P, O, but is also the most essential thera-
peutic procedure and is intended prophylactically to prevent deterioration of the
disease.

— Administration of | g methylprednisolone IV, repeated once after 6 h.

4. Chest Drainage

— It is obvious that a tension pneumothorax must be recognized and drained be-
fore further diagnostic measures are taken.

— In all patients with multiple rib fractures who require mechanical ventilation for
general anesthesia or because of respiratory insufficiency, a prophylactic chest
tube is inserted.
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Indications for Operation in Blunt Thoracic Trauma

Operative intervention is seldom necessary in blunt thoracic injuries (in my expe-
rience, this occurred in only 8% of such hospitalized patients). There are clearly de-
fined indications for surgery. The more experienced the surgeon is in the treatment
of thoracic injuries, the less frequently (s)he will, as a rule, operate. This is espe-
cially true in pure lung injuries: the “lung suture” is for the most part unnecessary.
Conditions are similar in the case of penetrating chest injuries. The principles un-
derlying their treatment and the special indications for operative intervention ‘are
discussed in Chap. 7.

There are situations in which an operation is immediately necessary, such as with
heavy blood loss and in cardiac tamponade. In the majority of cases, however, an
accurate diagnostic determination, e. g., by means of bronchoscopy, aortography, or
esophagography, is possible. The operation then follows immediately upon verifica-
tion of the diagnosis (“early operation”) (Table 13).

Table 13. Indications for early operation in blunt chest injuries

1. Massive and persistent bleeding

2. Acute cardiac tamponade

3. Rupture of the aorta

4. Injury to the supra-aortic branches

5. Rupture of the trachea and bronchi

6. Rupture of the diaphragm

7. Rupture of the esophagus

8. Possibly operative stabilization of the thoracic wall

L. Indications for Inmediate or Early Operation

1. Massive and Persistent Bleeding

After insertion of a chest tube, a frightening amount of blood is often lost. Most of
the hemorrhaging from the chest wall or the lung parenchyma stops, however, after
expansion of the lungs. It is a different story if the internal thoracic artery, an inter-
costal artery, great vessels, or the heart are injured.

There are no general, binding rules for operative indications in these instances. The
amount of blood flowing out immediately after insertion of the chest tube is noted,
but this provides no conclusive indication for proceeding with an operation. In
general, surgical intervention is indicated when blood loss through the chest tubes
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continues to exceed 500 ml/h after 3 h or more than 150 ml/h after 6 h. Obviously,
an operation'is always indicated if a state of shock caused by intrathoracic bleeding
or hemorrhaging into the mediastinum cannot be controlled despite volume substi-
tution.

2. Acute Cardiac Tamponade

This situation, which occurs much less frequently in chest wounds through blunt
force than through penetrating injuries, is caused by heart wall ruptures, ruptures of
the intrapericardial portion of the aorta, or by hemorrhage of the heart surface or
the pericardium. It constitutes an indication for immediate operative intervention.
In acute cases, pericardiocentesis is never to be regarded as definitive therapy but
only as a stopgap measure until the operation can be performed. An operation is
also necessary in the exceedingly rare case of luxation of the heart.

3. Rupture of the Aorta

If intervention is not immediately necessary to treat acute hemorrhaging with left-
sided hemothorax, a suspected rupture of the aorta should be confirmed preopera-
tively by means of aortography. After clarification of the diagnosis, the operation
should not be delayed since lethal hemorrhaging could occur at any time.

4. Injuries to the Supra-aortic Branches

If there is no acute hemorrhage, the diagnosis of rupture of a supra-aortic artery or
of intimal lesions with acute thrombosis should also be established preoperatively
by means of angiography.

5. Ruptures of the Trachea and Major Bronchi

With a massive loss of air through the chest tube, especially where the lung cannot
be reexpanded or if there is massive mediastinal emphysema, the diagnosis of a rup-
tured bronchus or injury to the trachea is verified by bronchoscopy. Confirmation of
the diagnosis is an indication for surgery (see p. 170). Massive air leakage caused sole-
ly by injuries to the lung parenchyma do not represent an indication for operation if
the lung can be fully expanded by the use of suction drainage.

6. Rupture of the Diaphragm

Early operation is always indicated.
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7. Rupture of the Esophagus

This very rare injury is difficult to recognize and must be diagnosed and operated
upon as early as possible. If there is any clinical doubt, the diagnosis can be clarified
before the operation by means of esophagography.

8. Operative Stabilization of the Thoracic Wall

Operative stabilization of multiple rib fractures is justified only if the patient would
have to be ventilated solely on account of the unstable thoracic wall. In general, this
is the case only in multiple comminuted rib fractures with paradoxical respiration
and resultant respiratory failure. There are further restricting factors involved in
such an operation so that it should only be considered in a few exceptional cases.
The problematic nature of the operative indications, which are not yet clarified by
any means, is presented in greater detail in Chap. 10.

IL. Indications for Subsequent Operations

1. Injuries to Intracardiac Structures

The operative correction of a traumatic septal defect or of valvular heart injuries
calls for diagnostic clarification by means of heart catheterization and cineangiogra-
phy. It goes without saying that the operation should be performed by the cardiac
surgeon. An operative intervention in the acute posttraumatic phase is seldom indi-
cated.

2. Clotted Hemothorax

If a large hemothorax cannot be adequately drained so that later functional distur-
bances are anticipated, the decision for a thoracotomy should be made early. One
week after trauma the operation is still relatively simple and consists of a small tho-
racotomy with removal of hematoma; the operation several weeks after trauma,
however, requires decortication of the lung.

3. Injuries to the Thoracic Duct

This rare lesion hardly presents an indication for an operation anymore since the
leakage of chyle into the thoracic cavity generally stops by itself subsequent to
chest suction drainage and parenteral nutrition. The operation, which consists of the
ligature of the thoracic duct, should only be considered if healing fails to take place
after 3 — 4 weeks of conservative management.
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4. Traumatic Aneurysm of the Aorta

The diagnosis, once confirmed by aortography, provides the indication for an oper-
ation inasmuch as such an aneurysm can rupture at any time, even years after the
trauma.

III. Contraindications to Operative Intervention

An operative intervention is contraindicated in lung contusions, blast injuries of the
lung, intrapulmonary hematomas, and generally also in lung lacerations. Operative
intervention is only indicated for lung lacerations when there is massive hemor-
rhaging or if the thoracic suction drainage cannot fully reexpand the lung. The heal-
ing tendency in parenchymal lung injuries is extraordinarily good [152]. All that an
operation does is add to the morbidity and mortality.

In general, hemoptysis does not present any operative indication. The danger of as-
piration is met by laying the patient on the injured side and in exceptional cases by
use of a double-lumen endotracheal tube. With mechanical ventilation, traumatical-
ly induced hemoptysis is almost always brought to a halt. The value of an operation
is therefore doubtful because the localization of hemorrhage in blunt trauma can be
enormously difficult. ’
Operative intervention is naturally not indicated in cases of cardiac contusion. The
only exception to this, a rare one, might be the occurrence of cardiac tamponade
due to hemorrhaging from a contused myocardium.
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Operative Approaches

As with every surgical intervention, an adequate operative approach is decisive in
injuries to intrathoracic structures. Since such interventions must occasionally be
undertaken under great pressure of time, it is better in these situations to choose a
simple approach that can be carried out quickly. Of special significance are the pos-
sibilities for extension since in contrast to elective cases, the amount of damage can
often not be judged preoperatively. Although operative approaches must be accom-
modated to individual cases, it is generally possible to make standard incisions.

I. Anterolateral Thoracotomy

This approach to thoracic injuries is used most frequently and can be carried out
most quickly. Since the incision is made through the front section of the chest wall,
only very little musculature must be incised. Morbidity is minimal.

Indications

—

. Cardiac injuries, cardiac tamponade, open heart massage

2. Removal of clotted hemothorax

3. Injuries to the thoracic wall (hemorrhaging from the internal thoracic artery or
from intercostal vessels)

. Severe lung injuries

. Injuries to pulmonary vessels or to the vena cava

. Injuries to the bronchus (fifth intercostal space)

. Injuries to the intrathoracic trachea, unless a medial sternotomy is performed
(right-sided thoracotomy)

~ N L B

Possibilities for Extension

1. The anterolateral thoracotomy can be extended in the direction of the posterolat-
eral thoracotomy. In that case, there is a restriction only when the field of operation
is limited posteriorly by the prior positioning of the patient. For this reason, when
severe injury to the lung is suspected, a lateral position, as in a posterolateral thora-
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cotomy, is advantageous. For the initial exploration, however, only the anterolateral
incision is made.

2. An important possibility for extension is a transverse incision of the sternum en-
abling the surgeon to enter the other thoracic cavity.

Position

Oblique position (30°—-40°) (Fig. 23) by bolsters under the hips and scapula.

Operative Procedure

The skin incision runs from the edge of the sternum in an arc approximately 5 cm
below the nipple, in women along the breast crease. Posteriorly, the incision is again
drawn more caudally (Fig. 23). If a posterior extension is necessary, it should run
about 5 cm below the tip of the scapula.

In general, the thoracotomy takes place in the fifth intercostal space. The thoracic
attachment of the major pectoral muscle is severed ventrally at the level of the fifth
rib. Toward the side, corresponding to the course of the ribs, the anterior serratus
muscle is spread apart in the direction of its fibers. The periosteum of the fifth rib is
incised with an electrocautery close to the lower edge of the rib (Fig. 24 A).

The periosteum and bordering intercostal musculature are pushed back from the
lower edge of the rib using a periosteum elevator (Fig. 24 B). The rib is lifted with
a retractor, and the parietal pleura is incised with a scalpel and opened up with scis-
sors in the direction of the course of the rib (Fig. 24 C). Near the sternal origin of
the rib, the rib cartilage is cut; the next higher rib can be disarticulated at the ster-
nocostal joint. If necessary, the internal thoracic artery is cut and ligated.

Fig. 23. Anterolateral thoracotomy: position and skin incision
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Fig. 24. A Incision of the periosteum close to the lower edge of the rib after cutting the at-
tachments of the major pectoral muscle. Laterally, the anterior serratus muscle is spread apart
in the direction of its fibers. B Pushing back the rib periosteum and the bordering intercostal
musculature with its nerve and vessels by means of a periosteum elevator. C Raising the rib
with a retractor and incising the parietal pleura. D Closure of thoracotomy: use of the rib ap-
proximator. The thick catgut sutures are placed; they encompass the upper rib and the in-
tercostal soft tissues below the wound

Before closing up the thoracotomy, adequate drainage must be established; in inju-
ries to the pericardium and the heart, a window is placed in the pericardium behind
the phrenic nerve to allow drainage into the thoracic cavity. In general, two thoracic
tubes are inserted intrathoracically: one anteriorly for the evacuation of air and one
posteriorly running through the phrenicocostal sinus for the purpose of blood drain-
age. Bear in mind that the chest tube is not to be brought out too far posteriorly.

For the closure of the thoracotomy, Bailey’s rib approximator is helpful. Thick cat-
gut sutures (catgut No. 2) encompass the upper rib and the intercostal soft tissues
inferior to the approach but not the rib below (Fig. 24 D). The closure should pre-
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serve the natural distance between the ribs and not cause the two ribs to override.
Muscle layers that have been severed are sutured.

A rib resection is never necessary. The approach is made sufficiently large by
means of a rib spreader.

Postoperatively, a 25 cm H,O suction is usually attached to both chest tubes by
means of a Y-connector. In pneumonectomies, only a very low suction (5 cm H,O
suction) should be applied.

II. Posterolateral Thoracotomy

Indications

1. Rupture of the aorta in classic location (fourth intercostal space) -

2. Severe lung injuries, if the anterolateral thoracotomy is insufficient

3. Injuries. to the intrathoracic esophagus (thoracotomy on the right side for the up-
per section, on the left for the lowest section)

4. Ruptures of the right diaphragm, old diaphragmatic injuries on the left, or also
recent ones if simultaneous severe intrathoracic injuries are involved (in acute
left-sided diaphragmatic ruptures without indications for an operation on the in-
trathoracic organs, the approach of choice is via laparotomy)

Possibilities for Extension

Continuation of the incision to the opposite side by cutting transversely across the
sternum.

Fig. 25. Posterolateral thoracotomy: position and skin incision
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Fig. 26. Posterolateral thoracotomy: cutting the latissimus dorsi muscle as far distally as pos-
sible. Incising the trapezius and rhomboid muscles.

Positioning

Lateral position (Fig. 25). In severe injuries to the lung, the disadvantage in this po-
sition is that it is almost impossible to avoid aspiration of blood into the nonin-
volved lung. In these cases, a double-lumen endotracheal tube should be utilized.

Operative Procedure

In its anterior section, the skin incision corresponds to that of the anterolateral tho-
racotomy; it begins slightly anterior to the midclavicular line. Posteriorly, the inci-
sion runs in an arc 5 cm below the tip of the scapula and then goes cranially paral-
lel to the spinal column, 5 cm lateral to the spinous processes, and proceeds to the
level of the fifth thoracic vertebra (Fig. 25).

For the maintenance of better function, the latissimus dorsi muscle is severed as far
distally as possible. Posteriorly, the trapezius and, if necessary, the rhomboid muscle
lying underneath it are incised (Fig. 26). The anterior serratus muscle is also severed
as far distally as possible; this muscle incision runs ventrally in the direction of the
rib selected for access. The rest of the procedure, drainage, and closure correspond
to the anterolateral thoracotomy.
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III. Median Sternotomy

Splitting of the sternum, which is particularly applicable as a standard incision in
heart surgery and whose special merits are its minimal impairment of pulmonary
function and the fact that it does not require opening the pleural cavities, is hardly
ever used in trauma cases. It takes more time, its extension possibilities are limited,
and it is only in rare cases that we are faced with an injury in which there is con-
vincing preoperative evidence that only the anterior mediastinum is affected.

Indications

1. Injuries to the ascending aorta
2. Possible injury to the intrathoracic trachea, provided preference is not given to a
right-sided thoracotomy

Possibilities for Extension

Extended exposure of the vessel origins in the superior thoracic aperture can be
gained by means of an oblique cervical incision.

Position
Supine position

Operative Procedure

The skin incision is made in the center line that begins from the suprasternal notch
and extends caudally to the xyphoid. The periosteum is incised in the middle of the
sternum using an electrocautery.

Using blunt finger dissection, the posterior aspect of the suprasternal notch and the
xyphoid are freed. The sternum is then split longitudinally with an oscillating saw,
and after pushing the pleura away from the posterior of the sternum, the spreader is
inserted.

If, during the course of the operation the pericardium is opened, pericardial drain-
age is provided by insertion of a tube with a small catheter in its lumen, effecting a
suction and flush drainage system.

Closure of the sternum is accomplished by means of a doubly laid and singly knot-
ted suture through the sternum proper, using a thick, nonabsorbent material (e. g.,
nylon monofilament No. 3).

IV. Approach to the Great Vessels of the Superior Thoracic Aperture

In hemorrhaging injuries of the great vessels of the superior thoracic aperture, the
choice of operative approach is of decisive significance. It must not only provide for
the care of the lesion, but must also permit bringing the hemorrhage under control
as quickly as possible. Before operative intervention, a clear picture of operative tac-
tics must have been formed (see p. 241).
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Fig. 27 A - D. Possible approaches to the vessels of the superior thoracic aperture: A Distal in-
fraclavicular approach; B Supraclavicular approach, possibly with splitting of the clavicle;
C Trapdoor approach: supraclavicular incision combined with an upper sternal split and a an-
terior thoracotomy in the third intercostal space; D Median sternotomy, possibly combined
with cervical extension

1. Distal Infraclavicular Approach (Fig. 27 A)

This access comes into consideration only in injuries to the axillary vessels. The in-
cision is made from the lower edge of the distal clavicle up to the area of the delto-
pectoral groove, where the cephalic vein runs. The major pectoral muscle is held
away medially and downward. For an extension of the exposure, the insertion of the
major pectoral muscle is severed at the humerus along with its fibers connected to
the clavicle, and the insertion of the minor pectoral muscle is detached at the cora-
coid process.’An additional supraclavicular approach to occlude the subclavian ar-
tery may become necessary.
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2. Supraclavicular Approach (Fig. 27 B)

This is the standard approach for injuries to the middle and distal section of the
subclavian artery and vein. In many cases, for purposes of better exposure of the
distal vessel, there is an advantage in splitting the clavicle in the middle (e. g., with
a Gigli saw) and subsequently restoring it by internal fixation. This approach can
be expanded to a “trapdoor” type by a longitudinal cleavage of the sternum to the
level of the third intercostal space.

3. “Trapdoor” Approach (Fig. 27 C)

By far the best exposure of the vessels of the superior thoracic aperture on a given
side is gained by the trapdoor approach, which was publicized anew by Steenburg

Fig. 28. The trapdoor approach permits a good exposure of the proximal supra-aortic branches,
the brachiocephalic veins, and the proximal subclavian vein
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and Ravitch [151] (Fig. 28). It is the standard approach for injuries of the proximal
portions of the subclavian artery and vein and of the brachiocephalic vessels. It is a
median sternotomy up to the level of the third intercostal space where, after cutting
across the one side of the sternum, a small frontal thoracotomy is performed. In the
upper section, the incision is made from the suprasternal notch supraclavicularly in
a distal direction.

The incisions used in this procedure, which appear to be somewhat heroic, are
tolerated astonishingly well and as a rule heal without complications.

4. Anterolateral Thoracotomy in the Third Intercostal Space

This approach permits a provisional hemostasis in hemorrhages into the thoracic
cavity caused by injuries to vessels of the superior thoracic aperture. Its sole justifi-
cation is as an emergency intervention for tamponade; the definitive treatment of
the injury is usually not possible with this approach. The anterior thoracotomy can
be extended to become a trapdoor approach.

5. Median Sternotomy, with Possible Cervical Extension (Fig. 27 D)

For injuries to the vessels near their origin at the aortic arch, especially on the right
side, this approach offers an alternative to the trapdoor approach. It is associated
with somewhat less morbidity. For injuries to vessels situated more distally, it is
hardly suitable, however.

V. Thoracoabdominal Approach

For pure thoracic injuries, a thoracoabdominal approach is not indicated. In thora-
coabdominal lesions, especially in gunshot and stab wounds, its application is also
generally not advisable. If the operative opening of both body cavities is necessary,
I prefer separate approaches by means of a midline laparotomy and a separate tho-
racotomy primarily because of the danger of infection.

A thoracoabdominal approach is accompanied by considerable morbidity. The pul-
monary complication rate is higher, and the instability of the chest wall is not incon-
siderable because of the incision through the rib cage. Above all, there is the danger
of chondritis in the cartilaginous part of the rib.

However, there are some nonthoracic, specific abdominal injuries, especially severe
liver ruptures, which in rare cases require a thoracoabdominal approach.



Chapter 7

Special Considerations in Penetrating Chest Injuries

Clinical procedures and treatment of penetrating injuries to individual thoracic
structures and organs are described in the special chapters. Some general viewpoints
are summarized separately here.

1. Causes of Injury and Intrathoracic Injuries

The circumstances surrounding gunshot and stab wounds to the thorax vary from
country to country and region to region and reflect the mentality of the populace
and the availability of individual weapons. Whereas in Finland, for example, virtu-
ally nothing but stab wounds necessitate clinical treatment [172, 179], in the south-
ern parts of the United States gunshot wounds predominate [131]. Among 91 of
our patients, nearly one-half (48%) of the penetrating injuries were caused by gun-
shot. Suicide attempts and criminal offences were about equally frequent.

Other are caused by impalement or by flying objects.

The degree of destruction to tissue caused by a gunshot wound depends upon two
conditions:

1. The energy of the projectile (determined principally by its muzzle velocity and to
a lesser extent by its mass) and its behavior during flight and at its target

2. The peculiar characteristics of the affected tissue

With a target velocity of less than 300 m/s, there is generally no tissue destruction
to be expected essentially beyond the caliber of the bullet. Hand guns and machine
pistols, with their relatively low muzzle velocity, do not attain this target speed. The
tissue damage is therefore comparable to a stab wound.

It is a different story with the projectiles of modern flat-trajectory weapons (car-
bines, automatic rifles, machine guns). They have muzzle velocities of 750—850 m/s,
the American M-16 automatic rifle even over 1000 m/s [153]. These high-velocity
missiles not only create a tract corresponding to the size of the projectile as they
slam through tissue, they also have an explosion-like effect with pressure-related
laceration and contusion of the tissue (cavitation).

The degree of this explosive effect is dependent upon the nature of the tissue, upon
its elasticity, and its specific weight. Compact, parenchymous organs with high den-
sity, such as the liver, spleen, and kidneys, enhance this kind of tissue destruction.
The same is true of the musculature and also of the thoracic wall.
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Fig. 29. Machine rifle gunshot
through the upper left lobe of the
lung. Nearly complete disappear-
ance of the parenchymal opacity
within 1 week

In this respect, lung tissue represents a special case compared to other body tissues.
In contrast to the liver and muscles, which have a specific weight somewhat over 1,
the specific weight of the lung is only 0.4 — 0.5 [153]. Furthermore, its high elasticity
makes lung tissue more capable of resistance than other body structures. Amato
[153] and Kolesov [168] have demonstrated experimentally that in gunshot wounds
with high target velocity there is also a cavitation effect in the lung. This temporary
cavitation, however, is much smaller than, for example, that of the muscles of the
chest wall.

The resulting injury is a mixture of lung laceration and lung contusion (Fig. 29). In
-individual cases, a “lung contusion with respiratory insufficiency” may occur and is
then characterized by a greatly reduced arterial PO,, which is the result of the for-
mation of an intrapulmonary right-to-left shunt [170].

It is remarkable that tangential gunshot wounds of the thoracic wall can cause
greater lung damage than a shot through the lung itself. This is because the dense
structure of the muscles of the chest wall and skeleton absorbs and transmits the
shock of the projectile more intensively than the light and air-filled lung tissue {160,
161]. ‘

Example: In two of our patients with clean tangential gunshot wounds of the thoracic wall, we

observed an extended opacity in the lung parenchyma corresponding to lung contusion, which
gradually resolved [185] (Fig. 30).
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Fig. 30. Tangential gunshot wound of
the thoracic wall without opening of
the pleural cavity: contusion of lung
tissue in the vicinity of the bullet tract

In addition to the lung, whose injury usually results in a hemothorax and/or pneu-
mothorax, all other intrathoracic structures can obviously also be damaged. Injuries
to the diaphragm (18% of our patients), the heart (16%), and the large vessels (12%)
are relatively frequent. On the other hand, bronchial injuries brought to clinical at-
tention are rare and even more so are lesions of the esophagus, intrathoracic tra-
chea, aorta, and thoracic duct (among the 2811 cases reported from the Korean War
by Valle [178], injuries to the four last-mentioned structures represented only
0.2% —0.3% of all penetrating thoracic traumas).

I1. Evaluation and Therapeutic Procedure

The difference in effect of a gunshot wound on lung tissue as compared to its effect
on other tissues as well as the fact that hemostasis usually ensues spontaneously in
an expanded lung as the result of the lower pressure in the pulmonary circulation
makes it possible to conservatively treat the majority of cases. “Conservative”
means, among other things, appropriate fluid therapy, chest tube drainage, and
atelectasis prophylaxis. It does not mean being inactive. Thoracotomy is reserved
for precisely defined indications. The demand occasionally raised that every pene-
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trating thoracic wound to the chest cavity must be treated operatively [154, 175, 183]
is not justified in view of the good results obtained when the decision to proceed sur-
gically or conservatively is suited to each individual patient.

Experiences from Wartime Surgery

In Germany at the beginning of World War II, gunshot injuries to the thorax with
a demonstrable lesion of the parenchyma were usually explored via thoracotomy
[164, 167]. During the course of the war, however, a more conservative attitude as-
serted itself [159, 184]. People began to realize that the most essential problem was
the manaaement of the hemothorax. Besides thoracic puncture and prompt evacuation by
means of thoracotomy, subsequent decortication of the lung also became general practice to
prevent the later development of empyema and fibrothorax [165].

The experiences of the Korean and Vietnam Wars demonstrate unequivocally, however, that
operative procedure should not be raised to the level of a rule and that decortication seldom
becomes necessary, especially if there is ample early evacuation of air and blood from the
pleural cavity [162, 181]. In contrast to the treatment by thoracentesis used principally in the
Korean War [176, 178], with the introduction of the more effective chest tubes in the Vietnam
War the results could again be improved and especially the frequency of empyema lowered
[173, 174, 180].

Open Pneumothorax

Fortunately, in most cases of stab and gunshot wounds, as a consequence of sponta-
neous sealing of the wound tract by soft tissues of the chest wall, the dangerous sit-
vation of an open pneumothorax seldom develops. When it does, it is generally rec-
ognized immediately by the sucking sound of air entering the thorax. The acute
threat is eliminated by immediate airtight closure of the chest wound or by immedi-
ate intubation and mechanical ventilation (see Chap. 11).

Treatment in the Absence of an Indication for Thoracotomy

If none of the indications for a thoracotomy listed below are present, stab wounds
are sutered under local anesthesia and in gunshots, the wounds of entry and exit are
surgically explored. Tissue that is contused and saturated with powder smoke is ex-
cised and the wound closed with suction drainage. Sources of more severe bleeding
from the chest wall are either ligated or secured by suture. Smaller wounds are mere-
ly disinfected.

In cases of hemothorax and/or pneumothorax, a chest tube with 25 cm H,O suction
is applied. Upon insertion of the chest tube, up to 1500 ml of blood are usually evac-
uated. After expansion of the lungs, however, the bleeding almost always stops.
The drainage must be efficient and must produce extensive evacuation of blood and
complete reexpansion of the lungs. If need be, additional chest tubes are inserted.
Often the chest tube is removed prematurely. Gunshot wounds, in particular, cause
considerable damage to the lung parenchyma and require several days, often up to
2 weeks, for sufficient sealing of the air leak. When a tube is removed prematurely,
a recurrent pneumothorax is to be expected (Fig. 31).
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Fig. 31 a—d. Gunshot through the left side of lung caused by a revolver. a Upon admission,
hemopneumothorax on the left side; b Thoracic drains removed prematurely: recurrence of

pneumothorax in the left upper area; ¢ Reexpansion after renewed suction drainage of the
thorax; hematoma exists around the bullet tract; d Late appearance
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Respiratory insufficiency and especially the appearance of adult respiratory distress
syndrome in extensive lung contusions calls for respirator treatment. This is seldom
the case in purely thoracic injuries.

A comprehensive physical therapy program is essential in every instance from the
first day of hospitalization onward to ensure that the posttraumatic course remains
complication-free.

The use of antibiotics is of doubtful value. The lung wound is very resistant to in-
fection. The best prophylaxis of pleural empyema is optimal drainage of the pleural
cavity. Since all that a prophylactic application of antibiotics does is to promote the
development of resistant organisms, we have not used prophylactic antibiotic medi-
cation since 1972. Changes in the course of recovery and more frequent occurrences
of pneumonia or lung abscesses were not observed.

Indications for Thoracotomy

The experience of the last 10 years, both during the Vietnam War and also in peace-
time due to the increased number of penetrating thoracic injuries, permits us today
to precisely delineate the operative indications:

1. Injuries to the heart and great vessels: when there is cardiac tamponade (Fig. 32),
massive blood loss, or when the direction of the gunshot tract indicates involvement
of the heart or large vessels. As a stopgap or diagnostic measure, if there is suspicion
of cardiac tamponade, pericardiocentesis can be done; if there is a hemopericardi-
um, however, operation must follow immediately.

2. Massive and persistent blood loss through the chest drains, especially if the circu-
lation cannot be maintained by volume replacement. The amount of blood initially
drained by the insertion of a chest tube does not always reveal the true picture.

Fig. 32. Hemopericardium with cardiac tamponade occasioned by gunshot through the left
ventricle by a Flobert gun
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3. Bronchial or tracheal injuries
4. Massive bleeding into the bronchial tree

5. Injuries to the esophagus, confirmed by esophagography. Every penetrating tho-
racic injury involving the posterior mediastinum requires esophagography.

A massive hemothorax, which cannot be evacuated by thoracic drainage because
blood coagulation has set in, provides an indication for early removal of hematoma
from a few days to 2 weeks after the injury.

Thoracoabdominal Injuries

Penetrating injuries of the thorax with abdominal involvement produce a considera-
bly higher mortality, most especially when it is the colon that shares the injury [157].
In the abdomen, it is by far the liver that is injured most frequently (in the large se-
ries of patients studied by Borja [157] it was 61%).

Penetrating thoracic injuries with suspicion or confirmation of abdominal involve-
ment offer in every instance an indication for a laparotomy. Evidence of a projectile
in the abdomen, injuries in the area of the lower thorax with the wound going in the
direction of the abdomen, symptoms and findings of an acute abdomen, unex-
plained blood loss, and evidence of a perforating diaphragmatic injury provided by
a thoracotomy point toward abdominal involvement.

The operative approach of choice is the midline laparotomy even when, in taking
care of intrathoracic injuries, a thoracotomy was performed. Because of the possi-
bility of colon injury and the greater morbidity of a thoracoabdominal incision with
the danger of osteomyelitis or chondritis of the rib cage, separate approaches are re-
commended. A thoracoabdominal approach is indicated only if an injury in the up-
per belly (e. g., a severe liver injury) cannot be treated in any other way. A transdia-
phragmatic approach does not provide an adequate view for abdominal inspection.
The chest injury is treated with suction drainage as long as there is no operative in-
dication for a thoracotomy.

Projectiles in the Thoracic Area

If projectiles from retained missiles lie intrathoracically, they generally need not be
removed as long as the injury caused by the projectile does not require a thoracoto-
my. For the most part, they do not cause any trouble. If they are lodged subdermal-
ly or in the musculature, they can be removed at some later date. There is no urgent
reason here for immediate intervention. A special case with unique problems, how-
ever, is represented by projectiles or bullet fragments in the heart (see Chap. 17).

III. Prognosis

It comes as no surprise that the prognosis for stab wounds is better than that of
gunshot injuries and that, of the latter, those caused by projectiles of lower velocity
have a more favorable prognosis. Comparisons of the lethality in individual studies
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are pointless: the causes of injury vary greatly; often patients who are dead on ar-
rival at the hospital are not included, and although shorter transportation times be-
tween injury and reception at the clinic now give some patients a better chance of
survival, their severe injuries tend to prejudice the statistics. Under civilian circum-
stances, the data on lethality show 2% for pure stab wounds [179] and 10% —14% for
gunshot wounds [155, 156].

Later prognosis for surviving patients is astonishingly good; permanent damage or
incapacity to work caused by thoracic injuries are rare.

Review of Our Patients

We surveyed 91 cases of penetrating thoracic injuries, 48% of which were gunshot
wounds. There were 15 heart injuries, 11 injuries of the large vessels, and 16 injuries
to the diaphragm. Additional abdominal involvement affected 19 patients.

In 21 patients a thoracotomy was performed, in 13 a laparotomy, and in 8 other pa-
tients an opening of both body cavities was necessary.

Of these 91 patients, 5 died, resulting in a mortality of 5.5%. One patient died im-
mediately upon arrival at the hospital, and two died of abdominal complications
following thoracoabdominal gunshot wounds. Of the remaining two patients, one
had suffered from preexistent cardiac failure and in the other there was shock-in-
duced damage to lung and kidneys.

A follow-up review of 33 patients [182] revealed no significant pathologic finding.
The pulmonary function tests were comparable to those of a healthy population. In
the thoracic roentgenograms there were often discrete findings: a conglutinated
phrenicocostal sinus or an atypical diaphragmatic appearance.
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Aspects of Intensive Care of Patients with Thoracic Injuries

I. Basic Considerations

Like every other kind of intensive care, the intensive therapy of patients with tho-
racic injuries, and particularly patients with multiple trauma, is interdisciplinary. It
presupposes a treatment team in which surgeons, anesthesiologists, and internists
work together. This circumstance should not obscure the fact that, in the final analy-
sis, one single physician, trained in emergency surgery and at the same time well
versed in the problems of intensive medicine, must retain supervision over all prob-
lems of the patient and establish priorities. An “organ specialist” may indeed be a
valuable advisor, yet can never guarantee such patients the necessary, comprehen-
sive therapy. The seriously injured patient needs one doctor who feels responsible
to the patient for everything and in every respect. It goes without saying that mod-
ern intensive care is impossible without the collaboration of competent and well-
trained nurses and attendants.

1. The intensive care of patients with thoracic injuries is not so much a matter of
heroic decisions or managing acute, life-threatening situations nor of expensive elec-
tronic equipment, but rather — even more than usually assumed — it is detail work.
The real key to success lies in the attention paid to detail: uninterrupted surveillance,
changing the patients’ position, suctioning the patient, breathing exercises, coun-
teracting effusion formations and atelectasis, and optimal treatment of incidental at-
tendant injuries even if they appear to be trivial.

2. A constant reevaluation of the patient is absolutely necessary. Experience teaches
us that there are many injuries in the chest area or consequences of such injuries
that are not diagnosed until later developments occur or are overlooked altogether
[2]: cardiac contusions, ruptures of the diaphragm, aorta, or esophagus, or the de-
velopment of ARDS.

3. Thoracic injuries, but also many procedures in intensive medicine, involve a con-
siderable risk of complications. Every therapy program must be sensitive to the pos-
sibility of complication. The prophylaxis of possible complications is of crucial im-
portance.

It is obvious that neither the fundamental techniques of intensive care nor a general
overview of the variety of problems involved in intensive medical treatment of the
severely injured can be dealt with within the scope of this book. For that I refer
you to the appropriate comprehensive works of Lawin [199], Kucher and Steinbe-
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reithner [197], and Zschoche [206]; for techniques and problems of ventilation:
Wolff [205] and Bendixen et al. [187].

Patients with thoracic injuries often present special problems in intensive care, sev-
eral of which will be discussed briefly.

I1. Monitoring and Evaluating the Patient with Thoracic Injuries
in Intensive Care

With the severely injured, to a greater degree than in the rest of intensive care, the
rule applies that: the intensive care nurse belongs at the side of the patient, at the
sick bed, and not in front of a control center with monitors. On the other hand,
“clinical evaluation” by itself is completely inadequate; without continual recourse
to reliable instrumental data, the treatment of critical patients is doomed to fail-
ure. The monitoring of the state of consciousness, blood pressure, central venous
pressure, and urinary output should be a matter of course.

1. ECG

During the first several days, every severe thoracic injury requires surveillance by
ECG monitoring. The concern is not for diagnosis of ischemic changes but for early
recognition of disturbances in heart rhythm (see Chap. 16).

2. Periodic Arterial Blood Gas Analysis

Even if there is no electronic measurement of blood pressure, the insertion of a per-
manent intra-arterial catheter for taking arterial blood samples is recommended.
We prefer the cannulation of the femoral artery, using the Seldinger technique.
Complications are extremely rare; however, as a rule, no patient with an intra-arte-
rial catheter may be sent back to a regular ward. The normal arterial blood gas
analysis, which must be possible any hour of the day or night, is supplemented in
critical patients by daily determinations of PO, after 20 min of ventilation with pure
oxygen (oxygenation test, see Chap. 4).

3. Pulmonary Artery Catheter

A floating catheter in the pulmonary artery (Swan-Ganz) provides three essential
items of information:

1. By making possible the withdrawal of mixed venous blood, the intrapulmonary
right-to-left shunt fraction (Qs/Q7) can be calculated.

2. Measurement of pulmonary artery pressure: increased pulmonary vascular resis-
tance can be lowered by application of alpha blockers (phentolamine initially 5 mg
IV, then 0.1 - 0.5 mg/min; maximum dosage 2 mg/min) [198].
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3. The measurement of pulmonary capillary pressure (PCP) or of the wedge pressure
makes it possible to evaluate the left side of the heart [203].

In spite of all this, the indication for insertion of a pulmonary artery catheter should
be implemented within narrow limits: the duration of its use is limited because of
the danger of infection, whereas the illness of these patients may stretch out for
weeks.

4. Determining Cardiac Output

In the evaluation of severe pulmonary disturbances, especially in ARDS, the func-
tion of the heart is of decisive importance (see Chap. 4). Practical experience shows
that cardiac output in such cases cannot be assessed clinically. An substantial intra-
pulmonary right-to-left shunt always results initially in a compensatory increase of
cardiac output (see Fig. 33 for example). It is important to deal early with a reduc-
tion of cardiac output secondary to cardiac decompensation and, if necessary, to in-
crease it with medication. In such cases, we prefer using dopamine (150 — 1000 ug/
min) because of its favorable renal effect [192]. It must be remembered, however,
that dopamine is often not potent enough and must be replaced by epinephrine or

isoproterenol.
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Fig. 33. ARDS: progress of cardiac index (CI), right-to-left shunt (Qs/Q1), and P,O, in the
oxygenation test (F;0,=1.0). In the period of greatest shunt fraction, the cardiac output in-
creases compensatorily and attains a level of 16 liters/min (CI of 8 liters/min m?). The in-
creased cardiac output may inversely have led to a larger shunt fraction. Not until the pulmo-
nary situation had improved (reduction of shunt fraction, increase of P,0,) did the cardiac out-
put decrease again (A. D., male, 29 years old)
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5. Roentgenograms of the Thorax

In the acute phase, daily roentgenograms of the thorax make it possible to recognize
a pneumothorax, atelectasis, effusion formation, pneumonic infiltrates, left-sided
cardiac insufficiency, etc. The location of central venous catheters, pulmonary cath-
eters, and endotracheal tubes is kept track of by radiologic means.

6. Laboratory Determinations

In addition to the usual laboratory investigations that are generally made, the daily
determination of serum protein is important because of its significance in intravas-
cular oncotic pressure (see Table 10). The determination of specific cardiac enzymes
(particularly CPK isoenzymes and LDH isoenzymes) is important for the diagnosis
of cardiac contusion.

II1. Mechanical Ventilation

For the technique of mechanical ventilation, I refer you to the general works men-
tioned above. In general, volume-controlled ventilators are used, and a low rate as
well as a positive end-expiratory pressure (PEEP usually of + 10 cm H,O) are se-
lected. For long-term mechanical ventilation, we sedate and relax the patient, not
the least of which is for psychological reasons.

I shall not discuss the respiratory approach (long-term intubation or tracheotomy)
here. We use nasal intubation without temporal limits except for weekly changes of
the tube. Tracheostomy for long-term ventilatory support is undertaken only when
fractures of the facial bones require it, when intubation is very difficult for technical
reasons, or when severe brain damage indicates that later the patient will not be
able to maintain open airways during spontaneous breathing.

In the transitional phase, from controlled to spontaneous breathing, in addition to
volume- or pressure-regulated instruments with trigger mechanisms, new proce-
dures, such as intermittent mandatory ventilation (IMV) [191] and spontaneous
breathing with continuous positive airway pressure (CPAP) [193], are used to good
advantage.

IV. Principles for the Infusion of Fluids

When fluids are transfused in large quantities in lung injury (e. g., lung contusion)
and with increased permeability of the lung capillaries (ARDS), more water gathers
in the pulmonary interstitial tissue than in the rest of the body tissues [88, 97, 131].
Thus, free water should be infused in minimal quantities.
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In patients without excessive loss of fluids, the prescribed water balance is
+500 - +700 ml in the first days after trauma and is increased to a level of
+700 — + 1000 ml.

If larger quantities of fluids need to be infused (parenteral feeding, continuous in-
fusion of medication by infusion pump), the desired water balance is achieved by
means of diuretics (e. g., furosemide). Obviously, water balance should be regarded
separately from volume infusion and volume loss.

Fig. 34. Fluid content of the lung, determined relatively by measurement of the average im-
pedance (Z,), is dependent upon the daily water balance. Increased water intake results in an
accumulation of water in the lungs and consequently a drop in Z,. The process is still partially
reversible by reducing the water balance (E. K., male, 75 years old)

This somewhat rigorous therapy of minimal free water infusion should only be car-
ried out under appropriate controls to avoid renal failure. Of great significance is
the daily determination of urea and creatinine in the serum. An increase of urea
without a corresponding increase of creatinine is a reliable indication of exsiccosis
and a warning that the balance should be raised. Other clues are provided by the
serum protein level, urine production, and the osmolality of the urine. In this respect,
determination of serum sodium is not as helpful because its level is affected by in-
fusions and by the influence of diuretics.

By continuous measurement of electrical impedance of the thorax, relative changes
in the fluid content of the lung can be assessed. It was thus possible to prove that the
fluid content of the lung actually depends to a high degree upon the infusion of free
water and that “errors in balance” caused by increased fluid infusion immediately
lead to increased water retention in the lung (Fig. 34).
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V. Subsequent Pulmonary Complications
Atelectasis

The intensive care of patients with thoracic injuries is an unremitting struggle
against the formation of atelectasis (Fig. 35). The disturbed mechanics of respira-
tion occasioned by chest fractures, pain, and formation of effusion and hematoma
result in regional hypoventilation, on the one hand, and lead to difficulties in expec-
toration of secretions, on the other, with both resulting in the formation of atelecta-
sis. Because of the supine position and the inability to actively cough, this also be-
comes a threat when a respirator is used, even with PEEP. Additionally, a high in-
haled oxygen concentration causes the formation of atelectasis. In poorly aerated
areas, oxygen is quickly absorbed and as a result resorption atelectasis occurs [190].
In this development, prophylaxis is of extreme importance, and intensive breathing
exercises (see Chap. 9) play a major role. Adequate moistening of the inhaled air
prevents the drying out of bronchial secretions.

1. In patients on a respirator, a positive end-expiratory pressure conteracts the for-
mation of atelectasis by raising the functional residual capacity. Here, too, physio-
therapeutic measures are unavoidable.

2. Changing the patient’s position from side to side is especially important in pro-
phylaxis. It is very tempting to be satisfied with minimal turning from the supine
position, but this is inadequate. Even severe injuries to the thoracic wall with multi-
ple rib fractures permit the patient to be placed on the injured side.

3. Percussion and vibration of the chest wall can serve to loosen the accumulation of
secretions. Tracheobronchial suctioning then follows these physiotherapeutic proce-
dures.

The treatment of atelectasis must be accomplished consistently and with a determi-
nation approaching stubbornness. In general, it is said one must treat the patient
and not the X-ray picture. Nevertheless, in atelectasis formation it is necessary to
“treat the X-ray picture,” even if things are still going well with the patient. In other
words, if the patient is feeling well and there is little change in the blood gas analy-
sis, a roentgenogram indicating atelectasis formation may not be treated with indif-
ference.

In atelectasis therapy (Table 14), physiotherapeutic procedures (laying the patient
on his side, percussion, forced inspiration, expectoration) are put first. These will

Table 14. Therapy in atelectasis formation

1. Physiotherapeutic procedures (laying patient on his side, percussion, vibrating, IPPB, etc.)
If unsuccessful:

2. Endotracheal suction (blind or with laryngoscope)
If unsuccessful:

3. Bronchoscopic suction (possibly followed by intubation and brief ventilation with PEEP)
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suffice in almost all cases. These procedures are supplemented by endotracheal suc-
tion (blind or with the aid of a laryngoscope); not only is the removal of secretions
by suction important in itself but in conscious patients also the stimulation of
coughing.

Only in exceptional cases will it be necessary to resort to bronchoscopic suction.
When the decision is made to take this step for the first time in a case of chest inju-
ry, bronchoscopy should also be used diagnostically for purposes of excluding the
possibility of injuries to the bronchi .

However, we should not set our hopes too high for the treatment of atelectasis in
chest trauma by means of bronchoscopic suction: the accompanying essential active
inspiration of the patient will be impaired by any preceding anesthesia or sedation.
In rib fractures, pain and mechanical factors restrict the expansion of the lungs so
severely that removal of the secretions alone is not sufficient to clear up the atelec-
tatic areas. In such cases, we usually follow bronchoscopy with a brief period of in-
tubation with strong inflation of the lungs by means of an air bag or occasionally
even by ventilation with PEEP for 24 h.

Example: An instructive example is shown in Fig. 36: a 20-year-old patient, after chest trauma,
had a typical roentgenogram of atelectasis in the left lower lobe with displacement of the heart
to the left (Fig. 36 a). After bronchoscopic suctioning, the findings remained unchanged. Ulti-
mately, the result was total atelectasis of the left lung (Fig. 36 b). Renewed bronchoscopy with
definitive opening of all bronchi out to the periphery brought about little improvement in the
radiologic findings. Only then did it become obvious that the breathing mechanism of the pa-
tient, which had been disturbed by a sternal fracture, made adequate reexpansion of the atel-
ectatic lung impossible. It was not until positive pressure ventilation had been applied with a
respirator for 12 h after another bronchoscopy and manual inflation that conditions returned
to normal (Fig. 36 ). The patient subsequently remained free of further pulmonary complica-
tions.

Tension Pneumothorax

All forms of respiratory support, especially in which positive end-expiratory pressure
is applied, run the risk of producing tension pneumothorax [201, 202, 207]. This
danger is especially great in patients with thoracic injuries because during ventila-
tion even insignificant lesions of the lung can often lead to pneumothoraces. In late
stages of ARDS, tension pneumothorax usually occurs; in these cases, high respira-
tory pressures are unavoidable, and due both to the loss of elasticity in the lung tis-
sue and to infection, such lungs are especially fragile [200].

In the ventilation of a patient with multiple rib fractures there is, therefore, a firm
rule: insert a chest tube prophylactically on the injured side. In contrast to the older
rubber thoracic drains, the newer siliconized trocar catheters (Argyle) remain func-
tional for a long time. A further rule for prophylaxis requires that no thoracic drains
be removed while the patient is still being ventilated.

Naturally, chest tubes in patients receiving controlled ventilation are not to be
clamped off during the change of suction bottles or during the time the patient is
being moved. The use of a Heimlich valve (see Chap. 11) can serve as an alter-
native to simply leaving the drainage open. Experience teaches us that there is an al-
most irresistable temptation to provide the chest tubes with a clamp, even for pa-
tients on a respirator with massive air loss.
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Fig. 36. a Atelectasis of the lower left
lobe; b Later, total left lung atelectasis
cannot be removed solely by bron-
choscopic suction; ¢ Reexpanded lung af-
ter bronchoscopic suction and mechanical
ventilation with PEEP (see text)
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A tension pneumothorax developing while a patient is on a respirator is a harmless
complication if it is recognized immediately; otherwise, it is fatal. A sudden rise in
respiratory pressure combined with a rise in the central venous pressure is an almost
infallible indication. Generally, once alerted by it, one can readily confirm the sus-
picion and determine the side involved by the distended but hardly mobile half of
the thorax, the hypersonorous sound in response to percussion, and the presence of
diminished breath sounds. Taking thoracic roentgenograms merely means a loss of
time.

Recognizing a tension pneumothorax can, however, also be a very difficult clinical
diagnosis. This is the case if there are partially adherent areas of pleura and the ten-
sion pneumothorax is localized (Fig. 37) or when severely fibrosed lungs in a late
stage of ARDS can no longer collapse (Fig. 38). Under these conditions, the breath
sounds remain audible on the respirator. If the clinical diagnosis is impossible, tho-
racic roentgenograms are always resorted to immediately if there is a rise in respira-
tory pressure that cannot be explained.

Once a drop in blood pressure has occurred, only a few minutes are available for the
immediate relief of pressure by insertion of a chest tube before cardiac arrest occurs.
Relief of pressure by means of a large cannula can be momentarily helpful at best
but is inadequate for a longer period of time on the respirator. Chest tubes must be
available and ready for use in every intensive care unit.

Even a chest tube already in place does not exclude the possibility of a tension
pneumothorax of the same side of the chest. It can be clogged; but more frequently,

Fig. 37. In the presence of pleural adhesions, a localized left basal tension pneumothorax oc-
curs with mechanical ventilation even with chest drainage. Mediastinal shift, falling blood
pressure. Clinical diagnosis is hardly possible
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however, there are local adhesions, and the tension pneumothorax is formed in an-
other location. One should not hesitate to insert as many tubes as are necessary for
complete evacuation of air (Fig. 39).

Pulmonary Infections

Twenty-five percent of all patients with thoracic injuries in our intensive care unit
incur bronchial pneumonia. In virtually every case, these were patients on the respi-
rator. If pulmonary infection is unavoidable despite all efforts to the contrary, it can
normally be kept under control and only in exceptional cases results in death.

In the prophylaxis of bronchopulmonary infections, (1) physiotherapy also plays a
decisive role. (2) Equally important is conscientious care of the trachea with gentle
but effective suctioning of tracheobronchial secretions under the most sterile condi-
tions possible. (3) An adequate but not excessive moistening of the air passages
must be ensured.

The focus of prophylactic measures is centered in nursing care. Other beneficial
definitive treatment is undertaken: drainage of hemothorax or pneumothorax for

Fig. 38. Tension pneumothorax during mechanical ventilation in an advanced stage of ARDS:
in spite of massive intrapleural positive pressure, the lung, filled with fluid and fibrosed, can
no longer collapse. Breath sounds have changed very little
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Fig. 39. An 18-year-old female patient with very severe thoracic trauma and ARDS. A re-
current tension pneumothorax required the insertion of a total of seven chest tubes on the left
side

complete reexpansion of the lungs, treatment of atelectasis, operative treatment of
diaphragmatic ruptures, bronchial ruptures, etc.

Prophylactic use of antibiotics is futile. Their use does not protect against pneumo-
nia; all that happens is that an infection develops with a strain that is resistant to the
particular antibiotic being used.

In 685 blunt thoracic injuries, half of which were treated prophylactically with anti-
biotics, Ashbaugh [186] determined that the frequency of pneumonia was twice as
great in the group treated prophylactically. The mortality of this group was also al-
most twice as high (11%) as in patients receiving no prophylactic antibiotics (6%).

In every intubated or tracheotomized patient, pathogenic organisms are found in
tracheal secretions 1-2 weeks after trauma [196]. This colenization is part of the
normal course of events and does not as yet justify antibiotic therapy. Not until
clinical and/or radiologic signs disclose pneumonia are antibiotics indicated. In this
situation the nursing care is equally as important [194].

The antibiotic medication is then as germ-specific as possible. Bacteriologic exami-
nation of tracheal secretions at least once a week as well as surveillance of the actual
organisms that occupy the intensive care unit usually permit a choice of the most
specific antibiotic possible. A strict “antibiotic regimen” keeps critical antibiotics
(e.g., aminoglycosides) in reserve according to precise guidelines as long as other
medications are still effective. If chcmotherapeutics or antibiotics are introduced,
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their application in the intensive care unit should be done intravenously at optimal
dosages.

In my experience, resistance seldom develops under these circumstances. Rather, in
individual patients there is an occasional change of the causative organism. In deter-
mining therapy, the clinical course is at least as important as the bacteriologic find-
ings: with the appearance of new infiltrates or the increase of existing ones during
antibiotic therapy, a change of the causative organism should already be suspected
clinically and the medication altered.



Chapter 9

Physiotherapy of Patients with Thoracic Injuries

1. Basic Considerations

The significance of physiotherapeutic measures in the treatment.of thoracic injuries
cannot be overemphasized. Besides coughing up secretions, the goal of respiratory
therapy consists in maintaining the greatest possible functional residual capacity,
which aids in avoiding threatening complications, such as the formation of atelecta-
sis and microatelectasis (with development of a right-to-left shunt) and infections.
Undoubtedly, in many cases treatment with a respirator can also be avoided
through intensive, optimal physiotherapy [213].

Physiotherapy for the severely injured should not be restricted to “normal” working
hours on weekdays. As irreplaceable as trained, competent physiotherapists are for
the care of these patients, it is only in exceptional cases that their services can be
scheduled during evening hours. The nurse, especially the nurse in the intensive
care unit, must then take over physiotherapeutic care and ensure the continuity of

Table 15. Physiotherapeutic measures for thoracic injuries

1. General: Percussion, vibration Indispensable
Alternate positioning Indispensable
on side
Deep breathing
Diaphragmatic breathing When respiratory insufficiency
threatens

2. Forced Coughing/induced coughing Indispensable

expiration: Balloon inflation
Blowing against cotton Doubtful: only the prior uncon-
wadding sciously increased inspiration
Breathing against resis- has favorable effect
tance (water bottle)

3. CO,-induced Enlargement of dead space Possible increase in ventilation by
increase in (Giebel tube) increasing respiratory frequency
ventilation: is ineffective; only with frequen-

cy below 20

4, Intermittent IPPB Monaghan Good and effective measure, possi-
positive pressure Bird bly combined with inhalation of
respiration bronchial dilators
(IPPB):

5. Maximal volun- Bartlett-Edwards incentive Excellent, simple exercise

tary inspiration spirometer
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the treatment. Special emphasis should be placed on methods of treatment that the
patient, after prior instruction by the physiotherapist, can carry on alone or with
only minimal assistance.

Of the many methods that find general application, some are based on clear con-
cepts of lung physiology, some have proved their value empirically, and again
others have no basis whatsoever. The following presents a survey of the most im-
portant and helpful measures, together with references to advantages and disad-
vantages (Table 15). The choice of an optimal method does not by itself guarantee
success; it requires devotion and the competence of the therapist and most espe-
cially frequent application.

Because there are various methods available, which also find a variety of accep-
tance among patients, respiratory therapy should be custom-tailored to suit the in-
dividual patient with thoracic injuries. This therapy should not be made the sole
responsibility of the physiotherapist; greater commitment on the part of physicians
and more supervision by medical doctors than is normally the case would be desir-
able.

II. General Measures

Every respiratory therapy applied in fractures of the chest causes pain that makes
success doubtful. Preceding medication with potent analgesics is crucial. Deep

Fig. 40. Loosening up secretions by
percussion and vibration of the pa-
tientin a lateral position
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breathing exercises and induced coughing are better tolerated by the patient if the
hands of the therapist keep the fracture sites immobile to lessen the pain. Percus-
sion and vibration bring about the release of secretions, which are then coughed up
or removed via endotracheal suctioning.

As with the patient on a respirator, it is also essential that the patient breathing
spontaneously is positioned on his side (Fig. 40) for purposes of atelectasis prophy-
laxis and better aeration of otherwise basal parts of the lung. In accomplishing this,
the position taken is not simply modified supine but an actual 90° lateral position.
Even in severe multiple rib fractures, no damage is done by appropriate percussion,
vibration, and laying the patient on the side of his injured chest. The fear that a
“lung injury” or “bleeding” will be brought on by such physiotherapeutic means is
unfounded.

In patients with extensive rib fractures, even in certain cases of paradoxical respira-
tion, an appropriate, well-directed introduction to diaphragmatic breathing can on
occasion help to avoid respiratory insufficiency [213]. Diaphragmatic breathing
even makes spontaneous breathing possible in an opened chest, as reports from
China on lung operations with acupuncture indicate. The injured person is made
aware of diaphragmatic breathing by feeling his abdomen with his hand.

IIL. Forced Expiration

Except for spontaneous coughing or induced coughing (e. g., by means of an endo-
tracheal suction catheter), the value of exercises in this group is minimal. The goal
of trying to attain maximal continuous inflation of as many alveoli as possible is not
reached by these means. Rather, the increased expiration will result in alveolar col-
lapse. A more desirable effect is achieved only in roundabout ways, namely, by un-
consciously increasing inhalation before the exhalation exercise. What is involved is

Fig. 41. Forced expiration by blowing at a wad of cotton-wool
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a laborious, indirect, and often painful route with low efficiency to reach increased
alveolar ventilation.

However, such exercises require only a few, simple aids (balloon blowing, blowing
at a wad of cotton-wool [Fig. 41], exhaling over water bottles that serve as resistan-
ces). The prerequisites for their use are minimal; they can be implemented even if
the patient exhibits limited willingness to cooperate and has a low level of intelli-
gence.

IV. CO, -Induced Increase in Ventilation

By enlarging the dead space, partial rebreathing is achieved; the CO, retention
stimulates the breathing center and results in increasing the ventilation minute vol-
ume. This is not alveolar hyperventilation since it does not result in a decrease in
the arterial PCO,.

The method involving enlargement of dead space introduced by Schwartz and Dale
[218] in 1957 was improved upon for clinical usage in German-speaking countries
by Giebel, who made it possible to adjust dead space enlargement to individual
needs [214, 215]: every unit of the Giebel tube enlarges the dead space by 100 ml:
the demands made of the patient can be increased (Fig. 42).

The favorable effect of such an enlargement of dead space for atelectasis prophy-
laxis in the postoperative period has been repeatedly described [212, 214, 215, 218].
The increase in ventilation minute volume, which is always attained, is ideally
achieved by raising the tidal volume. This is the only desirable effect, whereas in-
creasing the respiratory frequency is senseless and only an encumbrance.

Therein lies the difficulty of applying this method to patients with a traumatized
thorax. Many of these patients develop considerable tachypnea, which only in-

Fig. 42. Every unit of the Giebel tube enlarges the dead space by 100 ml
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creases with use of the Giebel tube. With a respiratory frequency rate of more than
20/min, respiratory therapy by enlarging dead space is not indicated. With a nor-
mal rate before the exercise, careful monitoring of the respiratory frequency and
pulse is essential. The enlargement of dead space should be adjusted in such a way
that the respiratory frequency remains below 20/min. Therapy to enlarge dead
space is contraindicated in paradoxical respiration.

V. Intermittent Positive Pressure Breathing (IPPB)

Ventilation of the lungs with a small pressure-controlled respirator connected to a
mouthpiece (IPPB by Monaghan, Bird) has the desired effect of forcing inspiration
and can open alveoli and keep them open (Fig. 43). The principle, introduced in
1958 by Rudy [217] and Noehren [216], is universally recognized and constitutes one
of the most important exercises in our plan of treatment. It can be combined with
the inhalation of bronchodilators.

Despite the convincing theoretical basis, however, there is one “fly in the ointment”
in the practical application of such equipment: the tidal volume is not a constant
volume as such, but is limited by the (adjustable) respiratory pressure. Every resis-
tance by the patient to the air stream, whether it is deliberate or caused by the pain
of a rib fracture, results in an increase of the respiratory pressure and diminishes the
inspiratory volume. A decrease in the functional residual capacity (e. g., in atelecta-
sis formation) necessitates a diminished volume to attain the preselected pressure;
with diminished tidal volume, the proportion of ventilated dead space increases.

Fig. 43. Intermittent positive pressure breathing as respiratory therapy using a Monaghan
IPPB respirator
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In controlled studies of postoperative atelectasis prophylaxis, not all results were re-
ported as favorable (e. g., 210). One possible reason may lie in the fact that an appli-
cation repeated four times daily during a 10 — 15 min period is not sufficient for at-
taining the therapy goal; the patient should be able to reach for the equipment him-
self during the course of a 24-h period and engage in the exercises, again always un-
der the supervision and control of the therapist or intensive care nurse.

Active cooperation of the patient is a necessity. What is more, proper equipment
and appropriately trained personnel may not be available everywhere.

VI. Maximal Voluntary Inspiration

A deep, sustained inspiration undoubtedly achieves the goal of opening the greatest
possible number of alveoli and maintaining the highest possible residual capacity.
This can be achieved voluntarily with proper guidance and occurs, for example, dur-
ing yawning. Such breathing exercises have proved their worth in atelectasis pro-
phylaxis [219]. Ward [221] was able to prove that holding the breath at the maxi-
mum point of inspiration is of substantial significance for alveolar distention.

Use of the Bartlett-Edwards “incentive spirometer” is a great help [208, 209]. The
ideal requirements for opening up the alveoli, namely, the highest possible intra-al-
veolar pressure over the longest possible period of time at the highest possible inha-
lation volume, are met by this device [209].

With this equipment the patient himself inhales a volume of air, fixed beforehand
and adjusted to his capabilities. If this tidal volume, which is set as high as possible,

Fig. 4. Application of the Bartlett-Edwards “incentive spirometer” (see text). This 58-year-
old male patient with severe multiple rib fractures successfully did the exercise 1442 times dur-
ing the first 3 days after his accident
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is attained, a red light goes on. If the inhalation continues beyond the preselected
volume, the light continues to glow until no air is being inhaled anymore. Every one
of such inhalations is registered on a counter (Fig. 44).

The patient’s cooperation is essential. After instruction has been given in the use of
the device, breathing exercises are possible at any time, even without the therapist
being present. The accompanying circumstances (red light, counter) should offer the
patient a certain amount of sporting incentive.

The effectiveness of this method was analyzed by Van De Water et al. [220] in a
controlled study with impedance measurements. They obtained somewhat better re-
sults than with intermittent positive pressure breathing, at costs of less than one-
tenth that of IPPB therapy.

Since 1972 therapy with the incentive spirometer has been part of our standard pro-
cedure for respiratory therapy of patients with thoracic injuries. Most of the con-
scious patients like to work with the equipment; only a few are unwilling to coope-
rate. Analysis of 116 patients revealed that during the treatment period the exercise
was carried out on an average of 130 times a day.

The results of working with this equipment have impressively confirmed how severe-
ly the vital capacity is reduced in rib fractures. The volume of inhalation achieved
by exercise is very small during the first few days and for the most part in multiple
rib fractures only amounts to around 500 ml
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Diagnosis, Clinical Significance,
and Treatment of Specific Injuries



Chapter 10

Rib and Sternum Fractures

I. General Considerations
Clinical Significance

There are three reasons why fractures of the thoracic wall can be dangerous injuries:

1. Simultaneous internal injuries of the thorax. Even individual rib fractures that
might otherwise be insignificant can, under these circumstances, cause a threat to
life. Of special importance and especially frequent are cardiac contusions occurring
in connection with sternal fractures and the pneumo- and hemothorax occurring in
rib fractures (Table 16).

2. Pain. As with every other fracture, movement causes pain in chest fractures. The
patient attempts to avoid pain by breathing gently, with the most superficial respira-
tory motions possible. The normal expansion of the affected parts of the lung does
not take place, which is conducive to the formation of minor or massive atelectasis.
In addition, impairment of expectoration due to pain is also important because it in
turn leads to the accumulation of secretions. In conjunction, they enhance the de-
velopment of pneumonia.

Table 16. Most frequent intrathoracic companion injuries in 306 patients with multiple rib
fractures

Location of Ventral Lateral Dorsal Frag- Fracture  Total
the fractures mented both
fracture  sides

29 86 69 39 83 306

Hemothorax 20¢ 51 37 34 79 221
69%)° (59%) (54%) 87%) 95%) =72%

Pneumothorax 3 19 16 7 28 73
(10%) (22%) 23%) (18%) (34%) =24%

Lung contusion 11 12 13 25 37 98
(38%) (14%) (19%) (64%) 45%) =45%

Heart contusion 15 4 10 7 43 79
(52%) (5%) (14%) (18%) (52%) =26%

* Number of cases.
® Percentage of patients with fractures in each area.
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3. Mechanical impairment of breathing. Multiple rib fractures and an unstable tho-
racic wall have the same effect as pain inhibition, but also cause an increase in the
work of breathing and can lead to respiratory insufficiency due to the mechanical
impairment of breathing.

A favorable diagnosis immediately after trauma does not exclude the possibility of
vital endangerment several days later. A pneumo- or hemothorax can also develop
slowly. Pain and instability of the thoracic wall do not reveal their full effect until
several days after the accident when secretions have continually accumulated and
the increase in the work of breathing may have resulted in exhaustion. I have found
the critical time to be 2 — 4 days after the accident.

In measurements of vital capacity and maximal breathing capacity in multiple rib
fractures, one is always surprised how low these values can be in some cases, even in
the presence of normal arterial blood gases.

Example: In a 59-year-old patient with multiple fractures of ribs III — XI on the left side, the
forced vital capacity on the day of the accident, after administration of analgesics, was 13% of
normal. In a 19-year-old patient with multiple fractures of ribs IIT — XII on the left side, it was
19% of the desired value (normal values according to Anderhub [33]). Neither patient required
ventilatory support.

An even more significant fact for clinical practice is that these values continue to
decline until the 2nd day after the accident. In approximately half of the patients
there is a marked drop in forced vital capacity in the period 24 —48 h after the
injury (Fig. 45). In this group of patients, the forced vital capacity was initially less
severely restricted than in the total group, and after the low point on the 2nd and
3rd day after the accident, recovery proceeded at a substantially more rapid rate.
These reflections precede a systematic discussion of multiple rib and sternal frac-
tures because they reveal the kinds of problems involved in injuries to the bony
thoracic wall and also indicate where therapy must begin: in the treatment of com-
panion injuries, in counteracting pain, and in active respiratory therapy.
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Fig. 45. Mean values of forced vital capacity (FVC) of patients with multiple rib fractures dur-
ing the course of the Ist week after the accident (n=23; see also Fig. 14). In patients with a
decline between the Ist and 2nd day (n=10), mean impairment after the accident is less; the
FVC on the 2nd day after the accident corresponds to that of the other patients, but the recov-
ery is more rapid (-) (see text)
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Historical Note

Already in the earliest epochs of the history of mankind, injuries of the chest pro-
bably often presented grave and unsolvable problems concerning their treatment.
Therefore we are not surprised to find that in the oldest historical medical docu-
V) ment, the Edwin Smith Papyrus, which was written 3500 years ago and whose con-
tents are supposedly 5000 years old, the prognosis of an open rib fracture is evaluated very
negatively:
If you are examining a man with a rib fracture because of which a wound has erupted and
you find that his ribs are displaced under your fingers, you should say of him, “here is a
person who has a rib fracture that has caused the eruption of a wound. This is a disease for
which nothing can be done” [239].
The fact that even very severe multiple rib fractures were not necessarily fatal in ancient times
is proved by the preserved skeleton of a Roman soldier of the fourth century B.C. with healed
fractures on both sides of the chest totaling 16 fracture sites [246].

Mechanism of Injury

The upper four sets of ribs are well protected by the shoulder girdle. It takes a
powerful blow to fracture ribs in this area. Fractures in the posterior part of the up-
per ribs can result from the mechanical forces of deceleration (e. g., when in riding
in an automobile the outstretched arms attempt to brace a person against a colli-
sion) [266].

Fig. 46 A, B. Rib fracture resulting from indirect (A) and direct (B) violence. Lung injuries are
more common as the result of the latter
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The lower ribs are seldom injured and then only by a direct blow because they are
more capable of giving way to the effects of force.

By far the greatest number of rib fractures involve the middle ribs, V —IX. After di-
rect violence, lung injuries occur more frequently as the result of bone fragments
penetrating the interior of the thorax than in fractures brought on by indirect vio-
lence (Fig. 46).

In 90% of the cases, fractures of the sternum occur as the result of direct violence
[264] (determining the type of accident mechanism has no practical significance).
Spontaneous fractures of the ribs are common, especially among elderly patients
with chronic lung ailments when, as the result of a sudden muscle pull, e. g., when
coughing, a fracture occurs. Even isolated fractures of the first rib can originate in
this manner. In such cases, however, one must always consider the possibility of a
pathologic fracture involving a metastasis.

Because of the elasticity of the thorax, rib fractures among children are seldom ob-
served. The higher the age, the less the amount of force required to cause a fracture.
Among our patients, 32% of all patients with rib fractures were over 60 years old.
The number of rib fractures is not a criterion for the severity of a thoracic injury,
unless the age of the patient is taken into consideration.

II. Specific Types of Fractures

Sternal Fractures

While rib fractures take first place among all thoracic injuries in frequency of occur-
rence, fractures of the sternum are rather infrequent (in our hospital, 5% of the pa-
tients with fractures of the thoracic wall). They are almost always transverse frac-
tures. Dislocation is usually minimal and only in rare cases significant. Internal
companion injuries of the thorax are frequent.

Fractures of Individual Ribs

They can be regarded as trivial. However, this is only the case when no intrathoracic
companion injuries exist and secretions can be adequately cleared.

Special Case: Fracture of the First Rib

The first rib is protected by the clavicle, scapula, and the musculature of the upper
thorax. Unless we are dealing with a spontaneous fracture, this fracture is indicative
of a powerful blow and can be a sign of severe intrathoracic injury. Other authors
have described an especially high mortality in these patients (e. g., Richardson
[265]: 36% of 55 patients), something that we cannot confirm on such a scale, how-
ever. Frequently, there is a combination involving a fracture of the clavicle. In every
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fracture of the first rib, injuries to the subclavian artery and vein or to the innomi-
nate artery must be considered a possibility. Furthermore, lesions of the brachial
plexus or Horner’s syndrome occasionally accompany fractures of the first rib.
After the fracture has healed, callous formations can cause a vascular or a neural
thoracic outlet syndrome [247, 259, 261, 265] (see p. 245).

A careful examination to determine dysfunction and injuries of these structures is
therefore indicated for every patient with a fracture of the first rib. Of all the pos-
sible internal thoracic injuries, it will be necessary to exclude cardiac contusion,
bronchial rupture, and rupture of the aorta.

Special Case: Basal Rib Fractures

Inasmuch as the movable lower ribs are fractured only by the effect of direct vio-
lence, it is understandable that rupture of the liver or spleen often occurs.

Multiple Rib Fractures

Three or more rib fractures, even when there is no instability of the thoracic wall,
regularly lead to the previously described problems of guarded breathing and im-
paired expectoration due to pain. Functional consequences of fractures in the pos-

Fig. 47. Because of the strong pro-
tective musculature, dorsal multiple
rib fractures are tolerated more eas-
ily than lateral or anterior fractures.
This 50-year-old male patient with
multiple fractures of ribs I-XI on the
left side suffered no respiratory in-
sufficiency
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terior rib section are clearly less severe because the strong musculature in this area
provides better support (Fig.47). Bilateral multiple rib fractures occur with astonish-
ing frequency, among our patients in 29% of the cases.

Flail Chest
Synonyms: stove-in chest, crushed chest, volet mobile.

A freely moving fragment of the chest wall caused by double fractures of three or
more adjacent ribs or by multiple rib fractures in combination with a fracture of the
sternum generally leads to paradoxical respiration. Severe multiple fractures with-
out comminution can also affect the stability of the chest mechanism so severely
that paradoxical respiration results. Although a flail chest can be caused by several
different atypical fracture locations, a distinction is usually made between two prin-
cipal forms (Fig. 48):

1. Anterior type of flail chest caused by multiple parasternal rib fractures in the
chondral area, possibly combined with a fracture of the sternum.

2. Lateral type.

Distinguishing between these two forms is important because of the possible com-
panion injuries and the therapy to be applied.

Pathophysiology of Paradoxical Respiration

In spontaneous breathing, because of innervation of the respiratory musculature at
inspiration, there is an enlargement of thoracic space, which causes a negative pres-

Fig. 48 A, B. The two principal forms of flail chest. A Anterior type; B Lateral type
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sure in the pleural area of —10 mmHg, and even much more with forced inspiration.
This negative pressure pulls any freely moving fragments of chest wall toward the
interior of the thorax during inspiration. Expiration lowers the intrapleural negative
pressure and forced expiration even converts it to positive pressure: the free frag-
ment returns to its original position or may be forced further outward. The free por-
tion of thoracic wall, therefore, behaves contrary to normal respiratory movement:
it moves paradoxically (Fig. 49).

The extent of paradoxical respiration is therefore determined by the depth of inspi-
ration and expiration. For this reason, in normal breathing it is often impossible to
detect paradoxical respiration despite the presence of a free fragment. By calling
upon the patient to inhale and exhale deeply, paradoxical respiration is demon-
strated.

Textbooks contain the theory of “Pendelluft,” said to be an explanation of respira-
tory difficulties in paradoxical respiration. It was Brauer who in 1909 postulated this
concept suggested by paradoxical respiration following thoracoplastic operations
[226]. It states that during inspiration, air rich in CO, is inhaled via the injured side
of the thorax into the noninvolved lung and that during expiration, this same air,
rich in CO,, flows back to the injured side. This back-and-forth movement of
“used” air is said to be the cause of respiratory insufficiency in such patients. This
theory was so plausible that it gained popular acceptance, but it has never been sup-
ported by proof.

The mere reflection upon the fact that during inspiration there must be a negative
pressure in the pleural space to produce paradoxical respiration and that therefore
during also this phase of breathing air must flow into the affected lung should create
doubts about the validity of this theory. Maloney et al. [256] in their experimental

Fig. 49. Behavior of a free thoracic wall fragment during paradoxical respiration caused by
double fracture of the ribs
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investigation of this question have demonstrated that “Pendelluft” does not occur in
a closed thorax. Admittedly, measurements on dogs with their easily shifted medi-
astinum are not readily transferable to human beings: yet the findings of Duff et al.
[238] in experiments with human beings demonstrated that the ventilation minute
volume of both lungs is identical during paradoxical respiration. This, as well as the
observation that paradoxical respiration in cases of parasternal rib fractures causes
the same respiratory difficulties on both sides, allows the conclusion to be drawn
that there is no validity in the concept of “Pendelluft” in the respiratory insufficien-
cy that develops in paradoxical respiration.

Inspiration and expiration are dependent to a large extent upon differences of pres-
sure in the pleural space. The fragment, which is moving paradoxically, impedes by
its inward movement the buildup of an adequate negative pressure in the pleural
space and thereby hampers respiration.

Even with very slight paradoxical respiration the necessary work of breathing is in-
creased [238]. By increasing the work of breathing, the patient can achieve adequate
respiration. This explains why a patient can under certain circumstances compen-
sate for his paradoxical respiration for several days but on becoming fatigued sud-
denly develops respiratory insufficiency.

In this precarious state of equilibrium, the retention of secretions becomes a signifi-
cant additional complicating factor. In a freely mobile thoracic wall, it is not only
difficult to attain a negative intrapleural pressure but also a positive pressure
through coughing, thus reducing the thrust of the cough.

Through the completely different mechanism of an intrapulmonary right-to-left
shunt, a severe lung contusion under the paradoxically mo-ing fragment of thoracic
wall can likewise result in hypoxia. It is essential for therapy to keep these two con-
stituent parts of respiratory failure separate (see Chap.4). Trinkle [274] has also
made a strong point of this.

II1. Diagnosis

In rib fractures, the patient complains of localized pain that is aggravated by cough-
ing, deep breathing, and change of body position. There is guarded breathing on
the affected side, which can lead to a diminishing of breath sounds even without he-
mothorax. Localized palpable tenderness and compression pain are always present.
The classic clinical sign of crepitation has retained its significance in this instance
because it can often be demonstrated by auscultation, being evoked by the respira-
tory motions of the patient. Subcutaneous emphysema, rarely evident in single rib
fractures, is found in 27% of the patients with multiple rib fractures.

In fractures of the sternum, local compression pain is very prominent. Occasionally
a step formation is discovered by palpation and crepitation heard with the stetho-
scope. A false motion can seldom be detected. Sternal fractures are often belatedly
diagnosed [266].

The presence of paradoxical respiration is determined by careful observation. Dur-
ing respiration at rest, it occasionally does not show up until later when the muscu-
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Fig. 50. Rib fractures can often not be detected radiologically or do not show up until later
roentgenograms of the thorax are taken

Fig. 51. Extrapleural hematoma in
rib fractures
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lature becomes fatigued and breathing becomes labored because of higher energy
requirements, whereby the negative pressure in the pleural space rises. It is for this
reason that during the first examination the patient is asked to inhale and exhale
maximally.

Rib fractures must be diagnosed clinically! Many rib fractures are not visible on
roentgenograms (see p. 18). This does not only just apply to fractures in the cartilagi-
nous part of the ribs, which cannot be shown radiologically anyway. Many fractures
are visible, however, in a later roentgenogram (Fig. 50). If the parietal pleura has
not been torn, a subpleural hematoma occasionally shows up on the roentgenogram
(Fig. 51).

It is not decisive that the roentgenogram reveal all the sites of rib fractures, but it
should provide information about conditions in the interior of the thorax. Because
of concomitant injuries, radiologic follow-up should be made, the first no later than
24 h after the accident.

Radiologic evidence of a sternal fracture can only be brought out by a good lateral
picture, and in extraordinary situations only by the use of tomograms.

Severe multiple rib fractures or the presence of paradoxical respiration always re-
quire clarification of the respiratory situation through arterial blood gas analysis,
which is also significant for the evaluation of subsequent developments.

IV. General Considerations for Therapy in Rib and Sternal Fractures

Assistance at the Scene of the Accident

For patients with respiratory insufficiency and severe paradoxical respiration, tem-
porary splinting can provide decisive help: manual pressure on the paradoxically
moving thoracic wall or better still, placing the patient on the side of the thoracic
wall instability, also serve to provide relief.

Hospitalization?

Only patients with single rib fractures without pneumothorax and at most a low-
grade hemothorax can be considered for treatment as an outpatient. Even in these
cases a roentgenogram should always be taken the following day. The decision to
hospitalize the patient should, of course, take into account the age of the patient, the
pain involved, and the general condition.

In my view, sternal fractures, because of the great frequency of serious attendant in-
juries, are always an indication for hospitalization, at least for a brief period.

Attendant Injuries

It is taken for granted that attendant injuries are given appropriate treatment and
that a pneumothorax or significant hemothorax are drained.
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Fig. 52. Rib fractures are known for
their good healing tendencies, even
when there are dislocations (A).
Even when no osseous healing with
bridging callous occurs (B), the heal-
ing by scar tissue is so pronounced
that for the most part there are no
functional disturbances or com-
plaints

Chest Strapping?

Rib fractures, known for their good healing tendencies (Fig. 52), do not require im-
mobilization to bring about consolidation. At most, the function of a fixed bandage
(adhesive plaster strapping, rib girdle) is to reduce pain and possibly to render as-
sistance in coughing. For anatomic reasons, such immobilizing bandages are in-
efficient in fractures of the upper ribs.

These methods of fixation, however, have decided disadvantages: they definitely re-
duce ventilation of the half of the thorax in question and in so doing promote the
formation of atelectasis and respiratory insufficiency. Drewes [237] has documented
this restriction of respiratory function by compression bandages with spirographic
examinations. It is precisely the desired maximal inflation of the lung for purposes
of opening the greatest possible number of alveoli that is considerably restricted.
The rib girdle is especially dangerous in this instance because it also impedes venti-
lation in the healthy half of the thorax.

From what has been said we can adduce the indication for these remedies: patients
with simple rib fractures and in generally good condition will profit from it. If their
pain is almost eliminated, they will discontinue wearing the irksome bandage of
their own accord.

However, the worse the condition of the patient and the more extended and threaten-
ing his rib fractures are with regard to ventilation, the more dangerous the therapy
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with an immobilizing bandage will be. In severe multiple rib fractures, in pro-
nounced paradoxical respiration, and in manifestations of respiratory failure from
some other source, it is contraindicated. The fact that the patient perceives it as
being comfortable is no proof of its effectiveness. The diminution of pain is a costly
bargain when paid for by the danger of subsequent pneumonic complications or an
increase in respiratory insufficiency.

Example: A 65-year-old female patient with multiple left-sided fractures of ribs III — VI. On
the 5th day after the accident, a rib girdle was applied. Arterial blood gas analysis with sponta-
neous respiration on 6 liters of O, :

PCO, PO, SO,
11:00 A.M., without rib girdle 35 mmHg 126 mmHg 99%
5:00 P.M., with rib girdle 44 mmHg 53 mmHg 87%
8:30 P.M., without rib girdle 38 mmHg 76 mmHg 94%

Tracheostomy?

The advantage of reducing the dead space by means of a tracheostomy is slight
when compared with the potential of other measures. If a tracheostomy is not re-
quired for other reasons (e. g., severe injuries and fractures of the face and pharynx
areas), I no longer see the indication for a primary tracheostomy. In conscious pa-
tients, there are other, less mutilating ways available for removing secretions. In
unconscious patients and in respiratory emergencies, one would resort first to in-
tubation anyway.

Decisive: Physiotherapy

The goal of every kind of therapy in fractures of the thoracic wall is good ventilation
of the underlying lung sections and the avoidance of an accumulation of secretions.
Physiotherapeutic measures (see Chap. 9) are without doubt of decisive importance.
By energetic breathing exercises, complications (atelectasis, pneumonia) can largely
be avoided. It also helps to obviate the need for mechanical ventilation.

Drug Therapy

The use of mucolytic agents is probably accorded too much significance in treating
patients who are otherwise healthy. In exceptional cases, their use can be justified.
What is important is the moistening of air passages by vaporizers or nebulizers.
Atropine is contraindicated and merely leads to annoying dehydration of all the
mucosa and to inability to expectorate tenacious secretions. In asthmatic situations,
spasmolytic therapy is decisive.

Therapy of Sternal Fractures

It is predominantly conservative. Only in very severe dislocations is an operative re-
duction advised. Even so, in no way is it a question of an emergency operation; the



Pain Control 113

other problems of the patient can be dealt with first. If it is an open reduction, fixa-
tion is done with wire sutures or heavy synthetic nonabsorbable suture material. A
closed reduction (according to Scudder [cited in 245] by hyperextension with deep
inspiration) in a severe dislocation of the fragments is hardly successful, if at all. The
attempt is not worth it.

V. Pain Control

One of the most important pillars of every kind of therapy in fractures of the thorax
is the control of pain.

Analgesics

Oral analgesics, particularly those not containing morphine, are only adequate in
the therapy of individual fractures and can be prescribed on the basis of “need”.
For severe fractures, that is, multiple rib fractures and fractures with paradoxical
respiration, parenteral application of a potent analgesic, a morphine derivative, is
necessary. The fear of a respiratory depressing effect of morphine derivatives is gen-
erally unfounded; as could be demonstrated by tests of lung function, the respira-
tory improvement achieved by the effects of analgesics is much greater. The dosage
must naturally be chosen in such a way that there is no excessive sedation of the pa-
tient.

I usually prefer the morphine derivative nicomorphinum HCI because of its potent
analgesic and its limited breath-depressing effect, applied every 4 h subcutaneously.
Controlling pain by means of analgesics often encounters a difficulty that is seldom
thought of: before long it is discontinued by the nurses on the basis of the fact that
“the patient doesn’t have any more pain.” This is based on a faulty consideration:
the goal of therapy is not freedom from pain but breathing as deeply as possible
with strong inspiration. The patient will instinctively attempt by very superficial
breathing to achieve a minimum of pain or freedom from pain altogether, and most
of them do. But by means of analgesics he must be relieved also of those pains that
occur when he breathes deeply. Only then are such deep inspirations possible at all.

Intercostal Nerve Block

Intercostal nerve block immediately achieves a diminution of pain or painlessness
without respiratory depression. There is a disadvantage in the fact that the analgesia
lasts only for 6 — 12 h, even when long-lasting local anesthetics are used, which ren-
ders this method laborious and unpleasant for the patient. Nevertheless, in certain
situations, it represents an important therapeutic alternative.

Technique

Although intercostal nerve block can be given along the entire course of the nerve
proximal to the site of the fracture, there are several preferable points of injection.
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1. The dorsal costal angle, immediately lateral to the erector musculature of the
spine, where the rib lies near the surface (Fig. 53).

2. The posterior axillary line. Nerve block further ventrally no longer encompasses
the lateral cutaneous branch of the intercostal nerves.

The patient is placed in a lateral position for the posterior intercostal block or in an
oblique position for a block in the posterior axillary line. After applying a skin prep,
the injection cannula is inserted perpendicularly to the lower part of the rib and the
needle advanced 3 mm below the edge of the rib. At this point, after aspiration to
avoid an intravascular injection, 3 — 5 ml of local anesthetic is injected. We use bupi-
vacaine 0.5% because of its long-lasting qualities (Fig. 54).

Inasmuch as the areas of innervation of the intercostal nerves are not sharply de-
lineated, the infiltration should be extended 1 or 2 spaces above and below the frac-
tured rib.

Epidural Anesthesia

Thoracic epidural anesthesia has been used in isolated cases of multiple rib frac-
tures for the alleviation of pain [244]. Recently, Dittmann [235] adopted this method
with good success. Undoubtedly this is a potent and very welcome alternative for
neutralizing pain since the local anesthetic can be injected on a prn basis through
the catheter, which has been left in place. The effect upon vital capacity is impres-
sive, and it can be assumed that in certain instances with a cooperative patient the
need for mechanical ventilation can be avoided.

The method requires absolute familiarity with the technique of epidural anesthesia.
Because of the danger of positioning the anesthesia too high or the occurrence of a

Fig. 53. Injection sites at the costal angle for intercostal nerve block
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Fig. 54. Technique of intercostal nerve block

drop in blood pressure, these patients should be placed in an intensive care unit. In
multiple trauma cases, it conceals whatever symptoms there are involving abdomi-
nal problems. No definite assertions can as yet be made regarding the danger of in-
fection and of epidural scarring with subsequent attendant pain.

By and large, this method offers a valuable enrichment of therapeutic alternatives
when in the hands of a trained professional. Unfortunately, this method is not gen-
erally well-known and in my opinion is utilized all too infrequently. It is decisive
that epidural anesthesia is applied early, shortly after the patient is admitted, with-
out waiting for severe respiratory insufficiency to develop.

V1. Therapy of Flail Chest

—~_ | Up to the middle of the 1950s, treatment of an unstable thoracic wall consisted of
: various attempts to provide external support (strips of adhesive tape, sandbags, fit-
'l’.k *g’ ted plaster casts according to Tiegel [273]), of all possible sorts of skeletal traction
LA ] of the free fragment (towel clamps, flexible wires inserted behind the sternum or
1mplanted in the rib, Kirschner wires, extensions of adhesive tape, even wires implanted sub-
cutaneously), or of the attempt at operative fixation (wire sutures of the ribs, pericostal sutures,
internal fixation with Kirschner wires).

A new era began in 1956 when Avery et al. [224] reported for the first time on the application
of long-term ventilation, maintained until there was adequate stabilization of the thoracic wall.
Already in 1952 Jensen [249] had recommended the use of a respirator for treatment of pa-
tients with paradoxical respiration. Under the slogan “internal pneumatic stabilization,” this
concept soon gained popular acceptance also in Europe and is regarded today as the standard
therapy for flail chest.
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After initial uncritical enthusiasm, people became aware of the fact that long-term ventilation
incorporated the possibility of a whole series of complications. The latter could indeed be mark-
edly reduced by improved techniques and better training of physicians and nurses manning
the intensive care stations. Nevertheless, certain complications, especially infection, have not
been eliminated. In addition, the treatment is lengthy, expensive, and requires a large staff.

It is not surprising, therefore, that more and more reports are again being made of attempts at
operative stabilization of the thoracic wall. The impetus was provided especially by the works
of Dor [236], Eschapasse and Gaillard [240], and Couraud [232] in France. They used internal
fixation with Kirschner wires of the ribs as the only method (Dor) or, depending upon the loca-
tion of the fractured part, as an alternative they used skeletal traction of the sternum (Escha-
passe and Gaillard, Couraud). A report was also made by Moore [258] on further experiences
with internal fixation with Kirschner wires. Other authors employed steel bars (Brunner and
colleagues [227], Regensburger [263]), metal implants on the outside of the rib to which the rib
was fastened with wire (Carlisle [229], Paris [260]), agraffes (Judet [251], Stoianov [271]), intra-
medullary plates (Paris [260], Schiipbach [268]), or small fragment plates (Aigner [222], Siniga-

lia [269]).

%Iowever, a purely conservative procedure that avoids mechanical ventilation is increasingly
finding its advocates [213, 274]. In 1975 Trinkle [274] even accused long-term ventilation of
being a “triumph of technique over judgment.”

Now What?

There is so much in question today that time should be taken for reflection:

1. Respiratory insufficiency in flail chest is not always only a mechanical problem.
Lung contusions or other lung damage with an intrapulmonary right-to-left shunt,
as in ARDS, may also be present.

2. To what extent alleviation of pain is possible and how cooperative the patient is
are questions of decisive importance. In a patient with craniocerebral injuries, for
whom hypoxia is not acceptable under any circumstances, the approach is alto-
gether different from that for a patient with only thoracic injuries.

One thing is clear: paradoxical respiration by itself is not an indication for long-term
mechanical ventilation. This is indicated only when there is simultaneous respirato-
ry failure. If the hypoxia is occasioned by a substantial intrapulmonary right-to-left
shunt, mechanical ventilation is resorted to early on, and if improvement is shown
after a short time, spontaneous breathing is again attempted. If the respiratory in-
sufficiency has a mechanical cause, the attempt is made to circumvent long-term
mechanical ventilation by means of intensive respiratory therapy and even to tem-
porarily accept a moderate hypoxia (PaO, with oxygen supplied nasally as low as
60 mmHg) provided there are no cerebral injuries. Thus, 25% of our patients with
paradoxical respiration were treated successfully without mechanical ventilation. In
cases of paradoxical respiration, the respirator is probably sometimes employed
prematurely.

Such a statement, however, applies more often to the indications for performing rib
fixations. After reviewing a number of postoperative roentgenograms, I am con-
vinced that many internal fixations of a rib were carried out and are being carried
out in cases of multiple rib fractures that with adequate treatment should have
run their course without any problems whatsoever and without the necessity of
mechanical ventilation.
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No one questions the fact that internal fixation of a rib, as an alternative to long-
term mechanical ventilation, offers many advantages; nevertheless, the indication
for its meaningful use is limited by a whole series of restrictions (see below) so that
only a few cases can really benefit from it.

In these rare cases, it seems to me to be thoroughly commendable. Especially favor-
able is the fixation of the anterior type of flail chest in parasternal multiple rib frac-
tures by the use of a flat metal bar inserted retrosternally. This operation is simple,
requires no exposure of the rib fractures, and results in good stabilization. I am
skeptical about internal fixation with Kirschner wires since it requires a thoraco-
tomy, results in only limited stability, and runs the risk of migration of the wire. Im-
plantation of plates come into consideration when the fractures are located laterally.
In my opinion, they cannot be used in the chondral rib section since the screws are
difficult to anchor in the cartilage, and furthermore, postoperative chondritis consti-
tutes a burdensome complication.

The use of external sternal traction makes the care and necessary changing of
body positions of the patient infinitely more difficult and, in my judgment, they are
not to be recommended, especially for a patient with multiple trauma.

I should like to'issue a warning against an argument used to publicize internal rib
fixation: the fact that it is impossible to carry out long-term ventilatory support in
a particular hospital is not to be interpreted as an indication for operation. Today,
all patients can be transferred to a nearby medical center that has the necessary
facilities.

The basic therapy for respiratory insufficiency resulting from an unstable thoracic
wall is still mechanical ventilation. In certain clearly defined cases, it can be re-
placed advantageously by operative stabilization of the thoracic wall.

Long-term Mechanical Ventilation

For the technique of mechanical ventilation, I refer you to the special literature and
to the references in Chap. 8. A chest tube is always inserted into the affected half of
the thorax.

Within a short time, ventilation results in a repositioning of thoracic wall fragments
that have become displaced toward the interior of the thorax (Fig. 55). Stability of
the thoracic wall sufficient for spontaneous breathing is generally attained after 2 or
3 (up to 4) weeks. The first attempts at spontaneous breathing are usually made af-
ter 14 days. If paradoxical respiration is still very pronounced, controlled ventilation
is continued for another week and then, applying intermittent mandatory ventila-
tion (IMV), the transition to spontaneous breathing is initiated.

In the future, more and more novel forms of ventilation and other variations will be
used. Interesting is the report of Cullen et al. [233] who, by combining IMV with
positive end-expiratory pressure (PEEP), were able to achieve a significant reduc-
tion in the duration of mechanical ventilation.

Indication for Operative Measures

The indication for operative stabilization of the thoracic wall appears to me upon
critical observation to be given only when the following special conditions exist:
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b

Fig. 55 a, b. The impressed thoracic wall with multiple fragmented rib fractures (a) is reposi-
tioned by controlled positive pressure breathing (b)

1. If without these measures mechanical ventilation would be unavoidable (unilater-
al multiple rib fractures without paradoxical respiration therefore do not represent
an indication for an operation).

2. If there is no other indication for mechanical ventilation except the instability of
the thoracic wall (e. g., ARDS, cerebral respiratory insufficiency, concomitant inju-
ries in the thoracic area).

3. If the patient is conscious.

4. If a convincing method of operative repair is available for the type of fracture in
question, one that really results in stabilization.
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5. If stabilization can be undertaken within days after trauma and before a pulmo-
nary infection has occurred through treatment with a respirator [234, 236, 240, 269].

6. If there are no other contraindications.

Stabilization of the Anterior Type of Flail Chest in Multiple Parasternal
Rib Fractures

For this stabilization I use a slender, pointed steel bar as used by Sulamaa [272] in
funnel chest operations. It is inserted retrosternally. In contrast to other authors who
have described similar operating procedures [223, 227, 252, 263], 1 put this bar in
diagonally and bend it at each end so that it is well-supported by the ribs beyond
the fracture sites. The length of the rod, which is approximately 1 cm wide and 2 mm
thick, is determined by the size of the patient and the location of the rib fractures
(Fig. 56).

Operative Technique (Fig. 57)

1. Preoperative; marking the extent of the freely moving thoracic wall and the loca-
tion of the rib fractures. Identifying the supporting ribs on the right and, one to two
ribs more cephalad, on the left half of the thorax. The bar should cross the sternum

Fig. 56. Stabilization of bilateral parasternal multiple rib fractures accompanied by paradoxi-
cal respiration by means of a metal bar inserted retrosternally into a 51-year-old female patient
resulted in spontaneous breathing without paradoxical movements immediately after the oper-
ation
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as close to the middle of the flail chest as possible but also low enough so that the
place where it crosses can be reached with the finger under the sternum from the
xyphoid process.

2. Exposing the “supporting ribs” laterally to the fracture zone by means of two
small incisions.

3. Small longitudinal cut below the xyphoid process and blunt dissection with the
index finger into the retrosternal space but always in contact with the posterior side
of the sternum.

4. After bending the steel bar properly, it is pushed into the intercostal musculature
and without injuring the pleura is brought under the sternum. The finger, which has
been inserted through the incision and underneath the xyphoid process, takes over
the guidance of the bar blindly and does it in such a way that it appears again in
front of the left side below the rib intended to be used as a support base. Final
bending of the surfaces of the bar to conform to the anchor ribs and fixing them by
sutures of nonabsorbent material, one through and one around the rib.

Table 17. Therapy in multiple rib fractures (not taking companion injuries into consideration)

Stable thoracic wall Unstable thoracic wall
Paradoxical respiration

1. Controlling pain — Analgesics (morphine derivatives) every 4 h
even if there are “no pains” (see text)

— If necessary, intercostal nerve block
— If necessary, epidural anesthesia

2. Intensive breathing exercises

Only in cases of respiratory insufficiency:

— Mechanical ventilation; prophylactic insertion
of a chest tube

— In exceptional cases, operative stabilization of
the thoracic wall

Internal Fixation of Ribs with Kirschner Wires and Plates

This procedure is considered only in fragmented fractures of the posterior or lateral
thoracic wall in which no fractures course through the chondral rib section.

Dor [236], Eschapasse and Gaillard [240, 241], Couraud [233], and Moore [258]
make use of intramedullary positioned Kirschner wires. This method requires a tho-
racotomy.

Sinigaglia [269] and Aigner [222] recommend internal fixation of the ribs with small
fragment plates. The incision is made individually according to the location of the
rib fractures. A thoracotomy is unnecessary. The intraoperative fixation of the plate
on the ribs with two forceps may facilitate the drilling of the holes and mounting of
the screws [269]. It is not necessary to provide all fractured ribs with a plate to
achieve adequate stability; this can largely be restricted to ribs IV —VIIIL.
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Pneumothorax and Hemothorax

Example: In a 17-year-old girl who was being ventilated during general anesthesia, a bilateral
tension pneumothorax developed (Fig. 58). The diagnosis was based on the radiologic findings.
Without a relief puncture or thoracic drainage, she was transported 15 km to the university
hospital for treatment. It was a miracle that she survived.

Cases of pneumothorax and hemothorax can be provided with extremely effective
therapy for the most part with simple methods. It must, however, be given early.
Furthermore, the drainage of air and blood must be efficient.

I. Pneumothorax

Injuries of the lung, the bronchi, and the trachea (in communication with the pleu-
ral cavity) as well as exposure of the pleural area to the ontside, even temporarily,
lead to pneumothorax. There is often a concomitant hemothorax.

Recently, iatrogenic causes have become more frequent: as a complication occa-
sioned by puncture of the subclavian vein [278] but also by mechanical ventilation
[201, 202, 207], by external cardiac massage, by thoracentesis, by improper removal
of a chest tube, and even by acupuncture.

Pathophysiology

A low-grade, closed pneumothorax is generally tolerated quite well without signifi-
cant dyspnea. Even in the complete collapse of a lung, the respiratory functions of
the other side are adequate insofar as there is no immediate endangerment to life.
Usually at that point, however, there is already a pronounced dyspnea and the pa-
tient’s physical stamina is restricted.

Apart from the reduced ventilation, a functional, intrapulmonary right-to-left shunt
appears in the collapsed lung, which likewise contributes to the hypoxia. The latter
remains, however, marginal since with the collapse of the lung the vascular resis-
tance on the affected side increases and the supply of blood is thereby significantly
reduced [266].

Diagnosis

In the clinical examination, the leading findings are hyperresonance, diminished
breath sounds, and a reduced mobility of the affected half of the thorax while breathing.
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Fig. 58. Bilateral tension pneumothorax as a complication of mechanical ventilation during
general anesthesia (see text)

In the roentgenogram, particularly in the upper third of the thorax, the outline of
the lung in the pleural space is visible or a completely collapsed lung is seen in the
vicinity of the hilum. Along the border of the thoracic wall, there is an air-filled
space without lung structure.

A pneumothorax of less than 10% sometimes does not show up on the roentgen-
ogram. This is especially true of a roentgenogram of a patient in a recumbent posi-
tion. Identification is much easier in the upright position, especially during expira-
tion [266]. The difficulties of diagnosing pneumothorax when there is subcutaneous
emphysema were already pointed out in Chap. 3. The characteristic picture of sub-
cutaneous accumulation of air can simulate elements of the lung (see Fig. 7).

If the pneumothorax is combined with a hemothorax, a characteristic fluid level will
show up in the roentgenogram of a patient in an upright position (Fig. 59).
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Fig. 59. Pneumo- and hemothorax with characteristic fluid level (roentgenogram taken in up-
right position)

Therapy

Only a minimal pneumothorax may be treated expectantly. If there is no further air
leak, it can be absorbed within several days. Watchful waiting, however, is permit-
ted only

1. In single rib fractures

2. When there is a possibility of close supervision and repeated radiologic monitor-
ing of the thorax and

3. If there is no need for anesthesia or mechanical ventilation.

Even then there is danger of significant deterioration brought on by a sudden in-
crease in intrapulmonary pressure (e. g., by coughing). In most cases, therefore, espe-
cially in a recent trauma, it is best to insert a chest tube. The more seriously a pa-
tient is injured, not only in the thoracic area, the less often should watchful wait-
ing be considered.

Inserting a chest tube is the therapy of choice in cases of pneumothorax. The total
evacuation of air can hardly be accomplished by thoracentesis alone, at least not
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permanently. Furthermore, there is danger of renewed injury from the needle as the
lung reexpands.

Chest drainage with continuous suction almost always produces a reexpansion of
the lung. If this is not the case, either the chest tube is located improperly, the lung
injury is very extensive, or there is a rupture of a bronchus or the trachea. There are
still other advantages of drainage over puncture:

1. It permits an assessment of air loss and indicates when the leak in the lung is
closed. A simple grip (Fig. 60) provides general information.

2. The immediate reexpansion of the lung and the reliable drainage of air enable
the surgeon to confidently address other problems of the patient without having to
worry about the development of a tension pneumothorax.

3. The expansion of the lung results in a tamponade of the leak and, by formation of
adhesions and coalescence with the parietal pleura, results in rapid healing of the
lung lesion.

4. Continuous suction drainage is more comfortable for the patient than repeated
thoracentesis.

If there is nothing more than a pneumothorax, a chest tube (Charriére 20) is placed
in the midclavicular line through the second or third intercostal space. If there is a
pneumothorax in combination with a hemothorax, the tube is inserted laterally, as
in the case of a hemothorax alone.

A suction of 25 cm H,O is applied. If the position of the intrathoracic tube is proper,
the inside of the tube will be covered with moisture by the warm air being evacu-
ated. The reexpansion of the lung almost always causes a temporary, but quite in-
tense, pleural pain; therefore, a preceding administration of an analgesic is recom-
mended.

A follow-up roentgenogram provides information about the position of the tube. If]
with the drainage located properly, the lung is only partially expanded several hours
after insertion of the chest suction, drainage of the residual pneumothorax can per-
haps be achieved by changing the position of the patient. If this is impossible or
ineffective, a second tube is introduced into the remaining accumulation of air.

Fig. 60. Simple grip for general esti-
mate of the loss of air during chest
suction: by buckling the drainage
tube, the passage of air bubbles can
be observed as the fluid collects
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If steady passage of air through the tube does not produce reexpansion of the lung,
the suction can be increased. If this is unsuccessful or if there are other moments of
doubt about a bronchial rupture, a bronchoscopic examination is indicated, provid-
ed an immediate thoracotomy is not necessary to manage an increasing deteriora-
tion of the patient’s condition.

The rule is: the condition of an incompletely expanded lung despite pleural drainage
may not be left as it is.

Acute Unilateral Lung Edema After Reexpansion of the Lung

The occurrence of acute lung edema upon reexpansion of the lung following drain-
age of massive pleural effusion has been known for a long time. As far back as 1875
Foucart reported on this, and Ortner (1899), Riesmann (1902), and Hartley (1906)
shared similar observations [280, 298].

In 1959 Carlson et al. [280] published for the first time a report on these complica-
tions after expansion of a lung that had collapsed due to pneumothorax. To date, a
total of 18 cases of such acute unilateral lung edema have been reported [e. g., 287,
295, 298]. Common to all these cases is a long-standing condition of lung collapse
(between 3 and 82 days). The only exception has to do with one of the cases of
Humphreys and Berne [287] in which a pneumothorax had existed for only 1 h. A
quick expansion of the collapsed lung by suction drainage appeared to strengthen
the inclination toward edema.

These observations were confirmed in animal experiments by Miller et al. [290]. In
rhesus monkeys with a pneumothorax lasting 3 days, the evacuation of air with suc-
tion of 10 cm H,O resulted in unilateral lung edema, whereas edema did not occur
with underwater-seal drainage. In a pneumothorax lasting only a short time (I h),
this complication was not observed even when suction was applied.

[t must be assumed that in a prolonged collapse of the lung a disturbance of the per-
meability of the collapsed wall, most likely caused by hypoxia, occurs and that the
surfactant content of the alveoli is also lost [290]. A strongly negative intrapleural
pressure during drainage raises the pulmonary capillary pressure and the blood flow
in the affected lung and also promotes the development of interstitial lung edema.
The complication is certainly more frequent than one would expect on the basis of
the few published cases; nevertheless, there is little danger of this in traumatic pneu-
mothorax since the reexpansion of the lung usually occurs immediately. Almost all
reported cases pertain to spontaneous pneumothorax.

If such an acute, threatening lung edema occurs, the therapy consists of brief venti-
lation with positive end-expiratory pressure (PEEP).

II. Tension Pneumothorax

The normal, closed pneumothorax is not immediately life-threatening if there are
no other significant injuries. By way of contrast, there is a most acute threat to life
in tension pneumothorax. Every traumatic pneumothorax can develop into a ten-
sion pneumothorax; however, this complication is rare with spontaneous breathing.
Very frequently, in a more dangerous form by far, a tension pneumothorax occurs
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Fig. 61. Tension pneumothorax on the left side after closed thoracic trauma during internal
fixation of a femur (see text)

during mechanical ventilation, whether in ventilation as a first-aid measure, during
anesthesia, or during long-term ventilation.
Especially during manual ventilation, because of increasing cyanosis, the insidious
impression arises that the patient is being poorly ventilated. As a result, the ventila-
tion is delivered with greater pressure and more volume, a procedure that serves to
strengthen the pneumothorax all the more.

Example: In a 39-year-old patient with paravertebral fractures of ribs Il - IV on the left side,
difficulties of ventilation developed during anesthesia for internal fixation of the femur. The
patient became increasingly hypoxic and cyanotic. Because of the fracture of the femur, fat
embolism was assumed to be the cause of the sudden deterioration, and on the basis of this
diagnosis the patient was directed to the university hospital for long-term mechanical ventila-
tion. The roentgenogram showed the massive tension pneumothorax on the left (Fig. 61).

Pathophysiology

Through a valve effect, often with only minor lung or bronchial lesions, air ac-
cumulates with increasing positive pressure in one of the pleural spaces. The medi-
astinum is shifted to the opposite side. The other lung is increasingly compromised.
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Experimental animal research conducted by Rutherford et al. [294] has shown that
the most significant change is progressive hypoxia and not, as one might assume, a
decrease of cardiac output caused by impaired venous return resulting from the dis-
placement of the mediastinum. These experiments were conducted under condi-
tions of spontaneous breathing, however. With artificial respiration, the aspects of
the case take on a much more perilous form. In a short time, intrapleural positive
pressures develop (40 mmHg and higher), which greatly exceed the central venous
pressure. When that happens, the impairment of venous return to the heart by posi-
tive pressure and dislocation of the mediastinum is of greater significance than hy-
poxia.

Diagnosis

Clinical diagnosis is usually easy: hyperresonance, reduced breath sounds, elevation
of the affected side of the chest with weak respiratory motion. The trachea is dis-
placed to the opposite side. Often the influx of air is obstructed.

With such a characteristic picture, therapy ought to begin without delay or taking
roentgenograms. If the blood pressure has already dropped because of a tension
pneumothorax, there are often only a few minutes remaining before cardiac arrest.
In Chap. 8 we have already referred to tension pneumothorax as a complication of
mechanical ventilation. An increase in ventilation pressure when tidal volume re-
mains the same combined with an increase of central venous pressure points to ten-
sion pneumothorax.

There are two situations that make clinical diagnosis difficult, if not impossible:

1. A severely injured lung with severe edema or advanced fibrosis can no longer col-
lapse (Fig. 62). Despite tension pneumothorax, the breath sounds are still quite au-
dible.

2. If there are pleural adhesions, a local tension pneumothorax can develop, which
is almost impossible to diagnose clinically (Fig. 63).

The thoracic roentgenogram usually reveals the collapse of the entire lung, a medi-
astinal shift to the opposite side, and a depression of the diaphragm with flattening
of the domes (Fig. 61). It is difficult to interpret the radiologic findings when a local-
ized tension pneumothorax is involved (Fig. 63) or when subcutaneous emphysema
— a frequent combination with tension pneumothorax — simulates lung parenchy-
ma in the pleural space (Fig. 7). The shift of the mediastinum is of important diag-
nostic significance in these cases.

Therapy

Treatment consists of the immediate relief of pressure. If there is a chest tube drain
available, it is inserted. In so doing, definitive therapy is initiated and what is more,
large amounts of air can quickly escape. If a chest tube is not immediately available,
a relief puncture is made with as thick a cannula as possible in the third intercostal
space in the midclavicular line.
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The primary goal of treatment consists only in the relief of pressure, thereby trans-
ferring the tension pneumothorax into a normal pneumothorax. During manual or
mechanical ventilation the lung is expanded anyway by the intrapulmonary positive
pressure. Chest tubes or cannulas are initially left open to the outside until the
drainage system with suction is installed. Tiegel’s puncture cannula, with the famous
fingerstall, is no longer appropriate in clinical situations.

Relief puncture with a cannula is never definitive therapy. It is to be replaced imme-
diately by a chest tube.

If the conjectured clinical diagnosis turns out to be wrong and if a chest tube was in-
serted without the presence of a tension pneumothorax, this seldom has negative
consequences, and cannot be compared to the catastrophic consequences of an
overlooked or belatedly treated tension pneumothorax.

III. Open Pneumothorax

This situation describes a pneumothorax that communicates with the outside atmo-
sphere and not simply a pneumothorax caused by penetrating injuries. Most of the
stabbing injuries and many gunshot wounds actually result in a pneumothorax, but
not in an open pneumothorax.

~~. | Wartime surgeons have long been aware of the danger of this situation, even
though it was not until World War I that it was generally recognized that the im-
I mediate threat to life could be overcome by closure of the thoracic wound, i. e.,
A _.g’ conversion into a closed pneumothorax [291].

In the Battle of Mantinea (362 B. C.) a spearhead penetrated the chest of Epaminondas, the
Theban general. Since he was apparently aware of the danger of an open pneumothorax, he
did not remove the spear until after the victory of his own troops was assured and then died as
a consequence of his injury.

In 1267 Theodoric, the Bishop of Cervia, contrary to accepted academic opinions, recommend-
ed the closure of open chest wounds so that “the natural heat cannot escape and cold air can-
not enter the chest” [266]. This advice went unheeded. In the sixteenth century Ambroise Paré
was still recommending that larger chest wounds be left open [494].

Hewson reported in 1767 on an observation that in gunshot wounds in the thoracic area the
patient was able to breathe better after the wound had been covered. He concluded from this
that the air entering the thorax prevented an aeration of the lung through the trachea [284]. A
similar observation was made by Larrey, Napoleon’s field surgeon, as he covered the chest
wound of a dying soldier to spare the other wounded from the sight. To his astonishment the
patient’s breathing improved and he survived [266].

Pathophysiology

In a free pleural space, the broad exposure of the chest cavity to the outside results
in total collapse of the lung with atmospheric pressure in the pleural space. The
mediastinum is not stable, like the chest, but is mobile. At inspiration it is drawn
toward the healthy side by the negative pressure in the intact pleural space. During
expiration the movement is just the opposite. This mediastinal movement is called
mediastinal flutter. Basically paradoxical respiration in the uninvolved thoracic side
occurs with the mediastinum as the mobile part.
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Fig. 62. Tension pneumothorax under mechanical ventilation for ARDS: in spite of massive
intrapleural positive pressure, the lung, which is filled with fluid, can no longer collapse com-
pletely

Fig. 63. Localized left basal tension pneumothorax with displacement of the mediastinum
(patient on a respirator)
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A hampering of the heart function and venous return to the heart were held respon-
sible for the deleterious progression in this situation. In fact, the shift of the medi-
astinum is not nearly as pronounced as it is in a tension pneumothorax. On the
other hand, however, because of the loss of function of the one lung and the very
massive paradoxical respiration of the other side, a very severe hypoxia develops.
Carey and Hughes [279] have investigated this mediastinal flutter in dogs and mon-
keys and have proved that it causes no restriction of cardiac output nor of the ve-
nous filling of the right side of the heart. As expected, however, the open pneumo-
thorax resulted in lethal hypoxia. If the defect in the thoracic wall is sufficiently large
to produce unrestricted communication between the pleural cavity and the outside
without a valve effect, the size of the thoracic opening toward the outside has no ef-
fect on the amount of functional impairment.

Diagnosis

A penetrating thoracic wound with a sucking sound of incoming and outgoing air
(“sucking wound”) adds to the clinical and radiologic evidence of pneumothorax.

Therapy

Every open pneumothorax represents an acute threat to life and demands immedi-
ate treatment. Under clinical conditions, there are two possibilities today for gaining
control of the situation:

1. Immediate airtight closure of the thoracic wound, e. g., with gauze, attached to the
thoracic wall with a covering foil or with adhesive tape: the open pneumothorax is
converted into a closed pneumothorax. However, one has to keep in mind the dan-
ger of the possible development of a tension pneumothorax.

2. Immediate intubation and mechanical ventilation. In severe injuries this is the
method of choice. This treatment not only eliminates mediastinal flutter immediate-
ly, it also makes possible the reexpansion of the lung. Most of the time, there is an
operative indication anyway and because of it the necessity for general anesthesia.
The wound can be examined very calmly, the chest drained, and the thoracic wall
closed.

During first aid, whether on the street or during armed conflict in wartime in the
field, only the first of these measures is possible, i. e., the closure of the thoracic
wound. For very large defects, Miller has suggested a procedure for emergency sit-
uations: with the hand, a compress, or forceps the lung is forced into the wound and
held there, thus sealing the defect of the thoracic wall.

IV. Hemothorax

Rib fractures and other injuries of the thoracic wall accompanied by laceration of
the parietal pleura and lesions of the lung or of the intrathoracic vessels usually re-
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sult in hemothorax. Often forgotten is the fact that vertebral fractures of the thoracic
spinal column, particularly at the level of T-4 — T-6 [295], can lead to a hemothorax.
This often does not take place until several days after the injury [293].

In addition to local problems (compression of the lung, displacement of the medi-
astinum) there is also the loss of blood. In hemorrhaging into the free pleural space,
there is no tamponading effect. One must keep in mind that the pleural space can
take up to 6 liters of blood.

Diagnosis
A massive hemothorax causes a diminution of breath sounds; percussion produces a
muffled sound. A minor hemothorax can hardly be detected clinically, however.

In the roentgenogram, an accumulation of less than 200 ml of blood is usually not
visible, especially if taken with the patient in a recumbent position. Such amounts

Table 18. Differential diagnosis of hemothorax

Immediately after trauma: Rupture of diaphragm
Atelectasis
Preexisting pleural effusion
Several days after trauma: Chylothorax
Cholothorax

Pleural empyema

of blood are clinically insignificant. In more severe hemorrhage, an increasing
opacity is found; in a recumbent patient, there is never the classic picture with the
line of effusion sloping up toward the thoracic wall but a more or less pronounced
clouding of the affected half of the thorax up to complete opacity (Fig. 1). A severe
hemothorax causes displacement of mediastinal structures to the opposite side.

In the diagnosis of hemothorax (Table 18), formation of atelectasis and rupture of
the diaphragm should be differentiated since they also cause shadowing of the tho-
rax in a roentgenogram of recent chest trauma (see Chap. 3).

Therapy

Resuscitative treatment through volume replacement and local treatment of the he-
mothorax go hand in hand, in which the restoration of a normal blood volume has
priority. A minimal hemothorax with accumulation of blood in the phrenicocostal
sinus does not require therapy but does make continuing supervision obligatory.
Thoracentesis, repeated if necessary, is considered only in cases of slight hemo-
thorax. In most instances, and always in a hemothorax of larger proportions, a chest
tube is inserted as a first step.
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Goal of Treatment

1. Emptying the pleural space as completely as possible of the accumulated blood.
This is done most easily shortly after trauma before coagulation or even fibrosis has
set in.

2. Reexpansion of the lung compressed by the effusion of blood.

3. In moderate hemorrhages from the surface of the lung and thoracic wall, the goal
is to achieve a tamponading effect by bringing the lung into contact with the parie-
tal pleura.

4. Evaluating the amount of blood loss.

A large chest tube (at least Charriére 28) is inserted in the midaxillary line di-
rected posteriorly. A suction of 25 cm H,O is attached to the drainage. In a very
massive hemothorax, the insertion of two tubes can be advantageous [150].

If a state of shock caused by intrathoracic bleeding cannot be controlled in spite of
volume transfusion, if an injury of the large blood vessels or of the heart is sus-
pected, and if massive bleeding persists, a thoracotomy is indicated (see Chap. 5).
With the insertion of the chest tube, large amounts of blood are often evacuated.
The corresponding loss of blood has, of course, already taken place, not merely at
the moment of drainage. In most cases, the bleeding will slowly come to a halt after
the evacuation of the primary hemothorax.

The fear that evacuation of the hemothorax will promote further bleeding is, by and
large, unfounded. From World War I up to the beginning of the 1960s, this fear was
the reason why very cautious aspiration of the hemothorax and drainage of a maxi-
mum of 1 liter of blood was recommended [292].

V. Clotted Hemothorax, Fibrothorax

Moderate amounts of blood remaining in the thorax are absorbed astonishingly well
in the course of a few months (Fig. 64).

On the other hand, the pathologic picture of a clotted hemothorax with coagulated
blood and the resultant fibrothorax is generally well-known. If blood has coagulat-
ed, it can no longer be removed via chest drainage.

Immediate effective thoracic drainage is the best prophylaxis against fibrothorax. If
performed consistently, fibrothorax will become a rarity [275, 281, 297]. Among 358
consecutive patients in our clinic with traumatic hemothorax, there was never an in-
dication for late thoracotomy to remove a hematoma or for decortication.

Instillation of Fibrinolytic Enzymes

In a moderate hemothorax that can no longer be drained, it is worthwhile to make
an attempt with fibrinolytic enzymes, especially if a chest tube has already been in-
stalled. Tillet and Sherry [298] recommended this therapy in 1949.



Fig. 64. Spontaneous absorption of
asignificantintrapleural hematoma
during the course of 4 months
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The expectations from this conceptually ideal therapy are not to be placed too high,
however. We instill these enzymes on a trial basis, at the most twice, and often
achieve an improvement. In my view, however, there is no justification in applying
this therapy more frequently or even over a period of weeks. It is not in any way
pleasant for the patient and often results in generalized symptoms.

The contents of an ampule of the combination preparation of streptokinase (100 000
units) and streptodornase (25 000 units) are dissolved in 120 ml of physiologic saline
solution and instilled via the chest tube already in place. To avoid instilling air at
the same time, the chest tube is clamped at the point of emergence from the skin,
the drain is filled while being held in an upright position, and not until then is the
syringe connected to the tube and the solution instilled. The chest tube is clamped
for a period of 8 h, after which drainage is resumed with a suction of 25 cm H,O.
The instillation of these fibrinolytic enzymes can cause febrile reactions and vomit-
ing, something to which the patient’s and nurses’ attention should be called. If the
general condition of the patient worsens significantly or dyspnea develops, the
drainage tube is opened beforehand.

Operative Removal of Hematoma, Decortication

When a massive hemothorax can no longer be drained, the indication is given for
operative removal of the hematoma or for decortication. This is usually the case
when half or more of one side of the thorax is shaded.

It is important to make such a decision early, within 1 week, or at most 2 weeks, af-
ter trauma. Within this period, the coagulated blood can be evacuated without tech-
nical difficulties by means of a small thoracotomy. An actual decortication is not
necessary as yet [275, 285]. Later on, a decortication will actually have to be per-
formed. Although a distinct layer of organized hematoma can usually be found,
there are always adhesions, and the danger of lung injury and of significant post-
operative bleeding is not a trivial matter. Restraint in the indication for delayed
decortication is certainly justified.

Technique

In the early evacuation of hemothorax a small anterolateral thoracotomy in the fifth
intercostal space is sufficient. The coagulated blood is loosened and removed from
the surface of the lung by hand or, if already in the process of being organized, by
means of stick swabs. Extended thoracic drainage is recommended.

VI. Thoracentesis

In acute thoracic injuries, thoracentesis is seldom resorted to. Usually a chest tube
is preferred. It is indicated primarily when effusions occur later or when there are
effusions after removal of the chest tube; it can also serve as a diagnostic tool.
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Fig. 65. Technique of
thoracentesis (see text)

Contrary to common practice, which calls for thoracentesis with the patient in a
sitting position, I recommend in all cases that it be performed with the patient in a
recumbent position.

1. The sitting position is uncomfortable for the patient and painful if there are mul-
tiple rib fractures. Weakness and collapse are frequently the results.

2. In a sitting position, the puncture must be made low enough to evacuate the effu-
sion. Injuries to the diaphragm, liver, spleen, or stomach can result. In the recum-
bent position, good evacuation at the level of the fifth intercostal space is possible if
puncture is made in the posterior axillary line.

3. In a recumbent patient, there is no danger of an arterial air embolism caused by
puncture of a lung vein.

Thoracentesis is made in the posterior axillary line at the level of the nipple in the
fifth or sixth intercostal space. After local anesthesia, which includes the periosteum
at the upper edge of the rib in question, a large needle is inserted toward the target
rib and cautiously pushed about 7 mm further above the upper edge of this rib
(Fig. 65).

A three-way stopcock between syringe and needle allows the effusion to be aspirat-
ed and the syringe to be emptied without admitting air into the pleural cavity.

VII. Intercostal Tube Drainage

We are indebted to Biilau for this simple and effective principle of closed chest

g\!\ drainage with long-term suction, which today bears his name. He used it for the

first time in 1875 to treat pleural empyema [277]. Beyond its original indication, it

A ~.J.g’ subsequently attained far-reaching significance for the drainage of air, blood, and
effusion from the pleural area.

The extended debate on the question of whether, because of the danger of infection,
repeated thoracenteses are preferable to thoracic chest tube drainage, can now be
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laid to rest. Reports from the Korean War [176, 178] still blamed chest tube drain-
age for the great frequency of empyema and puncture was virtually the exclusive
procedure. In the Vietnam War, with extensive use of chest tubes, the frequency of
infection was much lower than in the Korean War [174]. The experiences of the 6-
Day War in 1967 and the Yom Kippur War in 1973 have confirmed this [177].

Also under civilian circumstances, there have been reports on the use of chest tube
drainage in penetrating injuries with very low infection rates [275, 285].

This is also in accord with my experiences in dealing mainly with closed thoracic in-
juries: pleural empyema has become a great rarity. The fear of an infection due to
thoracic drainage is false. On the contrary, early, complete evacuation of blood and
air is the best prophylaxis against empyema (Table 19).

Table 19. Drainage is the best prophylaxis against pleural empyema

Lung contusion/intrapulmonary hematoma

I
|
1
]
1
!
$

Pneumonia

When there is effusion/hemothorax/pneumothorax

|

Migration of bacteria

|

EMPYEMA

Technique of Intercostal Tube Drainage
Material

For a long time we have been using siliconized thoracic trocar catheters made of
plastic, which are slipped over metal rods and inserted (Argyle trocar catheter)
(Fig. 66). Compared to trocar methods formerly in use, these chest tubes have sever-
al significant advantages: they are made of material of good compatibility, which is
flexible yet firm and does not collapse. Because of the silicone cover, clogged drains
have become very rare. Insertion is quick. The metal rod aids in placing the drains
with extreme accuracy.

The caliber is larger than in the earlier trocar method, making drainage more effec-
tive. The metal rod inside the drain usually prevents air from entering the thoracic
space as it is inserted.
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Fig. 66. Thoracic trocar catheter (Argyle): the flexible plastic drain is slipped over a metal rod
and then inserted

Location and Position of the Drainage (Fig. 67)
In Pneumothorax

A. The drain enters the thorax from in front, at the midclavicular line in the second
intercostal space, and is guided upward against the top of the pleura. The dis-
tance to the edge of the sternum should be at least the width of two and one-half
fingers to avoid the danger of injuring the internal thoracic artery.

In Hemothorax or Pneumohemothorax

B. Classic position: the drain enters the thorax at the midaxillary line, not below the
level of the nipple. The tube is directed posteriorly and superiorly.

C. Suitable variation: point of entry same as in B. The drain is guided posteriorly
and inferiorly into the phrenicocostal sinus, offering ideal drainage for the lowest
sections of the thorax (Fig. 68). In this drainage position, supplemental drainage
openings have to be made in the tube since the openings at the tip become
clogged very quickly in the narrow sinus by the tissues that are sucked in.

The rule is that no chest tube should enter the thorax below the level of the nipple to
avoid injuries to the diaphragm and intra-abdominal organs. In blunt thoracic trau-
ma, the diaphragm is often elevated due to restricted breathing, which in the pres-
ence of a hemothorax is frequently not visible on a roentgenogram.

Inserting the Tube

A subcutaneous tract about 5 cm in length is planned for the course of the tube. Lo-
cal anesthesia should include the area of the skin incision, the subcutaneous tract,
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Fig. 67A — C. Ideal position of a chest tube
in pneumothorax (A) and in hemothorax:
classic position (B) and variation for the
selective drainage of the lowest sections of
the thorax (C)
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Fig. 68. Ideal position for thoracic drainage in a hemothorax: a drain is inserted in a basal
direction and placed into the posterior phrenicocostal sinus

and the rib at the anticipated spot of entry into the thorax, along with the perios-
teum and pleura at the upper edge of this rib.

In making additional drainage openings in the thoracic tube, care should be taken
to cut the last opening on the radiopaque contrast thread.

The skin incision should be made conveniently large. The left hand takes hold of
the chest tube together with the guide rod with a specific grip (Fig. 69) to prevent
the guide rod upon entry from suddenly being shoved uncontrollably into the inte-
rior because of the decreasing resistance. I have known of cases of severe lung and
even aortic injuries when this precaution was not observed.

Guide rod and drain are now inserted according to a specific sequence. The direc-
tion of thrust is initially perpendicular to the interior of the thorax to get through
the skin to the subcutaneous tissues (Fig. 70A). Then the thrust is tangential to form
the subcutaneous tract (B). The trocar is again returned to the perpendicular posi-
tion and aimed toward the interior of the thorax with its tip palpating the rib at the
point of entrance into the thorax. This serves as orientation as to the depth of the rib
location. With one powerful, short thrust, the thoracic cavity is entered at the supe-
rior edge of the selected rib (C). When the point of the trocar has entered the chest,
the guide rod is set in the direction that the drain is to follow and the plastic catheter
pushed forward over the metal rod (D).

In the spontaneously breathing patient, the tube is clamped. The length of insertion
is checked by means of the guide rod, and the drain is fixed in place.

The tube lies in the thorax when in withdrawing the guide rod blood follows or if
the inside of the tube is covered with moisture.
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The fear of injuring the lung in the process of inserting the chest tube is largely un-
founded since it has been pushed aside, away from the thoracic wall, by the effusion
of blood or by air.

The same principles also apply to the former technique of inserting a rubber drain
through the metal sleeve of a trocar. If even this equipment is unavailable, a drain
will have to be used that is introduced into the thoracic area with a medium-sized
clamp.

Difficulties in Inserting a Chest Tube

In rib fractures, the insertion of a tube is always painful. Local anesthesia offers no
protection against movement of ribs at the point of fracture. The thrust to achieve
entrance into the chest cavity, which must overcome considerable resistance, should
be short and forceful.

In comminuted rib fractures, there is a danger when the tube is inserted that a mo-
bile fragment of thoracic wall might be displaced into the thorax (Fig. 71). In such
cases, the point of entrance is to be selected in the stable section of the thorax even
though an atypical drainage results.

Applying Suction to the Drainage

By installing permanent suction, better evacuation of fluids and air and more rapid
reexpansion of the lung is achieved. Normally it totals 25 cm H,O, but after a pneu-

Fig. 69. Grip used to avoid penetrating too far into the
thorax with the puncture rod in the process of inserting the
tube
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Fig. 71. The free fragment of chest
wall in a multiple double rib fracture
was shifted into the chest cavity when
a chest tube was inserted

monectomy it is at most 5 cm H,O. With a large air leak on a respirator, there are
situations in which there is an advantage to dispensing with suction. If a pneumo-
thorax cannot be expanded under normal suction, it may occasionally be worthwhile
to raise it to 45, 60, or maximally to 100 cm H,O.

The connecting piece between the thoracic drain and chest tube should not have
any narrow places. Experience shows that they easily become clogged (Fig. 72).

A large bottle serves to collect blood and effusions. The water column, next in se-
quence, regulates the level of negative pressure. A small intermediary receptacle
prevents water from entering the suction pump or the vacuum system on the wall

Fig. 72. The connecting piece be-
tween the chest tube and the drainage
system should not have any narrow
places
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Fig. 73. Drainage system of a thoracic suction drain (see text)

(Fig. 73). Under suction, air bubbles rise in the water column. If this does not hap-
pen, there is a mistake somewhere: either the system is not airtight and is sucking
air, the suction applied by the suction equipment is insufficient, or (very rarely) the
loss of air from the lung is greater than the suction capacity of the system being used.

Heimlich Valve (Fig. 74).

In 1965 Heimlich [286] reported on a valve that permits the exit of fluids and air and
positively precludes the entrance of air into the thoracic cavity. It involves a further
development of the well-known rubber fingerstall of Ehrman and Tiegel. A sleeve is
attached to the thoracic drain, inside which there is a flattened length of rubber
tubing, which during inspiration prevents air from entering the chest tube while air
and fluid can drain when the pressure is higher than the atmospheric pressure. In
addition, a suctioning apparatus can be connected to this system.
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The Heimlich valve was widely used during the Vietnam War [300]. The use of this
valve proved its value in transporting patients with chest tubes, e. g., into the operat-
ing room and to radiologic and other special examinations [289]. It prevents tension
pneumothoraces and enables a patient with a chest tube to be moved independently
of the suction.

Complications and Problems with Thoracic Suction Drainage

1. The tube is not placed into the chest: the inexperienced person occasionally slides
the tube off a rib and then inserts it into the subcutaneous tissue. One is often mis-
led by the extent of the fat and muscle layer of the thoracic wall.

2. Inserting the tube too caudally results in injuries to the diaphragm and intra-ab-
dominal organs (Fig. 75). The principle that chest tubes should never be installed
below the level of the nipple was imposed because of such experiences.

Fig. 74. The Heimlich valve permits the drainage of air and
blood but prevents the entrance of air into the chest tube
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Fig.75. a Chest tube introduced intra-abdominally injuring the spleen because of disregard of
the rule that a chest tube must never be introduced below the level of the nipple. b Locating
the drain using contrast medium
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Fig.76. By contact with the heart, this chest tube led to frequent supraventricular ex-
trasystoles; the rhythm disturbances disappeared when the drain was withdrawn

3. Lung injuries occurring during installation: superficial lung injuries have no clini-
cal significance. If there is suspicion of intrapulmonary positioning of the tube,
however, it is examined by means of a lateral roentgenogram and, if necessary, the
tube is removed and replaced with another. Only after the tube has been removed
can the lung injury heal. A tube situated in the lung often erodes larger vessels.

4. Damage by tubes situated in the pleural space: by contact with the heart, rhythm
disturbances can appear (Fig. 76). The erosion of larger vessels, e. g., in the top of
the pleura, is a rarity.

5. Clogged tubes: because of the use of siliconized materials, this occurs less fre-
quently than formerly. Often the patient is lying on the chest tube, the drain is un-
der the mattress, or is pinched off somewhere else. The connecting tube should not
be too long.

Removal of the Chest Tube

When no further blood or effusion is produced and if the lung wound is airtight, the
tube can be removed. One must take into consideration the fact that irritation
caused by the tube itself can produce an effusion of 100 ml/day. Effusions of this
amount are no reason for not removing the tube.

Before removal of the tube, a test for air leak is made by means of a gravity siphon
system (Perthes’ system) (Fig. 77): using two bottles arranged one above the other,
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Fig. 77. Testing for air leak after pneumothorax with the Perthes version of a gravity siphon
(see text)

suction continues to be maintained in the pleural space by means of gravitation in a
closed system. If air is being drained, the level of the water in the upper bottle
drops. If the level remains constant over a period of 12 h, the lung (provided the
tube is open) is airtight and the chest tube can be removed.

If there are doubts about the airtightness of the system itself or of the chest drain,
the chest tube should be temporarily clamped at its exit from the chest. If the water
level in the Perthes’ system decreases farther, the system itself is not airtight.

If a test for airtightness by means of the Perthes’ system is impossible, the chest
tube is clamped, and 24 h later a follow-up roentgenogram is taken with the tube
still in place.

Removal of the chest tube is made under suction. While the subcutaneous skin tract
is held under compression, a prepared rectangular plaster with a small swab will
close the entrance spot the moment the tube is removed with a quick jerk.



Chapter 12

Traumatic Emphysema

I. Subcutaneous Emphysema

An accumulation of air in the subcutaneous tissue is not infrequent in both closed
and open thoracic injuries. Upon admission to the hospital, 27% of the patients with
multiple rib fractures are found to have subcutaneous emphysema.

1. If a pneumothorax occurs and the parietal pleura is simultaneously injured, air
enters the subcutaneous tissue of the thoracic wall (Fig. 78). A tension pneumotho-
rax in multiple rib fractures nearly always goes hand in hand with acute emphyse-
ma. Also, after insertion of a chest tube in cases of pneumothorax, air often escapes
into the subcutaneous drainage tract.

2. In injuries to the lung or pleura, subcutaneous emphysema can also form without
the presence of a pneumothorax when the pleural membranes have adhered.
However, there are cases of subcutaneous accumulations of air in which there are
definitely no pleural adhesions present and in which no pneumothorax can be ver-
ified. If none of the causes listed below are suspected, it must be assumed that there
is indeed a minor pneumothorax that is not visible on the roentgenogram.

Fig.78. The three possible causes of
subcutaneous emphysema (see text)
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3. Upon escaping from mediastinal emphysema, air spreads out in the throat area
and forces its way into the soft tissue of the head and thorax.

4. Air can enter the thorax from an external wound; subcutaneous emphysema of
this genesis does not expand very much.

In subcutaneous tissue, with its very minimal resistance, air spreads out very rapid-
ly. The swelling of the tissue is most impressive where it is least compact: in the
face, especially in the area around the eyelids, and in the scrotum (Fig. 79). The
scrotum can become as large as a soccer ball. We have observed the diffusion of air
throughout the entire body down to the tips of the toes.

Disquieting for relatives is the swelling of the face, which makes it impossible for
them to recognize the patient. The injured person, however, feels well, the only dif-
ficulty being that in advanced subcutaneous emphysema the eyes can no longer be
opened.

Treatment with a respirator, especially in ventilation with high inspiratory pressures
and positive end-expiratory pressure, leads to especially pervasive emphysema,
which expands very rapidly.

Findings on palpation are completely characteristic and unmistakable: crepitation
under the skin, which has been described as sounding like “crunching snow.”

Just as characteristic is the roentgenogram. The subcutaneous accumulation of air
shows up as an irregularly flecked picture with radiolucency. If the emphysema is
more diffuse, the spread of air along the muscle fibers of the major pectoral muscle

Fig. 79. Characteristic picture of patient with subcutaneous emphysema, with swelling in the
face, thorax, and scrotum
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Fig. 80. Roentgenogram of subcutaneous emphysema: fan-shaped diffusion of air along the
fibers of the major pectoral muscle, accumulation of air along the thoracic wall and in the
throat area

shows up in the shape of a fan (Fig. 80). A massive subcutaneous emphysema
makes it impossible to evaluate the underlying lung in a roentgenogram.

The differential diagnosis of gas-forming infections never presents difficulties if at-
tention is paid to the history and the general condition of the patient.

Therapy

Despite its impressive appearance, the treatment of subcutaneous emphysema itself
is mostly unnecessary. Obviously, the underlying cause should be eliminated as far
as possible and a pneumothorax drained. In this connection, it is helpful to observe
from what point of origin the emphysema has derived its further diffusion. If it has
been determined that it was in the throat at first, a question will be raised as to the
cause of mediastinal emphysema. At the thoracic wall the first localization of em-
physema points toward the place where rib fractures have occurred. Usually, a dif-
fuse subcutaneous emphysema is also absorbed spontaneously within a few days. It
is interesting to note that subcutaneous infections practically never develop.
Occasionally on the respirator, however, subcutaneous emphysema can increase ir-
resistibly despite a correctly placed chest tube. In such a situation, it is advisable to
install a similar tube in the subcutaneous tissue at the site where the air is presumed
to be escaping, usually in the area of the chest tube, and also to promote drainage
by means of a thoracic suction system.
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I1. Mediastinal Emphysema

Severe injuries can be the underlying cause of the invasion of air into the interstitial
connective tissue of the mediastinum: rupture of the trachea, rupture of a bronchus,
tension pneumothorax, or rupture of the esophagus.

These lesions have to be excluded. In more than one-half of all cases, however,
mediastinal emphysema does not form because of these life-threatening injuries but
because of alveolar ruptures involved in lung contusions or in mechanical ventila-
tion. The air coming from the alveoli follows the vascular structure of the lung and
hilus and from there it reaches the mediastinum.

In the accumulation of mediastinal air, however, the delicate mediastinal pleura can
be torn. Then a secondary pneumothorax develops.

Diagnosis

Often the patients complain about a feeling of pressure or of retrosternal pains. The
voice can become hoarse. If the air comes up out of the mediastinum above the ster-
nal notch and spreads out in the cervical area, the characteristic crepitation will
be detected there. In very pronounced cases, the cardiac dullness disappears. Of
much greater significance, however, is the characteristic sound on heart ausculta-
tion as described by Hamman [301]: air in the mediastinal tissue in front of the
heart brings about a loud crunching, clicking sound that is synchronous with the
heartbeat. This unmistakable auscultatory finding often makes it possible to estab-
lish a diagnosis of a mediastinal emphysema before this can be verified by a roent-
genogram or palpated in the vicinity of the neck. On occasion, however, it is falsely
interpreted as pericarditis or pneumohemopericardium [304].

Larger accumulations of air in the mediastinum are visible in the roentgenogram.
The most important indication is a double line on the left contour of the heart
caused by displacement of the mediastinal pleura (Fig. 81). The deep cervical em-
physema can be verified by specific anteroposterior roentgenograms of the upper
mediastinum or of the throat before it can be palpated [351].

Substantial mediastinal emphysema always demands investigation for a possible
tracheal or bronchial rupture by means of bronchoscopy or for a possible esophageal
rupture by means of esophagography with contrast medium. The very rare esopha-
geal injury often results in only a slow development of mediastinal emphysema.

In rare instances, the accumulation of air in the mediastinum with increasing pres-
sure impairs venous return to the heart. Such patients exhibit a picture of venous
congestion with distended neck veins. Tachycardia, dyspnea, and finally collapse of
cardiac output can be the result [306]. In 1927 Jehn and Nissen [302] described the
similarity of this condition to cardiac tamponade. Since then, a term used for it is
“extrapericardial cardiac tamponade.”

Therapy

The cause of mediastinal emphysema must be treated: a tension pneumothorax
needs to be drained, immediately upon recognition; a significant tracheal, bronchi-
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Fig. 81. Mediastinal emphysema: typical double line on the left heart contour silhouetted by
the mediastinal pleura

al, or esophageal injury must be treated surgically. If these life-threatening causes of
mediastinal emphysema can be excluded, therapy is generally expectant. However,
when a picture of threatening pressure increase with venous congestion develops a
cervical mediastinotomy [305] can be necessary. Admittedly, this is seldom the case.

Laennec relates the episode of how he punctured by candlelight the suprasternal
area of a 4-year-old child with mediastinal emphysema under tension. The candle
was blown out by the air streaming out under pressure. The child, previously at
the point of death, recovered.

Technique of Cervical Mediastinotomy (Fig. 82)

A transverse incision of the skin is made between the origins of the sternocleido-
mastoid muscle, the width of one finger above the suprasternal notch. After divid-
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Fig. 82. Cervical mediastinotomy
(see text)

ing the subcutaneous tissue and the platysma, the sternothyroid muscles are spread
apart with scissors and the front wall of the trachea exposed. With the finger, blunt
dissection is carried out along and in contact with the trachea. In this way, one is
able to reach as far as beneath the aortic arch without bleeding or injury to impor-
tant structures. During the entire operation, air will escape under pressure from the
tissues. In the prepared tract, a thick, noncollapsible drain is introduced (a thick
thoracic drain with additional drainage openings is well suited for this). The edges
of the incision are then brought into apposition.
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Lung Injuries from Blunt Trauma

I. General Considerations

Three mechanisms cause damage to the lung parenchyma in a closed chest injury:

1. Rib fractures can result in lacerations or contusions of the lung components lying
beneath them.

2. A compression of the thorax causes lung contusions or ruptures of the lung.

3. In closed injury, contusions can occur as a “contrecoup” lesion far from the point
of impact.

The extent of an injury to the thoracic wall gives no indication as to the severity of
the pulmonary injury. On the contrary, in rib fractures the pulmonary damage is
often localized; in compression of the elastic thorax in a young person diffuse
damages to the parenchyma occasionally ensue.

The healing tendency of lung tissue is astonishingly good so that lung parenchyma
injuries are generally tolerated quite well.

At times, classification into precise forms of injury is questionable since transitions
and combinations of various lesions occur; nevertheless, for practical purposes, in-
dividual injury types can be differentiated (Table 20). One of them is especially
significant. It is the severer of the two forms of lung contusion, namely, contusion
with respiratory insufficiency. The critical nature of this injury is often hidden initi-
ally, thereby delaying early therapy.

Of decisive importance for diagnosis and evaluation of closed lung parenchymal in-
juries are:

1. Repeated roentgenograms of the thorax
2. Repeated blood gas analyses
A single finding tells very little. Lung hematoma or lung contusions may not be-

come visible on roentgenograms until hours after the accident and continue to in-
crease for days; pseudocysts may not show up for 1 or 2 weeks after trauma.

Contusion injuries of the lung were already described in 1761 by Morgagni [331]
who reported on autopsy findings in two cases. In one of them there were no exter-
nal signs of injury nor any rib fractures in evidence.




Table 20. Clinical significance and therapy of various forms of lung parenchymal injuries

Clinical significance

Therapy

Lung laceration/
lung rupture

Mostly harmless (ex-
ception: central
lung rupture)

Significant: hemo-
and pneumothorax

Conservative

Thoracic drainage in
pneumothorax and
hemothorax

Operation only in ex-
ceptional cases be-
cause of bleeding or
massive air loss

Intrapulmonary Harmless None
hematoma

Traumatic lung Harmless Mostly none
pseudocysts

Simple lung Mostly harmless Breathing exercises
contusion Can develop into lung  Careful monitoring of

contusion with re-
spiratory insuffi-
ciency

progress

Lung contusion
with respiratory
insufficiency

Progressive respira-
tory insufficiency:
hypoxia, right-to-
left shunt, intersti-
tial edema, consi-
derable mortality

Intubation and posi-
tive end-expiratory
pressure ventilation
(PEEP)

Maintenance of a nor-
mal oncotic pres-
sure (fluid infusion
limited, human
albumin 20%)

Steroids

Blast injury

Severest injury
Progressive respira-
tory insufficiency
Danger of arterial air
embolism
Hemothorax, pneu-
mothorax, abdomi-
nal injuries (colon!)

As in lung contusions
with respiratory in-
sufficiency
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II. Lung Laceration, Lung Rupture

Lacerations of lung tissue produce bleeding and local escape of air. Because of the
low pressures in the pulmonary circulation, bleeding is usually minor, and he-
mostasis is spontaneous if no large vessels are injured.

If the visceral pleura is torn, a pneumothorax occurs, possibly combined with a he-
mothorax. If the visceral pleura is intact, a central lung rupture has occurred. In ex-
treme cases, there are total ruptures of entire lobes of the lung, which can result in
massive hemorrhage.

Diagnosis

The clinical picture is dominated by either pneumothorax or hemothorax. Hemop-
tysis can be present and in central parenchymal ruptures is often the only clue to an
injury. The roentgenogram reveals a poorly delineated, localized opacity. At times,
this condition cannot be distinguished from a lung contusion. In less severe, superfi-
cial lung lacerations that lead to pneumothorax, there is often no change in the pa-
renchyma on the roentgenogram.

Therapy

A pneumothorax or hemothorax is drained. In almost all cases air leakage soon
ceases and bleeding comes to a halt.

An operation is indicated only when there is persistent, severe bleeding or it is im-
possible to attain complete reexpansion of the lung by means of suction drainage
(see Chap. 5). If, in exceptional cases, an operation must be resorted to, the use of a
double-lumen endotracheal tube is recommended when there is significant hemop-
tysis because of the danger of aspiration into the undamaged lung.

In severe bleeding from the injured lung, the hilus is temporarily clamped intraoper-
atively with a soft vascular clamp. The injury can then be explored calmly and
hemostasis as well as the suturing of the larger bronchi carried out. Not every
wound encountered during a thoracotomy has to be sutured. Small air leaks always
stop under suction drainage. In view of the good healing tendencies of injured
lung tissue, there has to be major destruction before a resection is indicated.
Attention must be called to the fact that in blunt thoracic injuries pneumonectomy
has a poor prognosis. In such severe injuries, there are almost always foci of contu-
sion in the other lung. Moreover, since the latter must accept the entire cardiac out-
put and as a consequence is unavoidably flooded with blood, the danger of edema
formation with very severe respiratory failure is quite great (Fig. 83).

Example: A 21-year-old military driver ended up lying under an overturned jeep. Upon ad-
mission to the hospital, he was in a very severe state of shock. In the presence of large fields of
opacity in the right lung (Fig. 83a), massive bleeding from the chest tube required an emergen-
cy thoracotomy. Because of massive lacerations of the entire right lung, there was no other al-
ternative except a pneumonectomy. Three hours after the operative intervention, the roent-
genogram already revealed very severe lung edema on the left side (Fig. 83b), which could not
be controlled. The patient died 3 days after the accident.
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Fig. 83. a Very severe lacerations of the right lung with massive bleeding required a pneumo-
nectomy in this 21-year-old male patient. b Lethal edema in the remaining lung 3 h after the
conclusion of the operation (see text)
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Fig. 84. Development of an in-
trapulmonary circular focus re-
sulting from lung contusion
and the spontaneous resolution
over a period of months

III. Intrapulmonary Hematoma

This injury is a special, usually very minor form of central lung rupture. The roent-
genogram initially reveals a localized, faint opacity, which within a few days typical-
ly develops into a distinct circular focus characteristic of intrapulmonary hema-
toma [317]. The spherical form is caused by the elasticity of the lung tissue [330].
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Therapy is always conservative and on a wait-and-see basis. Hematomas regress
spontaneously. The time necessary for resolution depends upon the size of the he-
matoma and usually takes from 2 weeks to 3 months, seldom any longer (Fig. 84).
This radiologic finding is of practical significance for the differential diagnosis of tu-
mor [342]. Thought must be given to the possibility of carcinoma if there is still no
decrease in the size of the focus within 2 months after trauma.

IV. Traumatic Lung Pseudocysts (Pneumatoceles)

The development of air-filled cavities (Fig. 85) occurs less frequently than intrapul-
monary hematoma. These cavities are not lung cysts since the essential wall compo-
nents of a cyst, especially the epithelium, are lacking. To be precise, they should be
designated pseudocysts. The term “pneumatoceles” has also come into use. Fre-
quently, there are transitional forms between a hematoma and a pseudocyst.

Their origin can be thought of in two ways: as a result of rupture of lung parenchy-
ma or a bronchiole, there is a localized accumulation of air, or (extremely rare in
the case of posttraumatic pseudocysts) they are the sequelae of prior inflammatory
processes.

Such pseudocysts can already become visible on a roentgenogram immediately after
trauma, but as a rule they are not recognized until 1 or 2 weeks after the accident
when the hematoma in the surrounding lung tissue has been reabsorbed.

Fig. 85. Posttraumatic lung pseudocyst, partially filled with fluid (air-fluid level). Spontaneous
regression
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The course of developments is usually favorable. Since the wall of the cavity con-
tains no epithelium, the air can be reabsorbed, with spontaneous regression of the
pseudocyst within a period of 2 weeks to 5 months [329].

Therapy

Therapy is hardly ever necessary. Only if a connection to the bronchial system re-
mains open can the pseudocyst continue to exist or even enlarge itself. In such cases,
there is also the danger of infection. Then the installation of a Monaldi drain fol-
lowed by suction treatment is indicated. Thin (e. g., Charriére 12) trocar catheters
(Argyle) are suited to this purpose and are introduced under control with an image
intensifier. The suction selected should be high enough to produce collapse of the
cavity.

V. Lung Contusion

The clinical significance of this very common injury in blunt chest trauma has in re-
cent times frequently been the occasion for confusion. It so happens that a lung con-
tusion can appear in two clinical forms, which are different with regard to their
morbidity and prognosis: simple lung contusion and lung contusion with a (precisely
defined) respiratory insufficiency.

It seems essential to me to keep these two forms clearly separate and distinct.

The degree of opacity or the distribution of the foci of contusion on the roentgeno-
gram provide no points of reference as to the form of lung contusion present. Blood
gas analysis during respiration on room air and, in cases of doubt, with pure oxygen
(oxygenation test), is the only way the two forms can be distinguished. Since the
simple form can convert into the second, the blood gas analysis must be made re-
peatedly in the early stages of treatment.

1. Simple Lung Contusion

One finds individual blood-filled foci or extended hemorrhagic areas of the lung
mostly localized at the point of impact and occasionally also as a “contrecoup” le-
sion.

The clinical picture is often influenced by other thoracic injuries (e. g., rib fractures).
This lung complication is usually tolerated rather well, and there is hardly any dys-
pnea. Hemoptysis can be present.

The findings on the roentgenogram (Fig. 86) are extraordinarily diverse: they range
from faintly delineated smaller shadows to expansive “infiltrates” to opacity of the
entire lobe of the lung. The radiologic changes often develop because of bleeding
into a bronchus and of subsequent aspiration in uninjured areas of the lungs.

The arterial PO, in the blood gas analysis is normal or only slightly decreased. With
respiration or ventilation on pure oxygen, the P,O, clearly remains above
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Fig. 86. Lungcontusion on the left side without respiratory insufficiency

Fig. 87. Lung contusions and minor hemothorax in a patient with multiple rib fractures. Al-
most complete regression within 10 days
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300 mmHg, and the calculated alveolar-arterial oxygen gradient is not elevated or
only slightly (below 350 mmHg); there is therefore no significant intrapulmonary
right-to-left shunt.

If this simple lung contusion does not evolve into the second form with respiratory
insufficiency, spontaneous absorption of the intraparenchymal hemorrhages will
take place in a few days to a few weeks (Fig. 87).

Therapy

Treatment is expectant. The progress is monitored by means of repeated blood gas
analyses. Intensive respiratory therapy is essential (see Chap. 9).

2. Lung Contusion with Respiratory Insufficiency
Pathophysiology

Within contused areas of the lung, not only hemorrhaging into the tissue but also an
interstitial, and partly also alveolar, edema occurs caused by changes in the perme-
ability of the capillary wall. Microatelectasis occurs. The surfactant content de-
creases. Apparently undamaged areas of the lungs also suffer the same changes
[322, 324, 332, 340].

These changes lead to a reduction of the functional residual capacity, to the devel-
opment of a massive intrapulmonary right-to-left shunt, and through it to arterial
hypoxia. Morphologically as well as functionally, therefore, the same changes occur
with progressive respiratory insufficiency as in adult respiratory distress syndrome
(ARDS) (see Chap. 4).

In spite of all the known factors, it is often impossible in any given incident to eluci-
date why local lung parenchyma, damaged by contusion, leads to respiratory insuf-
ficiency of such magnitude. Certainly, the force of the impact, and above all, its ve-
locity, plays an important role [310, 340]. Valenta [340], in his experimental research
using falling weights as heavy as 22.5 kg, was able to produce lung contusions but
no respiratory insufficiency. It was not until he raised the impact velocity by propel-
ling a cylinder weighing 180 g with a speed of 37 m/s or 50 m/s against the chest
that lung contusions with respiratory insufficiency were produced.

As in ARDS, there are iatrogenic factors that play an essential role in the develop-
ment of respiratory insufficiency in lung contusion. Undisputed, indeed of great
clinical significance is the fact that infusion of crystalloids in large amounts can trig-
ger the onset of or significantly worsen the pathologic aspect of the illness [34, 55,
78, 80, 81, 322, 326, 339, 340].

Diagnosis

The patient’s history will always disclose signs of severe trauma. Added to the find-
ings of simple lung contusion are the clinical signs of respiratory insufficiency.
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The thoracic roentgenogram does not differ between the beginning stages of the ill-
ness and that of simple lung contusion and reveals nothing about the degree of
functional impairment! Later, also those parts of the lung that were initially normal
exhibit a growing cloudiness.

Of significance for diagnosis is the arterial blood gas analysis, which shows a pro-
nounced hypoxia. The P,CO, is either normal or lowered, although it may be in-
creased when alveolar hypoventilation is present. The intrapulmonary right-to-left
shunt quotient (Qs/Qr) is significantly raised and attains 20% or more. As an ex-
pression of the increased right-to-left shunt, the P,O, under pure oxygen respiration
or ventilation is lower than the values normally attained (in practice, below
300 mmHg), and the alveolar-arterial oxygen gradient is significantly raised (over
350 mmHg). As a compensatory mechanism, cardiac output increases; the arterio-
venous oxygen difference (AVD) is lowered.

Immediately after the accident, these findings are characteristically not present, or if
so, only to a minor extent, and do not develop until hours or days later.

Prophylaxis

Precisely because iatrogenic factors are of essential significance in the development
of this form of respiratory insufficiency, it is conceivable that this severe form of
lung contusion can be avoided in many cases:

1. Active chest physiotherapy. Avoidance of atelectasis and :aicroatelectasis by phys-
iotherapeutic measures (see Chap. 9). Important for good ventilation in addition to
this is control of pain and forced removal of secretions.

2. It was demonstrated experimentally [332, 339, 340] and clinically [335, 345] that
mechanical ventilation, most effectively with positive end-expiratory pressure
(PEEP), can prevent the development of pathologic alterations in many cases.

In view of the frequency of lung contusions, it is impossible to ventilate every pa-
tient prophylactically, especially since this severe form of lung contusion is rare and
other prophylactic measures are quite effective. There are certain indications for
prophylactic mechanical ventilation:

1. The more severe the other injuries of a multiply injured patient are, the more pre-
ferable is the application of prophylactic mechanical ventilation.

2. A patient who has been intubated anyway for an operation will be ventilated ad-
vantageously with PEEP for 1 or 2 days.

3. When there is a significant decline of cardiac output as the result of cardiac insuf-
ficiency (e. g., contusion of the heart), the patient with severe lung contusion should
be ventilated.

4. Paradoxical respiration would not be an indication for mechanical ventilation if
there is no respiratory insufficiency. However, if there are lung contusions at the
same time, then paradoxical respiration makes it impossible for the lung in this area
to expand, and early prophylactic ventilation should be considered. Taken with a
grain of salt, the same is true for severe multiple rib fractures.
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In general, it is true that it is easier to prevent ARDS in severe lung contusions by
means of early ventilation than to treat this pathologic condition later.

Therapy

As for the pathophysiologic disturbances, there are also parallels to ARDS with re-
spect to treatment. Also in this situation, in consideration of the severity of the pa-
thologic picture and the poor prognosis of spontaneous recovery, aggressive therapy
is advised:

1. Immediate ventilation with positive end-expiratory pressure (PEEP).

2. Immediate short-term application of steroids in high dosages (1 g methylpredni-
solone IV repeated after 6 h). The effectiveness of steroids in this situation is still
not well documented; some reports [313, 320], as well as my own experiences, are
favorable.

The operative therapy, the removal of damaged lung parts by lobectomy or pneu-
monectomy, is extremely questionable because the functional disturbances are not
localized. Even though reports have been made on individually favorable cases
[150], this was before the time of early application of PEEP. Experimentally, early
pneumonectomy of the damaged lung produced only negative results [340].

VI. Blast Injuries

A pressure wave generated by explosions and detonations causes very severe damage
to the lung by virtue of its force and high impact velocity. This organ is particularly
vulnerable because certain physical phenomena occurring on the border between
fluid (body tissues) and air (alveoli) damage the borderline structures: “spalling ef-
fect,” “implosion effect,” and “inertia effect” [309, 336, 341]. This also explains the
involvement of other air-filled organs of the body, especially the intestines. Paren-
chymatous organs are damaged far less.

The damages caused by pressure waves are all the greater when they are conveyed
by a fluid medium. Water is less compressible than air and transmits the pressure
wave with less damping.

~—~. | Such damages from explosion were already known in World War I [327]. The
] mechanism of damage was not well understood for a long time, however. It was
%, d‘g’ thought that the suction following the pressure wave was responsible for it. Other
AU theories made the transmission of pressure over airways into the lungs responsible,
or the toxic effects of carbon monoxide or phosgene.
Zuckerman [344] was the first to prove that the pressure wave, exerting influence upon the
body from the outside, is responsible for the pulmonary and abdominal damages.

The injuries to the lung correspond to a combination of very severe ruptures and
contusions that affect great portions of the lung. Pneumothorax and hemothorax are
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often present. Very frequently the end result is progressive respiratory insufficiency
with formation of edema.

A special danger is the development of arterial air embolism. The laceration of lung
tissue under pressure can allow air to enter the pulmonary veins, which have also
been opened up. Air emboli in the brain and coronary arteries can cause immediate
death in connection with this injury.

Diagnosis

Dyspnea, hemoptysis, and the clinical signs of pneumo- and hemothorax or lung
edema dominate the picture. In the severe cases, the result is a rapidly increasing
respiratory insufficiency.

As a rule, patients have experienced the pressure wave as a blow. Occasionally,
there is no evidence on the body of an external impact. Temporary symptoms of
paralysis are frequently described. :

On the roentgenogram, in addition to a pneumothorax, hemothorax, or mediastinal
emphysema, infiltrates are found in both lungs. Most often the picture of an in-
creasing interstitial and alveolar lung edema soon appears.

The abdomen always deserves attention. The most frequent injuries are hemor-
rhages and ruptures of the colon, less often of the small intestine. The spleen, liver,
and kidneys are rarely injured. Explosions in the air and under water can produce
lung damage and abdominal injuries; in the transmission of pressure waves through
air, however, lung problems are the most common; in their transmission through
water, intestinal lesions are more frequent.

Therapy

Pneumo- and hemothoraces are drained, volume replacement is undertaken, and
abdominal injuries are treated. If there is respiratory insufficiency, the therapeutic
guidelines suggested for lung contusions and respiratory insufficiency apply. Pa-
tients with blast injuries would therefore be ventilated early to good advantage.
Attention was called, however, to the fact that in mechanical ventilation during the
first 24 h there is danger of arterial air embolism [308]. This possibility should not to
be taken lightly inasmuch as it has also been reported that patients with blast inju-
ries to the lung “do not tolerate anesthesia for an operation very well” [328], in
which air emboli could play a role during mechanical ventilation.

In consideration of these potential special complications involving mechanical ven-
tilation, a decision will have to be made in each individual case and presumably this
risk taken to come up with whatever chance there is for survival.
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Tracheal and Bronchial Injuries

L. Injuries to Trachea and Bronchi Caused by Blunt Trauma

Closed injuries to the large air passages are rare among clinical patients and are ob-
served only occasionally even in the large emergency wards. Their recognition and
early treatment is either life-preserving or protects the patient from total atelectasis
of a lung when a bronchus is torn off or from the severe infectious complications of
a bronchial stenosis.

e | In 1848 Webb [370] issued the first report about a bronchial rupture, and as the
§| consequence of a traffic accident at that (even in those days!): in India a pedestri-
d‘g, an was run over by a horse-drawn wagon. Further reports followed in 1850 by
21 Jackson [346], in 1863 by Biermer (this patient survived for 22 days with his left
main bronchus completely severed) [346], and in 1873 by Seuvre [363]. Ir 1913 Hotz attempted
to suture a ruptured lower lobe bronchus, but the 2-year-old child died on the 2nd postopera-
tive day from atelectasis. In 1927 Krinitzki [356] reported on the first patient to survive a bron-
chial rupture (without therapy): in the autopsy of a woman who had suffered severe thoracic
trauma 21 years ago as a 10-year-old girl, he accidentally found a complete severence of the
right main bronchus with retraction of the bronchial stump.

It is not generally known that the first successful pneumonectomy by Nissen (1931) was per-
formed on a girl because of infectious complications following rupture of a main bronchus
[305]. In 1949 Griffith [353] was successful for the first time in resecting a posttraumatic bron-
chial stenosis with reanastomosis of the bronchus 7 months after injury.

..‘r,.l.. k

Location and Mechanism of Injury

By far the most frequently affected are the main bronchi and mostly in the vicinity
of the carina [354]. Both main bronchi are injured equally often [355]. The typical
bronchial tear runs transversely and is usually complete.

Ruptures of the thoracic trachea, which are extremely rare, consist mainly of longi-
tudinal lacerations of the pars membranacea [352, 359]. More frequently there are
tears, and occasionally complete avulsions, of the cervical trachea, no doubt due to
its superficial location.

In 1912 Schonberg assumed that the principal mechanism of injury was thoracic
compression in the sagittal direction striking the air-filled lung with a closed glottis
during inspiration: the resulting intraluminal positive pressure caused the bronchial
rupture by bursting it at a typical site [362]. Subsequently, this theory was accepted
by many authors and supported experimentally by Lloyd [252] and Peter [373].
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Actually, it is mostly a powerful theracic compression from in front that causes
bronchial rupture: previously this occurred by being run over but nowadays most
likely occurs by the steering wheel impacting on the driver of an automobile. The
validity of this injury mechanism is supported by the observation that at the site of
bronchical damage there is usually no significant injury to the surrounding tissue
[355] and also by the rarity of the simultaneous occurrence of a bronchial rupture
and a peripheral lung laceration: air escaping the lung into the pleural cavity pro-
tects the large air passages from the formation of a high intraluminal pressure.
Schonberg had already pointed out that obviously the elasticity of the thorax in a
youthful person plays an important role in the rupture of a bronchus. Indeed, 65%
of bronchial injuries occur in the age group below 30 years [355]. However, the pos-
sibility of a direct effect of shearing forces on the tracheobronchial tree is still dis-
cussed by some authors [373].

Diagnosis

Clinical signs and symptoms of tracheal and bronchial ruptures vary widely and are
nonspecific. The pathologic picture may be immediately threatening or it may grad-
ually worsen.

There are three situations that always require clarification in regard to possible
bronchial rupture (Fig. 88):

1. A pneumothorax in which there is no expansion of the lung when suction drain-
age is applied

2. Significant mediastinal emphysema

3. Appearance of atelectasis that cannot be counteracted by the usual conservative
treatment.

Fig. 88. The three significant sus-
picious facts pointing toward
bronchial injury. I Mediastinal
emphysema; 2 Pneumothorax: no
complete expansion of the lung
despite good drainage; 3 Forma-
tion of atelectasis
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Fig. 89. Despite abundant thoracic drainage, a tension pneumothorax cannot be eliminated:
rupture of the bronchus of the upper lobe on the right side and injuries to the lung paren-
chyma (see text)

Fig. 90. Findings among 309 bronchial ruptures recorded in the world literature (Krauss and
Zimmermann [355])
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Example: A 28-year-old truck driver was wedged in between his truck and trailer. There was
pronounced dyspnea, with multiple rib fractures and bilateral hemothoraces. With mechanical
ventilation, extensive subcutaneous emphysema developed. In spite of pleural drainage with
massive venting of air, a tension pneumothorax on the right side could not be eliminated
(Fig. 89). A thoracotomy revealed a laceration of the right upper lobe and a large tear in the
upper lobe bronchus. In addition, the upper lobe artery was injured. After lobectomy, he pro-
gressed with no complications to complete recovery.

Krauss and Zimmermann [355] analyzed 316 cases of bronchial ruptures from the
world literature (Fig. 90): in 31% there was a tension pneumothorax, in 28% a sim-
ple, and in 7% a bilateral pneumothorax. Subcutaneous emphysema was found in
54% and isolated mediastinal emphysema among 40% of the patients. In only 20%
of the cases was there hemoptysis. Nowadays, as a result of increased use of intuba-
tion in a severely injured person, bloody sputum in the suctioned secretions would
be found more frequently. According to Burke [348], who also surveyed the litera-
ture, the only thing all patients had in common was that they had suffered severe
thoracic trauma. Among patients over 30 years of age, rib fractures were always
found, usually involving ribs I — III.

Eijgelaar and Van der Heide called attention to “deep cervical emphysema” as an
early sign of a tracheal or bronchial rupture. Radiologically, it shows up before me-
diastinal emphysema is visible or a subcutaneous emphysema in the cervical area
can be palpated [351].

According to an observation by Wolff [372], a higher CO, concentration in the air
lost via the thoracic drainage than in the exhaled air points to the fact that there is
no tracheal or bronchial rupture but that the leak is in the luag parenchyma.

One must keep in mind that the issue is not the making of the diagnosis on the basis
of clinical signs. The issue is the indication for bronchoscopy.

Bronchoscopy always confirms the diagnosis. It also provides the basis for deciding
the therapy to be adopted. The indication for this examination should be as liberal
as possible because even a negative finding is valuable since with it the question of
a bronchial rupture is settled once and for all. I have never regretted making use of
early bronchoscopy.

There is no indication for bronchography or for a tomogram in cases of acute injury.
Only in rare cases, when there is massive blood loss or adequate ventilation is im-
possible, will an immediate operation have to be resorted to without preceding en-
doscopy.

Attention must be called to the fact that in the past the diagnosis of a bronchial inju-
ry in the majority of cases was made too late (only in 15% [347] to 25% [355] was the
injury recognized within the Ist week after the accident) and then, unfortunately,
often not until later complications had set in (according to Burke [348] in 68% of all
cases).

Therapy of the Acute Injury

Obviously, before everything else, a tension pneumothorax or a pneumothorax is
drained; when there is respiratory insufficiency or significant hemoptysis, intuba-
tion is applied; a state of shock is treated.

Lesions in the trachea and bronchus that are insignificant and have few symptoms
can be treated conservatively; significant lacerations and bronchial avulsions are
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operated on as soon as the general situation has been clarified. Delay does not im-
prove the situation; the operation becomes technically more difficult and infeetious
complications of the affected lung are more frequent.

Tracheal and bronchial lesions make great demands on the anesthesiologist. Based
on the bronchoscopic findings, the intubation technique will have to be adapted to
the individual case. In bronchial injuries, a double-lumen tube is usually indicated.
Access to the affected main bronchus is gained by means of an anterolateral thora-
cotomy in the fifth intercostal space. The bronchial suture or — in a total avulsion —
the reunion is always possible and is made with chromic catgut (by using nonresor-
bable suture material there is danger of formation of granulation tissue in the inte-
rior of the bronchus). After additional coverage of the suture site with a pleural or
pericardial flap, a leakage test is made with normal saline solution.

If a lobar bronchus is affected, a suture repair is worthwhile only if there are no se-
vere injuries to the lung or vessels; otherwise, a lobectomy is indicated.

A follow-up bronchoscopy 2 months after suturing of the bronchus is recommend-
ed for early diagnosis of possible stenosis at the suture site.

Injuries to the thoracic trachea are taken care of in the upper intrathoracic section
of the trachea with a median sternotomy, and in lesions immediately above the bi-
furcation with a high right-sided anterolateral thoracotomy.

Also in the case of total avulsion of the cervical trachea, a primary end-to-end
anastomosis is probably always possible; the more frequent longitudinal tears can
be taken care of by direct suturing. In these cases, it is advantageous to keep the in-
tubation time as brief as possible. The simultaneous tracheostomy. which was form-
erly recommended, is indicated nowadays only in exceptional cases (e. g., in severe
simultaneous injuries to the larynx). The most frequent complication of suturing
cervical trachea injuries is recurrent laryngeal nerve paresis [365], especially when
the rear wall of the trachea is exposed.

I1. Old Bronchial Ruptures

Clinical Picture

Bronchial ruptures of larger dimensions that were either overlooked or for other
reasons not treated operatively, will, in the course of time, lead via granulation
and scar tissue formation to brenchial stenosis. The clinical picture is then very
characteristic:

1. Through accumulation of secretions, a partial closure of the bronchus results in
inflammatory phenomena: pneumonias, abscess formation, bronchiectases.

2. The total avulsion of the bronchus leads, through complete interruption of venti-
lation. to total atelectasis. The latter can be tolerated quite well for some time.
Interestingly, no infection develops in these atelectatic lungs.
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Therapy

The completely different disease patterns of bronchial stenosis and total bronchial
interruption require distinctive therapeutic approaches.

1. Bronchial stenosis: only if no significant signs of infections have appeared, as a
rule only up to 3 weeks after the accident, can the bronchial suturing — or the bron-
chial resection with end-to-end anastomosis — be attempted after removal of the
intraluminal granulations. If signs of chronic infection are already present, the only
thing left is a lobectomy or pneumonectomy.

Attempts at dilating a traumatic bronchial stenosis bronchoscopically are useless
since this kind of intervention only leads to new and more extensive scar formation.

2. In atelectasis occurring after old bronchial ruptures, the treatment of choice is re-
section of the closed bronchial section with end-to-end anastomosis. There seem to
be no time limits for this intervention, and it is astonishing that the atelectatic lung
can still be reexpanded after years have passed.

Samson [360] reported on a successful operation of this kind 15 years after trauma
on a boy who, at the age of 1 year, had suffered an accident. Vossschulte and Bik-
falvi [369] operated with success 14 years after the injury, and Mahafey [357] 11
years after the injury.

Naturally, of interest here is the question as to the function of such a lung, which
has been atelectatic for years. In some of the cases, there are corresponding investi-
gations [355, 357, 360, 367, 369, 371]. Common to all is the fact that while the atelec-
tatic lung could be reexpanded, the absorption of oxygen, postoperatively, by this
lung was consistently poor. The lung remained undersupplied with blood and there
was a significant right-to-left shunt. However, the function of such lungs, in subse-
quent development over a period of years, constantly improves and can become
normalized after several years [355].

IIL. Penetrating Injuries to Trachea and Bronchi

Of particular clinical significance here are wounds with injury to the cervical tra-
chea. The sound of incoming and outgoing air during respiration provides a basis
for making the diagnosis. Dyspnea, hemoptysis, and subcutaneous emphysema are
additional frequently found symptoms.

If oral intubation is impossible, as an emergency measure the tube can be inserted
into the trachea through the site of the injury. By itself the prognosis of tracheal su-
ture repair is good, and the fate of such an injured person depends more upon the
other damages occurring in the throat area. Injuries to the larynx require treatment
by a specialist in otorhinolaryngology. In these cases, a tracheotomy is often re-
sorted to.

After suture repair of the cervical trachea, the patient is extubated as early as possi-
ble.
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Example: After a motorcycle accident, a 20-year-old girl was brought to the emergency room
unconscious, with fixed and dilated pupils and without pulse. A wound on the left side of the
throat had stopped bleeding until circulation was restored through resuscitation and massive
transfusion. Then the bleeding could be controlled by digital compression. An immediate
operation revealed that half of the cervical trachea was sharply severed, the common carotid
artery was totally severed, and there was a tear in the internal jugular vein and fractures of the
vertebrae with avulsion of nerve roots. Application of an internal shunt in the carotid artery,
suturing of the trachea with chromic catgut, suturing of the internal jugular vein, and venous
interposition for reconstruction of the common carotid artery were performed. Extubation oc-
curred 2 h postoperatively. No postoperative problems developed, and with the exception of
paresis of the left arm, there was complete recovery.

Penetrating wounds with injuries to the thoracic trachea or a bronchus are usually
fatal because of injury to other structures in the vicinity (aorta, other large intra-
thoracic vessels, heart) [350]. This was seen also among surgical patients in wartime;
despite the great frequency of thoracic injuries, lesions of the large intrathoracic air
passages were seldom observed [354].

However, the first successful surgical repair of a bronchial injury was made by
Sanger during World War II on two patients with gunshot wounds [361].

Because of concomitant bleeding, the operation on open lesions of the large intra-
thoracic air passages is usually more urgent than in closed injuries. There is hardly
time for a bronchoscopic examination.
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Injuries to the Esophagus

I. Rupture of the Esophagus, Penetrating and Iatrogenic Esophageal Injuries

Causes, Location (Table 21)

1. Blunt trauma: esophageal ruptures caused by blunt trauma are rarities. Only a
very few surgeons will encounter this injury in the course of their lifetime. Besides,
since the symptoms in the initial state are not evident, such injuries are often not
recognized at all or not until very late [393].

It is assumed that the esophagus is ruptured by inner pressure when air and the con-
tents of the stomach are pressed into the guilet by compression of the lower section
of the thorax and the epigastrium [386]. The site of the rupture in the majority of
cases is located near the cardia, in the same area as the m»re frequent “spontane-
ous” rupture during sudden vomiting with a distended stomach.

2. Penetrating injuries: perforations of the esophagus by shot or stab injuries can ap-
pear over its entire length; they are most numerous in the area of the cervical gullet.
They also rarely occur among clinical patients. The deep, protected location of the

Table 21. Etiology of mechanical esophageal injuries

External violence
Blunt trauma
Penetrating wounds of the throat and thorax

Iatrogenic injuries

Endoscopy
Esophagoscopy, biopsy
Gastroscopy

Dilatations of the esophagus
Bougienage
Stark’s dilatator

Introduction of tubes
Nasogastric tube
Sengstaken-Blakemore tube

Intraoperative injuries

Foreign bodies
Sharp, especially during extraction
Large, embedded (pressure necrosis)
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thoracic esophagus hardly permits an injury in this area without a simultaneous in-
volvement of the heart, aorta, or other large vessels.

Thus, in the review of wartime surgery, esophageal lesions are seldom mentioned;
their frequency is around 0.5% of all open thoracic injuries given hospital treatment
[178, 380, 390].

3. Iatrogenic esophageal injuries: by far the most frequently occurring are iatrogenic
esophageal injuries. In first place is perforation during esophagoscopy. Although
most of the reports of this complication go back to the days of the rigid metal
esophagoscope, esophageal perforations are known to have occurred with the flex-
ible endoscope [376].

The perforation always occurs at points of constriction of the gullet: either at one of
the three physiologic narrowings or above an inflammatory or tumor-related steno-
sis.

Beyond this, injuries to the esophagus occur in connection with dilatation of steno-
ses (bougienage) or as intraoperative complications during preparation of the gullet
(e. g., for a truncal vagotomy) or in operations on neighboring organs.

4. Foreign bodies: angular or pointed foreign bodies can perforate the esophagus
wall at the physiologic narrowings. Frequently, the injury does not occur until the
attempt at endoscopic removal is made. Large foreign bodies that have lodged dur-
ing passage can cause pressure areas and necrosis of the esophageal wall with subse-
quent perforation.

Spontaneous Course of These Perforations

In the further course of development, the localization of the injury plays a signifi-
cant role:

1. Injuries to the cervical part of the gullet result in a locally limited inflammation of
the surrounding area, including possible formation of an abscess. In smaller lesions,
this inflammation can heal without negative consequences, but in exceptional cases,
it spreads downward and results in mediastinitis.

2. Injuries to the thoracic esophagus follow an entirely different course. Saliva, per-
meated with anaerobes, and the contents of the stomach enter the slack mediastinal
tissue. The intrapleural negative pressure during inspiration, the peristalsis of the
esophagus, and an air insufflation during endoscopy promote the escape of this
highly infectious material. Mediastinal emphysema results usually followed by ex-
tended mediastinitis soon afterward.

In a simultaneous injury to the pleura or in spreading of the infection into the pleu-
ral cavity, a pyopneumothorax is formed. Only in rare instances does the infection
remain localized while forming a mediastinal abscess. During the ensuing course,
most of these patients succumb to sepsis after a few days in a toxic condition.

3. In a perforation of the short intra-abdominal esophagus, an acute peritonitis of the
upper abdomen develops, sometimes also a subphrenic abscess.
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Diagnosis

Only if an esophageal injury is considered, despite its rarity, will it be possible to
make the diagnosis early enough. The patient’s history is helpful; above all, with
prior history of instrumental interventions the possibility of an esophageal lesion
must be kept in mind.

Acute injuries to the cervical esophagus are characterized by pain, dysphagia, and
hoarseness. Subcutaneous emphysema in the cervical area points toward the diag-
nosis and requires investigation.

In open wounds in the cervical area in which an esophageal lesion is suspected,
Sheely [389] recommended placing a stomach tube into the cervical esophagus,
compressing the distal cervical esophagus by hand from the outside, and gently sup-
plying air to the tube: air exiting the wound is diagnostic. By expanding the esopha-
geal wound by means of air, it can also be located more readily during the operative
exploration.

The leading symptom in acute injuries to the thoracic section of the esophagus is
mediastinal emphysema. This is not always the case, however, and it can develop
very slowly. With further expansion of air, subcutaneous emphysema in the cervical
area can be palpated. Severe pains are always present. In distal lesions, the latter
will be felt in the area of the epigastrium.

A perforation into the pleural cavity results in pneumothorax with pleural effusion.
The thoracic drainage sometimes transmits food particles and later pus.

In a later stage, symptoms of inflammation dominate the picture: fever, leukocyto-
sis, and toxic condition. Venous congestion can also occur.

Roentgenograms make it possible to identify the mediastinal emphysema and the
cervical emphysema. On occasion, only a widened mediastinum is found.

Of crucial significance diagnostically is a radiologic examination of the esophagus,
using a water-soluble contrast medium [meglucamine diatrizoate (Gastrografin)]. It
is the method of choice for clarification when an esophageal lesion is suspected;
since it is a simple examination without complications, its indication cannot be too
liberal.

Attention must be called, however, to the fact that esophagography is often falsely
negative. (Foster [381] reported 15% false-negative results of radiologic examina-
tions using contrast media and Berry [377] 25%; [388, 389, 391].)

If there is clinical suspicion, a negative esophagography must be repeated. In a cer-
vical esophageal injury, the reliability of this method is even worse: Sheely [389]
found it to be positive in only 47%. Despite a negative esophagography, operative
exploration of a wound in the cervical area should not be superficial.
Esophagography is also indicated even if the diagnosis has been made clinically; the
knowledge of the localization of the injury is decisive for the planning of therapy
and especially for the operative approach. An esophagoscopy is not indicated; in
this situation, I regard it as a dangerous method of examination.
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Therapy

~—_ ] For the treatment of a penetrating cervical wound with injury to the esophagus,
A instructions are found already in the oldest historical medical document, in the
: A Edwin Smith Papyrus [239]:

LA\ 4y j’ “Instructions for wounds of his throat:... and when he drinks water, it will
choose to come out of the opening of his wound; it burns very much, and as a result he devel-
ops fever. You should grasp this wound with a clamp and you should say of him: this is a man
who has a wound in his throat that has perforated all the way to his gullet; this is a disease with
which I shall do battle.”

An early operation brings good results. If an acute esophageal injury has been diag-
nosed, surgery is always indicated. Only minor lesions of the cervical esophagus
are regarded as exceptions to this, but more recently early operation has been pre-
ferred over the wait-and-see of conservative measures.

The operative approach depends upon the location of the injury:

1. In cervical injuries, it is made by an incision along the anterior border of the ster-
nocleidomastoid muscle and extended down to the suprasternal notch. In general,
the left approach is preferred because of the slight curve of the cervical esophagus to
the left. After cutting through the platysma and the superficial cervical fascia, access
to the esophagus is by blunt dissection between the sternohyoid and sternothyroid
muscles on the one side and the laterally situated sternocleidomastoid muscle on the
other. As a rule, the median thyroidal vein must be severed, and in exceptional
cases also the inferior thyroidal artery. Precaution is called for because of the recur-
rent laryngeal nerve, which passes between the esophagus and trachea.

2. In injuries to the upper part of the thoracic esophagus, the approach is made by a
right-sided posterolateral thoracotomy.

3. In injuries to the lower part of the thoracic esophagus, a left-sided posterolateral
thoracotomy is performed. This is also the approach for a lesion in the upper part of
the esophagus if a perforation into the left pleural cavity has already occurred.

4. Injuries to the abdominal esophagus are dealt with by an upper midline laparotomy.

The injury is repaired by two rows of sutures: the inner suture with chromic catgut,
the outer suture of the musculature with silk. It is covered by surrounding tissue,
e. g, with a pleural flap or with a piece of omentum pulled up through the dia-
phragm [388], and in lesions of the cardia area by means of a fundoplication. If in-
traoperative detection of the lesion is difficult, the instillation of methylene blue into
the esophagus can be helpful.

The area of operation is extensively drained, by approach through thoracotomy via
pleural drainage.

In severe injuries requiring extensive suturing, and also in the patient with multiple
injuries who must be ventilated for a long time for other reasons, the primary per-
formance of a gastrostomy is recommended.

Postoperative evacuation of the stomach is accomplished by means of a nasogastric
tube or gastrostomy. Parenteral nutrition has improved the prognosis markedly
[387]. Antibiotic therapy is introduced to good advantage preoperatively.
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The poor general condition of a patient, indeed even a moribund patient, is no con-
traindication or reason for postponement of an operation. On the contrary, in this
situation, only an operation can provide improvement (Loop: “The patient is too ill
not to operate” [385]).

In delayed cases, the repair will on occasion have to be dispensed with if there is no
prospect that the sutures will hold in the damaged tissue. In that case, the esophagus
can be excluded by performing a cervical esophagostomy and a gastrostomy with lig-
ature of the distal esophageal section [392]. Also, drainage alone or an esophageal
resection with a cervical stoma can be considered in exceptional cases (e. g, in a
carcinoma).

The compilation of 1232 cases with esophageal injuries by Bittner [378] reveals that
the suture closure is superior to all other forms of treatment: the mortality with this
procedure was 13.4% compared to 20.8% for resectional treatment, 25.5% for drain-
age alone, and 28.6% for conservative treatment.

The prognosis, however, is largely dependent upon the timely moment of the opera-
tive intervention (mortality in repair within 24 h after injury is 7.7%, in delayed clo-
sures, 19.3%). It is especially poor in blunt esophageal injuries because here the le-
sion is often not recognized at all [393].

II. Traumatic Esophagotracheal Fistula

As a consequence of blunt thoracic trauma, the esophagotracheal fistula occurs
more frequently than the esophageal lesion by itself. However, it is also recognized
as a complication of long-term ventilation if the tube cuff causes pressure necrosis to
the tracheal wall and the esophagus, especially if there is a nasogastric tube in the
esophagus at the same time.

Characteristically, the traumatic esophagotracheal fistula appears 3 —7 days after
the accident; only in rare instances is it already formed immediately after trauma
[352, 375].

We are indebted to the works of Kronberger [384] for first providing convincing in-
formation about its formation: vehement compression of the thorax, by raising pres-
sure in the trachea with the glottis closed, not only causes rupture of the trachea; be-
fore the rupture occurs, it can also be squeezed against the spinal column, and the
esophagus lying in between can thereby be crushed. In that case, there is no primary
esophageal rupture. Not until there is necrosis formation on the front wall of the
esophagus is there development of a fistula. Inflammatory reactions have, in the
meantime, led to adhesions and formation of scar tissue so that in the vicinity of the
fistula no significant infections can spread any further.

The prognosis of a traumatic esophagotracheal fistula is distinctively better than
that of an isolated esophageal injury; even without treatment there is less mortality.

Diagnosis

The leading symptom is the strong cough stimulus that occurs whenever food is in-
gested (“swallow cough”). Here, differential diagnosis for disturbances in swallow-
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ing must be made. This can be done with insertion of a nasogastric tube into the
proximal esophagus with instillation of methylene blue.

The diagnosis will be confirmed conclusively by esophagography with water-soluble
contrast media [meglucamine diatrizoate (Gastrografin)], bronchoscopy, or esopha-

goscopy.

Therapy

Through repeated aspiration, esophagotracheal fistulas will lead to pulmonary in-
fections. Only exceptional cases heal spontaneously.

Operation is successful in a high percentage of cases [374, 382]. Since the fistula is
often situated just above the carina, the best approach is a right-sided thoracotomy.
The trachea is closed with a single row of sutures, the esophagus with a double row,
and some tissue interposed, if possible (e. g., a pleural flap). In large defects, plastic
repair may become necessary. Only in the less frequent cervical fistulas can the ap-
proach be made through the neck.



Chapter 16

Injuries to the Heart by Blunt Trauma

I. Basic Considerations

As in the great textbooks, the impressive, severe cardiac injuries caused by blunt
force will also be described in this book: cardiac ruptures, traumatic septal defects,
heart valve lesions, and injuries to the coronary arteries. However, this should not
obscure the fact that the clinical significance of such injuries is quite modest. The
few cases that come into question for treatment represent decided rarities.

In contrast to these rare injuries, cardiac contusion, in the framework of blunt tho-
racic trauma, is very frequent. The diagnosis of this injury is often not established
[2]. The pathologic picture is not well-known; furthermore, in the majority of cases
the diagnosis is not simple.

There are two situations in which cardiac injury is overlooked:

1. In very severe thoracic trauma, the surgeon is so overwnelmed by multiple rib
fractures, paradoxical respiration, hemothorax, pneumothorax, or subcutaneous
emphysema that the heart is often not considered. Table 22 shows the companion
injuries that often accompany cardiac contusion.

2. The second situation is almost the opposite of the one previously described. If
there are no rib fractures, the force of the external impact is underestimated. In the
youthful, elastic thorax, the heart can be injured between the sternum and spinal
column without fracture of the ribs. On occasion, contusion marks will then point to
the severity of the thoracic trauma (Fig. 91). Heart injuries without rib fractures are
not at all uncommon: among our patients, rib fractures were not present in 25% of
all heart injuries caused by blunt force.

In clinical reports, the frequency of cardiac damage in closed thoracic trauma is giv-
en at 10% [411, 450, 464]; we observed cardiac trauma in 16% of patients hospital-
ized for blunt thoracic injuries.

Table 22. Frequent companion injuries to the thorax in cardiac injuries

Suspicion of cardiac injuries
especially in Sternal fractures
Parasternal multiple rib fractures
Multiple rib fractures on the left side with mobile
thoracic wall
Traumatic asphyxia
Mediastinal hematoma
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Fig. 91. Contusion marks on a 22-year-old male patient with severe cardiac contusion without
rib fracture in a steering wheel injury

Who is to treat patients with cardiac injuries? In most cases, the accident victim is
brought to a general surgical department or trauma center. Only rarely is an opera-
tion urgent, for instance, in cases of cardiac tamponade, luxation of the heart, or car-
diac rupture. Transfer to a center for cardiac surgery then cannot be considered. I
am of the opinion that the surgeon should also take over the treatment of cardiac
contusion, because of the frequent companion injuries in the thoracic area, if neces-
sary in cooperation with the internist.

Other — less frequent — cardiac injuries due to blunt force require clarification by
means of heart catheterization and angiocardiography and belong in the hands of a
cardiac surgeon.

Mechanism of Injury

In most cases, the heart is damaged by frontal compression force. The typical acci-
dent mechanism is the steering wheel injury of automobile drivers. The functional
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condition of the heart at the moment of impact plays an important role. Powerful
compression during the filling phase of the heart chambers can cause rupture of the
heart wall or valvular lesions [418].

In second place, deceleration injuries are a source of cardiac damage, e. g., a plunge
from a great height. Thus, 80% of all victims of airplane crashes exhibit injuries to
the heart [428].

II. Pericardial Injuries, Luxation of the Heart

Two forms of pericardial injury can be distinguished:
1. Lacerations in the pleuropericardium.

2. Rupture of the diaphragmatic part of the pericardium. This rare injury is described
in Chap. 19.

Lacerations in the pleuropericardium caused by the impact of blunt force usually
run longitudinally in front of or behind the phrenic nerve, more often on the left
than on the right side of the thorax. They are often combined with cardiac contu-
sion. :

No doubt most of the pericardial lacerations follow an asymptomatic pattern of
development. If there is a pneumothorax at the same time, air can show up on the
roentgenogram as a pneumopericardium. Small lacerations and minor bleeding that
does not develop into cardiac tamponade are of no clinical significance and heal
spontaneously.

If the pericardial laceration is large, there is a threat of a partial or total luxation of
the heart into the pleural cavity. This leads to manifestations of entrapment of the
heart in the pericardial tear with resultant mechanical impairment, and occasionally
with compression of the coronary arteries or torsion of the heart. Luxation of the
heart is not always present immediately after trauma. Occasionally, luxation into
the pleural cavity does not occur until several days later [395, 437].

Diagnosis

Luxation of the heart usually results in a life-threatening condition with tachycardia
and hypotension. There can be venous congestion. Heart sounds can become weak-
ened. On the basis of clinical findings, a differential diagnosis of cardiac tamponade
will have to be made. Diagnosis is especially difficult if there are additional injuries
in the thoracic area [437].

The most important examination, the chest roentgenogram, will indicate the dis-
placed position of the heart, occasionally only an unusual cardiac silhouette (Fig. 92).
The interpretation of the radiologic findings seems to be particularly difficult in dif-
ferentiating from atelectasis formation, a hemopericardium, and an aneurysm of the
heart wall [402]. The presence of a pneumopericardium makes the diagnosis easier.
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Fig. 92. a Roentgenogram of the thorax with luxation of the heart through a pericardial rup-
ture on the left side. b In the aortogram, the luxation of the heart into the left thorax can be
visualized very clearly
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The displacement of the heart may be shown in the ECG by a shift of the cardiac
electric axis [425]. Along with this, ST-T wave changes and a bundle-branch block
are common. With successful therapy, the ECG variations are reversible [402, 437].

Therapy

Treatment consists of a thoracotomy with repositioning of the heart. The pericardi-
um is closed, leaving openings for drainage, or if the pericardium is torn anteriorly
to the phrenic nerve, a drainage window is created behind the nerve. Minor pericar-
dial lacerations or a pneumopericardium without symptoms do not require treat-
ment.

HI. Hemopericardium, Cardiac Tamponade

In blunt trauma, the following causes of bleeding into the pericardial cavity and of
cardiac tamponade are considered: ruptures of the heart wall, injuries to coronary
vessels, or bleeding from the pericardium. Also, foci of contusion of the heart with
minor bleeding can produce this life-threatening situation. However, cardic tampo-
nade results more frequently from penetrating cardiac injuries.

The first reports and also the recognition of the threat to life posed by the accumu-
4 = | lation of blood in the pericardium are therefore based on the experiences with
N ‘,g’ open heart injuries. In the sixteenth century, Ambroise Paré [494] described the
ANTUDT first case of cardiac tamponade. As early as 1679, Riolanus suggested pericardio-
centesis as treatment for heart wounds [432]. Morgagni [440] also recognized the significance of
cardiac tamponade as a cause of death in cardiac injuries. His theory about the compression of
the heart by the effusion of blood, published in 1761, has maintained its validity up to the
present day.
Larrey [431], Napoleon’s field surgeon, reported in 1829 on the successful drainage of the peri-
cardium in hemopericardium developing after a stab wound. However, as late as 1882, Billroth
still designated the “paracentesis of the hydropic pericardium” as an operation that “comes
very close to what some surgeons call the prostitution of the surgical art, others a surgical frivo-

h.ty.”

Pathophysiology

The elasticity of the pericardium is very slight. An acute accumulation of fluid in the
intrapericardial space up to approximately 120 ml can easily be diverted into the
anatomic cavities. A larger amount of fluid that rapidly accumulates, however, will
result in significant hemodynamic effects: in an acute formation of a hemopericardi-
um, as little as 150 ml of blood can cause a life-endangering cardiac tamponade. In a
chronic development (e.g., in a uremic pericardial effusion), the pericardial tissue
will yield in response to the rising pressure and much larger amounts of fluid — up
to several liters — can be tolerated.
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The intrapericardial rise in pressure caused by the fluid brings about a compression
of the intrapericardial structures that have a lower internal pressure. It is not the ob-
struction of veins and auricles that is responsible for the functional consequences
but the prevention of ventricle dilatation during diastole. This supposition, ad-
vanced already by Starling, was proved by Isaacs in 1954 and is in opposition to the
academic opinions of long standing [446].

The filling up of a ventricle is dependent upon the pressure gradient between ve-
nous pressure and the diastolic pressure of the ventricle. In cardiac tamponade, the
intrapericardial pressure also causes a rise in the diastolic pressure in the ventricles.
By lowering the pressure gradient, less blood flows in, the stroke volume falls, and
the venous pressure rises.

In the process, special significance is also due the pulmonary circulation: the lower-
ing of the pressure gradient between the left auricle and left ventricle during di-
astole is of special importance because of the slight difference in pressure in the pul-
monary circulation [407].

Interestingly, the evacuation of a small amount of blood is more effective in lower-
ing the intrapericardial pressure than the amount of additional fluid necessary is in
raising the pressure to the same extent [446].

This explains two observations important for the treatment of acute cardiac tampo-
nade:

1. The removal of small amounts of fluid from the pericardium, even without com-
plete evacuation, can temporarily improve the hemodynamic situation very deci-
sively.

2. The infusion of volume raises the venous pressure and thereby the pressure gra-
dient during the ventricle diastole and thus temporarily raises the stroke volume.

Arterial BP
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volume > %
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Fig. 93. Schematic representation of the course of central venous pressure, stroke volume, and
arterial blood pressure in increasing cardiac tamponade. The central venous pressure rises con-
tinuously, while the arterial blood pressure does not begin to fall until the late phase. The re-
duction of stroke volume can be counterbalanced for some time by increasing the heart rate
(based on the investigations of Martin and Schenk [436] and other authors)
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Compensatory mechanisms attempt in this situation to maintain adequate cardiac
function: an increase in the heart rate temporarily prevents a fall in the cardiac out-
put. Peripheral vasoconstriction can temporarily maintain a normal arterial blood
pressure in spite of a falling stroke volume [436]. In this way, cardiac tamponade
exerts an earlier effect on the venous pressure and a later effect on the arterial blood
pressure (Fig. 93). This has essential significance for diagnosis and therapy: (1) the
change in venous pressure and not arterial blood pressure is important for early
diagnosis and (2) if arterial blood pressure is already beginning to fall, there is
only a little time left for treatment.

Diagnosis

The classic triad of cardiac tamponade (high venous pressure, distant heart sounds,
arterial hypotension) is found among trauma patients in only 35% — 40% of the cases
[457, 507, 508].

The measurement of central venous pressure is the most important.criterion for the
diagnosis of a cardiac tamponade. The signs of venous congestion with distended
neck veins are the clinical correlate of an elevated venous pressure. However, in
massive hypovolemia, the venous pressure can be normal until complete circulatory
collapse has occurred. Obviously, only a single measurement is not sufficient and
repeated venous pressure readings should be made.

The drop in arterial blood pressure is already a very late sign. Distant heart sounds
are seldom found.

Paradoxical pulse is likewise a classic, but uncharacteristic sign of cardiac tampo-
nade. Involved is a marked decrease of arterial blood pressure and therefore of pulse
during inspiration. A slight fall in pressure during inspiration is normal. The term
“paradoxical pulse” is therefore misleading and only describes an exaggerated form
of a physiologic phenomenon.* A paradoxical pulse can quite often be determined
by palpation or through measurements also in traumatic cardiac tamponade.
It must be pointed out emphatically that in contrast to chronic forms of cardiac tam-
ponade, the roentgenogram as well as the ECG offer no significant help in the diag-
nosis; since it takes only very little blood to cause an acute tamponade, the heart
silhouette usually has not widened and low voltage is almost never present [447].

If the patient’s condition permits performance of fluoroscopy, it reveals an almost
complete lack of cardiac pulsations.

Pericardiocentesis is not only therapeutic but also an important diagnostic tool. Its
technique will be presented below. Fear of using it is unfounded. Even an uninten-
tional puncture of the right ventricle usually has no aftereffects and can be avoided
by using the technique with ECG monitoring, which is described below. However, it
can sometimes be unsuccessful despite the existence of tamponade if blood coagu-
lates in the pericardium.

Echocardiography (sonography) with ultrasound makes it possible to determine with
great reliability the amount of accumulation of fluid in the pericardium. Radioisoto-
pic scanning is less sensitive.

* Kussmaul, who coined the phrase in 1873, meant by it that with this respiratory change in
pressure, paradoxically no respiratory changes could be palpated in the region of the heart.
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Therapy

Therapy in the rapid development of cardiac tamponade in closed trauma, as is gen-
erally the case in penetrating heart injuries, is basically operative. Only by imme-
diate intervention can the infrequent cardiac rupture be dealt with. In these cases
pericardiocentesis, besides confirming the diagnosis, serves only as temporary relief
and does not exempt one from the operation immediately following. Also, in this sit-
uation, no time should be lost in attempting to install drainage by way of a closed
insertion of a plastic catheter.

If the cardiac tamponade resulting from blunt trauma develops slowly, over a pe-
riod of hours, or if a hemorrhagic pericardial effusion does not occur until later, the
treatment after pericardiocentesis can be put on a wait-and-see basis. Under good
supervision, any new tamponade symptoms will be recognized early. The number of
additional punctures and the length of the interval between them, taking the general
situation into account, will determine whether operative intervention is necessary.

In these late cases, therapy consists more in the drainage of the pericardium than in
the control of the hemorrhage. In general, entry is made by an anterolateral thora-
cotomy on the left. After opening up the pericardium in front of the phrenic nerve,
the blood or effusion is evacuated, the heart inspected, and possible sources of
bleeding eliminated. Behind the phrenic nerve, a drainage opening from the peri-
cardium into the left side of the thorax is made, which is in turn emptied by means
of a chest tube. The incision in the pericardium in front of the phrenic nerve is
closed to avoid luxation of the heart.

Technique of Pericardiocentesis

With the patient in a supine position, entrance is made at the angle formed by the
xyphoid process of the sternum and the left costal arch (Fig. 94). A parasternal ap-

Fig. 94. Technique
of pericardiocentesis
(see text)
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Fig. 95. Pericardiocentesis under
ECG control (see text)

proach is also possible, but the danger of injury to the heart is greater, and the pro-
cedure is successful only when large amounts of intrapericardial fluid are present.
After local anesthesia, an adequately large needle mounted on a syringe is inserted
at an angle of 30 ° to the anterior surface and in the direction of the middle of the
left clavicle, toward the pericardium; in a slender patient, the pericardium will al-
ready be reached after a short distance (2—5 cm). The entry into the pericardium
will be felt, if there is a tamponade, by the abatement of resistance.

If time allows, I prefer making the puncture under ECG monitoring. Using an alliga-
tor clip, the puncture needle is connected to the V lead of the ECG monitor. If con-
tact is made with the epicardium in the puncture attempt, the lead in the epicardial
ECG differs unmistakeably from the previously observed ECG by its characteristic
massive upward shift of the ST segment (Fig. 95). In this way, an injury to the heart
or puncture of the ventricle can be avoided.

It holds true only in a very slowly developing cardiac tamponade that the blood
derived from the pericardium is defibrinated by the contractions of the heart and
will not clot. In a rapidly developing cardiac tamponade caused by hemorrhaging,
blood clots are usually found in the pericardium, and the blood rushing out after
puncture coagulates. It is then impossible to use the coagulability of the blood for
recognizing an unintentional puncture of the ventricle.
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IV. Posttraumatic Pericarditis

After blunt thoracic trauma, symptoms of pericarditis can appear days or even
months later.

—_ | In 1665, De Marchettis provided the first description of pericarditis that appeared
.4 | after an injury [479]. In 1764, Akenside [394] reported on a 14-year-old boy who

B! complained of pains in the heart region after a powerful blow to the chest. In the
LA «_.g’ autopsy after his death 6 months later, the pericardium was discovered to have ad-
hered completely to the heart.

A traumatic hemopericardium will usually cause symptoms only if the amount of
blood causes a cardiac tamponade. Hemorrhages in the pericardium of a lesser de-
gree will be absorbed by the pericardial lymphatic vessels [415]. In some cases (ac-
cording to Tschirkov [463] in 6%), a pericarditis develops nevertheless. Three forms
can be differentiated:

1. Pericarditis without effusion formation
2. Pericarditis with effusion
3. Constrictive pericarditis

Unless there is pericardial effusion, a classic pericardial friction rub can be ob-
served. Fever, retrosternal pains, rise in the erythrocyte sedimentation rate, and pos-
sibly leukocytosis are other, though after trauma uncharacteristic findings.

In effusion formation, this can lead to cardiac tamponade with venous congestion,
high venous pressure, paradoxical pulse, and later arterial hypo.ension. An excel-
lent gauge of reduced cardiac output despite normal blood pressure values is limit-
ed kidney function demonstrated by oliguria. Since these cases involve a slowly de-
veloping effusion, the roentgenogram, in contrast to one of an acute cardiac tampo-
nade, will show the characteristic tent-shaped enlargement of the cardiac silhouette.
The ECG demonstrates low voltage and T wave inversions.

A constrictive pericarditis develops within a period of months or even years but has
also been observed as early as 24 days after injury [4438].

The origin of such pericardial alterations is not clear. Since steroid preparations
can influence the development, an autoimmune reaction was discussed as a cause
[463]. No proof of this theory was adduced, and since steroids affect every exuda-
tive process, there is no basis for this idea. A comparable syndrome exhibiting the
same symptoms is the postcardiotomy syndrome after heart surgery.

Therapy

1. Posttraumatic pericarditis without formation of effusion requires only symptom-
atic therapy and will disappear spontaneously in a short time.

2. When effusion forms, the use of steroids is helpful. If the formation of effusion
produces signs of cardiac tamponade, pericardiocentesis will be unavoidable. If
there is renewed effusion formation, either repeated pericardiocenteses or a closed
insertion of a thin plastic catheter into the pericardium for drainage will be neces-
sary. If this is unsuccessful, an operative drainage of the pericardium into the left
pleural cavity or by way of an inferior pericardiotomy is indicated.
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Fig. 96 a — c. Posttraumatic pericarditis with hemorrhagic pericardial effusion and cardiac
tamponade. a Characteristic thoracic roentgenogram with pericardial effusion 9 days after the
accident; b During the operation, the serosanguineous fluid pours out after opening of the
thickened pericardium; ¢ Postoperative roentgenogram after 4 months



Cardiac Contusion 191

Fig. 96 c

3. If a constrictive pericarditis with significant limitation of function occurs, a peri-
cardiectomy cannot be avoided.

Example: In a 60-year-old patient with other severe injuries, a cardiac contusion with multiple
rib fractures on both sides was verified on the day of the accident. Nine days after the accident,
a massive, profuse hemorrhagic effusion with pericardial tamponade developed. (Fig. 96a). Si-
multaneously, oliguria and an increase in urea were evident. Pericardiocentesis performed a to-
tal of four times improved the unfavorable hemodynamic situation only a day at a time. For
this patient, we resorted to opening and draining the pericardium into the left chest by means
of a small thoracotomy. During the operation, 300 ml of a serosanguineous fluid were found in
the thickened pericardium (Fig. 96b). Subsequently, the patient recovered completely
(Fig. 96¢).

V. Cardiac Contusion

Every cardiac injury caused by blunt force that is not accompanied by a primary
rupture of a heart chamber or an injury to intracardiac structures is designated as a
cardiac contusion.*

* Formerly, functional disturbances of the heart “without proof of morphologic substrate”
were designated commeotio cordis. Since it can be assumed that pathoanatomic changes of the
heart wall also occur in these cases, that the observed clinical developments cannot be ex-
plained as pure functional damage, and that a clinical differentiation is impossible anyway, it
is justifiable that this term is hardly ever used today.
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Although stab wounds have been on record since antiquity, it seems to have taken
a long time before the possibility of heart damage from the effects of blunt force
was discerned. The first description, going back to the year 1550, was made by
LA /" Rota [479]. He found, upon the death of a patient after a long period of suffering,
that the pericardium was expanded and the heart substance destroyed.

In the seventeenth century, Borch (1676), Blancard (1688), and Nebel (1696) reported on
closed heart injuries [450, 479]. Borch described a massive enlargement of the right atrium,
which contained blood clots resulting from cardiac contusion, in an 8-year-old boy who was
injured in a fall. Blancard found ulcerations in the left ventricle and in the atria of a farmer
who had been run over by a hay cart and died 11 days later. Nebel reported on a rupture of
the right atrial appendage of the heart caused by a fall from a horse. Without external injury,
death ensued immediately.

Pathoanatomic Findings

These vary widely and range from small subepicardial or subendocardial hemor-
rhages to extended foci of contusion (Fig. 97). Frequently, there are small epicardial

Table 23. Most important examinations in cardiac contusion

Clinical: auscultation, signs of heart failure

Roentgenograms of the thorax

Central venous pressure

ECG

Determinations of enzymes (CPK isoenzymes, LDH isoenzymes)
Cardiac output

Fig. 97. Extensive hemorrhagic in-
volvement of the anterior wall of the
heartin a severe cardiac contusion
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Fig.98. Foci of contusion with
hemorrhaging and edema formation
in the myocardium of the left ventricle
in severe cardiac contusion

lacerations, particularly in the anterior wall of the right atrium, or lacerations of
the endocardium. Occasionally, there is also formation of edema (Fig. 98). The his-
tologic picture exhibits all levels of transition of muscle fiber damage up to necrosis
and repair processes with leukocyte infiltrates and a buildup of scar tissue [411, 412,
413, 422].

Diagnosis

The diagnosis of cardiac contusion is not at all simple in many cases; diagnostic clues
have to be sought (Table 23). This fact, together with an underestimation of the
clinical significance of this injury, is the reason that many cases of cardiac contusion
are overlooked or recognized belatedly. The frequency of the disease in clinical sta-
tistics is proportionate to the zeal with which it is sought.

Furthermore, we must remember that in cardiac contusion there is characteristically
a sequence of developments in the clinical picture. Some symptoms and pathologic
conditions do not show up until some time after the accident, brought on by hema-
toma and edema formation in the myocardium. The entire picture is very irregular.
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Clinical Findings

Many patients complain about precordial pains. In contrast to the pains caused by
injury to the thoracic wall, they are not affected by breathing. Auscultation of the
heart provides no pathologic information if there are no injuries to cardiac struc-
tures; in exceptional cases, a pericardial friction rub may occasionally be audible.
Among our patients, there was right or left heart failure in about one-fourth, which
led to an increase in central venous pressure or to a drop in blood pressure without
hypovolemia, which necessitated the use of catecholamines.

Electrocardiogram

Every possible variation of ECG can be observed [408, 434]. There is no typical
ECG pattern for cardiac contusion. Furthermore, electrocardiographic patterns
change very rapidly. Even a normal ECG does not obviate the possibility of cardiac
contusion.

1. Disturbances in cardiac rhythm and the conduction system: frequently, there are
arrhythmias of the atrium and ventricular extrasystoles; less frequently, the picture
develops into one of a bundle-branch block or of an atrioventricular conduction dis-
turbance that can result in total heart block and possibly requires the implantation
of a pacemaker [460] (Fig. 99).

2. Disturbances in repolarization: very often, there are unspecified ST-T wave chang-
es and findings of subepicardial damage (Fig. 100). There is seldom an actual in-
farct picture (Fig. 101).

The electrocardiographic patterns established among our patients are listed in Ta-
ble 24. Since the ECG findings play a leading role in the diagnosis of cardiac contu-
sion, the ECG belongs in the routine evaluation of every severe thoracic trauma. In
the absence of pathologic findings, it serves as a basis of comparison to subsequent
electrocardiograms.

Radiologic Examination

An acute dilatation of the heart in the roentgenogram will naturally lead to the
conclusion that a cardiac contusion exists. In contrast to the rather frequent descrip-
tion in the literature [435], we were able to make these observations only very rarely
among our patients. We found that the thoracic roentgenograms were seldom help-
ful in the diagnosis because, among other reasons, they were usually taken of pa-
tients in a recumbent position. For all cases of left-sided heart failure, however, it is
important for the diagnosis of lung congestion or edema (Fig. 102).

Enzyme Determinations

Inasmuch as enzyme investigations are of great importance for the diagnosis of a
myocardial infarction, it was logical to rely on enzyme changes also for the diagno-
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Fig. 99. Transient total atrioventricular block with a ventricular escape beat, fusion beat, and
ensuing sinus rhythm with a right bundle-branch block pattern in a 47-year-old male patient
with cardiac contusion

Fig. 100. Subepicardial damage on right side in cardiac contusion (35-year-old patient)

Table 24. Main ECG patterns in cardiac contusion (108 patients)

Normal ECG 13
Disturbances in rhythm, primarily ventricular 24 } 59
Other rhythm and conduction-system disturbances 35

Repolarization disturbances (subepicardial damage, 66

unspecified ST-T wave changes)
Infarct patterns 3
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Fig. 101. ECG infarct pattern in cardiac contusion (same 19-year-old male patient as in
Fig. 97)

Fig. 102. Lethal lung edema in severe cardiac contusion



Cardiac Contusion 197

sis of cardiac contusion. However, it must be pointed out that for the diagnosis of
cardiac contusion, the usual enzyme determinations (CPK, GOT, LDH) are totally
useless since they are unspecific and since injuries to other organs or to the skeletal
musculature likewise lead to an increase of these enzymes.

1. Creatinine Phosphokinase (CPK)

In all patients, there is a significant elevation of CPK; we found values of over
3000 — 4000 IU (where values up to 50 IU are normal) (Fig. 103). These are values
that far exceed those observed in myocardial infarction. The damage to the heart
muscle alone could never be the cause of such a high enzyme increase.
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Fig. 103. The massive elevation of the total creatinine phosphokinase is essentially caused not
by cardiac contusion but by trauma to the skeletal muscles
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Fig. 104. Increase in level of isoenzyme MB of creatinine phosphokinase during 3 days in car-
diac contusion (n = 12) (see text)

Every injury to the peripheral musculature, indeed even the intramuscular injection
of certain medications, results in a CPK increase [465]. In a comparable group of
thoracic injuries without cardiac contusion, we likewise found a CPK rise in every
case.

The determination of the CPK isoenzymes is more authoritative for the diagnosis of
cardiac injury. Since we began using this method, we have found among all patients
with cardiac contusion that there is an increase of the isoenzyme MB already on the
day of the accident (Fig. 104). The decrease to normal values occurs between the
3rd and 4th days after trauma. Since small amounts of isoenzyme MB are released
also in injuries to the skeletal musculature, the proportional amount of isoenzyme
MB in the total CPK is significant for the diagnosis of myocardial damage:

CPK MB

% Total CPK
sion.

of over 8% provides a very significant suspicion of a cardiac contu-

2. Glutamic-Oxaloacetic Transaminase (GOT)

According to our investigations, this enzyme is only moderately and uncharacteristi-
cally elevated in a cardiac contusion; a massive GOT rise points in the direction of
liver damage. This enzyme is also so nonspecific for cardiac muscle damage that its
determination is of no practical significance.
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3. Lactate Dehydrogenase (LDH)

The same is true for the determination of total LDH. Also in this enzyme group, iso-
enzymes can now be delineated (Fig. 105). The LDH, and LDH, isoenzymes are
quite specific for cardiac injuries. Damage to erythrocytes (through hemolysis) and
certain kidney diseases likewise increase this enzyme fraction. Injuries to the skele-
tal musculature do not cause a rise of LDH.

In all patients with cardiac contusion, we found an unequivocal increase in LDH,
and LDH, isoenzymes. The enzyme increase was evident in every case already on
the day of the accident and remained for a long time (about 2 weeks), a fact that
makes this determination especially significant (Fig. 106).

Measurement of Cardiac Output

Not all cardiac contusions result in a restriction of cardiac output. Nevertheless, its
determination can be important for the diagnosis and evaluation of the disease pic-
ture since a decrease in cardiac output often cannot be recognized clinically. In the
classic work of Pomerantz and colleagues [445], a diminished cardiac output was
discovered in 11 of 17 patients. Among our patients, we undertook a determination
of cardiac output only in selected cases and verified 4 of 19 patients with cardiac
contusion as having a diminished cardiac output. Measurements of patients who
were assumed to be hypovolemic were not included.
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Fig. 105. Behavior of the total LDH (normal up to 195 IU) (n=52), of the LDH, isoenzyme
(normal up to 48 IU), and of the LDH, isoenzyme (normal up to 76 IU) (n=21) in cardiac
contusion
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Fig. 106. Prolonged elevation of cardiac-specific LDH,; and LDH, isoenzymes in cardiac con-
tusion (n=25)

Coronary Ahgiography

Tracings resembling those of a myocardial infarction on an ECG are almost always
produced by contused musculature and not by injury or traumatic occlusion of a
coronary artery. Among our patients, we found none in whom there was reason to
conduct coronary angiography. In view of the rarity of injur, to coronary arteries by
blunt thoracic trauma, I find, in accord with other authors [429], the only real in-
dication for coronary angiography to be posttraumatic angina pectoris.

Scintigraphy

Individual reports have been made [412, 432, 461, 466] on the application of radio-
isotopic methods in cardiac contusions. Although the experience provided by an-
imal research is convincing, still little is known about the diagnostic possibilities in
the clinic. Further developments will show whether scintigraphy can make an essen-
tial contribution to the diagnosis of cardiac contusion.

Differentiation of Cardiac Contusion and Degenerative Cardiac Diseases

In older patients with a history of preexisting arteriosclerotic cardiac disorders or
other heart diseases, the differentiation of traumatic heart damage can be extraordi-
narily difficult. A damaged heart can also be further traumatized. For the clinical
treatment of such injured persons, the distinction is academic since therapy is the
same in either case; nevertheless, the differentiation may be important for forensic
reasons. In individual cases, the course of developments will possibly provide essen-
tial clues.

To sum up, it must be kept firmly in mind that in some cases it is not until the total
findings have been evaluated that a diagnosis of cardiac contusion can be made. A
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normal ECG does not rule out the possibility of a cardiac contusion. The determi-
nation of the CPK MB as well as the LDH, and LDH, isoenzymes is very helpful.

Clinical Course

Cardiac contusion is actually a benign injury for the most part but can subsequently
lead to threatening situations, which if promptly recognized can usually be dealt
with effectively (Table 25).

Of particular importance here are the disturbances in heart rhythm. In the first few
days, they can appear unexpectedly. If disturbances of rhythm or the conduction
system of the heart have not developed by the Sth day after the accident, then ac-
cording to my experience this complication will no longer have to be taken into ac-
count. Rhythm disturbances, however, once occurring can endure for weeks.

Table 25. Clinical course in cardiac contusion

108 patients who survived the
day of their accident
Therapy required by:

Frequent:
Cardiac rhythm disturbances 40
Acute cardiac insufficiency 17
Infrequent:

Cardiac tamponade with traumatic pericarditis
Secondary cardiac rupture
Heart wall aneurysm

oo N

Example: A truck driver was lying under his vehicle changing the oil when suddenly the jack
failed and the patient was squeezed between the truck and the ground. The roentgenogram of
the thorax showed no pathologic condition; there were no rib fractures. The ECG of the pa-
tient was kept under surveillance on the monitor in the intensive care unit. On the evening of
the accident there was suddenly a temporary AV block; after 2 days, a massive life-threatening
ventricular tachycardia developed unexpectedly from a sinus rhythm (Fig. 107). With infusion
of lidocaine, the normal sinus rhythm returned. For 5 days, sporadic rhythm disturbances were
still observed. Two weeks after the accident, the patient left the hospital free of complaints.

Example: A 27-year-old patient was pressed against a wooden wall by a power shovel at a con-
struction site and suffered severe thoracic contusion with traumatic asphyxia. There were no
rib fractures. On the day of the accident, supraventricular extrasystoles occurred. At the same
time, tachycardia with a rate up to 200 developed, which was reduced by verapamil. Cardiac
failure with a fall in blood pressure later required treatment with epinephrine for 2 days. Sub-
sequently, there was a constant alternation between atrial fibrillation, atrial flutter, and sinus
rhythm, and the use of beta blockers was repeatedly necessary. After a hospital stay of 2
months, this patient was released home.

Symptoms of cardiac failure are less common; however, they are often so pro-
nounced that cardiac shock occurs and the use of catecholamines becomes neces-
sary.

Occasionally during the patient’s course, a pericardial effusion is observed. Especial-
ly dreaded are belated ruptures in the area of the contusion after cardiac contusion.
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Fig. 107. Sudden development of a ventricular tachycardia from a sinus rhythm; lidocaine in a
dosage of 1.5 mg/min restored the sinus rhythm (see text)

Table 26. Therapy of cardiac rhythm disturbances in cardiac contusion

General Remedy hypoxia
Ventricular extrasystoles 1. In hypokalemia, potassium infusion
(maximally 40 mEq KCl in 45 min)
2. Lidocaine
Direct IV 50 — 100 mg
In infusion 1 — 4 mg/min

3. Ajmaline
Direct IV 25 — 50 mg, slowly
In infusion 500 mg/24 h

4. Procainamide
Direct IV 100 mg
In infusion 3 g/24 h
5.In digitalis-related arrhythmia

Diphenylhydantoin
Direct IV 125 mg
Supraventricular extrasystoles 1. Verapamil
with tachycardia Direct IV 5 - 10 mg
In infusion 200 mg/24 h
Atrial fibrillation with 1. Digitalis
tachycardia 2. Verapamil
Tachycardias without resorting Beta antagonists
to verapamil
Bradycardias 1. Orciprenaline

If necessary, atropine
If necessary, pacemaker
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They usually affect a ventricle and are then generally fatal. Such ruptures have been
described as occurring from 9 days to 7 weeks after the heart injury [421]. An even
less frequent consequence is the formation of a left ventricular aneurysm of the car-
diac wall.

Among our patients, we have witnessed acutely threatening situations in 35% of the
patients caused by disturbances of cardiac rhythm or by cardiac failure with cardio-
genic shock.

Therapy

The indispensable prerequisite for optimal therapy is admission to an intensive care
unit with continuous ECG meonitoring. This procedure should be followed even
when there is only a suspicion of cardiac contusion.

Obviously, hypovolemia and hypoxia must be corrected. The volume infusion
should be given cautiously; excessive transfusion should be avoided. The measure-
ment of central venous and possibly of pulmonary artery pressure helps in the regu-
lation of volume infusion.

Therapy corresponds essentially to that of myocardial infarction. The use of antiar-
rhythmic medications is governed by the usual principles of cardiac care (Table 26).
Special attention must be given to an adequate and very generous potassium infu-
sion inasmuch as the serum potassium concentration is usually low after severe
trauma (in emergency admissions of 100 patients with chest injuries, the serum po-
tassium level averaged 3.4 mEq/liter with individual values as low as 2.3 mEq/li-
ter).

The use of digitalis preparations is generally indicated only when there are signs of
cardiac failure. When blood pressure drops, there should be no hesitation in the
early use of epinephrine, dopamine, or isoproterenol.

The rare occurrence of a pericardial effusion with symptoms of cardiac tamponade
makes a single or repeated pericardiocentesis and, in exceptional cases, also the
operative drainage of the pericardium necessary.

Prognosis

In the severely injured who dies a short time after admission to the hospital, the
significance of cardiac contusion as a cause of death usually cannot be established.
If the patient survives the first 24 h, the prognesis of the cardiac contusion under
treatment in an intensive care unit is good. Mortality is determined largely by the
companion injuries. In our series of 108 patients with cardiac contusions who sur-
vived the 1st day, only 2 died due to the heart injury: a young man in pulmonary
edema and a 60-year-old patient with very severe preexisting coronary atherosclero-
sis. Seventeen others died due to the consequences of other injuries.

There have been descriptions of ongoing residual rhythm disturbances [433, 411]. In
a follow-up of 22 patients 1 — 3 years after the accident, we found 6 cases with con-
tinuing pathologic ECG variations, mostly repolarization disturbances. Five pa-
tients complained of paroxysmal tachycardia.

As a curiosity, I would like to mention one case of posttraumatic bone formation in
the myocardium, confirmed by autopsy 3% years after the accident [419].
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Fig. 108. Location of cardiac wall rup-
tures at autopsy: collective statistics of
575 cardiac wall ruptures

V1. Heart Wall Ruptures

The diagnosis of a cardiac wall rupture is usually made by autopsy. Both ventricles
and the left atrium are affected equally often; the left atrium ruptures somewhat less
frequently (Fig. 108). The patient bleeds to death only when there is significant in-
jury to the pericardium. In most cases, death occurs as the result of a rapidly develop-
ing cardiac tamponade.

Prognosis is naturally the worst in cases of ventricular laceration. A rupture of the
left ventricle as the result of blunt trauma always causes death within a few minutes.
Patients with a rupture of the right ventricle can survive somewhat longer, but prac-
tically all of them die within the first 30 min [444]. If the laceration is in the area of
an atrium, the likelihood is greater that the patient will reach the hospital alive. In
these cases, there is a real possibility of saving the life by means of an immediate
thoracotomy [443, 447].

There are known cases of heart wall ruptures that do not manifest themselves until
days or even weeks after trauma [421, 438]. Such cases are ruptures that were tem-
porarily closed by a thrombus or are delayed ruptures due to cardiac contusion.

Diagnosis

The symptoms of acute cardiac tamponade indicate a cardiac wall rupture.

Therapy

Only an immediate operation gives promise of success; in this situation, even the gen-
eral surgeon should not hesitate to undertake it. The access is made by an antero-
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lateral thoracotomy, which can be extended, if necessary, by cutting transversely
through the sternum to the opposite side, or by a median sternotomy. The heart
wound is treated by the techniques described in Chap. 17.

VII. Traumatic Septal Defects

Of the septal defects caused by blunt trauma, those of the atrial septum are not
clinically significant. There is no report in the literature of an operation for such a
lesion. A compression of the filled atrium will apparently cause a tear in the thin
atrial wall rather than in the septum. The traumatic atrial septal defect shows up
only as a companion injury to other severe injuries of the heart.

Patients with ruptures of the ventricular septum can survive the accident for months
or even years, as long as the lesion is not combined with other intracardiac injuries.
The defect can be hemodynamically insignificant, or if there is a large shunt, can be
quickly fatal. At times, a delay in development is observed in which the perforation
of a damaged septal area occurs 3 — 5 days after the accident.

~, | In 1847, Hewett [424] reported for the first time on a ventricular septal defect in a
4 = | boy who had been run over by a heavy wagon and died 30 min later of injury to

3_ his heart. In 1955, the first successful operation of such a lesion from blunt trauma
A Pl was performed by Campbell [406]. Reports of other operations are no longer un-
common in recent years.

Diagnosis

The leading sign is the appearance of a systolic murmur with its point of maximum
intensity at the left parasternal area. Occasionally, there is a systolic thrill. In addi-
tion to the uncharacteristic symptoms, such as precordial pains, dyspnea, and cy-
anosis, there can also be signs of acute heart failure.

Also in patients in poor general condition, a cardiac dye curve can support a clinical
suspicion; definitive diagnosis is provided by catheterization of the heart.

Therapy

In a severe, therapy-resistant cardiac failure, all that is left is prompt operation. In
the rest of the cases, the indication for an operation is similar to a congenital ventric-
ular septal defect. Spontaneous closures months after trauma are known to have oc-
curred [417, 452]. If possible, the operation should be scheduled at least 8 weeks af-
ter trauma since by then the synthetic patch that is usually necessary can be better
anchored in the fibrotically altered tissue.

VIII. Heart Valve Injuries

Of the heart valves, the most frequently injured by blunt force are the aortic valve,
followed by the tricuspid and mitral valves, while the pulmonary valve is almost
never damaged. In the aortic valve, the valvular apparatus itself is injured or torn,
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whereas in the atrioventricular valves, more frequently the papillary muscles or the
tendinous cords are detached. The lesion naturally always results in valvular insuffi-
ciency and never in stenosis.

In general, valve injuries on the high pressure side of the heart quickly lead to cardi-
ac decompensation, but there are various reports ranging from severe, dramatic in-
sufficiency to cases with a nearly subclinical course. Ruptures of the tendinous cords
of the mitral valve appear to lead more slowly to cardiac insufficiency.

In contrast, tricuspid insufficiency is usually tolerated quite well, and typically an
extended lapse of time, often one of years, passes before an operation is performed.
Thus, the case of Brandenburg was not treated operatively until 24 years and that of
Astorri not until 23 years after the accident [397, 404].

The trauma causing the injury is not always judged to be severe. Thus, in both of
the cases of Bailey [398], steering wheel injuries were involved in which mitral ten-
dinous cords were avulsed. The injuries were adjudged to be so slight, however, that
at first the patients were not hospitalized.

Diagnosis and Therapy

Heart valve injuries caused by blunt trauma are always first recognized during the
subsequent course. This has no implications for treatment because an operative
intervention would not be undertaken until symptoms of heart failure had been no-
ted.

One should be alert to the appearance of heart murmurs and right or left heart
failure during the subsequent course after a contusion. If these key signs are in
evidence, cardiac catheterization together with a cardioangiogram will confirm the
diagnosis and simultaneously provide the necessary information about the hemo-
dynamic effects and, through them, the indication for an operation. From the reports
in the literature to date, there is an apparent tendency not to attempt a reconstruc-
tion of the valve but to replace it with an artificial prosthesis.

IX. Injuries to the Coronary Arteries

A healthy coronary artery is extraordinarily resistant to the effects of blunt trauma.
It is more likely that the adjacent myocardium will incur damage, as Moritz {441]
was able to demonstrate in animal experiments. Infarction patterns on the ECG af-
ter blunt trauma can therefore almost always be attributed to extended heart contu-
sions and not to the occlusion of a coronary artery, if there is no preexistent degene-
rative disease of the coronary vessels [444].

For a long time, it was assumed that an occlusion of a coronary artery caused by
blunt trauma occurred only as a result of arteriosclerotic changes. Individual obser-
vations [401, 459] provide evidence, however, that this is not the case; yet these ex-
ceptions continue to be rare. There have also been descriptions of ruptures of the
coronary arteries [423] that need not lead to cardiac tamponade.
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When signs of a cardiac infarction appear on the ECG after blunt trauma, coronary
angiography is justified in the acute phase only if, in the special situation of an oc-
clusion, operative intervention would be necessary and possible. At a later point in
time, coronary angiography will be considered in a patient with a posttraumatic an-
‘gina pectoris, increasing heart failure with an infarction pattern on the ECG, or a
cardiac aneurysm.

X. Traumatic Cardiac Aneurysm

While false aneurysms can be formed in the left ventricular wall after penetrating
heart injuries, they are mostly true mural aneurysms when they occur after blunt
trauma. They are caused by necrosis in the myocardium resulting from a cardiac
contusion or, very rarely, from occlusion of a coronary artery. Such aneurysms are
observed almost exclusively in the left ventricle. Depending upon the amount of
myocardial damage, they can develop already within days after trauma.

The suspected diagnosis is first provided by the roentgenogram, since the clinical
signs are totally uncharacteristic: disturbances in the heart rhythm and cardiac in-
sufficiency. Proof is furnished by the left-sided cardiogram. The coronary angiogra-
phy, which is always to be conducted at the same time, answers the question as to
the occurrence of a coronary occlusion. Even if there has been no occlusion of these
vessels, however, the blood flow in the coronary arteries can be impeded when the
ventricular wall itself bulges out, as Hasper [420] has observed.

If there are no serious contraindications, the treatment of a cardiac aneurysm
should in principle be surgical since rupture or an arterial embolism are a constant
threat. The indication for operation, once the diagnosis has been confirmed, should
not be made dependent upon the complaints. Thus, there have been operations per-
formed in cases that were totally free of any symptoms.

The operative intervention with the use of extracorporeal circulation, which con-
sists in excising the aneurysmal protrusion and directly suturing the ventricle, has a
very good prognosis because there is generally no further concurrent myocardial
damage.



Chapter 17
Penetrating Wounds of the Heart

I. Penetrating Cardiac Injuries

Basic Considerations

Penetrating cardiac injuries are fatal in 62% — 84% of the cases before admission to
a hospital [488, 501, 503]. If such a patient survives to receive hospital treatment,
however, with optimal treatment the further prognosis is astonishingly good. This is
especially true of stab wounds. Of 52 patients reported by Viikari in 1976 [506],
as many as 98% survived, whereas other recent publications indicate a survival of
80% —90%. In gunshot injuries, the chances of survival under optimal conditions is
still as high as 60% [471, 483, 491, 503].

These favorable outcomes are obtainable only under one condition: immediate tho-
racotomy. When confronted by an injury of this kind, the general surgeon will recog-
nize that a transfer to a center for cardiac surgery is out of the question and that he
therefore must perform the operation himself. Rehn, who performed the first suc-
cessful suture repair of a heart wound, was also not a cardiac surgeon. Beach [471]
and Trinkle [505] have reported very good results of larger series in hospitals that
have no special divisions for cardiac surgery.

This general principle of immediate operation also applies particularly to situations
that are apparently hopeless. Even the actual occurrence of cardiac arrest is not a
contraindication for operative intervention.

Example: In a suicidal attempt, a 45-year-old man shot himself in the cardiac area with an au-
tomatic rifle. He was brought to the hospital 45 min after the injury. In the emergency room
cardiac arrest occurred. There was a large entry wound with ragged edges precordially on the
left side. The physician on duty evaluated the situation as unfavorable on the basis of the
wound and the “doubtlessly severe” heart injury and dispensed with therapeutic procedures.
In the autopsy, a hemopericardium of 250 ml was found with only slight, superficial contusion
of the right ventricle as the source of bleeding. There was no perforating cardiac injury and no
other life-threatening lesions.

Comment: The patient’s survival time of 45 min makes severe cardiac injury unlikely. The pa-
tient died of a cardiac tamponade. Operative intervention immediately upon arrival at the
emergency room would have saved the life of the patient.

Example: A 29-year-old patient arrived at the emergency ward with a gunshot wound in the
thorax caused by an automatic rifle. He was in cardiac arrest and not breathing. An immediate
thoracotomy revealed a large amount of coagulated blood in the pericardium. His heart, ini-
tially inactive, soon displayed strong pulsations. There was a bullet penetration of the right
ventricle. The gunshot wounds of entry and exit were sutured. The patient recovered without
aftereffects.
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The conviction that a therapeutic attempt should be made even in an apparently
hopeless situation was confirmed by the remarkable work of Mattox et al. [488].
These authors examined the fate of 37 patients with cardiac injuries who were al-
ready in cardiac arrest when brought to the hospital but still showed some signs of
reflex activity or suffered cardiac arrest upon admission. Twenty-two of the cases
involved gunshot wounds. By means of immediate thoracotomy, 67% of these pa-
tients survived.

~—~._ | Up to the nineteenth century, mankind was helpless in the face of injuries of the
5\,\ heart. Wounds of this central organ occupied the thoughts of the poet more than
4| the physician. Homer [484] in the Iliad lets Alkathoos die of a stab wound to the
“l heart made by a lance: “... and the spear stuck in his heart, which, still twitching,
caused the shaft end of the lance to tremble.”

Patroclus strikes the heart of Sarpedon with a spear, who, after making a brief speech, dies
[479].

All early physicians regarded cardiac wounds to be fatal, among them Hippocrates, Aristotle,
Celsus, and also Galen, who not infrequently saw heart injuries among the gladiators. Holleri-
us (1498 — 1562) was the first to maintain that heart wounds could be healed, a view that had
still not gained acceptance by the last century [479].

Even Ambroise Paré, who in 1594 in his Opera Chirurgica was the first to describe a penetrat-
ing heart wound that had been verified by means of an autopsy, regarded all cardiac injuries
as fatal. In his case, during a duel a nobleman in Turin had received a stab wound just under
the left nipple from a sword, had pursued his opponent, and then collapsed and died. Discov-
ered was “. . . a wound so large that a finger could be thrust into his heart.”

Fernel (f 1598) and Tourby autopsied patients who had survived a heart wound and dis-
covered scar formation in the heart, in Tourby’s case, 4 years after a sword injury {479].

Fischer [479], in his extended survey of the literature in 1868, found amon,, 452 cases with car-
diac injuries 72 recoveries, of which 36 were verified by autopsy.

Even leading surgeons showed an almost superstitious awe of the heart. Billroth’s saying is
well-known: “A surgeon who would attempt to suture a heart wound should certainly lose the
respect of his colleagues.”

In 1895 Cappelen attempted a cardiac suture repair. The patient died 2% days later, however
[501]. In 1896 Rehn [496] made the first successful attempt at heart suturing by closing a hem-
orrhaging wound of the right ventricle. This decisive step in cardiac surgery occurred in the
same year that Stephen Paget [493] was still of the opinion “that no new method and no new
discovery can overcome the natural difficulties that attend a wound of the heart.”

But as early as 1906, a mere 10 years after the first successful heart suturing, Rehn was able to
assemble a list of 124 cases of cardiac injuries that had been operated on with an astonishing
survival rate of 40% [497].

A N

Mechanism of Injury and Location of Cardiac Wounds

In addition to stab and gunshot injuries and wounds of the heart caused by flying
objects, there has recently been an increase in iatrogenic cardiac injuries, especially
those caused by intracardiac catheters used to diagnose cardiac defects, by pace-
maker electrodes, and by central venous and pulmonary catheters. A variety of oth-
er medical measures can lead to cardiac injuries, more recently even acupuncture
[492].

The frequency of injury to individual chambers of the heart is to a large extent relat-
ed to the area bordering the anterior thoracic wall. Furthermore, wounds of the left
ventricle are more likely to cause death before arrival at the hospital than those of
the right ventricle because of the former’s higher interior pressure.
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Fig. 109. Location of penetrating cardiac
injuries (cumulative statistics of 657 pen-
etrating cardiac injuries from 22 clinical
publications since 1968)

Among clinical patients, of all the heart chambers it is the right ventricle that is af-
fected in almost half the cases (47%), followed by the left ventricle and by the right
atrium. Injuries to the left atrium are rare exceptions (Fig. 109), and there are sel-
dom injuries to intracardiac structures or the coronary arteries.

Clinical Picture

Small penetrating heart wounds can seal themselves and heal spontaneously. This is
possible especially in the region of the right ventricle with its muscularly strong wall
and its low interior pressure.

Two different clinical situations characterize the picture in significant heart wounds:

1. If the injury of the pericardium has created a sufficiently large opening into the
pleural cavity to allow for the drainage of blood, the blood will flow out into the
thoracic cavity: the result will be hypovolemic shock and death from loss of blood.

2. If the injury of the pericardium does not permit drainage, hemopericardium and
cardiac tamponade will result. By causing a rise in the intrapericardial pressure, the
tamponade temporarily impedes hemorrhagic death. The cardiac tamponade is a
“two-edged sword: both lethal and lifesaving” (Naclerio [150]) since in a short time
it results in collapse of the circulatory system.

Of special importance clinically are cases with delayed symptoms. Cardiac tam-
ponade can develop hours later, sometimes even after weeks. This is the case, for
example, when a thrombus formed at the site of the injury dislodges.

Diagnosis

The wound, shock, and cardiac tamponade all point toward cardiac injury. Heart
murmurs are heard in valvular injuries, in injuries of the septum, and in the forma-
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Fig. 110 a,b. Stab wound of the
right ventricle made with a knife
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tion of an aortovenous fistula into the right ventricle. Extreme bradycardia and heart
block can occur with involvement of the conduction system.

The wound: in gunshot injuries, cardiac involvement should be considered not only
in precordial wounds but also in every wound in the thoracic area. Embedded
knives and other perforating objects plug the heart wound; the roentgenogram will
document their exact location in relation to the cardiac shadow (Fig. 110).

Shock: a state of shock can be caused by loss of blood or cardiac tamponade. In
hemorrhagic shock, there is usually a significant hemothorax. Also in cardiac tam-
ponade, volume infusion, by raising the venous pressure, produces a better filling of
the ventricle and a rise in arterial pressure.

Cardiac tamponade: the pathophysiology, diagnosis, and treatment of cardiac tam-
ponade are described in detail in Chap. 16.

The complete classic triad (increased venous pressure, muffled and distant heart
sounds, and arterial hypotension) is found in only 35% [508] to 40% [507] of the
cases of cardiac tamponade caused by penetrating injuries. Repeated measurements
of central venous pressure are of significant importance for early diagnosis since
the arterial pressure does not fall until a later stage (see Fig. 93). A paradoxical pulse
if often observable.

In 60% of patients with cardiac tamponade caused by a penetrating injury, coagu-
lated blood is found in the pericardium [508]. It is therefore understandable that

Fig. 111. Gunshot through the heart and lungs. Despite the presence of a severe cardiac tam-
ponade, the cardiac silhouette has not become enlarged. The left-sided hemothorax developed
from the injury to the lung. The projectile is embedded in the right side of the thorax
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in 15% [508] to 25% [432] pericardiocentesis turns out to be negative despite the
presence of a tamponade.

Radiologic examination: in an acute cardiac tamponade, there is often no widening
of the cardiac silhouette (Fig. 111). The roentgenogram of the chest will provide in-
formation, however, about companion injuries of the lung, a hemothorax, or a
pneumothorax and about the location of intrathoracic foreign bodies.
Electrocardiogram: the changes in the ECG are varied and totally uncharacteristic.
The classic low voltage is seldom present in acute cardiac tamponade. Even a nor-
mal ECG in no way precludes the possibility of a cardiac injury.

When a patient is in critical condition, no diagnostic procedure must be allowed to
cause a postponement of the only possible therapy, namely, an immediate thoracot-
omy with exposure of the heart.

Therapy
~, | After the first era of resignation and the second era of the first successful operative
interventions, there followed a third era during the 1940s of differentiated, hesitant
operative intervention. Griswold [481] as well as Blalock and Ravitch [473] had
! publicized a restrained approach to operative treatment and suggested that peri-
cardlocent651s first be performed and operation only after repeated perlcardlocente51s had
been unsuccessful. Until the recent past, this strategy had been widely accepted in the Umted
States and in South Africa.

Today, it has become clear that this tactic was on the wrong course and preference
should instead be given to an aggressive, early operative approach. We cannot enter
into a discussion of the whole series of reasons in favor of an immediate operation;
however, it is obvious that one should not leave a patient hovering between life and
death for hours with all the problems of supervision and the limited therapeutic po-
tential of pericardiocentesis in the face of a coagulated hematoma if the injury can
be taken care of definitively and with good results by a primary operation.

The improvement of prognosis by the change from differentiated wait-and-see to an
aggressive operative procedure is impressive: between two comparable series, Sugg
[501] was able to lower the mortality from 37% to 14% and Symbas [502] from 17%
to 5%. In larger series, Beall [472], Harvey [483], and Neville [491] reported similar
experiences.

The therapeutic treatment embraces:
1. Shock treatment

2. Insertion of chest tubes

3. Possibly pericardiocentesis

4. Operation

Obviously, attention will also be paid to whatever associated injuries exist.

Shock Treatment

This goes parallel to the diagnostic and other therapeutic measures and may never
be a reason for postponement of an operation.
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Thoracic Drainage

Unless a thoracic cavity is opened by an immediate operation, thoracic drains are
installed when there is a pneumothorax or hemothorax. They prevent a tension
pneumothorax and provide information about blood loss in the pleural cavity.

Pericardiocentesis (for technique, see p. 187)

Pericardiocentesis, prior to the opening of the pericardium, can bring about a no-
ticeable improvement of the hemodynamic situation even though very little blood is
evacuated. The use of anesthesia with mechanical ventilation, which tends to rein-
force the detrimental aspects of cardiac tamponade even more, is thereby better tol-
erated.

Indication for Operation

In consideration of the opinions expressed above, the indication for an operation
can be defined as follows:

1. A penetrating cardiac injury with cardiac tamponade or massive hemorrhage re-
quires an immediate operation, possibly after a preceding pericardiocentesis. If
circulatory arrest has already occurred or if the poor condition of the patient does
not permit transfer to the operating room, the immediate ti.oracotomy is performed
in the emergency room.

2. Other patients are examined carefully and operated on if there is a significant le-
sion, particularly when there are signs of tamponade or a hemorrhagic fall in blood
pressure.

Foreign bodies stuck in the heart but protruding (e. g., knives) are left in and not re-
moved until the operative opening of the pericardium. If there are doubts about the
location with regard to the heart, they are removed on the operating table in the
prepared operating room.

Operative Approach

The approach is made by a left-sided anterolateral thoracotomy in the fifth inter-
costal space. If the exposure is insufficient, the approach can be extended by cut-
ting across the sternum to the right. The median sternotomy has several disadvan-
tages: it takes longer and, more importantly, makes it more difficult to expose addi-
tional injuries in the mediastinum or thoracic areas and to evaluate the posterior
surface of the heart.

Operative Tactics

The operation, apart from the approach, takes place in four phases:
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Fig. 112 A - D. Operative procedure in penetrating heart injuries. A Lifting the pericardium
with two clamps in front of the phrenic nerve; B Opening the pericardium lengthwise and at a
safe distance from the nerve; C Suturing of a ventricular wound under digital hemostasis; a
coronary artery lies outside the suture or the suture is placed underneath; D Continuous sutur-
ing of an injury of the atrium

1. Evacuation of blood from the pericardium. The pericardium is opened with a
large longitudinal incision in front of the phrenic nerve (Fig. 112 A and B). This is
a decisive and dangerous moment in the operation because massive hemorrhage can
occur when the tamponade is relieved. Before proceeding with the opening of the
pericardium, the approach must be sufficiently large and blood or a blood substitute
must be available. Suction facilities and an irrigating solution should be at hand.

2. Provisional hemostasis: it is essential, in the sea of blood, to locate the source of
bleeding. On the ventricle, the provisional hemostasis is always accomplished by
compression with the finger. On the atrium, it is usually possible to apply an atrau-
matic clamp (e. g., Satinsky clamp). If not, digital compression is also employed
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there (in case of large damage, if necessary, by introduction of the index finger bent
at the middle joint) (Fig. 112 C and D).

3. Waiting: the cardiac tamponade has been relieved and the bleeding temporari-
ly stopped. Definitive closure will cause blood loss. It is worthwhile in this phase
to give the anesthesiologist time to stabilize the circulation and replace the blood
volume.

4. Without pressure of time, the definitive treatment of injured structures now pro-
ceeds.

Treating the Heart Wound

1. Ventricular Wall

While slowly withdrawing digital compression, the closure of the ventricle is made
with interrupted sutures, which on the left ventricle can be placed through a
pledget of Teflon felt to prevent cutting through the musculature. Suture material:
right ventricle, 2-0 or 3-0 silk; left ventricle, 1-0 or 2-0 silk. The sutures go as far as
the endocardium but do not touch it because of the danger of thrombus formation.
Coronary arteries are avoided and, if necessary, the suture is placed underneath
(Fig. 112 C).

In gunshot wounds, devitalized tissue is removed before the suture closure to avoid
the formation of a false mural aneurysm. The posterior wall of the heart is always
examined to exclude the possible existence of any other injury.

2. Atrial Wounds

Injuries in the area of the atria can almost always be grasped with an angled vascu-
lar clamp (Satinsky clamp) and taken care of with a continuous suture with 4-0 or
5-0 silk (Fig. 112D). The atrial wall is very fragile. In the area of the right atrioven-
tricular junction, caution is advised because of the closely adjacent coronary arte-
ries. For technical reasons, wounds on the posterior wall of the left atrium can hard-
ly be sutured; it is better to tamponade them [e. g., with Tabotamp (Surgicel)]
(Senning, personal communication).

Wounds of the atria usually bleed very profusely because the thin muscle wall
hardly impedes the exit of blood.

3. Injuries of the Intrapericardial Vena Cava

These can for the most part be clamped off tangentially and sutured. If this is im-
possible, an internal shunt can be inserted through the right atrial appendage of the
heart (see Chap. 18).
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4. Injuries of the Coronary Arteries

Occasionally, an epicardial branch will be injured, very seldom the coronary artery
itself. Ligatures of the main trunks are not tolerated [495]. If a direct suture is im-
possible, the techniques of coronary artery surgery, particularly those of aortocoro-
nary bypass, are applied.

From among a large series of penetrating cardiac injuries, Espada et al. [478] report-
ed on nine injuries of coronary arteries. Of these, eight were ligated and in only one
case was an aortocoronary bypass performed. Although all patients with ligated cor-
onary arteries showed postoperative changes in the ECG, none of them exhibited
any clinical manifestations of coronary insufficiency. The enzyme values became
normalized.

5. Injuries of Intracardiac Structures

After definitive hemostasis has been implemented, attention should be turned to
any clues of a possible septal injury or lesion of the valvular apparatus. A palpable
thrill is an indication.

In these cases, a precise clarification is arrived at postoperatively by means of car-
diac catheterization and an angiocardiogram. Additional injuries are taken care of
later as a planned operation with the use of extracorporeal circulation.

In departments of cardiac surgery, the immediate treatment of intracardiac com-
panion injuries, using extracorporeal circulation, will be considered on a case-by-
case basis [432].

The closure of the pericardium will not be undertaken until a normal systolic blood
pressure reading is attained to determine with certainty whether or not the cardiac
suture line is tight. Behind the phrenic nerve, a wide drainage window is created into
the left pleural cavity, and the longitudinal incision of the pericardium in front of
the nerve is closed to avoid cardiac dislocation.

IL. Late Sequelae of Penetrating Cardiac Injuries

There are several known characteristic pathologic alterations resulting from pene-
trating cardiac injuries that confirm the necessity of postoperative follow-up in these
patients.

Cardiac Aneurysm
False aneurysms of the heart wall are caused almost exclusively by penetrating car-

diac injuries. As in the case of closed heart injuries, they are formed in the area of
the left ventricle because of the higher interior pressure.
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Fig. 113. False cardiac aneurysm of the left ventricle. Gunshot injury from a Flobert rifle, pri-
mary suturing. Operation on the aneurysm 5 weeks after the injury

This complication is not infrequent when such patients are seen in regular postope-
rative follow-up. Symbas [502] found ventricular aneurysms in 5 of 56 patients sur-
viving penetrating cardiac injuries, i. e., in almost 10%. Of ihe cases reported in the
literature, approximately half were asymptomatic.

The main finding for diagnostic purposes is a bulge on the border of the left ventricle
on an otherwise normal roentgenogram (Fig. 113). Frequently, there are an apical
systolic ejection murmur and signs of myocardial infarction on the ECG. Precordial
pains, arrhythmias, and arterial emboli can occur. The diagnosis is confirmed by a
left-sided ventriculogram.

Formation of an aneurysm can appear soon after the trauma.

Example: In one of the cases we observed, an aneurysm formed within 3 weeks after a gunshot
passed through the left ventricle. Because of its rapid growth and threatened rupture, the ope-
ration was required 5 weeks after the accident (Fig. 113).

As reported in the literature, operations for posttraumatic cardiac aneurysms were
performed between 20 days and 24 years after the accident [489]. In general, because
of the danger of a rupture and the possibility of an arterial embolism, the resection
of such aneurysms is recommended even when the patient is asymptomatic. The
prognosis of these operations is excellent since most of them involve younger pa-
tients with an otherwise healthy myocardium without coronary damage.

Arteriovenous Coronary Fistula

Arteriovenous fistulas are known to have occurred in every part of the body after
penetrating injuries. Most of the fistulas involving a coronary artery and the venous
side of the circulatory system, as mentioned in the literature, are those between the
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right coronary artery and the right atrium. However, fistula linkages to the right
ventricle and to the accompanying vein have also been described [498].

Many of these fistulas are clinically silent. If they produce symptoms, the latter are
very uncharacteristic. The most significant and most frequent finding of cases re-
ported was the occurrence of a loud “machinery murmur” over the heart.
Cardiac insufficiency caused by the left-to-right shunt is rare. Clinically, the diagno-
sis can only be suspected.

In an examination by cardiac catheterization, the pressure values in the heart cham-
bers are usually normal. Coronary angiography provides definitive diagnosis.

Since this is an unusual clinical picture, the indication for an operation is controver-
sial. Decompensated cardiac failure and signs of an increasing shunt or an enlarge-
ment of the fistula call for an operation using extracorporeal circulation. However,
there has also been favorable progress reported with conservative treatment carried
out for over 20 years [476].

Coronary Artery Aneurysms

This is seen as an extremely rare consequence of injury. Operative treatment with
the possibilities offered by today’s coronary surgery is recommended because of the
danger of rupture or the possibility of a thrombotic closure [485].

IIL. Foreign Bodies in the Heart

Foreign bodies can reach the heart by penetrating the heart wall or by embolization
into the right side of the heart, seldom into the left, from a distant venous entrance
site.

1. By direct route into the heart wall or through it, the overwhelming majority are
penetrating cardiac injuries, mainly caused by gunshot or shrapnel, etc. The slow
migration and later penetration of Kirschner wires used in internal fixation in the
thoracic area [480] or of needles is unexpected. The penetration of pointed bone
fragments or fish bones from the esophagus is also known to have occurred.

2. It is mostly bullet projectiles that embolize into the heart, but more recently there
has been an increase in the number of detached venous catheters.

~—~. | In 1815 Latour reported the story of a soldier who was considered dead and car-
] ried off after a bullet injury in the chest with severe hemorrhaging. He recovered
s from the injury and died 6 years later from another disease. During the autopsy,
LAX u)g’ the bullet was found encapsulated in the right ventricle [479]. In 1818 Hennen re-
ported on a needle in the heart with no explanation as to how it got there. The patient died of
carditis.

If we assume that the needle reached the heart, not by way of embolism but, what is more like-
ly, via the esophagus, the report of Davis in 1834 must be regarded as the first about a foreign
body embolism reaching the heart: a 10-year-old boy died 5 weeks after a small piece of wood
penetrated into his chest. It was found in the right ventricle, though there was no sign of a
wound in his heart [479].
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It is a known fact that foreign bodies lodged in the heart wall can often be tolerated
without impairment. In the medical literature, there is a report [470] of such a case
lasting 29 years. Recently, there was a newspaper report of the death of a French
veteran with an intracardiac foreign body obtained during World War I. He died
of the consequences of old age. Bland and Beebe [474] examined 40 patients with
intracardiac foreign bodies from World War II 20 years after injury, and in many
of them, apart from the psychic stress of a projectile in the heart, they found no dis-
turbance. However, 25% of them had suffered pericardial effusion.

The (slight) danger of a foreign body in the cardiac musculature consists in the pos-
sibility of its migration into the heart chamber or pericardium, which can cause a
delayed cardiac tamponade.

More dangerous, however, are free foreign bodies in the heart chamber. There, par-
ticularly, the danger of an embolism exists, from the right side into the lung or, rare-
ly, as a crossover embolism into the arterial circulation, or from the left side of the
heart as an arterial embolism. The foreign body itself need not embolize, but throm-
bi generated by the foreign body can be carried off by the blood stream. The second
great danger of free foreign bodies within the heart is the possibility of endocarditis
and septicemia.

Diagnosis

Opaque foreign bodies can be localized fairly accurately by roentgenograms taken
in two planes. Freely moving fragments can attract attention by their change of
position.

Harken [482], in a series of patients from World War II, established the fact that in
half of the cases referred as having “intracardiac foreign bodies,” careful radiologic
screening demonstrated an extracardiac location. Of the remaining 50%, the opera-
tion revealed that an additional one-third of the foreign objects were outside the
myocardium.

In many cases, therefore, angiocardiography is necessary for exact localization. Oc-
casionally, coronary angiography can also be helpful [487].

Therapy

There are still differences of opinion about indications for the removal of intracar-
diac foreign bodies. From a peace-loving Switzerland, I can contribute little from
my own experience.

Obviously, in treating a penetrating heart wound the primary attempt will be to ex-
tract a foreign body, provided this is possible without additional damage and no vi-
tal hazard to the patient results.

There are specific situations in which the clear indication is given for later removal
of the foreign body: all infected foreign bodies, all freely moving foreign bodies, and
those that lead secondarily to a hemopericardium. If the patient’s symptoms indicate
embolization into the periphery, a local approach will naturally be made there.
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An elegant method was successfully employed by Schott [500] in a gunshot embo-
lism in the right side of the heart involving a fully mobile, round free body. By
positioning of the patient under fluoroscopic control, he succeeded in displacing it,
with the help of the force of gravity, into a pelvic vein from where it could be remo-
ved.

If the indication for an operation is not clear, the dangers of leaving things as they
are will have to be weighed against the operative morbidity in each individual case.
The potential of modern cardiac surgery with its use of extracorporeal circulation
certainly allows for much broader indications than in earlier years. In an older per-
son, foreign bodies that are firmly embedded and show no clinical symptoms should
be left alone.



Chapter 18

Injuries of the Great Intrathoracic Vessels

L. Rupture of the Aorta

Basic Considerations

The main problem of this injury in the clinic lies in timely diagnosis. Though in
what follows I report in detail on questions of practical procedure and operations, it
must be kept in mind that many more patients die of an overlooked rupture of the
aorta than of operative difficulties or postoperative complications.

The rupture of the aorta is not a rare injury by any means. The statistical evidence is
extremely varied, but one can assume that today there is a rupture of the aorta in-
volved in 15% of fatal traffic accidents [545, 532, 533]. Nevertheless, 10% —20% of
the injured survive the accident and receive hospital treatment [538, 550, 562, 565].
Of this still quite considerable number of patients, only individual cases are oper-
ated on. There are no statistics for the number of cases in which a timely diagnosis,
in view of general circumstances and clinical findings, might actually have been
possible.

It must be emphasized here that there is no such thing as a “characteristic accident
anamnesis.” The accident mechanisms cited below are diverse. What is more, they
are the same accident circumstances that are responsible for most of the severe tho-
racic injuries anyway. Often, patients suffer multiple injuries; sometimes, injuries of
other parts of the body are completely in the forefront and apparently there is no
thoracic trauma.

In 1557 Vesal [557] was the first to describe an aneurysm of the thoracic aorta as
the result of a traumatic aortic rupture. Nevertheless, closed injury of the aorta
was long regarded as a rare occurrence. It was not until 1959 that Passaro and
; I Pace [551] reported on the first successful suture repair of an acute rupture of the
aorta after a patient of Ellis had died after the operation I year previously. The aorta was
clamped for 17 min without bypass to treat a 3-mm tear in the area of the isthmus. The patient
survived with no ill effects even though during the operation there was an acute dilatation of
the left ventricle with severe ECG changes and a rise in arterial pressure of over 200 mmHg,

Mechanism of Injury

The following is a description of several typical accident mechanisms that cause
rupture of the aorta [570]:
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1. A combined deceleration and compression effect. The primary examples are tho-
racic compression suffered by automobile drivers hitting the steering wheel and
rupture of the aorta in airplane accidents.

2. Vertical deceleration: a fall from a height above 10 m.
3. Direct thoracic compression or contusion.
4. Falling flat on the back, mostly observed in older patients.

Zehnder [569, 570] has called attention to the fact that a horizontal deceleration
alone, without thoracic compression, does not cause rupture of the aorta and that
as has been proved, a deceleration of 45 g can be tolerated. The rupture of the aorta
in a pedestrian accident is likewise explained by Beier [513] as being caused by a
mechanism analogous to vertical deceleration: the pedestrian who was hit topples
forward and the heart is forced in a cranial direction.

Compression of the thorax and deceleration cause a flexure burst at the convexity of
the aortic arch because of its fluid content and the left-sided hilar structures.
Numerically speaking, traffic accidents of automobile drivers far outnumber other
causes. Among our patients, this was the case in 10 of 18 with acute ruptures of the
aorta. Of the other accident causes, it seems noteworthy to me that two patients (50
and 59 years of age) underwent a fall on their back at home and two patients suf-
fered a ski accident. At the Winter Olympics in 1964, there were two accident
fatalities in which rupture of the aorta was involved [519].

Location

Reports from the first half of the current century consistently assign the preferred
location for aortic rupture to the ascending aorta [560]. Today, the situation is alto-
gether different. This astonishing change is explained by the fact that impairment of

Fig. 114. Location of aortic rupture: 361 of 387
acute ruptures of the aorta that came under clinical
observation occurred in the isthmus area and 12 in
the ascending aorta (compiled statistics)



224 Injuries of the Great Intrathoracic Vessels

Fig. 115. Typical transverse tear of the descending aorta in the isthmus area; perforation into
the left hemithorax 7 days after the accident

the vessel’s wall, especially by syphilitic mesaortitis, which predisposes the area of
the ascending aorta to rupture, has become very rare.

Today, aortic ruptures take place primarily in the isthmus area, i. €., at the insertion
of the ligament of Botalli, so that this predilected site can be called its classic loca-
tion. In patients who come under clinical care, the rupture occurs at this spot in 93%
of the cases (Fig. 114): of 387 traumatic ruptures of the thoracic aorta, there were
361 at the isthmus, 12 at the ascending aorta, 6 at the aortic arch, and 7 in the area
of the remaining descending aorta (statistics compiled from recent literature).

The rupture is always transverse (Fig. 115), and usually a large part of the circum-
ference is torn. It can be completely torn, in which case a brief survival is possible
in rare exceptions if it is covered by the mediastinal pleura. In almost all patients
who receive clinical treatment it is partial: the adventitia temporarily prevents extra-
vasation of blood and ruptures later or enables a false aneurysm to form. It is also
possible that only a lesion of the intima occurs.
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Symptoms and Diagnosis

The clinical picture is basically determined by which wall layers are ruptured and at
which site the rupture occurs.

In a rupture of the ascending aorta, which for the most part occurs intrapericardial-
ly, the symptoms are those of cardiac tamponade with venous congestion.

The symptoms and findings of a rupture of the descending aorta are presented in
Table 27. An important symptom is back pain radiating toward the shoulder, which
occurs in one-third of the patients [461]. The patients are often in shock as a result
of the severe general trauma; occasionally, there is hypertension in the upper ex-
tremities.

Compression caused by the mediastinal hematoma occasionally leads to shortness of
breath, dysphagia, Horner’s syndrome, or through pressure on the recurrent laryn-
geal nerve to hoarseness.

A systolic murmur, precordial or infraclavicular, is found in roughly one-fourth of
the cases [461]. It is difficult to hear from the dorsal side.

If the hematoma extends to the origin of the left subclavian artery, a pulse difference
between the right and left arms can be detected. Of special significance is a differ-
ence in blood pressure between the upper extremities and the arteries of the lower
half of the body (“pseudocoarctation syndrome”) since this symptom verifies the
presence of an aortic rupture.

With diminished blood supply in the spinal area, paraplegia can occur, and if in the
renal area, oliguria.

Diagnosis would be simple if the numerous symptoms were present with great regu-
larity. Actually, in the early phase, there are often only some symptoms or none at
all. It is the roentgenogram that should arouse suspicion.

Table 27. Symptoms and findings in a traumatic rupture of the aorta in the classic location

Pains, possibly radiating in the back
Systolic murmurs

Compression Of left subclavian artery — Pulse difference of left
and right radial arteries
Of trachea - Dyspnea
Of left main bronchus — Atelectasis
Of esophagus - Dysphagia
Of recurrent nerve — Hoarseness
Of stellate ganglion — Horner’s syndrome
Distal ischemia Pseudocoarctation syndrome
Spinal — Paraplegia
Renal - Oliguria
Perforation Into thorax — Left hemothorax
Into esophagus — Hematemesis

Into bronchus

!

Hemoptysis

Radiologic findings Widened mediastinum
Trachea displaced to the right
Dislocation of left main bronchus downward
Abnormal aortic contour, fuzzy definition of aortic arch
toward the left
Possible hemothorax on the left side
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Fig. 116. Widened mediastinum in rupture of the aorta. No attention was paid to this finding
until there was a perforation with fatal results

Fig. 117. Transverse intimal tear of the descending aorta at the typical site without extrava-
sation of contrast medium during angiography, confirmed intraoperatively. The patient with
multiple injuries survived despite delayed rupture of the spleen and a gallbladder empyema
during the further course
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The most common and most easily recognizable radiologic finding is the widened
mediastinum (Fig. 116). This mediastinal widening can be discreet, but also very im-
pressive. It should be kept in mind that in many cases this finding is not caused by
extravasated blood from the rupture site on the aorta but by a mediastinal hemato-
ma that develops in the vicinity of the aorta from the laceration of smaller vessels. If
as a consequence of this mediastinal hematoma aortography is performed, a rupture
of the aorta can be recognized before a dissection and development of a false an-
eurysm has occurred. This was the case in the pure intimal lesion of the aorta shown
in Fig. 117.

Hematoma formation in the mediastinum can lead to the dislocation of the intra-
thoracic trachea to the right and to the downward displacement of the left main
bronchus. If bleeding has already occurred in the thoracic area, a hemothorax on
the left side will also be found.

A thoracic roentgenogram is taken of every severely injured patient. Many aortic
ruptures have been overlooked because these pictures were examined only superfi-
cially or were evaluated improperly. In Chap. 3 we described in detail the difficul-
ties of making an assessment of the mediastinum when the patient is in a recumbent
position and the further procedures for a widened mediastinum.

Only aortography can provide clarification. Some authors disagree about which ap-
proach for the aortic catheter is most favorable. In a severely injured person, an ex-
amination with a femoral catheter is faster and less cumbersome than going in
through the arm; the danger of perforation is minimal if no force is used when there
is resistance in the isthmus area. An examination through the right brachial artery

is, however, a good alternative. Since the intervention should be as simple, quick,
and gentle as possible, I refrain from applying a transseptal procedure. A venous
injection of a contrast medium is inadequate and cannot provide detailed visualiza-
tion of the aorta (Fig. 117).

Although a widened mediastinum is the most frequent and most important diagnos-
tic sign of a rupture of the aorta, it is not present in every case (see p. 28).

Therapy

Indication for Operation

The indication for operation is provided by the diagnosis. Fatal perforation does not
always occur, though it may do so within minutes, hours, or days, at any time. Every
unnecessary delay exposes the patient to this risk.

Example: A 22-year-old female patient fell while skiing. The only sign of a thoracic injury was
a hematoma above the sternum. She was hospitalized because of a minor concussion of the
brain. The roentgenogram of the thorax revealed a moderate left upper mediastinal widening
with a clear boarder (Fig. 118 a). No significance was attached to this finding in view of the mi-
nor trauma and healthy condition of the patient.

Ten days later she felt pains in her back. On the following day, she also experienced shortness
of breath. A roentgenogram taken 12 days after the accident showed a diffuse opacity of the
entire left half of the thorax (Fig. 118 b). Rupture of the aorta was then suspected and the pa-
tient was flown to the medical center by helicopter.
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Fig. 118 a, b. Rupture of the aorta of a 22-year-old female patient who fell while skiing (see
text). a Roentgenogram taken the day of the accident showing moderate widening of the upper
mediastinum. b Hemothorax on the left side after perforation 10 days after the accident



Rupture of the Aorta 229

Upon admission to the emergency room, the patient was still in excellent general condition
with normal blood pressure and unconcerned. Several minutes later she was dead. A thoraco-
tomy was too late to be successful. An autopsy revealed a tear of the entire aorta at its typical
site except for a small bridge of tissue 5 mm in length.

Pharmacologic hypotensive treatment is to be resolutely rejected and preference
given to an immediate operation. A lowering of the blood pressure is only indicated
if an operation cannot be performed.

Tactical Procedure (Table 28)

The determination of the diagnosis and localization of the rupture by preoperative
aortography should be striven for. In certain situations, however, this will have to be
dispensed with:

1. When there is a hemothorax, which is assumed to have developed from bleeding
from the aorta. Of special importance here is the appearance of an unexpected he-
mothorax days or weeks after trauma. The hemorrhaging into the thorax can ensue
at two different times, as the case described above and another case under our care
have unfortunately shown. The appearance of a hemothorax proves that perforation
has already occurred and that exsanguination will most certainly follow.

2. When there is a pseudocoarctation syndrome with hemothorax or with a medias-
tinal hematoma, which is of considerable size already a short time after the accident
or is growing rapidly. In that case, the diagnosis can be regarded 25 confirmed.

Table 28. Procedure when an acute aortic rupture is suspected

Suspicion of aortic rupture

Wide mediastinum Signs of a free rupture
Possibly pseudocoarctation or secondary perforation:
Rapid increase in Left hemothorax

mediastinal widening
within minutes to 1 h

or

Inability to sustain circu-
lation or only by massive
transfusion

Aortography

Operation Operation without aortography
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3. In patients with a falling blood pressure in whom the blood pressure cannot be
maintained or can be maintained only with massive volume infusion.

In exceptional cases, an operation, even after there has been massive bleeding into
the pleural cavity and even cardiac arrest, can still rescue the patient [537]; there is
nothing to lose.

In the primary treatment of a patient with multiple injuries and with an incomplete
or covered aortic rupture, other injuries more acutely threatening to life take prece-
dence. Thus, a pneumothorax or tension pneumothorax will be drained, a signifi-
cant intra-abdominal hemorrhage will be taken care of operatively, a craniotomy
performed if there is an intracranial hemorrhage, and a cardiac tamponade drained
before an aortic rupture is clarified by aortography.

If there are companion injuries that demand a prompt operation but are not an im-
mediate threat to life (e. g., rupture of the bladder, closed peripheral arterial inju-
ries, open fractures), the aortography is performed first. This helps in making a
judgment as to whether or not a perforation is imminent. If it is negative, the sur-
geon can concentrate totally on the other injuries.

If a patient with an aortic rupture is suspected of having an intra-abdominal injury, it
is worthwhile, before performing a thoracotomy, to check for bleeding in the abdo-
men: the peritoneal lavage as a simple, quickly performed intervention with a high
degree of success has proved its worth for this. If this is positive, the abdominal
bleeding is dealt with before the operation on an incomplete or covered aortic rup-
ture is performed. In a very pronounced coarctation syndrome, the intra-abdominal
hemorrhage can be only very minor; after restoration of blood flow to the abdomen,
it can suddenly increase to life-threatening proportions. For this reason, in a
negative or questionably positive peritoneal lavage, it is advantageous to leave
the lavage catheter in place in the abdomen until after the operation on the aortic
rupture.

If warranted, simultaneous with the radiologic representation of the aortic arch, the
angiography of other vessels (carotid angiogram, intra-abdominal vessels, kidney ar-
teries) can be undertaken with the same catheter without any substantial additional
stress to the patient and with only a small extra sacrifice of time.

Example: A 27-year-old motorcycle rider ran into a streetcar. At the time of emergency admis-
sion, he was in hypovolemic shock with multiple skull and limb fractures and bilateral multi-
ple rib fractures. The peritoneal lavage was negative. There was severe hematuria. The thora-
cic roentgenogram showed a mediastinal hematoma (Fig. 119 a).

Satisfactory blood pressure readings were obtained during continuous transfusion. After exclud-
ing the possibility of a vesical rupture by means of cystography, an aortogram was performed
through the femoral artery, showing an aortic rupture at the typical site with extravasation of
contrast medium (Fig. 119 b). Renal arteriography was then conducted on both sides with the
same catheter. In the left kidney, there was considerable arterial bleeding with extravasation of
contrast medium (Fig. 119 c). On the basis of the angiogram, the kidney injury was regarded as
the source of bleeding. Therefore, the next step was a laparotomy with exposure of the left kid-
ney, which revealed a massive rupture into the hilar area. A nephrectomy was performed.

After stabilization of the circulation, another angiogram of the aortic arch was performed by
means of a catheter from the right arm since in the aortography by way of the femoral artery
the catheter could not be advanced proximally beyond the origin of the subclavian artery.
Again the aortic rupture was demonstrated at the classic site, this time without extravasation of
the contrast medium (Fig. 119 d). The aortic arch and ascending aorta were intact.
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Immediately thereafter, the operation on the aortic rupture was performed (Surgical Clinic A
in Zurich). The aorta had been torn off transversely more than three-fourths of its circumfer-
ence. The end-to-end suturing of the aortic rupture was performed during an occlusion time of
15 min.

The patient died of septicemia 23 days after the accident.

Operation

The operative approach in injuries of the descending aorta consists of a posterolat-
eral thoracotomy in the fourth intercostal space.

Ruptures of the ascending aorta can be operated on only by using extracorporeal
circulation.

In rupture of the descending aorta, circumstances are different. The necessary inter-
ruption of blood flow at the site of the rupture is fraught with two dangers:

1. Danger of distal ischemia, primarily in the spinal and renal areas.

2. Rise in blood pressure in the upper half of the body. If there is craniocerebral
trauma, the cerebral excess of blood can lead to severe cerebral edema.

The second danger can be avoided by brief occlusion periods and a corresponding
anesthesia technique, which — with medication to lower blood pressure, if neces-
sary — will maintain normal arterial pressure.

Concerning the problem of distal ischemia, various possibilities evist (Fig. 120):

1. Left heart bypass [522, 531]: collateral circulation without oxygenation from the
left atrium to the descending aorta or to the femoral artery. This was the procedure
used most often in the past since it also prevents the flooding of the upper body with
blood as well as decompensation of the left ventricle. For this, extracorporeal circu-
lation must be available. Its great disadvantage, however, is the necessity of hepari-
nization.

2. Total femoral, venous-arterial bypass, using extracorporeal circulation [541].

3. Use of local external shunt: without heparinization of the patient, collateral circu-
lation can be carried out with a plastic shunt between the ascending aorta or, more
simply, the left subclavian artery, to the descending aorta [539, 564, 567]. In 1970
Kirsh [540] reported on 12 operations with this device. Gott used a plastic shunt
with heparin coating [548]. (The external shunt from the left ventricle to the descend-
ing aorta used by Molloy [546] is much more inconvenient.)

4. No shunt, no extracorporeal circulation: a series of individual reports has shown
that a reconstruction of the aorta is also possible without negative consequences by
a mere occlusion without the use of extracorporeal circulation or a shunt [521, 527,
537]. Recently, the tendency has prevailed more and more to treat the aortic rupture
with this simple technique, and some authors today regard it as the method of
choice [511, 523, 542].

The application of external hypothermia at 30° C is no longer in use today since the
cooling off period is too long.



Fig. 119 a—d. A 27-year-old male patient severely wounded in a motorcycle accident (see
text). a Mediastinal hematoma in the roentgenogram of the accident victim. Drainage of a ten-
sion pneumothorax on the side right. b Rupture of the aorta at the typical site with aortography
showing extravasation of contrast medium; the catheter introduced from the femoral artery
cannot be advanced any further into the aortic arch. ¢ Arteriogram of the kidneys using the
same catheter: arterial hemorrhage of left kidney in renal rupture. d After nephrectomy of the
left kidney, aortography by means of a brachial catheter from the right, demonstrating the aor-
tic rupture at the isthmus and an intact ascending aorta
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Fig. 120 A - D. Possible operative procedures when occluding a ruptured descending aorta
(see text). A Left heart bypass; B Local external shunt from the left subclavian artery to the

descending aorta; C Total femoral, venous-arterial bypass; D No shunt, no extracorporeal
circulation
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The most feared consequence of operations for aortic ruptures is the development of
a paraplegia through ischemic damage to the spinal cord. The anterior spinal artery
is served by the lower thoracic and upper lumbar segmental vessels from the aorta.
Crawford [523] has shown that a paraplegia cannot be wholly avoided by any of the
above-mentioned methods. He concluded that there are other factors, such as gen-
eral hypotension, removal of a long section of the aorta in the operation on an an-
eurysm, or the intraoperative damage to collateral circulation, which play an essen-
tial role.

By refraining from using a bypass technique, such as extracorporeal circulation or
local shunt, the number of episodes of paraplegia observed in his series was smaller
than when these devices were used. Of greater importance seemed to be an opera-
tive procedure as conservative as possible with little dissection and with the short-
est possible segment of the aorta occluded, and above all the avoidance and imme-
diate treatment of intraoperative hypotension.

Summing up, for all practical purposes, it can be accepted as fact that:

1. Operation is possible and justifiable even without bypassing the occluded aortic
segment.

2. Heparinization during use of extracorporeal circulation in a partial or total by-
pass is an additional danger to a person with multiple injuries and is prohibited in
cases of craniocerebral trauma and multiple fractures. The use of an external shunt
with or without heparin coating is a possible alternative.

3. Short operating time and simple technique without massive mobilization are de-
cisive; a drop in blood pressure during the operation is to be avoided.

Operative procedure on the aorta: after exposing it proximally and distally from
the point of rupture, the aorta and, if necessary, the subclavian artery are clamped.
The pleura and adventitia are opened above the rupture and the hematoma is evac-
uated. As a rule, the end-to-end suturing is continuous with nonresorbable suture
material; occasionally, a Dacron interposition graft is used.

Our Patients

We reviewed (including the cases of the Surgical Clinic A in Zurich) 16 cases of
acute traumatic aortic ruptures. In five patients, the diagnosis was not determined:
two of them died immediately upon arrival at the emergency room, three more dur-
ing hospitalization. The rupture of the aorta was the cause of death only in one the
last three: a perforation into the pleural cavity developed, causing the patient to
bleed to death. In the two other patients, the diagnosis was verified at the autopsy as
a secondary finding,.

In 11 patients the diagnosis was established. One female adult died shortly after
transfer from another hospital before she could be operated (the case was described
above). Of the ten patients who were operated on six survived. The causes of death
among the deceased patients were infection secondary to esophageal necrosis, mas-
sive bleeding, cerebral damage, and sepsis not connected with the aortic rupture.
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IL. Penetrating Injuries of the Aorta

Undoubtedly, almost all penetrating aortic injuries result in death by massive bleed-
ing before surgical intervention is possible. In the past 10 years, however, patients
with such injuries have been treated successfully and are no longer a rarity.

Already in 1922 Dshanelidze [528] successfully sutured, 1 cm above its origin, an
injury of the ascending aorta 8 mm long.
It is interesting to note that up to the end of the 1950s, all successfully treated cases
17| reported in the literature involved intrapericardial lesions of the ascending aorta.
The wall of the ascending aorta is equipped with a surrounding connective tissue that can tam-
ponade the injury [552]. In cardiac tamponade, the inelastic pericardium offers considerable
resistance, which provides a longer survival time than is the case of hemorrhages into the open
pleural cavity. A patient with a perforated injury to the ascending aorta survived even without
treatment for 2 weeks until he died of cardiac tamponade [544]. The formation of an aorto-
venous fistula, either into the right ventricle, the pulmonary artery, or the right atrium can
also, by the “autotransfusion” that develops, preserve the patient from bleeding to death.
The first successful operations on a penetrating injury of the extrapericardial aorta were not re-
ported until 1958 by Perkins and Elchos [552] and Kleinert [541].
It is not surprising that stab injuries cause a lesser lesion and are therefore more amenable to
treatment than gunshot injuries. Up to 1969, the ratio between these two kinds of injury in re-
gard to successful treatment stood at 3 : 1 [566]. In the Vietnam War, the evacuation times
were shortened substantially as compared to earlier wars. Because of that, Billy [515] was able
to report in 1971 on a series of 39 penetrating shot and shrapnel injuries of the aorta (20 in the
thoracic area) in which the mortality was 30%. In the Korean War, of 304 arterial injuries there
was no aortic injury brought in for treatment [536]; in World War II, of 2451 there were only 3
[525]. However, in civilian life today, gunshot injuries are also in the vast majority, especially
in the United States with its raucous customs [509].

i

Diagnosis

In an acute penetrating aortic injury, a precise preoperative diagnosis is never possi-
ble and should not be attempted. The symptomatology is determined by the loca-
tion of the lesion. In intrapericardial injuries, the signs of cardiac tamponade are the
most prominent. The picture is identical to that of a cardiac injury and only the in-
traoperative finding provides the diagnosis.

In the injury of the extrapericardial portion of the ascending aorta, of the aortic
arch, and of the descending aorta, acute bleeding is prominent. The roentgenogram
may show a widening of the mediastinum. The general condition and the amount of
blood conveyed by the chest tube will provide a reference point for the urgency of
an operation. In no case should additional examinations (e. g., aortography) delay
an immediate thoracotomy. The exact diagnosis of this injury will also first be deter-
mined intraoperatively.

Therapy

The procedure with intrapericardial aortic injuries is the same as with penetrating
cardiac injuries (see Chap. 17). If the left anterolateral thoracotomy is selected for
the approach, the necessary exposure can be gained by extending the incision to-
ward the other side of the thorax by cutting through the sternum.
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Table 29. Operative approaches in injuries of the large vessels of the thoracic area

Approach

Arteries

Veins

Supraclavicular ap-
proach by split-
ting the clavicle

Right subclavian
artery

Distal left subclavi-
an artery

Subclavian veins

Trapdoor approach

Left subclavian
artery

(Right proximal
subclavian artery)

Innominate artery
(carotid artery)

Brachiocephalic
veins

Median sternotomy

Ascending aorta and
proximal aortic
arch

Pulmonary artery

Brachiocephalic
veins

(mainstem)
If necessary, with Innominate artery
supraclavicular
extension
Right thoracotomy  Right pulmonary Vena cava (only
artery (only ante- anterolateral
rolateral thoraco- thoracotomy)

tomy)

Left thoracotomy

Descending aorta

Left pulmonary ar-
tery (only antero-
lateral thoraco-
tomy)
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The bleeding can be controlled by digital pressure. Tangential placement of an
angled arterial clamp is often possible. The wound can usually be closed by direct
suture. Obviously, one must be clear about the location of origin of the coronary
arteries.

If the wounds of the ascending aorta cannot be treated as suggested, one will have
to wait, maintaining digital compression all the while, until extracorporeal circula-
tion can be utilized.

Injuries of the descending aorta are approached by a posterolateral thoracotomy.
The attempt should be made to complete the suture with only partial clamping of
the aorta or to limit the total occlusion time to a maximum of 30 min. If this appears
to be impossible, the possibility of a local external shunt (see p. 231) should be kept
in mind.

IIL. Closed Injuries of the Supra-aortic Arteries

Avulsion of the Innominate Artery

A pure compression injury with simultaneous hyperextension of the cervical spinal
column can result in the typical injury pattern of an avulsion of the innominate ar-
tery from the aortic arch. As in aortic rupture, an intact adventitia may prevent ex-
sanguination. In 1962 Binet [516] described the first case. i/loreover, obviously less
frequently, partial tears in the artery also occur [561].

The leading finding is the widening of the upper mediastinum on the right. A sys-
tolic murmur can be audible. It is interesting that only in less than half of the
cases a difference in pulse in the radial artery or a lack of pulse in it was determined.
A normal blood supply and normal peripheral pulse is therefore the rule and does
not exclude the possibility of this lesion.

The radiologic finding in the upper mediastinum requires angiographic clarifica-
tion, which verifies the diagnosis.

As in aortic rupture, perforation into the pleural cavity is a constant threat to the pa-
tient, which provides an ongoing indication for an operation. A synthetic prosthesis
is almost always necessary. It may facilitate the operative procedure if the latter
is implanted elsewhere in the aortic arch and the false aneurysm removed after-
ward [530].

The first cases reported were operated on with the aid of extracorporeal circulation.
More recently, use of internal and external shunts has become more widespread. A
series of cases, however, were also operated on by clamping the vessels with no
other aids. Ciaravella [520] has suggested that the decision as to the necessity for by-
pass circulation be based on measurement of the pressure in the right common
carotid artery after trial occlusion. He regards the collateral circulation as adequate
if there is a pressure of over 50 mmHg in the distal stump.

Example: It is precisely with a patient with multiple injuries that such considerations, which
may have validity for healthy persons, can hardly be relied upon. In the presence of cranioce-
rebral trauma or preceding hypovolemic shock or hypoxia, the tendency toward cerebral ede-
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ma formation can hardly be evaluated, and an additional diminution of perfusion can have de-
leterious consequences. We had such an experience with a female patient with partial avulsion
of the innominate artery who had an occlusion time of only 2 min but had subsequent impair-
ment of circulation caused by a free intimal flap that resulted in massive, cerebral edema that
was therapeutically no longer controllable (operation in Surgical Clinic A).

Injuries of the Trunk of the Left Subclavian Artery

Even the infrequent injury to the trunk of the subclavian artery produces a typical
pathologic picture [510]. In this case, a contusion with localized thrombosis is more
frequent than rupture. The peripheral pulse is then no longer palpable although be-
cause of adequate collateral circulation the upper extremity appears to be hardly dis-
turbed in its blood supply. A widened upper mediastinum is usually found and of-
ten a hemothorax too.

This injury must be taken into consideration particularly if there are fractures of the
clavicle and, above all, of the first rib. Characteristic for this injury site, though not
necessarily present in all cases, are neurologic deficits. In two-thirds of all aorto-
grams, a reversal of flow in the vertebral artery, in other words a “subclavian steal,”
could be demonstrated in this injury. The discussion is still open as to whether the
neurologic symptoms are caused by this subclavian steal or by emboli into the ver-
tebral artery.

Of the three main trunks of the aortic arch, the intrathoracic carotid artery is the
one least often injured in blunt trauma and then is often in combination with an-
other supra-aortic branch [510].

IV. Injuries of the Great Veins and Pulmonary Vessels

Injuries of the intrapericardial section of the vena cava usually result in a cardiac
tamponade. Preoperatively, they are indistinguishable from cardiac injuries.

All injuries of the vena cava are usually perforating injuries. Tears in the vena cava
caused by blunt trauma seldom have clinical significance, although smaller tears can
be tamponaded by the surrounding tissue and thus escape clinical verification.

If a connection to the pleural cavity has been created by penetrating injuries, the
bleeding is usually profuse; however, it is usually assessed accurately by the bleed-
ing from the chest tube and the indication for an operation is determined accord-
ingly.

In the operation, total occlusion of the vessel will obviously be avoided. Satinsky
clamps applied tangentially will usually suffice to achieve this goal. If not, an inner
shunt can be installed by inserting a plastic tube through the right atrial appendage
of the heart into the superior vena cava (Fig. 121).

Injuries of the veins and arteries of the lungs are almost always combined with car-
diac or pulmonary injuries. Even though perforating injuries are the most common
by far, lesions caused by blunt trauma are not infrequent. Their clinical pattern is
characterized entirely by bleeding; in lesser injuries in the mediastinum, however,
spontaneous hemostasis is possible.
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Fig. 121. Operative technique in large lesions of the superior vena cava: an internal shunt is
inserted into the right atrial appendage of the heart [432]

In significant companion injuries of the bronchi and lungs, quite often no recon-
struction will be attempted; a resection will be performed instead. This decision is
made more easily in penetrating injuries than in blunt trauma since in closed in-
juries the other lung is often also involved.

V. Penetrating Injuries of the Vessels of the Superior Thoracic Aperture

Gunshot and stabbing injuries of the large vessels of the superior thoracic aperture
that come into consideration for treatment make up only a small portion of all inju-
ries of blood vessels [146] (according to the literature, 0.5% — 5%). They make great
demands on the ability to promptly assess the patient’s condition, on decisiveness,
and on the technical skill of the attending surgeon. However, recent reports from
clinics that have treated large series of such injuries indicate that with purposeful
and competent procedures, many of these patients can be saved [146, 518, 534, 553,
563].

Arteries and veins are injured with equal frequency.

Diagnosis

Only a prompt diagnosis holds out the prospect of success. The rule applies that no
patient with an external injury in the area of these vessels dare be released from the
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supervision of the attending surgeon before an injury of the vessel has been verified
and treated or reliably excluded.

In addition to the nature, site, and direction of the wound, signs of massive blood
loss, local hematoma, diminished or absent peripheral pulse, brachial plexus defi-
ciencies, and bleeding into the thoracic cavity are suggestive factors.

A roentgenogram of the thorax is indispensable and not time-consuming. On the
other hand, an angiographic examination is contraindicated in most cases because
of the time lost. It should be performed only when there are no grounds for imme-
diate operative intervention.

Therapy

The problem with these injuries is that they occur in an area where access for hemo-
stasis is difficult. A clear plan for exposing the site of the injury quickly and effec-
tively and for bringing the bleeding under control is absolutely necessary. Without
such a plan, one should in no case be tempted to perform a “revision of the wound”
when there is severe bleeding.

Thus, the operative approaches are of very special and decisive importance. They
were presented in detail in Chap. 6. An inadequate approach in these dramatic situ-
ations often pronounces the death sentence of the patient. On the other hand, one
should not accept the additional morbidity of splitting the sternum or a thoracot-
omy if it is unnecessary.

Based on these considerations, I should like to suggest the following operative tac-
tics:

1. Adequate venous access, blood replacement, intubation.

2. Thoracic drainage when there is intrathoracic bleeding. In acute threat to life by
noncompensable blood loss and massive bleeding from the thoracic chest tubes, a
small anterolateral thoracotomy in the third intercostal space is made while still in
the emergency room and blind compression of the bleeding site is applied through
the thorax with towels or the hand.

3. In the operating room, the patient is positioned in an oblique position with the
upper body turned 30°. The area is prepped and draped as widely as possible to
allow all the variations of an operative approach to be considered. The approach
should be suited to the existing situation; it will usually consist either of a trapdoor
approach by splitting the sternum longitudinally as far as the third intercostal space
or of a supraclavicular approach by splitting the clavicle. If difficulties of exposure
are encountered, the approach is extended to a trapdoor incision. If an emergency
thoracotomy in the third intercostal area has already been performed, the latter will
likewise be extended to the trapdoor incision.

4. In special cases involving injuries on the right side, a total longitudinal incision of
the sternum with supraclavicular extension also may be considered.

The treatment of the vessel injury is often possible by direct suturing; synthetic pros-
theses are seldom necessary. In injuries of the innominate artery and the common
carotid artery, an inner shunt will be used if possible.
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Also in venous injuries, reconstruction will be attempted. If the general situation
renders this impossible, the brachiocephalic vein or the jugular or subclavian veins
can be ligated unilaterally without negative consequences.

After reconstruction of the vessels, one should not forget to check other endangered
structures in this region whose injuries can be easily overlooked: esophagus, trachea,
thoracic duct, brachial plexus, and phrenic nerve.

VI. Posttraumatic Late Sequelae in the Great Vessels

Posttraumatic Aneurysms of the Aorta

The most favorable spontaneous course of development of a traumatic rupture of
the aorta is the formation of a false aneurysm, which is gradually encapsulated by
connective tissue.

Many of these patients are asymptomatic. According to Bennett [514], 41% of pa-
tients with a thoracic false aneurysm of the aorta exhibit no symptoms. This symp-
tom-free state was even observed 47 years after the trauma [514]. The aneurysm is
then discovered by radiologic examination as an incidental finding (Fig. 122).

In other patients, the increase in size of the aneurysm causes compression symptoms
in the neighboring structures: compression of the trachea accompanied by dyspnea,

Fig. 122. Posttraumatic aneurysm of the aorta in a 29-year-old asymptomatic male patient. By
fluoroscopic examination 6 years after the accident, a mediastinal bulge was detected. Tho-
racotomy was performed in Italy after the diagnosis of echinococcal cyst. In a subsequent re-
section of the aneurysm, a rupture of the entire circumference of the aorta with retraction of
both sides was discovered. An uneventful postoperative course ensued after interposition of a
Dacron graft
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compression of the esophagus with dysphagia, compression of the main bronchus
with formation of atelectasis, compression in the area of the stellate ganglion with
development of Horner’s syndrome, or pressure damage to the recurrent laryngeal
nerve with concomitant hoarseness'(Fig. 123).

The widening of the mediastinum is not always recognized as an aortic aneurysm
(the case in Fig. 122); this possibility should be kept in mind in making a differen-
tial diagnosis of mediastinal tumors.

A traumatic aortic aneurysm should be operated on since rupture threatens at any
time. A delayed rupture occurring 30 years after the accident has even been report-
ed [562]. An operation may sometimes be ruled out in elderly patients if there are
significant contraindications. A preceding clarification by means of aortography is
indispensable.

~—_ | The first operations on a posttraumatic aortic aneurysm were performed in 1950
| by Weisel [568] and in 1951 by Hollingsworth [535]. Both surrounded the an-

curysm with cellophane. The first excision of a posttraumatic aneurysm with tan-
LA } gential suturing of the aorta ensued in 1953 by Bahnson [512]. In 1955 Stranahan
[564] reported the first resection of an aneurysm and bridging over of the defect in the aorta
with a homologous aortic transplant.

Only in isolated cases of posttraumatic aneurysms is an end-to-end anastomosis of
the aorta possible; in most instances, it will be necessary to insert a synthetic graft.
The prognosis of the operation on a chronic posttraumatic aneurysm is naturally
much better than in an acute rupture. The mortality in large, recent series is around
5% [523, 533, 542]. The risk of paraplegia is slight, yet cannot be completely avoided
by any method [523].

Posttraumatic Aortovenous Fistula

After penetrating injuries, arteriovenous fistulas can make their appearance be-
tween the aorta and the right ventricle, the pulmonary artery, the vena cava, or a
brachiocephalic vein [517]. Their effects vary according to the shunt volume. They
can lead to immediate cardiac failure right after their development or later to car-
diac insufficiency, in cases of necessarily increased cardiac output. Because of in-
creased pressure in the central venous system, venous congestion occurs in the
upper half of the body.

A systolic-diastolic murmur over the fistula area points toward this consequence of
the injury. In penetrating injuries of the cardiac and mediastinal regions, attention
should be paid during the course of recovery to the appearance of a murmur. Con-
gested neck veins are found if the fistula opening is in the area of the vena cava or a
brachiocephalic vein. In a large shunt volume, the pressure amplitude increases.
During the further course, all the signs of increasing cardiac insufficiency can ap-
pear.

On the roentgenogram an enlarged heart is commonly found and on occasion a
widening of the mediastinum. An aortogram is indispensable for diagnosis and
the planning of the operative procedure. Cardiac catheterization to evaluate the
hemodynamic effects is also indicated, especially if an aortoventricular fistula is
present, since the latter can be accompanied by aortic insufficiency.
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The therapy of choice consists of operative closure of the fistula. In most cases,
direct closure of the aorta and vein is possible. The indication for an operation is
given not only because of progressive cardiac insufficiency but also due to the dan-
ger of rupture or the possibility of an infection; operation is not performed only
when there are clear contraindications.

Among the cases reported in the literature, there were fistulas between the aorta
and the right ventricle that were closed operatively within days to several months
after trauma and fistulas between the aorta and brachiocephalic vein that usually
were not closed for years (up to 20 years [517]) after the injury [566].

Posttraumatic Thoracic Qutlet Syndrome

Fractures of the first rib and clavicle, but also other injuries of the superior thoracic
aperture without fracture, can, through callous formations or fibrosis, later lead to a
thoracic outlet syndrome. The most frequent symptoms in these cases are neurolo-
gic: severe radiating pains are the most prominent. Paresthesias and paresis occur
frequently [547]. Less frequently, there are signs of compression of the subclavian ar-
tery with various stages of ischemia, which appear especially during provocative po-
sitioning of the shoulder girdle. In poststenotic dilatation of the subclavian artery,
formation of thrombi and embolization to the periphery can occur. A compression
of the subclavian vein is occasionally the cause of an acute venous thrombosis in this
area.

It is important to differentiate pure scar tissue formation in or around the brachial
plexus from an actual compression syndrome since in these cases therapy consists of
extra- and interfascicular neurolysis. In thoracic outlet syndrome, on the other hand,
in most cases an enlargement of the superior thoracic aperture is achieved by means
of the relatively simple operative removal of the first rib through an axillary ap-
proach, as described by Roos [556]. This space-creating intervention is also indi-
cated even when the first rib is not the cause of the compression syndrome.



Chapter 19
Injuries of the Diaphragm

I. Diaphragmatic Ruptures

Basic Considerations

Diaphragmatic ruptures caused by blunt trauma are not very frequent; however,
they are not so rare that every surgeon would not on occasion be confronted by this
injury. Among our patients, diaphragmatic ruptures were found in 3% of all severe
thoracic injuries.

In many cases, the diaphragmatic rupture is not recognized initially, either because
of the frequent companion injuries or often because of a misinterpretation of the
thoracic roentgenogram. In every severe blunt abdominal or thoracic trauma, this
injury must be considered.

The frequently used term “diaphragmatic hernia” is false since all three layers of
the diaphragm (diaphragm, peritoneum, and pleura) are almost always torn. The
result is a prolapse of the abdominal viscera into the chest cavity. Genuine trauma-
tic diaphragmatic hernias have been observed but are very rare [581].

The first cases of traumatic diaphragmatic injuries along with their consequences
were described by Ambroise Paré in 1579 [585]. One of his two patients had re-
covered from a severe gunshot injury but died 8 months later of incarceration of
LA the colon displaced into the thorax; the little finger could barely be inserted into
the openmg of the diaphragm.

In 1853 Bowditch [573] called attention to the symptomatology of such injuries on the basis
of a diagnosis made in a living person and the autopsy reports of other cases reported in the
literature of that time.

— |

Mechanism of Injury

It is always a considerable broad-surfaced blow that causes a diaphragmatic rupture.
In most cases, it occurs against both body cavities, less often against the thorax
alone, and still less frequently against the abdomen alone.

Today traffic accidents are the primary cause of diaphragmatic ruptures: of 739
cases in the recent literature in 76% and among our patients in 85%. Spontaneous
diaphragmatic rupture is known, but very rare [572].

Location

It has been known for a long time that by far the majority of all injuries due to blunt
force affect the left side of the diaphragm. In a compilation of 1845 cases described
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in the literature (Table 30), I found left-sided ruptures in 84.6% and right-sided dia-
phragmatic ruptures in 14.1%. The right side of the diaphragm is well protected by
the broad adjacent liver. Sufficient impact results in injury to the liver rather than
the diaphragm.

There are seldom multiple lacerations on the same side of the diaphragm and still
less frequently a diaphragmatic rupture on both sides (1.3%).

The tear in the diaphragm in most cases runs radially in the area of the central ten-
don or at the transition from the latter to the muscular portion (Fig. 124). The avul-
sion of the diaphragm at the point of muscular attachment to the ribs is a much less
frequent but also typical rupture location and is generally regarded as resulting
from a single severe compression of the thorax [592]. An avulsion of the crura is
considered a rarity. Andrus [571] has reported on one case.

An especially rare injury picture with its own symptomatology is found in a rupture
in the pericardial area; this pericardiophrenic rupture results in a prolapse of the vis-
cera into the pericardium (see below).

Table 30. Location of diaphragmatic ruptures

1845 closed diaphragmatic ruptures Our patients

(compiled statistics) (26 cases)
Left 1561 (84.6%) 17
Right 260 (14.1%) 8
Both sides 24 (1.3%) |

Fig. 124. Typical location of diaphragmatic rupture resulting from blunt trauma (diaphragm
shown from below)
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Pathophysiology

The difference in pressure between the negative intrapleural pressure and the posi-
tive intra-abdominal pressure results in increasing displacement of the contents of
the abdomen into the thorax. With forced inspiration, this difference in pressure in-
creases still more and can exceed 100 cm H,O [577].

The negative pressure in the thoracic cavity disappears when mechanical ventilation
is applied. It is understandable, therefore, that during the time a severely injured
patient is being ventilated, a prolapse of the viscera into the thoracic cavity can be
prevented and that the diaphragmatic rupture is not revealed until a roentgenogram
1s taken after weaning from mechanical to spontaneous breathing.

In a left-sided diaphragmatic rupture, the following order of frequency has been ob-
served for organs that prolapse: stomach, left colon, spleen, omentum, small intes-
tine, and left part of the liver. In a rupture on the right side, it is obviously the liver
that is displaced most frequently into the thorax. There has also been a description
of a case in which the left lung was displaced into the abdomen [571].

The pathophysiologic effects of a rupture on respiration and circulation are, to a
large extent, determined by three mechanisms:

1. The function of the diaphragm is impeded since in this area a kind of paradoxical
respiration appears.

2. By compression of the affected lung by the contents of the abdomen, the gas ex-
change surface is reduced.

3. The displacement of the mediastinum in advanced cases results in an impairment
of the venous return to the heart.

Clinical Picture and Diagnosis

The clinical picture is very diverse. Often diaphragmatic ruptures exhibit few symp-
toms. Since there is usually a severe associated trauma, at first the companion inju-
ries and the shock caused by them are most prominent.

Pains on the left side of the thorax that radiate toward the left shoulder are a sign of
a diaphragmatic injury. In my experience, this symptom is quite often present. Fre-
quently, contusion marks are found on the thoracic wall.

Shortness of breath can occur in various degrees. If eventration of the viscera causes
significant mediastinal displacement, the dyspnea will be more marked, and cyano-
sis will develop. It can result in the formation of a tension situation analogous to a
tension pneumothorax. In these cases, the central venous pressure rises.

In the early stages, there is almost never a sign of a gastrointestinal obstruction or
strangulation. During the further course of developments, they may occasionally
occur.

The findings to be expected upon examination might be a damping upon percus-
sion, weakened breath sounds, and evidence of bowel sounds in the thorax upon
auscultation. Shortly after the injury, however, these findings are hardly ascertain-
able. In place of damping, there is more likely to be a remarkable mixture of weak-
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Table 31. Companion injuries in acute diaphragmatic ruptures caused by blunt trauma

655 acute diaphragmatic ruptures Our patients
in recent literature (26 cases)
Rib fractures 297 (45%) 19 (73%)
Pelvic fractures 134 20%) 13 (50%)
Fractures of extremities 10 (38%)
Craniocerebral injuries 8(31%)
Spinal fractures 3(12%)
Organ injuries in the abdomen:
Spleen 195 (30%) 8 (31%)
Liver 89 (14%) 11 (42%)
Gastrointestinal tract 95 (15%) 5(19%)
Kidneys 60 (9%) 5(19%)

ened and hyperresonant percussion sounds since some of the displaced structures
(stomach, colon) are heavily filled with air and, depending on their location, can in-
fluence the percussion findings. Because of intestinal paralysis, the bowel sounds af-
ter an accident are usually considerably reduced or are lacking altogether.

In the blood gas analysis, the arterial PO, is significantly reduced, partially because
of the formation of local atelectasis by compression of the lung.

Other injuries can be helpful in establishing the diagnosis since there are typical in-
jury combinations (Table 31). Multiple rib fractures are the most frequently asso-
ciated injury. In 655 fresh diaphragmatic ruptures recorded in the recent literature,
this combination was described in 25% of the cases; among our patients, 73% suf-
fered multiple rib fractures. The combination with pelvic fractures is well-known as
evidence for the severe trauma to the abdomen. The diagnosis of a pelvic fracture
must raise the question of a diaphragmatic rupture and demands a chest roentgeno-
gram. We found that this combination occurred in 20% of the cases listed in the
literature mentioned above, and among our patients in half of all the cases.

O