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Conventional Ballistic, Blast, and Injuries 

INTRODUCTION 

Explosions are ubiquitous in modern warfare. 
Although fragmentation and thermal effects cause by 
far the most combat injuries, the detonation of explo-
sive munitions can create pressure waves that are 
powerful enough to injure the internal organs of casu-
alties who are directly exposed to them. This 
called primary blast injury debilitate or 
kill the casualty by causing severe damage to the gas-
containing organs of the body while leaving no exter-
nal trace of injury. The damage caused by PBI is a kind 
of an injury caused by a local pressure 
differential. It results from the interaction between the 
passing blast wave and the body tissues, which creates 
an imbalance between the ambient pressure and the 
pressure within the affected cavity of the body. The 
symptoms and treatment of PBI will depend upon 
which organ has been affected. 

Victims of an open-air blast will usually also have 

penetrating or ing secondary blast inju-
ries from fragments or objects that have been hurled 
through the air from the force of the blast. These 
wounds do not differ from classic ballistic wounds that 
are caused by bullets or fragments from conventional 
explosive munitions. 

Tertiary blast injury refers to the blunt trauma that 
can occur when the victim is bodily lifted and thrown 
against a nearby structure by the force of either the 
blast wave itself or the venting of the blast wind or 
combustion gases through a constricted opening. 
Tertiary blast injuries may complicate primary and 
secondary blast injuries, especially when nuclear and 
larger conventional weapons are used. 

The true incidence of significant PBI is unknown, 
perhaps in part because it is difficult to diagnose a 
problem that one is not prepared to recognize. Medical 
officers who wait for a patient who exhibits classic, 

I I I I I 

Only 
Plus 

0 Controls 

0 1 2  7 21 
DAYS POST-EXPOSURE 

Fig. 9-1.Researchers studied the effect on the ability of sheep lungs to transfer oxygen over time following radiation only 
blast only (A A A or radiation plus blast Controls are indicated on the graph by hexagons. The animals that were 
subjected to both insults showed both the greatest decrement in oxygenation and the longest-lasting effects, even though the 
radiation alone had no detectable effect on pulmonary gas exchange. The development and resolution of lung injury is 
measured by venous admixture (shunt fraction or following injury. 
Source: Reference 1 
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pure PBT-that is, who has neurological deficits and 
respiratory failure without so much as a scratch-will 
miss most of the PBI cases that they can expect to 
encounter in a trauma-care environment. An explo-
sion might result in a mix of traumatic amputations of 
limbs and penetrating fragment injuries, as well as PBI 
to the casualties’ abdomens, lungs, or ears. The ther-
mal pulse from a detonation may burn exposed skin, 
or secondary fires may be started by the detonation 
and more serious burns may be suffered. Smoke and 
fumes from fires contain toxic chemicals and may 
cause inhalation injury. Victims may also be crushed 
in the collapse of a building. 

Given such dramatir pri-
mary blast component may be hidden but nevertheless 
significant, and the physician must be aware of the 
possibility of such occult injury lest it further compli-
cate the patient’s care. In addition, the effects of 
combined injuries may be synergistic rather than ad-
ditive. For example, radiation injury will combine 
with blast or burn injury to cause much more severe 
and long-lasting damage than would be expected from 
each of the injuries individually (Figure 

The classic case of pure PBI is usually seen in 
casualty who has been exposed to an underwater 
detonation. Water transmits blast waves more effi-
ciently than air does; that is, the blast waves’ effects do 
not diminish over distance in water as much as they do 
over distance in air. An explosion in water has a lethal 
area that is approximately nine times greater than the 
lethal area an using the same amount of 
explosive.’ At the same time, water greatly reduces the 
effectiverangeof any fragments that propelled 
from the detonation site. 

In contrast, a casualty who presents with pure PBI 
from an open-air explosion is likely to have been very 
close to the explosion but not close enough to have 

Management of Primary Injury 

been dismembered by fragments from the exploding 
device. Pure PBI, particularly to the ear, is more likely 
when the detonation occurs in a closed space (such as 
an armored fighting vehicle or a room in a building, in 
which the blast may reverberate off the walls), or when 
a special enhanced-blast munition is used. 

Pure PBI may be severe when the exposures are 
repeated, even if the individual blasts are of relatively 
low intensity. Experimental animals that received 
repeated blast exposures (commonly called multiple 
blast) had blast lesions that 
were produced in animals exposed to single blasts.’ 
However, repeated exposures to blast increased the 
severity of lesions over those produced by a single 
blast of the same magnitude, and decreased the 
threshold for injury. These additive effects may be due 
to the fatigue factor (see Chapter Seven), which de-
scribes the lower stress requirement for tissue failure 
after repeated exposures, and may be important to 
operators of artillery weapons, for whom the effects of 
repeated low-level blasts have significant 
health implications. 

This chapter will focus specifically on PBI. The 
first will outline the procedural aspects 
of the blast casualty’s movement through the military 
health-care system, with particular attention to triage, 
stabilization, and evacuation. The remaining sections 
will focus on the most serious manifestations of PBI: 

damage to the respiratory system, the produc-
tion of air emboli, gastrointestinal injury, and 
damage to the auditory system. These effects will be 
discussed in the context of their management at the 
first level of care at which an evaluative or treatment 

be performed, although therrader should 
understand that, under certain conditions, the evalu-
ations may have to be repeated or conducted in greater 
detail at a higher echelon of care. 

ECHELONS OF CARE FOR CASUALTIES WHO HAVE PRIMARY BLAST INJURY 

The medical officer is most likely to see PBI when 
many casualties (some with combined injuries) have 
survived a civilian blast catastrophe, a terrorist bomb-
ing, or a military action. Such a mass-casualty incident 
will almost certainly cause confusion and chaos. Some 
of the routine procedures that medical personnel are 
trained toperform may be impossible to carry out in an 
ideal sequence under such conditions, and soa certain 
amount of procedural overlap is built into the evacu-
ation and evaluation system to ensure that important 
(but perhaps latent) aspects of injury are not over-
looked. 

The medical evacuation system designed to 

move casualties from the site of injury to a 
care facility as rapidly as possible. Because the casual-
ties’ physical status and the conditions of the battle 
may both fluctuate, the means of transportation and 
the health-care destinations may vary as well. Triage 
(the sorting of casualties according to the severity of 
their injuries) is done at every level of care. 

First Echelon of Care 

The first echelon of care occurs on the battlefield, 
and is usually provided to a casualty by a a 
trained combat lifesaver (that is, a member of the unit 
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Conventional Warfare: Ballistic, Blast, and Burn Injuries 

who hashad supplementaryfirst-aidtraining),a medic, 
or medics and battalion surgeons at the battalion aid 
station. First-echelon treatment is limited to essential 
emergency care, and can range from minimal first-aid 
interventions that allow a slightly injured soldier to 
return to duty right away, to crucial stabilizing mea-
sures (such as establishing an airway, controlling a 
hemorrhage, and administering intravenous fluids) 
that are intended to keep the casualty alive during 
evacuation to the appropriate care facility. When 
evaluatingblast casualties,medical personnel need to 
ascertain what, if anything, can be done immedi-
ately to save the casualty's life and limbs on the battle-
field, whether the casualty needs to be evacuated, 
and how the casualty should be transported to the 
next level of care. 

Initial Physical Examination and Triage. Blast 
casualties may have PBI in several anatomical sites and 
in any degree of severity. They should be evaluated 
according to normal triage standards. In the military, 
four triage categories are generally used: immediate, 
which includes casualties who have severe, 
threatening injuries but are likely to survive if they 
receive the appropriate lifesaving treatment, de-
layed, which includes casualties who can tolerate a 
delay prior to surgery or other treatment without 
suffering further damage, minimal,which includes 
casualties who have superficial injuries that can be 
treated by first-aid procedures, and expectant,which 
includes casualties who are not expected to survive no 
matter how much medical treatment they receive, or 
who would not benefit from the limited medical re-
sources available. 

echelon 
will usually center on secondary blast injuries (such as 
fractures, penetrating wounds, lacerations, and burns), 
the medical officer needs to be particularly alert for the 
more subtle signs of PBI. If circumstances permit, 
medical personnel should carefully examine the casu-
alty for signs of contusion or penetrating 
Sometimes, a sentinel (or associated) injury, which 
may be as dramatic as a traumatic amputation or as 
relatively minor as a temporary hearing loss, will 
indicate that the casualty may also have significant 
PBI. Because some of the most serious manifestations 
of PBI have few or no overt signs, taking certain 
preventive measures at this stage may save the life of 
a blast casualty who is apparently less severely in-
jured. 

Triage decisions and the amount of time that can 
be devoted to them depend upon the nature of the blast 
incident itself. may occur when casualties 
who should be admitted to the MTF for further ob-
servation or treatment are instead discharged to duty. 

may occur when casualties who have rela-
tively minor injuries are admitted to the MTF for 
observation, a level of caution that might not have a 
great effect on a large civilian medical facility, but one 
that would severely strain available medical resources 
and result in a significant loss of fighting strength were 
it to occur in a military mass-casualty situation. Dur-
ing wartime, the military physician or medic may have 
to return a soldier to combat when (a ) the underlying 
severity of the blast injury is not objectively evaluable 
(that is, radiographic and laboratory arc un-
available), and the risk that a blast lesion would 
develop later is only problematic (that is, soldiers with 
only mild symptoms consistent with PBI may be re-
turned to combat despite the theoretical consideration 
that such activity may worsen the 

of Life Support. Medical personnel must 
ensure that the casualty is hemodynamically stable 
and that the airway is patent. In the PBI casualty, the 
life-threatening injuries that require immediate stabi-
lization are usually caused by respiratory damage or 
by blood loss from gastrointestinal hemorrhage. 

Respiratory support and mechanical ventilation 
will be discussed in the section of this chapter that 
deals with PBI to the respiratory system. 

Volume replacement will be discussed in the sec-
tion that deals with PBI to the gastrointestinal tract, 
although the reader should understand that a casualty 
can be hypotensive for many reasons other than blood 
loss from an abdominal hemorrhage. 

'I'he casualty will be stabilized and life-support 
measures will be continued at the second echelon of 
care, if necessary. 

aMedical Record. The medic is also 
responsible for beginning the blast casualty's medical 
evacuation record, although the realities of the battle-
field will determine how complete it will be, or even 
whether it is done at all. Unlike civilian terrorist 
bombings, in which the undivided attention of a 
medical team can be focused on blast casualties, an 
explosion in combat is unlikely to be an isolated event 
relatively near an urban medical facility. Even if the 
medic-who may be working alone-has the opportu-
nity to glean blast-related information, the small size 
of the medical-record card limits the amount of infor-
mation that can be conveyed. This limitation is par-
ticularly unfortunate in blast incidents, because the 
casualty's buddies may have noticed important details 
that the casualty (even if conscious) may have missed. 
Nevertheless, as soon as possible after the casualty is 
stabilized and if circumstances permit, medical per-
sonnel ideally should try to determine the following: 

What type of ordnance was used and how 
large was the explosion? 
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was located with respect 
to the blast? 

Did the blast occur inside an enclosed space 
such as a room or vehicle? 

What was the casualty’s activity after expo-
sure? 

Were there fires or fumes that might lead to 
an inhalation injury? 

What was the orientation of the casualty’s 
head and body to the blast? 

PBI may cornplicatc thc mcdical 
evacuation of these casualties from the battlefield. The 
casualty’s body position, for example, can affect the 
severity of some primary blast effects, such as poten-
tially lethal air 

Because physical exertion after blast exposure can 
exacerbate the severity of PBI, victims of an explosion 
should minimize physical activity and, if they are 
experiencing respiratory distress, should be carried 
from the battlefield by litter rather than be allowed to 
leave under own In Wuild Wai 11, 
example, some blast casualties initially appeared to be 
well, but died after vigorous exercise following their 
blast Their who were initially 
more severely injured and too ill to move, remained 
sedentary and In experimental studies, rats 
were either kept quiet or forced to swim to exhaustion 
afterbeing exposed to The blast alone killed 30% 
of the sedentary animals, but those rats that were 
forced to swim to exhaustion 1hour after exposure had 
a 70%mortality. When the swimming was delayed for 
4 hours, the rats’ mortality was 40%. Although the 
exhausting exercise seemed to increase the rats’ lung 
injury and mortality, a of bcforc cxcrtion 
appeared to significantly alter their susceptibility to 
further injury. 

Certain manifestations of PBI-particularly those 
that involve the respiratory, circulatory, and gastro-
intestinal systems-are known to be more dangerous 
when the casualty is evacuated by air. Medical person-
nel should be aware that even a short helicopter flight 
might jeopardize the stability of a blast casualty, and 
should take the precautions that are detailed in the 
system-specific sections of this chapter. The aircraft 
should fly at the lowest practical altitude. If possible, 
blast casualties should avoid long-distance, 
tude flights for several days. 

Second Echelon of Care 

At the second echelon, which is the medical com-
pany of the brigade or division, the casualty will most 
likely be seen by a military physician or a physician‘s 
assistant, who will 

of Blast Injury 

blast-exposure history, if possible. If circumstances 
permit, routine laboratory tests will be done at this 
stage. 

Stabilization and Life  Support. Stabilization 
measures, such as volume replacement, will be contin-
ued or initiated if needed. Personnel at this level of 
care can monitor the casualty’s oxygenation and re-
place blood volume with intravenous solutions, activi-
ties that may have been beyond the scope of the medic. 
Second-echelon facilities may alsohave the equipment 
to providc assistcd vcntilation. 

Definitive Physical Examination. The blast casu-
alty will receive a thorough physical examination, and 
medical personnel should look for certain sentinel 
signs, such as a ruptured tympanic membrane, 
hypopharyngeal contusions, hemoptysis in the ab-
sence of external chest trauma, or subcutaneous em-
physema, Aspects of the examination that focus on 
particular anatomical areas will be discussed in those 
sections of the chapter. 

Screening. As soon as the blast casu-
alty is hemodynamically stable, medical personnel 
should take a chest roentgenogram, regardless of the 
casualty’s symptoms. Failure to do so can be disas-
trous. In one case, a soldier who was injured by a mine 
explosion had a bilateral tympanic-membrane rupture 
and abdominal He was rushed to surgery, 
during which military physicians found diffuse intes-
tinal petechiae and a subcapsular splenic hematoma. 
The surgeons had failed to obtain a chest roentgeno-
gram before operating, however, and the 
who also had an unsuspected pulmonary contusion 
from the blast-rapidly deteriorated into a state of 

insufficiency. 
If the casualty has complications but is stable 

enough both to cooperate and to be transported to an 
MTF that has radiologic facilities, medical personnel 
may order a computed axial tomography (CAT) scan 
of the chest, abdomen, or head. 

Serial hemoglobin determinations are important 
guides to blood replacement in all casualties who have 
severe bleeding, including those with hemorrhage 
into the lungs or gastrointestinal tract from PBI. 

Most routine labor-atury studies add little the 
evaluation of blast-injured patients. Researchers have 
used animals to evaluate potential PBI markers, in-
cluding a multichannel blood-profile chemistry analy-
sis.” Both sedentary and exercise-stressed animals were 
exposed to blast intensities that ranged from trivial to 
LD, (that is, a lethal dose, or fatal injury, for 1%of 
cases), and their blood was drawn prior to and 90 
minutes after exposure. Unfortunately, none of the 
putative markers proved to be useful as early indica-
tors of either the presence or the degree of blast injury 
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in any organ system 
However, serial monitoring of hematological and 

biochemical parameters may be useful in following the 
complicated medical course of any seriously injured 
patient. In one report from Israel, for example, four out 
of five patients with PBI to the lung had significant 
hypokalemia within a few hours of The au-
thors speculated that stress-induced catecholamine 
release was responsible and were concerned that the 
electrolyte disturbance might cause or worsen 
arrhythmias. of the patients went on to develop 
a disseminated intravascular coagulation syndrome 
with low platelet counts and prolonged coagulation 
times. The coagulopathies responded to replacement 
therapy and did not complicate the clinical course. 

nf will re-
solve on their own, or will require only a continuation 
of stabilization measures until the casualty is out of 
danger. Other manifestations will require immediate 
surgical intervention, or may call for sophisticated 
equipment that would not be available at the lower 
echelons of care. In addition, some manifestations of 
PBI may have long-term sequelae. The following 
sections will discuss the treatment of PBI as it appears 
in the most vulnerable systems of the body. 

Unless otherwise specified, diagnostic and thera-
peutic interventions to be discussed require the re-
sources found in a third-echelon MTF or in a level-one 
civilian trauma service. 

PRIMARY BLAST INJURY TO THE RESPIRATORY SYSTEM 


lungs are the vital organs that are most vulner-
able to PBI. Damage to the lungs may include 
pulmonary contusions, with or without lacerations, 
pneumothorax, traumatic lung cysts, interstitial 
emphysema, pneumomediastinum, or subcuta-
neous emphysema. The term blast is commonly 
used clinically to refer to PBI to the respiratory tract 
with pulmonary contusion and respiratory insuffi-
ciency, without extravasation of air (Table 9-1). 
Casualties who have pulmonary PBI will experience 
dyspnea, but those who do not have extrapulmonary 
air will not usually experience chest pain. 

Pulmonary contusions impair gas exchange at the 
alveolar level. The degree of respiratory insufficiency 
will depend on the degree of the These 
contusions develop, stabilize, and resolve relatively 
rapidly (Figure 9-2). In humans, roentgenographic 
evidence of lung contusion may appear only hours 
after exposure; these contusions may resolve in about 
1 In animal studies, rats had significant 
resolution of blast-induced pulmonary hemorrhages 
after only 24 hours, although there were small residual 
increases in lung weight after a week (Figure 
The symptoms of significant pulmonary contusion are 
likely to include (a) cough, hemoptysis, or 
dyspnea, resulting from widespread alveolar disrup-
tion with hemorrhage or pneumothorax or both. 

The blood in a pulmonary contusion usually stays 
within the lung, but if the contusion is complicated by 
parenchymal laceration, bleeding may occur not only 
within the parenchyma but also into the pleural space, 
creating a hemothorax. 

Pneumothorax, the most serious form of 
thoracic barotrauma, is the presence of air in thepleural 

cavity. This extrapleural air interferes with the normal 
expansionof the lung that occurs when the downward 
movement of the diaphragm creates negative pressure 
in cavity. In pncumothorax, ncgativc 
pressure acts instead upon the extrapleural air, leaving 
the lung in its collapsed (expiration) position and thus 
soon compromising gas exchange. The symptoms of 
pneumothorax may include dyspnea, chest pain 
on one or both sides without signs of external injury, 
and cough. dramatically, the pressure of 
the air that is trapped in the pleural cavity during 
expiration can increase so much that it displaces the 
mediastinal contents, thus decreasing the casualty’s 

This condition is called a tension pneumothorax. The 
casualty will be hypotensive and may exhibit other 
symptoms of cardiovascular distress, including 
tachycardia and diaphoresis. A tension pneumothorax 
can be immediately life threatening. 

A blast casualty may have a hemopneumothorax 
if both blood and air are in the pleural space, and might 
experience not only the respiratory-distress symp-
toms of pneumothorax, but also hemoptysis and car-
diovascular collapse. 

Air may be forced from the alveoli and airways 
into the interstitium of the lung either as traumatic 
lung cysts or as interstitial These inju-
ries have no overt signs or symptoms, and there is no 
information available regarding their resolution. The 
large parenchymal air cysts may also form in casualties 
who are receiving mechanical ventilation and in whom 
they have a high risk of rupturing, causing 
pneumothorax. Interstitial emphysema occurs when 
air dissects from the airway along bronchial walls. 
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TABLE 9-1 

SYMPTOMS, CLINICAL SIGNS, AND FINDINGS OF PRIMARY BLAST INJURY OF 
THE RESPIRATORY SYSTEM 

Findings Signs Symptoms 

Nonspecific findings 
to all primary blast injury) 

Cyanosis 
Tach 

Chest pain 

Parenchymal Lung Injury 
(Contusion) 

Crackles 
Dirninishcd brcath sounds 
Dullness to percussion 
Tachypnea 

Hemoptysis 

Pulmonary Barotrauma 
(Pneumothorax) 

ia  tin 

Diminished breath 
Increased resonance* 
Retrnsternal crunch 
Subcutaneous crepitus 
Tracheal deviation** 

Cardiovascular 
collapse 

or mediastinal shift** 

Pulmonary Laceration Same as pulmonary 
barotrauma and 
dullness to percussion* 

Hemoptysis 
Cardiovascular 
collapse 

On side of collapse 
**Awayfrom the side of collapse 

and subcutaneous emphy-
sema can occur when interstitial emphysema decom-
presses into the mediastinurn or the subcutaneous 
tissue space. These events usually will not cause 
symptoms and will be detected on radiographs or by 
the presence of subcutaneous crepitus on physical 
examination. Neither pneumomediastinum nor sub-
cutaneous emphysema by themselves pose a signifi-
cant hazard. 

Respiratory failure may occur 24-48 hours after 
blast exposure, but if it does occur that late, it is 
unlikely to be caused solely by Instead, a 
combination of blast effects, inhalation injury, massive 
tissue injury, and transfusion therapy may result in a 
condition called adult respiratory distress syndrome 

A discussion of ARDS is beyond the 
scope of this chapter, and will be found in the TMM 
textbook Anesthesia and Critical Care. 

Table 9-2 gives the incidence of respiratory symp-
toms and findings compiled from two reports of un-
derwater- and air-blast 

Initial Yhysical hxamination and 

In general, a casualty who has pulmonary PBI will 
exhibit signs that may include tachypnea, hemoptysis, 
tachycardia, cyanosis, or an inability to carry on a 

Comprehensive emergency care is 
crucial. The first-echelon medical personnel will not  
have the opportunity or resources to examine the blast 
casualty definitively for PBI to the lungs. 

Casualties who have asphyxia, simple or 
tension pneumothorax, cyanosis and extreme 
dyspnea, upper-airway compromise, or 
hypotension from any cause should be placed in the 
immediate triage category. They should receive emer-
gency stabilization measures and be transported di-
rectly to the appropriate echelon of care as soon as 
possible. 

Casualties who ( a ) exhibit lesser degrees of respi-
ratory distress (such as a respiratory rate below 30 
breaths per minute), are able to carry on a conver-
sation, and are hemodynamically stable are in the 
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Pig. This chest roentgenogram of a soldier who was injured by a bomb blast shows bilateral infiltrates from pulmonary 
contusions. The patient survived without sequelae. 
Source: Wound Data and Munitions Effectiveness Team 
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Fig.9-3. The development and resolution of pulmonary injury in rodents that were exposed to sublethal blast can be measured 
by their lung weights. Most of the increase in lung weight is secondary to parenchymal hemorrhage. 
Source: 
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TABLE 9-2 

DISTRIBUTION OF PULMONARY SYMPTOMS 
AND CLINICAL FINDINGS IN SURVIVORS OF 
UNDERWATER AND AIR BLASTS, 

Clinical Symptoms and Findings 

Pulmonary symptoms 
Hemoptysis 55 

Dyspnea 38 

Chest Pain 22 

Pulmonary findings 
Parenchymal infiltrates 84 

Crackles 40 

Hemothorax 27 

Pneumomediastinum 27 

Pneumothorax 4 

*Hospitalizedsurvivors of major underwater blast 
and air blast 

**SeeTable for abdominal injury data from the 
same incidents. The percent total mortality from 
pulmonary and abdominal blast injuries was 16%. 

delayed triage category, and should be evacuated as 
soon as the emergency cases have been stabilized and 
evacuated. 

Initiation of Life Support 

Establishing an For blast casualties who 
are in pulinonary distress, the most crucial emergency 
measure is the establishment of a patent airway. In-
serting a simple oral or nasal airway may suffice, but 
casualties who have extreme respiratory embarrass-
ment should be intubated endotracheally to handle 
massive hemoptysis and in anticipation of mechanical 
ventilatory support. 

Inserting Chest Tubes. For either a tension 
pneumothorax or a simple pneumothorax that has no 
accompanying contusion or evidence of cardiovascu-
lar invulvement, tube is 

The Management of Pvirnary BInst Injury 

the definitive treatment. The air will be 
evacuated through the tube, allowing the lung to 
reinflate. This emergency measure may save the 
casualty's life. 

If the casualty has a a foamy 
mixtureofbothbloodand airwillbeevacuated through 
the tube, indicating that a pulmonary laceration exists. 
The amount of blood that is evacuated should be 
monitored, but hemothorax from blast is rarely severe 
enough to lead to hypotension. 

H y p o t e n s i o n  Volume Replacement .  
Hypotension in blast casualties can be ascribed to 
several different causes, including blood loss from 
secondaryblast injuries or other wounds, blood loss 
from a gastrointestinal hemorrhage or solid-organ 
rupture, the sequelae of air embolism, or vagal 
reflexes. A hypotensive casualty must quickly receive 
sufficient volume replacement to bring the pulse and 
blood pressure back within normal limits. However, 
blast casualties who have pulmonary injuries have an 
increased risk of pulinonary when they receive 
excessive volume replacement. 

Because the transudation of hypooncotic fluid is 
more likely in an injured lung, medical personnel 
should consider replacing the casualty's lost fluids 
with blood or a colloid solution rather than with a 
crystalloid Researchers found that 
the rapid infusion of large volumes of crystalloid 
lution in dogs that had unilateral lung contusions 
resulted in a greater impairment of gas exchange and 
an increase in the weight of the uninjured lung, as 
compared to infusions of smaller A Ger-
man study found less lung damage in pigs that were 

furosemide prior to blast exposure, implying 
that low pulmonary vascular pressures may offer some 
protection from intrapulmonary hemorrhage or edema 
after Chinese researchers reported less lung 
hemorrhage in hypovolemic dogs that had been acutely 
depleted of 40% of their blood volume before being 
exposed to a blast, although they did not mention 
mortality or the nature the resuscitation protocol 
after 

In casualties with combined burn and relatively 
mild pulmonary blast injuries, fluids can be replen-
ished according to standard infusion formulae for 
burn casualties. In Chinese experiments, dogs were 
given second-degree burns over 40% of their bodies 
and then were exposed to a large but sublethal 
To simulate evacuation time from the battlefield, re-
suscitation began 8 hours after injury. The animals 
were resuscitated by fluid infusions that were based 
on a formula of 0.5 ml of colloid and 1.0-1.5 ml of 
crystalloid per kilogram of body weight per percent of 

dug>' 1Ullg 
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injuries did not become any worse than what had 
expected from the blast effects alone. 

Evacuation 

Because changes in atmospheric pressure can seri-
ously affect casualties who have suffered respiratory 
barotrauma, blast casualties have special needs during 
aeromedical evacuation. 

Oxygen Adequacy. Oxygenation problems at air 
level will be worse at higher altitudes. Both the 
casualty‘s level of arterial oxygen and a 
ocrit below 30% are other indicators of evacuation risk. 
If the level is below 60 mm Hg, the casualty’s 
amount of dissolved oxygen may be too low to allow 
safe evacuation. Medical personnel should be aware, 
however, that casualties may have dangerously low 
levels of arterial even at sea level without showing 
tachypnea, cyanosis, or other clinical signs of hypoxia. 
This dangerous situation can become even more so at 
35,000 whcrc aircraft cabin is pressurized to 
the equivalent of 8,000feet and the casualty’s alveolar 
air may be one-third less than it was at sea level. 

If the casualty develops a respiratory emergency 
during the evacuation, medical personnel should opt 
for endotracheal intubation, which is safer, quicker, 
and more easily tolerated by the casualty than a 
tracheostomy would be. If an endotracheal tube is 
used promptly, a later tracheostomy may be unneces-
sary. 

Cure. patients whu have 
chest tubes should not be evacuated by air with the 
tubes in place, nor should they be evacuated within 72 
hours after remnval of the tube. 

A chest roentgenogram must demonstrate the 
absence of pneumothorax just before the casualty is 

However, blast casualties who have 
pneumothorax must sometimes be evacuated quickly 
from the battlefield. Because these casualties have a 
high risk of tension pneumothorax with subsequent 
cardiovascular collapse, they should receive a tube 
thoracostomy before being transported-especially if 
evacuation is by air, regardless of the altitude and 
distance of the flight. The chest may bc in 
position during evacuation but should be equipped 
with functioning valves (such as the Heimlich valve). 
The aircraft should be pressurized to ground level if 
such casualties will be aboard. 

Casualties who require mechanical-ventilatory 
assistance should not be evacuated by air. 

Definitive Physical Examination 

Becausepulmonary may 

threaten the casualty’s ability to breathe, first-echelon 
medical personnel will have automatically addressed 
many of the more serious manifestations of PBI simply 
by stabilizing the casualty. Second-echelon medical 
personnel will be able to give the blast casualty a 
thorough physical examination and should be able to 
make a directive diagnosis. Examiners should be 
particularly alert to sentinel injuries that may indicate 
more serious covert trauma, as well as to those casu-
alties who may be relatively asymptomatic but are at 
risk for signs of PBI. 

The medical officer should exam-
ine the casualty’s hypopharynx for petechiae or 
ecchymoses around the larynx, vocal cords, or other 
hypopharyngeal structures. These small hemorrhages 
may be associated with significant PBI to the 

Lungs. Of the organs in the thorax and the abdo-
men, the lungs are the most vulnerable to PBI, and the 
examining physician should focus attention on them. 
The signs of pulmonary PBI are virtually identical to 
those of pulmonary iiljui-ies Lhal chest 
trauma in motor-vehicle accidents, except that they 
rarely include rib fractures or aortic and cardiac 

The contused lung will present as a unilateral or 
bilateral alveolar-filling defect, similar to a pneumonia 
(Figure9-2). The medical officer may find dullness to 
percussion in the presence of crackles or rales. 
Tachypnea is a common finding; in one study, the 
average respiratory rate of four patients who had blast 
lung was 30 breaths per The casualty may 
also be cyanotic. 

If thecontused lung islacerated, then a hemothorax 
may develop, exhibiting unilateral dccrcclsc in brcnth 
sounds and dullness to percussion. 

A casualty who has developed a pneumothorax 
that has not yet been treated may exhibit some of the 
following signs: tracheal deviation from the mid-
line, increased resonance on the side of collapse 
when the chest is percussed, diminished breath 
sounds on the side the collapsed lung, a 
retrosternal crunching from a pneumomediastinum, 
and subcutaneous crepitation, which the examiner 
willnoteas a crackling sensation beneath 
skin when palpated. If the pneumothorax has pro-
gressed into a tension pneumothorax, a shift of the 
cervical trachea from the midline will indicate that the 
mediastinal contents have shifted away from the side 
of collapse. 

Occasionally, the blast casualty’s abdominal com-
plaints may distract the examining physician’s atten-
tion from the presence of For example, 
only three of twenty-seven survivors who had gastro-
intestinal detonation 
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scntcd with overt respiratory distress, but nineteen 
were ultimately found to have significant pulmonary 

In World War naval surgeons sug-
gested that lung damage might be the source of dis-
comfort in an underwater-blast casualty whose pain 
was limited to the upper-abdominal 

Diagnostic Screening Procedures 

Radiographsare the most useful diagnostic screens 
casualties with PDI, objective 

measure of respiratory function (such as an arterial 
blood gas or oximetry) is important. Routine labora-
tory studies, hnwever, are he in 
either diagnosing or gauging the severity of PBI. 

Roentgenography. Because it often reveals a more 
significant injury than was clinically suspected, a 
roentgenogram should be taken of any blast casualty 
regardless of Routine roentgenographic 
examinations should include images of both the chest 
and abdomen, and should be examined carefully for 
evidence of barotrauma, which will complicate further 
aeromedical evacuation, mechanical ventilation, and 
any that requires general anesthesia. 

The progression of pulmonary contusion can be 
tracked by radiographic studies. In uncomplicated 
PBI, this injury develops quickly. For example, roent-
genographic abnormalities were evident in eleven of 
twelve caseswithin 9 hours in one series, and within 4 
hours of exposure in all five patients of another 
In the absence of complications, the roentgenogram 
should be stable after a day and should improve 
gradually over the course of about a Ra-

t 48 suggests another 
process, such as infection or posttraumatic respiratory 
distress 

When pneumothorax is suspected, a chest roent-
genogram should be taken immediately. If the casu-
alty exhibits cardiovascular compromise and a tension 
pneumothorax is suspected, however, an emergency 
tube thoracostomy has a higher priority than a chest 
roentgenogram. 

The chest film will obviously give the greatest 
information on lung injury, but it may also show 
free air under the diaphragm (called 
from the rupture of hollow viscera or a long lucent 
strip to the left of the trachea that may be the result of 
air extravasated from the Interstitial 
emphysema appears on a roentgenogram as long lin-
ear peribronchial lucencies. 

The presence of extensive subcutaneous emphy-
sema may make it difficult for the physician to appre-
ciate underlying parenchymal injury, just as pulmo-
nary contusion may make it difficult to identify inter-

The Management Primary Blast 

stitial Conversely, extrapleural air may be diffi-
cult to recognize in roentgenograms against the 
background of parenchymal hemorrhage and subcu-
taneous and interstitial emphysema (Figure 

Computed Axial Tomography. A CAT scan may 
reveal lung injuries that were not apparent on the plain 
roentgenographic It is the most accurate tech-
nique for evaluating the lung parenchyma and pleural 
space (Figures and more so than 
the magnetic resonance imager is much 
more likely to be available for combat-casualty care. 

A CAT scan can also be used to quantitate the 
extent of injury based on the amount of parenchyma 

study, for example, all blunt-trauma 
patients whose CAT scans revealed that more than 
28% of their lungs were involved with hemorrhage 
required ventilatory Those who had 45% 
involvement required mechanical ventilation for an 
average of 7 days. No patient with less than 18% 
involvement required a ventilator. 

Stabilization and Life Support 

Oxygen monitoring and assisted-ventilation mea-
sures that were beyond the scope of first-echelon 
medical personnel can be initiated at a higher echelon. 

Restoring OxygenAdequacy. Even though symp-
toms of circulatory, respiratory, or neurological dys-
function may not appear immediately, the blast casu-
alty is in a state of relative distress and will need 
increased oxygen. adequacy of oxygenation should 
be evaluated on clinical grounds (Figure and with 
the direct measurement of arterial oxygen saturation 
by meansof either (a)pulse oximetry or arterialblood 
gases. 

Pulse oximetry (available at the third echelon) is a 
technique whereby the percentage of oxygenated he-
moglobin is noninvasively monitored by infrared 
lectometry of the vascular bed in the ear or in a finger. 
Ideally, pulse oximetry should be continuously moni-
tored in a seriously injured casualty. 

An analysis of arterial blood gases reveals the 
levels of oxygen and carbon dioxide in the blood, and 
thus gives the medical officer important 
on respiratory sufficiency and acid-base status. In 
general, a blast casualty with uncomplicated PBI can 
be expected to have a level of arterial that is 
normal (35-40 mm Hg) or low (hypocarbia). 
Hypercarbia suggests that something other than PBI 
may be limiting spontaneous ventilation. For ex-
ample, the casualty may have muscular or mechanical 
problems, such as flail chest, muscle weakness 
from chemical agents or metabolic derangements, 
airway compromise, or diaphragm rupture. 
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Fig. 9-4. A chest roentgenogram of a patient in the supine position who had blunt thoracoabdominal trauma shows a patchy 
left infiltrate consistent with pulmonary contusion but shows no evidence of barotrauma. 
Source: With permission from reference36 
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Fig. 9-5. CAT scan of the same lungs shown in Figure not only reveals the air-space consolidation of pulmonary 
hemorrhage, but also shows unsuspected bilateral pneumothoraces. Arrows indicate the visceral pleural surfaces. 
Source: With permission from reference36 

Fig. This CAT scan of a blast casualty's thorax shows extensive subcutaneous emphysema that may obscure intrathoracic 
findings in a more routine roentgenographic evaluation. 
Source: With permission from reference 25 
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Fig. This image reveals bilateral pneumothoraces, pneumomediastinum, and extensive parenchymal consolidation 
consistent with pulmonary contusion and hemorrhage. 
Source: With permission from reference25 

other cause of hypercarbia may be an impairment of 
the casualty’s central ventilatory drive, which may be 
due to a central nervous system injury from direct 
trauma, air embolism, or excessive use of analgesic 
narcotics. 

Studies on animals have yielded important infor-
mation on the sequence of ventilation and oxygenation 

less than 40 mm 
These animal studies also found that the magni-

tude of (an index of oxygen efficiency that 
measures the amount of blood passing through the 
lungs without being oxygenated) was directly related 
to the degree of lung hemorrhage (Figure Al-
though there may be an improvement within 24-48 

problems that result from PBI. In studies with hours, a measurable decrement in pulmonary gas ex-
the animals rapidly became and 

poxemic after they were injured by blast. Their imme-
diate response to blast trauma was apnea, which lasted 
30-120 The apnea was often accompanied 
by bradycardia; in animals, both of thcsc rcsponscs can 
be ablated by Within minutes of the in-
jury, the animals’ respiratory rate increased greatly 
over the baseline value, and-although tidal volume 
(the average volume of gas inspired with each breath) 
was decreased-theminute volume (the mean volume 
of inspired gas per minute) was The in-
crease in the central ventilatory drive may have been 
caused by either pain or pulmonary mechanoreceptors, 
and it resulted not only in an increase in oxygen 
consumption, but also in a decrease in the level of 
arterial For example, twenty-seven of 
nine sheep that had pure PBI but were not in 
hypovolemic shock had arterial levels that were 

change may last for weeks. 
The animals’ cardiovascular responses to blast 

were less dramatic. For example, within a few hours of 
injury, cardiac output in dogs increased only about 
15%becauseof anincreaseinboth heart stroke 

These changes returned to a near-baseline 
level within 24 hours. 

The limited data on human trauma victims cor-
roborate the animal experiments. In one report, all five 
blast casualties were both hypoxemic and hypocarbic, 
even though they had received supplemental 
In an Israeli report of an explosion on a bus, three 
patients with simple contusions had values of 26, 
27, and 38 mm Hg, whereas two victims with 
wall injuries were hypercarbic and had values of 
46 and 63 mm 

Mechanical Ventilation. Somecasualties who have 
pulmonary contusions will require endotracheal 
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BLAST EXPOSURE 

Initial Trauma Resuscitation 

Evaluation for Respiratory Distress 

PULMONARY LACERATION IS PRESENT 
I f  

then diagnosis is 

Support tissue oxygenation with 
supplemental oxygen and CPAP 

Ventilatory failure indicated 
by 

SECURE 

Tube Thoracostomy 

FLAIL CHEST Chest Roentgenogram 
External 

I f  possible 

Tube Thoracostomy 
Evaluate for Hemothorax 

See Figure 9-15 

See Figure 9-10 

DIAGNOSIS BY EXCLUSION: NONSPECIFIC RESPIRATORY FAILURE 
Conventional Oxygenation and Ventilatory Support Needed 

1Provide Mechanical Ventilation 
Anticipate high risk of 

pneumothorax 

Keep airway pressure low 

9 8. Algorithm for thc cvaluation of a blast casualty’s rcspiratory distrcss 
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of Pressure on Venous-Arterial Shunt 
and Arterial Oxygen Teneion in the Sheep. 

Fig. 9-9. These graphs illustrate the magnitude and resolution of arterial oxygenation and shunting in sheep that were exposed 
to a large but sublethal blast. In the top graph, is the shunt fraction or venous admixture. In the bottom graph, the 
preblast is consistent with normal function at the test-site altitude of 1,640 m. 
Source: Reference 33 
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intubation and mechanical ventilation. Ventilatory 
assistance with a modern positive-pressure ventilator 
can make the work of breathing less strenuous for 
the casualty, correct hypercarbia, and improve 
oxygenation. 

Mechanical ventilation is not without risk for the 
blast casualty. For example, casualties who receive 
positive-pressure ventilatory support are at a much 
higher risk for developing tension pneumothorax than 
spontaneously breathing casualties are. This is a di-
sastrous complication, and some authors have sug-
gested that bilateral prophylactic chest tubes be placed 
in all blast victims who receive mechanical 

In addition, mechanical ventilatory support 
tends to encourage the production of air emboli from 
injured lungs. 

In spite of 
not be withheld in cases of respiratory insufficiency. 
Instead, the medical officer must take prudent steps to 
minimize the risks of air embolism and additional 
barotrauma. For cxamplc, casualty who is hy 
poxemic but not hypercarbic can be treated with 
supplemental oxygen or the application of continuous 
positive airway pressure with an endotracheal tube or 
a face When positive-pressure ventilatory 
support is used, the medical officer should choose 
parameters for tidal volume, respiratory rate, and 
inspiratory-flow rate that will minimize the peak air-
way pressure during machine-delivered breaths. 
frequency jet ventilation may also be useful in lower-
ing way Medical should 
every effort to keep the airway pressure low and to 
promote good bronchial hygiene by ( a )  using 

the  
casualty’s body position Ideally, the ca-
sualty should be constantly monitored, especially in 
the intensive-care ward and the operating room. 

Extracorporeal membrane oxygenation, a 
perfusion system that actually takes the place of the 
injured lung for a time, was used in one heroic but 
unsuccessful attempt to save an Israeli blast casualty 
who suffered from both respiratory failure and air 

However, this method is unlikely to be useful 

Management of Primary Blast Injury 

in a mass-casualty situation because it requires 
massive logistical support, and the patient must 
receive anticoagulants. 

Treatment 

The treatment of pulmonary blast injury focuses 
on correcting the effects of barotrauma and supporting 
gas exchange. 

Pulmonary Contusion. Although many simple 
pulmonary contusions will begin to resolve within 
48 hours, some patients will need assistance from 
mechanical ventilation for several days until they have 
adequate gas exchange and can resume spontaneous 
respiration. 

Most hemorrhages in the airway will subside 
within a day or two as well. However, if brisk 
hemoptysis persists or if refractory lobar atelectasis is 
noted, fiberoptic bronchoscopy should be used to in-
spect the major airways. For example, in a study of 

patients who had blunt chest injuries, 
eight had abnormal The findings 
commonly included unappreciated bronchial fractures 
and lacerations. Continued hemoptysis without such 
a proximal lesion may indicate a persistent hemorrhage 
from a pulmonary contusion or laceration. 

Pulmonary lacerations may require both ventila-
tory support and pleural drainage. A small hemothorax 
will generally resolve on its own, but surgeons will 
drain large collections of blood in the pleural space to 
pi-event late complications of and 
fibrothorax. If the casualty continues to lose blood 
from a hemothorax, the medical officer should con-

d tinn . 
A tube thoracostomy is the defini-

tive treatment for pneumothorax. If the casualty has 
evidence of an accompanying pulmonary contusion, 
supplemental oxygen may also be required. 

Pneumomediastinum and Subcutaneous Emphy-
sema. By themselves, these injuries are not particu-
larly hazardous to the blast casualty. However, they 
should prompt the medical officer to be alert to the 
casualty’s increased risk of pneumothorax. 

AIR EMBOLISM IN PRIMARY BLAST INJURY 

Air emboli may be liberated from the lacerated 
lung into the arterial circulation, where they may cause 
occlusions-often with disastrous results. Any organ 
may be affected by a local vascular obstruction, but the 
casualty may suffer (a)a cerebrovascular accident when 
cerebral vessels are occluded, or a myocardial 
infarction coronary vcsscls arc Air 

emboli cause most of those deaths that occur within an 
hour of the blast incident. 

Initial Physical Examination and Triage 

Air emboli may be produced very soon after blast 
injury, and clinical prcscntation dcpcnds upon 
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which vascular bed has been compromised (Table9-3). 
Medical personnel should note the following signs 
and symptoms: 

Does the casualty ( a )  complain of headaches 
or exhibit seizures, changes in mental 
status, transient blindness, vestibular 
disturbances, focal neurological deficits, or 
coma? These symptoms and signs indicate 
that the central nervous system has been 
affected (Figure 9-1 

Is casualty hypotcnsion or 
other obvious indicators of cardiac distress, 
such as dysrhythmia, hypotension, or frank 
ischemic 

In addition to other symptoms, does the 
casualty exhibit signs of pulmonary contu-
sion? 

The signs of air embolism develop so early that 
major manifestations are likely to be evident at the 
initial first-echelon triage, and so medical personnel 
should evaluate casualty according to 
(rather than potential) indications. Only casualties 
who exhibit clinical evidence of pulmonary contusion 
will he a t  risk air embolism. 

Initiation of Life Support 

The blast casualty should receive life support 
measures according to the signs he or she exhibits. 
Following standard procedures, medical personnel 
should respond to a blast casualty’s respiratory diffi-
culties by making sure that the casualty has a patent 
airway. Chest tubes should be inserted as warranted 
to relieve pneumothorax. 

As soon as it is available, oxygen should be admin-
istered in order to (a) support gas exchange in the in-
jured lung, and help the tissues to absorb air emboli, 
a process that occurs faster when the bubbles contain 
a higher-than-normal proportion of oxygen rather than 
a predominance of nitrogen. Tissue oxygenation (and 
hence oxygen reserve) will also be increased. 

Air emboli can cause myocardial infarction, and 
casualties may be hypotensive from this catastrophe as 
well as from any blood loss might suffcrcd. 
They will require rapid but cautious volume replace-
ment. Medical personnel should be aware that casual-
ties who have extensive pulmonary contusion are at 
risk for further impairment of lung function if intrave-
nous fluid resuscitation is On the other 
hand, because lower vascular pressures the 
movement of air from the alveoli into the pulmonary 
vessels, casualties who do not receive volume replace-
ment will have intravascular volume depletion that 
may prcdisposc to air 
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TABLE 9 3 

CLINICAL SIGNS AND SYMPTOMS 
OF ARTERIAL AIR EMBOLISM 

Signs 

Air in retinal vessels 
Arrythmias or cardiac ischemia 
Focal neurological deficits 

reticularis 
Tongue blanching 

Blindness 
Chest pain 
Focal neurological deficits 
Loss of consciousness 
Vestibular disturbances 

Evacuation 

As soon as they find the casualty at the blast site, 
medical personnel can begin to limit air-embolism 
damage by positioning the casualty’s body appro-
priately, and ensuring that the casualty is evacu-
ated by litter. 

Air emboli in the arterial circulation tend to flow 
upward in the body and to travel to organs that require 
a large blood Thus, the position of the 
casualty’s body may the site of embolism dam-
age. Unless the casualty has a right-lung injury that is 
obviously more severe than an injury to the left lung, 
he or she should be kept recumbent in the left-lateral 
decubitus position with the head An upright 
posture will direct bubbles to the brain, and the 
Trendelenburg position may predispose the coronary 
arteries to air-embolism 

If is more severely affected than the other, 
however, the damaged lung should be in the dependent 
position.’ Throughout the lung, alveolar 
pressures will be lower than vascular pressures. Al-
though this may worsen gas exchange, it will also 
decrease the risk that air emboli will enter the pul-
monary veins. 

Stabilization and Life Support 

Medical officers who utilize mechanical ventila-
tion must be aware that it can increase the risk of lethal 

blast Must 



The Management of Primary Blast Injury 

BLAST EXPOSURE 


Evaluation for Head Injury and Arterial Air Embolism 

Diminished Level of Consciousness 
or 

Focal Neurological Deficits 

Symptomatic Treatment of Seizures 
Supportive Mechanical Ventilation As Needed, Keeping Airway Pressures Low 

External Evidence of 
Closed Head Injury of Head Injury Open Head Wound 

I I I 

Neurosurgical Evaluation 

Treatment 

Evidence of Direct Trauma Roentgenogram Evidence of Air 
CAT Scan 

Negatire Er,alirnlion 

Treat 

Definitive Therapy 
in 

Cardiac Ischemia 
Retinal Air Emboli 

of 
Ruptured Eardrums 

Pulmonary Confusion 

Fig. 9 10. Algorithm for the evaluation of neurological abnormalities in a blast 
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probably occur within the first 2 hours after the blast 
exposure, particularly if mechanical ventilation is ini-
tiated soon after the injury. In a series of experiments, 
for example, three groups of dogs received intermit-
tent positive-pressure respiration (a)immediately, 
4 hours after a severe blast injury, or not at all (Fig-
ure Those animals that were ventilated imme-
diately after injury had an 80%mortality, with arterial 
air emboli found at autopsy in three of ten dogs. The 
dogs in the second group were treated for 4 hours in a 

chamber and were then mechanically ven-
tilated for 1 hour. This delayed group had only a 50% 
mortality and no emboli were detected at autopsy. The 
control group that received no intervention had a 60% 
mortality, with one of ten animals exhibiting air emboli 
at autopsy. 

When the lungs are stressed by mechanical venti-
lation, air emboli can continue to be produced for 
hours or even days after blast exposure. For example, 
an autopsy on an Israeli soldier who had received 
mcchanical vcntilation rcvcalcd ccrcbral vcsscl air 
emboli 60 hours after the Emboli can occur in 
animals hours after blast exposure once 
sure ventilation is initiated (Figure In an ex-
periment with dogs that were subjected to a penetrat-
ing wound in the chest, for example, the production of 
air emboli was more extensive if the animals were 
hypovolemic or if high gas pressures were used to 
expand their lungs.' Even if mechanical ventilation is 
initiated later, the high airway pressures associated 

pusitive-pressure 
injured lung to the later reopening of alveolovenous 

For example, two patients withnontraumatic 
developed repeated evidence of systemic emboli, 

which included cerebral infarction, myocardial injury, 
and cutaneous 

The age of the casualty may affect the production 
of air emboli as a result of mechanical ventilation. For 
example, arterial air embolism is a well-recognized 
complication of mechanical ventilation in the 
perhaps because of the decreased adherence of 
peribronchial tissue planes in It is less 
common in older patients on ventilators, despite the 
common occurrcncc of forms of barotrauma in 
adults. 

Definitive Physical Examination 

Air embolism is recognized primarily from its 
effects on specific organs. For example, the physician 
who examines a blast casualty would recognize the 
cardiac, cerebral, or other distress that resulted from 
the air embolism, rather than the embolism itself. One 
cxccption might bc prcscncc of rctinal artcry air 

emboli, which have been described as "streaming 
bubbles or pale silvery sections representing columns 
of air or, indirectly or later, as pallor of the retina" 
(Figure 

Severe or progressive neurological deficits in a 
casualty who has evidence of PBI should prompt early 
consideration of hyperbaric therapy (Figure 9-10). 

Emboli to the superficial vasculature may cause 
facial blanching (with later reactive edema), tongue 
blanching, or reficularis (a bluish 
terned discoloration of the 

Diagnostic Screening Procedures 

Laboratory or roentgenographic studies will not 
be very helpful in diagnosing arterial air emboli. For 
example, the chest roentgenogram may show some 
evidence of PBI. But even though pulmonary damage 
is a sensitive indicator of air embolism (that is, it is 
always present when emboli are created), it is not 
prcdictivcof embolism. Similarly, electrocardiographic 
monitoring may reveal ischemic changes or rhythm 
disturbances, but both are nonspecific. A CAT scan of 
the head may show such a study 
is time consuming and should not be done if the 
diagnosis is clinically sound and definitive hyperbaric 
treatment is available. 

When medical officers evaluate a blast casualty 
who has impaired consciousness or a focal neurologi-
cal deficit, one of the most important differentiations 

is cerebral vessel air 
embolization and closed head injury with cerebral 
contusion (Figure 9-10). In terrorist bombings, for 
example, hoth closed and open blunt traumas to the 
head are common and are much more likely to be the 
cause of alterations of consciousness than PBI is. 
However, if the blast occurred under water or as the 
result of special military ordnance, then air embolism 
becomes a more likely 

Treatment of Air Emboli 

Air emboli that escape from the lacerated lung into 
arterial circulation may hnvc thc grcatcst cffcct on 

mortality They are treated either definitively 
with hyperbaric therapy or in a less specific supportive 
manner for clinical manifestations. 

Hyperbaric-Chamber Treatment. Treatment in a 
hyperbaric chamber is the definitive therapy for ar-
terial air An increase in ambient pres-
sure will decrease the size of the emboli and promote 
their rapid absorption. The higher partial pressure of 
oxygen that occurs even without oxygen enrichment 
of atmosphcrc may also play a in improving 
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Fig. 9-11. The graph illustrates the mortality following blast injury for that  received immediate intermittent 
positive-pressure respiration IPPR after a 4-hour delay in a hyperbaric chamber or no specific 
treatment at all -- Mortality was greatest with artificial ventilation and was both delayed and lessened by hyperbaric 
therapy. 
Source: Reference 46 

Fig. 9-12. This photograph of the of a sheep that was exposed to intense blast shows air in the retinal artery. 
19 
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tissue oxygenation by increasing the amount of 
oxygen that is carried dissolved in blood and the 
gradient for diffusion from blood to tissue. The imme-
diate reduction in bubble size, which is dictated by 
Boyle's law, may be responsible for the rapid response 
to therapy that has been observed in some 

A series of animal experiments demonstrated the 
effectiveness of hyperbaric therapy in treating PBI 
(Figure When hyperbaric therapy was main-
tained for 29 hours, the blast mortality was reduced 
from 60% to 0%. The same result was reported for 
hyperoxic therapy at relatively low pressures (15 psi 
above ambient pressure) and a normoxic environ-
ment at higher pressures psi above ambient pres-
sure). When pressurization was limited to just 4 hours, 
deaths were delayed but not prevented. Supplemental 
oxygen did not improve survival in these studies, but 
could delay mortality. 

The data on the effectiveness of hyperbaric therapy 
for human arterial embolism are scanty. Most such 
interventiuna place after blast 
and had little effect on As demonstrated 
by animal studies, hyperbaric treatment must begin as 
soon as possible after blast After ten of 
thirteen swimmers died from a single 
blast event, Israeli military physicians advocated the 
development of helicopter-transportable monoplace 
compression chambers so that therapy could begin at 
the site of 

Protocols for hyperbaric therapy have been devel-
oped by the Navy for the treatment of decompres-
sion sickness (commonly known as the bends) and gas 

They seem to provide a reasonable 
guidclinc for trcatmcnt of blast induccd artcrial air 

The protocol for the treatment of gas 
embolism calls for compression to 6atmospheres 
with an air environment. (The initial air environment 
reduces the risk of oxygen toxicity.) The patient's 
tolerance of embolic symptoms, which may recur as 
the chamber's pressure is lowered, guides the rate of 
decompression. When the pressure has been brought 

theairenvironment should be changed 
to 100%oxygen and the rate of decompression should 

be determined by the medical officer's clinical 
judgment. 

Hyperoric hyperbaric therapy is not without po-
tential The elevated pressure may 
cause pain in ears or sinuses. More importantly, 
extremely high oxygen concentrations can cause both 
acute and delayed effects. Symptoms of acute oxygen 
toxicity include retrosternal burning, muscle 
lations, paresthesias, and dizziness that may progress 
to seizures. In the lungs, the very high oxygen concen-
tration may cause serious (but delayed) oxidation 
damage to the alveolocapillary membrane that may 
aggravate the patient's pulmonary injury. high 
concentration of oxygen can also pose some risk for 
medical attendants, so the prescribed protocol should 
be strictly followed. 

Most hyperbaric chambers are relatively large and 
can accommodate the patient and medical attendants. 
Smaller monoplace chambers, which can be pressur-
ized to about 3 atm, are also available. They offer 
extremely limited access to the patient and make no 
provision for sophisticated medical care or mechanical 

The locations of hyperbaric chambers in the United 
States can be obtained from the Undersea Hyperbaric 
Medical Society In locales, medical socie-
ties in host countries or naval medical-liaison groups 
should be able to provide similar information. 

Nonspeci f ic  Treatments f o r  Air -Embol ism 
The sequelae of air embolism should be 

treated as if they had arisen from any impairment in 
the vascular supply. Such treatments are generally 
nonspecific and supportive. 

Cerebral insults may respond to nonspecific thera-
pies that reduce cerebral edema, such as intravenous 

(10 mg bolus by four 
times daily) or 

Cardiac-rhythm disturbances should be treated 
with antidysrhythmics. Significant cardiac ischemia 
should be treated with nitrates, calcium channel 
blockers, or beta-adrenergic antagonists to reduce 
myocardial oxygen demand. 

Arterial air emboli that are produced during car-
diopulmonary-bypass surgery have been successfully 
treated with hypothermia, corticosteroids, and barbi-
turate sedation, although such an elaborate support 
system is unlikely to be available on a battlefield." 

PRIMARY BLAST INJURY TO THE GASTROINTESTINAL TRACT 

An injury to the gastrointestinal tract is often over- the air emboli that result from them. However, gas-
shadowed by the more immediately life-threatening trointestinal damage may be the most dramatic injury 
pulmonary contusions and lacerations, as well as by at the time of presentation. It may also determine the 
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Fig. 9-13. These graphs illustrate the mortality of blast-injured rabbits that were treated with two long-duration hyperbaric 
protocols. Mortality was 0%for both higher-pressure normoxic therapy (a) and lower-pressure hyperoxic treatment (b). 
Source: Reference 56 

317 



- 

Conventional Warfare: Ballistic, Blast, and Burn Injuries 

morbidity of those casualties who survive the first few 
hours after an exposure to blast. Many of these ab-
dominal injuries will require surgical intervention. 

Like injuries to the lungs, the most common pri-
mary blast lesions of the gastrointestinal tract are 
found in the air-containing organs. These lesions 
commonly include hematomas and perforations of 
the bowel, hematomas and tears of the mesentery, 
and ruptures of the hollow abdominal viscera. 

Retroperitoneal hemorrhage and damage to the 
solid abdominal organs are much less they 
are more likely to be secondary blast injuries from 
fragments, or tertiary blast injuries from bodily dis-
placement Siihrapsiilar hprnnrrhagp in 
spleen, or kidneys is the most common of these inju-
ries; very rarely, the force of the blast will fracture one 
of these solid 

Blast casualties with gastrointestinal PBI may ex-
perience symptoms that include abdominal pain, nau-
sea, testicular pain, an electric-shock sensation, 
mus, or a temporary loss of motor control in the 

Casualties who have pure to the gastrointesti-
nal tract are most likely to have been injured in an  
underwater blast (Figure 9-14). 

Cecum 

Ascending Colon 

Initial Physical Examination and Triage 

The physical examination of a casualty with ab-
dominal blast injuries will reveal signs that are similar 
to those found in blunt abdominal trauma from any 
cause, except that injury to the solid viscera will be 
much less common (Table 9-4). 

Casualties with abdominal PBI may vomit; a few 
may even exhibit hematemesis. They may also have 
signs of peritoneal irritation such as guarding (volun-
tary or involuntary) or rebound tenderness. Bowel 
sounds may be absent. Bright-red rectal bleeding may 
occur later. 

Patients who have unimpressive abdominal com-
plaints may temporarily improve, only to develop an 
abdominal crisis days or even weeks A soldier 
who has suffered a significant blast injury and has 
abdominal complaints should be observed for at least 
1week before being returned to full duty. 

Any casualty who is in shock or is hypotensive 
should receive volume replacement. A blast casualty 
in shock may also require emergency exploratory 
laparotomy to control internal bleeding, and should 
be placed in the immediate triage category if he or she 
is unresponsive to the initial volume replacement. 

1 

4T 
Transverse Colon 9 

1Descending Colon 

9Sigmoid 

3 

0(Small 
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Fig. 9-14. This graph shows the locations of gastrointestinal injuries found at laparotomy in survivors of a large underwa-

ter explosion. Three of thirty-two casualties had rectal injuries. 


Kedrawn with permission reference 
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TABLE 9-4 

CLINICAL SIGNS AND SYMPTOMS 
OF PRIMARY BLAST INJURY OF 
THE ABDOMEN 

Signs 

Absent bowel sounds 
Bright red blood from rectum 
Hypotension 
Involuntary guarding 
R nd tenderness 

Symptoms 

Abdominal pain 

Nausea and vomiting 

Orthostasis or syncope 

Testicular pain 


If their blood-pressure levels are within normal 
ranges, blast casualties should be placed in the delayed 
triage category. 

Initiation of Life Support 

Some casualties with PBI may be hypotensive 
because of blood loss from an abdominal hemorrhage 
or solid Secondary blast injuries or 
other wounds may also cause hypotension. 

The hypotension associated with PBI may be 
multifactorial, with contributions from (a) loss of 
vascular volume, most commonly because of an ab-
dominal hemorrhage or solid-organ blast fracture, 
bradycardia with or without vasodilation, or 
myocardial ischemia caused by arterial air 
If the casualty has a vagally associated bradycardia, 
then medical personnel can administer 0.5-1.0 of 
atropine parenterally. 

Initial volume resuscitation should be vigorously 
pursued according to standard guidelines to maintain 
an adequate pulse and blood pressure, but the casualty 
should not be overhydrated. Volume resuscitation 
should be guided by evidence of adequate tissue 
fusion, as assessed clinically by (a) blood pressure, 
urinary output, and mental status. 

In a complicated patient, invasive monitoring of 
central-venous or pulmonary-artery pressures may be 

in guiding replacement. 

The Management of Primary Blast Injury 

Evacuation 

Increased gas in the gastrointestinal tract, which 
can exacerbate abdominal injuries, can be minimized 
by nasogastric decompression. This procedure should 
be performed before the casualty is evacuated. 

Definitive Physical Examination 

The physical examination plays an important role 
in evaluating intraabdominal injury. Unequivocal 
signs of peritoneal irritation, particularly if the casu-
alty is hypotensive, require prompt surgical 
tinn will need will 
exhibit guarding and rebound tenderness, but these 
signs are not specific and may be found with lesser 
degrees of 

Casualties who have tenesmus or bright-red rectal 
bleeding should receive a flexible sigmoidoscopy at 
the first echelon where it is available, which will allow 
the physician to note rectal tears or 

Table 9-5 summarizes the incidence of abdominal 

TABLE 9-5 

DISTRIBUTION OF ABDOMINAL SYMPTOMS, 
SIGNS, AND CLINICAL FINDINGS IN 
SURVIVORSOF UNDERWATER AND AIR BLAST* 

Symptoms, Signs, 

and Findings Percentage** 


Abdominal symptoms 
Abdominal pain 73 

Nausea and vomiting 39 

Tenesmus 28 

Abdominal signs and findings 
Perforated bowel 67 

Isolated bowel 2 

Solid visceral injury 2 

*Hospitalizedsurvivors of major underwater blast 
and air blast 

**SeeTable 9-2 for pulmonary injury data from the 
same incidents. The percent total mortality from 

W d >  16%. 
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symptomsand s i p s  in two series of patients who were 
injured predominantly by underwater 

The patient who is unconscious or who has a less 
clear-cut examination will present a diagnostic chal-
lenge (Figure 9-15). Military medical officers may find 
more information on diagnostic evaluations in the 
extensive civilian literature abdominal trauma. 

Diagnostic Screening Procedures 

Serial hemoglobin determinations are essential if 
the patient might have suffered an intraabdominal 
blood loss. However, routinely available 
chemistry and enzyme studies (such as serum 
transaminases, lactate dehydrogenase, creatine kinase, 
and alkaline phosphatase) failed to correlate with ei-
ther the presence or the degree of gut involvement in 
animals that were injured by blast." 

Although routine laboratory screens may not be 
helpful in evaluating the stable patient who has PBI to 

abdomen, diagnostic is a 
useful procedure. 

If abdominal-trauma patients are unstable, medi-
cal officers should forego detailed radiologic studies in 
favor of obtaining only a chest roentgenogram, and 
should instead perform prompt 

Diagnostic Peritoneal Lavage. DPL is an impor-
tant diagnostic test when abdominal trauma is sus-
pected in blast casualties. For example, in casualties 
from Northern Ireland's civil conflict, most of whom 

W d b  

dom necessary "except in closed injuries due to bomb 
A recent report of a jejunal transection and 

from a rocket-motor explosion 
noted that DPL was positive and useful in guiding 

The Nelson-Lazarus DPL technique is relatively 
simple and can be done in any emergency room or 
triage First, the casualty's bladder should be 
drained with a Foley catheter, the gastrointestinal tract 
should be decompressed with a nasogastric tube, and 
the abdominal skin should be prepped and draped. 
An area in themidline that is 2-3 cm below the umbilicus 
is infiltrated with xylocaine to provide anesthesia and 
epinephrine to reduce the chance of a false positive tap. 
Next, an 18-gauge needle is introduced into the peri-
toneal cavity at a angle towards the pelvis through 
a small stab wound. A J-wire guide is placed through 
the needle and a French lavage catheter is passed 
over the wire into the peritoneal space. If more than 10 
cc of nonclotting blood are aspirated, the DPL is positive 
and urgent laparotomy is indicated. If the aspirate is 
negative, a liter of normal saline is introduced through 

allowed 

More than 100,000erythrocytes or 500 leukocytes per 
cc of effluent are considered a positive lavage. If the 
effluent contains any bacteria, bile, or vegetable fibers, 
it is also considered positive." In equivocal cases, the 
catheter may be left in place for several hours so that 
serial lavages can be 

A positive DPL is not absolutely specific for major 
abdominal injury. In a review of blunt-trauma inju-
ries, 6%-25%of laparotomies done for a positive DPL 
were unnecessary because surgically correctable ab-
normalities wcrc absent.hH On the other hand, the 
sensitivity of DPL is said to be as high as 100% for blunt 
abdominal The complication rate in ex-
perienced hands is less than 1%:if error occurs, inad-
vertent bowel aspiration is the most 

A major drawback of DPL is its insensitivity to 
retroperitoneal damage and mesenteric 

DPL may also fail to detect 
injuries of the liver or 

Gastrointestinal Imaging. Radiographic imaging 
of the blast casualty's isan 
the evaluation. The skill with which it is performed 
and interpreted is 

Noncontrast abdominal roentgenograms may 
show extraluminal air in about 50% of perforations 
from blunt They may also show secondary 
signs of intraabdominal injury, such as ileus or lumbar 
scoliosis." Because less than 800 cc of intraperitoneal 
fluid cannot be reliably detected on noncontrast roent-
genograms, these studies are inherently limited in 
detecting free peritoneal 

Of the noninvasive imaging procedures, CAT scans 
and sonograms seem to have the most The 
CAT is likely to be most useful in a patient who is 
stable enough to permit detailed evaluation."Signs of 
serious injury that may appear on a CAT scan include 
(a) extraluminal gas or contrast (Figure 9-16), 
hernoperitoneum (Figure 9-1 a hypodense accu-
mulation of peritoneal fluid, possibly including bowel 
contents, and bowel-wall hematomas greater than 
3 mm in diameter, especially when associated with 
large fluid collections." 

Abdominal CAT scans should be done with both 
an oral contrast bolus and an intravenous contrast 

All electrocardiogram leads and other 
external paraphernalia that might cause artifact should 
be removed. After the stomach is emptied through a 
nasogastric tube, 2,300 ml of 1 radiocontrast material 
should be instilled and the gastric tube should be 
withdrawn into the distal esophagus. The entire abdo-
men should be scanned, and cuts should be made 
through the chest as well. If a CAT scan or 
is to be done, it must precede any attempt at DPL 
because the may lcavcboth fluid airbehind 
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Status of Casualty 

Abdominal Signs and Symptoms 

Observe 

Abdominal Signs and Symptoms 

Evaluation for Abdominal Injury 

Conscious Unconscious 

Consider abdominal CAT scan 
or Diagnostic Peritoneal Lavage 
if surgery is planned or if 
hemodynamically unstable 

Hemodynamically Stable Hemodynamically Unstable 

DPL Findings Requiring 

cc clotting blood 
Bacteria, bile, or fecal materials 

Hypotension persists 
without other source 
of blood loss and with 
abdominal signs 

Observe 

CAT Scan Findings Requiring Laparotomy 

Free intraperitoneal air 
Large collections of peritoneal fluid 

with bowel wall .Large splenic or hepatic hematomas 

Laparotomy 

Extreme Caution Required 
to Prevent Barotrauma 

Fig. 9-15. Algorithm for the evaluation of a casually’s y 
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Fig. The CAT scan of the abdomen in a blunt-trauma patient shows free intraperitoneal air in the right subphrenic space 
(arrow in upper image). The lower image shows a thickened jejunal bowel wall mm between arrows); normal walls are 
3 mm or less. Free blood is in the adjacent gutter 
Source: With permission from reference 64 
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Fig. 9-17. This CAT scan of the upper abdomen of a blunt-trauma casualty was viewed with two windows. The soft-tissue 
window (upper image) reveals a lacerated spleen and accompanying hernoperitoneum. The lung window (lower image) is 
the same cut and shows a left pneumothorax. Note the difference between lung parenchyma in the right hemithorax and air 
in the left chest. 
Source: With permission from reference 36 

323 




i5 

Conventional Warfare: Ballistic, Blast, and Burn Injuries 

in the peritoneal cavity, thereby causing a 
tive imaging 

Most investigators have concluded that CAT scans 
are less sensitive than DPL for blunt abdominal injury. 
According to some studies, the radiologic technique 
identified only 25%-74%of patients who ultimately 
required It was also insensitive to 
hollow-viscus Nevertheless, the CAT scan is 
the probably the imaging procedure of choice for blast 
casualties in whom gastrointestinal disruption is 

Ultrasound examinations of the abdomen may 
reveal small quantities of free peritoneal fluid or blood. 
For in civilian victims, 
detect 84%of injuries that require 

Radiologic studies of blunt abdominal injury may 
reveal unanticipated lung injury. For example, in 
more than 500 CAT scans of the abdomen, thirty-five 
pneumothoraces were evident, ten of which had not 
been apparent on the chest All CAT 
scans for abdominal trauma should be extended to 
include the lower chest, and should use both 
tissue and lung windows (Figure 9-17). 

Treatment of Gastrointestinal Injury 

Unlike respiratory barotrauma and air embolism, 
significant PBI to the abdomen often requires surgical 
exploration and repair. 

Surgical Treatment. The surgical approach to 
abdominal blast injuries is identical to that for any 
other blunt abdominal injury. The surgeon must be 
aware that pulmonary compromise may occur sud-
denly during general anesthesia and should takc the 
appropriate precautions (discussed below). Copious 
saline irrigation will be required if the peritoneal cavity 
has been soiled by intestinal contents. 

Bowel that contains a large intramural hematoma 
should be resected. Failure to do so may result in 
delayed perforation of the bowel. For example, in one 
blast casualty undergoing laparotomy, surgeons found 
only multiple hematomas and tookno reparative steps. 
At a subsequent operation a week later, the bowel in 
proximity several uf 

A gut segment that includes a 
teric hematoma that appears likely to compromise 
bowel-wall circulation should be resected. Small 
hematomas that do not appreciably thicken the bowel 
wall should be left 

A disruption of the large bowel should lead to 
exteriorization of the colon. Simple perforations of the 
small intestine should be closed primarily; more ex-
tensively damaged intestine should be resected and 
reanastornosed. If surgery is greatly delayed, 

devitalized small bowel should be resected and exteri-
orized 

Lacerations of solid organs should be or 
resected as indicated by the injury's complexity. 

The most important adjunct to surgical care is 
simple gastric decompression with a nasogastric tube, 
particularly in patients who receive mechanical 

Complications of General Anesthesia. Blast ca-
sualties tend to suffer a high morbidity rate when they 
receive general For example, three of 
twenty-four victims of an underwater blast who un-
derwent laparotomy died intraoperatively or shortly 
after In another review, one of nine patients 
undergoing laparotomy died in the operating 
In yet another report, one of three casualties who had 
blast lung died during a simple tracheostomy as the 
result of bilateral 

Both barotrauma and arterial air embolism in-
crease the intraoperative risk, but their incidence and 
severity may be decreased by keeping airway pres-
sures low during the procedures. Whenever possible, 
local or regional anesthesia should be used instead of 
general anesthesia, and the duration of surgery should 
be kept short. The risk of added injury will be much 
less if surgery can be delayed for 2 4 4 8  hours after the 
blast event. 

If barotrauma is apparent or suspected on the 
casualty's preoperative roentgenograms, chest tubes 
should be placed before surgery begins. Medical 
officers should note the presence on the roentgeno-
gram of intraparenchymal lung cysts, which may 
predispose the patient to both pneumothorax and air 

Periodic intrnopcrativc rocntgcnograms 
may be useful during an extended surgical procedure. 
At any time during the procedure, the surgical team 
should be prepared to decompress the pleural spaces 
rapidly with chest tubes. 

Even though access to the blast casualty may be 
very restricted during operations that require general 
anesthesia, monitoring is particularly essential during 
these procedures to decrease the risk of intraoperative 
arterial air embolism and respiratory 
Such monitoring should include continuous 
ing of (a) arterial saturation, cardiac rhythm, 
blood pressure, and airway pressure. 

The neurological effects of air emboli will be im-
possible to detect when the patient is under general 
anesthesia. Therefore, medical personnel should note 
any cardiac-rhythm or ischemic-electrocardiographic 
changes that may herald an embolic catastrophe. The 
anesthesiologist should periodically examine the 
patient's fundi for evidence of air emboli in the retinal 

ultrasound probes 
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medical should monitor carotid-
artery blood flow for evidence of embolic bubbles." 

Drug Therapy. The role of histamine-2 antagonists 
and prophylactic antibiotics in the treatment of ab-

The Management of Primay Blast Injury 

dominal blast injury is unknown. However, if surgery 
must be delayed for tactical, logistic, or technical rea-
sons, the patient should receive antibiotic coverage for 
anaerobes, Gram-negative aerobes, and enterococci. 

PRIMARY BLAST INJURY TO THE AUDITORY SYSTEM 

The modern military environment depends heavily 
upon communication. The soldier must acquire and 
process a great deal of aural information and act upon 
i t  quickly decisively. I the nature of the 
combat environment may hinder the soldier from 
communicating effectively. High levels of background 
noise, the complex content of the messages, and the 
increasingly common possibility that neither the 
speaker nor the listener may be fluent in English make 
communication difficult enough for soldiers with 
normal hearing. A hearing-impaired soldier on guard 
duty or assigned to radio communication may be more 
of a liability than an asset. 

The very nature of the auditory system it 
particularly vulnerable to injury during combat. Pres-
sure waves in the air are collected by the pinna of the 
ear and are focused in the external auditory canal to act 
upon the tympanic membrane. The resulting pres-
sures on one side of the eardrum cause it to distort; this 
movement is amplified by the ossicular chain and is 
transduced into the fluid-filled inner ear where it is 
converted into electrical impulses by the hair cells. In 
the normal acoustic range of pressures, this process is 
an efficient means of collecting and amplifying a weak 
air-pressure wave into a physiologically detectable 
variable (that is, However, the powerful 
pressure wave caused by a blast does not normally 
occur in nature, and it may overwhelm the extremely 
delicate structures within the ear. The tympanic 
membrane may rupture, the ossicles may fracture or 
dislocate, and so much energy may be transmitted to 
the inner ear that permanent damage will be done. 

Aural injuries from blast may range from a trivial 
insult to a major disruption of middle- and inner-ear 
structures. Under the stress of combat, a soldier who 
has been stunned by a nearby explosion may initially 
be unaware of any aural injury. 

The most common injury will be hearing loss, with 
or without tympanic-membrane rupture. The hearing 
loss may be (a )  conductive, sensorineural, or a 
combination of the two. 

A conductive hearing loss is defined as decreased 
hearing sensitivity to sounds transmitted through the 
air with normal bone conduction of sound. This loss is 

usually caused by a tympanic-membrane rupture, al-
though ossicular damage and serous otitis can also 
cause a conductive The amount of conduc-
tive hearing loss depends on the size and location of 
the tympanic-membrane perforation. In the past, 
medical officers considered the mere presence of per-
foration to mean that the soldier was unfit for duty. 
However, many soldiers can function well in spite of it, 
provided they have no other incapacitating injuries 
from the 

Sensorineural hearing loss results from damage to 
the inner ear, and may be the most incapacitating aural 
symptom in the moments immediately after the blast. 
It is mure prwdlent but be-
cause it can also affect speech frequencies, it may 
compromise the ability of these casualties to commu-
nicate and may seriously disorient them with respect 
to their environment. Initially unaware of the deficit, 
they may notice the loss only when they see people 
talking to them but hear little or no 

Sensorineural loss usually resolves within the first 
few hours, but permanent lossmay occur in as many as 
30% of blast 

Blast-related sensorineural losses range widely in 
severity. Relatively minor injury may cause a tempo-
r a y  threshold skiff as measured by standard 

testing. TTS is a change in hearing acuity 
that ultimately recovers and that is presumed to be 
secondary to a transient and reversible biochemical or 
subtle mechanical cochlear dysfunction. More severe 
injury may cause longer-lasting or permanent hearing 
losses from (a)lossof hair-cell integrity, labyrinthine 
or perilymphatic fistulae, labyrinthine- or 
membrane ruptures, or other defects. 

Either conductive or sensorineural hearing loss 
may be a permanent complication in a significant 
number of patients. For example, in one study of 
seventy-seven military blast casualties, hearing loss 
was tracked for 1-3 years following Residual 
sensorineural hearing loss was found in 29%of these 
casualties' ears, 5% showed a persistent conductive 
loss, and 7%had a mixed hearing loss. 

Tympanic-membrane rupture or perforation can 
be caused by a blast force as low as 2.5 and a 
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blast force of will rupture half of adult 
tympanic By comparison, the blast 
would have to be about ten times stronger to cause 
severe lung Thus, tympanic-membrane 
rupture may be the only significant blast consequence 
for casualties of relatively small-scale terrorist bomb-
ings, and in fact does affect as many as one-third of 
these casualties. 

However, the absence of tympanic-membrane 
damage does not preclude a significant blast exposure, 
particularly whcn thc car not as cxposcd as 
parts of the body, such as during an underwater 
blast, when a helmet shielded the ear, or when 
hearing protection was Although almost 
thirds of blast casualties who have nonauditory PBI 
that is significant enough to warrant hospital admis-
sion will also have tympanic-membrane rupture, 
third of such casualties will have intact tympanic 

Other less common symptoms of auditory dam-
age o dis us, 
or vestibular dysfunction, which manifests itself as 
vertigo. 

Otalgia after blast may have numerous etiologies, 
including tympanic-membrane rupture, ossicular dis-
ruption, or concussive injury from other blast effects. 
The delayed infectious complications of middle-ear 
barotrauma might also cause otalgia, although it would 
probably not be incapacitating. Surprisingly, pain is 
not a common spontaneous complaint of blast casual-
ties, although most do report ear discomfort when 
specifically 

Tinnitus is a tone or ringing in the ears that may be 
caused by a signal (in abscncc of any 
sound input) from a damaged acoustic organ. It can be 
an unpleasant sensation that may distract a soldier 
from his or her tasks. Tinnitus tends to parallel 
rineural hearing loss, and will generally resolve as the 
hearing loss does. 

Vertigo is the sensation of dizziness or irregular 
whirling motions that a casualty may feel after blast 
injury, although it is more commonly a symptom of 
blunt trauma to the head from secondary or tertiary 
blast effects rather than a symptom of PBI. Rarely, 
vertigo may result from PBI when both the cochlea and 
labyrinthine apparatus are disrupted by Such 
a loss of equilibrium can be expected to completely 
incapacitate a soldier. 

Late sequelae of PBI to the auditory system may 
include ( a )  permanent hearing loss, a predisposi-
tion to infection secondary to tympanic-membrane 
perforation, persistent tympanic-membrane defects, 
and Cholesteatoma is a 
granulomatous mass lesion of the middle ear that may 

ultimately destroy middle-ear structures and cause a 
conductive hearing loss. 

Initial Physical Examination, Triage, and 
Evacuation 

The evaluation of a blast casualty with auditory 
damage may differ dramatically depending on the 
situation in which it occurs. Ideally, the casualty 
would be evacuated to a third-echelon facility and 
would thcrc bc cvaluatcd by an otolaryngologist ac-
cording to subjective and objective data as well as 
audiological and microscopic examination. In war-
time. these procedures would be luxuries. 

In combat, soldiers who suffer isolated blast injury 
of the ear would be evaluated according to their ability 
to continue their combat mission. The medical officer 
should weigh the casualty’s current auditory injury, 
related performance decrement, and risk of suffering 
further impairment against the unit’s need for the 

Fur 
soldier who has a small perforation of the tympanic 
membrane with no subjective hearing deficit could 
expect spontanenus healing within 2 weeks, there-
fore would not be transferred to an evacuation hospital. 
On the other hand, a soldier who has severe hearing 
loss imposed by significant TTS might be nonfunctional 
in combat. 

If the ears of these casualties are not protected 
from further damage while the initial auditory injury 
is healing, their hearing impairment may become worse 
or even permanent. If possible, they should be reas-
signed to quieter military duties. For example, 433 
Israeli who had lossor orboth 
were divided into two groups: those who were 
transferred to a quieter noncombat unit and those 
remaining in the noisy combat The hearing of 
30.8% of those soldiers who were transferred to less 
noisy environments improved; the hearing of 4.0% of 
the soldiers in this group deteriorated. In the group of 
soldiers who were not transferred, only 8.7%of the 
injured ears improved, whereas 30.4% deteriorated. 

Even if an active combat situation demands that 
these casualties not be reassigned to quieter environ-
ments, they should at least wear hearing protection 
(either insertional or whenever possible 
after injury. The protectors will decrease the effects not 
only of subsequent blasts and the sustained impulse 
noise of weapons, but also the continuous noise of 
engines, helicopters, and armored-vehicle tracks. 

Once the blast casualty is stabilized and any other 
blast-related injuries (such as PBI to other areas of the 
body, lacerations, fractures, burns, or penetrating 
wounds) are assessed, medical officers may have the 
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opportunity to notc thc following signs symp-
toms of possible PBI to the ear: 

The size and location of any tympanic-
membrane perforation that may be visible 
upon otoscopic examination 

The hearing level, using any subjective or 
objective means available 

The presence of any foreign material in the 
ear 

Any dislocation of ossicles that may be seen 
behind a 

The presence of tinnitus, otalgia, or bleeding 
from the ear 

The nf 
blockage 

Vertigo 
Medical personnel should also note information 

about any pre-existing hearing loss that the casualty 
might have had. After the casualty’s record has been 
established, the time course of the hearing loss from 
this injury and any spontaneous resolution must be 
noted and, if possible, documented audiometrically. 

Casualties who have suffered only auditory PBI 
should be placed in the delayed or minimal triage 
categories. 

Although significant pain may result from inad-
equate decompression of the middle ear during a 
nonpressurized flight, no special precautions need to 
be taken when evacuating blast casualties who have 
suffered auditory damage. 

Definitive Physical Examination 

The signs of blast-related aural injury arc usually 
clearly visible to the examining physician, and in-
clude tympanic-membrane perforation, foreign 
material in the ear, ossicular damage, and 
ear damage. 

If the casualty is experiencing vertigo in the ab-
sence of other aural signs, then the medical officer 
should suspect closed head injury and look for other 
evidence of neurological compromise. Closed head 
injury is potentially serious and requires more 

evaluatiwn than 
provide. 

Tympanic-Membrane Perforation. By far, the 
single most common aural injury is tympanic-mem-
brane perforation. Although these ear problems are 
usually symptomatic (with otalgia, hearing loss, or 
tinnitus), they may also be The ear nearest 
the explosion is usually more severely damaged, but 
the blast wave can reflect off nearby walls to damage 
the contralateral The most susceptible portion of 
the tympanic the 

susceptible seems to be the pars flaccida. 
The size of perforation appears to be related to the 

spontaneous healing rate and thus may be a useful 
criterion for surgical intervention. Table 9-6 lists the 
incidence of tympanic-membrane perforation and the 
spontaneous healing rate reported in the various 

One study found that as many as 90% of 
casualties who had a perforation that was smaller 
than one-third of the tympanic membrane healed by 
themselves, whereas the spontaneous healing rate of 
casualties who had a perforation larger than one-third 
of themembrane wasless than25%.”’ Inanother study, 
when perforations involved more than 80% of the 
tympanir membrane, nf the healed 
spontaneously. All perforations that were smaller 
than of the membrane, however, did heal by 

One useful index for physicians who 
need to estimate the likelihood of spontaneous heal-
ing might be the loss of half of the tympanic-mem-
brane area. 

The presence of a ruptured 
indicates that the cochlea may have been damaged as 
well. The casualty‘s hearing acuity should be evalu-
ated as soon as audiometric equipment is available 

By itself, the rupture of a tympanic membrane by 
a blast overpressure is not likely to be the cause of 
significant acute disability. Fewer than 5%of such 
cases will involve incapacitating pain or balance dis-
turbance. Barring infection, the vast majority will heal 
without intervention. Some 10%-20% will ultimately 
require surgical closure, and a small percentage may 
be chronically infected or develop cholesteatoma. 

Foreign Matter. The medical officer should 
aminc both cxtcrnal auditory canal and 
ear space (if perforation has occurred) for foreign 
matter, which may include material from the soldier’s 
external environment or material that the soldier 
placed in the ear as a form of self-protection. 

In addition, because the disruption of the tym-
panic membrane is caused by the positive phase of 
blast overpressure, squamous epithelium from a rup-
tured tympanic membrane may have been blown into 
the middle-ear space. The edges of the tympanic-

Perforation have been inverted under 
the remaining portion of the membrane, and the in-
wardly folded perforation edges may provide an 
avenue for the later of squamous epithe-
lium. 

Either the inverted edges of the perforation or 
squamous epithelium that has been driven into the 
middle ear may result in the formation of 
cholesteatoma over time, and the medical officer 
should consider this complication when planning the 

y 
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TABLE 9-6 

TYMPANIC MEMBRANE PERFORATION 

Blast Incidents 
Number of 

Patients 

Number of 
Perforated 
Tympanic 

Membranes 

Percentage 
of Ears with 
Perforations 

Percentage 
of Ears that 

Healed 
Spontaneously 

Restaurant in Belfast, Ireland 
972) 

101 66 33 

Two pubs in Birmingham, 
England (1974) 

111 29 13 82 

Police station in Shaker Heights, 
Ohio (1970) 

7 11 79 * 

Indo-Pakistani conflict (1965) 41 52 63 

Two explosions: 
sinking of destroyer 
by missiles explosion 
of truck carrying explosives (1970) 

77 82 88 

Combat-related blast incidents: 
truck bombing, rocket-propelled 
grenade, and explosions 

37 39 53 ** 

*All repaired surgically 
**Notreported 
Source: Ann. 98: 9-12,1989 

Damage. The medical officer should 
carefully evaluate the integrity of the ossicular chain. 
Although ossicular damage is generally associated 
with large tympanic-membrane perforations, the 
sicles may be fractured or dislocated even if the tympa-
num is intact. 

In a study of ossicular damage in casualties who 
had tympanic-membrane ruptures during the Viet-
nam War, the most common abnormality was 
medial displacement of the malleus handle with dis-
ruption of the incudomalleolar joint and adherence of 
the tip of the malleus to the Of the incus 
and stapes abnormalities (8.4% of cases), 
incudostapedial joint separation (four cases) was most 
common, followed by incudostapedial joint separa-
tion with fracture of the stapes superstructure (one 
case). In one case of ossicular damage that was sus-
tained when a shell burst 50yards away from a soldier, 
his incudomalleolar joint was dislocated, the incus 

was lying free in the hypotympanum, and both 
dial crura were also 

Inner-Ear Damage. Inner-ear damage (other than 
hearing loss) as a result of blast is uncommon, but 
medical officers should be aware that it can occur even 
without ossicular Inner-ear damage may 
include perilymphatic fistulae in the oval 

dislocated or ruptures of the saccule, 
utricle, and basilar Such injuries 
would be associated with a profound hearing loss and 
the presence of a clear otorrhea. 

Anotolaryngologist at a rear-echelon facility would 
have to make a precise delineation of the location and 
degree of damage. 

Most cases of cholesteatoma are 
believed to be the result of chronic inflammation and 
the subsequent development of granulomas around 
ectopic epithelium that has been displaced by trauma 
or infection. An otologic surgeon should provide 



follow-up a i d  careful sui-veillance to blast casu-
alties. Although one study of 5,200 terrorist-blast 
casualties reported only two cases of cholesteatoma, 
this complication may be clinically silent for 

Diagnostic Screening Procedures 

Evaluation of hearing sensitivity will often start 
with the recognition of a hearing deficit at the time of 
the initial interview, but quantification of aural loss 
will require formal audiometric testing at a higher 
echelon. 

Audiometric measures of hearing threshold with 
both air and bone conduction can be used to distin-
guish sensorineural hearing loss (in which both will be 
decreased) from conductive loss (in which the bone 
threshold is normal). In one report, for example, 
thirty-seven soldiers were victims of a truck bombing, 
rocket-propelled grenade detonations, or 

Twenty-six of the thirty-seven soldiers 
suffered either unilateral (thirteen soldiers) or 

bilateral (thirteen soldiers) tympanic-membrane per-
forations. Thus, 52.7%of the seventy-four ears at risk 
wcrc ruptured. When thc soldiers were given routine 
audiometric testing, 6.8%of them had pure conductive 
loss, 44.4% of them had pure sensorineural hearing 
loss, and 41.9% of them had a mixed hearing loss. 

Auditory brainstem response audiometry may 
help the medical officer evaluate blast injuries of the 
ear. This sophisticated technique uses a machine that 
measures brain-wave response to sound. ABR 
ometry studies have correlated the types of hearing 
loss after blast injury with the prognosis for recovery. 

The field is to have audiometric 
testing equipment available and will have to assess the 
degree of hearing impairment subjectively. The ex-
aminer can make a gross estimate of the casualty's 
global hearing by standing out of sight and testing the 
patient's ability to comprehend phrases spoken with 
varying degrees of loudness, from a conversational 
tone to a whisper. 

Treatment 

There is no specific therapy that has been shown to 
aid recovery from acoustic trauma, although some 
authorities would administer a course of dextran or 
corticosteroids in an attempt to limit the 

Hearing Loss. If possible, casualties who have 
severe hearing loss should (a) avoid high noise levels, 

be assigned to duties that do not require sensitive 
hearing, if possible, and wear hearing protection. 

Casualties who have less severe hearing losses 
will require individual disposition. will likely 

Management of 

returned to duty, but should be advised to avoid noise 
and to use hearing protection to whatever degree they 
can in their duties. 

Tympanic-Membrane Rupture. Basic treatment 
for a simple tympanic-membrane rupture consists of 

removing debris from the external canal and 
gently irrigating the canal with antiseptic 
In general, this injury does not require immediate 
attention in a combat setting. Care can be delayed for 
hours or days without serious adverse consequences. 

Although blast-induced ruptures often resolved 
without surgical intervention, the chances of sponta-
neous healing and delayed complications were af-
fected by size, location, and time elapsed after 
the injury. 

Most perforations involving less than one-third of 
the tympanum will close Blast casu-
alties with this injury may be returned to duty that 
does not require sensitive hearing or expose the casu-
alty to further auditory damage. If the perforation is 
small, isolated, and uncomplicated, the casualty should 
observe water precautions (that is, ensure that water or 
other nonsterile material is not introduced into the 
canal) to prevent infection during the course of heal-
ing. Neither antibiotics nor ear drops are recom-
mended unless the casualty has an infection or 

Auditory blast casualties will need to receive 
otologic examinations at regular intervals until the 
rupture is healed. As a rule, 1 month is usually 
required to heal each 10%of the tympanic membrane."' 
In some studies, perforations larger than 30% had 
significantly lower spontaneous-healing rates 
22%);definitive tympanoplastic surgery would be rec-
ommended for ruptures of this 

Posterior-superior perforations may later develop 
retraction pockets on the healing membrane or 

The medical officer should carefully 
remove visible debris from the middle ear. 

If no healing is evident 10-15 days after the injury, 
then complete spontaneous healing at any later time is 

Some clinicians, however, advocate wait-
ing as long as6months to make this determination. An 
observation period of 2-3 months seems reasonable as 

infectious complications. 
If the rupture does not close spontaneously, the 

physician can treat it definitively by (a)patching it with 
paper or or tympanoplasty with fascia1 
grafting, with or without ossicular reconstruction. 

A perforated tympanic membrane can be patched 
under a local anesthetic. The medical officer should 
clean the ear and remove any fragments of tympanic 
membrane from the middle ear. Torn edges should be 
everted and reapproximated under sterile conditions. 
A Led be ldid iii tlie iiiiddlr 

329 



Conventional Warfare: Ballistic, Blast, and Burn Injuries 

support and of Cclfilm or paper should thenbe Tympanoplasty is 
applied over the perforation. This method results in that have not healed after 3-6 months or in failed 
consistent healing rates of more than The pos- attempts at patching. Tympanoplasty with a medially 
sibility of late cholesteatoma may also be lessened by placed fascial graft alone has a success rate that is 
debridement and eversion of torn membrane edges. greater than The techniques are beyond the 

Additional measures may include cauterizing scope of this chapter and would be done by an otologic 
the edges of the perforation with trichloroacetic acid surgeon in a rear-echelon referral facility. 
(especially if the patching is done long after the blast Ossicular Damage, Inner-Ear Damage, and 
event), relaxing incisions to permit better approxi- The casualty will receive definitive 
mation of edges, and using fascial grafts instead of therapy at a rear-echelon facility from an experienced 

Gelfiliii pal~l1es.~~ yiigulugic surgeon. 

SUMMARY 

Although most of our current understanding of by air, and would require special precautions to pre-
PBI comes from animal experiments and terrorist vent further barotrauma from air-pressure changes. 
bombing incidents, the medical officer will need to Military personnel are more likely than civilians to be 
understand PBI in a more complicated military con- in an underwater environment that is threatened by 
text. Blast casualties in war will enter a medical system blast, and thus are at greater risk of PBI to the gastroi-
thdt differ considerably from what civilian casual- ntestinal system. Aural injuries from blast might have 
ties would experience. For example, the number of serious personal implications for civilian casualties, 
litters that can be allocated on the battlefield-if they but in a military setting the loss of the ability to com-
can he used at all-may be few, and combat casualties municate could pose a hazard to other personnel as 
with PBI may have to exert themselves at levels that well. 
would be discouraged among civilian casualties, even All medical personnel should be aware that exces-
though to do so might exacerbate their pulmonary sive volume resuscitation may worsen the casualty's 
injury and the risk of air embolism. Unlike casualties gas exchange, mechanical ventilation support may 
of terrorist bombings, who would most likely be trans- exacerbate both pulmonary barotrauma and air embo-
ported to nearby emergency rooms in ambulances, lism, and general anesthesia for the blast casualty will 
military blast casualties would probably be evacuated be poorly tolerated. 
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