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ABSTRACT
Primary Blast Injury — the Often Overlooked Hyperbaric Oxygen Indication

Introduction: This opinion article presents the historical aspect of blast injury from early

casualties, physician observations and pathophysiology from research and case reports.

Methodology: A literature search and review using OpenAthens, PubMed, and Google Scholar

was done to obtain the evolution of blast injuries symptoms, etiology and treatment.

Conclusion: Primary blast injury pathophysiology has an air emboli etiology that should be
initially treated using hyperbaric oxygen therapy to resolve the emboli and minimize resultant

inflammation and subsequent nerve degeneration.



Primary Blast Injury — the Often Overlooked Hyperbaric Oxygen Indication

Introduction:

It has been called the shot without the bullet, the slash without the sword. It is present
everywhere within its range and it cannot be shielded. This quote describing primary blast injury
has been attributed to two physicians, Franchino Rusca in 1914 (1) and Theodor Benzinger (2) in
1952, as they attempted to explain combat deaths without apparent injuries they had treated.
What is clear that changes in ambient pressure brought about by exposure to blasts, detonations,
and weapons firing is capable of injuring soldiers. These injuries are not apparent and usually
subordinated to the care of injuries that are more visible. Nevertheless, make no mistake these

injuries are real and a direct result of extraordinary changes in ambient pressure.

Descriptions of the effects of extraordinary pressure on soldiers in battle predate World War |
and appear in the writings of soldiers in the field. One such writing is provided by Lt. William A.
Morgan of the 23" Kentucky Regiment Union Force. Lt. Morgan was among a group of men
exposed to a cannonade from an estimated fifty Confederate guns. “The bursting projectiles seem

to compress the air and one’s head feels as if bound with iron bands.” (3)

Lt. Morgan’s insight into the environmental and physical changes in pressure, mirrors comments
appearing in an April 18, 1885 Compressed Air Bath article where Dr. C.T. Williams (4)
identified symptoms experienced upon pressurization as “a sensation of tightness, as if the head

was bound with a band of iron.”

In World War 1 there were competing theories in how best to address the invisible wounds of

war. The original term shell shock was used by the soldier in the trenches to describe the



impairment from exposure to extensive bombardment. Recognition of blast injury in World War
| expanded physical, psychiatric and neurological symptoms. These resultant symptoms were
described by psychologist CPT (Dr.) Charles Myers (5) who popularized the term “shell
shocked” and neurologist Dr. Gordon Holmes (6) within their respective specialties. Throughout
1914-18 the term shell shock evolved with stark diagnostic choice was between traumatic
neurosis (a physical injury), which gave pension rights, yet allegedly cost the nation dearly in
both its finances and its moral and mental health, and traumatic hysteria (a psychiatric
condition), which yielded no compensation but usually ended in return to employment (7). To
address this great influx of wounded, Captain Myers was tasked to gather data in order to create
a policy for classification and treatment of psychiatric battle casualties (8). Then as in today there
was a great struggle to understand the nature of these silent injuries affecting the combatants.
This struggle placed CPT (Dr.) in direct conflict with the position taken by his direct supervisor
LTC (Dr.) Gordon Holmes who believed the origin of the injury was a physical injury (6). This
struggle lead to the adoption of the term NYDN — Not Yet Diagnosed Nervous" in triage

pending further investigation by medical specialists.

Following World War I, D.R. Hooker (9) undertook an investigation to determine a mechanism
of injury from blast. In this investigation he established a relationship between the pressure and
duration of the blast and the severity of the injury. Williams (10), as a result of experiments with
human subjects at various distances from guns, felt there was a diminution of efficiency of those
personnel exposed to pressures as low as 2.5 psi. This observation continued to be emphasized in
US Army Medical Department publications following World War 11 and can be applicable to the

silent injuries seen currently.



Pathophysiology

Barrow and Rhodes described 200 individuals who had air blast injuries during World War 11
(11). Their summary included “Those patients who survived sixty minutes recovered. Damage
to the ears by blast and to the eyes from foreign bodies occurred in a high percentage of those
who recovered. Periods of unconsciousness, convulsions, chest pain, pulmonary complications
and abdominal distress were minimal in this group. Intestinal perforation did not occur. Shock,
bradycardia, hypotension, decreased psychomotor activity and slow respiration were the
outstanding clinical signs and symptoms of this group.” Another interesting comment was “In 2
of the 3 patients who died within thirty minutes after the explosion without external evidence of
injury, generalized convulsions were noted. They were not unlike those sometimes associated

with anoxia during anesthesia or too many "G's."

In examining the post mortem findings from the bombings in England in 1941 Sher suggested
the creation of air emboli from exposure to the pressure from blast.*? During the development
of nuclear weapons, the effects of blast resulted in many studies in animal and human reports
recognizing the creation of air emboli during the blast. Clemedson, (13) in 1954, entertained air
embolism is a potential cause of death. Damon (14), in 1971 demonstrated key benefits of using
hyperbaric pressure to treat air emboli in animal studies resulting in survivability of the
hyperbaric exposed animals compared to the control animals. The presence of microbubbles in
individuals exposed to blast waves, brought about by explosions and detonations, is documented
by numerous sources. Rosenfeld (15) acknowledges, “The blast wave induces sudden changes in

intracranial pressure that result in bubble formation, particularly at interfaces between cerebral



spinal fluid (CSF) and the brain, resulting in penetration and cavitation of brain tissue, disruption
of axonal pathways and damage to capillaries.” There is also evidence that primary blast
injury from the blast wave can lead to neurologic injury from fractures around sinuses,

air embolism in cerebral vessels, cerebral contusion, and intracranial hemorrhage.

The pressure wave created by the blast will travel through the body at different speeds depending
on the tissue density. Particularly in the blood and vasculature, the blast wave frequency will
create rapid cycles of compression and decompression that can result in air emboli injury in
tissue or within the vasculature. These emboli can travel anywhere within the vasculature and is
particularly concerning the brain (16), heart (17), intestinal tract (18) and also been found to
lodge in kidneys (19). In addition, damage is also caused by stretch, strain and rupture of the
brain parenchyma and damage blood vessels. One must recognize that primary blast injuries are
caused by barotrauma from the pressure wave. The intensity of the blast wave is dependent
upon the initial overpressure; the overpressure duration; and the environment density in which
the blast occurred. This includes water versus air; the distance from the explosion; the reflection
of the blast wave energy i.e. walls or confined environments (energy can be up to 9 times greater
than similar blast in an open space (20). Secondary blast injuries result from projectiles and
shrapnel from the blast source. Tertiary blast injuries are caused by the blast wind that may
throw victims against fixed objects resulting in blunt trauma. Quaternary blast injuries result
from fire and building collapse resulting in burns and crush injury (21) as well as carbon

monoxide, dirty bomb radiation, and biological/clinical materials.

Cernak (22) identifies acute neurotrauma from blast including energy metabolism failure,

diffusion and perfusion deficits, diffuse axonal damages resulting in impaired information
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processing, increased blood-brain barrier permeability, and cognitive deficits. Zbesko (23)
suggests that in stroke, that glial scar formation is critical to healing as seen in other nervous
system injuries. However; necrotic liquefaction results in glial scar permeability. These scars

when located near the hippocampus results in degeneration of hippocampal neurons.

Ma (24) suggests that multiple chronic neurological conditions are the result of calpains, “There
has been growing awareness of the contribution of axonal pathology to the morbidity and
mortality of many human diseases, including central nervous system and peripheral nervous
system trauma, cerebral ischemia, neurodegenerative disorders, and peripheral neuropathies.
Axonal dysfunction and degeneration in these seemingly disparate disorders likely share
common molecular injury mechanisms, one of which is dysregulated intraaxonal calpain

activity.”
Sources of blast waves

In preparing to deploy to combat zones and in the wartime theater, members of combat forces are
exposed to substantial changes of pressure through exposure to explosions i.e., IED’s, and
detonations including breaching operations. Other equipment that generally require hearing
protection, are also capable of producing blast waves. Firing of crew-served weapons such as the
Karl Gustav Recoilless Rifle MAAWS/RAWS weapons system and sustained firing of the
individual combat weapon as in firefights. Hoge (25) was the first to highlight the positive

correlation between “PTSD” or signature wounding and firefights.

Adapting to urban environment on the modern battlefield, modifications in barrel length of the
individual combat weapon were made. For example, M-16 innovation of the direct impingement

system results in a portion of the discharge pressure was redirected toward the firer to eject the



expended round casing and chamber a new round. In sustained firing, repeated pressure spikes
deliver subconcussive impacts result in a diminished efficiency that can be likened to dementia
pugilista. Impulse pressure equivalent of 2.4 times the atmospheric pressure can occur in a
matter of milli-seconds (170 decibels or 242.862 kilopascals) for each round fired. The threshold
for pain is 160 decibels. An impulse of 170 decibels is equivalent to that produced by the
detonation of a single stun (flash-bang) grenade. The effects of this explosion are powerful
enough to confuse and disorient. Repetitive or sustained firing produces multiple pressure
impulses, the optimal environment for growth of microbubbles in bi-lipid structures throughout
the body and the brain. The impairment created by this exposure is also acknowledged by Hoge,
“The exposure of Service Members to 1 to 2 firefights doubles the occurrence of “PTSD”, from
what has been observed in individuals who have not been exposed to firefights. This increase
continues, even with limited subsequent exposures. With exposure to 5 firefights, the incidence
rises to 19.3 percent, without an indication that it would plateau at this point. Hadanny (26)
relates to several studies that demonstrate the blast wave tissue changes results in bubble
formation between the cerebrospinal fluid and the brain and cavitation of brain tissue causing

axonal pathway disruption, capillary damage and decreased regional blood flow.

Suggested Treatment Protocol

Most blast injuries occur with military operations, unfortunately, terrorist attacks as well as
industrial accidents and building gas explosions are becoming more commonplace. Once an
explosion occurs, the management of the neurological abnormalities in the blast casualty should
follow a comprehensive multidisciplinary treatment plan. Zajtchuk (28) identifies hyperbaric

oxygen as a definitive treatment. Emergency Medicine textbooks recommend the use of



hyperbaric oxygen as part of the treatment of the blast victim. Wolfson (29) relays that HBOT
can be effective for cerebral air emboli up to 12 hours after the acute event this allows patient

trauma, including pneumothorax, to be stabilized before hyperbaric oxygen therapy.

Pressure wave only with no evidence of other trauma but continued loss of consciousness is
suspect for an air embolism etiology. The use of ultrasound to the chest can evaluate the
existence of a pneumothorax. Treat the pneumothorax, if present, using a device that can go into
the hyperbaric chamber. Air embolism is typically treated with a U.S. Navy (USN) treatment
table six. However, there is a possibility of a traumatic brain injury from coup-contracoup in
addition to air emboli. Consequently a Hart table can be considered that will use a short
duration, high pressure protocol to decrease bubble size and dissolve nitrogen to where the
bubble dissipates. The protocol then decreases the pressure to levels used in acute traumatic

brain injuries.

The Hart protocol is as follows:

Descent rate 1-3 psi per minute to 29.4 psig pressure (3.0 ATA); initiate (multiplace) breathing
100% oxygen for 30 min; decompress to 14.7 psig (2.0 ATA) over 15 min (about 1.0
psi/minute); maintain 14.7 psig (2.0 ATA) for 60 min; decompress to surface over 15 min. The

total elapsed time, not counting descent is 120 min.

If the patient is unconscious, tympanic membrane rupture is possible. Pressure equalization
tubes or myringotomy can be considered prior to the treatment. If any continued concussion
symptoms are present, the patient can be treated daily for 60 minutes at 2.0 ATA as acute brain

injury is possible.



Blast injury with secondary or greater category: stabilize injuries and use ultrasound to rule out
pneumothorax. Treat pneumothorax as above, if present. Although a higher level of TBI may be
present, potential air embolism in the brain, heart, or solid organs take precedence and the Hart
protocol is recommended. If a TBI is suspected, then the patient should continue daily treatment
at 2.0 ATA for 60-90 minutes particularly for other injuries such as compartment syndrome or

compromised flaps or grafts.

Conclusion:

Primary blast injury has an air emboli etiology that was eventually recognized by observations,
case reports and research over a 150 years period. Hyperbaric oxygen therapy has been
recommended by civilian and military textbooks and publications, yet remains overlooked in
blast injury cases presenting in emergency facilities in spite of available hyperbaric facilities.
Hyperbaric facilities need to actively insert their capability into local disaster response options
regarding blast events. Primary blast injury treatment should include hyperbaric oxygen therapy

to resolve the emboli and minimize resultant inflammation and subsequent nerve degeneration.

Disclaimer: The views expressed are those of the authors and do not reflect the official views or

policy of the Department of Defense or its Components.
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