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PREFACE 

Since the United States began combat operations in Afghanistan in October 2001 and 
then in Iraq in March 2003, the numbers of US soldiers killed exceed 6,700 and of US soldiers 
wounded 50,500.1 Although all wars since World War I have involved the use of explosives by 
the enemy, the wars in Afghanistan and Iraq differ from previous wars in which the United 
States has been involved because of the enemy’s use of improvised explosive devices (IEDs). 
The use of IEDs has led to an injury landscape different from that in prior US wars. The 
signature injury of the Afghanistan and Iraq wars is blast injury. Numerous US soldiers have 
returned home with devastating blast injuries and they continue to experience many challenges in 
readjusting to civilian life.  

Throughout history, theaters of war have created a stimulus for medical innovation—in 
technology, emergency care, surgery and therapeutics—and especially during the last half-
century the resulting advances in battlefield medicine have dramatically improved outcomes for 
wounded warriors (see Figure P-1). However, in the case of blast-related injuries in particular, 
knowledge of clinical manifestations, pathophysiology, means of prevention, and best therapies 
has lagged behind the understanding of those related to other combat-related traumas. In the late 
18th century, Pierre Jars first proposed that changes in air pressure resulting from explosion, “la 
grande et prompte dilation d’air,” could produce bodily injury or death.2 That early insight 
notwithstanding, throughout the 18th and 19th centuries, blast-related injuries were more often 
attributed, incorrectly, to poisoning from gases released in the explosions rather than to pressure 
waves.3  

The modern understanding of blast injury dates from observations on the widespread use 
of explosives in World War I. Rusca (1915) and Mott (1916) reported that blast explosions could 
produce fatal injuries without any external signs of trauma,4,5 Hooker (1924) first described the 
pathophysiology of blast lung,6 the high risk of hearing loss due to ear trauma was recognized at 
about the same time, and shell-shock became familiar as a term to describe the neurologic and 
emotional sequelae of blast exposure. The aerial bombing campaigns of World War II and our 
later entry into the nuclear age stimulated a renewed focus on the many adverse health 
consequences, acute and chronic, blast injury can have.7 In recent years, priorities have been 
shaped by the devastating consequences of IEDs deployed in terrorist attacks against civilians, 
                                                 
1DOD (Department of Defense). 2013. US Department of Defense Casualty Status. 
http://www.defense.gov/news/casualty.pdf (accessed September 1, 2013). 
2Hill, J. F. 1979. Blast injury with particular reference to recent terrorist bombing incidents. Annals of the Royal 
College of Surgeons of England 61(1):4-11. 
3Born, C. T. 2005. Blast trauma: The fourth weapon of mass destruction. Scandinavian Journal of Surgery 
94(4):279-285. 
4Rusca, F. 1915. Historical article first describing primary blast injury. Deutcsche Zeitschrift f. Chirurgie 132:315. 
5Mott, F. W. 1916. Special discussion on shellshock without visible signs of injury. Proceedings Royal Society 
Medicine 9:i-xxiv. 
6Hooker, D. R. 1924. Physiological effects of air concussion. American Journal of Physiology 67(2):219-274. 
7Bellamy, R. F., and J. T. Zajtchuk. 1998. Conventional Warfare. Ballistic, Blast, and Burn Injuries. Washington, 
DC: Office of the Surgeon General (Army). 
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and targeted against military personnel in the current wars in Afghanistan and Iraq.

FIGURE P-1 In contrast with earlier wars, the recent conflicts in Afghanistan and Iraq have witnessed a 
dramatic increase in the ratio of wounded to deceased soldiers, owing in large part to improvements in 
battlefield medicine. 

SOURCE: Data provided by DoD (2013a)8 and DoD (2013b).9 

The committee had two tasks. The first task was to evaluate what is known about health 
effects of exposure to blast, including the blast waves (the supersonic waves of intense air 
pressure that follow detonation of an explosive device) and other blast mechanisms, such as 
blunt-force trauma from projectiles, and to draw conclusions about the strength of the evidence. 
The committee used an evidence-based approach to identify and evaluate the relevant scientific 
and medical information on health effects of exposure to blast. Not much information was 
available in that regard. In particular, research efforts often do not separate blast injuries caused 
by blast waves from those caused by blunt-force trauma and other mechanisms. Although the 
committee recognizes that blast injuries are often caused by more than one mechanism and do 

                                                 
8DOD (Department of Defense). 2013a. U.S. Military Casualties: GWOT Casualty Summary by Service Component. 
https://www.dmdc.osd.mil/dcas/pages/report_sum_comp.xhtml (accessed September 5, 2013). 
9DOD. 2013b. Principle Wars in which the United States Participated: U.S. Military Personnel Serving and 
Casualties. https://www.dmdc.osd.mil/dcas/pages/report_principal_wars.xhtml (accessed September 5, 2013). 
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not occur in isolation and that blast injury typically elicits a secondary multisystem response, it 
will be important to gain a better understanding of how different blast mechanisms and exposure 
to repeated blasts directly affect the body. Acute injuries from blast may not be apparent 
immediately after exposure, especially when people are exposed to the blast waves but not to 
blunt-force trauma. For example, blast waves alone can affect the nervous system without 
leaving an obvious acute injury, and blast-related symptoms, such as persistent headache, can 
develop much later.  

The committee’s ability to draw conclusions about associations between exposure to blast 
and health effects, particularly long-term health effects, was severely restricted by the paucity of 
high-quality information. The second part of its task, therefore, was to develop a research agenda 
to provide the Department of Veterans Affairs with guidance in addressing the deficiencies in the 
evidence base. The committee hopes that this research will lead not only to a better 
understanding of the long-term health effects of exposure to blast but to improved protective 
measures for soldiers in the future and to improved treatments for soldiers who experience blast 
injuries.  

The committee is honored to dedicate its report to the men and women who are bravely 
serving in Middle East battlegrounds, to those who have returned home safely, to our fellow 
citizens who are recovering from the wounds of war, and to the memory of those who have made 
the ultimate sacrifice on our behalf. Words cannot convey the depth of our gratitude.  

The committee thanks everyone who presented during its public meetings and who 
provided information, which helped us to develop our approach to and thinking about the 
statement of task. In particular, the committee is grateful to the following: Christopher Crnich, 
University of Wisconsin School of Medicine and Public Health; Dallas Hack, Combat Casualty 
Care Research Program, US Army Medical Research and Materiel Command; Mary Lawrence, 
The Vision Center of Excellence, Department of Defense and Department of Veterans Affairs; 
Michael Leggieri, Department of Defense Blast Injury Research Program Coordinating Office, 
US Army Medical Research and Materiel Command; Geoffrey Ling, Defense Advanced 
Research Projects Agency; Paul Pasquina, Walter Reed National Military Medical Center; Terry 
Walters, Veterans Health Administration; and Janet Ward, Marina Caroni, and Michael Maffeo, 
US Army Natick Soldier Research, Development, and Engineering Center. 

 Finally, the committee thanks the IOM staff— Heather Colvin, Carolyn Fulco, Joseph 
Goodman, Cary Haver, Marc Meisnere, Emily Morden, and Jonathan Schmelzer—who assisted 
in this effort. In particular, we thank the study director, Abigail Mitchell, who guided the entire 
process with thoroughness, knowledge, research expertise, and a steady hand at every step along 
the path. 

 
Stephen L. Hauser, Chair 
Committee on Gulf War and Health: Long-Term Effects of Blast Exposures 
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SUMMARY 

The wars in Iraq and Afghanistan have become known for the enemy’s reliance on 
improvised explosive devices (IEDs). It has been estimated that explosive weaponry accounts for 
75% of all US military casualties.1 Since 2001, about 1,380 US soldiers in the Afghanistan War 
have been killed in action and 9,813 wounded in action because of IEDs. From March 2003 to 
November 2011, about 2,209 US soldiers in the Iraq war have been killed in action and 21,743 
wounded in action due to IEDs. 2,3 Note that those numbers reflect only service members who 
have been killed or wounded in action; it is likely that many others are exposed to blast in the 
combat environment but do not require immediate medical attention and, therefore, are not 
reflected in the numbers reported. 

Explosions may cause five major patterns of injury—primary, secondary, tertiary, 
quaternary, and quinary. Primary blast injury is caused by the blast wave itself, secondary injury 
is caused by fragments of debris propelled by the explosion, tertiary injury is due to the 
acceleration of the body or part of the body by the blast wave or blast wind, quaternary injuries 
include all other injuries directly caused by a blast but not classified by another mechanism (for 
example, burns, toxic-substance exposures, and psychologic trauma), and quinary injuries are 
illnesses or diseases that result from chemical, biologic, or radiologic substances released by a 
bomb.  

The Department of Veterans Affairs (VA) is concerned about the long-term health effects 
of exposure to blast. Therefore, it asked that the Institute of Medicine (IOM) conduct a study to 
assess the relevant scientific information and draw conclusions regarding the strength of the 
evidence of an association between exposure to blast and health effects. The IOM also was asked 
to make recommendations for future research on the topic. IOM appointed the Committee on 
Gulf War and Health: Long-Term Effects of Blast Exposure to address that task. The specific 
charge to the committee states that the “IOM shall comprehensively review, evaluate, and 
summarize the available scientific and medical literature associated with the multisystem 
response to blast exposures and subsequent acute and long-term health consequences among 
Gulf War Veterans. In making determinations, the committee shall consider 

                                                 
1Belmont, P. J., A. J. Schoenfeld, and G. Goodman. 2010. Epidemiology of combat wounds in Operation Iraqi 
Freedom and Operation Enduring Freedom: Orthopaedic burden of disease. Journal of Surgical Orthopaedic 
Advances 19(1):2-7. 
2iCasualties. 2013. OEF Fatalities. http://icasualties.org/oef/ (accessed September 5, 2013). 
3Defense Manpower Data Center. 2013. Global War on Terrorism Casualties by Reason. 
http://siadapp.dmdc.osd.mil/personnel/CASUALTY/gwot_reason.pdf (accessed September 1, 2013). 
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a. The strength of scientific evidence, the replicability of results, the statistical significance of 
results, and the appropriateness of the scientific methods used to detect the association; 

b. In any case where there is evidence of an apparent association, whether there is reasonable 
confidence that the apparent association is not due to chance, bias, or confounding; 

c. The increased risk of illness among human or animal populations exposed to blast injuries; 
d. Whether a plausible biological mechanism or other evidence of a causal relationship exists 

between exposure to blast and long term systemic adverse health effects; 
e. Whether type of blast (for example, shaped blast wave vs diffuse) is associated with injury 

pattern; and 
f. Whether improvements in collective and personal blast protection are associated with 

diminished blast injury. 

In evaluating the long-term health effects of blast exposures among Gulf War Veterans, the 
committee should look broadly for relevant information. Information sources to pursue could 
include, but are not limited to 

a. Published peer-reviewed literature related to blast injuries among the 1991 Gulf War 
Veteran population; 

b. Published peer-reviewed literature related to blast injuries in active duty service members 
and veterans who served in the Iraq and Afghanistan wars, and other conflicts as 
appropriate;  

c. Published peer-reviewed literature related to blast injuries among similar populations such 
as allied military personnel; and  

d. Published peer-reviewed literature related to blast injuries in other populations.” 

THE GULF WAR AND HEALTH SERIES 

The present volume is part of an IOM series on health effects related to military service 
during wartime. The series began in 1998 when in response to the growing concerns of ill Gulf 
War veterans, Congress passed two laws: Public Law (PL) 105-277, the Persian Gulf War 
Veterans Act, and PL 105-368, the Veterans Programs Enhancement Act. Those laws directed 
the secretary of veterans affairs to enter into a contract with the National Academy of Sciences to 
review and evaluate the scientific and medical literature regarding associations between illness 
and exposure to toxic agents, environmental or wartime hazards, and preventive medicines or 
vaccines associated with Gulf War service and to consider the resulting conclusions when 
making decisions about compensation. The study was assigned to the IOM, and eight volumes 
have been published.4  

The legislation did not preclude an IOM recommendation or a VA request for additional 
studies, particularly as subjects of concern arise. For example, VA’s request that the IOM 
consider whether there is an increased risk of amyotrophic lateral sclerosis in all veteran 
populations resulted in the report Amyotrophic Lateral Sclerosis in Veterans; an examination of 
                                                 
4Gulf War and Health, Volume 1: Depleted Uranium, Pyridostigmine Bromide, Sarin, Vaccine ; Gulf War and 
Health, Volume 2: Insecticides and Solvents; Gulf War and Health, Volume 3: Fuels, Combustion Products, and 
Propellants; Gulf War and Health, Volume 4:Health Effects of Serving in the Gulf War; Gulf War and Health, 
Volume 5: Infectious Diseases; Gulf War and Health, Volume 6: Physiologic, Psychologic, and Psychosocial Effects 
of Deployment-Related Stress; Gulf War and Health, Volume7: Long-Term Consequences of Traumatic Brain 
Injury; and Gulf War and Health, Volume 8: Update of Health Effects of Serving in the Gulf War. 
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all health effects in veterans deployed to the 1991 Persian Gulf War irrespective of specific 
exposures resulted in Gulf War and Health, Volume 4: Health Effects of Serving in the Gulf War; 
and another VA request regarding the long-term effects of traumatic brain injury resulted in Gulf 
War and Health, Volume 7: Long-Term Consequences of Traumatic Brain Injury. The present 
volume grew out of discussions with VA over concern about blast injuries and the potential long-
term effects of being exposed to a blast. 

HOW THE COMMITTEE APPROACHED ITS CHARGE 

The committee was charged with conducting a review of the scientific literature on the 
association between blast and long-term health effects. The charge did not specify the type of 
blast injury—primary, secondary, tertiary, quaternary, and quinary—and, therefore, the 
committee did not attempt to limit its review to any mechanism of blast injury. In fact, many of 
the studies reviewed by the committee, particularly epidemiologic studies, did not specify the 
mechanism of exposure (that is, the reported exposure was to blast generally). The review 
included all relevant studies of blast in any population (military, occupational, and other) and 
health outcomes. Thus, the committee reviewed all papers that provided information on blast and 
health outcomes. By examining the full array of evidence of health outcomes in different 
populations, the committee asked the question, Can sustaining a blast be associated with a 
specific health outcome?  

Several literature searches were performed in 2012 and 2013 in an effort to keep current 
with the relevant science. The committee reviewed more than 12,800 titles and abstracts of 
scientific and medical articles related to blast and health outcomes. It also reviewed the full text 
of about 400 peer-reviewed journal articles, many of which are described in this report.  

After obtaining the full-text articles, the committee needed to determine which studies to 
include in its evaluation. To accomplish that task, the committee developed inclusion guidelines. 
Studies were categorized as primary or supportive or were excluded from further examination. 
Primary studies had greater methodologic rigor and so provided the strongest evidence on health 
outcomes of blast exposure. For many health outcomes, no primary studies were identified; in 
these cases, supportive studies necessarily guided the committee’s determinations. Many of the 
studies reviewed by the committee had limitations that are commonly encountered in 
epidemiologic studies, including a lack of representative sample, selection bias, lack of control 
for potential confounding factors, self-reports of exposure and health outcomes, and outcome 
misclassification. Because of the inadequacy of epidemiologic literature that can inform 
understanding of long-term outcomes of exposure to blast, the committee relied heavily on the 
literature to assess the strength of the evidence on acute effects and on the collective clinical 
knowledge and expertise of the committee members to draw conclusions regarding the 
plausibility of the long-term outcomes. Some of the long-term outcomes are obvious and well 
documented as consequences of the acute injuries; others will require additional research studies 
to understand the long-term consequences of exposure specifically to blast. 

To express its judgment of the available data clearly and precisely, the committee agreed 
to use the categories of association that have been established and used by previous Committees 
on Gulf War and Health and other IOM committees that have evaluated vaccine safety, effects of 
herbicides used in Vietnam, and indoor pollutants related to asthma. Those categories of 
association have gained wide acceptance over more than a decade by Congress, government 
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agencies (particularly VA), researchers, and veterans groups. The five categories in Box S-1 
describe different levels of association and sound a recurring theme: the validity of an 
association is likely to vary to the extent to which common sources of spurious associations can 
be ruled out as the reason for the observed association. Accordingly, the criteria for each 
category express a degree of confidence that is based on the extent to which sources of error 
were reduced. The committee discussed the evidence and reached consensus on the 
categorization of the evidence on each health outcome.  

BOX S-1  
The Categories of Association 

Sufficient Evidence of a Causal Relationship 

Evidence is sufficient to conclude that there is a causal relationship between blast exposure 
and a specific health outcome in humans. The evidence fulfills the criteria of sufficient 
evidence of an association (below) and satisfies several of the criteria used to assess 
causality: strength of association, dose–response relationship, consistency of association, 
temporal relationship, specificity of association, and biologic plausibility. 

 

Sufficient Evidence of an Association 

Evidence is sufficient to conclude that there is a positive association; that is, a consistent 
association has been observed between blast exposure and a specific health outcome in 
human studies in which chance and bias, including confounding, could be ruled out with 
reasonable confidence as an explanation for the observed association.  

 

Limited/Suggestive Evidence of an Association 

Evidence is suggestive of an association between blast exposure and a specific health 
outcome in human studies but is limited because chance, bias, and confounding could not be 
ruled out with reasonable confidence. 

 

Inadequate/Insufficient Evidence of an Association 

Evidence is of insufficient quantity, quality, consistency, or statistical power to permit a 
conclusion regarding the existence of an association between blast exposure and a specific 
health outcome in humans. 

 

Limited/Suggestive Evidence of No Association 

Evidence from several adequate studies is consistent in not showing a positive association 
between blast exposure and a specific health outcome. A conclusion of no association is 
inevitably limited to the conditions and length of observation in the available studies. The 
possibility of a very small increase in risk of the health outcome after exposure to blast cannot 
be excluded. 

SUMMARY OF CONCLUSIONS 

The committee’s conclusions on human health outcomes of exposure to blast and on the 
effectiveness of blast protection are summarized below. It is important to note that although the 
information here is presented by individual organ systems and other specific outcomes, exposure 
to blast often leads to polytrauma (multiple traumatic injuries) and a multisystem response.  



Copyright © National Academy of Sciences. All rights reserved.

Gulf War and Health, Volume 9:  Long-Term Effects of Blast Exposures

SUMMARY 5 

PREPUBLICATION COPY: UNCORRECTED PROOFS 

Human Health Outcomes 

The committee focused its formal conclusions (below) on long-term adverse health 
outcomes, particularly those not necessarily caused by a severe or obvious acute injury. Acute 
injuries to each organ system from exposure to blast are summarized in Chapter 4. 

Sufficient Evidence of a Causal Relationship 

 Penetrating eye injuries resulting from exposure to blast and permanent blindness and 
visual impairment (visual acuity of 20/40 or worse).  

 Some long-term effects on a genitourinary organ—such as hypogonadism, infertility, 
voiding dysfunction, and erectile dysfunction—associated with severe injury, which is 
defined as a complete structural and functional loss that cannot be reconstructed.  

Sufficient Evidence of an Association 

 Development of posttraumatic stress disorder (PTSD). The association may be related to 
direct experience of blast or to indirect exposure, such as witnessing the aftermath of a 
blast or being part of a community affected by a blast. 

 Endocrine dysfunction (hypopituitarism and growth hormone deficiency) in cases of 
severe or moderate blast-related traumatic brain injury (TBI).  

 Postconcussive symptoms and persistent headache in cases of mild blast TBI. 
 In non-blast severe or moderate TBI, permanent neurologic disability, including cognitive 

dysfunction, unprovoked seizures, and headache. These associations also are known 
outcomes in TBI studies that included blast and non-blast mechanisms considered 
together. It is plausible that severe or moderate blast TBI is similarly associated with 
permanent neurologic disability even though studies that specifically addressed blast TBI 
are lacking.  

 Long-term dermal effects, such as cutaneous granulomas. 

 Limited/Suggestive Evidence of an Association 

 Chronic traumatic encephalopathy with progressive cognitive and behavioral decline in 
cases of recurrent blast TBI. 

 Long-term effects on the tympanic membrane and auditory thresholds. 
 Major limb injuries, including amputations, resulting from exposure to blast and long-

term outcomes for the affected limb and for the cardiac system. 
 Acute gastrointestinal perforations and hemorrhages, and solid-organ laceration, all of 

which can have long-term consequences.  
 Long-term consequences for the musculoskeletal system, including heterotopic 

ossification in amputated limbs and osteoarthritis.  
 Long-term complications of burns.  

Inadequate/Insufficient Evidence of an Association 

 Tinnitus and long-term effects on central auditory processing.  
 Long-term effects on balance dysfunction and vertigo. 
 Long-term effects on vision in cases of acute non-penetrating eye injuries.  
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 Long-term effects on cardiovascular function, such as accelerated atherosclerosis. 
 Long-term effects on pulmonary function, respiratory symptoms, and exercise limitation.  
 Long-term effects after acute blast lung injury. 
 Long-term gastrointestinal outcomes in the absence of serious acute injury. 
 Long-term effects associated with partial injury (defined as incomplete structural and 

functional loss that can be reconstructed) to a genitourinary organ. 
 Long-term effects of infections.  

Additional Conclusions 

On the basis of its evaluation, the committee drew several additional conclusions related to 
adverse health effects of exposure to blast: 

 There is sufficient evidence of a substantial overlap in the symptoms of mild TBI and 
PTSD exposure to blast, and, there is limited/suggestive evidence that most of the shared 
symptoms are accounted for by PTSD and not a direct result of TBI alone. 

 There is inadequate/insufficient evidence to assess the direct contribution of blast to 
depression, substance-use disorders, and chronic pain; however, the association of PTSD 
with these disorders is well established. 

 There is limited/suggestive evidence that diffuse brain injury with swelling may be more 
likely after blast than in relation to other mechanisms that lead to TBI. 

Blast Protection 

The committee was asked to consider whether improvements in collective and personal blast 
protection are associated with diminished blast injuries. After evaluating the literature on this 
topic, the committee concludes 

 That there is sufficient evidence of an association between the use of personal protective 
equipment, including interceptive body armor and eye protection, and prevention of blunt 
and penetrating injuries caused by exposure to blast.  

 That there is inadequate/insufficient evidence to determine whether there is an 
association between the use of current personal protective equipment and prevention of 
primary blast-induced (non–impact-induced) injuries.  

RECOMMENDATIONS 

As the committee evaluated the available evidence on health effects of exposure to blast, 
it identified a number of gaps in the evidence base. Filling the data gaps is important for 
advancing the understanding of how blast affects humans in the short term and the long term. A 
fundamental feature of exposure to blast is that it can result in complex, multisystem injuries. 
Attention to those complexities has often been lacking in research studies. It is important that 
research on blast emphasize multisystem injury patterns and seek to understand the clinical 
importance of cross-system interactions. 

Below are the committee’s recommendations for research that it believes is most likely to 
provide VA with knowledge that can be used to inform decisions on how to prevent blast 
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injuries, how to diagnose them effectively, and how to manage, treat, and rehabilitate victims of 
battlefield traumas in the immediate aftermath of a blast and in the long term.  

VA can begin to improve the diagnosis of and treatment for blast injuries, particularly in 
the case of health outcomes of which there is at least sufficient evidence of an association with 
exposure to blast (see above). The first step for VA should be to evaluate approaches that are 
already in place to detect, treat for, and rehabilitate after blast injuries.  

Recommendation 5-1. The Department of Veterans Affairs should conduct a 
rigorous evaluation to determine whether current approaches for detecting, 
treating for, and rehabilitating after health outcomes of blast exposure are 
adequate.  

A limitation of nearly all the studies evaluated by the committee was inadequate 
information about the exposure to blast. Most of the studies used self-reported exposure data 
rather than objective measures. Obtaining accurate, objective measurement of exposure to blast 
is essential for understanding the mechanisms of injury from blast.  

Recommendation 5-2. The Department of Defense should develop and deploy a 
system that measures essential components of blast and characteristics of the 
exposure environment, that records and stores the collected information, and that 
links individual blast-exposure databases with self-reported information and with 
demographic, medical, and operational data.  

Identifying blast injuries in service members, particularly injuries that are not acutely 
severe and may go undetected for long periods, poses a major challenge in both clinical and 
research settings. The ability to define biomarkers of blast injury that could serve as surrogates of 
exposure would constitute a substantial advance in the study of long-term outcomes of exposure 
to blast.  

Recommendation 5-3. The Department of Veterans Affairs should conduct 
epidemiologic and mechanistic studies to identify biomarkers of blast injury.  

The committee identified substantial gaps in much of the published research on blast 
injuries. The gaps include inadequately powered datasets, incomplete control populations, and 
poor study designs; an absence of combat-relevant expertise in blast on the research team; and a 
need to refine and advance preclinical models so that they can predict of long-term multisystem 
effects of blast injuries in humans adequately. Greater collaboration within and among 
institutions will expand the expertise of research teams and help to fill the gaps, and this 
approach should be considered a strength, not a limitation, with respect to VA funding priorities. 

Recommendation 5-4. To support innovation and improve the state of blast 
science, the Department of Veterans Affairs should develop opportunities for 
multidisciplinary research collaborations that cross institutional barriers between 
the Veterans Health Administration, the Department of Defense, and other 
institutions. 
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To assist VA and other researchers in improving the design of future studies, the 
committee offers several additional recommendations. It also notes that it is important that all 
studies use a standardized definition of blast exposure once it has been developed.  

Recommendation 5-5. The Department of Veterans Affairs should conduct 
research on acute and long-term consequences of blast injury involving all service 
members and veterans, not only users of the Veterans Health Administration.  

Recommendation 5-6. The Department of Veterans Affairs should create a registry 
of blast-exposed (not only blast-injured) service members to serve as foundation 
for long-term studies. 

Recommendation 5-7. The Department of Veterans Affairs should use existing 
military records to identify a cohort of service members who served in the Iraq 
and Afghanistan wars to enroll in a prospective study of the long-term effects of 
blast on health and rehabilitation. The cohort should not be limited to service 
members who are known to have been exposed to blast.  

Recommendation 5-8. The Department of Veterans Affairs should identify and use 
as a resource existing longitudinal cohort studies on populations that include blast-
exposed service members and veterans. This resource may include information 
from existing ancillary studies of these cohorts to improve the detection and 
measurement of adverse long-term health outcomes of blast exposure. 

Recommendation 5-9. The Department of Veterans Affairs should create a 
database that links Department of Defense records (particularly records that 
identify blast-injured service members) to records in the Veterans Health 
Administration, active-duty military treatment facilities, and TRICARE to 
facilitate identification of long-term health-care needs after blast injury. 

Recommendation 5-10. The Department of Veterans Affairs should conduct case-
control studies of select adverse outcomes to test for the potential contribution of 
blast to them. 

Knowledge of predictors of increased risk of health conditions associated with blast 
exposure makes it possible for service members who are at increased risk to be assigned to duties 
that avoid or minimize particular exposures or to receive prophylactic treatment and 
rehabilitation. Screening tests conducted on entry into the military (not only before deployment) 
should be helpful in gathering information on predictors of increased risk of blast injury. 

Recommendation 5-11. The Department of Defense should determine whether 
existing screening tests administered during the physical examination conducted 
on enlistment can be used to measure susceptibility to blast injury, and if 
additional screening tests might be helpful in determining whether a service 
member has an increased susceptibility to blast injury.  
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As part of its charge, the committee was asked to provide recommendations on 
disseminating information about the health effects of blast exposure throughout VA for the 
purpose of improving care and benefits provided to veterans. 

Recommendation 5-12. The Department of Veterans Affairs should build on its 
existing educational and communications infrastructure to educate its clinicians 
and other health-care team members further about the health effects of blast 
exposure. Specific actions should be taken to 

 Develop clinical practice guidelines for blast-related injuries other than 
traumatic brain injury and posttraumatic stress disorder. The guidelines 
should be developed in collaboration with the Department of Defense and 
ideally would be used by both departments. 

 Expand the focus of the Polytrauma and Blast-Related Injuries Quality 
Enhancement Research Initiative to include injuries other than traumatic 
brain injury and posttraumatic stress disorder. Blast injuries and 
rehabilitation after them should be viewed through a wide clinical lens.  

 Offer continuing-education credit courses on blast injury through the 
Simulation Learning, Education and Research Network and other relevant 
educational forums.  

 Convene periodic state-of-the-science conferences (for example, every 2 or 
3 years) on the health effects of blast injuries. Such conferences would be 
convened ideally in collaboration with the Department of Defense, and 
possibly with selected professional associations, and the conference 
proceedings would be published (for example, in special issues or 
supplements of professional journals).  

 Establish a blast-injury literature clearinghouse or information repository 
that could be used as a resource for clinicians and researchers. It should be 
a joint effort of the Department of Veterans Affairs and the Department of 
Defense.  

 Use such mechanisms as the Patient Aligned Care Team, clinical 
champions, and learning networks to educate Department of Veterans 
Affairs health care teams about the health effects of blast exposure. 

 Encourage clinicians to ask veterans specifically about exposure to blasts. 
Develop standard screening questions specific to veterans’ exposures to 
blast for integration into the Department of Veterans Affairs electronic 
health record and as part of veterans’ military histories. The screening 
questions should be listed on the military health history pocket card. 
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INTRODUCTION 

The first Persian Gulf War, known as Operation Desert Storm, was an offensive that 
followed the August 1990 Iraqi invasion of Kuwait and was led by US and coalition troops in 
January 1991. The war was over on February 28, 1991, and an official cease-fire was signed in 
April 1991. The last US troops who participated in the ground war returned home on June 13, 
1991. In all, about 697,000 US troops had been deployed to the Persian Gulf during the conflict. 
That war resulted in few injuries and deaths among coalition forces, but returning veterans soon 
began to report numerous health problems that they believed were associated with their service 
in the gulf. Those veterans were not exposed to blast but were potentially exposed to numerous 
biologic and chemical agents, including vaccinations and other prophylactic medications, nerve 
agents, depleted uranium, pesticides, solvents,  combusted and uncombusted fuels, dust 
exposure, and burning waste.  

On October 7, 2001, the United States began combat operations in Afghanistan in 
response to the September 11, 2001, terrorist attacks. The war in Afghanistan is also referred to 
as Operation Enduring Freedom (OEF). On March 20, 2003, the United States became engaged 
in military operations in Iraq. The Iraq War, also referred to as Operation Iraqi Freedom (OIF), 
and OEF have been fundamentally different from the first Gulf War in the number of troops 
deployed, in multiple deployments, in its duration, in the type of warfare, and in the numbers of 
deaths and injuries, particularly brain injuries. On September 1, 2010, OIF was renamed 
Operation New Dawn (OND) (Secretary of Defense Memorandum, February 17, 2010). As of 
September 2013, those wars have resulted in the deployment of about 2.2 million troops; there 
have been 2,266 US fatalities in OEF and 4,489 in OIF and OND. The numbers of wounded US 
troops exceed 19,250 in Afghanistan and 32,000 in Iraq (DOD, 2013). In addition to deaths and 
morbidity, the operations have unforeseen consequences for military personnel that are not yet 
fully understood. 

STUDY ORIGIN 

In 1998, in response to the growing concerns of ill Gulf War veterans, Congress passed 
two laws: Public Law (PL) 105-277, the Persian Gulf War Veterans Act, and PL 105-368, the 
Veterans Programs Enhancement Act. Those laws directed the secretary of veterans affairs to 
enter into a contract with the National Academy of Sciences (NAS) to review and evaluate the 
scientific and medical literature regarding associations between illness and exposure to toxic 
agents, environmental or wartime hazards, and preventive medicines or vaccines related to Gulf 
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War service and to consider the NAS conclusions when making decisions about compensation. 
The study was assigned to the Institute of Medicine (IOM), and several volumes have been 
published.1 Several of the volumes address the concerns of not only the 1991 Gulf War veterans 
but also the veterans of the Iraq and Afghanistan wars.  

The legislation did not preclude an IOM recommendation or a Department of Veterans 
Affairs (VA) request for additional studies, particularly as subjects of concern arise. For 
example, VA’s request that IOM consider whether there is an increased risk of amyotrophic 
lateral sclerosis in all veteran populations, resulted in the report Amyotrophic Lateral Sclerosis in 
Veterans (IOM, 2006a); an examination of all health effects in veterans deployed to the 1991 
Persian Gulf War irrespective of specific exposures resulted in Gulf War and Health, Volume 4: 
Health Effects of Serving in the Gulf War (IOM, 2006b); and a VA request regarding the long-
term effects of traumatic brain injury (TBI) resulted in Gulf War and Health, Volume 7: Long-
term Consequences of Traumatic Brain Injury (IOM, 2009). The present volume grew out of 
discussions with VA over concern about blast injuries and the potential long-term effects of 
being in a blast. 

BLAST INJURIES  

The wars in Iraq and Afghanistan have become known for the enemy’s reliance on 
improvised explosive devices (IEDs) (Champion et al., 2009; Ritenour et al., 2010).  It has been 
estimated that explosive weaponry account for about 75% of all US military casualties (Belmont 
et al., 2010, 2012). Explosive incidents involving IEDs are a worldwide problem. In 2012, the 
number of terrorist attacks worldwide involving IEDs, including military combat, was 2,451; 
2,634 people were killed and 6,601 wounded (Centre of Excellence Defence Against Terrorism, 
2013). 

It is not possible to know precisely the number of military personnel who served in the 
Iraq and Afghanistan wars and were exposed to blast. However, data that can serve as a surrogate 
for blast exposure are available and provide a rough estimate of blast-exposed personnel.  

A substantial portion of blast exposure during the Iraq and Afghanistan wars comes from 
IEDs. Since 2001, about 1,380 OEF service members have been killed in action and 11,312 
wounded in action because of IEDs. From March 2003 to November 2011, about 2,207 OIF and 
OND service members have been killed in action and 21,743 wounded in action because of IEDs 
(Defense Manpower Data Center, 2013; iCasualties, 2013). There were limitations in 
extrapolating those data to overall blast exposure of military personnel of the Iraq and 
Afghanistan wars. Those numbers refer only to service members who have been killed or 
wounded in action. The number of service members exposed to blast in the combat environment 
is probably much higher.  

                                                 
1Gulf War and Health, Volume 1: Depleted Uranium, Pyridostigmine Bromide, Sarin, Vaccines (IOM, 2000); Gulf 
War and Health, Volume 2: Insecticides and Solvents (IOM, 2003); Gulf War and Health, Volume 3: Fuels, 
Combustion Products, and Propellants (IOM, 2005); Gulf War and Health, Volume 4: Health Effects of Serving in 
the Gulf War (IOM, 2006); Gulf War and Health, Volume 5: Infectious Diseases (IOM, 2006); Gulf War and 
Health, Volume 6:  Physiologic, Psychologic, and Psychosocial Effects of Deployment-Related Stress (IOM, 2008); 
Gulf War and Health, Volume 7: Long-Term Consequences of Traumatic Brain Injury (IOM, 2009); and Gulf War 
and Health, Volume 8: Update of Health Effects of Serving in the Gulf War (IOM, 2010). 
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Another means of estimating the number of blast-exposed military personnel is to use 
data on numbers of personnel who have received TBIs, particularly mild TBIs. Mild TBIs 
account for nearly 77% of TBIs (187,539 of the total of 244,217 service members who received 
TBIs) in personnel serving in the Iraq and Afghanistan wars (IOM, 2013). The major cause of 
TBI in the Iraq and Afghanistan wars is exposure to blast, often from IEDs. Again, this 
information provides only a rough estimate of blast exposure, and it is probable that the actual 
number of service members exposed is much higher.  

There are five mechanisms by which injuries can occur after exposure to blast. Primary 
injury is the direct result of spallation, implosion, or inertia; these injuries are caused as a sole 
consequence of the shock wave–body interaction. Their effects are concentrated on regions 
where there is an air or fluid interface with tissue (Wolf et al., 2009). For example, a 
combination of implosion and spallation forces may cause an air embolus to enter a capillary as a 
blast wave travels through blood and into a capillary where spalling disrupts the endothelium and 
implosion causes compressed air to expand (Ho, 2002; Wolf et al., 2009). Organ systems that 
have greater air–tissue interfaces are more susceptible to primary blast injuries. Auditory injury 
is the most common, occurring at 35 kPa, compared with pulmonary or intestinal injury, which 
occurs at 75–100 kPa (Wolf et al., 2009). Overpressure may also affect the central nervous, 
musculoskeletal, visual, and cardiovascular systems. And a blast wave may cause a systemic 
shock that subsides in minutes or hours (Wolf et al., 2009). Secondary injury is caused by debris 
that is displaced by a blast wave or blown by the blast wind. A combination of penetrating or 
blunt injuries may result, including bruises and lacerations. Fragments or shrapnel may create 
small puncture wounds. Because fragments travel further than a blast wave, secondary injuries 
are more common than primary injuries (Wolf et al., 2009). Tertiary injury results from the 
physical displacement of a person by a blast wave or blast wind. A person who is pushed or 
blown may suffer a variety of injuries, such as head trauma or fractures. Injuries associated with 
falling buildings—such as head trauma, traumatic asphyxiation, and crush injuries—are 
considered tertiary injuries (Wolf et al., 2009). Quarternary injuries, or miscellaneous injuries, 
include all other injuries directly caused by a blast but not classified by another mechanism. 
These injuries may be burns, toxic-substance exposures, and psychologic trauma (Wolf et al., 
2009). Quinary injuries are illnesses or diseases that result from chemical, biologic, or radiologic 
substances released by a bomb (Cernak and Noble-Haeusslein, 2010; Plurad, 2011). Chapter 3 
describes the mechanisms of blast injury in greater detail.  

CHARGE TO THE COMMITTEE 

The charge to the present IOM committee was to examine the strength of the evidence of 
an association between being exposed to blast and potential long-term health effects. The 
committee also was asked to make recommendations for future research on the topic. 
Specifically, the statement of work notes that the IOM “shall comprehensively review, evaluate, 
and summarize the available scientific and medical literature associated with the multisystem 
response to blast exposures and subsequent acute and long-term health consequences among 
Gulf War veterans.  

In making determinations, the committee shall consider 

a. The strength of scientific evidence, the replicability of results, the statistical significance of 
results, and the appropriateness of the scientific methods used to detect the association; 



Copyright © National Academy of Sciences. All rights reserved.

Gulf War and Health, Volume 9:  Long-Term Effects of Blast Exposures

14 LONG-TERM EFFECTS OF BLAST EXPOSURES  

PREPUBLICATION COPY: UNCORRECTED PROOFS 

b. In any case where there is evidence of an apparent association, whether there is reasonable 
confidence that the apparent association is not due to chance, bias, or confounding; 

c. The increased risk of illness among human or animal populations exposed to blast injuries; 
d. Whether a plausible biological mechanism or other evidence of a causal relationship exists 

between exposure to blast and long term systemic adverse health effects; 
e. Whether type of blast (for example, shaped blast wave vs. diffuse) is associated with injury 

pattern; 
f. Whether improvements in collective and personal blast protection are associated with 

diminished blast injury. 

In evaluating the long-term health effects of blast exposures among Gulf War Veterans, 
the committee should look broadly for relevant information. Information sources to pursue could 
include, but are not limited to 

a. Published peer-reviewed literature related to blast injuries among the 1991 Gulf War 
Veteran population; 

b. Published peer-reviewed literature related to blast injuries among OEF (Operation 
Enduring Freedom), OIF (Operation Iraqi Freedom), New Dawn active duty Service 
members and Veterans, and other conflicts as appropriate;  

c. Published peer-reviewed literature related to blast injuries among similar populations such 
as Allied military personnel; and  

d. Published peer-reviewed literature related to blast injuries in other populations.” 

HOW THE COMMITTEE APPROACHED ITS CHARGE 

The committee was charged with conducting a review of the scientific literature on the 
association between blast and long-term health effects. The charge did not specify the type of 
blast injury—primary, secondary, tertiary, quaternary, and quinary—and, therefore, the 
committee did not attempt to limit its review to any mechanism of blast injury. In fact, many of 
the studies reviewed by the committee, particularly epidemiologic studies, did not specify the 
mechanism of exposure (that is, the reported exposure was to blast generally). Chapter 3 includes 
a detailed description of the types of blast injury.The review included all relevant studies of blast 
in any population (military, occupational, and other) and health outcomes. The committee 
reviewed all papers that provided information about blast and health outcomes. By examining the 
full array of evidence of health outcomes in different populations, the committee answered the 
question, Can sustaining a blast be associated with a specific health outcome? It should be 
remembered that an association between a blast and a health outcome does not mean that all 
cases of the outcome are related to the blast; in fact, such direct correspondence is the exception 
rather than the rule in studies of health outcomes in large populations (IOM, 1994).  

The committee reviewed more than 12,800 titles and abstracts of scientific and medical 
articles related to blast and health outcomes. It reviewed the full text of about 400 peer-reviewed 
journal articles, many of which are described in the present report. The staff performed several 
searches in 2012 and 2013 in an effort to keep current with the literature. 

The details of the committee’s approach to its charge, the literature-search strategy, the 
types of studies that were reviewed, the committee’s inclusion criteria, and categories of 
association are described in Chapter 2.   
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ORGANIZATION OF THE REPORT 

Chapter 2 summarizes the committee’s methods for approaching its charge and details of 
its literature search. A model of possible long-term consequences of exposure to blast is 
described. Animal models of blast and experimental data are discussed in Chapter 3. Chapter 4 
contains the committee’s evaluation of the array of human health effects caused by exposure to 
blast. It also presents the pros and cons of blast protection and the use of body armor. Finally, 
Chapter 5 presents the committee’s recommendations. Biographic information on the committee 
members is included in an appendix. 
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METHODS 

This chapter presents the approach that the committee used to identify and evaluate the 
literature on health effects of blast exposure. It provides information on how the committee 
conducted its search of the literature, the types of evidence reviewed, the committee’s evaluation 
guidelines, the limitations of the studies reviewed, and the categories of association that the 
committee used in drawing conclusions about associations between blast exposure and long-term 
health effects. 

SEARCH STRATEGY AND IDENTIFICATION OF LITERATURE 

To identify the relevant published evidence on health effects of blast exposure, the 
committee began its work by overseeing extensive searches of the medical and scientific 
literature, such as published peer-reviewed articles and technical reports. Citation databases 
searched included MEDLINE, Embase, and the National Technical Information Service. Initial 
searches identified potentially relevant studies of blast-associated injuries other than traumatic 
brain injury (TBI) through March 2012. Additional searches for material on TBI due to blast 
exposure were conducted to retrieve studies from 2007 through June 2012 to capture studies that 
were not included in the previous Institute of Medicine (IOM) report Gulf War and Health, 
Volume 7: Long-Term Consequences of Traumatic Brain Injury (IOM, 2009). A final search was 
conducted in March 2013 to identify studies published since the previous searches. The various 
searches retrieved more than 12,800 potentially useful studies. A manual search of titles and 
abstracts was conducted to exclude non-relevant studies. The titles and abstracts of the remaining 
roughly 1,800 studies were then reviewed again. Scientific reviews and other review articles 
were manually searched for additional relevant studies. Numerous articles in languages other 
than English were included in the review and translated as needed. The committee also 
considered other sources of information, such as non–peer-reviewed reports and meeting 
summaries from the Department of Defense (DOD) and the Department of Veterans Affairs 
(VA). 

The committee focused its attention on clinical and epidemiologic studies of adults who 
may have long-term health effects (effects present at least 6 months after exposure) that resulted 
from a blast exposure. However, studies of immediate effects of blast exposures also were 
considered because acute effects (effects present immediately after the exposure to a blast and 
might last for hours to weeks) and subacute effects (effects that occur after acute and before 
long-term present for weeks to 6 months) potentially could lead to long-term health effects (see 
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Figure 2-1 below). Reviewing literature on acute and subacute effects of exposures to blast 
helped the committee to identify data gaps in the evidence base on long-term health effects. 

Review of the roughly 1,800 titles and abstracts led to the identification of about 400 
studies for further examination at the full-text level. To determine which studies would be 
included in the evaluation, the committee developed a set of inclusion guidelines (see below). All 
studies were objectively evaluated without preconceptions about health outcomes or about the 
existence or absence of associations.  

TYPES OF EVIDENCE 

The committee relied primarily on clinical and epidemiologic studies to draw its 
conclusions about the strength of evidence of associations between blast exposures and long-
term health effects. However, animal studies played a critical role in clarifying the mechanism of 
blast injuries and provided biologic understanding of many of the effects seen in humans. 

Epidemiologic Studies 

Analytic epidemiologic studies examine associations between two or more variables. 
Predictor variable and independent variable are terms for an exposure to an agent of interest in a 
human population. Outcome variable and dependent variable are terms for a health event seen in 
that population. Outcomes can also include a number of nonhealth results, such as use of 
services, social changes, and employment changes. A principal objective of epidemiology is to 
understand whether exposure to a specific agent is associated with disease occurrence or other 
health outcomes. That is most straightforwardly accomplished in experimental studies in which 
the investigator controls the exposure and the association between exposure and outcome can be 
measured directly. In the case of blast exposure studies, however, human experiments that 
directly examine the association between blast exposure and health outcomes are neither 
ethically nor practically feasible; instead, the association has to be measured in observational 
studies, and causality has to be inferred. Although they are commonly used synonymously by the 
general public, the terms association and causation have distinct meanings (Alpert and 
Goldberg, 2007). 

There are several possible reasons for associations in observational studies: random error 
(chance); systematic error (bias); confounding; effect–cause relationships; and cause–effect 
relationships. A spurious association—the finding of an association that does not exist—can be 
due to random error or chance, systematic error or bias, or a combination of them. Random error 
or chance is a statistical variation in a measurement taken from a sample of a population that can 
lead to the appearance of an association when none is present or to the failure to find an 
association when one is present. Systematic error or bias is the result of errors in how a study 
was designed or conducted. Systematic error can cause an observed value to deviate from its true 
value and can falsely strengthen or weaken an association or generate a spurious association. 
Selection bias occurs when there has been systematic error in recruiting a study population, 
which is different from the target population of the study, with the result that the findings cannot 
be generalized to the target population. Information bias results from a flaw in how data on 
exposure or outcome factors are collected. 
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Other reasons for finding associations that are incorrect are confounding and effect–cause 
relationships. Confounding occurs when a third variable—termed a confounding variable (or 
confounder)—is associated with both the exposure and the outcome and leads to the mistaken 
conclusion that the exposure is associated with the outcome. Effect–cause relationships occur 
when the outcome precedes the exposure; for example, a study might suggest that a particular 
health outcome was associated with blast exposure when the health condition actually preceded 
the exposure. In a true association, the exposure precedes the outcome and the association is free 
of random error, bias, and confounding (or the chance of them has been minimized); finding true 
associations is the goal of epidemiologic studies. 

Detection of associations can be affected by the prevalence of health problems in a given 
population. Attributing an incremental burden of a disease that is common in a population to a 
specific exposure can be difficult. However, a small increase in the number of cases of a rare 
disease in a population can produce an effect that is more apparently attributed to an exposure.     

In epidemiologic studies, the strength of an association between exposure and outcome is 
generally estimated by using prevalence ratios, relative risks (RRs), odds ratios (ORs), 
correlation coefficients, or hazard ratios depending on the type of epidemiologic study 
performed. To conclude that an association exists, it is necessary for the exposure to be followed 
by the outcome more (or less in the case of a protective exposure) frequently than it would be 
expected to by chance alone. The strength of an association is typically expressed as a ratio of 
the frequency of an outcome in a group of participants who have a particular exposure to the 
frequency in a group that does not have the exposure. A ratio greater than 1.0 indicates that the 
outcome variable has occurred more frequently in the exposed group, and a ratio less than 1.0 
indicates that it has occurred less frequently. Ratios are typically reported with confidence 
intervals to assess random error. If a confidence interval (95% CI) for a ratio measure (such as an 
RR or an OR) includes 1.0, an association is said to be not statistically significant; if the interval 
does not include 1.0, the association is said to be statistically significant. 

Animal Studies 

Studies of laboratory animals are essential for understanding mechanisms of action and 
biologic plausibility and for providing information about possible health effects when 
experimental research in humans is not ethically or practically possible (NRC, 1991). Such 
studies permit an injury caused by a blast to be introduced under conditions controlled by the 
researcher. Mechanism-of-action (mechanistic) studies encompass a variety of laboratory 
approaches with whole animals and in vitro systems that use tissues or cells from humans or 
animals. 

In deciding on associations between blast exposure and human long-term health effects, 
the committee used evidence only from human studies; in some cases, however, it examined 
animal studies as a basis of judgments about biologic mechanism or plausibility. 

INFERRING CAUSALITY 

Determining whether a given statistical association rises to the level of causation requires 
inference (Hill, 1965); that is, causality is inferred, rather than measured directly, in 
observational studies. In 1965, Austin Bradford Hill, a British statistician, suggested nine criteria 
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that could be used to assess whether an association observed in an observational study might be 
causal (Hill, 1965): 

 Strength of association. A strong association is more likely than a modest association to 
have a causal component. 

 Consistency. An association that is observed consistently in different studies is more 
likely to be causal than one that is not. 

 Specificity. A factor (or predictor variable) influences specifically a particular outcome or 
population. 

 Temporality. A factor must precede an outcome that it is supposed to affect. 
 Biologic gradient (also called dose–response relationship). An outcome increases 

monotonically with increasing dose of exposure or according to a function predicted by a 
substantive theory. 

 Plausibility. An observed association can be plausibly explained by substantive (for 
example, biologic) explanations. 

 Coherence. A causal conclusion should not fundamentally contradict present substantive 
knowledge. 

 Experiment. Causation is more likely if evidence comes from randomized experiments. 
 Analogy. An effect has already been shown for analogous exposures and outcomes. 

Not all those criteria are applicable in all cases. For example, as noted above, randomized 
experiments that expose humans to blast would be not conducted. A strong association as 
measured by a high (or low) risk or ratio, an association that is found in a number of studies, an 
increased risk of disease with increasing exposure or a decline in risk after cessation of exposure, 
and a finding of the same outcome after analogous exposures all strengthen the likelihood that an 
association seen in epidemiologic studies is causal. Exposures are rarely, if ever, controlled in 
observational studies, and there can be substantial uncertainty in the assessment of a blast 
exposure. To assess whether explanations other than causality (such as chance, bias, or 
confounding) are responsible for an observed association, one must bring together evidence from 
different studies and apply well-established criteria (Evans, 1976; Hill, 1965; Susser, 1973, 
Susser, 1977, 1988; 1991; Wegman et al., 1997).  

INCLUSION GUIDELINES 

After obtaining the roughly 400 full-text articles, the committee needed to determine 
which studies to include in its evaluation. To do that, the committee developed inclusion 
guidelines. Box 2-1 includes examples of types of evidence used to categorize a study as primary 
or supportive (secondary or tertiary). Primary studies had greater methodologic rigor and 
therefore provided the strongest evidence on long-term health outcomes of blast exposure. For 
many health outcomes no primary studies were identified; in these cases, supportive studies 
necessarily guided the committee’s determinations. If a study did not meet any of the guidelines, 
it was excluded from further examination.  
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BOX 2-1  
Inclusion Guidelines 

Primary Secondary Tertiary 

 Cohort study 

 Prospective study 

 Objective data related to exposure 

 Appropriate control or comparison 
group 

 Minimal selection bias 

 Long-term followup (more than 6 
months) 

 Objective outcome of assessment 

 Sound analytic methods, sufficiently 
powered 

 Peer-reviewed in some way 

 

 Case-control study 

 Studies dependent 
on self-report of 
exposure or 
outcome 

 Peer-reviewed in 
some way 

 Case series or 
reports 

 Peer- 
reviewed in 
some way 

 

A study had to have been published in a peer-reviewed journal or other publication—
such as a government report, dissertation, or monograph—and had to include sufficient 
methodologic details to allow the committee to judge whether it met inclusion guidelines. A 
primary study had to include an unexposed control or comparison group, had to have sufficient 
statistical power to detect effects, had to use reasonable methods to control for confounders, and 
had to report follow-up data for at least 6 months. A study had to include information that the 
exposure was to blast. Ideally, there was an independent assessment of the exposure rather than 
self-reported information. Pre-exposure data were almost certainly not available and, 
realistically, even cohort studies would begin after exposure. Furthermore, exposure to blast is 
not routinely objectively measured, so researchers had to rely on self-reported exposures. The 
committee preferred studies that had an independent assessment of an outcome rather than self-
reports of an outcome or reports by family members. It was preferable to have the health effect 
diagnosed or confirmed by a clinical evaluation, imaging, hospital record, or other medical 
record. For psychiatric outcomes, standardized interviews were preferred, such as the Structured 
Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders Fourth Edition, 
Text Revision, the Diagnostic Interview Schedule, and the Composite International Diagnostic 
Interview; similarly, for other outcomes, standardized and validated tests were preferred. The 
committee recognizes that not all health outcomes have objective measures (for example, tinnitus 
is identified only through self-reported symptoms), that the gold standard for assessment is 
different for various outcomes, and that for some outcomes there may be more than one gold 
standard. Finally, the outcome had to be diagnosed after exposure to blast.  

LIMITATIONS OF STUDIES 

Many of the studies reviewed by the committee had limitations that are commonly 
encountered in epidemiologic studies, including lack of representative sample, selection bias, 
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lack of control for potential confounding factors, self-reports of exposure and health outcomes, 
and outcome misclassification.  

Although prospective, randomized, placebo-controlled studies provide the most robust 
type of evidence, they have not been conducted on the effects of blast in humans for ethical 
reasons.  Few of the studies reviewed by the committee were prospective cohort studies. Rather, 
most were retrospective clinical record reviews and case studies and series. Many of the studies 
were limited by small samples and selection biases (for example, the subjects had been admitted 
to acute-care settings). Low response rates in studies based on survey data also were a limitation. 

Studies often lacked unexposed control groups; they lacked comparisons of blast-exposed 
with non–blast-exposed subjects. And a number of studies compared cases of mild TBI that were 
associated with exposure to blast with cases of mild TBI that were not so associated, so mild TBI 
was a given in these study populations. 

Lack of long-term follow up was a limitation in most of the studies assessed by the 
committee. Few studies reported outcomes longer than 6 months after exposure to blast. Finally, 
many of the studies used self-reported outcome measures instead of objective measures.  

Those types of limitations made it challenging for the committee to determine 
associations between exposure to blast and long-term health effects. Because of the inadequacy 
of epidemiologic literature that can inform long-term outcomes of exposure to blast, the 
committee relied heavily on the literature to assess the strength of the evidence on acute effects 
and on its members’ collective clinical knowledge and expertise to draw conclusions regarding 
the plausibility of long-term outcomes. Some of the long-term outcomes are obvious and well 
documented as a consequence of the acute injuries. Other end points will require additional 
research studies to understand the long-term consequences of exposure specifically to blast. 

CATEGORIES OF ASSOCIATION 

The committee attempted to express its judgment of the available data clearly and 
precisely. It agreed to use the categories of association that have been established and used by 
previous Committees on Gulf War and Health and other IOM committees that have evaluated 
vaccine safety, effects of herbicides used in Vietnam, and indoor pollutants related to asthma 
(IOM, 2000, 2003, 2005, 2006, 2007, 2009). The categories of association have gained wide 
acceptance over more than a decade by Congress, government agencies (particularly VA), 
researchers, and veterans groups.  

The five categories below describe different levels of association and sound a recurring 
theme: the validity of an association is likely to vary to the extent to which common sources of 
spurious associations can be ruled out as the reason for the association. Accordingly, the criteria 
for each category express a degree of confidence that is based on the extent to which sources of 
error were reduced. The committee discussed the evidence and reached consensus on the 
categorization of the evidence for each health outcome (see Chapter 4).  
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Sufficient Evidence of a Causal Relationship 

Evidence is sufficient to conclude that there is a causal relationship between blast 
exposure and a specific health outcome in humans. The evidence fulfills the criteria of sufficient 
evidence of an association (below) and satisfies several of the criteria used to assess causality: 
strength of association, dose–response relationship, consistency of association, temporal 
relationship, specificity of association, and biologic plausibility. 

Sufficient Evidence of an Association 

Evidence is sufficient to conclude that there is a positive association; that is, a consistent 
association has been observed between blast exposure and a specific health outcome in human 
studies in which chance and bias, including confounding, could be ruled out with reasonable 
confidence as an explanation for the observed association.  

Limited/Suggestive Evidence of an Association 

Evidence is suggestive of an association between blast exposure and a specific health 
outcome in human studies but is limited because chance, bias, and confounding could not be 
ruled out with reasonable confidence. 

Inadequate/Insufficient Evidence of an Association 

Evidence is of insufficient quantity, quality, consistency, or statistical power to permit a 
conclusion regarding the existence of an association between blast exposure and a specific health 
outcome in humans. 

Limited/Suggestive Evidence of No Association 

Evidence from several adequate studies is consistent in not showing a positive association 
between blast exposure and a specific health outcome. A conclusion of no association is 
inevitably limited to the conditions and length of observation in the available studies. The 
possibility of a very small increase in risk of the health outcome after exposure to blast cannot be 
excluded. 

CONCEPTUAL MODEL OF BLAST INJURIES 

In approaching the array of possible long-term consequences of blast injury, the 
committee found it useful to consider a simple conceptual model that follows service members 
after exposure to a blast. The model (below) demonstrates examples of long-term consequences 
of blast but does not depict every possible pathway.    

Exposure of a service member to a blast can have several outcomes, at least in theory. 
Some of the outcomes are depicted in Figure 2-1, which shows the extent of disability over time. 
After exposure to a blast, service members can recover completely with no lasting injuries, 
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clinical or subclinical, as depicted by the green trajectory in Panel A. Such service members do 
not develop long-term consequences of blast exposure. Service members can sustain acute 
injuries from blast exposure that results in permanent diseases and disabilities, as shown by the 
red trajectory in Panel A. Examples are permanent hearing and vision loss and amputation of 
extremities. The committee reviewed the evidence on those immediate, permanent injuries but, 
given its charge, focused on long-term consequences of injuries to the body from blast 
exposures. Service members can sustain injuries from which they seemingly recover but that 
initiate a constellation of adverse consequences that are not clinically obvious shortly after 
exposure to blast, being revealed only later, as depicted by the trajectories in Panel C. Subacute 
effects may be detected in service members shortly after exposure to a blast. Examples of 
subacute effects might be electroencephalographic changes, headaches, balance impairments, 
and altered immune responses; these types of effects can be early symptoms of serious long-term 
consequences, but only sparse data are available.  

Service members who do not suffer apparent initial acute injury from blast exposures 
may be susceptible to long-term consequences (see Panel B). Such service members, in practice 
in the battlefield, would be indistinguishable from the uninjured. The committee believes that it 
would be an error, given numerous examples in other fields, to assume that long-term 
consequences can occur only as a result of clinically detected initial acute injuries caused by 
blast exposures.  

The actual array of possible scenarios is far more complex than that depicted in Figure 2-
1. In any service member exposed to blast, multiple organs could be affected and the result can 
be a constellation of short-term and long-term adverse consequences. The pathways shown in 
Figure 2-1 probably would intersect, and this would make prediction of long-term consequences 
challenging. Few data on such interactive effects are available. A key question addressed by the 
committee later in this report is which long-term consequences can occur only as a result of 
clinically detectable acute injuries and which can occur even in the absence of clinically 
detectable acute injuries. 
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A) 

 
B) 

 
C) 

 
FIGURE 2-1  Examples of possible long-term consequences after exposure to blast.  
NOTES: Panel A—some service members who are exposed to blast will develop acute injuries and will 
fully recover within a short period of time, fully recover over a long-period of time, or develop chronic 
diseases and disabilities. Panel B—some service members who are exposed to blast will not experience 
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acute clinically-apparent injuries, but may later develop diseases or disabilities, either in the mid- or long 
term. Panel C—some service members who are exposed to blast will develop acute injuries and then will 
go on to develop chronic diseases or disabilities even though they had apparently recovered or at least 
partially recovered in the short term.  
SOURCE: Created by the Committee on Gulf War and Health: Long-term Effects of Blast Exposures.  
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PATHOPHYSIOLOGY OF BLAST INJURY 
AND OVERVIEW OF EXPERIMENTAL DATA 

This chapter reviews what is known about the mechanisms of blast injury. It begins with 
an explanation of blast physics. Next is a discussion of how blast waves interact with the body 
directly and indirectly and how exposure to blast can affect multiple systems in the body and can 
cause systemic effects on the autonomic nervous, vascular, and immune systems. That discussion 
is followed by a description of models used to study blast injury mechanisms and the challenges 
involved in using models. The chapter ends with a summary of the results of experimental 
studies conducted in blast-exposed animal models. The committee used the information 
presented here to understand the mechanisms of blast injury, to discern clues about possible 
long-term health effects in humans, and to help to identify data gaps in the evidence base. 

THE PHYSICS OF BLAST 

This section is taken from the Institute of Medicine report Gulf War and Health, Volume 
7: Long-term Consequences of Traumatic Brain Injury (IOM, 2009). A blast wave generated by 
an explosion starts with a single pulse of increased air pressure that lasts a few milliseconds. The 
negative pressure or suction of the blast wave follows the positive wave immediately (Owen-
Smith, 1981). The duration of the blast wave—that is, the time that an object in the path of the 
shock wave is subjected to the pressure effects—depends on the type of explosive and the 
distance from the point of detonation (Clemedson, 1956). Table 3-1 summarizes the safety 
zones—that is, the standoff distances—for various types of bomb explosions. 

TABLE 3-1 Safety Recommendations for Standoff Distances from Different Types of Exploding Bombs 

Container or Vehicle 
Description 

Maximum 
Explosives 
Capacity 

Lethal Air-Blast 
Range 

Maximum 
Evacuation 
Distance 

Falling-Glass 
Hazard 

Pipe 2 × 12 in 5-6 lb  850 ft (259 m)  
Pipe 4 × 12 in 20 lb    
Pipe 8 × 24 in 120 lb    
Bottle 2 L 10 lb    
Bottle 2 gal 30 lb    
Bottle 5 gal 70 lb    
Boxes or shoebox 30 lb    
Briefcase or satchel 50 lb  1,850 ft 1,250 ft 
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Container or Vehicle 
Description 

Maximum 
Explosives 
Capacity 

Lethal Air-Blast 
Range 

Maximum 
Evacuation 
Distance 

Falling-Glass 
Hazard 

bomb (564 m) (381 m) 
1-ft3 box 100 lb    
Suitcase 225 lb  1,850 ft 

(564 m) 
1,250 ft 
(381 m) 

Compact sedan 500 lb in trunk 100 ft  
(30 m) 

1,500 ft 
(457 m) 

1,250 ft 
(381 m) 

Full-size sedan 1,000 lb in trunk 125 ft 
(38 m) 

1,750 ft 
(534 m) 

1,750 ft 
(534 m) 

Passenger van or 
cargo van 

4,000 lb 200 ft 
(61 m) 

2,750 ft 
(838 m) 

2,750 ft 
(838 m) 

Small box van 10,000 lb 300 ft 
(91 m) 

3,750 ft 
(1,143 m) 

3,750 ft 
(1,143 m) 

Box van or water or 
fuel truck 

30,000 lb 450 ft 
(137 m) 

6,500 ft 
(1,982 m) 

6,500 ft 
(1,982 m) 

Semitrailer 60,000 lb 600 ft 
(183 m) 

7,000 ft 
(2,134 m) 

7,000 ft 
(2,134 m) 

NOTE: Table compiled from several publications of the Advanced Technical Group (ATG) for Blast 
Mitigation and Technical Support Working Group (TSWG). 
SOURCE: Reprinted with permission from Charles Stewart, MD EMDM MPH (Stewart, 2014).  

The blast wave progresses from the source of the explosion as a sphere of compressed 
and rapidly expanding gases, which displaces an equal volume of air at a high velocity (Rossle, 
1950). The velocity of the blast wave in air may be extremely high, depending on the type and 
amount of the explosive used. The blast wave is the main determinant of the primary blast injury 
and consists of the front of high pressure that compresses the surrounding air and falls rapidly to 
negative pressure. It travels faster than sound and in few milliseconds damages the surrounding 
structures. The blast wind following the wave is generated by the mass displacement of air by 
expanding gases; it may accelerate to hurricane proportions and is responsible for disintegration, 
evisceration, and traumatic amputation of body parts. Thus, a person exposed to an explosion 
will be subjected not only to a blast wave but to the high-velocity wind traveling directly behind 
the shock front of the blast wave (Rossle, 1950). A hurricane-force wind traveling about 200 
km/h exerts overpressure of only 1.72 kPa (0.25 psi), but a blast-induced overpressure of 690 
kPa (100 psi) that causes substantial lung damage and might be lethal travels at about 2,414 km/h 
(Owen-Smith, 1981).  

The magnitude of damage due the blast wave depends on the peak of the initial positive-
pressure wave (an overpressure of 414–552 kPa or 60–80 psi), is considered potentially lethal, 
the duration of the overpressure, the medium of the explosion, the distance from the incident 
blast wave, and the degree of focusing due to a confined area or walls. For example, explosions 
near or within hard solid surfaces become amplified two to nine times because of shock-wave 
reflection (Rice and Heck, 2000). Moreover, victims positioned between the blast and a building 
often suffers 2–3 times the degree of injury of a person in an open space. Indeed, people exposed 
to explosion rarely experience the idealized pressure-wave form, known as the Friedländer wave. 
Even in open-field conditions, the blast wave reflects from the ground, generating reflective 
waves that interact with the primary wave and thus changing its characteristics. In a closed 
environment (such as a building, an urban setting, or a vehicle), the blast wave interacts with 
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surrounding structures and creates multiple wave reflections, which, interacting with the primary 
wave and between each other, generate a complex wave (Ben-Dor et al., 2001; Mainiero and 
Sapko, 1996) (Figure 3-1). Table 3-2 summarizes the effects of different levels of overpressure 
on material surrounding the explosion and unprotected persons exposed to blast. 

 
FIGURE 3-1 Explosion-induced shock waves: a) idealized representation of pressure-time history of an 
explosion in air; b) shock wave in open air; c) complex shock-wave features in closed or urban 
environment. 
SOURCE: Mayorga, 1997. Reprinted with permission from Elsevier Science, Ltd. 2008. 

Previous attempts to define the mechanisms of blast injury suggested the involvement of 
spalling, implosion, and inertial effects as major physical components of the blast-body 
interaction and later tissue damage (Benzinger, 1950). Spallation is the disruption that occurs at 
the boundary between two media of different densities; it occurs when a compression wave in 
the denser medium is reflected at the interface. Implosion occurs when the shock wave 
compresses a gas bubble in a liquid medium, raising the pressure in the bubble much higher than 
the shock pressure; as the pressure wave passes, the bubbles can re-expand explosively and 
damage surrounding tissue (Benzinger, 1950; Chiffelle, 1966; Phillips, 1986). Inertial effects 
occur at the interface of the different densities: the lighter object will be accelerated more than 
the heavier one, so there will be a large stress at the boundary. Recent results suggest that there is 
a frequency dependence of the blast effects: high frequency (0.5–1.5 kHz) low-amplitude stress 
waves target mostly organs that contain abrupt density changes from one medium to another (for 
example, the air-blood interface in the lungs or the blood–parenchyma interface in the brain), and 
low-frequency (<0.5 kHz) high-amplitude shear waves disrupt tissue by generating local motions 
that overcome natural tissue elasticity (for example, at the contact of gray and white brain 
matter).  

TABLE 3-2 Overpressure Effects on Surrounding Materials and Unprotected Persons  
Pressure, kPa 
(psi) Effects on Material Pressure, kPa (psi) 

Effects on Unprotected 
Person 

0.69–34.47 
(0.1–5) 

Shatter single-strength glass 34.47 (5)  Slight chance of eardrum 
rupture 

6.89–13.79 (1–
2)  

Crack plaster walls, shatter 
asbestos sheet, buckle steel 
sheet, failure of wood wall 

103.42 (15) 50% chance of eardrum 
rupture 

13.79–20.68 
(2–3) 

Crack cinder-block wall, 
crack concrete block wall 

206.84–275.79 
(30–40) 

Slight chance of lung 
damage 

Complex wave

Simple free-field wave

Friedlander wave

c

b

Time

Pr
es

su
re

a
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Pressure, kPa 
(psi) Effects on Material Pressure, kPa (psi) 

Effects on Unprotected 
Person 

13.79–55.16 
(2–8) 

Crack brick wall 551.58 (80) 50% chance of severe lung 
damage 

34.47–68.95 
(5–10) 

Shatter car safety glass 689.48 (100) Slight chance of death 

  896.32–1,241.06 
(130–180) 

50% chance of death 

  1,378.95–1,723.69 
(200–250) 

Death usual 

SOURCE: Reproduced from Journal of the Royal Army Medical Corps, Hunterian lecture 1980: A 
computerized data retrieval system for the wounds for war: The Northern Ireland casualties. Owen-Smith, 
M.S., 127(1):31–54, Copyright 1981, with permission from BMJ Publishing Group Ltd.  

ACUTE BLAST–BODY AND BLAST–BRAIN INTERACTIONS 

Explosive blast may have five distinct acute effects on the body (see Figure 3-2): the 
primary blast mechanism causes injuries as sole consequences of the shock wave–body 
interaction; the secondary blast mechanism is due to the propulsion of fragments of debris by the 
explosion and their connection with the body, which causes penetrating or blunt injuries; the 
tertiary blast mechanism is due to the acceleration and deceleration of the body or a part of the 
body when the energy released by the explosion propels the body or body part (acceleration 
phase) and then the body or body part stops suddenly on hitting the ground or a surrounding 
object; the quaternary blast mechanism (not depicted in Figure 3-2) includes flash burns caused 
by the transient but intense heat of the explosion (Mellor, 1988); and the quinary blast 
mechanism (not depicted in Figure 3-2) is caused by post-detonation environmental 
contaminants, such as tissue reactions to fuel, metals, and dusts or to bacteria and radiation in 
dirty bombs (Kluger et al., 2007). Often, especially in the case of moderate to severe blast 
injuries, the multiple blast effects interact with the body simultaneously; such an injurious 
environment and related injuries are sometimes called blast-plus (Moss et al., 2009).  
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FIGURE 3-2 Complex injurious environment due to blast.  
NOTES: Primary blast effects are caused by the blast wave itself (excludes penetrating and blunt force 
injury); secondary blast effects are caused by particles propelled by the blast (penetrating or blunt force 
injury); tertiary blast effects caused by acceleration and deceleration of the body and its impact with other 
objects (penetrating or blunt force [including “coup-contrecoup”] injury). Quaternary and quinary blast 
effects are not depicted in this figure, but are described in the text.  
SOURCE: Reprinted with permission from Macmillan Publishers Ltd: Journal of Cerebral Blood Flow 
and Metabolism, Cernak and Noble-Haeusslein, Copyright 2010. 

When an explosive shock wave strikes a living body, a fraction of the shock wave is 
reflected, and another fraction is absorbed and propagates through the body as a tissue-
transmitted shock wave (Clemedson and Criborn, 1955). Different organ and body structures 
differ in their reactions, but two main general types of tissue response are observed: one is 
caused by the impulse of the shock wave and is of longer duration, and the other is caused by the 
pressure variations of the shock wave and is in the form of oscillations or pressure deflections of 
shorter duration (Clemedson and Pettersson, 1956). For example, Clemedson and colleagues 
demonstrated that in rabbits exposed to blast, abdominal organs and costal interspaces (that is, 
spaces between ribs) responded to the impulse of the shock wave, whereas the rib’s and the hind 
leg’s response was induced by the pressure variations of the shock wave (Clemedson et al., 
1969).  
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During the interaction between the blast shock wave (the primary blast) and a medium—
which could be solid, liquid, gas or plasma—the energy of the shock wave is absorbed or 
transformed into the kinetic energy of the medium (Tümer et al., 2013). The kinetic energy, in 
turn, moves and accelerates the elements of the medium from their resting state with a rate that 
depends on the density of the medium; this leads to rapid physical movement, displacement, 
deformation, or rupture of the medium (Chu et al., 2005). Consequently, the main mechanisms of 
the blast–body interaction and later tissue damage include spallation, implosion, and inertial 
effects (Richmond et al., 1967). Spallation is a phenomenon that occurs at the boundary between 
two media of different densities where a compression wave in the denser medium is reflected at 
the interface. Implosion occurs in a liquid medium that contains a dissolved gas. As the shock 
wave passes through such a medium, it compresses the gas bubbles, and this leaves the pressure 
in the bubbles much higher than the shock pressure; after the passage of the pressure wave, the 
bubbles can re-expand explosively and damage surrounding tissue (Cooper et al., 1991; 
Richmond et al., 1967; Richmond et al., 1968). Inertial effects also occur at the interface of 
media of different densities: the lighter object will be accelerated more than the heavier one, so 
there will be a large stress at the boundary (Lu and Wilson, 2003). 

In addition to the consequences of the kinetic-energy transfer, recent results suggest that 
the primary blast effects depend on frequency: high frequency (0.5–1.5 kHz), low-amplitude 
stress waves target mostly organs that contain media with contrasting densities (for example, the 
air–blood interface in the lungs or the blood–parenchyma interface in the brain), and low-
frequency (<0.5 kHz), high-amplitude shear waves disrupt tissue by generating local motions 
that overcome natural tissue elasticity (Cooper et al., 1991; Gorbunov et al., 2004) (for example, 
at the interface between gray and white brain matter). 

MODIFYING POTENTIAL OF SYSTEMIC CHANGES CAUSED BY BLAST 

Because of the complexity of the injurious environment—that is, multiple blast effects 
that may interact with the body—blast injuries often involve interwoven mechanisms of 
systemic, local, and cerebral responses to blast exposure (Cernak et al., 1991; Cernak et al., 
1996b) (Figure 3-3). Even when multiorgan responses are mild, systemic changes substantially 
modify the original organ damage and influence its severity and outcome. Air emboli, activation 
of the autonomic nervous system (ANS), vascular mechanisms, and systemic inflammation are 
among the most important systemic alterations that could modify initial injuries due to blast.  

Air Emboli 

Air emboli develop as a consequence of the shock wave’s passing through media in the 
body that have different densities: gas, such as air; fluid, such as blood; and solid, such as 
parenchyma. Experimental studies published by Nevison, Mason, and colleagues (Mason et al., 
1971; Nevison et al., 1971) used an ultrasonic Doppler blood-flow detector in dogs subjected to 
blast in a shock tube and showed air emboli passing through the carotid artery. The embolus 
detector showed cyclic release of air emboli: release occurred over the first 10 seconds after the 
blast, ceased for a time, and was then noted about 2 minutes and 12 minutes after the blast.  
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FIGURE 3-3 Simultaneous activation of systemic, local, and cerebral responses to blast exposure and 
interactive mechanisms that cause or contribute to the blast-induced neurotrauma.  
NOTES: ANS = autonomous nervous system; BBB = blood brain barrier; CBF = cerebral blood flow; E = 
epinephrine; NE = norepinephrine; PNS = parasympathetic nervous system; SNS = sympathetic nervous 
system.  
SOURCE: Cernak, 2010. 

It is noteworthy that the air-emboli release occurred in parallel with a drastic decrease in 
blood-flow velocity and with seizure that was probably due to hypoxia or anoxia. Similar 
experimental findings have been described by others (Chu et al., 2005; Clemedson and Hultman, 
1954; Kirkman and Watts, 2011) and have been noted in clinical studies (Freund et al., 1980; 
Tsokos et al., 2003a,b). Indeed, a massive compressed-air embolism of the aorta and multiple air 
spaces in the interstitium compressing the collecting tubules in the kidneys (Freund et al., 1980) 
and venous air embolism in the lungs (Tsokos et al., 2003a) were reported in victims of severe 
blast injuries. It is expected that the rate of the air-emboli release is dependent on the intensity of 
blast, and the subsequent changes in blood flow and oxygenation concentration are also graded 
(that is, when the rate of the air-emboli release increases with the increase of blast intensity, the 
intensity of the pathological changes in blood flow and oxygenation concentration also 
increases).  

Activation of the Autonomic Nervous System 

When the incident overpressure wave (the initial shock wave that brings a sudden 
increase in atmospheric pressure) is transmitted through the body, it increases the pressure in 
organs (Clemedson and Pettersson, 1956). The later sudden hyperinflation of the lungs (Cernak 
et al., 1996b; Zuckerman, 1940) stimulates the juxtacapillary (J) receptors that are located in the 
alveolar interstitium and innervated by vagal fibers (Paintal, 1969). The resulting vagovagal 
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reflex leads to apnea followed by rapid breathing, bradycardia, and hypotension, which are 
frequently observed immediately after blast exposure. Moreover, hypoxia and ischemia due to 
damaged alveoli, air emboli, or a triggered pulmonary vagal reflex can activate a cardiovascular 
decompressor Bezold-Jarish-reflex, which involves a marked increase in vagal (parasympathetic) 
efferent discharge to the heart (Zucker, 1986). That effect causes a slowing of the heart 
(bradycardia), dilation of the peripheral blood vessels, and an ensuing drop in blood pressure, 
which could contribute further to cerebral hypoxia (Cernak et al., 1996a,b). Axelsson and 
colleagues showed in pigs that the blast-induced brief apnea correlated with flattening of the 
electric activity of the brain (Axelsson et al., 2000). Other experimental studies demonstrated the 
importance of vagally mediated cerebral effects of blast (Cernak et al., 1996b; Irwin et al., 1999; 
Ohnishi et al., 2001).  

The environment in which an explosion occurs is dramatic, and may initiate endocrine 
mechanisms of the classic flight-and-fight stress response (Selye, 1976). For example, recent 
study (Tümer et al., 2013) showed increased expression of the catecholamine-biosynthesizing 
enzymes tyrosine hydroxylase and dopamine hydroxylase in the rat adrenal medulla and 
increased plasma concentrations of norepinephrine 6 hours after blast injury. Accumulating 
experimental and clinical evidence suggests that blast induces alterations in ANS activity: 
instantaneous triggering of the parasympathetic reflexes followed by neuroendocrine changes 
due to the activation of the sympathetic nervous system.  

Vascular Mechanisms 

One of the most important media for a shock wave’s energy transfer is blood. Veins 
contain about 70% of total human blood volume (including the splanchnic system which 
accounts for about 20% of that total) compared with 18% in arteries and only 3% in terminal 
arteries and arterioles (Gelman, 2008). In general, veins are 30 times more compliant than 
arteries; splanchnic and cutaneous veins are the most compliant veins and constitute the largest 
blood reservoirs in the body. Figure 3-4 is a schematic representation of the consequences of 
blast-induced pressure changes and their extremely complex interactions, which form several 
interconnected loops. The transfer of the shock wave’s energy to the body not only leads to a 
sudden increase in both abdominal pressure (AbdP) and thoracic pressure (ThorP) but causes an 
increase in intramural central venous pressure (CVP). Hypoxia caused by alveolar damage and 
later by reduced surface for gas exchange, impaired ventilation and perfusion caused by J-
receptor activation, or decreased cardiac output due to activation of the Bezold-Jarish reflex all 
increase pulmonary arterial resistance, which might increase ThorP (Gelman, 2008). An increase 
in ThorP amplifies the increase in CVP. 

Venoconstriction and the mobilization of blood volume depend mainly on the splanchnic 
circulation, which has a high population of α1- and α2-adrenergic receptors and hence a high 
sensitivity to adrenergic stimulation (Pang, 2001; Rutlen et al., 1979). Thus, it is likely that the 
initial sudden drop in systemic arterial pressure caused by blast-induced vagovagal reflexes and 
the accompanying reduction in the inhibitory influences of the baroreceptors of the carotid sinus 
and aortic area on the vasomotor center, initiate a compensatory increase in sympathetic outflow. 
The increased sympathetic stimuli constrict venous smooth muscle and lead to mobilization of 
blood from the splanchnic vasculature toward the heart (Rutlen et al., 1979). 
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FIGURE 3-4 Overview of vascular mechanisms that are activated by shock-wave propagation through 
the body, lead to alterations in functions of multiple organs and organ systems, and substantially influence 
the brain’s response to blast. 
SOURCE: Created by Ibolja Cernak for the Committee on Gulf War and Health: Long-Term Effects of 
Blast Exposures. 

Spasm of the cerebral vasculature has frequently been found in moderate or severe blast-
induced traumatic brain injury (TBI)—more often than in patients who have TBI of other origins 
(for example, impact, fall, or acceleration) (Armonda et al., 2006; Ling et al., 2009). It can 
develop early, often within 48 hours of injury, and can also be manifested later, typically 10–14 
days after exposure. It is noteworthy that although cerebral vasospasm is usually prompted by 
subarachnoid hemorrhage, that is not required for vasospasm in blast-induced TBI (Magnuson et 
al., 2012). A recent experimental study of theoretical and in vitro models demonstrated that a 
single rapid mechanical insult is capable of inducing vascular hypercontractility and remodeling, 
which are indicative of vasospasm initiation (Alford et al., 2011). Alford and colleagues used in 
vitro engineered arterial lamellae exposed to high-velocity acute uniaxial stretch to reproduce 
blast-induced stretch of arterial blood vessels and test whether blast forces can lead to phenotypic 
switch in vascular smooth muscle cells (VSMCs). The authors measured protein and mRNA 
expression of two primary markers of contractile VSMCs, smooth muscle myosin heavy chain 
(SM-MHC) and smoothelin, 24 hours after the injury induction. The results showed that severe 
(10%) strain decreased expression of smoothelin and decreased mRNA expression of both 
smoothelin and SM-MHC, suggesting that acute mechanical injury can potentiate a switch away 
from the contractile phenotype in VSMCs. The findings support a hypothetical scenario in which 
the shock wave passing through the vasculature interacts with cellular elements of vascular wall 
(endothelium and vascular smooth muscle) and stimulates synthesis and release of different 
mediators and modulators. The released biologically active molecules, in turn, cause 
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hypercontractility and later a phenotype switching that potentiates vascular remodeling and 
cerebral vasospasm (Alford et al., 2011).  

Systemic Inflammation 

Blast exposure can activate multiple inflammatory mechanisms (Cernak, 2010). Tissue 
disruption stimulates synthesis and release of autacoids, biologic factors that act briefly like local 
hormones near the site of their synthesis. Increased concentrations of prostaglandins, 
leukotrienes, and cytokines have been found in the blood of blast casualties (Cernak et al., 
1999a,b; Surbatovic et al., 2007). The autacoids directly affect a number of stages of immunity 
and act as feedback modifiers in connecting the early and late phases of the immune response 
(Melmon et al., 1981). They can stimulate selected migration of cells to an injury site and 
directly or indirectly modify the turnover of T and B lymphocytes, the production or release of 
lymphokines, and the activity of T-helper or T-suppressor cells (Khan and Melmon, 1985; 
Melmon et al., 1981). It has been suggested that inflammatory cells of systemic origin induced 
by shock-wave propagation through the body contribute substantially to blast-induced 
inflammation in the brain and related neurodegeneration (Cernak, 2010); the suggestion was 
supported by experimental data from preclinical models (Valiyaveettil et al., 2013).  

Blast exposures have been reported to cause alterations in the neuroendocrine system that 
involve multiple hypothalamopituitary end axes (Cernak et al., 1999c; Wilkinson et al., 2012). 
The importance of the immune-neuroendocrine network in injury response and inflammation 
control is well established (Besedovsky and DelRey, 1996; Chrousos, 1995). It is likely that blast 
exposure, through multiple interwoven mechanisms, causes a massive perturbation of the central 
nervous system (CNS) with broad consequences for all aspects of vital functions. 

REQUIREMENTS FOR MODELS OF BLAST-INDUCED INJURY 

Regardless of the research questions to be addressed, clinically and militarily relevant 
blast injury models should satisfy the following criteria (Cernak and Noble-Haeusslein, 2010):  

 the injurious component of the blast is clearly identified and reproduced in a controlled 
and quantifiable manner.  

 the inflicted injury is reproducible and quantifiable and mimics components of human 
blast injuries.  

 the injury outcome—on the basis of morphologic, physiologic, biochemical, and 
behavioral measures—is related to the chosen injurious component of the blast. 

 the mechanical properties—intensity, complexity of blast signature, and duration—of the 
injurious factor predicts outcome severity.  

Compared with the injuries caused by an impact or acceleration–deceleration force, the 
mechanistic factors underlying blast injuries are extremely complex. Hence, an appropriate and 
clinically relevant blast-injury model should be based on sufficient knowledge of shock-wave 
physics and on the characteristics of the injurious environment generated by an explosion and 
clinical manifestations of resulting injuries. Substantial interspecies differences in responses to 
blast exposure across different mammalian species make it imperative that research studies of 
blast effects and the mechanism by which they are produced consider the possible advantages of 



Copyright © National Academy of Sciences. All rights reserved.

Gulf War and Health, Volume 9:  Long-Term Effects of Blast Exposures

PATHOPHYSIOLOGY OF BLAST INJURY 37 

PREPUBLICATION COPY: UNCORRECTED PROOFS 

using species similar in size to humans and caution should be exercised in extrapolating to 
humans observations made in rodents and isolated cells and tissues. 

Choice of Models 

The design and choice of a specific model depend on the goal of research and the 
component of clinical CNS injury that one wishes to simulate (Cernak, 2005; Risling and 
Davidsson, 2012). Given the complex nature of blast injuries, it is obvious that the conditions 
used in a model to reproduce some aspects of blast injuries should be defined with rigor; 
otherwise, the results obtained will lack military and clinical relevance and can be dangerously 
misleading. Indeed, despite the growing literature on experimental blast injuries, the results of 
studies are difficult to compare because of vast differences in methods and experimental 
conditions (Panzer et al., 2012). Figure 3-5 is a schematic depiction of the decision-making steps 
in the process of choosing a model for blast research. First, the researcher should clarify the blast 
effects to be reproduced. If the choice is primary blast, the researcher should ensure that the 
animals are fixed so that there will be no blast-induced acceleration of the body and head during 
the exposure.  

 
FIGURE 3-5 Factors that influence the choice of blast-injury and blast-induced neurotrauma models. 
SOURCE: Created by Ibolja Cernak for the Committee on Gulf War and Health: Long-Term Effects of 
Blast Exposures. 
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In a situation in which the body or head is allowed to move, the injury mechanisms 
involve both primary and tertiary blast effects, which could introduce difficulties in the proper 
interpretation of results. Next, a decision should be made about the biologic complexity of the 
research study because this will dictate the choice of research environment, the means of 
generating a shock wave, the choices of models and their positioning, and the length of the 
experiment. Thus, on the basis of the research question and the complexity, a choice is made 
between non-biologic models and biologic models. The non-biologic models provide an 
experimental platform for analyzing interactions between blast loading and different types of 
materials; the information gained is extrapolated to biologic materials at different levels of 
scaling. The non-biologic models can be computer simulations and surrogate physical models. 
Biofidelic models (mechanical models with computerized sensors that mimic particular human 
characteristics) are helpful for characterizing the physics of the blast-induced mechanical 
changes in the brain or head. They are made from synthetic materials, such as glass and epoxy or 
polyurethane. Multiple displacement and pressure sensors molded into the organs’ material are 
used to record biomechanical measures, such as linear and angular acceleration, velocity, 
displacement, force, torque, and pressure (Desmoulin and Dionne, 2009; Ganpule et al., 2012; 
Roberts et al., 2012). 

Non-biologic models can be useful in recording biomechanical alterations induced by 
blast load and suggesting potential consequences, but they are incapable of providing insight into 
the mechanisms of later physiologic alterations; hence the need for biologic models. The latter 
models use biologic systems of differing complexity and include in vitro, ex vivo, and in vivo 
models. In vitro models based on cell cultures can be useful for characterizing cell responses to 
blast loading in a highly controlled experimental environment (Effgen et al., 2012; Panzer et al., 
2012). Ex vivo models use an organ or a segment of a specific tissue, such as brain or spinal 
cord, taken from the organism and placed in an artificial environment that is more controlled 
than is possible with in vivo experiments. As with all blast-injury models, applying operationally 
relevant loading histories is critical for the in vitro and ex vivo models. Only if blast-loading 
conditions that are realistic and that mimic what would happen at the cellular or tissue level in a 
person exposed to a militarily relevant blast environment are used can the mechanisms of the 
energy transfer to the tissue and the resulting biologic response be reliably analyzed (Effgen et 
al., 2012).  

The success of a research study that uses biologic models, especially at the whole-animal 
level, depends on rigorous selection of the species to be used as experimental models. The choice 
of animal species depends on the focus of the study (Cernak, 2005). Many investigators have 
accepted rodent models as the most suitable choice for trauma research. The relatively small size 
and low cost of rodents permit repetitive measurements of morphologic, biochemical, cellular, 
and behavioral characteristics that require relatively large numbers of animals; for ethical, 
technical, and financial reasons, such measurements are less achievable in phylogenetically 
higher species (Cernak, 2005). However, because of substantially anatomic and physiologic 
differences, especially in the circulatory and nervous systems, it has been suggested that rodents 
should not be the sole choice in blast-injury research.  

Extensive studies conducted in Albuquerque, New Mexico, and confirmed by German, 
Swedish, and British findings, demonstrated substantial differences in blast tolerance among 15 
mammals (Bowen et al., 1968a; Richmond et al., 1967, 1968). Body size-dependent differences 
in blast tolerance have been explained on the basis of lung density: the lung density in larger 
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species—including humans, monkeys, cats, and dogs—is only about one-half that in smaller 
species, such as rodents (see Figure 3-6). In contrast, the lung volumes relative to body mass are 
three times greater in large species than in smaller animals (White et al., 1965). The body-size of 
the animal model is an important consideration for extrapolating to humans; however, size is 
only one factor to be considered when validating a model. In addition, substantial interspecies 
differences in body geometry influence blast–body and blast–head interactions (Bass et al., 
2012). The body position of the animal also has an important effect on blast-injury severity. 
Animals facing an incoming shock-wave front with their chest and abdomen (that is, in the 
supine position with the shock wave coming from above) provide the most efficient conditions 
for the shock wave’s energy transfer and thus sustain the highest mortality and the most severe 
injuries (Cernak et al., 2011). In blast-injury modeling, especially when acceleration is included 
as one of the mechanistic factors, the basic principles of scaling laws should be carefully 
considered (Bass et al., 2008, 2012). For example, a given blast–head scenario, calculation of the 
net loading scales for a cross-sectional area of the skull, even if other measures are identical, 
shows that a specimen 20 times as large would experience one-twentieth the acceleration. 
However, there are other important anatomic differences between human and animal heads, such 
as bone volume fraction, trabecular separation, trabecular number, and connectivity density 
(Bauman et al., 2009; Holzer et al., 2012). Interspecies differences in the structure and 
arrangement of blood vessels (Vriese, 1904) should also be taken into account in choosing 
models to reproduce blast injury. For example, the internal carotid artery in lower vertebrates 
directs the blood to the brain parenchyma through the posterior branch without a contribution 
from the basilar artery, whereas the two posterior branches in higher vertebrates stem from a 
single, central branch at the basilar artery (Casals et al., 2011). This anatomical difference could 
significantly influence the shock-wave propagation through the cerebral vasculature.  
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FIGURE 3-6 Survival curves, (24-hour) applicable to sharp-rising blast waves, derived from the analysis 
of data of 12 mammalian species (excluding guinea pig).  
SOURCE: Bowen et al., 1968b  

It has been shown that phylogenetic maturity has a decisive role in the brain’s response to 
a high-pressure environment (Brauer et al., 1979), and this should be taken into account in 
planning blast-induced neurotrauma (BINT) experiments. Characterization of basic molecular 
and gene injury mechanisms that have persisted through evolution might use phylogenetically 
lower species such as rodents, whereas establishing the pathogenesis of impaired higher brain 
functions would require larger animals that have a gyrencephalic brain (one that has 
convolutions).  

A short overview of experimental results of biologic models, mainly at the whole-animal 
level, provides information on mechanisms that potentially underlie long-term functional deficits 
or organ failure. 

Experimental Environment of Blast Generation 

Experimental studies of primary blast-induced biologic responses are performed either in 
an open environment or in laboratory conditions. In open-field exposure studies, animals are 
exposed to a blast wave that is generated by detonation of an explosive (Axelsson et al., 2000; 
Bauman et al., 2009; Lu et al., 2012; Richmond, 1991; Saljo and Hamberger, 2004; Savic et al., 
1991). Such an experimental setting is comparable with in-theater conditions, but the physical 
characteristics (such as homogeneity of the blast wave) are less controllable, so a broader array 
of biologic response should be expected.  

Experiments performed in laboratory conditions use shock tubes (in which compressed 
air or gas generates a shock wave) or blast tubes (in which explosive charges generate a shock 
wave) (Nishida, 2001; Robey, 2001). The tubes focus the blast-wave energy from the source to 
the subject; this maximizes the blast energy (Reneer et al., 2011) without the exponential decay 
of the shock wave’s velocity and pressure that is seen in free-field explosions (Celander et al., 
1955).  

The induction system routinely used in blast-exposure models consists of a cylindric 
metal tube divided by a plastic or metal diaphragm into two main sections: driver and driven. 
The anesthetized animals are fixed individually in holders that prevent movement of their bodies 
in response to the blast. The high pressure in the driver section is generated by an explosive 
charge or compressed gas and ruptures the diaphragm when it reaches the material’s tolerance to 
pressure. After the diaphragm ruptures, the shock wave travels along the driven section with 
supersonic velocity and interacts with the animal. The blast overpressure duration can be varied 
by changing the size of the high-pressure chamber (Celander et al., 1955). The compressed 
atmospheric air in the tube fails to expand as quickly as would an ideal gas when the membrane 
is ruptured and also fails to generate a broad range of overpressure peaks. Use of a light gas, such 
as helium, improves the performance of the shock tubes because of the increased speed of sound 
in such types of gas (Celander et al., 1955; Lu and Wilson, 2003). Although shock and blast 
tubes are convenient means of generating shock waves, they lack the ability to generate other 
factors of the blast environment, such as acoustic, thermal, optical, and electromagnetic 
components (Ling et al., 2009). A wide range of blast overpressure sustained for various 
durations has been used in single-exposure experimental studies. In most studies, the animals are 



Copyright © National Academy of Sciences. All rights reserved.

Gulf War and Health, Volume 9:  Long-Term Effects of Blast Exposures

PATHOPHYSIOLOGY OF BLAST INJURY 41 

PREPUBLICATION COPY: UNCORRECTED PROOFS 

subjected to a shock or blast wave that has a mean peak overpressure of 52–340 kPa (7.54–49.31 
psi) on the nearest surface of an animal’s body (Cernak et al., 2001b; Chavko et al., 2007; 
Clemedson et al., 1969; Saljo et al., 2000).  

Most experiments used rodents (mice and rats) (Cernak et al., 2001a; Long et al., 2009), 
but some have used rabbits (Cernak et al., 1997), sheep (Savic et al., 1991), pigs (Bauman et al., 
2009), or nonhuman primates (Bogo et al., 1971; Damon et al., 1968; Lu et al., 2012; Richmond 
et al., 1967).  

EXPERIMENTAL MODELS OF MULTIORGAN RESPONSES TO BLAST 

Respiratory System 

Pathologic Changes 

In the lung, damage related to spalling is exemplified by alveolar hemorrhages whereas 
implosion produces air embolism from the alveoli into the pulmonary circulation (Yeh and 
Schecter, 2012). Blast overpressure results in primary injury to the lungs owing in part to 
compression of alveolar septa and capillary walls (DePalma et al., 2005). Such compression 
culminates in rupture of these structures, which produce interstitial edema and hemorrhage 
(Kirkman and Watts, 2011). The edema results in pronounced abnormal physiologic 
characteristics that reflect reduced gas exchange, including bradycardia, hypotension, and apnea. 
Brown and Maynard (Brown et al., 1993) reported the first ultrastructural findings of blast lung 
(see Figure 3-7). They recognized the possibility that blast injury would be progressive, that is, 
that areas of the lung would initially appear intact but become hemorrhagic and show other signs 
of tissue damage. To test that, they exposed female rats to a blast wave to the right lateral surface 
of the lung and studied them within 30 minutes or 24 hours. Within 30 minutes, there were gross 
and light-microscopic distinctions between the right and left lungs. Extensive hemorrhages were 
restricted to the right lung. By 24 hours, however, both lungs were hemorrhagic and showed 
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various degrees of congestion.

 
FIGURE 3-7 A. Control lung. B. Right lung 30 minutes after blast.  
NOTES: AC = aveolar capillary; AS = alveolar space; BAB = blood–air barrier; F = fibrin clot; P = type 
II pneumocyte. 
SOURCE: Reprinted from Brown et al. (1993). Copyright 1993, with permission from Blackwell 
Publishing Ltd. 

 On electron microscopy, the left lung showed discrete changes in type I epithelial cells 
and endothelial cells by 30 minutes after the blast. The changes consisted of pinocytosis, 
ballooning, and rupture of the cells. The vasculature, bronchiolar epithelial cells and related 
interstitium were unremarkable, and type II pneumocytes generally appeared normal in structure. 
These findings contrasted with those in the right lung, where two distinct conditions were 
evident 30 minutes after the blast. In the first, alveolar spaces were filled with erythrocytes, and 
there was little evidence of a fibrin clot. The interstitium of the alveolar walls, capillaries, and 
type II pneumocytes appeared intact, but there was extensive ballooning of the endothelium, and 
type I epithelial cells showed increased pinocytosis. The second was characterized by alveolar 
spaces that were filled with erythrocytes and by evidence of fibrin clotting. Alveolar walls 
showed interstitial disruption and capillary rupture. Intact endothelial cells exhibited ballooning, 
pinocytosis, and necrosis, but there was only isolated evidence of structural damage in type II 
pneumocytes. By 24 hours, the pathologic conditions had expanded markedly and, although the 
right lung was more affected than the left, both showed interstitial and intra-alveolar edema and 
isolated hemorrhage. Microemboli were evident in the lumina of both arterioles and venules, and 
the inter-alveolar septa showed more pronounced damage, with overt interstitial and intra-
alveolar edema and hemorrhage. In summary, the early ultrastructural study provided 



Copyright © National Academy of Sciences. All rights reserved.

Gulf War and Health, Volume 9:  Long-Term Effects of Blast Exposures

PATHOPHYSIOLOGY OF BLAST INJURY 43 

PREPUBLICATION COPY: UNCORRECTED PROOFS 

confirmation that hemorrhages, present soon after blast injury, are progressive and associated 
with the emergence of interstitial and intra-alveolar edema, microemboli, and damage to the 
alveolar blood–air barrier. Collectively, those events probably compromise gas exchange and 
contribute to increased pulmonary vascular resistance and reduced lung compliance.  

The initial study by Brown and colleagues (Brown et al., 1993) has served as a platform 
for validation of blast-induced changes in the lungs in other animal models. In general, the 
studies reveal common pathologic features that support the earlier ultrastructural findings, 
namely, damage to the alveolar septa, pulmonary hemorrhage, and edema (Chavko et al., 2006; 
Elsayed and Gorbunov, 2007; Koliatsos et al., 2011). Koliatsos et al. (2011) confirmed the 
vulnerability of the lungs to blast injury and reported the following findings: intra-alveolar 
hemorrhages, edema, atelectasis, and inflammatory cell infiltrates. Similar findings of 
hemorrhages and atelectasis were reported by Zhang et al. (2011) who exposed male New 
Zealand rabbits to chest–abdomen blast injuries produced by explosives that were suspended 
above the xiphoid process. Repeated low-level blast overpressure exposures of rodents also 
revealed hemorrhages and ruptured alveolar walls, but the number of blast exposures did not 
appear to alter the magnitude of pulmonary injury; that is, the pathologic picture after repeated 
exposures was similar to that after a single exposure and in all cases pathologic changes 
increased over time (Elsayed and Gorbunov, 2007).  

A pro-inflammatory response (that is, the activation of macrophages, lymphocytes, and 
neutrophils) begins within hours after blast injury. Chavko et al. (2006) evaluated inflammatory 
responses in male, Sprague-Dawley rats that were positioned in a shock tube and subjected to a 
blast wave driven by compressed air. A pronounced inflammatory response was characterized by 
increased expression of myeloperoxidase (MPO), an enzyme found in neutrophils, and a number 
of cytokines and chemokines. There is also evidence of remote damage to the lungs when blast 
trauma is limited to a hind limb in rodents (Ning et al., 2012). In this case, the pathologic effects 
over the course of 6 hours consisted of alveolar congestion and disruption, hemorrhage, and 
leukocyte infiltration.  

Oxidative Stress and Inflammation 

Blast injury commonly results in a triad of events in the lungs (Elsayed et al., 1997): 
damage to structures that include the alveolar or capillary barrier and resulting hemorrhage and 
edema, formation of an air embolism that leads to impaired circulation and ischemia, and 
inflammation. Oxidative stress arises from an imbalance between oxidants and antioxidants and 
typically evolves as a consequence of the formation of reactive species that exceeds the capacity 
of antioxidant systems (see Figure 3-8). (For a more detailed review of this subject, see Elsayed 
and Gorbunov, 2003). Oxidative stress may evolve as a consequence of each of those 
components of the triad. Pulmonary hemorrhage and the resulting accumulation of free 
hemoglobin trigger free-radical reactions that produce oxidative damage and support a 
proinflammatory state (Kirkman and Watts, 2011). Here, we address two major cascades that are 
triggered in part by hemorrhage and emerge within minutes to hours after injury in the lungs: 
oxidative stress and inflammation. Oxidative stress may lead to oxidative damage to cellular 
constituents, including lipids, proteins, and DNA. A number of sources may contribute to 
oxidative stress and injury in the lungs, including hemoglobin, which can generate reactive 
oxygen species (Regan and Panter, 1993), and inflammatory cells, including leukocytes and 
macrophages, which are key sources of reactive oxygen species (Chavko et al., 2009). Pro-
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oxidants include both radicals (such as superoxide anion radical, hydroxyl radical, nitrogen 
dioxide, nitric oxides and ethyl radicals) and nonradical reactive species (such as hydrogen 
peroxide, lipid hydroperoxide, hypochloric acid, and iron–oxygen complexes). Free radicals have 
the capacity to interact with one another to form more potent compounds, such as peroxynitrite 
radical resulting from the reaction of the superoxide anion radical with nitric oxide. Involvement 
of radicals and nonradical reactive species is complicated by the fact that although some are 
toxic, such as iron–oxide complexes, others may be beneficial by warding off infection or in 
defined contexts may act as antioxidants.  

Oxidative stress and inflammation have been shown to be related key components of 
blast-induced damage in the lungs in a variety of experimental models (rats, rabbits, and sheep) 
that used low-level blast waves and blasts restricted to a limb (Chavko et al., 2006; Elsayed and 
Gorbunov, 2003, 2007; Gorbunov et al., 1997; Ning et al., 2012). In rats exposed to low-level 
blast overpressure, oxidative stress is evidenced by a 3.5-fold decrease in total antioxidant 
reserves and depletion of the water-soluble antioxidants ascorbate and glutathione by 50–75% 
and of the lipid-soluble antioxidant vitamin E by 30%. Those reductions are accompanied by 
lipid peroxidation and increased methemoglobin content without degradation of hemoglobin (see 
Table 3-3) (Gorbunov et al., 1997). Repeated low-level blast exposures result in decreases in 
vitamins C and E (by 20–60% and 25–40%, respectively) that are concomitant with an increase 
in lipid peroxidation (by 25–50%) (Elsayed and Gorbunov, 2007). Those biochemical changes 
are the same whether produced by a single exposure or by multiple exposures. 
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FIGURE 3-8 Secondary pathogenesis after blast-induced lung injury.  
NOTE: Red stars indicate pathways whereby antioxidants may exert protection.  
SOURCE: Adapted from Elsayed and Gorbunov, 2003. Toxicology, Vol. 189, Nos. 1-2, N. M. Elsayed 
and N. V. Gorbunov, Interplay between high energy impulse noise (blast) and antioxidants in the lung, 
Pages 63–74, Copyright 2003, with permission of Elsevier. 
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TABLE 3-3 Animal Models 

Description of Blast 
Species, 
Sexa Times Studied 

Indexes of Oxidative Stress or 
Inflammation 

Structural changes 
References 

Compressed-air–driven 
shock tube 

Sprague-
Dawley rats 

5, 60 min Decrease in total antioxidant 
reserves; depletion of 
ascorbate, glutathione, and 
vitamin E; increase in lipid 
peroxidation and 
methemoglobin. 

  Gorbunov et al., 
1997 

Compressed-air–driven 
shock tube 

Sprague-
Dawley rats 

1, 3, 6, 12, 24 hr In blood, decrease in iron–
transferrin complexes and 
increase in neutrophils; in 
BAL fluid and blood, cytokine 
release (IL-1, IL-6, MCP-1, 
MIP-2)  

 Gorbunov et al., 
2005 

Compressed-air–driven 
shock tube 

Sprague-
Dawley rats 

1, 3, 6, 12, 24 hr Increase in MIP-2 in plasma 
from 1 to 6 hr; 
increase in neutrophils in 
blood from 1 to 3 hr and 
decrease thereafter; no change 
in CD11b; transferrin-bound 
iron sequestration by 3 hr 

Bilateral diffuse 
hemorrhage of alveolar 
septal capillaries, 
infiltration of neutrophils 
by 3 hr 

Gorbunov et al., 
2004 

Compressed-air–driven 
shock tube 

Sprague-
Dawley 
rats 

15 min, 1, 3, 6, 12, 24, 
34, 56 hr 

Up-regulation of HO-1, MPO, 
3NTyr, and SOD at 1–6 hr 

Hemorrhage, deposition 
of hemoglobin in entire 
thickness of lobe; 
neutrophils (MPO+, 
CD11b+, VE-cadherin+), 
damage to endothelium, 
epithelial cell necrosis, 
deposition of free iron.  

Gorbunov et al., 
2006 

Blast to hind limb by 
commercial detonator 

Sprague-
Dawley rats, 
male 

0.5, 1, 3, 6 hr Increase in TNF-alpha; 
decrease in SOD, 
cystathionine gamma-lyase, 
hydrogen sulfide 

Alveolar congestion, 
neutrophil infiltration, 
hemorrhagic lesions 

Ning et al., 2012 
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Description of Blast 
Species, 
Sexa Times Studied 

Indexes of Oxidative Stress or 
Inflammation 

Structural changes 
References 

Compressed-air–driven 
shock tube 

Sprague-
Dawley rats, 
male 

1, 6, 24 hr Vitamins C and E decreased 
after initial blast by 20-60%; 
lipid peroxidation increased by 
25-60%  

After single blast, 
multifocal minimal to 
mild hemorrhage 
throughout lobes; by 24 
hr, increased intra-
alveolar hemorrhage, 
ruptured alveolar walls 

Elsayed and 
Gorbunov, 2007 

Compressed-air–driven 
shock tube 

Sprague-
Dawley rats, 
male 

�2-192 hr Increases in MPO, CINC-1, 
ICAM-1, iNOS, protein 
oxidation and nitration, heme-
oxygenase-1, MnSOD 

 Chavko et al., 
2006 

NOTES: BAL = bronchoalveolar lavage; CINC-1 = cytokine chemoattractant-1; HO-1 = heme oxygeanse-1; iNOS = inducible nitric oxide 
synthase; ICAM-1 = intercellular adhesion molecule-1; IL = interleukin; MPO = myeloperoxidase; 3NTyr = 3-nitrotyrosine; SOD = superoxide 
dismutase; MCP-1 = monocyte chemoattractant protein-1; MIP-2 = macrophage inhibitory protein-2; MnSOD = manganese superoxide 
dismutase; TNF = tumor necrosis factor. 
aSome studies do not report gender.  
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 Such findings suggest that repeated exposures do not compound the effects of the initial 
exposure. Chavko et al. (2006) evaluated the progression of inflammatory and oxidative events 
in the lungs after exposure to medium-intensity blast overpressure. The proinflammatory 
response was characterized by an increase in MPO that peaked at 24 hours and increases in 
chemokines CINC-1 and ICAM-1 that peaked at 2–24 hours and 24–48 hours, respectively. It is 
thought that the early increase in CINC-1 contributes to the early influx of neutrophils (MPO+). 
Indexes of oxidative stress (protein oxidation and nitration) and of MnSOD and heme 
oxygenase-1, which have antioxidative and anti-inflammatory properties, respectively, were also 
evaluated. Protein oxidation and nitration peaked at 2 hours. The early rise corresponded to early 
activation of inflammation (CINC-1) and thus implicates oxidative stress in the activation of the 
chemokines. Finally, the induction of MnSOD and heme oxygenase-1 at 24–48 hours after injury 
may not only contribute to the observed reduction in oxidative and nitrative damage that 
occurred later than 2 hours after injury but facilitate the resolution of inflammation. 

Pharmacologic Manipulations of Oxidative Stress and Early Inflammation  

Pharmacologic strategies provide useful means of confirming mechanisms of action and 
establishing efficacy. N-Acetylcysteine amide (NACA) and hemin, an inducer of heme 
oxygenase-1, are candidate therapeutics whose use has reinforced the involvement of oxidative 
stress and inflammation in the lung after a blast. Chavko et al. (2009) evaluated NACA, focusing 
on blast-induced pulmonary inflammation. NACA is a novel derivative of N-acetylcysteine that 
has hydrophobic and membrane permeable properties. It has been shown to protect against 
hemoglobin oxidation and to reduce inflammation in a murine model of asthma (Bahat-Stroomza 
et al., 2005; Grinberg et al., 2005; Lee et al., 2007). Rats were given NACA 30 minutes to 24 
hours after a moderate blast overpressure. It reduced infiltration of neutrophils and blocked the 
activation of CC chemokines, macrophage inflammatory protein-1, monocyte chemotactic 
peptide-1, CXC chemokine, and cytokine-induced neutrophil chemoattractant 2 and 8 days after 
injury. Although NACA reduced expression of heme-oxygenase-1, it had no substantial effect on 
MnSOD or glutathione reductase; this finding only partially supports its antioxidant effect.  

Heme-oxygenase-1 is an enzyme that is responsible for the breakdown of the pro-oxidant 
heme to biliverdin, carbon monoxide, and ferrous iron. The free iron that is released is bound to 
ferritin, and this reduces its capacity to induce oxidative stress. After trauma, hemorrhage and the 
resulting free hemoglobin induce vasoconstriction, which results in hypoperfusion of the lung. 
Moreover, free iron and heme are generated from auto-oxidation of oxyhemoglobin, both of 
which can cause oxidative damage. Strategies to induce heme-oxygenase-1 have been shown to 
have therapeutic effects in different diseases. The unusual broad spectrum of its beneficial effects 
probably reflects its ability to function as an anti-inflammatory and cytoprotectant (via carbon 
monoxide) and its antioxidant properties (biliverdin and bilirubin) (Abraham and Kappas, 2005; 
Soares and Bach, 2009). Chavko et al. (2008) evaluated hemin, a known inducer of heme-
oxygenase-1. Adult Sprague-Dawley rats were treated with hemin (treatment group) or saline 
(vehicle group) 20 hours before blast exposure, and euthanized 30 minutes after the blast. The 
blast induced heme-oxygenase-1 mRNA and protein in the lungs, but there were no differences 
between the treated and vehicle groups, although there was a significant difference in survival 
rates between the two groups: 35% survival in vehicle controls and 68% in the hemin-treated 
group. The authors did not speculate on the absence of differences in heme-oxygenase-1 
expression between the vehicle and control (saline-treated, unexposed to blast) groups. Because 
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the activity of the enzyme was not measured, it is conceivable that heme-oxygenase-1 activity 
increased in response to hemin without changes in either mRNA or protein. 

Acute Respiratory Distress Syndrome: Parallels to the Pathobiology of Blast Lung 

Despite its association with a number of risk factors and inciting insults, acute respiratory 
distress syndrome, first described in 1967, is characterized by common mechanisms of 
pathogenesis as blast lung (Fanelli et al., 2013). The mechanisms include dysregulated 
inflammation, uncontrolled coagulation pathways, and disruption of the alveolar endothelial and 
epithelial barriers, which can lead to alveolar edema (Matthay et al., 2012). Leukocyte-directed 
proteolytic activity, oxidative stress, and excessive production of chemokines and cytokines 
contribute to acute lung damage. Many of those features—most notably inflammation, alveolar 
edema, and oxidative stress—are also signatures of blast lung. Researchers can only speculate on 
why that is the case. One possibility may be related to constituents of the lung that are most 
vulnerable to injury, namely, the alveolar endothelial and epithelial barriers that may become 
overwhelmed by a local proinflammatory state and the ensuing oxidative stress that results from 
inadequate endogenous antioxidant reserves. Considerable progress has been made in 
understanding the pathophysiology of acute respiratory distress syndrome. Such a foundation 
may prove useful to researchers who are only beginning to decipher the complex 
pathophysiology of blast lung and its long-term consequences. 

Abdominal Organs 

The most popular explanation of primary blast-induced injuries to the abdominal organs 
involves the transmission of a shock wave’s kinetic energy (Clemedson and Criborn, 1955) and 
the later generation of two main types of waves during its propagation: stress waves and shear 
waves. Stress waves are longitudinal pressure forces that move at supersonic speeds and create a 
spalling effect at the air–tissue interfaces, which results in microvascular damage and tissue 
disruption. Shear waves are transverse waves that cause asynchronous movement of the tissue 
and possible disruption at the interfaces. Stress waves cause injuries mainly to hollow organs, 
and shear waves mainly to solid organs (Wightman and Gladish, 2001). 

Hollow Abdominal Organs 

The most frequent primary blast-induced pathologic changes confirmed in experiments 
on small (Tatic et al., 1996) and large (Cripps and Cooper, 1997; Holzer et al., 2012; Savic et al., 
1991) experimental animals are: widespread petechiae and localized ecchymosis in mucosa and 
serosa, rarely with small ulcerations. In the most severe cases, perforation of hollow 
gastrointestinal organs causes accumulation of air in the abdominal cavity and peritonitis. 
Lacerations and perforations of the diaphragm are extremely rare. Exposure to an extreme blast 
environment, in which primary and secondary effects act in parallel, produces immediate 
abdominal laceration or perforation, involving mainly the large and small bowel (Bala et al., 
2008). However, contusions and intramural hematomas have been shown to predominate in 
nonfatal blast exposures (Cripps and Cooper, 1997); these lesions, which are morphologically 
and histologically similar to those caused by blunt abdominal trauma, are subject to late 
perforation (Cripps and Cooper, 1997; Ignjatovic et al., 1991; Paran et al., 1996). It has been 
suggested (Guy and Cripps, 2011) that the combined effect of stress waves and shear waves 
damages the mucosa and the serosa, in which the contusions at highest risk for late perforation 
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are the ones that show evidence of subserosal bleeding rather than hemorrhage confined to the 
mucosa and submucosa.  

Cripps and Cooper (1997) developed a blast-injury model in large white pigs that 
weighed 49–66 kg and had accelerometers mounted on their chests to measure the transfer of 
kinetic energy to the torso. Anesthetized animals were fixed to an animal holder and exposed to 
blast generated by detonating spherical plastic explosive charges that weighed 2.0–3.6 kg and 
were 1.8–3.0 m from the animal's chest wall. The animals were sacrificed after 24 hr and 
subjected to postmortem examination and abdominal–organ analyses. The authors provided a 
histologic classification of the spectrum of intestinal injury (see Table 3-4), which is consistent 
with injury directed from mucosa to serosa, that is, injury caused by the release of energy in the 
mucosa and, if energy transfer is sufficient, progressive disruption of the submucosal, muscular, 
and serosal layers. They concluded that serosal injury is the de facto evidence of transmural 
injury. Although the usual interval for perforation after blast exposure is 1–14 days, their study 
identified patterns of injury and a classification in which no difference was observed in the 
distribution of histologic grades at the two times. Thus, the authors made their final 
recommendations based on the histological features of the lesions without regard to the age of 
the contusion (see Table 3-5). It has been suggested that the appearance of necrosis and 
inflammatory cell infiltrates and the size of early pathologic changes could be predictive of 
perforation. If these experimental guidelines were adopted and small-bowel contusions less than 
15 mm in diameter and colonic contusions smaller than 20 mm were left alone, the number of 
small-bowel contusions requiring excision would be reduced by one-fourth and colonic 
contusions by two-thirds (see Table 3-5) (Cripps and Cooper, 1997).  

Solid Organs 

Pathologic changes in solid abdominal organs (liver, spleen, pancreas, kidneys, and 
adrenal glands) that result from blast exposure range from subcapsular hemorrhage and small 
foci of parenchymal hemorrhage, to primary or secondary rupture of capsules and parenchymal 
laceration (Vriese, 1904). Recent experimental data clearly showed the importance of body 
position relative to the shock-wave front not only for injury severity but for the pattern of multi-
organ damage (Koliatsos et al., 2011). Lungs, heart, and kidneys are damaged more frequently 
and severely when the body is supine, and the liver and spleen are injured more frequently and 
severely when the body is prone (see Table 3-6). In a recently published mouse blast-injury 
model (Koliatsos et al., 2011), liver damage was observed in a little over 40% of the cases. The 
pathologic changes included congestion, mottling, and white discoloration adjacent to apparently 
hemorrhagic sites. White infarcts were the lesion most reliably observed at the microscopic level, 
usually next to a distended, hemorrhaging branch of the portal vein (see Figure 3-9, panels A and 
B), whereas tissue ischemia was most marked around portal veins (see Figure 3-9, panel C). In 
contrast with lung injuries, prone position caused more severe lesions than supine position. In the 
prone position but not the supine position, there was some association between blast severity and 
infarct rate. In more severe injuries, in sheep exposed to open field blast (Savic et al., 1991; Tatic 
et al., 1991a; Vriese, 1904), liver laceration and subcapsular liver rupture have been reported 
with a lesion of the extrahepatic biliary duct and gallbladder hematoma.  
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TABLE 3-4 Histologic Classification of Primary Intestinal Blast Injuries 
Grade of 
Injury Mucosal Appearance Muscular Appearance Serosal Appearance 

 

Ia  Normal or diffuse bleeding only Normal Normal  

II Mucosal hematoma without glandular 
disruption 

Mild edema only Normal  

III  Marked hemorrhage with glandular 
disruption 

Marked edema or minor 
hemorrhage only 

Normal  

IV  Gross glandular or mucosal disruption; 
muscularis mucosae may be disrupted 

Muscular disruption or 
major hematoma 

Subserosal hemorrhage  

V Complete mucosal laceration Muscular laceration or 
disruption 

Serosal laceration  

aIncludes contusions in which submucosal hematoma is evident without other evidence of mural injury. 
SOURCE: Reprinted from Cripps and Cooper, 1997. Copyright 1997, with permission from Blackwell 
Science Ltd. 
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TABLE 3-5 Distribution of Histologic Grades Between Contusion Groups of Different External Appearance 

Contusion Measure 

Histologic Grade  Significance 

I and II III IV and V χ2 d.f. P 

Size (mm)        

 Small bowel        

 ≤15 30 5 3  9.09 2 0.01 

 >15 28 17 13     

 Colon        

 ≤20 60 4 3  14.95 2 0.0006 

 >20 14 3 8     

Position        

 Small bowel        

 Mesenteric 18 12 11  7.5 2 0.02 

 Antimesenteric 39 10 6     

 Colon        

 Mesenteric 8 1 1  0.12 2 0.94 

 Antimesenteric 66 6 10     

Circumferential extenta         

 Small bowel        

 One-half or less 47 13 6  14.79 2 0.0006 

 More than one-half 10 9 11     

Confluence        

 Small bowel        

 Confluent 22 11 12  5.49 2 0.06 

 Diffuse 35 11 5     

 Colon        

 Confluent 26 4 8  6.37 2 0.04 

 Diffuse 48 3 3     
NOTE: d.f. = degrees of freedom. 
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53 
aThe relationship between grade and circumferential extent is not shown for the colon because only two contusions were larger than half the 
circumference—a feature more to do with colonic size than contusion size. 
SOURCE: Reprinted from Cripps and Cooper, 1997. Copyright 1997, with permission from Blackwell Science Ltd.
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TABLE 3-6 Type, Severity, and Frequency of Microscopic Lesions in Key Thoracic and Abdominal 
Viscera 
 Severe, 

Supine 
(%) 

Severe, 
Prone (%)

Moderate, 
Supine (%) 

Moderate, 
Prone (%) 

Mild, 
Supine (%) 

Mild, 
Prone (%)

Total 
(%)a  

Lungs        

 Superficial   
hemorrhages 

0.0 0.0 5.3 50.0 33.3 25.0 20.7 

 Hematomas 0.0 33.3 10.5 0.0 22.2 25.0 12.1 

 Hemorrhagic 
consolidation 

100.0 66.6 84.2 50.0 44.4 37.5 65.5 

       98.3 

Liver        

 Infarcts 14.3 100.0 52.6 50.0 0.0 50.0 41.4 

       41.4 

Heart        

 Right ventricle 
dilation 

57.1 33.3 21.0 0.0 11.1 0.0 17.2 

 Left ventricle 
dilation 

28.6 33.3 21.0 0.0 11.1 0.0 12.0 

       29.3 

Spleen        

 Red infarcts 28.6 0.0 10.5 16.6 0.0 12.5 12.1 

       12.1 

Kidney        

 Red infarcts 14.3 0.0 26.3 8.3 0.0 0.0 12.1 

       12.1 
aPercentages are rates of cases with indicated lesion out of the total number of cases in first group. 
SOURCE: Reprinted with permission from Koliatsos et al., 2011. 
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The spectrum of pathologic alterations seen in pancreas, kidneys, and adrenal glands of 
sheep exposed to open-field blast (Savic et al., 1991; Tatic et al., 1991a; Vriese, 1904) includes 
petechiae, ecchymosis, and small foci of parenchymal hemorrhage. The experimental findings 
were comparable with findings in victims of industrial blast (Tatic et al., 1991b). In the mouse 
model developed by Cernak et al. (2011), the most consistent macroscopic and microscopic 
findings in the spleen and kidney were red infarcts. Hemorrhagic kidney infarcts occurred almost 
exclusively in the medullary zone (see Figure 3-10, panel A). In spleens, a dilated vessel filled 
with blood was seen in the trabeculae proximal to the infarct in nearly all cases (see Figure 3-10, 
panel B). Potential chronic consequences of blast exposure for morphologic and functional 
integrity of kidneys were analyzed in sheep exposed to blast (Casals et al., 2011). Substantial 
atrophy of parenchyma and infarction sequelae were found 30 days after exposure to a high-
energy explosive-produced overpressure of 166 psi with a 3.0-ms duration (near the LD50). It has 
been hypothesized that kidney contusion aided by endothelial damage of glomerular blood 
vessels and compromised circulation due to severed arterioles and venules may cause chronic 
renal insufficiency (Casals et al., 2011; Vriese, 1904). The resulting impairment of the renin–
angiotensin system could lead to chronic hypertension, and this may offer a rational explanation 
for the hypertension noted in survivors of the Texas City explosions (Blocker and Blocker, 1949; 
Ruskin et al., 1948). 

Cardiovascular System 

The main vascular mechanisms are described in the section on systemic changes that 
modify individual organ responses to blast. This section describes microvessel injury from 
exposure to blast in experimental models. 
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FIGURE 3-9 Patterns of blast injury to liver with settings used in Koliatsos et al. (2011). Hematoxylin 
and eosin.  
NOTES: Panels A and B illustrate site of white infarct distal to a dilated or hemorrhaging branch of portal 
vein. Panel B is enlargement of framed area in panel A and shows further detail of hemorrhagic smaller 
portal vein branch (pv) and sharp border between normal and ischemic tissue. Panel C shows severe 
tissue hypoxia around portal triads from another case. Normal liver parenchyma is shown on left of panels 
A and B and right of panel C. Scale bars: A, 500 µm; B and C, 100 µm.  
SOURCE: Reprinted with permission from Koliatsos et al., 2011.  
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FIGURE 3-10 Pathologic signatures of blast injury to kidney (panel A) and spleen (panel B). 
Hematoxylin and eosin.  
NOTES: A: hemorrhagic infarct in medullary zone delineated with broken line. Normal kidney 
parenchyma is outside broken line. B: spleen infarct associated with dilated hemorrhaging blood vessel in 
two planes (planes A and B). Illustration on right panel is magnification of framed area in plane B. 
Normal spleen parenchyma is shown on left and top. Scale bars: 500 µm. 
SOURCE: Reprinted from Cernak et al., 2011, with permission from Elsevier. 

Zhang et al. (2011) used New Zealand rabbits exposed to explosive-generated blast in 
laboratory conditions to show that increased permeability, measured by 125I-albumin leakage, 
and microvessel injury in the lungs and kidneys are among the key outcomes of blast 
overpressure. Damage to the microvessels led to leakage of albumin and caused 
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hemoconcentration in the absence of active bleeding after a blast. The resulting increase in blood 
viscosity and hematocrit can aggravate a blast-induced oxygen deficit and decrease vasodilation 
function. The microvascular endothelium is essential in maintaining circulatory homeostasis and 
normal physiologic function of organs. Its impairment has a broad array of implications: diffuse 
microvascular hyperpermeability and later plasma extravasation may result in hypovolemic 
shock, pulmonary edema, abdominal compartment syndrome, and generalized tissue 
malperfusion (Garner et al., 2009; Lamb et al., 2010; Zhang et al., 2011). 

In the mouse blast injury model (Cernak et al., 2011), the most pronounced pathologic 
changes in the heart, as in the lungs, were found in animals exposed in a supine position 
(Koliatsos et al., 2011) (see Table 3-6). Although the animals were positioned so that their torsos 
were parallel to the front of the shock wave, pathologic findings were more frequent in the right 
side of the heart compared to the left side. The macroscopic and microscopic observations in the 
heart include dilation of ventricles and atria (Koliatsos et al., 2011). Venous congestion was the 
most frequent finding in animals exposed to mild blast, whereas dilation-filling (“congestion”) of 
ventricles was seen with increased blast injury severity. Hemorrhagic infarct of ventricular walls 
was found only in the most severe injuries. A broad array of dose-dependent pathologic changes 
have been reported in the hearts of sheep exposed to blast generated by detonating an aerosol 
bomb in an open field (Savic et al., 1991; Tatic et al., 1991a; Vriese, 1904). The findings 
included petechiae and ecchymosis in the pericardium, epicardium and endocardium; 
hemorrhage in the myocardium; and rare endocardial hematoma.  

Chronic effects of blast exposure have been demonstrated in experiments in sheep that 
were exposed to a high-energy explosive-produced overpressure of 164 psi with a 3.3-ms 
duration (near the LD50) and sacrificed 30 days later (Casals et al., 2011). The findings included 
infarction sequelae in the heart in a form of multiple scars in the myocardial walls, which 
implied reduced cardiac contractility and compliance.  

Sensory Organs 

Fronto-Orbital Fractures 

It has been posited that bone structures that provide the least resistance to transferred 
kinetic energy are prone to fractures when exposed to blast (Lu and Wilson, 2003). In a study 
that exposed 115 dogs in a shock tube to blast waves with rise times of 12–155 ms, peak 
overpressures of 52–231 psi, and durations of 0.4–20 s, 11 blow-out fractures (fracture of the 
walls or floor of the orbit) were seen in nine animals (Guitton and Dudai, 2007). The time to and 
magnitude of the maximal overpressure have been shown to be critical for orbital fracture in the 
nearby paranasal sinuses. Orbital fractures and related eye signs have been noted in rhesus 
monkeys exposed to a high-explosive–produced, fast-rising overpressure of 325 psi with a 
duration of 3.5 ms (Casals et al., 2011). Although midface fractures in recent wars have been 
reported to have high complication rates (Kittle et al., 2012), there are no quantitative data that 
would permit an assessment of blast conditions that can be expected to produce lesions in the 
human orbit or make it possible to know whether the lesions are likely to be seen in survivors 
exposed to a military-relevant blast environment.  
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Auditory Blast 

Auditory dysfunction due to blast is among the most frequent service-connected 
disabilities in veterans; compensation totals more than $1 billion a year (Fausti et al., 2009). 
Accumulating evidence demonstrates peripheral hearing loss, central auditory processing 
deficits, vestibular impairment, and tinnitus as the most prevalent impairments caused by blast 
(Fausti et al., 2009; Mehlenbacher et al., 2012; Nageris et al., 2008). The clinical manifestations 
of auditory blast injuries are well documented (Patterson and Hamernik, 1997), and experimental 
studies have provided useful information about the mechanisms underlying them.  

Eardrum rupture has been posited as one of the hallmarks of blast injuries (Hirsch, 1968; 
White et al., 1970), but recent data indicate that the status of the tympanic membrane after 
exposure to a blast does not obviate further investigations to discern a primary blast injury 
(Peters, 2011). Early experimental data showed that tympanic membrane rupture opens the 
middle ear, mastoid air cells, and Eustachian tube to the invasion of pathogens and other foreign 
materials via the external auditory meatus. A damaged eardrum also means compromised 
protection of the ossicles and inner ear from overload when a single exposure to pressure 
variations due to blast occurs. Finally, the eardrum plays a role in energy transfer through the 
oval window to the organ of Corti via the ossicles and the endolymph when repetitive exposure 
to blast and high noise levels occurs (White et al., 1970). Using human cadavers, Zalewski 
(1906) demonstrated characteristic variability of the eardrum's response to overpressure that 
depends on age, previous scarring, calcification, infection thickening (fibrosis), unusual thinning 
of the tympanum, and the presence of any material in the external auditory meatus. White et al. 
(1970) analyzed a large series of blast experiments involving dogs, guinea pigs, goats, and 
rabbits, and concluded that because of the wide tolerance limits of the tympanic membrane, 
rupture of the eardrum or lack thereof cannot be considered a reliable clinical sign for judging 
the severity of a blast injury. Notably, the eardrum often remains intact when exposure pressures 
produce serious lung injury, but may rupture at pressures well below generally hazardous ones. 

Mao et al. (2012) used a rat blast-injury model to investigate the underlying mechanisms 
of blast-induced tinnitus, hearing loss, and associated TBI. Briefly, anesthetized rats placed on 
supportive netting were subjected to a single blast exposure with a custom-designed shock tube 
(Leonardi et al., 2011). The 10-ms blast exposure was estimated to be in a wide range of 
frequencies with an average energy of under 10 kHz measured at 14 psi, which was translated to 
a sound pressure around 95 kPa or 194 dB above the standard reference sound pressure in air. 
Blast exposure induced early onset of tinnitus and central hearing impairments at a broad 
frequency range, but showed a tendency to shift toward high frequencies over time. The 
immediate increase in the hearing threshold measured with auditory brainstem responses was 
followed by recovery on day 14; behavioral changes showed a comparable temporal profile. 
Diffusion-tensor magnetic resonance imaging results demonstrated substantial damage and 
compensatory plastic changes in some auditory brain regions; most of the changes occurred in 
the inferior colliculus and medial geniculate body. The authors hypothesized that the lack of 
important microstructural changes in the corpus callosum could be explained on the grounds that 
the blast exposure in their experimental setting exerted effects mainly through the auditory 
pathways rather than through direct impact on the brain parenchyma. Several experiments 
focused on mechanisms of cochlear pathology in guinea pigs (Fang, 1988; Hu, 1991; Liu, 
1992a,b; Yokoi and Yanagita, 1984; Yuan, 1993; Zhai, 1991; Zhai et al., 1997), rats (Guitton and 
Dudai, 2007; Kirkegaard et al., 2006), and chinchillas, pigs, and sheep (Roberto et al., 1989). 
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Effects of impulse noise exposure (25 impulses with a peak level of 165 dB SPL) on 
endocochlear potentials (EPs) and compound action potentials (CAPs) were investigated in 
guinea pigs (Fang, 1988; Zheng, 1992). The positive EPs returned to normal values 7 days after 
exposure but the negative EPs and the CAP threshold did not; this implied that the stria 
vascularis was damaged in addition to the organ of Corti. Indeed, impaired cochlear 
microcirculation and increased exudation of vascular stria early after impulse noise have been 
found by others (Kellerhals, 1972; Liu, 1992a) and suggest a potential linkage between altered 
microcirculation, later impaired oxygen delivery, and oxidative stress in leading to functional 
and morphologic impairments (Branis and Burda, 1988). A more recent study showed a smaller 
extent of damage to the cochlea of mice on the basis of imaging techniques newer than were 
used in earlier studies (Cho et al., 2013). However, although it did not show gross cochlear 
membrane damage, it did reveal hair-cell death and spiral ganglion neuron loss that were 
consistent with past studies. It has been suggested that hair-cell death could underlie chronic 
hearing impairments due to blast. 

Visual System 

A recent mouse model of primary ocular blast injury (Hines-Beard et al., 2012) used a 
device that applied a localized overpressure to the eyes of experimental animals. The 
overpressure was generated by a device that consisted of a pressurized air tank attached to a 
regulated paintball gun with a machined barrel and a chamber that protected the mouse from 
direct injury and recoil while the eye was exposed. The experimental setting enabled analysis of 
the localized effects of a focused overpressure wave, but it did not reproduce a field condition in 
which the entire body is exposed to a blast environment. Mice were exposed to one of three blast 
pressures (23.6, 26.4, or 30.4 psi), and gross pathologic effects, intraocular pressure, optical 
coherence tomography, and visual acuity were assessed 0, 3, 7, 14, and 28 days after exposure. 
Focally delivered shock wave caused corneal edema, corneal abrasions, optic nerve avulsion, and 
retinal damage.  

Clinical data demonstrated that disruption of central visual pathways represent an 
additional cause of blast-related visual dysfunction (Dougherty et al., 2011). In the experimental 
model developed by Petras et al. (1997), the effect of blast overpressure on the visual system was 
studied in rats exposed to blast overpressure that was generated by a compressed-air–driven 
shock tube. Neurologic injury to brain visual pathways was observed in male rats that survived 
blast overpressure exposures of 104–110 kPa and 129–173 kPa. Optic nerve fibers degenerated 
on the same side as the blast pressure wave. The optic chiasm contained small numbers of 
degenerated fibers. Optic tract fiber degeneration was present bilaterally, but was predominantly 
on the same side. Optic tract fiber degeneration was followed to nuclear groups at the level of the 
midbrain, midbrain–diencephalic junction, and thalamus, where degenerated fibers arborized 
among the neurons of the superior colliculus, pretectal region, and lateral geniculate body. The 
superior colliculus contained fiber degeneration localized principally to the stratum opticum 
(layer III) and stratum cinereum (layer II). The pretectal area contained degenerated fibers that 
were widespread in the nucleus of the optic tract, olivary pretectal nucleus, anterior pretectal 
nucleus, and posterior pretectal nucleus. Degenerated fibers in the lateral geniculate body were 
not universally distributed: they appeared to arborize among neurons of the dorsal and ventral 
nuclei, including the ventral lateral geniculate nucleus (parvocellular and magnocellular parts) 
and the dorsal lateral geniculate nucleus. The study showed that blast exposure can induce 
permanent injury to some of the brain's central visual pathways (retinofugal axonopathy). 
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Considering that the nuclei of the pretectal region receive connections from the superior colliculi 
and emit fibers to several tegmental nuclear groups implicated in coordinated movements of the 
eyes, the authors suggested that the blast-induced degeneration of retino-pretectal fibers might 
cause substantial chronic impairments in control of the pupillary light reflex and the muscles of 
the ciliary body for accommodation of the lens (Petras et al., 1997). Chen et al. (2003) provided 
further information about potential mechanisms underlying blast-induced degeneration of visual 
pathways. They used rabbits exposed to blast and showed that blast exposure initiates apoptosis 
of retinal ganglion cells parallel with increased glutamate concentration in the corpus vitreum; 
this suggested a potential biologic link (Chen et al., 2003).  

Heterotopic Ossification 

In the recent wars in Afghanistan and Iraq, development of heterotopic ossification (HO) 
in residual limbs has been reported in up to 63% of people who suffered combat-related 
amputations (Potter et al., 2007). That was an unexpected finding in that until recent years HO 
has rarely been found in the residual limbs of amputees (Alfieri et al., 2012). To test the 
possibility that amputation of an extremity by a blast spontaneously stimulates development of 
HO in the residual limb, Tannous et al. (2011) developed a rat model of localized exposure of a 
limb to a controlled high-energy blast. The blast setup consisted of an aluminum platform placed 
above a water-filled steel tank. The platform contained a hole 2.5 in. in diameter and raised 1 in. 
above the surface of the water. A 0.75-g charge of pentaerythritol tetranitrate (PTN) was 0.5 in. 
beneath the surface of the water, directly beneath the center of the hole in the platform. The 
anesthetized rat, secured with Velcro straps onto the platform with the designated extremity 
positioned over the hole at the predetermined amputation level, was exposed to the kinetic 
energy generated by detonation of PTN submersed beneath the water surface that caused a 
column of water to rise at a speed of 534 m/s through the hole in the platform. The rats tolerated 
an isolated extremity blast injury well as long as the amputation was a forelimb amputation or a 
below-the-knee hind limb amputation. In this pilot experiment, three of four hindlimb amputees 
formed true islands of heterotopic bone in the soft tissues surrounding the amputation stump.  

Blast-Induced Neurotrauma 

Blast can interact with the brain by means of (1) direct interaction with the head via direct 
passage of the blast wave through the skull (primary blast), which causes acceleration or rotation 
of the head (tertiary blast), or through the impact of particles accelerated by the energy released 
during the explosion (secondary blast) (Axelsson et al., 2000; Cernak et al., 1996a; Clemedson 
and Hultman, 1954) and (2) kinetic energy transfer of the primary blast wave to organs and 
organ systems, including blood in large vessels in the abdomen and chest, reaching the CNS 
(Irwin et al., 1999; Ohnishi et al., 2001). During the interaction with the body surface, the shock 
wave compresses the abdomen and chest and transfers its kinetic energy to the body’s internal 
structures, including blood. The resulting oscillating waves traverse the body at about the speed 
of sound in water and deliver the shock wave’s energy to the brain. Clemedson, on the basis of 
his extensive experimental work on shock-wave propagation through the body (Gelman, 2008; 
Selye, 1976; Tümer et al., 2013), was among the first scientists to suggest the possibility of 
shock-wave transmission to the CNS (Pang, 2001). Those two potential paths of interaction are 
not mutually exclusive each other (Rutlen et al., 1979). Most recent experimental data suggest 
both the importance of the blast’s direct interaction with the head (Armonda et al., 2006; 
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Axelsson et al., 2000) and the role of shock-wave–induced vascular load (Cernak et al., 1996a; 
Ling et al., 2009) in the pathogenesis of BINT. 

Most currently used experimental models of BINT use rodents exposed to a shock wave 
generated in laboratory conditions with a compressed-air shock tube (Baalman et al., 2013; 
Cernak et al., 2011; Goldstein et al., 2012; Kamnaksh et al., 2012; Pun et al., 2011; Readnower 
et al., 2010; Reneer et al., 2011; Svetlov et al., 2012; Valiyaveettil et al., 2012a; Vandevord et 
al., 2012). Experiments with larger animals involve mainly pigs (Ahmed et al., 2012; Bauman et 
al., 2009) or nonhuman primates (Bogo et al., 1971; Lu et al., 2012).  

Accumulating evidence suggests that primary blast causes substantial behavioral 
impairments and cognitive deficits in multiple animal models (Bogo et al., 1971; Cernak et al., 
2001a; Lu et al., 2012). The deficits and degenerative processes in the brain show a dose–
response relationship with primary blast intensity. The widely varied molecular changes start 
early with metabolic impairments that include altered glucose metabolism, a shift from an 
aerobic toward an anaerobic pathway measured as increased lactate concentration and increased 
lactate:pyruvate ratio (Cernak et al., 1996b), then a decline in energy reserve (Cernak et al., 
1995, 1996b), development of oxidative stress (Readnower et al., 2010) in parallel with 
ultrastructural changes in the brainstem and hippocampus (Cernak et al., 2001b; Saljo et al., 
2000), and activation of early immediate genes (Saljo et al., 2002). Later, the mechanisms 
include inflammation (Cernak et al., 2011; Kaur et al., 1995, 1997; Kwon et al., 2011; 
Readnower et al., 2010; Saljo et al., 2001), diffuse axonal injury (Garman et al., 2011; Risling et 
al., 2011), and apoptotic and nonapoptotic cascades that lead to neurodegeneration (Svetlov et 
al., 2009; Vandevord et al., 2012; Wang et al., 2010). Emerging evidence suggests that some 
brain structures might have a more pronounced sensitivity to blast effects either because of 
anatomic features and localization or because of functional properties of neuronal pathways and 
cells (Koliatsos et al., 2004; Valiyaveettil et al., 2012a,b). Indeed, higher sensitivity of the 
cerebellum and brainstem, the corticospinal system, and the optic tract has been found (Koliatsos 
et al., 2004) on the basis of the extent of multifocal axonal and neuronal cell degeneration. In 
addition, according to region-specific alterations in the activity of the enzyme acetyl-
cholinesterase, the vulnerability of the frontal cortex and medulla has been observed in mice 
exposed to blast overpressure (Valiyaveettil et al., 2012a,b). Those changes showed a tendency 
toward chronicity. 

The mechanisms involved in the pathobiology of BINT show some similarities with those 
of blunt TBI but with earlier onset of brain edema and later onset of cerebral vasospasm (see 
Figure 3-11) (Agoston et al., 2009). Using a pig model of blast exposure, Ahmed et al. (2012) 
have shown that protein biomarker concentrations in cerebrospinal fluid provide insight into the 
pathobiology of BINT. Their findings implicated neuronal and glial cell damage, compromised 
vascular permeability, and inflammation induced by blast. The early-phase biomarkers included 
claudin-5, vascular endothelial growth factor, and von Willebrand factor, whereas neurofilament 
heavy chain, neuron-specific enolase, vascular endothelial growth factor, and glial fibrillary 
acidic protein levels remained substantially increased compared with baseline 2 weeks after 
injury.  
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FIGURE 3-11 Schematic representation of the approximate onset and duration of selected clinical 
pathologic conditions after blast TBI and nonblast TBI.  
SOURCE: Reprinted from Agoston et al., 2009, with permission from Mary Ann Liebert, Inc. Publishers. 

Despite the growing experimental models of BINT, there is a serious need for a well-
coordinated, multidisciplinary research approach to clarify injury tolerance in animal models that 
are relevant to the military experience and to define the injury mechanisms that underlie acute 
and chronic consequences of blast exposure. 
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HUMAN HEALTH OUTCOMES 

Explosive blasts can cause multiple forms of damage that are more complex than those 
caused by other wounding agents (Champion et al., 2009). Blasts are the leading cause of death 
and injury on the military battlefield (Eastridge et al., 2012). Recent reports indicate that almost 
80% of all combat-related injuries in US military personnel deployed to Iraq and Afghanistan 
have been from blasts; this is the highest proportion seen in any large-scale conflict (Murray et 
al., 2005; Owens et al., 2008). During the last decade, the incidence of primary blast injury and 
injury severity increased, and return-to-duty rates decreased. Despite increased injury severity, 
mortality due to explosion injuries remained low and unchanged (Kelly et al., 2008; Ritenour et 
al., 2010). The acute physical and psychologic human health outcomes in those who survive 
blast explosions can be devastating. The long-term consequences are less clear.  

This chapter summarizes the committee’s evaluation of the literature on the association 
between exposure to blast and short- and long-term effects on the human body. The guidelines 
agreed on by the committee and used to determine which studies to include in the evidence 
review below are described in Chapter 2. The chapter is organized by health outcomes: 
psychologic and psychiatric, nervous system, auditory and vestibular, ocular, cardiovascular, 
respiratory, digestive system, genitourinary (GU), dermal, and musculoskeletal outcomes; 
infections; and burns. The organization generally follows that of the International Classification 
of Diseases, Ninth Revision. The final section, on blast protection, evaluates whether 
improvements in blast protection are associated with diminished blast injury.  

Although the information here is presented by individual organ systems and specific 
outcomes, exposure to blast often leads to polytrauma (that is, multiple traumatic injuries) and 
results in a multisystem response. The section of Chapter 3 titled “Modifying Potential of 
Systemic Changes Caused by Blast” describes how the complexity of the blast environment can 
lead to changes in systemic, local, and cerebral responses. Four important systemic alterations—
air emboli, activation of the autonomic nervous system, vascular mechanisms, and systemic 
inflammation—are explained in detail there. Figure 4-1 illustrates how damage to an organ from 
exposure to blast may have long-term consequences for the functioning of other organs.  

Nearly all of the epidemiologic studies evaluated by the committee relied on self-reported 
exposure to blast, not objective measures. The mechanism of blast—primary, secondary, tertiary, 
quaternary, or quinary—generally was not reported in the studies. As detailed in the committee’s 
recommendations in Chapter 5, obtaining accurate, objective measurement of exposure to blast is 
essential for understanding the mechanisms of injury caused by blast. 
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FIGURE 4-1 Blast injury may result in primary damage to a number of organ systems. Less studied are 
the effects that primary damage to a specified organ may have on the long-term consequences of the 
functioning of other organs. For example, exposure to a blast may result in air emboli that develop from 
damaged lungs at alveolar–pulmonary venous fistulae and cause myocardial ischemia or infarction and 
thus compromise long-term cardiac function. Damage to the brain may result in motor weakness; voiding 
dysfunction, such as an overactive (spastic) or, over time, hypoactive bladder; change in auditory 
processing abilities; visual symptoms; and hypogonadism caused by hypopituitarism. Damage to the 
cardiovascular system can affect neurologic function through ischemia, which, if sufficiently severe, can 
lead to permanent brain damage. 
SOURCE: Created by Linda Noble-Haeusslein for the Committee on Gulf War and Health: Long-Term 
Effects of Blast Exposures; figure of the human body adapted from www.readengage.com. 

PSYCHOLOGIC AND PSYCHIATRIC OUTCOMES 

The potential relationship between blast and its psychologic and psychiatric outcomes is 
different from the relationships with other organ systems reviewed. Currently, it is not known 
whether the primary blast wave itself results in any direct physiologic or neuroanatomic changes 
to the nervous system that cause acute or long-term mental disorders. That knowledge is in 
contrast with other etiologies of traumatic brain injury (TBI) in which there is physical evidence 
of neurotrauma (Bazarian et al., 2013; Jorge et al., 2012). However, blast explosions often result 
in tremendous human carnage in the form of severe, mutilating injuries and death. During the 
immediate aftermath of blasts (sometimes referred to as the aftermath of battle [Stein et al., 
2012]), people often remember the carnage which can haunt them for days, months, or years. 
Blast explosions, such as those caused by improvised explosive devices, have been the greatest 
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cause of death and injury in US military personnel deployed to Iraq and Afghanistan (Champion 
et al., 2009; Ritenour et al., 2010), and exposure to the aftermath of blasts during deployment is 
probably an important cause of acute and long-term psychologic and psychiatric disorders in 
military service members and veterans. Whether the relationship between blasts and health 
outcomes is primary (in which an injury caused directly by the blast wave itself) or secondary (in 
which an injury is a reaction to the emotional impact of the blast) is debatable. According to the 
Diagnostic and Statistical Manual of Mental Disorders (APA, 2013), witnessing the devastation 
of a blast explosion would be considered exposure to primary trauma. For the purpose of the 
present review, blast was evaluated as a primary cause of behavioral health outcomes, even 
though in some instances it is the psychologic impact and interpretation of the aftermath of a 
blast that potentially results in a psychologic injury rather than the direct physical impact of the 
blast wave itself. 

Acute Effects 

Exposure to blast has a number of acute psychologic and psychiatric outcomes. Distress 
reactions that occur within the first 3 days after a blast exposure are considered normal and are 
referred to as acute stress reactions (WHO, 2010). Acute stress reactions are transient disorders 
in which symptoms develop within minutes of exposure to a traumatic event. The symptoms 
usually subside within hours or days with resumption of routine activities, when possible, and 
general support from friends, family, or co-workers. In most cases, professional intervention is 
not required.  

When the signs and symptoms of acute stress reactions cluster and arrange in specific 
combinations and last for at least three days, they can lead to a diagnosis of acute stress disorder 
(APA, 2013). Acute stress disorder includes symptoms of intrusion, negative mood, dissociation, 
avoidance, and hyperarousal. The symptoms last from 3 days to a month after the trauma 
exposure. If they persist for more than a month, the diagnosis of posttraumatic stress disorder 
(PTSD) should be considered (APA, 2013).  

Adjustment disorders are other possible acute outcomes of blast exposure in people who 
do not meet diagnostic criteria for acute stress disorder (APA, 2013). Adjustment disorders 
include the development of emotional and behavioral symptoms in response to an identifiable 
stressor, such as a blast, that occurs within 3 months after the event. Major depressive disorder 
may also be diagnosed using a separate cluster of the same symptoms at 2 weeks duration (APA, 
2013).  

Regardless of whether a person meets the diagnostic criteria for these acute outcomes, it 
is often only when the symptoms persist over an extended period that most psychologic and 
psychiatric disorders are identified.  

Long-Term Effects 

PTSD is the primary long-term sequela of combat-related trauma exposure, such as that 
experienced as a result of blasts (Peterson et al., 2011; Tanielian and Jaycox, 2008). Few studies 
have directly evaluated the long-term psychologic and psychiatric outcomes (for example, major 
depressive disorder, substance-abuse disorders, postconcussive syndrome [related to TBI], sleep 
disorders, marital and family discord, and suicide) of blast exposure beyond PTSD. Therefore, 
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the present review focuses on PTSD. The long-term effects of TBI from blast are reviewed in the 
later section “Nervous System Outcomes”. 

The lifetime prevalence of PTSD has been reported to be 8.0% in the adult US population 
(4.0% in males and 11.7% in females) (Kessler et al., 2012). Sex differences in population 
surveys are related primarily to differences in frequency and type of trauma exposure. Females 
are more likely to be victims of sexual assault, and males are more likely to experience combat-
related trauma (Kessler et al., 1995, 2005). However, when trauma type and frequency are 
controlled for, sex differences in PTSD are less likely to be found. For example, in a large 
sample of UK armed forces personnel, men (5.0%) and women (4.2%) reported similar rates of 
PTSD symptoms after deployment to Iraq (Rona et al., 2007). Similarly, US military men (2.3%) 
and women (2.3%) experienced the same rates of PTSD symptoms after serving in the war in 
Iraq (DoD, 2007). Such findings have led some to conclude that the risk of PTSD in military 
personnel “has more to do with the intensity and frequency of combat experience than gender” 
(Hoge et al., 2007). 

To evaluate the long-term psychiatric and psychologic health effects of blast exposure, 
the committee reviewed 40 relevant published peer-reviewed studies that involved some measure 
of blast injury. Only two met enough of the inclusion guidelines to be considered primary (see 
Table 4-1) (Bazarian et al., 2013; Polusny et al., 2011). This section details the primary studies 
and supportive studies of long-term psychiatric and psychologic health outcomes of blast 
exposure.  

Primary Studies 

Polusny et al. (2011) conducted a longitudinal cohort study of combat-deployed National 
Guard members to assess the associations between mild TBI and PTSD symptoms reported in 
theater and longer-term psychosocial outcomes. Participants in the study were surveyed in Iraq a 
month before redeploying home (time 1, during redeployment transition briefings held at 
military installations in the Iraq combat theater) and again a year later (time 2, with mailed 
surveys). The first survey included 2,677 National Guard members, and 953 completed the 
follow-up survey at time 2. The surveys incorporated the following screening tools to gather 
outcome measures: the PTSD Checklist-Military, the Beck Depression Inventory, the Patient 
Health Questionnaire, the Alcohol Use Disorders Identification Test (AUDIT), World Health 
Organization Quality of Life-Brief, and self-reports of blast-related mild TBI, which was defined 
as an injury during deployment with loss of consciousness or altered mental status.  
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TABLE 4-1 Psychiatric and Post-Concussive Symptoms—Primary Studies 

Reference  
Study 
Design  

Population 
 

Health Outcomes or 
Outcome Measures Results Adjustments 

Comments or 
Limitations 

Bazarian et 
al, 2013 

Nested 
cohort 

Parent cohort 
consisted of 
500 OEF or 
OIF veterans; 
subset 
examined in 
study included 
52 OEF or 
OIF combat 
veterans 
assessed 4 
years after last 
tour of duty 

Self-report of blast exposure 
and TBI symptoms, PTSD 
Checklist-Military, combat 
experiences survey, 
anatomical MRI, DTI 

PTSD severity associated with higher 
1st percentile values of mean diffusivity 
on DTI (regression coefficient r = 4.2, P 
= 0.039), abnormal MRI (r = 13.3, P = 
0.046), and severity of exposure to 
combat events (r = 5.4, P =0.007). PTSD 
severity not associated with self-report 
of blast exposure. Blast exposure 
associated with lower 1st percentile 
values of fractional anisotropy on DTI 
(OR = 0.38 per SD; 95% CI, 0.15–0.92), 
normal MRI (OR = 0.00, 95% likelihood 
ratio test CI, 0.00–0.09), and severity of 
exposure to traumatic events (OR = 3.64 
per SD; 95% CI, 1.40–9.43). Mild TBI 
not significantly associated with PTSD 
severity. 

PTSD severity, 
mild TBI 
likelihood, 
severity of 
exposure to 
traumatic 
events, time 
since last tour of 
duty, prior head 
injury, 
age, sex 

 
 
 

Polusny et 
al., 2011 

Longitudin
al cohort 

953 US 
National 
Guard brigade 
combat team 
assessed in 
Iraq 1 month 
before return 
(time 1) and a 
year later 
(time 2) 

Self-report concussion or 
mild TBI 
defined as an injury during 
deployment with loss of 
consciousness (LOC) or 
altered mental status; 
PTSD checklist-military; 
Beck Depression Inventory; 
Patient Health Questionnaire 
(somatic symptoms); 
postconcussive symptoms, 
AUDIT (alcohol); WHO 
Quality of Life-Brief 

Time 1: 9.2% mild TBI, 7.6% PTSD, 
9.3% depression; 
time 2: 22% mild TBI, higher rates of 
PTSD and depression than time 1 
(P<0.001). Of those reporting a history 
of mild TBI at time 1, 30.2% had 
probable PTSD at time 2. 
Service members with a history of mild 
TBI were more likely than those without 
such symptoms to report 
postdeployment postconcussive 
symptoms and poorer psychosocial 
outcomes. After adjustment for PTSD 
symptoms, mild TBI was not associated 
with postdeployment postconcussive 

PTSD No 
examination 
of moderate 
or severe TBI
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Reference  
Study 
Design  

Population 
 

Health Outcomes or 
Outcome Measures Results Adjustments 

Comments or 
Limitations 

symptoms, depression, problematic 
drinking, nonspecific somatic 
complaints, social adjustment, or quality 
of life. 
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Of the 953 participants surveyed at time 2, 206 (22%) reported having a blast 
injury. Results for self-reported mild TBI during deployment showed 9.2% at time 1 and 
22.0% at time 2. Service members who had a history of mild TBI were more likely than 
those who did not report post-deployment postconcussive symptoms and poorer 
psychosocial outcomes. However, after adjustment for self-reported PTSD symptoms, 
mild TBI were not associated with post-deployment symptoms or outcomes. Time 1 
PTSD symptoms predicted postdeployment PTSD and mild TBI symptoms and outcomes 
more strongly than did mild TBI history. The results suggest that mild TBI alone do not 
result in long-term health outcomes as measured in this study.  

The study is limited, however, in its usefulness in determining the long-term 
health effects of blast exposure in that because there was no direct comparison of those 
who had a blast-related injury with those who had a non-blast injury or no injury at all. 
Although many of those who reported symptoms of mild TBI, PTSD, or comorbid mild 
TBI and PTSD had a blast injury (mild TBI, 70%; PTSD, 35.9%; comorbid mild TBI and 
PTSD, 80%), it cannot be determined from the data analysis in the study whether a blast 
injury uniquely contributed to these health outcomes. Moreover, all outcome measures 
were based on self-reports and could have been affected by the service members’ recall, 
amount of current distress, secondary gain, and so on. Because the survey participants 
were self-selected from a single brigade combat team and the survey had a low response 
rate of those who agreed to be contacted for participation in time 2 followup (50.4%), the 
findings may not be generalizable to all deployed military personnel. Finally, perhaps the 
most important limitation is that the time 1 assessment was conducted at the end of a 16-
month deployment. The study would have been strengthened substantially if the time 1 
assessment had been conducted before deployment so that the specific effects of 
deployment-related blast could be assessed (for example, concussion and mild TBI, 
PTSD, post-concussive symptoms, problem drinking, and depression). 

Bazarian et al. (2013) conducted a nested cohort study to understand the relation 
of PTSD severity to mild TBI, blast exposure, and brain white matter structure. The 
participants were 52 Iraq and Afghanistan war veterans who served in combat areas 
during 2001–2008 and were studied about 4 years after their last tour of duty. Data on 
outcome measures were obtained from interview questions concerning blast exposure and 
TBI symptoms, the PTSD checklist-military, the combat experiences scale, anatomic 
magnetic resonance imaging (MRI), and diffusion tensor imaging (DTI). The results of 
multivariate analyses demonstrated that PTSD severity was associated with higher 1st 
percentile values of mean diffusivity on DTI (regression coefficient r = 4.2, P =0 .039), 
abnormal MRI (r = 13.3, P = 0.046), and severity of exposure to combat events (r = 5.4, 
P =0.007). However, PTSD severity was not associated with self-reported blast exposure. 
Blast exposure was associated with lower 1st percentile values of fractional anisotropy on 
DTI (which is an abnormal DTI associated with PTSD severity) (odds ratio [OR] = 0.38 
per standard deviation [SD]; 95% confidence interval [CI], 0.15–0.92), normal MRI (only 
five people had abnormalities on MRI, and 47 had normal results) (OR = 0.00, 95% 
likelihood ratio test CI, 0.00–0.09), and severity of exposure to traumatic events (OR = 
3.64 per SD; 95% CI, 1.40–9.43). Mild TBI was not significantly associated with PTSD 
severity.  
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The findings of the study showed that PTSD severity is related to the severity of 
combat stress and observed structural brain changes on MRI and DTI but not related to a 
clinical diagnosis of mild TBI. The observed relation between blast exposure and 
abnormal DTI suggests that subclinical TBI may play a role in the genesis of PTSD in a 
combat environment. The study demonstrates that asking questions about TBI symptoms 
may not be a good way to determine whether a person has suffered brain damage. The 
study was limited by its small sample and its use of self-reports of exposure. 

Supportive Studies 

Four secondary studies provide some additional information on possible long-
term psychological and psychiatric outcomes of blast exposure; however, each has 
limitations related to study design and the quantity and quality of information reported.  

In a longitudinal cross-sectional and cohort study, Rona et al. (2012) conducted a 
questionnaire to assess the prevalence of mild TBI in UK military personnel deployed to 
Iraq and Afghanistan. They looked at risk factors associated with mild TBI and the 
association between mild TBI and postconcussive symptoms and other psychologic 
health outcomes. During 2007–2009, 4,620 personnel who had deployed to Iraq and 
Afghanistan completed the questionnaire in phase 2; 2,333 of them had been studied in 
2005 (phase 1 predeployment health outcomes were observed in 2005 when the study 
was first established). Outcome measures included the reported incidence of mild TBI 
during deployment on the basis of a modified version of the Brief Traumatic Brain Injury 
Screen questionnaire and self-reported postconcussive symptoms which occurred in the 
month before the questionnaire was completed. Comorbid mental-health conditions also 
were assessed with the PTSD checklist, General Health Questionaire-12, and AUDIT. 
Results showed that the overall prevalence of mild TBI was 4.4% and the prevalence in 
those who had a combat role 9.5%. Having mild TBI was associated with current 
symptoms: PTSD (adjusted OR [AOR] = 5.2; 95% CI, 2.3–11.4), alcohol misuse (AOR = 
2.3; 95% CI, 1.4–3.7), and multiple physical symptoms (AOR = 2.6; 95% CI, 1.3–5.2). 
Of those who had mild TBI with loss of consciousness, 46.8% reported that the 
mechanism of injury was blast. Of those who had mild TBI and altered mental status, 
37.7% reported that the mechanism of injury was blast. No other comparison or analysis 
was done in this study to determine specific outcomes in blast vs nonblast injured people.  

The study has limitations for the committee’s determination of long-term 
psychologic outcomes of blast because of the data that were collected and the 
comparisons reported. For instance, the study did not report the average time between 
injury and reported health outcomes, so it is impossible to determine whether the 
observed outcomes were long-term consequences of injury or acute reactions. Another 
important limitation is that two samples were added in the phase 2 assessment because 
the authors were concerned that the follow-up sample would be too small. A separate 
longitudinal cohort analysis of the same samples before and after deployment would have 
strengthened the study. 

Hoge et al. (2008) surveyed US Army infantry service members 3–4 months after 
their return from a year-long deployment to Iraq to compare service members who 
reported mild TBI with those who reported other injuries. Mild TBI was defined as a self-
reported injury with loss of consciousness (LOC) or altered mental status (for example, 
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being dazed or confused). Of 4,618 service members in two brigades who were asked to 
participate, 2,714 (59%) completed the questionnaire; 2,525 were then included in the 
study (others were screened out because of missing data or reports of head injury with no 
LOC or altered mental status). Findings showed that 79.0% of service members who 
suffered an injury with LOC were injured by blast exposure, 72.7% of those who had an 
injury with altered mental status were injured by blast, and only 23.2% of other reported 
injuries were due to blast. Service members who had mild TBI with LOC were 
significantly more likely to report poor general health, missed workdays, a high number 
of medical visits, and a high number of somatic and post-concussive symptoms than 
service members who had other injuries, such as moderate or severe TBI. However, after 
adjustment for PTSD and depression, mild TBI was no longer significantly associated 
with those physical health outcomes or symptoms, except for headache and heart 
pounding. Mild TBI was significantly associated with psychiatric symptoms such as 
those occurring with PTSD (more than 40% of service members who had injuries 
associated with LOC met criteria for PTSD).The study suggests that most of the 
postconcussive symptoms attributed to having previously experienced a blast-related 
mild TBI might actually be related to posttraumatic stress symptoms. Thus, the 
development of PTSD symptoms may be a long-term outcome of blast-induced mild TBI. 
However, analysis was not done to determine whether the blast mechanism of injury 
contributed uniquely to psychiatric symptoms as opposed to other mechanisms of injury. 
Although the study conducted surveys 3–4 months after deployment, it is impossible to 
know when the injuries took place and whether the reported symptoms were short-term 
or long-term symptoms. 

As is also discussed in the section “Auditory and Vestibular Outcomes”, 
Vanderploeg et al. (2012) conducted a cross-sectional cohort study that was based on data 
collected in anonymous online surveys to determine whether there was an association 
between military experience and immediate and long-term physical and psychologic 
health outcomes. The study also aimed to examine the effects of multiple deployment-
related TBIs on health outcomes. The study included 3,098 members of the Florida 
National Guard (1,443 who had deployed and 1,655 who had not deployed). About 
10,400 letters were mailed to solicit participation in the survey; 4,005 people completed 
the survey, and those who had been deployed completed it an average of 31.8 months 
(SD=24.4 months, range=0–95 months) after their deployment. ORs were calculated to 
assess the association between current health status and deployment-related factors, such 
as physical injuries, exposure to potentially traumatic deployment experiences, combat, 
blast exposure, and mild TBI. Demographics and pre-deployment experiences were 
controlled for as potential cofounders. The survey included a large number of questions 
to measure many predictors of health outcomes, such as blast exposure; of the 3,098 
people in the study sample, 743 (24%) reported being exposed to blast. Results showed 
that deployment-related mild TBI was associated with depression, anxiety, PTSD, and 
postconcussive symptoms collectively and individually. There were also statistically 
significant increases in the frequency of depression, anxiety, PTSD, and a postconcussive 
symptom complex when people who had single incidents of TBI were compared with 
those who had multiple TBIs. A predeployment TBI did not appear to increase the 
likelihood of another TBI from a blast exposure. The experience of seeing others 
wounded or killed or experiencing the death of a fellow soldier or leader was associated 
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with indigestion and headaches but not with depression, anxiety, or PTSD. The major 
limitations of this study are its cross-sectional design and its reliance on self-reported 
measures for all outcomes. In addition, the survey had a low response rate (41.3%), so the 
results shown here may not be generalizable to all deployed and nondeployed service 
members. 

Finally, Bryant et al. (2009) conducted a longitudinal cohort study to examine the 
incidence of PTSD in a civilian population after non-military traumatic injury in those 
who had mild TBI and those who had no TBI. Study participants were 1,167 survivors of 
traumatic injury (459 who had mild TBI and 708 who had no TBI) who were admitted to 
four level 1 trauma centers in Australia from April 2004 to February 2006. The subjects 
were assessed for PTSD symptoms and posttraumatic amnesia during hospitalization and 
then assessed for PTSD 3 months later. At the follow-up assessment, 90 (9.4%) of the 
920 who were still participating met criteria for PTSD (mild TBI, 50, 11.8%; no TBI, 40, 
7.5%). After controlling for injury severity, it was concluded that mild TBI patients were 
more likely to develop PTSD than no TBI patients (AOR = 1.86; 95% CI, 1.78–2.94). 
Although the study is limited in its usefulness by its report outcomes only out to 3 months 
and not looking at blast injuries specifically, it adds to the evidence of a relationship 
between mild TBI and PTSD symptoms.  

Interventions to Mitigate the Long-Term Consequences of Blast 

A complete review of the treatment-outcome literature on combat-related PTSD is 
beyond the scope of the present report. However, a brief summary of the literature is 
helpful in determining the potential long-term consequences of PTSD. Historically, 
combat-related PTSD has been considered by many to be a chronic, lifelong condition 
that is difficult to treat. Indeed, combat-related PTSD in Vietnam veterans has been found 
to be a chronic disorder that fails to remit in almost 80% of cases evaluated decades after 
initial trauma exposure (Schnurr et al., 2003). Conversely, a recent long-term follow-up 
study of civilians treated with cognitive behavior therapy (cognitive processing therapy 
and prolonged exposure) indicated that about 80% of participants were treated to the 
point of remission and remained in remission for 5–10 years after participating in the 
study (Resick et al., 2012). Similar data on combat-related PTSD do not exist.  

Additional Psychologic and Psychiatric Consequences of Blast 

Scientific data on the relationship between exposure to blast and such mental 
disorders as major depressive disorder and substance-abuse disorders are fewer than data 
on the relationship between exposure to blast and PTSD. Depression and alcohol abuse 
are two of the most common mental-health comorbidities of PTSD. However, the 
relationship of depression to substance abuse separate from PTSD is not clear. The 
relationship of alcohol misuse to PTSD and depression symptoms was evaluated in a 
sample of 812 male US veterans of the Iraq war who had documented combat injuries 
(Heltemes et al., 2013). The results (after adjustment for age, rank, combat exposure, and 
mental-health diagnosis before injury) indicated that veterans who had PTSD symptoms 
had significantly higher odds of reporting alcohol misuse than those who reported no 
PTSD symptoms (AOR = 4.05; 95% CI, 2.74–6.00). Veterans who had depression 
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symptoms were also significantly more likely to have reported alcohol misuse than those 
who reported no depression symptoms (AOR = 4.22; 95% CI, 2.78–6.40).  

Conclusions 

Relationships between multiple deployment-related factors and numerous 
overlapping and co-occurring adverse physical and psychologic health outcomes are 
complex. Acute psychologic and psychiatric outcomes of exposure to blast can include 
anxiety, depression, addiction, and worsening of existing psychiatric disorders. Two 
studies, considered primary by the committee, reported an association between exposure 
to blast and PTSD; this finding has been corroborated by several supportive studies. The 
associations between exposure to blast and other chronic mental-health outcomes, such as 
depression and substance-use disorders, are less well understood.  

The committee concludes, on the basis of its evaluation, that there is 
sufficient evidence of an association between exposure to blast and PTSD. 
The association may be related to direct experience of blast or to indirect 
exposure, such as witnessing the aftermath of a blast or being part of a 
community affected by a blast.  

The committee concludes, on the basis of its evaluation, that there is 
sufficient evidence of a substantial overlap in the symptoms of mild TBI 
and PTSD after exposure to blast. Furthermore, the committee concludes, 
on the basis of its evaluation, that there is limited/suggestive evidence that 
most of the shared symptoms are accounted for by PTSD and are not a 
direct result of TBI alone. 

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence to assess the direct contribution of blast to 
depression, substance-use disorders, and chronic pain; however, the 
association of PTSD with these disorders is well established. 

NERVOUS SYSTEM OUTCOMES 

TBI is the dominant blast injury that affects the nervous system. The Department 
of Veterans Affairs (VA) and the Department of Defense (DOD) define TBI as 
“traumatically induced structural injury and/or a physiological disruption of brain 
function as a result of an external force,” with at least one of the following 
manifestations: decreased level of consciousness, loss of memory immediately before or 
after the injury, alteration in mental state, neurological deficits, or intracranial lesions 
(Shively and Perl, 2012). TBI severity is generally classified into three tiers: mild, 
moderate, and severe. The VA and DOD shared guidelines for distinguishing TBI 
severity are based on the following criteria: structural imaging, LOC, alteration of 
consciousness (AOC), posttraumatic amnesia (PTA), and the Glasgow Coma Scale 
(GCS) (VA and DOD, 2009). The GCS is a severity score itself; it is aggregated from 
performance ratings of eye-opening, motor response, and verbal response and has been 
the gold standard of neurologic assessment of trauma patients since its development by 
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Teasdale and Jennett in 1974 (see Table 4-2) (IOM, 2009; Teasdale and Jennett, 1974). 
VA and DOD define mild TBI as presenting with one or more of the following: normal 
structural imaging, LOC duration of 0–30 minutes, AOC duration of a moment to 24 
hours, PTA duration less than 24 hours, and a GCS score of 13–15. Moderate TBI is 
defined by one or more of the following: normal or abnormal structural imaging, LOC 
duration of 30 minutes–24 hours, AOC duration greater than 24 hours, PTA duration of 
24 hours–1 week, and a GCS score of 9–12. Severe TBI is defined by one or more of the 
following: normal or abnormal structural imaging, LOC and AOC lasting more than 24 
hours, PTA lasting more than a week, and a GCS score less than 9 (VA and DOD, 2009). 
That schema incorporates the most widely adopted case definition of mild TBI provided 
by the American Congress of Rehabilitative Medicine (ACRM, 1993) and the consensus 
among the scientific community of the case definitions of moderate and severe TBI 
(Sayer, 2012). 

From January 1, 2000, to August 20, 2012, a total of 253,330 US service 
members—of the 2.2 million deployed—had a diagnosis of TBI while serving in the Iraq 
and Afghanistan wars (Fischer, 2013). Most (77%) of the cases were mild. Exposure to 
blast can cause TBI through primary, secondary, tertiary, and quaternary mechanisms. 
Evidence from clinical experience and experimental neuroimaging suggests that TBI 
caused by blast waves (blast TBI) is distinct from TBI caused by closed head injuries due 
to blunt trauma and from penetrating TBI (Magnuson et al., 2012). 

TABLE 4-2 Severity Scoring of the Glasgow Coma Scale  

Response Degree of Response Score 

Eye opening 

Spontaneous—open with blinking at baseline 4 
To verbal stimuli, command, speech 3 
To pain only (not applied to face) 2 
No response 1 

Best verbal response 

Oriented 5 

Confused conversation, but able to answer questions 4 

Inappropriate words 3 

Incomprehensible speech 2 

No response 1 

Best motor response 

Obeys commands for movement 6 

Purposeful movement to painful stimulus 5 

Withdraws in response to pain 4 

Flexion response to pain (decorticate posturing) 3 

Extension response to pain (decerebrate posturing) 2 

No response 1 
SOURCE: Adapted from Teasdale and Jennett (1976) with permission from Springer Science and 
Business Media. 

Studies of TBI have been conducted in nearly all the major conflicts of the 20th 
century, including World Wars I and II, the Korean War, and the Vietnam War; many of 
the studies evaluated seizure as the outcome of interest. For example, during the Vietnam 
War, 12–14% of all combat casualties had a TBI (Okie, 2005). However, the populations 
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in those studies had penetrating and severe closed head injuries and the mechanisms of 
injury are not typically reported. A detailed summary of studies of TBI (not specifically 
related to exposure to blast) in veteran populations can be found in Gulf War and Health, 
Volume 7: Long-Term Consequences of Traumatic Brain Injury (IOM, 2009).  

Acute Effects 

Mild blast TBI can cause acute headache, anxiety, vertigo, sleep disturbance, 
mood alteration, and a cognitive deficit that includes confusion, brief LOC, amnesia, 
short-term memory loss, and difficulty in concentrating (Brenner et al., 2012; Magnuson 
et al., 2012). Those effects may resolve in a matter of a few days; one study showed that 
in a civilian population exposed to mild closed-head-injury TBI, symptoms had resolved 
in most patients at a 1-year follow-up (Alexander, 1995). In rare circumstances, however, 
symptoms can fluctuate in severity or be unapparent immediately after the injury, only to 
be triggered by life stressors months later (Hicks et al., 2010). Mild blast TBI is clinically 
indistinguishable from other types of mild TBI at this level of severity, and the outcomes 
mentioned here may occur from secondary, tertiary, and quaternary effects of the blast as 
well. A particular danger with mild TBI is that service members may ignore or endure the 
milder symptoms and then expose themselves to a second blast, putting themselves at risk 
of second-impact syndrome. Outcomes can be more severe if someone already suffering 
from mild TBI is subjected to a second concussion. Second-impact syndrome can present 
with prolonged LOC, malignant cerebral edema, and coma. Although it is extremely rare, 
the risk of second-impact syndrome may be greater in patients who are exposed to blast 
than in those who have other types of trauma (Armonda et al., 2006). It is associated with 
up to 50% mortality (Magnuson et al., 2012).  

Moderate to severe blast TBI can cause hemorrhage, skull fracture, cerebral 
edema, and parenchymal contusions which are all easily detectable with neuroimaging. 
Patients present with acute effects ranging from confusion and lethargy to coma and even 
death (Magnuson et al., 2012). Differences in diffuse axonal injury between blast TBI 
and closed head-injury TBI can be observed at this level of severity with advanced 
neuroimaging techniques (Davenport et al., 2012). Brains exposed to blast TBI can 
undergo malignant cerebral edema faster (in less than an hour) than those exposed to 
closed-head-injury TBI (in several hours to a day) (Magnuson et al., 2012). Cerebral 
vasospasm, which may lead to secondary cerebral infarction days after the injury, may be 
prolonged, with a duration after blast TBI twice that after closed-head-injury TBI (Oertel 
et al., 2005). 

Two less understood outcomes that can occur with TBI of any type or severity are 
seizures and posttraumatic epilepsy. The latter is defined as the occurrence of two or 
more seizures more than 7 days after a blast; it is more frequent after more severe 
episodes of TBI (Magnuson et al., 2012). Seizures can be manifested with only mild 
behavioral and cognitive alterations, so in some settings it may be difficult to detect 
without electroencephalographic monitoring (Magnuson et al., 2012). 

Of particular difficulty in determining the neurologic effects of blast TBI is that 
these often develop in the polytrauma setting. Patients who have TBI from blast 
frequently also suffer damage to neurosensory organs, such as the ears and eyes, and to 
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solid organs (such as the heart and lungs); all these injuries can have direct and indirect 
influences on brain function. The Defense and Veterans Brain Injury Center found that 
66% of TBI patients seen at Walter Reed Army Medical Center (WRAMC) over a 2-year 
period also suffered ocular trauma (Magnuson et al., 2012). Another study retrospectively 
evaluating 10,341 victims of blast TBI concluded that 68.5% had concomitant hearing 
impairment (Lew et al., 2011). It can be difficult to ascertain which neurologic symptoms 
are directly related to blast TBI itself and which are related to other kinds of injury from 
the blast that affects the nervous system secondarily. 

Neurologic effects of blast to the inner ear may take the form of centrally or 
peripherally mediated disequilibrium, vertigo, posttraumatic Ménière disease, and 
sensorineural hearing loss (Magnuson et al., 2012; Scherer et al., 2007). Penetrating or 
severe non-penetrating forces on the eye can cause optic nerve damage that results in 
impairment or loss of vision (Morley et al., 2010). Damage to the cardiovascular system 
caused by blast injury can compromise blood supply to the brain and cause generalized 
cerebral dysfunction, such as altered affect, confusion, disorientation, or focal neurologic 
signs from stroke, traumatic cerebral vasospasm, arterial air emboli, or arterial dissection 
(Magnuson et al., 2012; Phillips, 1986). Musculoskeletal injury and damage to the spinal 
cord and vertebrae caused by blast can result in paralysis (Eardley et al., 2012). Bone 
fractures and other crush injuries or compartment syndromes may result in peripheral 
nerve palsies or muscle damage at the site of injury (Scott et al., 1986). 

Long-Term Effects 

Some acute injuries to the central nervous system (CNS) will never resolve. 
Spinal-cord injuries that result in paralysis, incontinence, or loss of ability to breathe 
spontaneously often will be permanent. Cerebral contusions and other structural brain 
injuries may lead to permanent neurologic dysfunction including posttraumatic epilepsy; 
in one study, 19% of patients who suffered moderate to severe TBI had epilepsy at a 10-
year follow up (Andelic et al., 2009).  

The committee that prepared Gulf War and Health, Volume 7: Long-Term 
Consequences of Traumatic Brain Injury (IOM, 2009) concluded that there was sufficient 
evidence of a causal relationship between 

 Penetrating TBI and unprovoked seizures. 
 Penetrating TBI and premature death. 
 Severe or moderate TBI and unprovoked seizures. 

It concluded further that there was sufficient evidence of an association between 

 Penetrating TBI and a decline in cognitive function. 
 Penetrating TBI and long-term unemployment. 
 Severe TBI and cognitive deficits. 
 Severe or moderate TBI and dementia of the Alzheimer type.1 
 Severe or moderate TBI and parkinsonism. 

                                                 
1Studies published after the release of the 2009 report show that the association between severe or moderate TBI and 
dementia is likely due to a mixture of pathologies rather than solely Alzheimer Disease.   
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 Severe or moderate TBI and endocrine dysfunction (hypopituitarism and growth 
hormone deficiency). 

 Severe or moderate TBI and adverse social-function outcomes. 
 Severe or moderate TBI and premature death.  
 All forms of TBI and depression, aggressive behaviors, and postconcussive 

symptoms.2  

In the studies examined in the 2009 IOM report and other studies of TBI that have 
followed, both blast and nonblast mechanisms of TBI have been combined in analyses. In 
instances where there would be no likely difference in consequences between blast and nonblast 
TBI, the present committee used data from the studies to help to determine the relationship 
between blast exposure and long-term neurologic effects. However, given the animal and other 
data that suggest potentially unique, and in some cases more severe, injuries to the nervous 
system caused by blast exposure compared with TBI caused by other mechanisms (see Chapter 
3), the committee also sought to identify studies that focused on blast-related TBI. 

To evaluate the long-term neurologic effects of blast exposure, the committee reviewed 
about 50 published peer-reviewed studies. It did not find any studies that met the inclusion 
guidelines for primary studies. This section details the identified supportive studies of long-term 
neurologic health outcomes of blast exposure. 

Chronic Traumatic Encephalopathy 

One recently recognized long-term effect of repeated TBI is chronic traumatic 
encephalopathy (CTE), a slowly progressive neurodegenerative disorder that usually does not 
present until 8–10 years after the exposure and is characterized pathologically by progressive 
accumulation of abnormal (hyperphosphorylated) deposits of tau protein in neurons and 
associated atrophy of brain tissue (McKee et al., 2012). Initial symptoms include irritability, 
impulsivity, aggression, depression, sleep disruption, memory loss, and heightened suicidality, 
all of which can clinically resemble common forms of dementia. CTE has been observed in 
professional athletes, especially American football players. However, little is known about the 
prevalence of CTE in the blast-injured population or even about whether it can occur after single 
blast TBI episodes. Goldstein et al. (2012) examined brains from three military personnel who 
were known to be exposed to blast and found CTE-linked neuropathologic characteristics: 
perivascular foci of tau-immunoreactive neurofibrillary tangles and glial tangles in the inferior 
frontal, dorsolateral frontal, parietal, and temporal cortices with a predilection for sulcal depths. 

Headache 

Headache is the most common disorder in most neurology clinics and among the three 
most common in general-medicine clinics. Migraine is the second-most common type of 
headache; 15% of women and 6% of men experience migraine in a 1-year period (Stewart et al., 
1994). Tension headache is 4 times as common as migraine. In the general population, 4% of 
adults have chronic daily headache (CDH), defined as headache on at least 15 days per month; 
this entity is not a single condition, and in the general population as much as 15% of cases of 
CDH may be attributable to some sort of head trauma (Couch et al., 2007). Headache is a 

                                                 
2The association between TBI and aggressive behaviors has been shown for the severe and moderate forms of TBI.  
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common sequela of a diverse set of head-trauma mechanisms in clinical experience, so it is likely 
to result also from blast exposure. 

The committee identified three secondary studies. In a retrospective cohort study of 91 
service members from the same brigade who had chronic headache after a 1-year combat tour in 
Iraq, 41% had a history of head and neck trauma during their tour, and 67% of the traumas were 
due to blast (Theeler and Erickson, 2009). In one-third of the patients with head and neck 
trauma, a new headache started after the trauma; in an additional one-third, a pre-existing 
headache worsened after the trauma. Migraine was the most common headache type identified. 
Limitations of the study include the small sample, the retrospective design, and selection bias (a 
clinic-based population was assessed).  

In a cross-sectional study of service members undergoing postdeployment health 
evaluation, those with a self-identified history of concussion received a specific headache 
questionnaire (Theeler et al., 2010). Some 20% of the 5,270 service members deployed to Iraq or 
Afghanistan who were studied met criteria for deployment-related concussion, and 37% 
experienced posttraumatic headache. Migraine was the most common phenotype seen. The study 
did not address the mechanism of concussion, although in many cases it probably was blast. The 
contribution of PTSD and psychiatric disorders was not detailed in the study. There were several 
limitations related to the questionnaire-based, cross-sectional design of the study, including 
recall error and possible misclassification of headache type.  

In a cross-sectional study of 978 service members deployed to Iraq or Afghanistan who 
screened positive for postdeployment concussion headache, 196 were found to have CDH with a 
median of 27 headache days per month (Theeler et al., 2012). In 55% of the CDH patients, the 
headaches began within 1 week of concussion, compared with 33% of those who reported 
episodic headache. Two-thirds of those who had CDH met criteria for migraine. No differences 
were found between the CDH and episodic-headache groups in the number of blast exposures, 
concussions, or concussions with LOC. The CHD patients had significantly higher scores than 
the episodic-headache group on a PTSD checklist; this emphasizes the link between PTSD and 
CDH after blast exposure. The cross-sectional design of the study constitutes a limitation 
because reports of CDH and of blast exposure are retrospectively self-reported, and there may be 
recall error. In addition, it was not known whether any of the subjects experienced CDH before 
blast exposure.  

Another study, considered tertiary by the committee, found that among 126 Iraq and 
Afghanistan war veterans who experienced exposure to blast and sustained a mild TBI, nearly 
two-thirds (80) had frequent severe headaches, usually with migrainous features, accompanied 
by PTSD and impaired sleep with nightmares (Ruff et al., 2008).  

Endocrine Changes 

Blast injury may affect the pituitary gland and thus disrupt hormonal function. Two 
secondary studies were identified to support that idea. Wilkinson et al. (2012) studied 26 Iraq 
and Afghanistan war veterans who were exposed to blast 1 year or earlier and compared them 
with 59 veterans who do not have blast exposure. Eleven of the blast group (and none of the 
nonblast group) had abnormal hormone concentrations in one or more pituitary axes. Half those 
patients had abnormalities of anterior pituitary function, and half had posterior pituitary 
abnormalities. Five patients were growth-hormone–deficient, and three suffered from 
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hypogonadism. Baxter et al. (2013) studied endocrine function in 19 UK service members who 
served in the Afghanistan war and had moderate to severe blast TBI. The service members 
underwent MRI, including DTI, and cognitive assessment. Control subjects were civilians who 
had moderate to severe nonblast TBI. Anterior pituitary dysfunction was found in 6 (32%) of the 
19 service members who had blast TBI and 1 of the 39 controls (P = 0.004). The service 
members who had pituitary dysfunction had greater traumatic axonal injury in the cerebellum 
and corpus callosum, more skull and facial fractures, and worse cognitive function than the 
service members who did not have pituitary dysfunction.  

Postconcussive Symptoms 

After TBI, patients often experience a variety of persistent postconcussive symptoms 
including headache (discussed above), difficulty in concentrating, aggressiveness, and 
irritability. The committee identified three secondary studies that described postconcussive 
symptoms after exposure to blast. 

 In a study of 339 veterans of the Iraq and Afghanistan wars who had a history of mild 
TBI, posttraumatic stress symptoms were found to be significantly worse in the blast and mixed 
(blast plus nonblast) groups than in the that had only nonblast mechanisms (Lippa et al., 2010). 
PTSD-like symptoms accounted for 47% of the variance in the postconcussive symptoms. 

 In a study of 91 Iraq and Afghanistan war veterans who had a history of being within 
100 m of a blast, veterans who had TBI and LOC had significantly more postconcussive 
symptoms than those who did not have TBI or those who had TBI without LOC (Verfaellie et 
al., 2013). However, after adjustment for depressive and PTSD symptoms, the result was no 
longer significant. The mild TBI with LOC group had greater psychosocial limitations than the 
other groups, and this relationship persisted even after adjustment for depressive and PTSD 
symptoms. The relationship between postconcussive symptoms and Axis I psychiatric disorders 
has been well detailed in previous studies not specific to blast injury.  

In a study of structured interviews that attempt to associate blast-related TBI with 
neuropsychologic outcomes, 18 veterans of the Iraq and Afghanistan wars who experienced mild 
TBI were compared with those who had only Axis I disorders (24 veterans), those who had mild 
TBI and Axis I disorders (34 veterans), and postdeployment controls; no difference was found 
between the mild-TBI group and the other groups (Nelson et al., 2012b). Limitations of the study 
include the lack of addressing of the contribution of PTSD and the fact that some blast exposures 
reported in interviews with the veterans were minor and did not lead to concussions. 

Seven additional studies were considered tertiary by the committee, but provided some 
further information about exposure to blast and postconcussive symptoms. Trudeau et al. (1998) 
reported that combat veterans who had a remote history of blast injury (27 veterans) have 
persistent electroencephalographic features that are consistent with TBI and attention problems. 
Kennedy et al. (2010) found that 130 US Iraq and Afghanistan war service members who had 
mild TBI but no other associated physical injuries had higher symptom ratings than those who 
had mild TBI and associated physical injuries (144 service members); one explanation for this 
result might be that patients who have physical injuries can focus on making progress toward 
healing and functional improvement whereas patients who have only mild TBI experience 
somatic neuropsychologic symptoms. Heltemes et al. (2012) found that 473 US service members 
who sustained blast-related mild TBI self-reported adverse changes in health 6 months after 
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injury were 5 times more often than 656 service members who sustained other types of injuries. 
Scheibel et al. (2012) conducted a stimulus-response compatibility task by using functional 
magnetic resonance imaging (fMRI) on 15 US service personnel and veterans of the Iraq and 
Afghanistan wars who had blast-related mild TBI and compared them with 15 controls who did 
not have TBI and were not exposed to blast. The subjects who had experienced blast-related mild 
TBI demonstrated slower fMRI responses and increased symptoms of PTSD, depression, and 
somatic complaints. Another neuroimaging study used a magnetoencephalographic low-
frequency source imaging method and demonstrated abnormalities in 96% of 23 blast-exposed 
mild TBI patients and 77% of 22 nonblast mild TBI patients (Huang et al., 2012). Walker et al. 
(2013) reported that 29 (33.3%) of 87 US service personnel and veterans who served in Iraq and 
Afghanistan reported at least one of three concrete alteration-of-consciousness items—gap in 
memory (17.2%), memory not continuous (13.8%), and being told by an observer that they had 
LOC (20.7%)—after experiencing acute effects of blast exposure within the preceeding 2 years; 
these results again suggest that mild TBI plays a role in the development of chronic 
neuropsychiatric symptoms after exposure to blast. Mendez et al. (2013) studied changes in 
personality in 12 US veterans who had blast-related mild TBI and 12 US veterans who 
experienced blunt-force mild TBI and found that, on the basis of select measures of personality, 
veterans who had blast-related mild TBI had more negative personality changes than those who 
had blunt-force mild TBI.  

Cognitive Changes 

Several reported studies have many limitations and were considered tertiary by the 
committee, but provide some information about cognitive effects related to blast exposure. 
Cooper et al. (2012) conducted a retrospective review to assess neurocognitive function in 32 
Iraq and Afghanistan war service members who had blast-related mild TBI and 28 who had non–
blast-related mild TBI about 6 months after injury and did not find significant differences 
between the groups in any neurocognitive domain. Coldren et al. (2012) administered the 
automated neuropsychiatric assessment metric within 10 days of injury to 47 concussed and 108 
non-concussed service members who served in Iraq and Afghanistan; concussed service 
members were more likely to have been exposed to a blast. The neurocognitive changes found 
with the metric were not reassessed later. Mac Donald et al. (2011) used DTI and found 
cerebellar abnormalities consistent with traumatic axonal injury in 18 (29%) of 63 US service 
members who had TBI and self-reported blast exposure; by chance alone, only two of 63 healthy 
subjects would be expected to have such abnormalities. Matthews et al. (2011) performed a stop-
task–based fMRI on 27 US Iraq and Afghanistan wars service members and found that subjects 
who had a history of LOC had altered ventromedial prefrontal cortex activity than subjects who 
had a history only of alteration of consciousness; this finding correlated with the severity of 
somatic symptoms experienced and suggested a neural correlate of impaired self-awareness after 
LOC. Finally, Sponheim et al. (2011) used electroencephalography phase synchronization and 
DTI to assess nine service members who were deployed to Iraq and Afghanistan and suffered 
blast-related mild TBI; they did not report cognitive deficits but observed more frequent 
electroencephalographic abnormalities in frontal and lateral cerebral regions and problems with 
structural integrity of frontal white-matter tracts than in controls that persisted after controlling 
for PTSD, depression, and medications.  

Advanced neuroimaging (for example, DTI and fMRI) has led to several insights 
regarding the cognitive effects of TBI in veterans. DTI studies have revealed evidence of 
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disruptions of CNS tracts suggestive of TBI in bodily injured service members even in the 
absence of reported history of TBI (Xydakis et al., 2012). That suggests that the true incidence of 
anatomically significant TBI may not be captured by using routine clinical and imaging criteria, 
especially in critically injured service members. The history typical of concussion (“seeing stars” 
and LOC) may not be present with blast TBI, so additional neuroimaging studies may be 
required for this diagnosis. Changes in DTI have been found in some studies of blast-associated 
TBI. For example, Mac Donald et al. (2011) found changes consistent with multifocal traumatic 
axonal injury in a group of seriously injured service members who were exposed to blast events 
and who had normal computed tomography scans; evolution of the changes 6–12 months later 
revealed persistence and some dynamic changes that were compatible with evolution of the acute 
lesions. DTI changes were also found with mild TBI in studies by Davenport et al. (2012), 
Matthews et al. (2012), and Jorge et al. (2012) but not by Levin et al. (2010). Technical 
differences may account for those discrepancies, and recent technical advances focusing on 
identifying spatially heterogeneous areas of decreased functional anisotropy (“potholes”) suggest 
that this method may be more sensitive in determining TBI severity and impaired executive 
functioning. The axonal injury that is persistent in chronic cases may create a potential surrogate 
identifier for a TBI event, which is especially important because the usual criteria used to 
recognize mild TBI may not be present or may be obscured by other bodily injuries. 

Using DTI, Davenport et al. (2012) studied 25 Iraq and Afghanistan war veterans who 
had blast-related TBI and 33 veterans who did not have blast exposure and found global 
disruption of white-matter tracts in the blast-exposed veterans. No differences were found in 
more concentrated white-matter regions. A history of prior civilian mild TBI did not affect the 
results. The injury appeared to be dose-dependent inasmuch as greater numbers of blast 
exposures were associated with a larger number of low voxels when fractional anisotropy was 
used. Another study of 12 Iraq war veterans who had persistent postconcussive symptoms and 
healthy community volunteers showed decreased metabolism in the veterans on the basis of 
fluorodeoxyglucose positron emission tomography in the cerebellum, pons, and medial temporal 
lobe; those who had mild TBI also had subtle impairments in verbal fluency, cognitive 
processing speed, attention, and working memory on neuropsychologic testing (Peskind et al., 
2011). A limitation is that the volunteer controls were an average of 20 years older than the 
veterans, although the deficits identified on imaging and neuropsychologic testing in the younger 
veterans would be more likely to increase with age, so this potential bias is less likely to explain 
the results.  

Spinal Injuries 

The committee identified two secondary studies of spinal injuries associated with 
exposure to blast. Comstock et al. (2011) found that improvised explosive devices (IEDs) are 
more likely to cause spinal injuries than are other mechanisms, such as blunt trauma. Through 
the Joint Theatre Trauma Registry (JTTR), 372 Canadian Forces personnel who served in 
Afghanistan and were injured during the period February 7, 2006–October 14, 2009, were 
identified and included in the study. Of the 372, 212 (57%) were injured by IEDs, and 29 (8%) 
had spinal fractures. Members injured by IEDs were significantly more likely to have spinal 
injuries than those injured by non-blast mechanisms (10.4% vs 2.3%). A major limitation of the 
study is that the researchers were unable to conduct a detailed chart review of most of the 
patients’ medical records and were unable to ascertain details of the injuries, such as type of 
fracture, neurologic findings, and functional outcome.  
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Blair et al. (2012) used the JTTR to identify US military personnel of the Iraq and 
Afghanistan wars from October 2001 to December 2009 who sustained back, spinal-column, and 
spinal-cord injuries. Of 10,979 combat casualties, 598 (5.45%) sustained 2,101 injuries to the 
spinal column or spinal cord; 92% of these injuries were fractures. Of the 598 patients, 336 
(56%) were injured by exposure to blast. Of the 104 patients who had spinal-cord injuries, 38 
(36.5%) were injured by exposure to blast. Limitations of the study include reliance on JTTR 
data, which can be incomplete, especially during the early years of the wars, and the fact that 
medical records of service members killed in action are not included in the JTTR.  

Three additional studies, considered tertiary by the committee, provided further evidence 
about spinal injuries due to blast exposure. Ragel et al. (2009) conducted a retrospective analysis 
of North Atlantic Treaty Organization service members who sustained spine fractures when 
riding in vehicles attacked by IEDs. Twelve patients who had 16 thoracolumbar fractures were 
identified, and six of the fractures were flexion–distraction thoracolumbar fractures; most spine-
fracture series report the prevalence of flexion–distraction thoracolumbar fractures as 1.0–2.5%, 
so these injuries may be characteristic of IED explosions. Bell et al. (2009) conducted a 
retrospective review of 513 inpatient admissions in the Iraq war from April 2003 to April 2008 
that were evaluated at the National Naval Medical Center and WRAMC. Of the 513, 56% were 
injured by exposure to blast, and 408 had either a closed or a penetrating head injury, including 
40 who also had a spinal-column injury, but the number of patients who had spinal-column 
injuries and were exposed to blast is not reported. Using the Armed Forces Medical Examiner 
System, Schoenfeld et al. (2013) identified 5,424 deceased military personnel who had been 
deployed to Iraq and Afghanistan from 2003 to 2011 and sustained a spinal injury in conjunction 
with wounds that resulted in death; 67% of all fatalities with spinal injury were attributed to 
exposure to blast.   

Conclusions 

Acute short-term effects of TBI were well-described in Gulf War and Health, Volume 7: 
Long-Term Consequences of Traumatic Brain Injury (IOM, 2009). Permanent neurologic 
disability—including cognitive dysfunction, unprovoked seizures, and headache—is causally 
related to moderate or severe TBI. Those clinical syndromes result from the known pathologic 
conditions associated with nonpenetrating impact injuries, including fractures, hemorrhages, 
contusions, and brain swelling. The present committee was not able to identify primary studies 
that focused exclusively on acute blast-related TBI. However, inasmuch as many of the studies 
cited in Volume 7 included both blast and nonblast TBI, it is likely that the injuries are at least as 
severe in blast TBI, although further research is required to determine whether there are 
additional unique patterns of injury. Moreover, secondary and tertiary blast effects due to 
fragments of debris and acceleration and deceleration injuries, respectively, result from primary 
blast effects, and it is expected that the secondary and tertiary injuries will resemble missile and 
concussive injuries seen in other settings. Although the clinical and pathologic syndromes of 
blast-induced TBI and other forms of TBI probably overlap extensively, there may be some 
differences that could potentially produce distinctive presentations and require different 
therapeutic strategies. For example, typical symptoms of concussion, such as seeing stars and 
experiencing a transient LOC, may be absent. The limited evidence indicates that early 
malignant brain swelling, sometimes referred to as second-impact syndrome, may be more 
common in connection with blast than with other injuries (Armonda et al., 2006). In addition, 
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numerous studies have suggested that blast TBI may confer distinctive neuroimaging patterns as 
measured by DTI (tractography). In blast injury, a diffuse bihemispheric pattern of disruption 
may occur, unlike the more focal, often frontal and occipital (coup–contracoup) pattern 
classically observed in acceleration–deceleration concussive injury. That pattern could 
potentially result in a higher frequency of global cerebral complaints involving cognitive, visual, 
auditory, and other sensory modalities in those exposed to blast; however, the evidence 
confirming these distinctive mechanisms is preliminary and insufficient to permit any firm 
conclusions to be drawn.  

The committee concludes, on the basis of its evaluation, that there is sufficient 
evidence of an association between severe or moderate blast-related TBI and 
endocrine dysfunction (hypopituitarism and growth hormone deficiency).  

The committee concludes, on the basis of its evaluation, that there is sufficient 
evidence of an association between mild blast TBI and postconcussive symptoms 
and persistent headache. 

The committee concludes, on the basis of its evaluation, that there is 
limited/suggestive evidence of an association between recurrent blast TBI and 
chronic traumatic encephalopathy with progressive cognitive and behavioral 
decline. 

The committee concludes, on the basis of its evaluation, that there is 
limited/suggestive evidence that diffuse brain injury with swelling may be more 
likely after blast than in relation to other mechanisms that lead to TBI. 

The committee concludes, on the basis of its evaluation, that in other brain-injury 
mechanisms (nonblast TBI), there is sufficient evidence of an association between 
severe or moderate TBI and permanent neurologic disability, including cognitive 
dysfunction, unprovoked seizures, and headache. These associations also are 
known outcomes in TBI studies that included blast and non-blast mechanisms 
considered together. It is plausible that severe or moderate blast TBI is similarly 
associated with permanent neurologic disability even though studies that 
specifically addressed blast TBI are lacking.  

AUDITORY AND VESTIBULAR OUTCOMES 

The ear is typically one of the first organs to sustain damage from a blast event and is the 
organ most susceptible to primary blast injury (Jagade et al., 2008; Phillips and Richmond, 
1991). Injury to the external ear is possible from secondary, tertiary, and quaternary blast 
exposure, but primary blast injury to the middle and inner ear is much more common and likely 
to affect auditory function. Traditionally, clinical attention has focused on tympanic-membrane 
(TM) perforations, hearing loss, and tinnitus complaints as the primary manifestations of 
auditory dysfunction after blast exposure. However, those clinical outcomes do not adequately 
capture the array of auditory dysfunction that may be associated with acute trauma from blast. 
Normal auditory function requires an intact ear (especially middle and inner ear) but also relies 
on the complex signal transduction, transmission, and processing mechanisms that are involved 
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in centrally translating and integrating sounds. Blast—through its effects on the microcirculation, 
apoptosis, shearing of neural networks, and other mechanisms—may have additional 
implications for the auditory system and the processing of auditory information, especially in 
complex environments. Although loud noise from such exposures as gunfire may cause damage 
to the auditory system, the focus of this review is on blast injuries. 

Acute Effects 

Perforation of the TM is the most common form of injury to the middle ear (Jagade et al., 
2008). The TM is extremely sensitive to pressure (its primary function is to sense vibrations in 
sound waves), so it is highly susceptible to blast overpressure. Some cases of TM perforation 
close spontaneously over weeks to months after blast exposure. Much less common in the middle 
ear—especially after small to medium blasts—is disruption of the ossicular chain. Patients who 
have sustained damage to the middle ear from primary blast injury may present with ear ache and 
conductive hearing loss, which may be temporary and resolve with the healing of the TM 
(Jagade et al., 2008; Walsh et al., 1995). It is possible that cholesteatoma and infection can 
develop from a primary blast injury to the middle ear and potentially lead to erosion and 
destruction of important structures of the middle ear, temporal bone, and skull casing (Jagade et 
al., 2008).  

Primary blast injuries to the inner ear involve the disruption of the vestibular apparatus 
and cochlea and can result in sensorineural hearing loss due to temporary or permanent damage 
to the hair cells of the cochlea, which are the delicate sensory structures responsible for 
amplification of sound and its transduction to the auditory nerve and central auditory nervous 
system (Finlay et al., 2012). The inner ear can be directly affected by the blast or indirectly 
affected by sequelae of injury to the middle ear.  

Long-Term Effects 

Although the symptoms of blast ear injury often resolve spontaneously, they may also be 
chronic or permanent. Tinnitus and hearing loss are the two most prevalent medical-disability 
claims in VA (VA, 2011). 

To evaluate the long-term auditory and vestibular health effects of blast exposure, the 
committee reviewed about 80 published peer-reviewed studies. Seven met the committee’s 
guidelines for primary studies (see Table 4-3). Of the seven, only two reported outcomes of blast 
during military deployment. The others were studies of civilian exposure to blast. This section 
details the identified primary and supportive studies of long-term auditory and vestibular 
outcomes due to blast exposure.  

Primary Studies 

Several of the studies identified as primary by the committee involved health outcomes in 
survivors of the Oklahoma City bombing on April 19, 1995. In a cohort study, Shariat et al. 
(1999), followed up with survivors of the bombing to identify long-term physical and emotional 
health outcomes. Baseline data on blast exposure and injuries were initially collected after the 
bombing and recorded in the Injury Prevention Service registry of the Oklahoma State 
Department of Health. Some 914 survivors of the blast who were 18 years old or older were 
considered eligible for the study. Of those, 494 (54%) completed a telephone interview that 
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included questions on long-term health conditions, functional status, employment, quality of life, 
health care use, and medical costs. The followup interview occurred 1.5–3 years after the 
bombing. The age range of the subjects was 21–91 years (mean = 45 years). Of the subjects, 92% 
reported being injured in the bombing; 13% sustained injuries that required hospitalization. Of 
the subjects interviewed, 156 (32%) reported newly diagnosed or treated auditory problems since 
the bombing. There were significant differences in rates of reports of newly diagnosed auditory 
problems between those who had been hospitalized and those who had been treated in an 
emergency department and then released (48% vs 29%; p < 0.006) and between those who had 
been hospitalized and those who were uninjured or not treated (48% vs 9%, p < 0.001). For 
tinnitus, 44% of the subjects reported experiencing ringing or roaring in their ears at some time 
after the bombing, and there was no significant difference between those who had been 
hospitalized and those who had not. Nearly half the subjects (48%) reported receiving audiology 
services after the bombing, and there was a significant difference found between those who had 
been hospitalized and those who were treated and released (72% vs 45%; p = 0.003) or those 
who were uninjured or not treated (72% vs 29%; p < 0.001). The study has several limitations for 
the committee’s determination of long-term auditory outcomes. For newly diagnosed conditions, 
it is not clear from the data presented whether the conditions were experienced shortly after the 
bombing or developed later. At the time of the follow-up interview, 24% of all newly diagnosed 
or treated conditions had resolved, but the number of resolved auditory outcomes was not 
reported. Similarly, at the time of the follow-up interview, 21% of reported symptoms 
experienced since the bombing had resolved, but the number of injuries to the auditory system 
that had resolved was not reported. Other limitations of the study include the low response rate 
of participation, which could mean that the results reported here are not generalizable to all 
survivors of the bombing. Measures of tinnitus were based on self-report (no objective 
measurement is available), and no objective measures of hearing function were analyzed. Self-
reporting of “trouble in hearing” and other auditory problems also is a limitation because they 
are not objective measures. 

Van Campen et al. (1999a) conducted a longitudinal cohort study of survivors of the 
Oklahoma City Bombing to examine long-term changes in auditory function. The subject group 
(83 people) was solicited to participate in the study by advertisements and by referral from 
physician and personal-assistance programs. Subjects were followed for a year during which 
evaluations, audiometric testing, and a survey questionnaire were completed quarterly. The 
numbers of subjects present for evaluation and testing at each quarter were 42 0–2 months after 
the bombing (Q1), 64 3–5 months after the bombing (Q2), 62 6–8 months after the bombing 
(Q3), and 56 12–14 months after the bombing (Q4). Only 21 (25%) of the subjects were seen at 
all of the time. Auditory outcomes were compared with those in a representative control group of 
10 normal-hearing subjects who were not blast-exposed (and not present during the bombing). 
The control subjects were seen twice over 6 months to document hearing-threshold stability. The 
results showed no significant differences in pure-tone audiometry (at 1, 2, and 4 kHz) between 
quarters in either group. Thresholds for high-frequency signals were poorer in blast-exposed 
persons than in control subjects. At 1 year, use of a hearing aid was recommended for 24% of 
subjects, none of whom reported hearing-aid use before the blast exposure. Tinnitus was 
reportedly experienced within seconds to days of the blast exposure in 67% of subjects on the Q1 
questionnaire. On the Q4 questionnaire, 76% of the responders reported symptoms of tinnitus. 
There was no clear association between location of subjects in the bombing area and symptoms 
or test results. Study limitations included the low response rate; only 21 subjects provided 
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responses in each quarter, and the number who were evaluated and questioned in each quarter 
was variable.  

In a companion study, Van Campen et al. (1999b), reported vestibular and balance 
outcomes in 30 survivors of the Oklahoma City bombing. Subjects were recruited from the 
sample of 83 included in the previous study, and all were bombing survivors from the downtown 
area surrounding the blast who reported gaze abnormalities and vertigo or continuing imbalance. 
The subjects were 25–63 years old (mean, 43 years old). Initially, all subjects completed a 
questionnaire on their symptoms and underwent nonrecorded gaze testing with Computerized 
Dynamic Posturography (CDP). The 27 who had abnormal results on the CDP returned quarterly 
for full balance assessments for a year (Q1, nine subjects; Q2, 18; Q3, 22; Q4, 24). Thirteen of 
the 27 (63%) reported dizziness within 48 hours of the explosion. A year after the blast, 16 of 24 
(67%) of those assessed at Q4 reported that their symptoms of dizziness and imbalance were 
unchanged or still intermittent. Results generally showed that testing abnormalities were detected 
at each quarter, but the data are difficult to interpret because different subjects presented at each 
testing time; only five subjects were present at all four reporting times over the year. There was 
no association between subjects’ location relative to the blast and their reported symptoms and 
test results, but 97% of the subjects screened or evaluated in the study were in buildings at the 
time of the blast. Given that 43% of symptomatic subjects did not report head injury, the 
vestibular trauma reported may be related to blast overpressure. The study has limitations similar 
to those of Van Campen et al. (1999a) because of the very small sample and the variability of the 
followup of subjects (different subjects were evaluated and questioned at each quarter).  

Cohen et al. (2002) reported on the auditory and vestibular outcomes of survivors of a 
terrorist bus bombing in 1994. Of the 48 survivors (18–65 years old; median, 28 years old), 23 
were hospitalized; of the 23, 17 continued to be followed for 6 months in an outpatient 
otolaryngology clinic. Patients underwent otoneurologic examinations and auditory and balance 
assessments. Results showed that all patients except one had at least one perforated eardrum; 
there were 27 perforated eardrums. Most (16) of the perforations were considered large, and 
gradual healing was seen during the followup period. At 6 months, perforations in 15 ears had 
healed, and perforations in 12 had not healed (possibly because of the number of large 
perforations). Hearing loss was common; hearing in only one ear was normal immediately after 
the blast. At 6 months, 6 of the ears had regained normal hearing, for a total of 7 ears with 
normal hearing. On balance tests, 6 patients had abnormal results and complained of dizziness, 
and 5 continued to suffer from dizziness throughout the 6 months of followup. At the time of 
admission to the hospital after the blast, 88% of patients who were followed for 6 months 
reported aural fullness and pressure, 88% tinnitus, and 41% dizziness. At 6 months, 73% of the 
patients who had reported aural fullness still complained of it, 40% of those who had reported 
tinnitus still had symptoms of it, and 71% of those who had reported dizziness on admission still 
had it. The study has limitations for the committee’s determination of evidence of long-term 
auditory outcomes of blast, such as the small sample and the nonmilitary blast exposure. It is 
unknown whether the findings reported in the study are generalizable to those exposed to blast 
during military combat. The study also lacked a control group for comparison and did not report 
outcomes beyond 6 months. 

In a retrospective cohort study, Riviere et al. (2008) examined the hearing status of 
workers who were exposed to an industrial explosion at a chemical plant in France on September 
21, 2001. During October 2001–March 2004, all 511 workers underwent audiometric testing, 
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whether or not they were at the site of the explosion. Of the 425 subjects who participated in the 
study, 208 (49%) had undergone an audiometric test since 1990 but before the explosion. 
Therefore, the study design made it possible to compare some subjects’ pre- and post-blast 
measures. Subjects were divided into two groups whose outcomes were compared: 103 who 
were within 1,700 m of the blast and considered “exposed” and 105 who were more than 1,700 
m from the blast and therefore considered “less exposed.” The average period between preinjury 
and postinjury audiograms of the exposed group was 1,621 days (SD = ±1,018 days) and for the 
less exposed group 1,831 days (SD = ±1,121 days). Results comparing preblast and postblast 
audiograms demonstrated that—with adjustment for age, sex, history of ear problems, and 
occupational noise exposure—hearing threshold shifts were greater at 2 and 4 kHz in the right 
ear in those at shorter distances from the blast. Results from the left ear were different; those at 
shorter distances had significantly worse threshold shifts at 2, 6, and 8 kHz. In addition, 68% of 
the exposed group and 46% of the less exposed group had hearing loss of 10 dB or more 
affecting at least one ear at 2, 4, or 6 kHz (p < 0.01). The study design made it possible to 
compare preblast audiometric measures between an exposed group and a less exposed group. 
However, the study did not control for confounding factors, such as other exposures that may 
cause hearing loss. And although some subjects had followup testing more than 2 years after 
injury, other subjects had follow up testing as little as a month after the exposure, and their 
results are therefore short-term results. The data were not analyzed to examine changes in 
hearing loss over time after the explosion. 

Vanderploeg et al. (2012) conducted a cross-sectional cohort study by using data 
collected in anonymous online surveys to determine whether there was an association between 
military experience and immediate and long-term physical and psychologic health outcomes. The 
study also aimed to examine the effects of multiple deployment-related TBIs on health outcomes. 
About 10,400 letters were mailed to members of the Florida National Guard to invite 
participation in the survey; 4,005 people (41.3%) completed the survey, and those who had been 
deployed completed it an average of 31.8 months (SD = 24.4 months, range = 0–95 months) after 
their deployment; 3,098 subjects (1,443 that had deployed and 1,655 that had not deployed) were 
included in the study. ORs were calculated to assess the association between current health status 
and deployment-related factors, such as physical injuries, exposure to potentially traumatic 
deployment experiences, combat, blast exposure, and mild TBI. Demographics and pre-
deployment experiences were controlled for as potential confounders. Many questions were 
included on the survey to measure predictors of health outcomes, including blast exposure. Of 
the 3,098 subjects in the study sample, 24% reported having been exposed to blast, but 51% of 
those who had deployed reported having been so exposed. Results showed a statistically 
significant difference in reported hearing loss between deployed subjects and non-deployed 
subjects (29% vs 9%, p < 0.001) and a statistically significant difference in reported tinnitus 
(32% vs 10% respectively, p < 0.001). Subjects who had been exposed to blast had higher odds 
of hearing loss [AOR = 1.63 (95% CI, 1.59–6.65) after nonprimary blast exposure and 2.32 (95% 
CI, 1.65–3.26) after primary blast exposure], tinnitus [AOR = 1.77 (95% CI, 1.29–2.41) for 
nonprimary blast exposure and 2.92 (95% CI = 2.09, 4.09) for primary blast exposure), and 
dizziness (AOR = 2.26 (95% CI, 1.30–3.94) primary blast exposure only]. The limitations of the 
study include a low response rate (41%), which limits the generalizability of the results to all 
deployed or nondeployed service members, and lack of information about other possible 
exposures that may have caused injury during deployment or led to auditory problems. The study 
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also relied on self-reported measures for all outcomes and did not include any objective measures 
or test results. 

Wilk et al. (2012) conducted a survey of 3 infantry brigades 3–6 months after their return 
from deployment to determine the extent to which a screening for blast concussion identifies 
people who are at higher risk for persistent postconcussive symptoms. The survey included 
questions about physical symptoms (including questions about auditory and vestibular 
symptoms), postconcussive symptoms, and mental-health conditions. Of the 7,668 service 
members in the three brigades, 4,383 (57%) consented and completed part of the survey, and 
3,952 (52%) completed the concussion questions. Most who did not participate were on leave or 
unavailable because of duty assignments (more than 93% of service members who attended the 
briefings about the study agreed to participate). Results showed that 201 people had had a 
concussion with LOC, 161 of whom had had a blast-related concussion. Service members who 
had had a blast concussion reported more tinnitus than those who had had nonblast concussion 
(34% vs 15%, p = 0.02). However, there was no association between blast concussion and 
dizziness. A limitation of the study is the subjective quality of the data, which are based 
exclusively on self-report. In addition, the small number of service members reporting symptoms 
limits the power of statistical comparisons. 

Supportive Studies 

Supportive studies identified by the committee have important limitations. Many had 
small sample or selection biases and covered only short-term followup. And, many of the studies 
used self-report measures and self-reports of exposure to blast, so they lack objective data. St 
Onge et al. (2011) was the only secondary study that used preblast measures. The study aimed to 
understand auditory and vestibular outcomes in marines enrolled in the Breacher Training 
Course, which includes exposure to blast explosions. Pure-tone hearing thresholds were collected 
before and after the training of 38 marines. Results showed significantly worse thresholds after 
exposure at 1, 2, and 3 kHz. Generally, the study found that hearing loss was statistically and 
clinically significant whereas vestibular findings were not significant. It used short-term 
followup and was not meant to study the long-term auditory and vestibular effects of the 
Breacher Training Course, so it does not contribute to determination of long-term outcomes of 
exposure to blast. 

In a retrospective chart review, Lew et al. (2011) examined 36,426 patient records in the 
DOD Defense Manpower Data Center to determine the prevalence of self-reported auditory, 
visual, and dual sensory impairment in Afghanistan and Iraq war veterans who received TBI 
evaluations. All 12,521 subjects included in the study had screened positive in an initial TBI 
evaluation and then had a comprehensive second-level TBI evaluation. As part of the second-
level examination, measures of self-reported blast exposure and sensory symptoms. Including 
hearing difficulty, were collected. The subjects were compared with a control group of 9,106 
who had no reported TBI. For auditory impairment, there was a significant association between 
history of blast exposure and severity of sensory complaint [χ2 (3) = 198.20, P < 0.0001; 
Cramer’s V = 0.13]. Specifically, a higher percentage of blast-exposed TBI patients than of non–
blast-exposed TBI patients reported moderate to very severe impairment. Although the study had 
an adequate sample size, data on blast exposure were based on self-reports. In addition, although 
the study is analytically sophisticated, it provides a conditional analysis that is based on those 
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who have TBI and then models the contribution of blast to self-reported sensory impairment. For 
example, given the presence of TBI, what is the effect of blast exposure? 
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TABLE 4-3 Auditory Outcomes—Primary Studies  

Reference  
Study 
Design  Population 

Health Outcomes 
or Outcome 
Measures Results Adjustments 

Comments or 
Limitations 

Cohen et al., 
2002 
 
 

Cohort 17 survivors of a 
suicide terrorist 
explosion on bus in 
Israel, followed for 6 
months; 7 males and 
10 females; median 
age 28 years; 
October 1994–April 
1995 

Auditory, 
vestibular, 
otoneurologic 
evaluations 

At 6 months, 73.3% aural fullness, 
71.4% dizziness, 40.0% tinnitus, 22.3% 
otalgia, 44.4% perforated eardrums.  
Hearing loss: 44.1% SNHL, 8.8% CHL, 
26.4% MHL, 20.5% normal. 
CDP abnormal 46.1%. 
ENG abnormal 0%. 
Of 7 cases with vestibular complaints, 4 
had multisensory dysfunction on CDP, 
1 had vestibular loss. 

None No control group. 
 

Riviere et al., 
2008 
 
 

Cohort 
 

103 blast-exposed 
workers at a 
chemical plant in 
France, 91.3% men, 
39.9 ± 8.5 years old  
vs  
105 “less-exposed” 
workers (defined by 
distance ≥ 1,700 m 
from blast), 79.1% 
men, 39.8 ± 8.6 years 
old; required routine 
audiometric test since 
1990 and before the 
explosion in 
September 2001 

Pure-tone air 
conduction 
audiometric test, 
conducted 1 
month–3 years 
after blast vs 
before blast 

Blast wave equivalent to 3.4-magnitude 
earthquake. Minimum peak acoustic 
levels estimated to be 160–194 dB (2–
100 kPa) within 1,700 m. 
19.5% of exposed workers reported 
functional symptoms of otalgia, vertigo, 
tinnitus, or other. 
Right ear (exposed vs “less exposed”): 
hearing loss at 2,000 Hz (p < 0.05), 
4,000 Hz (p < 0.001), borderline at 
6,000 Hz (p = 0.09). 
Left ear: hearing loss at 2,000 Hz (p < 
0.01), 6,000 Hz (p < 0.05), 8,000 Hz (p 
< 0.05). 

Age, sex, 
history of ear 
problems, past 
occupational 
noise exposure, 
period between 
two audiograms

Precise time of 
audio testing 
relative to time of 
explosion not 
specified; could 
have been 1–3 
years. Specificity 
of symptoms not 
reported; only 
total percentage 
with any 
symptoms is 
reported; P values 
in Table 1 not the 
same as those in 
abstract. 
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Reference  
Study 
Design  Population 

Health Outcomes 
or Outcome 
Measures Results Adjustments 

Comments or 
Limitations 

Shariat et al., 
1999 

Cohort 
assemble
d from 
registry 
created 
by 
Oklahom
a State 
Departme
nt of 
Health 

494 survivors of 
1995 Oklahoma City 
bombing, 92% of 
whom had sustained 
physical injuries and 
were treated in 
hospital or received 
outpatient care 

Long-term 
physical and 
emotional 
outcomes assessed 
1.5–3 years after 
blast via telephone 
interview 

Auditory problems were most common 
health outcome.  
32% of cohort reported newly 
diagnosed auditory problems since 
bombing; 44% reported 
“ringing/roaring in ears;” 40% reported 
“trouble hearing.”  
Hospitalized survivors reported more 
hearing problems than those who had 
less severe injuries. 9% of uninjured or 
not treated patients reported newly 
diagnosed auditory problem; 
48% of cohort used audiology services.

 Self-reported data; 
no control group. 

Van Campen 
et al., 1999a 

Longitudi
nal 
cohort 

83 survivors of 1995 
Oklahoma City 
bombing; mean age 
43 years, 45% female 
and 55% male, 
evaluated four times 
over 1 year 
vs 
10 healthy subjects, 
50% female and 50% 
male, mean age 26.1 
years, evaluated 
twice over 6 months 

Pure-tone and 
EHF audiometry, 
otoscopic 
inspection, 
immittance and 
speech audiometry

Side-on incident blast estimated at 
3,000 psi at 10 ft to 25 psi at 100 ft.; 
decibel levels estimated at 235 dB 
pSPL. 
1 year after blast, 76% reported 
tinnitus, 64% loudness sensitivity, 57% 
otalgia; averaged across quarters, 76% 
had mostly sensorineural hearing loss at 
one or more frequencies; 63% of them 
were male.  
24% required amplification. 
In CF ranges, males had poorer 
thresholds than females, but no sex 
effects for PTA. 
No clear relationship between location 
and symptoms or test results. 
Tympanic perforations healed by 
second quarter; at 1 year, poorer EHF 
thresholds in blast subjects with 
abnormal CF thresholds. 

Age-corrected 
CF 

Healthy subjects 
not age-matched 
to blast subjects 
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Reference  
Study 
Design  Population 

Health Outcomes 
or Outcome 
Measures Results Adjustments 

Comments or 
Limitations 

Van Campen 
et al., 1999b 

Longitudi
nal 
cohort 

27 survivors of 1995 
Oklahoma City 
bombing who had 
nonrecorded gaze 
abnormality or one or 
more episodes of 
vertigo or continuing 
imbalance, mean age 
43 years, 50% female 
and 50% male, 
evaluated quarterly 
over 1 year 

Balance 
questionnaire, 
ENG, CDP 

60% with abnormal ENG mostly 
resolved by second quarter; 55% 
reported nausea with dizziness, 78% 
tinnitus. 
At 1 year, 72% said vestibular 
symptoms were unchanged or occurred 
intermittently, 67% reported that 
dizziness was either intermittent or 
same as first noted, 55% of initially 
abnormal CDP were normal. 
Averaged across quarters, SOT showed 
problems with vestibular (15%), 
surface-dependent (13%), and 
physiologically inconsistent (4%) 
patterns; 
motor control mostly normal; no 
relationship between location and 
tubular symptoms or test results. 

 No control group. 
Timing of 
postblast health 
outcome 
unspecified for 
several outcome 
measures. 
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Reference  
Study 
Design  Population 

Health Outcomes 
or Outcome 
Measures Results Adjustments 

Comments or 
Limitations 

Vanderploeg 
et al., 2012 

Cross-
sectional 
cohort 

1,443 OIF or OEF 
deployed  
vs 
1,655 nondeployed 
Florida National 
Guard; deployed 
group more likely to 
be male with some 
college education and 
history of 
psychologic trauma 
and TBI; subjects 
assessed an average 
of 31.8 months after 
deployment 

Web-based survey 
of symptoms, 
predeployment 
trauma or TBI, 
symptom 
checklists 
(including 22-item 
Neurobehavioral 
Symptom 
Inventory), and 
deployment 
exposures; blast 
exposure was 
categorized as 
primary and non-
primary on the 
basis of 4 
questions  

26.3% of deployed reported primary 
blast, 25.2% reported non-primary 
blast. 
Primary blast exposure associated with 
hearing loss (OR = 2.32; 95% CI, 1.65–
3.26; p < 0.001). 
Non-primary blast exposure associated 
with hearing loss (OR = 1.63; 95% CI, 
1.19–2.24; p < 0.005). 
Primary blast exposure associated with 
ringing in ears (OR = 2.92; 95% CI, 
2.09–4.09; p < 0.001). 
Non-primary blast exposure associated 
with ringing in ears (OR = 1.77; 95% 
CI, 1.29–2.41; p < 0.005). 
Primary blast exposure associated with 
dizziness (OR = 2.26; 95% CI, 1.30–
3.94; p < 0.005). 
Non-primary blast NS for dizziness. 

Demographics, 
predeployment 
psychologic 
trauma or TBI 
and deployment 
related factors. 

Low response rate 
(41.3%) 
Alpha error rate 
set at P < 0.01 for 
multiple 
comparisons. 
Assessment of 
blast injury 
developed 
expressly for 
current study and 
thus not 
previously 
validated. 

Wilk et al., 
2012 

Cross-
sectional 
cohort 

3,952 Army OIF 
service members, 
98.3% men, 66.9% 
less than 30 years 
old; assessed 3–6 
months after 
deployment 

Concussion 
screening and 
symptom 
reporting on 
Patient Health 
Questionnaire and 
question on 
tinnitus 

14.9% met criteria for concussion, 
72.2% of whom reported a blast 
mechanism. 
Of 201 service members who reported 
concussion with LOC, blast mechanism 
was significantly associated with 
tinnitus compared with nonblast 
mechanism; no association was found 
between concussions and change in 
consciousness. No associations found 
for dizziness. 

 51.5% response 
rate. 
Concussion 
symptoms self-
reported. 
 

NOTES: CDP = computerized dynamic posturography; CF = conventional frequencies; CHL = conductive hearing loss; CI = confidence interval; 
dB pSPL = decibel re: peak sound pressure level; EHF = extended high frequencies (10–20 kHz); ENG = electronystagmography; kPa = 
kilopascal; LOC = loss of consciousness; MHL = mixed hearing loss; NS = nonsignificant; OEF = Operation Enduring Freedom; OIF = 
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Operation Iraqi Freedom; OR = odds ratio; PTA= pure tone audiometry; SNHL = sensorineural hearing loss; SOT = sensory organization test; 
TBI = traumatic brain injury.  
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Additional Long-Term Effects of Blast Injury on Auditory Function 

Hearing loss as measured by increased pure-tone thresholds is an immediate and long-
term effect of blast exposure and is probably due to blast-related damage to the auditory 
periphery (middle-ear and inner-ear structures). The changes may present as complaints related 
to loss of hearing acuity (that is, the ability to hear low-level sounds). With the healing of 
middle-ear structures and recovery of cochlear function, hearing thresholds may return to 
preblast values. However, injuries due to blast exposure can also involve the central auditory 
nervous system and affect accurate suprathreshold processing of the spectral and temporal 
properties of sounds in three-dimensional space (Gallun et al., 2012a,b; Valiyaveettil et al., 
2012). Such changes may present as complaints of difficulty in conversing or localizing sound in 
noisy environments even though sounds are clearly audible. Precise binaural encoding of sound 
patterns is required for understanding speech, appreciating music, recognizing environmental 
sounds, and localizing sound in complex environments that have background noise, 
reverberation, and multiple talkers originating in different sound sources. Impairments may 
persist even when postblast hearing thresholds are normal or have returned to normal, as 
measured by conventional audiometry. Although the study of central auditory dysfunction in 
maintaining normal communication and complex sound processing is advancing, the sites of 
injury and underlying mechanisms responsible for specific symptoms are not known. Therefore, 
standardized clinical test batteries to assess the functions are not available, and there is no 
consensus on appropriate treatment for the communication deficits. Moreover, there is only 
sparse evidence on auditory effects of multiple blast exposures, medication use, and comorbid 
conditions, such as mild TBI and other brain injuries, PTSD, multisensory impairments, and 
cognitive losses related to attention and memory.  

Conclusions 

Blast can injure the auditory system both acutely and over the long-term. There is a 
consensus that blast can cause perforation of the tympanic membrane and disruption of the 
ossicular chain and result in conductive hearing loss, which may be permanent or resolve with 
treatment or the spontaneous closure of the TM. The evidence needed to determine the likelihood 
of long-term hearing loss through this mechanism is lacking. It is common to experience an 
immediate loss of hearing sensitivity after blast exposure, which may not be associated with TM 
rupture or middle-ear damage. That loss of hearing may reflect cochlear damage from the noise 
exposure and improve with time; again, the literature is not adequate to estimate the risk of long-
term hearing loss. Blast exposure may also affect the auditory system through inflammation, 
effects on microcirculation, brain edema, ototoxic side effects of medications given for other 
injuries, and many other mechanisms, but there is no consensus on the long-term consequences. 
Similarly, with respect to recurrent blast exposure that leads to cumulative changes in structure at 
the microscopic level, there is no consensus on whether it has long-term consequences. It is 
possible that blast causes dysfunction in dimensions of auditory function beyond declines in 
hearing acuity, which may go undetected or unnoticed in the immediate period after exposure, 
and there is no consensus on whether this dysfunction has long-term consequences and how long 
changes in auditory processing abilities may persist after hearing thresholds return to pre-blast 
values. Finally, there are no data with which it can be determined whether blast-related injuries 
increase the risk of age-related changes in hearing acuity (presbycusis) or suprathreshold 
auditory processing or accelerate the aging process and result in early onset of these conditions.  
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The committee concludes, on the basis of its evaluation, that there is 
limited/suggestive evidence of an association between exposure to blast and long-
term effects on the tympanic membrane and auditory thresholds. 

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast and 
tinnitus and long-term effects on central auditory processing.  

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast and 
long-term balance dysfunction and vertigo. 

OCULAR OUTCOMES 

Exposure to blast can lead to severe eye injuries, often from debris that hits the eyes and 
leads to blunt or penetrating injuries. Signs of ocular blast injury include bleeding, preorbital 
swelling or bruising, 360-degree conjunctival hemorrhage, misshapen pupil, pigmented or clear 
gel-like tissue outside the globe, and an abnormal shape of the anterior chamber. Symptoms are 
wide-ranging and include minimal discomfort, foreign body sensation, severe pain, and 
decreased, altered, or total loss of vision. It is important to note that there can be serious damage 
to the eye in the absence of vision loss or serious signs and symptoms, especially with 
nonpenetrating injuries. 

Acute and Well-Known Long-Term Effects 

Serious open-globe injuries in the form of laceration and rupture occur in 20–50% of 
those who have blast eye injuries (Morley et al., 2010; Peral Gutierrez De Ceballos et al., 2005; 
Tucker and Lettin, 1975). Such injuries are predominantly secondary blast injuries from sharp 
propelled particles that cause penetration, perforation, and the implantation of intraocular foreign 
bodies. Choroidal rupture also is possible from blunt trauma or blast wave but is less likely 
(Alam et al., 2012). Closed-globe injuries to the eye can result in small corneal abrasions, 
conjunctivitis, and superficial foreign bodies; these outcomes typically would occur when debris 
makes contact with the surface of the eye in a secondary blast injury. However, more serious 
outcomes from closed globe injuries are possible too—mainly from blunt trauma and primary 
blast injury (PBI)—and include hyphema, vitreous hemorrhage, commotio retinae, retinal 
detachment, macular holes, traumatic cataract, optic nerve damage, and orbital fracture (Alam et 
al., 2012; Morley et al., 2010). Blast injuries, particularly open-globe injuries, may result in loss 
of an eye, permanent blindness, or vision impairment. 

The visual system requires more than an intact eye free of important pathology for 
normal function, as the information encoded by the retina must be correctly and efficiently 
transmitted to the visual cortex for processing and integration. In addition to overt ocular 
injuries, the visual system may be damaged by blast which may disrupt these neural networks. 
Near vision (reading) problems, light sensitivity, accommodative insufficiency, and convergence 
insufficiency have been reported in blast injured patients (Magone et al., 2013). Similar visual 
symptoms can occur following a mild TBI. 
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Additional Long-Term Effects 

To evaluate the long-term ocular health effects of blast exposure, the committee reviewed 
about 75 published peer-reviewed studies. No available studies met enough of the inclusion 
guidelines to be considered primary. This section details the identified supportive studies on 
long-term ocular health outcomes of blast exposure.  

Goodrich et al. (2007), in a retrospective descriptive study, conducted a record review of 
patients seen in the Optometry Polytrauma Inpatient Clinic (OPTIC) at the VA Palo Alto Health 
Care System during December 2004–November 2006. The study aimed to assess visual function 
in patients who experienced deployment-related polytrauma. Data examined in the study were 
derived from OPTIC’s extensive examination protocol, which includes self-report questions 
about vision status before and after the injury, clinical measurements of distance and near visual 
acuity, visual fields, binocular-vision status, and other vision measures. The study compared 25 
who had blast-related injuries with 25 who had other than blast injuries and found a higher rate 
of visual injury in the blast-injured group (13 vs five). Blasts resulted in penetrating head injuries 
in 11 cases and all other causes produced penetrating head injuries in four cases. All four people 
who had total blindness, clearly a long-term effect, had blast-related injuries. Although this study 
provided good vision-examination data in addition to self-reported vision data on blast-injured 
patients, for several reasons it has only limited usefulness for establishing evidence of long-term 
ocular outcomes of blast. First, it had a small selected sample that was biased in that the subjects 
were patients in a polytrauma center who stayed long enough to be examined (that is, had severe 
injuries), and all had TBI; therefore, the results may not be generalizable to the larger population 
of those who suffer minor injuries from exposure to blast or those who do not have TBI. In 
addition, there was no statistical analysis of the differences in visual problems between blast-
injured and non–blast-injured groups, and analyses did not control for confounding. In a 
followup study, Goodrich et al. (2013) conducted statistical analysis of group differences in 
ocular outcomes between the two groups from the 2007 study (blast-related and non–blast-
injured); the analysis found few significant differences in visual dysfunction between the two 
groups.  

Brahm et al. (2009) conducted another retrospective study that analyzed data from 
electronic examination records of vision screenings completed in the VA Palo Alto Health Care 
System. Screening results were examined for 68 consecutive patients (57 were blast-injured) 
who were evaluated in the VA Polytrauma Rehabilitation Center (PRC) during August 2006–
December 2007 and 124 consecutive patients (112 were blast-injured) who were evaluated in the 
VA Polytrauma Network Site (PNS) clinic during August 2006–December 2007. The patients 
evaluated in the PRC were seen for inpatient care and had moderate to severe TBI. Those 
evaluated in the PNS clinic were seen on an outpatient basis, had no life-threatening injuries, and 
had screened positive for mild TBI. The frequency of ocular injury, visual impairment, and 
visual dysfunction was examined in the two groups, and differences between blast-injured and 
non–blast-injured were described. The results were inconsistent in the inpatient and outpatient 
groups with regard to visual dysfunction and blast injury. In the inpatient group, the blast-injured 
were more likely to have ocular injuries than the non–blast-injured; in the outpatient group, the 
blast-injured were less likely to have ocular injuries than the non–blast-injured. The rate of 
moderate visual-acuity loss was higher in the blast-injured patients than in the non–blast-injured 
in the inpatient group (20 of 70 and 20 of 100) and such loss was too rare in the outpatient group 
to support useful conclusions. This study has limitations similar to those of Goodrich et al. 



Copyright © National Academy of Sciences. All rights reserved.

Gulf War and Health, Volume 9:  Long-Term Effects of Blast Exposures

108 LONG-TERM EFFECTS OF BLAST EXPOSURES  

PREPUBLICATION COPY: UNCORRECTED PROOFS 

(2007) in having a biased sample of only polytrauma inpatients and outpatients and no control 
groups. In addition, there was no statistical analysis of between-group differences in blast-injured 
and non–blast-injured patients. Another limitation is the lack of objective measure of blast 
exposure although the study did have reasonable measures of visual dysfunction. Because the 
study was retrospective and did not control for confounding variables, it is impossible to 
determine the associated risk of visual dysfunction due specifically to blast exposure. 

Coe et al. (2010) conducted a prospective study that followed combat-injured service 
members seen in the ophthalmology service of WRAMC during September 2003–February 
2005. All 11 patients in the study had eye injuries and retained corneal foreign bodies secondary 
to blast trauma. They were compared with age-matched and sex-matched uninjured controls. 
There were numerous inclusion and exclusion criteria (for example, no other penetrating injuries 
and no concurrent inflammation or infection), and patients were excluded if any physical or 
mental impairment that would prevent them from undergoing eye examinations or providing 
informed consent for the study. Follow-up time was 1–6 months. Results showed no statistically 
significant differences in visual acuity with high contrast, but visual performance of injured eyes 
was significantly worse than that of control eyes on photopic low-contrast visual acuity (p < 
0.001), mesopic low-contrast visual acuity without glare (p < 0.001), mesopic low-contrast visual 
acuity with glare (p = 0.0007), and contrast sensitivity (p < 0.0001). The study has limitations; 
the small sample and sample selection bias in which extensive inclusion and exclusion criteria 
were used (those with complex eye injuries were excluded from the study sample). The results 
may therefore not be generalizable to the larger population of blast-exposed people. In addition, 
the statistical analyses did not control for potential confounders, and the followup period was 
short. 

In a retrospective chart review Lew et al. (2011) examined 36,426 patient records in the 
Defense Manpower Data Center to determine the prevalence of self-reported auditory, visual, 
and dual sensory impairment in Afghanistan and Iraq war veterans who were evaluated for TBI. 
All 12,521 subjects included in the study had screened positive in an initial TBI evaluation and 
then had a comprehensive second-level TBI evaluation. As part of the second-level examination, 
measures of self-reported blast exposure and sensory symptoms were collected including: vision 
problems (blurring and trouble in seeing) and hearing difficulty. The subjects were compared 
with a control group of 9,106 who had no reported TBI (although the number of TBI cases may 
have been underreported). In a multiple linear regression model for visual impairment, blast 
exposure accounted for 0.14% of the variance. Other factors that accounted for variance were 
age (1.1%), sex (0.5%), auditory impairment (9.3%), and TBI (0.69%). Although the study had 
an adequate sample size, it reported only limited data on blast exposure. In addition, although the 
study was analytically sophisticated, it provides a conditional analysis based on those who have 
TBI and on modeling of the contribution of blast to self-reported visual impairment (for 
example, given the presence of TBI, what is the effect of blast exposure?).  

In a case control study, Scheibel et al. (2012) examined service members and veterans to 
compare functional outcomes between those who had TBI and blast exposure and in those who 
did not. The study included 15 subjects who screened positive for TBI (all with at least one blast 
exposure) and 15 controls who had been similarly deployed but with no blast exposure or TBI. 
Results of fMRI demonstrated that the TBI group had increased activation in areas involved in 
visual perception, attention, and visuo-spatial functions (anterior cingulate gyrus, medial frontal 
cortex, and posterior cerebral areas). The study also attempted to evaluate other differences 
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between cases and controls and reported that there were no major differences in self-reported 
alcohol or other drug use, psychiatric symptoms, or medication use. The study has limitations 
due to the biased sample of cases, 13 of which came from a TBI clinic at one VA medical center. 
In addition, the control group was not matched for combat exposure. With respect to 
understanding visual outcomes of blast exposure, the study is limited in that no direct measures 
of vision were used; instead, the study examined brain imaging results to quantify activation 
differences in visual perception between the two groups. 

Capo-Aponte et al. (2012) examined the occurrence of visual dysfunction in 20 subjects 
who received care at WRAMC and had suffered blast-induced mild TBI within the preceding 45 
days (median time between blast exposure and evaluation, 30.5 days; range, 16–45 days). A 
control group of 20 age-matched subjects was recruited and evaluated at the US Army 
Aeromedical Research Lab in Rucker, Alabama. The controls had been deployed but had no 
history of TBI, head concussion, or blast exposure. Results showed no statistical differences in 
manifest refraction and intraocular pressure between the two groups. Oculomotor function tests 
demonstrated that the mild-TBI group had more defective eye movements than the control group, 
but there was no significant difference in fixation disparity and flat fusion. The mild-TBI group 
had worse reading speed (p = 0.0019) and reading comprehension scores (p = 0.0106) and more 
reports of light sensitivity, eye strain, and reading-associated symptoms. The study has 
limitations due to the small sample size, and the sample may also have been biased in that case 
subjects were selected from a single medical center. In addition, the controls were healthy 
subjects whereas the cases were receiving treatment in a medical center, so between-group 
differences associated with blast may be overestimated. For the purposes of the committee’s 
review of possible long-term ocular outcomes of blast exposure, the study is limited in its 
usefulness owing to the short-term follow up and the lack of data on longer-term outcomes. The 
study did document clinician records of symptoms experienced by patients.  

The committee determined that 40 additional studies met the guidelines for inclusion in 
the committee’s review as tertiary but had little usefulness in demonstrating evidence on the 
long-term ocular health effects of blast exposure. The two studies that were the most useful for 
the committee’s review are discussed below.  

Cockerham et al. (2013) conducted a prospective observational cohort study of patients 
who had TBI and were receiving care at a PRC from 2010 to 2012. Blast exposure was the 
mechanism of injury of 44 of the 53 subjects. The subjects were compared with an age-matched 
and sex-matched control group of 18 healthy subjects. The study provided long-term followup of 
some of the patients in the Goodrich et al. (2007) study described above. The reported time since 
injury ranged from 1 to 60 months with a median of 6 months. Results showed that the TBI 
group had significantly more dry-eye disease symptoms than the control group. With respect to 
objective measures, 93% of the TBI group had at least one test result indicative of dry-eye 
disease compared with 44% of the control group (χ2 = 19.56; p < 0.001). Prevalence of abnormal 
dry-eye test results was generally similar in the subjects who had TBI caused by blast and those 
who had TBI not caused by blast. However, for the measure of tear-film breakup time, none of 
the non-blast–TBI subjects and 33% of the blast-TBI subjects had values below 10 seconds. That 
difference was just short of statistical significance (χ2 = 3.2; p = 0.07). The study also found no 
relationship between use of particular medications (presumed to have an effect on eye function) 
and dry-eye disease measures. The study has limitations owing to its small sample and typical 
selection bias in that the TBI cases were all from one polytrauma center and probably severely 
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injured whereas the controls were healthy. That bias may have led to larger observed differences 
between cases and controls. In addition, the study authors do not specify whether blast exposure 
was controlled for but noted that the controls did not have TBI.  

In a retrospective consecutive-case series, Blanch et al. (2011) reported injury patterns 
and long-term outcomes of eye injuries sustained from July 2004 through May 2008 by British 
armed forces personnel who were deployed to Iraq and Afghanistan. Mean followup of those 
who had closed-globe injuries was 245 days, and that of those who had open-globe injuries was 
220 days. The assessed ocular outcomes reported in the study include final best-corrected visual 
acuity, rates of endophthalmitis, and proliferative vitreoretinopathy. Of the 630 people who had 
major traumatic injury, 63 (10%) suffered ocular injuries. Of 34 eyes with initial visual acuity 
<6/60, 18 had final visual acuity <6/60. A total of 17 eyes had a final visual acuity of 1/60 or 
worse, of which 6 were in three patients (bilateral). The causes were rupture or extensive 
disruption (nine eyes), corneal scar (two eyes), proliferative vitreoretinopathy (two eyes), 
traumatic optic neuropathy (one eye), subfoveal choroidal rupture (one eye), intraocular foreign-
body–impacted fovea (one eye), and retinal burns from hot intraocular foreign body (one eye). 
Of the 56 subjects not recorded as wearing eye protection, 11 had poor visual outcomes (they 
could not see hand movements or worse) compared with one of the seven who wore eye 
protection. Although the study did not compare ocular outcomes by mechanism of injury, 
explosive blast injuries occurred in 54 of the 63 (86%). The study has limitations for the 
committee’s review of long-term ocular outcomes of blast, mainly in the case-series study 
design. Without a control group and without comparison of blast with non-blast injuries, it is 
unknown what amount and type of ocular injury is attributable specifically to blast. 

Conclusions 

Blast can cause both acute and long-term serious ocular injuries. Permanent ocular 
symptoms and structural alterations can occur in isolation or in conjunction with TBI. There is a 
consensus that blast can cause structural alterations that lead to long-term effects on ocular 
function. The structures most commonly associated with substantial visual loss are the cornea, 
the retina, and the optic nerve. The injuries typically need to be bilateral to affect long-term 
afferent function (that is, ability to read or drive). In contrast, damage to the efferent system by 
definition creates a bilateral issue of dysmotility, including issues of fixation stability, diplopia, 
vergence, and fusion.  

There is no consensus as to whether blast exposure that causes no visible change in 
structure but does cause symptoms has long-term consequences. The most common symptoms 
reported are photophobia, eyestrain, and headache.  

The long-term implications of blast injury when there are known objective measures of 
subclinical injury are poorly understood. The implications include tear production and stability, 
endothelial cell count, ganglion cell loss, and fMRI alterations in the regions of the brain 
involved in visual function.  

Finally, there are no data to determine whether blast-related ocular injuries increase the 
risk of such age-related conditions as cataract or macular degeneration or of early onset of 
presbyopia, loss of contrast sensitivity, or other visual abnormalities. 
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The committee concludes, on the basis of its evaluation, that there is sufficient 
evidence of a causal relationship between penetrating eye injuries resulting from 
exposure to blast and permanent blindness and visual impairment (visual acuity of 
20/40 or worse).  

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast that 
leads to acute nonpenetrating eye injuries and long-term effects on vision.  

CARDIOVASCULAR OUTCOMES 

For the purposes of this report, cardiovascular outcomes are defined as myocardial 
conditions, all vascular conditions, and cardiovascular death. 

Acute Effects 

Cardiovascular injury in blast victims can occur through many mechanisms and usually 
has the potential for severe and even fatal outcomes even if treatment is timely. The most severe 
outcome, cardiorespiratory arrest, occurs in 1–4% of all trauma patients (Tarmey et al., 2011). 
Blast injury to the cardiovascular system can be caused by the blast wave, penetrating projectiles, 
and blunt trauma (primary, secondary, tertiary, and quaternary blast injury). It can occur from 
direct damage to the thorax or appendages, it can result from blast injuries to other organ 
systems, and blast injury to any part of the body can lead to vascular damage.  

The main mechanisms of direct vascular injury caused by a blast are avulsion, 
perforation, and laceration of major vessels in extremities and the neck, mostly due to 
secondary—but also tertiary and quaternary—blast injury (Fasol et al., 1989). The two 
immediate outcomes of these injuries are exsanguination and ischemia. Loss of pulse occurs 
rapidly with exsanguination, and victims will have a poor prognosis, often death (Tarmey et al., 
2011). Ischemia will result in tissue death if blood supply to deprived areas is not restored 
quickly, and amputation will need to be performed (Barros D’Sa et al., 1980; Fasol et al., 1989). 
Vascular injuries secondary to blast injuries may not be readily apparent at the time of the initial 
blast. The recognition that those vascular lesions can be occult has clear implications for long-
term outcomes because they would be expected to be severe if vascular lesions are not 
immediately identified. 

Direct cardiac injury to the thorax can be primary, secondary, tertiary, and quaternary 
blast injury and can cause myocardial contusions, arterial air emboli, valvular and cardiac-
chamber rupture, pericardial injury and tamponade, conduction abnormalities, and cardiac 
rhythm irregularities (arrythmias) (Mayorga, 1997; Ozer et al., 2009). The more severe of those 
conditions, such as cardiac-chamber damage, result from the rare occurrence of tears or 
lacerations of the myocardium after high blast overpressure (Mayorga, 1997). 

Blast trauma directly or indirectly affecting the cardiovascular system commonly causes 
arrhythmias. The arrythmias include bradycardia, which can eventually progress to asystole 
(Mayorga, 1997; Ritenour and Baskin, 2008), and various tachycardias, including such fatal 
forms as ventricular fibrillation. That blast trauma may induce abnormalities and dysfunction in 
the autonomic nervous system has potential long-term implications for cardiovascular health. 
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Blast victims may have other hemodynamic effects that change blood concentrations and 
function. Acute coagulopathy, an impairment of the blood’s ability to clot, often arises with 
traumatic injury. Simmons et al. (2011) showed that patients injured by explosions were more 
coagulopathic than those who suffered gunshot wounds. Cervical dissection and carotid–
cavernous fistulas associated with blast-induced craniofacial trauma and TBI have been reported 
(Vadivelu et al., 2010). These types of injuries may be subject to delayed presentation and 
detection. Diastolic hypertension was reported in persons hospitalized after an explosion in 
Texas in 1947 (Ruskin et al., 1948); in most cases, the patients’ blood pressure returned to 
normal within a few months of the explosion (Ruskin and Beard, 1948).  

Additional cardiovascular effects may develop quickly from blast injuries to other organ 
systems. For example, air emboli that develop from damaged lungs at alveolar–pulmonary 
venous fistulae can cause myocardial ischemia or infarction and are thought to pose the most 
immediate threat to life in blast victims (Mayorga, 1997; Phillips, 1986). Another example is the 
release of potentially toxic muscle cell components and electrolytes into the bloodstream that can 
occur with a crush injury (CDC, 2010). 

Long-Term Effects 

The committee considered 31 relevant studies to determine long-term cardiovascular 
effects of blast exposure. None of them met the committee’s inclusion guidelines for primary 
studies. None reported on actual long-term (longer than 6 months) cardiovascular health effects 
of blast, so the committee had sparse information on which to base conclusions. This section 
summarizes the small number of supportive studies, which may begin to inform understanding of 
possible long-term cardiovascular health outcomes of blast exposure. 

The study of most usefulness for the committee’s review of long-term cardiovascular 
effects was Johnson et al. (2007b), a case-series study designed to analyze the sensitivity and 
specificity of physical examinations to detect vascular lesions after combat-related extremity 
wounds. The study found that physical examinations was not a reliable means of excluding 
occult or delayed posttraumatic arterial lesions. Compared with arteriography, physical 
examination had a positive predictive value of about 85% and a negative predictive value of only 
50%. For proximal injuries, physical examination had worse reliability with a positive predictive 
value of 15% and a negative predictive value of 60%. However, the study has major limitations 
in its usefulness for the committee’s review of long-term cardiovascular outcomes of blast 
exposure. Of the 99 patients included in the study, although 82% had primary blast or explosion-
related injuries, there was no comparison of blast-exposed with non–blast-exposed patients. In 
addition, possible delayed effects of the combat-related extremity wounds were evaluated 2–14 
days after injury, so the usefulness of this study in understanding long-term cardiovascular 
outcomes is limited.  

No other studies provided the committee with evidence of possible long-term 
cardiovascular health outcomes of blast, but some supportive studies helped to inform the 
committee’s assessment. Tarmey et al. (2011) was a case-series study of 52 patients who had 
traumatic cardiopulmonary arrest and were admitted to a military trauma center in Afghanistan; 
the principal mechanism of injury was improvised explosive devices (IEDs). Lower limbs were 
the most common sites of injury, and exsanguination was the most common cause of arrest in the 
patients. The study tracked the patients through hospital discharge; of the 52 included in the 
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study, only four survived to discharge. The study reported that all four had good neurologic 
recovery, but long-term cardiovascular outcomes after arrest were not reported. The study is 
limited in its usefulness for the committee’s review because there was no long-term followup of 
the survivors. In addition, there was no control group, nor was a specific population defined as 
blast-injured. The study is informative as to the likelihood of survival (poor but comparable with 
rates in other studies) of patients who had traumatic cardiopulmonary arrest and were victims of 
IEDs. Hilz et al. (2011) reported on long-term (5- to 43-month) cardiovascular outcomes after 
mild TBI and found that mild-TBI patients had less cardiovagal modulation and baroreflex 
sensitivity while supine than did a health control group. On standing, the mild-TBI patients still 
had reduced baroreflex sensitivity and did not withdraw parasympathetic or augment 
sympathetic modulation adequately. Although this study suggests that impaired autonomic 
modulation probably contributes to cardiovascular irregularities after mild TBI, the mechanism 
of the initial TBI was not reported, so the study does not address whether these effects would be 
seen in a population exposed specifically to blast.  

The association between cardiovascular disease and war-related amputations has been 
recognized since World War II (Hrubec and Ryder, 1980). In a study of 3,890 World War II 
survivors who had proximal limb amputations and were followed for over 30 years, the relative 
risks of total and cardiovascular mortality were 2.4 and 4.0, respectively. In those who had distal 
amputations, the relative risks of total and cardiovascular mortality were 1.44 and 1.45. 
Mechanisms by which amputation may lead to future cardiovascular disease include lack of 
physical activity, which lead to weight gain and obesity, and increased coagulability. 

Conclusions 

The committee identified no literature that assessed direct long-term effects of blast 
injuries on cardiovascular health. Long-term cardiovascular outcomes of blast exposure have not 
been studied specifically, but the committee deduced that long-term effects may be likely in 
patients who have severe traumatic limb injuries. The committee found that in patients who had 
severe traumatic limb injuries, there were a high proportion of occult vascular lesions, including 
arteriovenous fistulas and aneurysms. Some of those clinically silent lesions require 
interventions. On the basis of prior knowledge, these lesions can be said to have long-term health 
consequences for the limb and generally for the vascular system.  

The committee concludes, on the basis of its evaluation, that there is 
limited/suggestive evidence of an association between major limb injuries, 
including amputations, resulting from exposure to blast and long-term outcomes 
for the affected limb and for the cardiac system. 

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast and 
long-term effects on cardiovascular function, such as accelerated atherosclerosis. 

RESPIRATORY OUTCOMES 

Exposure to blast can affect both the upper respiratory tract (the nose, the nasal cavity, 
paranasal sinuses, the pharynx, and the larynx) and the lower respiratory tract (the trachea, the 
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bronchi, the bronchioles, and the alveoli). The discussion that follows focuses on the lower 
respiratory tract (the lungs). Other parts of the respiratory tract are susceptible to burns that result 
from blast; such burns are discussed later in this chapter.  

Acute Effects 

Blast lung injury (BLI) is the second-most frequent injury in blast survivors and the most 
common fatal primary blast injury in initial survivors of an explosion (Finlay et al., 2012; IOM, 
2009). BLI occurs when a blast wave affects the chest cavity and creates overpressure that causes 
alveolar contusion, tearing, and stripping of the airway epithelium (Avidan et al., 2005; CDC, 
2012; Cooper et al., 1983). Contusion of the lung, in the absence of other complications, is the 
less severe of the acute outcomes and usually develops and resolves within a week of the 
exposure. Tearing of the alveolar tissue and airway epithelial damage cause hemorrhage, edema, 
and fistula and can lead to more serious conditions, such as hemothorax, pneumothorax, and air 
emboli (Argyros, 1997; Avidan et al., 2005; CDC, 2012; Cooper et al., 1983). Patients who have 
BLI typically present with dyspnea, chest pain, trouble in breathing, coughing, hypoxia, and 
respiratory following a characteristic latent period that can extend up to 48 hours after the 
explosion. 

There are several less common acute effects of blast exposure on the lungs. Secondary, 
tertiary, and quaternary blast injuries to the chest—propelled shrapnel, body displacement into a 
fixed object, and structural collapse, respectively—can cause blunt trauma and, less commonly, 
penetrating damage (Caseby and Porter, 1976). Blunt trauma to the chest is pathologically 
similar to BLI; pulmonary contusion is the most prominent outcome. The defining difference 
between BLI and blunt trauma to the lung is that the latter has a much lower likelihood and 
severity of alveolar tear and fistula (Caseby and Porter, 1976). Burn injuries to the upper 
respiratory tract are not uncommon in the Iraq and Afghanistan wars and may occur from 
inhalation of hot air in connection with blast exposure (Eckert et al., 2006). Thermal injuries to 
the respiratory system are classified as quaternary blast injuries and can have unpredictable 
outcomes, including permanent fibrosis of the bronchial mucosa (Krzywiecki et al., 2007).  

Beyond the traditional enumeration of blast injuries, blast lung and other severe blast 
injuries necessitate critical care. Patients might be presumed to be at risk for the common 
complications of critical illness, including ventilator-associated pneumonia, line infections, and 
weakness acquired in the setting of an intensive-care unit (ICU). Complications also can include 
cognitive and psychologic disorders (Desai et al., 2011; Needham et al., 2012; Schweickert and 
Hall, 2007). Those problems have been shown to lead to substantial new disability and cognitive 
impairments in patients who have severe sepsis and general critical illness (Cuthbertson et al., 
2010; Herridge et al., 2011; Iwashyna et al., 2010)—sometimes termed post–intensive-care 
syndrome (PICS) (Needham et al., 2012)—but have not themselves been studied in survivors of 
BLI. 

Long-Term Effects 

To evaluate the long-term respiratory health effects of blast exposure, the committee 
reviewed about 45 published peer-reviewed studies. No available studies met enough of the 
inclusion guidelines to be considered primary. This section details the identified supportive 
studies on long-term respiratory health outcomes of blast exposure. 
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Two secondary studies examined the long-term respiratory outcomes of acute BLI. In a 
case-series study, Hirshberg et al. (1999) examined long-term lung function in 11 people who 
survived acute BLI after terrorist bus attacks in Jerusalem in 1996. Ten of the 11 required 
mechanical ventilation and ICU support. A year after injury, lung-function tests were completed 
on all 11 survivors; results were normal in nine, and none of the 11 had pulmonary-related 
complaints. Those findings of a small study suggest that patients follow a trajectory of complete 
recovery with regard to lung function; other nonpulmonary sequelae of their blast injury were not 
reported. The study had limitations due to the small number of subjects. In a retrospective case 
series, Avidan et al. (2005) looked at the long-term respiratory health outcomes in victims of 
terrorist bombing attacks who sustained acute BLI, and survived an ICU admission during 
December 1983–February 2004 in a single hospital in Israel. Of the 29 patients eligible for 
inclusion in the study, 76% required mechanical ventilation. Of the 29, 28 survived to the time of 
the follow-up interview, 21 (75%) of whom responded to the interview and reported on their 
long-term outcomes. Of the 21, 16 (76%) reported no respiratory handicap, required no 
respiratory therapy, and were free of symptoms; the remaining five (24%) reported respiratory 
symptoms and some degree of respiratory dysfunction, but two of them had a history of asthma 
dating to before the blast exposure. The study showed no consistent pattern of association 
between blast exposure and long-term respiratory health outcomes and lacks the clinical 
granularity needed to evaluate the likely trajectories of participants. Like the Hirshberg et al. 
(1999) study, this one was limited by its small sample and lack of a control group. The followup 
period was longer (6 months to 21 years), but it was limited by variable followup and the use of 
self-reports of symptoms gathered through telephone interviews. 

Two other studies provided further information on possible long-term respiratory 
outcomes of a blast explosion. In a retrospective cohort study, Krzywiecki et al. (2007) reported 
on miners who were exposed to a methane explosion and sustained thermal injury. The study 
included a control group of healthy miners who had a similar period of work underground and 
were not exposed to the methane explosion. Long-term lung function was measured at baseline 
(5–7 months after the explosion) and then 6 years later. At baseline, there was no significant 
difference in mean pulmonary function tests (PFTs) between the exposed miners and the control 
group. After 6 years, PFTs showed a significantly lower (p < 0.01) forced expiratory volume in 1 
second than the control group. Mean absolute decreases in functional tests did not differ 
significantly between the exposed and control groups, except that diffusing capacity decreased 
more in the exposed miners and the maximal expiratory flow at 50% of vital flow capacity 
decreased more in the control group. The study is limited in that the exposure was not only to 
blast but to heat and carbon monoxide. Furthermore, the study did not adjust for different rates of 
smoking and different age groups between the exposed and control groups.  

The final secondary study examined long-term pulmonary function after severe blunt 
chest trauma (Kishikawa et al., 1991). It was a case-series study that examined two groups of 
patients prospectively. One group had followup 6 months after injury, and some had pulmonary 
contusion. The other group had followup 1–4 years after injury, and all had an initial diagnosis of 
pulmonary contusion. Generally, patients in each group who had a diagnosis of pulmonary 
contusion performed worse in PFTs. The study had limited usefulness for the committee’s 
review because the mechanism of injury was blunt chest trauma, not specifically blast exposure. 
In addition, the study had a small number of subjects and no matched control group. However, 
the study is informative inasmuch as pulmonary contusion is a possible acute outcome of blast 
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exposure and it showed a difference in lung function over the long term between those who had 
pulmonary contusions and those who did not. 

The committee determined that three additional studies met the guidelines for inclusion in 
its review as tertiary but had limited usefulness in presenting evidence on the long-term 
respiratory health effects of blast exposure. Kushelevsky (1949) reported on 25 patients who 
developed emphysema and bronchial asthma after blast exposures in World War II, but the cause 
of injury was not solely blast but dust and inhalation. That case series is reminiscent of possible 
health effects in people who were near the World Trade Center collapse in 2001; the effects of 
exposure to the dust generated in the collapse have been studied but have not been followed up 
in the context of blast exposure (Aldrich et al., 2010). Leone et al. (2008) reported on long-term 
outcomes in 91 survivors of multiple trauma with chest trauma and pulmonary contusions. 
Followup after 6 months and 1 year showed reduced measures of lung function, but the 
mechanism of injury was not blast exposure (in 80%, it was motor-vehicle collisions), and the 
study was unable to differentiate between outcomes of chest trauma and outcomes of other 
injuries. Finally, Svennevig et al. (1989) looked at long-term outcomes in 24 patients who had 
closed-chest injuries and were treated a mean of 4.9 years (range 2–9 years) previously; there 
was no clear documentation of inclusion criteria or mechanism of case-series selection, and the 
mechanism of injury was not discussed, so the results that showed 63% with some pulmonary 
complaint at followup are not very useful for the present review. 

There is a further literature, not specific to blast, that suggests that respiratory complaints 
in general, and the specific pathologic diagnosis of constrictive bronchiolitis in particular, are 
more common among those who have returned from Iraq and Afghanistan (Coker et al., 1999; 
King et al., 2011; Smith et al., 2009). Further, blast might be an important mediator of dust 
exposure. For example, a common, significant, and persistent decline in pulmonary function has 
been found to be associated with dust exposure in firefighters at the World Trade Center site 
(Aldrich et al., 2010). However, the literature review did not find compelling studies examining a 
specific role of blast in the development of these complaints, either directly or via dust exposure. 

Conclusions 

Acute injuries to the respiratory tract are quite common after blasts. They range from 
burns in the upper airway to a classic syndrome of acute lung injury known as BLI. BLI is 
associated with high mortality and may require intensive care, including invasive mechanical 
ventilation. Blast exposure also can lead to serious acute whole-body inflammation (a risk factor 
for acute respiratory distress syndrome), and convalescent care for this puts patients at risk for 
the entire spectrum of PICS in the short and long term.  

Despite the obvious acute injuries and the high plausibility of long-term sequelae, there is 
a striking absence of data on the long-term pulmonary outcomes of exposure to blast. That is true 
both of all who have been exposed to blast and of the subset of patients who develop acute BLI 
that requires care. Furthermore, the possibility of other long-term pulmonary consequences of 
blast exposure, such as the effect of explosion-related dust exposure, and of other exposures, 
such as smoking, has not been adequately examined. 

The available studies are of insufficient quality, validity, consistency, or statistical power 
to support a conclusion regarding an association between exposure to blast and long-term 
respiratory outcomes in humans.  
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The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast and 
long-term effects on pulmonary function, respiratory symptoms, and exercise 
limitation.  

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of long-term effects after acute blast lung injury. 

DIGESTIVE SYSTEM OUTCOMES 

Primary blast injuries of the abdomen can cause severe damage to internal organs, 
typically in the absence of visible external signs of injury (Scekic et al., 1991). A recent review 
by Owers et al. (2011) examined the published literature on abdominal primary blast injury 
(PBI). According to the reviewed literature, the estimated overall incidence of abdominal PBI in 
hospitalized survivors of open-air blast explosions was about 3%; rates were marginally higher 
in those exposed to enclosed-space explosions. The incidence of abdominal PBI is generally 
much lower than that of PBI to the auditory and pulmonary systems (Owers et al., 2011); 
however, abdominal injuries may be more predominant in underwater blast explosions (Huller 
and Bazini, 1970). Laceration of solid organs (including abdominal organs) is rare and is 
associated with very high blast forces or proximity of the person to the explosion (DePalma et 
al., 2005) or with tertiary injury (Leibovici et al., 1996). More common, however, is PBI to gas-
containing organs (Phillips and Richmond, 1991). Damage to those organs from PBI includes 
hemorrhage and perforations—particularly of the bowel—mesenteric shearing and hematoma, 
and ruptures of the hollow abdominal viscera (CDC, 2008a; Wani et al., 2009). 

Acute Effects 

Signs and symptoms of blast injury to the abdomen can be readily apparent or nuanced 
and variable. Symptoms of gastrointestinal PBI include abdominal pain, nausea, testicular pain, 
tenesmus, and temporary loss of motor control in legs (CDC, 2008a; Phillips and Richmond, 
1991). Signs of gastrointestinal PBI are similar to those of blunt trauma and may include 
abdominal and rebound tenderness, vomiting (hematemesis in rare occasions), voluntary and 
involuntary guarding, absence of or decrease in bowel sounds, rectal bleeding, and unexplained 
hypovolemia (Phillips III and Richmond, 1991; Wani et al., 2009).  

There is a degree of variability in the latency of the effects of PBI to the gastrointestinal 
tract, ranging from immediate onset to several years (Owers et al., 2011). A typical acute 
gastrointestinal mural hematoma, can have delayed perforation up to 14 days after exposure 
(Owers et al., 2011). Late perforations usually occur within 2 weeks of the PBI (Scekic et al., 
1991). Patients who have minor abdominal complaints may temporarily improve but then 
develop an abdominal crisis several weeks later (Phillips III and Richmond, 1991). 

Long-Term Effects 

To evaluate the long-term gastrointestinal health effects of blast exposure, the committee 
reviewed about 75 peer-reviewed studies. None met enough of the inclusion guidelines to be 
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considered primary. This section details supportive studies of long-term gastrointestinal health 
outcomes of blast exposure. 

The study that met the most inclusion guidelines was a retrospective chart review by 
Sayer et al. (2008) of patients admitted to four PRCs during 2001–2006. It evaluated a sample of 
188 blast-exposed and non–blast-exposed veterans who sustained injuries in the Iraq and 
Afghanistan wars. Of the 188 patients, 56% had blast-related injuries. The measures used 
included scores on functional tests (functional independence measure within 72 hours of 
admission and at discharge) and length of stay. The study looked at a variety of health outcomes 
(not only gastrointestinal) and sought to quantify differences in outcomes between blast-exposed 
and non–blast-exposed patients. The results showed no significant difference in gastrointestinal 
injuries or gastrointestinal impairment between the two groups. However, the study has 
limitations for understanding possible long-term gastrointestinal effects in that the median length 
of stay (observed timeframe) was only 29 days. In addition, the study did not look at specific 
gastrointestinal outcomes but instead aggregated all gastrointestinal injuries and impairments.  

A study by Yzermans et al. (2005), reported on health outcomes of victims affected by a 
fireworks-depot explosion in the Netherlands in which 22 people died immediately and more 
than 1,000 were injured. This retrospective longitudinal study aimed to quantify health problems 
(psychologic, medically unexplained, and gastrointestinal symptoms) and predictors of health 
problems. Electronic medical records from general practitioners’ offices were examined to gather 
predisaster baseline morbidity (for the 16 months before the explosion) and postdisaster data for 
2.5 years. The study was able to track 89% (9,329) of people exposed to the explosion and 
established a control group 7,392 matched for age and sex. The exposed group was also 
separated into two groups—those who had to relocate after the disaster and those who did not—
to test the hypothesis that relocated disaster victims would have more health complaints than 
nonrelocated victims. The study showed a small increase in gastrointestinal morbidity in both 
groups compared with predisaster rates and control-group rates. Gastrointestinal complaints (for 
example, nausea and abdominal pain) were more prevalent in relocated victims after the disaster 
and throughout the whole period than in the control group. The study has several limitations for 
the purposes of the committee’s charge to identify long-term health outcomes of blast exposure. 
First, the study did not gather data on exposure specifically to the blast, so it is unclear what 
types of exposure and acute injuries the victims sustained and what mechanisms caused the 
injuries. Second, it reported general gastrointestinal complaints as an outcome, and this does not 
provide specific information about possible specific long-term gastrointestinal conditions that 
may result from the exposure. Third, although the study looked at socioeconomic status as a 
predictor of general gastrointestinal complaints, the controls were not matched for 
socioeconomic status. 

A retrospective study by Ramasamy et al. (2012) met the guidelines only for a tertiary 
study but is worth mentioning because it provided long-term data on military personnel who 
were exposed to blast injuries. The study used a prospectively compiled combat-trauma registry 
of patients who sustained open blast pelvic injury during military service in Afghanistan. Of the 
89 service personnel who had open pelvic fracture due to an explosion, 29 (33%) survived; 19 
(66%) of the survivors had abdominal injuries. One-third of the patients had fecal diversion with 
a colostomy; all had either anal-sphincter disruption or severe bowel injury. The mean followup 
period was 20.3 months (range, 13.2–29.9). At final followup, seven patients had some 
continuing fecal incontinence.  
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Conclusions 

Blast can cause substantial injury to abdominal organs—including the gastrointestinal 
tract, liver, and spleen—both acutely and over the long term. There is a consensus that blast can 
cause hematomas and perforations of the gastrointestinal tract and lacerations of the liver and 
spleen. Delayed perforations can occur 1–14 days after blast injury; the most frequent period is 
3–5 days. On the basis of the available literature, the committee determined that the long-term 
gastrointestinal effects of blast exposure have not been well studied. No studies met the 
committee’s guidelines to be considered primary, and few studies provided any support in 
determining long-term gastrointestinal health outcomes. One of the two studies that the 
committee could identify as secondary found a small increase in gastrointestinal morbidity 
during the 2.5 years after blast exposure. However, the studies presented little detail on specific 
gastrointestinal injury and illness. Fecal incontinence is a long-term effect in people who have 
blast-associated severe bowel injury and anal-sphincter disruption. It is plausible that severe 
acute gastrointestinal injury can have long-term complications. For example, it is well known 
clinically that people who have had gastrointestinal surgery can develop bowel obstructions and 
that perforation of the intestine can have late complications that require an ileostomy or 
colostomy. In addition, it is possible that blast may cause dysfunction in the gastrointestinal 
system and brain–gut axis (the relationship between digestive health and mental health) that may 
go undetected in the immediate acute period or develop in the long term and become manifested 
in chronic symptoms, including abdominal pain and abnormal bowel habits.  

The committee concludes, on the basis of its evaluation, that there is 
limited/suggestive evidence of an association between exposure to blast and acute 
gastrointestinal perforations and hemorrhages, and solid-organ laceration, all of 
which can have long-term consequences.  

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast in the 
absence of a serious acute injury and long-term gastrointestinal outcomes. 

GENITOURINARY OUTCOMES 

Genitourinary (GU) injury includes injury to the upper urinary tract (kidneys and ureters), 
the lower urinary tract (bladder and urethra), and the external genitalia (penis, scrotum, and 
testicles). The literature on GU blast injuries almost exclusively describes injury to males. GU 
injury to female service members has not been well described in the literature and so was not a 
focus of this report.  

Acute Effects 

The committee identified several recent studies of acute GU injury that resulted from 
blast exposure in combat in the Iraq and Afghanistan wars. A retrospective review by Serkin et 
al. (2010) found that of the 16,323 US service member trauma admissions logged into the JTTR 
in October 2001–January 2008, 819 (5%) involved one or more GU injuries. Explosions or blast 
caused 65.3% of these injuries. The scrotum was the GU organ most commonly injured, and 
82.8% of scrotal injuries were caused by explosion. A smaller review of GU trauma at a combat 
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support hospital in Iraq from April 2005 through February 2006 looked at 2,712 admissions, and 
76 (2.8%) were for GU injuries, 50% of which were caused by a blast or explosive ordinance 
(Paquette, 2007). A retrospective review by Fleming et al. (2012) looked at trauma patients 
treated at the National Naval Medical Center (NNMC) who had sustained injuries in the Iraq and 
Afghanistan wars during September 2007—December 2010. This review focused on patients 
who had major-extremity amputations and examined the number and type of associated injuries. 
Most of the patients included in the study had blast injuries from IEDs; the injuries of 62 of the 
63 patients who had multiple extremity amputations and of 37 of the 46 who had single 
extremity amputations were caused by blast. The authors found that multiple extremity 
amputations correlated with GU injuries, which included injuries to the external genitalia, the 
bladder, and the urethra. The 63 patients who had multiple extremity amputations had a total of 
71 GU injuries (specific types of injuries were not stated, and several patients had multiple GU 
injuries) whereas the 46 patients who had single extremity amputations had 29 GU injuries 
(specific types of injuries were not stated). Another recent paper examined the UK JTTR for the 
Iraq and Afghanistan wars from 2003 to 2010. Of the 2,204 registered patients, 85 (3.9%) had 
GU injuries; the percentage who sustained GU injuries from blast was not stated (Mossadegh et 
al., 2012). 

Andersen et al. (2012) noted that since additional troops were deployed to Afghanistan in 
2010, there has been an increase in the incidence of GU trauma in US service members. The 
increase presumably is due in part to the nature of combat operations in Afghanistan, where 
terrain necessitates more patrolling on foot by dismounted troops, who are at particular risk for 
being injured by blast explosions from IEDs without the protection of an armored vehicle. The 
authors also discuss the effects of better surgical and trauma care on the battlefield, which has 
resulted in a greater number of survivors who have complex blast injuries, including multiple-
extremity amputation patients. In prior wars, casualties with such extensive injuries more 
frequently failed to survive to evacuation out of theater.  

A similar article Mossadegh et al. (2012) that looked at the British experience with troops 
deployed to Afghanistan and Iraq from 2003 to 2010 comments on blast injuries in these 
conflicts as more likely to cause higher, transfemoral amputations than in other conflicts, in 
which explosive devises were more likely to be landmines and more likely to cause below-knee 
amputations (Bosnia-Herzogovenia). IED blasts were also more likely to cause perineal injuries 
and pelvic fractures. Of the 2,204 patients registered in the UK JTTR, 118 had perineal injuries, 
and 85 of these patients (72%) had GU injuries. Of the 118 patients who had perineal injuries, 56 
(47%) eventually died of their wounds. The combination of a perineal wound and a pelvic 
fracture resulted in the highest mortality (73%) in these 118 patients. A pelvic fracture alone was 
associated with mortality of 41% and a perineal injury with mortality of 18%. Eight of the 85 
patients who had GU injuries had complete testicular loss.  

Long-Term Effects 

The committee reviewed about 40 peer-reviewed studies of GU health effects of blast 
exposure. None of the studies met the committee’s inclusion guidelines for primary studies; 
supportive studies are discussed below. However, the committee determined that there are 
expected long-term GU effects on the basis of the nature of acute injuries that have been 
documented. As discussed above, recent studies of combat-trauma casualties have shown that 
acute GU injuries are commonly caused by blast exposures such as those from IEDs (Andersen 
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et al., 2012; Fleming et al., 2012; Mossadegh et al., 2012; Paquette, 2007; Serkin et al., 2010). 
Expected long-term health outcomes related to the types of acute GU injuries caused by blast 
exposure would be: hypogonadism, infertility, erectile dysfunction, and voiding dysfunction. The 
committee determined that although these long-term health outcomes have not been studied in 
relation specifically to blast exposure, it is logical to assume that they could result from the acute 
GU injuries commonly incurred from exposure to blast. 

The hypogonadism is caused by direct loss of testicular tissue because of a blast injury to 
the scrotum in addition to posttraumatic hypopituitarism from mild TBI caused by a blast injury. 
The anterior pituitary seems to be particularly sensitive to blast injury: there is a secondary 
decrease in release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) and a 
consequent decrease in release of testosterone from the testicles. Wilkinson et al. (2012) 
examined 26 service members who had mild TBI caused by a blast and compared them with a 
control group of 59 veterans who had similar deployment history but no history of blast injury or 
head trauma and normal cognitive testing. Eleven (42%) of the 26 in the mild TBI group had 
some abnormality in hormones from the anterior pituitary; none in the control group had any 
such abnormalities. Three patients had hypogonadism as shown by serum testosterone 
concentrations in less than the 5th percentile of normal reference ranges coupled with FSH and 
LH concentrations in less than the 10th percentile of normal reference ranges. Low testosterone 
decreases sex drive and muscle mass and leads to anemia, osteoporosis, low energy, and possibly 
depression.  

Wilkinson et al. (2012) also demonstrated a growth-hormone deficiency (GHD) that 
occurred in five of the 26 veterans in the mild-TBI blast group and none of the control group. 
Growth-hormone concentrations were measured indirectly on the basis of insulin-like growth 
factor-1 (IGF-1) concentrations; IGF-1 concentrations less than the 10th percentile of reference 
concentrations are thought to represent GHD. GHD decreases sex drive, strength, muscle 
volume, and metabolic rate. Wilkenson et al. demonstrated that those changes persist for up to a 
year. The remaining patients in the study who had hormone abnormalities had low oxytocin 
concentrations and two veterans had increased vasopressin concentrations (over the 95th 
percentile) and two decreased vasopressin concentrations (under the 5th percentile). 

Baxter et al. (2013) conducted complete endocrine evaluations of 19 UK service 
members for 2–48 months after they received moderate to severe blast TBI (as discussed above, 
neuroimaging and cognitive assessment also were conducted). They compared that group with 
39 control patients. In the control nonblast-TBI group, injuries were secondary to motor-vehicle 
collisions (43%), assaults (32%), falls (23%), and sporting injuries (2%). Six of 19 (32%) service 
members who had blast TBI but only one of 39 (2.6%) controls had anterior pituitary 
dysfunction (P = 0.004). Two service members who had blast TBI had hyperprolactinemia, two 
had GHD, one had adrenocorticotropic hormone deficiency, and one had combined GHD, 
adrenocorticotropic hormone deficiency, and gonadotropin deficiency. Four of the 19 patients in 
the blast-TBI group had hypogonadism secondary to direct blast injury to the testicles and 
perineum; these four had normal anterior pituitary function. The five patients in the blast-TBI 
group who had hypogonadism are examples of how direct blast injury and hypopituitarism as a 
result of blast affect testosterone production; all five will need lifelong testosterone replacement 
therapy. 

Loss of testicular tissue can also result in infertility in this population of young men. The 
effects of low FSH and LH in the Wilkenson et al. (2012) and Baxter et al. (2013) studies 
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discussed above also could result in infertility (sperm production depends on both hormones but 
primarily on FSH); however, this effect was not examined in those studies or other studies 
reviewed by the committee. 

Direct injury to the penis from a blast can result in erectile dysfunction (ED), which can 
have important long-term emotional effects in this young population. The ED is caused by 
damage of the corporal bodies or erectile nerves to the penis and interruption of blood flow to 
and from the penis, which results from substantial pelvic trauma. Complex phallic reconstruction 
techniques are feasible in patients who have suffered blast injury to the penis (Peker et al., 2002). 
Long-term studies looking at ED in patients who suffered blast injuries have not been performed.  

Voiding dysfunction in patients after blast injury has not been well described, but several 
studies have looked at voiding dysfunction in patients who have sustained a TBI from events 
other than a military blast injury (usually motor-vehicle collisions). The studies found a wide 
variation of abnormalities, from hyperactive bladder to hypoactive bladder, depending on the 
nature and location of and time since neurologic injury (Ersoz et al., 2011; Giannantoni et al., 
2011). 

Bladder and urethral injuries after a blast injury often require a series of complex 
reconstructive surgeries and can lead to urethral strictures and incontinence. Long-term outcomes 
of patients who have had urethral reconstruction after blast injuries have not been adequately 
described.  

More than 643,000 US veterans of the Iraq and Afghanistan wars were examined to 
assess the association between lower urinary tract symptoms (LUTS) and PTSD. International 
Classification of Diseases, Revision 9 (ICD-9) codes were used to identify LUTS and PTSD. 
Male veterans who had PTSD were more likely than those who did not have PTSD from LUTS 
(2.9% vs 1.1%; p < 0.001) (Breyer et al., 2012). The same database was used to examine the 
association between PTSD and sexual dysfunction (ED and premature ejaculation). Male 
veterans who had PTSD were more likely than those who do not have PTSD to suffer from 
sexual dysfunction (9.8% vs 3.3%; p < 0.001) (Breyer et al., 2012). 

Conclusions 

On the basis of expert clinical knowledge, the committee knows that exposure to blast 
can lead acutely to complete functional and structural loss of GU organs. The committee found 
two studies that reported on long-term GU health outcomes of blast exposure (Baxter et al., 
2013; Wilkinson et al., 2012). The studies showed persistent hypogonadism as a result of 
hypopituitarism in some patients up to 2 years after TBI from a blast. For example, if a soldier 
has an acute blast injury and loss of both testicles and trauma to the penis that results in damage 
to the corporal bodies and urethra, he will have permanent, long-term problems with 
hypogonadism, infertility, voiding dysfunction, and ED. The answer to the clinical question, 
How much does a partial injury to a GU organ contribute to long-term consequences from blast 
injuries?, is unknown because studies are lacking.  

The committee concludes, on the basis of its evaluation, that there is sufficient 
evidence of a causal relationship between exposure to blast and some long-term 
effects on a GU organ—such as hypogonadism, infertility, voiding dysfunction, 
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and erectile dysfunction—associated with severe injury (defined as a complete 
structural and functional loss that cannot be reconstructed).  

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast and 
long-term effects associated with partial injury to a GU organ (defined as an 
incomplete structural and functional loss that can be reconstructed). 

DERMAL OUTCOMES 

Information on dermal outcomes other than direct outcomes of burns from exposure to 
blast is sparse. Mesquita-Guimaraes et al. (1987) reported on a patient who presented with 
multiple silica granulomas on the left side of his body. Fifteen years earlier, while in military 
service, he had stepped on a land mine that exploded, and that lead to amputation of his left leg 
and numerous other injuries. His injuries healed, but numerous black particles remained 
embedded in his skin. Three years after the explosion, the patient had inflammation around the 
particles in his left forearm; the condition resolved with unspecified topical medication and 
antibiotics. X-ray spectroscopy of the particles showed them to be silica, possibly from the earth 
that was disrupted by the land mine. The authors believe that over the years the silica slowly 
converted to colloidal silica, which can cause nonallergic foreign-body reactions. In another case 
report, Wijekoon et al. (1995) reported a case in a 29-year old man of sarcoid-like granulomatous 
skin lesions at sites that were exposed to a bomb blast 7 years earlier. The authors hypothesized 
that the granulomas were produced by foreign material that was embedded in the skin during the 
blast. In a third case report, a 14-year-old girl developed prurigo nodularis-like skin eruptions 
about 4 months after a bomb blast (Ghosh et al., 2009). The lesions were in the same place (her 
arms and face) as the original blast injury and initially consisted of multiple tiny burn injuries. 
The skin condition improved markedly with topical glucocorticoid and hydroxyzine use. No 
long-term cohort studies have reported on dermal sequelae of blast injuries not directly related to 
burns. However, although few studies were found, the committee concludes on the basis of 
expert clinical knowledge that exposure to blast can have dermal effects.  

The committee concludes, on the basis of its evaluation, that there is sufficient 
evidence of an association between exposure to blast and long-term dermal effects, 
such as cutaneous granulomas. 

MUSCULOSKELETAL AND REHABILITATION OUTCOMES 

The musculoskeletal system and soft tissue areas have the highest incidence of bodily 
injuries in blast survivors, the most extreme being traumatic amputation, which occurs in 1–3% 
of blast victims (CDC, 2008b). Those injuries can be manifested as primary, secondary, tertiary, 
or quaternary; any of them can occur alone or in combination (Covey, 2002). Musculoskeletal 
primary blast injuries caused by the blast wave or wind usually occur in proximity to the 
explosion and result primarily in traumatic amputation. That is a fairly rare outcome because of 
the high associated mortality, but there has been an increase in traumatic-amputation survivors 
owing to advances in medicine and body-armor technology (Covey, 2002; Mody et al., 2009). 
Secondary blast injury predominates as the most common blast injury to the musculoskeletal 
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system and is most often the result of penetration by shrapnel and other fragments, which causes 
trauma ranging from minor lacerations to deep embedding of foreign bodies. Nonpenetrating 
contusions and bone fractures are also possible (CDC, 2008b). Tertiary and quaternary blast 
injuries to the musculoskeletal system are rare and mostly follow a pattern similar to that of 
civilian trauma from blunt-impact forces. Contusions, lacerations, and fractures are all possible, 
and crush injuries may result in compartment syndrome (CDC, 2008b). As of December 2012, 
the total number of amputations (of major limbs, such as a leg, and minor limbs, such as s finger) 
in military personnel serving in Iraq and Afghanistan was 1,715 (Fischer, 2013). 

Acute Effects 

Injuries to the musculoskeletal system are generally overt and easy to diagnose on the 
basis of outward signs and victim-reported symptoms; however, a few complications can arise 
and should be suspected with blast injuries. In many cases, soft-tissue injury extends well beyond 
the zone of skin and bone damage (CDC, 2008b). One of the biggest concerns in connection with 
blast injuries to the musculoskeletal system is wound contamination and the high risk of 
complicated and potentially lethal infection (CDC, 2008b; Covey, 2002). Of particular concern 
with regard to infection are open bone fractures (especially of long bones) and traumatic 
implantation of shrapnel, dirt, and biologic material, including bone fragments from other 
victims (Mody et al., 2009). Blast injuries contaminated with Aeromonas hydrophilia, an 
organism not commonly found in civilian musculoskeletal injuries, are associated with the 
requirement for a more proximal amputation (Penn-Barwell et al., 2012). Additional information 
about infections related to exposure to blast appears later in this chapter. Finally, because of the 
pattern of polytrauma in blast injuries, musculoskeletal injuries are often markers of damage to 
other organ systems, such as cardiovascular and neurologic damage in extremities (CDC, 
2008b). 

Long-Term Effects 

To evaluate the long-term musculoskeletal and rehabilitation outcomes of blast exposure, 
the committee reviewed about 70 peer-reviewed studies. None of the studies met enough of the 
inclusion guidelines to be considered primary. This section details supportive studies on 
musculoskeletal and rehabilitation outcomes of blast exposure. 

Sayer et al. (2008) is particularly informative in that it separated blast-injured and non–
blast-injured patients compare their outcomes (the study examined cognitive and motor 
functional gain scores and length of stay). The results showed no significant difference between 
blast and nonblast patients in orthopedic, fracture, amputation, and pain outcomes. In blast 
patients, several types of injuries were found to be more common: oral and maxillofacial (p < 
0.05) and skin or soft-tissue injury (p < 0.001), including burns (p < 0.05) and wounds (p < 
0.001). The study is generally informative with respect to the functional status of blast vs 
nonblast patients during the rehabilitation period after injury, but it has limitations in providing 
evidence on specific long-term musculoskeletal and rehabilitation outcomes of blast. The study 
did not include an objective measure of blast exposure at the time of injury and instead identified 
blast exposure on the basis of self-reporting in the medical chart. In addition, as mentioned 
previously in the review of gastrointestinal outcomes, the study has limitations for understanding 
possible long-term effects in that the median period of observation of patients’ functioning was 
just 29 days. Although the blast and nonblast groups were found not to be different at discharge 
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in functional gain after rehabilitation, the study does not indicate whether there were long-term 
differences between the two groups. 

Using US Army Physical Evaluation Board medical records, Rivera et al. (2012) assessed 
the prevalence of osteoarthritis in 1,566 combat-injured US service members who could not 
return to duty. Of the 1,566, 126 cases of osteoarthritis were identified. Sites of osteoarthritis 
were knee, elbow, ankle, shoulder, foot, wrist, spine, and hip. Eighty-one percent of the service 
members were exposed to blast. Only 10% of the 126 service members had osteoarthritis before 
deployment. A case report also describes the development of osteoarthritis in a service member 
who was exposed to blast (Coy and Chatfield, 1998). The soldier was exposed to blast and 
sustained multiple injuries, including bilateral soft-tissue shrapnel injuries to his legs and 
hyperextension of his knees, while serving in the Vietnam War. He developed knee pain and 
arthritis within 10 years of sustaining the initial injuries.  

Several other studies provided information on long-term musculoskeletal and 
rehabilitation outcomes. The development of heterotopic ossification (the presence of bone in 
soft tissue where bone does not normally exist) has been reported in a residual limb in up to 63% 
of combat-related amputations (Potter et al., 2007); this finding is unexpected because 
heterotopic ossification was a rare complication of amputation before the conflicts in Iraq and 
Afghanistan (Alfieri et al., 2012). Forsberg et al. (2009), in a retrospective cohort study, aimed to 
understand the prevalence and risk factors for heterotopic ossification in combat-wounded 
patients who were admitted to NNMC from March 1, 2003, through December 31, 2006. The 
study group consisted of 157 patients who had undergone at least one orthopedic procedure on 
an extremity and developed heterotopic ossification; 86 patients who did not develop heterotopic 
ossification made up the control group. Followup of patients included in the study ranged from 
2–41 months (mean, 8.4 months) for the heterotopic-ossification group and from 2–36 months 
(mean, 7.1 months) for the control group. Mechanism of injury was specifically examined to 
determine whether heterotopic ossification was associated with one injury type rather than 
another. Results of the record review showed a relationship between blast injury and 
development of heterotopic ossification, but the relationship only approached significance (p = 
0.06). In a univariate analysis, however, blast injury with concurrent TBI or an injury severity 
score (ISS) of at least 16 was predictive of heterotopic ossification (p = 0.02 and 0.04, 
respectively). 

Dougherty (1999) carried out a record review to identify bilateral above-knee amputation 
patients treated at Valley Forge General Hospital during the Vietnam War and then conducted 
followup interviews to report on their long-term outcomes. Of the 30 identified patients, 26 
(87%) had been injured by land mines or booby traps. At followup (an average of 27.5 years 
after the injury), the 23 patients who responded were found to have lower physical function 
(statistically significant with p < 0.01) than matched controls on the 36-question short form 
health survey. There were no differences between groups in physical-role functioning, bodily 
pain, general health, vitality, social functioning, and mental-health functioning. The study did not 
separate blast-injured and non–blast-injured patients, so any reported differences in functional 
status between the groups cannot be attributed specifically to blast.  

A retrospective review by Cross et al. (2012) reported on 115 Army service members 
who sustained battle-related open tibia fractures. The study examined whether the service 
members returned to duty and, if they were unable to return, what disability rating they acquired. 
Results showed an overall return-to-duty rate of 18% among the service members and a 12.5% 
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rate in those who had amputations. The mechanism of injury of 78% of the service members was 
explosion (88% of the amputees sustained injuries that were due to explosion). Although the 
study indicates that amputation and medical retirement are frequent in those who have open tibia 
fractures caused by blast, it did not compare the long-term health outcomes between those who 
were blast-exposed and those who were non–blast-exposed. The study also has limitations in its 
usefulness for the committee’s review owing to its small sample and its use of return to duty as 
the main outcome examined.  

A retrospective review by Tintle et al. (2012) reported on 96 patients, all US military 
personnel, who suffered 100 upper-extremity amputations during October 2004–April 2009. The 
study examined outcomes and operative complications, types of complications, and frequency of 
revision surgery after upper-extremity amputations as a result of combat-related trauma. Of the 
amputations, 87% resulted from exposure to blast and an additional 8% were due to high-
velocity gunshot wounds. Nearly half the amputations—42%—were followed by at least one 
complication that required revision. Deep infection led to 51% of the revision procedures. 
Heterotopic ossification was another cause of revision procedures: it occurred in 66% of the 63 
limbs that had at least 2 months of radiographic follow up (not all patients had radiographic 
followup). Other complications were neuromas (excised in 9% of the limbs), wound dehiscence 
(6%), need for scar revision (5%), and need for contracture release (4%). The records indicate 
that all the patients had a completely healed residual limb at final followup. Continuing 
phantom-limb pain and residual-limb pain were reported in 37% and 51% of the patients, 
respectively. Pain status was not recorded for all patients. 

Feldt et al. (2013) conducted a retrospective review by using data from the Joint Facial 
and Invasive Neck Trauma Project to assess the numbers and types of facial and penetrating neck 
injuries sustained by US military personnel serving in Iraq and Afghanistan from January 2003 
to May 2011. The number of discrete facial and penetrating neck injuries identified was 37,523; 
they occurred in 7,177 service members. Exposure to blast was the mechanism of injury in 
24.2% of the cases. Other mechanisms were penetrating trauma (49.1%), blunt trauma (25.7%), 
and other or unknown or burns (1%). The study did not report on long-term outcomes.  

Another study of US military personnel serving in Iraq and Afghanistan assessed facial 
injuries, specifically mandibular fractures, by using JTTR data (Zachar et al., 2013). Data from 
October 2001 to April 2011 were analyzed, and 391 patients who had mandibular fractures were 
identified. The mechanisms of injury in those patients were exposure to blast (61.3%), ballistics 
(12.5%), and motor-vehicle collisions (1%). The fracture patterns in the service members 
differed somewhat from those in the general population, possibly because of the mechanisms of 
injury: service members were exposed more to blast, whereas mechanisms of injury in civilians 
are typically motor-vehicle collisions, interpersonal violence, and falls. The study also did not 
report on long-term outcomes.  

A third study consisted of a retrospective review of US service members who sustained 
facial injuries during the Iraq war and were treated from April to October 2006 (Salinas and 
Faulkner, 2010). The 21 patients were identified by one of the study authors, who treated the 
injured service members in Iraq. The study compared outcomes in patients who were treated 
immediately in theater and outcomes in patients whose treatment was delayed until after 
transport out of theater. Overall, the mechanism of injury was exposure to blast in 57% of the 
patients—in 43% of the immediately treated group and 86% in the delayed-treatment group. 
Treatment of blast-exposed patients may have been more often delayed because their injuries 
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were more severe and required more complex procedures that were available only in facilities 
that were out of theater. The complication rate was 24% (five complications in four patients). 
Four of the complications were infections. A limitation of the study is the small population (21 
patients).    

Koc et al. (2008) reported on long-term skin problems in 142 amputees in Turkey. The 
time between initial amputation and enrollment in the study ranged from 1 to 21 years. The 
results showed that amputees had a high prevalence of skin problems (73.9%), and the study also 
reported differences between those using soft pocket prostheses and those using silicone 
prostheses. Although the study documented that 80.3% of the amputations were caused by mine 
explosions, there was no comparison of those who suffered blast injuries with those who did not. 
Therefore, the study is not useful in understanding whether long-term skin problems in amputees 
can be attributed specifically to blast injury. Additional information about dermal effects is 
presented in the preceding section of this chapter.  

Conclusion 

Exposure to blast has several obvious outcomes, such as loss of limbs and scarring. Few 
studies of other outcomes related to blast exposure and the musculoskeletal system and 
rehabilitation were identified. There is some evidence that blast-related amputations result in a 
higher incidence of complications, including heterotopic ossification in those requiring 
amputations, and osteoarthritis. 

The committee concludes, on the basis of its evaluation, that there is 
limited/suggestive evidence of an association between exposure to blast and long 
term consequences for the musculoskeletal system, including heterotopic 
ossification in amputee limbs and osteoarthritis.  

INFECTIONS 

Infections in blast-exposed people can be caused directly by blast and can be acquired 
indirectly during administration of medical care after exposure to a blast. With respect to most of 
the studies on complications from infections described below, it was not possible for the 
committee to determine whether an infectious organism was introduced into a wound (during a 
blast or during later medical care).  

Infection remains a common problem for veterans. Of 2.2 million Iraq and Afghanistan 
war veterans, 144,167 (0.07%) have been treated for problems related to infectious diseases 
(ICD-9 codes 001–139) in VA medical facilities since 2001 (VA, 2013). Pathogenic bacteria are 
commonly found in the wounds of military personnel who have blast injuries (Murray, 2008a, 
2008b). An infection rate of 5.5% was reported in an assessment of JTTR data on infection-
related complications in combat casualties in the Iraq and Afghanistan wars (Murray et al., 
2011). A retrospective chart review published in 2009 provides a summary of infections 
identified in Iraq and Afghanistan veterans treated in a PRC in the Palo Alto Health Care System 
(Dau et al., 2009). The authors reviewed patient records from the period January 2002–October 
2007. During that time, 180 veterans received care in the unit, and 35 (19%) developed 137 
unique infections while in the hospital. The most common isolates were from the urinary tract 
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(26%), followed by sputum (23%), wound (18%), and blood (15%); bacteria of 21 species were 
recovered (see Table 4-4). Many of the veterans had polymicrobial infections, and many of the 
infections were trauma-related (that is, the wounds were caused by or related to high-velocity 
projectiles, blast devices, and burns). Gram-positive microorganisms and anaerobes 
predominated at the time of injury, but gram-negative organisms caused later infections in the 
wounds.  

Fungi also have been isolated from the wounds of military personnel who served in Iraq 
and Afghanistan (Paolino et al., 2012; Warkentien et al., 2012). Organisms include the genera 
Absidia, Biopolaris, Fusarium, and Mucor and several species of Aspergillus. Nearly all the 
military personnel in those studies received their wounds from exposure to blast. Candidemia has 
been reported in people who have been exposed to blast (Wolf et al., 2000).  

TABLE 4-4 Top Five Isolated Organisms by Site Cultured 
Culture Site (Total No. 
Isolates, % Total Infections) Organism (No. Isolatesa) 

Blood (21, 15) 

1 Coagulase-negative Staphylococcus (14) 

2 Candida sp. (2) 

3 Pseudomonas aeruginosa (2) 

4-6 Enterobacter aerogenes, Enterococcus sp., Klebsiella pneumoniae 
(ESBL) (1 each) 

Sputum (31, 23) 

1 Methicillin-sensitive Staphylococcus aureus (6) 

2 Pseudomonas aeruginosa (6) 

3 Klebsiella pneumoniae (4, 2 ESBL) 

4 Stenotrophomonas maltophilia (4) 

5 Acinetobacter baumannii (3) 

Urineb (36, 26) 

1 Pseudomonas aeruginosa (9) 

2 Klebsiella pneumoniae (7, 3 ESBL) 

3 Escherichia coli (6, 3 ESBL) 

4 Methicillin-resistant Staphylococcus aureus (3)  

5 Enterobacter cloacae (2) 

Wound (25, 18)  

1 Methicillin-resistant Staphylococcus aureus (8) 

2 Coagulase-negative Staphylococcus (4) 

3 Methicillin-sensitive Staphylococcus aureus (4) 

4 Pseudomonas aeruginosa (4) 

5 Acinetobacter baumannii, Enterobacter cloacae, Proteus mirabilis, 
Rhodotorula mucilaginosa, Streptococcus salivarius (1 each) 

Other (24, 18)  

1 Pseudomonas aeruginosa (5) 

2 Coagulase-negative Staphylococcus (3) 
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Culture Site (Total No. 
Isolates, % Total Infections) Organism (No. Isolatesa) 

3 Clostridium difficile (3) 

4 Enterococcus sp. (3) 

5 Methicillin-resistant Staphylococcus aureus (2) 
aTop five organisms only; therefore, number may not match total number in left column. 
bOne urine culture was positive for Acinetobacter. 
SOURCE: Dau et al., 2009. 

Infected wounds are commonly caused by explosives, such as IEDs (Murray, 2008a). The 
risk of infection from explosive devices can be increased by introduction of ground material and 
other matter added to the devices into the wounds. Injuries to the extremities are the most 
prevalent, followed by injuries to the head and neck, thorax, and abdomen. Burn-related 
infections complicate treatment of combat casualties. Burn patients are particularly susceptible to 
bacterial infections because of skin breakdown and the risk of nosocomial infection in the 
hospital environment (Dau et al., 2009). Numerous studies in military and civilian populations 
have reported that infection with pathogens increases the risk of death and otherwise can 
complicate healing in burn patients, for example Bennett et al., 2010; Calvano et al., 2010; 
D’Avignon et al., 2010; Horvath et al., 2007; Murray et al., 2008; Ressner et al., 2008; Schofield 
et al., 2007. Wounded personnel can be particularly susceptible to infection because of comorbid 
health problems (for example, immunosuppression or subclinical conditions, such as sexually 
transmitted diseases or leishmaniasis).  

During the Iraq and Afghanistan wars, multidrug-resistant (MDR) bacteria have been 
increasingly common (Dau et al., 2009; Keen et al., 2010; Murray, 2008a; Murray et al., 2009; 
Sherwood et al., 2011). There have been increases in casualties MDR infections with such 
organisms as Acinetobacter baumannii–calcoaceticus complex, Pseudomonas aeruginosa, and 
Klebsiella pneumoniae.  

The committee did not identify any studies that met its guidelines for primary studies, but 
did identify a number of supportive studies: a cohort study that is still going on, a case–control 
study, five retrospective chart reviews, and several case reports that provide information on acute 
and chronic complications from infections of wounds caused by blast.  

Acute Effects 

Wolf et al. (2000) conducted a case control study of candidemia in people who were 
injured by a blast while visiting an outdoor food marketplace in Israel. The cases consisted of 21 
patients injured in the marketplace. To be included in the study, the cases had to be hospitalized 
for more than 24 hours. Two control groups were used: the first consisted of 29 patients who had 
similar blast injuries from a different explosion at an open-air pedestrian mall (referred to as the 
blast-injury controls), and the second consisted of 40 ICU patients (referred to as the ICU 
controls) treated at the same time as the case patients. Within 4 days after injury, four of the 
cases had respiratory infections from Aspergillus or Rhizopus. Between 4 and 16 days, 7 of them 
developed candidemia (the Candida was not isolated from the wounds before being isolated 
from blood). Mortality in infected cases was 43%. Quantitative air sampling was conducted, and 
higher concentrations of Aspergillus and Rhizopus were found in the marketplace than in the 
pedestrian mall and Candida was found only in the marketplace. The incidence of Candida was 
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significantly lower in the control groups than in the case group (p = 0.001 for the ICU controls 
and p = 0.02 for the blast-injury controls). The cluster of cases and the early temporal pattern 
suggest that infection occurred at the time of the blast rather than being hospital acquired, 
although nosocomial infection cannot be ruled out. 

Albrecht et al. (2006) assessed medical records and microbiology-laboratory data of 
patients admitted to a US military tertiary-care burn center from January 2003 to November 
2005. Acinetobacter calcoaceticus–baumannii complex infection was found in 59 of 802 burn 
patients. Mortality was higher in the infected patients; however, on multivariate analysis, 
infection did not independently affect mortality (p = 0.651). That result suggests that “although 
Acinetobacter is a marker of increased crude mortality because of its association with larger 
burns, it does not affect mortality independently.” The authors did not report how many of the 
patients were military vs civilian (this burn center also receives civilian burn patients) or how 
many patients sustained their burns as a result of exposure to explosions. 

Johnson et al. (2007a) reviewed infections in type III fractures (high-energy injuries 
typically with bone comminution or loss and lacerations of greater than 10cm). Historically, type 
III fractures have a reported infection rate of 6–39% and an amputation rate of less than 10%. 
Thirty-five service members with type III open diaphyseal tibial fractures admitted to Brooks 
Army Medical Center (BAMC) during March 2003–August 2006 were identified through 
medical records. The mechanism of injury was an explosive device in 27 (77%) of the 35 cases. 
All patients had received irrigation and debridement before arriving at BAMC. During each 
patient’s first surgical debridement at BAMC, samples for initial cultures were taken from deep 
tissues. Samples were taken again later. Before arriving at BAMC, all patients received 
perioperative antibiotics for gram positive bacteria. The mean evacuation time from injury to 
arrival at BAMC was 7.4 days. Of the 35 patients, 27 had infections at admission; the most 
common organisms were Acinetobacter baumannii–calcoaceticus complex, Enterobacter sp., 
and Pseudomonas aeruginosa. All 27 received antibiotics; 24 (89%) received therapy for 
osteomyelitis, and the remaining three for deep-wound infection. Delayed union was another 
complication. Thirteen patients had deep-wound infections at reassessment, most of which were 
Staphylococcal. Five of the 35 patients ultimately required amputation, and infection was the 
cause in four of the five cases. A limitation of this study is the small number of patients. 

The goal of Paolino et al. (2012) was to determine the incidence of invasive fungal 
infections at WRAMC. They reviewed electronic medical records of military personnel sent to 
WRAMC from March 2002 to July 2008 with suspected invasive fungal infection and found six 
cases (three proved and three probable). All cases had been deployed to Iraq, and five had 
acquired blast injuries. The fungi in the cases were Absidia, several species of Aspergillus, 
Biopolaris, Fusarium, and Mucor. Three of the five cases required amputation of extremities or 
substantial revision of previous amputation sites. No deaths were noted. 

Warkentien et al. (2012) used JTTR data to study fungal wound infections in military 
personnel who had extremity injuries due to blast. All patients were injured in Afghanistan and 
admitted to WRAMC, NNMC, or BAMC via Landstuhl Regional Medical Center in Germany 
from June 1, 2009, to December 31, 2010. Thirty-seven patients had diagnoses of fungal wound 
infections (20 proved, 4 probable, and 13 possible). The fungi found were Mucorales, 
Aspergillus, and Fusarium. Of the 37 patients, 33 received antifungal therapy. Twelve patients 
had amputations, but it is not clear whether the amputations were due specifically to the fungal 
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infections. Five patients who had fungal infections died, and it was noted that the infections 
played a role in three of the deaths. 

Silla et al. (2006) prospectively reviewed clinical records of 22 patients who were injured 
in a bombing in Bali on October 12, 2002. The patients were admitted to a burn unit in a hospital 
in Western Australia, and their records were compared with those of 37 burn patients in the same 
hospital who were not injured by blast. The incidence of primary burn-wound infection was 
statistically significantly higher in the Bali bombing patients (15 patients, 68%) than in the other 
burn patients (7 patients, 19%) (p = 0.001). Pathogens isolated from the Bali burn patients were 
Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus cereus, Enterococcus sp., MDR 
Acinetobacter baumannii, Chryseobacterium indologenes, Candida, Enterobacter cloacae, and 
Diphtheroid bacillus; the other patients were infected with Pseudomonas aeruginosa, Klebsiella 
pneumoniae, Serrata marcescens, and Bacillus cereus. All Bali bombing patients received 
antibiotic prophylaxis before arriving at the burn unit, whereas only 5 of the 37 other patients 
received it. The patients were not followed for a long period. 

Pseudomonas putida was identified in a member of the US military who sustained 
injuries in an explosion in Iraq (Carpenter et al., 2008). Bilateral transtibial amputations were 
performed on the day of the explosion and the patient was ultimately transferred to NNMC 
where after 10 days he developed leukocytosis, high fever, and purulent drainage from the right 
leg stump. Pseudomonas putida was cultured from the wound site, and the patient was treated 
with intravenous meropenem for 14 days; there were no further infectious complications. 

Long-Term Effects 

Tribble et al. (2011) published a preliminary report on a continuing cohort study with an 
observational design that is assessing short- and long-term outcomes of infections after 
deployment-related traumatic injury. Participants are enrolled while hospitalized at WRAMC, 
BAMC, or NNMC. They will be followed for 5 years via interviews, Web-based questionnaires, 
and review of DOD and VA electronic medical records. Patient trauma and surgical history are 
obtained by using JTTR data. Of 354 patients, 180 (52%) were exposed to blast, and 69 patients 
(31.7% of those exposed) had an infection. At 6-month follow-up after discharge, there were 28 
incident infections (bloodstream infections, skin and soft-tissue infections, osteomyelitis, 
pneumonia, sinusitis, urinary tract infection, and Clostridium difficile infection). In about 15% of 
cases, continuing management for the infections was needed. The study is continuing to enroll 
participants.  

Brown et al. (2010) conducted a retrospective chart review to study infections in British 
service members who had sustained life-threatening and limb-threatening injuries in the Iraq and 
Afghanistan wars. They had undergone limb-salvage procedures for severely mangled extremity 
injuries, all of which resulted from blast or ballistics. The authors used JTTR data from August 
12, 2003–August 2007 (the last follow up was in May 2008) to review trauma audit and clinical 
records. Eighty-four casualties with 85 extremity injuries were available for analysis, and 20 of 
the casualties had infections. The more severely injured had higher infection rates, and there 
were more infections in wounds of the lower extremities than of the upper extremities. No 
differences were found between infected and noninfected patients in ISS, time from injury to 
evacuation, time from injury to surgery, or time to arrival in England. More infectious 
complications were associated with injuries that required fasciotomy; no association was found 
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between infectious complications and use of hemorrhage control in the field (for example, 
QuickClot and HemCon dressings). Bacteria initially recovered included Acinetobacter sp., 
Pseudomonas aeruginosa, and Staphylococcus aureus. Other bacteria recovered later during the 
course of recovery were Aeromonas sp., Bacillus sp., Chryseobacterium sp., Clostridium sp., 
Enterobacter sp., Escherichia coli, Klebsiella sp., methicillin-resistant Staphylococcus aureus, 
and Stenotrophomonas sp.. Two of the patients’ extremities had recovery of Pseudomonas 
aeruginosa, and Staphylococcus aureus 237 and 235 days, respectively, after injury. Those 
bacteria are associated with chronic complications (deep-wound infections and osteomyelitis), 
and it is not clear when they were introduced into the wounds. Limitations of the study include 
the small number of patients, the definitions available for defining extremity infections, and the 
fact that the JTTR has undergone changes in data collection methods that may have led to 
inconsistencies in the data. 

Mody et al. (2009) assessed infections in 58 service members who had open or closed 
tibial or femoral fractures that culminated in intramedullary fixation and who were sent to 
WRAMC from October 2003 to June 2007. About 65% were IED-associated injuries. The 
authors reviewed inpatient and outpatient electronic health records and long-term follow up 
(median, 447 days) was conducted with telephone interviews. Infectious complications occurred 
in 23 (40%) of the 58 patients. Osteomyelitits and hardware-associated infections were most 
common, occurring in10 (43%) of 23 infected fractures (44%), or 17% of the total study 
populations. IED-associated injury was significantly more likely to be associated with infected 
fractures (21 of 23, 91%) than with noninfected fractures (17 of 35, 49%) (p = 0.005). 
Polymicrobial infections were common (occurring in 44% of infected fractures). Infecting 
bacteria were Acinetobacter baumannii, Staphylococcus sp., MDR Enterobacter cloacae, and 
MDR Klebsiella pneumoniae.  

Stevens et al. (1988) reported a case of a Vietnam veteran who sustained blast injuries 
from a land-mine explosion in 1967, developed gas gangrene that required amputation of his legs 
and several fingers, and then 17 years later had another episode of gas gangrene in a closed 
wound in his hand. Clostridium perfringens was cultured from the wound site. The patient was 
treated with penicillin, and no recurrence of infection was found at 6-month followup. 

There is growing evidence that infections increase the risk of long-term cognitive decline. 
Shah et al. (2013) showed that there was a significant increase in the rates of cognitive 
impairment after pneumonia. That study of older Americans (mean age, 72.8 years) carefully 
controlled for patients’ preinfection cognitive function and the trajectory of that function. The 
result reinforces similar findings that showed that severe sepsis was associated with an absolute 
increase of nearly 10 percentage points in the risk of moderate to severe cognitive impairment 
and a similarly dramatic increase in rates of disability (Iwashyna et al., 2010). Both those studies 
suggest that the cognitive declines were not limited to those who were most severely ill. The data 
are consistent with data from other studies that showed that modest levels of systemic 
inflammation—such as might occur with an infection treated in the outpatient setting—are 
associated with more rapid decline in patients with Alzheimer disease (Holmes et al., 2009). The 
possibility that blast-associated infections lead to such enduring cognitive declines has not been 
adequately studied. All the above studies included older patients, so the generalizability of their 
results to the younger military population is unknown.  
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Conclusion 

Various bacterial and fungal infections can occur after injury from exposure to blast and 
multiple infections can occur in a single person. The infections can persist for days to months. 
Chronic infection also can lead to a state of sustained systemic inflammation with adverse long-
term consequences for many organ systems. On the basis of the committee’s expert clinical 
knowledge, it is plausible that infections related to blast injury can have long-term outcomes, 
including osteomyelitis, deep-wound infection, amputation, and delayed union. 

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence of an association between exposure to blast and 
long-term effects of infections.  

BURNS 

Although burns are frequent after exposure to blast, few studies have assessed their 
outcomes, particularly long-term outcomes. The outcomes most often reported are length of 
hospital stay, gross functional outcomes, and mortality.  

Four studies reported burn-patient outcomes at the US Army Institute of Surgical 
Research (USAISR) in San Antonio, Texas, which is the only US military burn center. Civilians 
from southern Texas can be treated there as well. From March 2003 to May 2005, Kauvar et al. 
(2006a) tracked 171 combat casualties of the Iraq and Afghanistan wars, of whom 119 (69.6%) 
were burned by IEDs and another 26.7% by conventional munitions. The combat casualties were 
compared with 102 patients (also military personnel) who received their burns from noncombat 
incidents involving, for example, burning of waste, ammunition and gunpowder mishaps, and 
misuse of gasoline. Most patients burned in explosions had burns to the hands and face. No 
difference was found between combat and noncombat patients in the length of stay at the burn 
center. However, combat patients generally spent more days in the intensive care unit (P = 0.08) 
and spent significantly more days using mechanical ventilation (P = 0.05). The overall mortality 
rate in both groups was low, but the mortality rate was higher in the combat patients than the 
noncombat patients, although there were too few patients to determine statistical significance. 
The vast majority of both groups (90.6% of combat and 98% of noncombat patients) discharged 
to their own care. Sixty-seven percent of combat patients and 55.6% of noncombat patients 
returned to military duty, although many of them had medical limitations that prevented them 
from performing certain military tasks.  

Kauvar et al. (2006b) identified 274 patients admitted to USAISR from April 5, 2003, to 
April 23, 2005, through medical records. All patients were military personnel in the Iraq and 
Afghanistan wars. Of the 274 patients, 142 were exposed to blast when they were injured as a 
result of detonation of an explosive device. The hands and head were the most frequently burned 
parts of the body in these patients. The authors reported outcomes in 125 of the 142 patients 
(they excluded 17 of the patients from the further analysis because they were still hospitalized). 
Five of the 125 patients died. The length of stay of the surviving 120 patients at the burn center 
ranged from 2 to 154 days (median, 14 days). Nearly all (91%) of the surviving patients were 
discharged to their own or their families’ care. Four patients needed inpatient care after discharge 
from USAISR. Nearly half the patients were able to return to duty, although 10% had some duty 
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limitations as a result of their injuries. Some 21% of the patients were released from military 
service, and 28% had pending decisions about their ability to return to service. With respect to 
functional recovery, 109 patients (91%) were discharged at their previous level of global 
functioning, eight had moderate disability but were able to care for themselves, and three were 
severely disabled and unable to care for themselves. 

Wolf et al. (2006) compared records of military personnel of the Iraq and Afghanistan 
wars who had burn injuries with records of civilians who had burn injuries treated at the same 
facility. Data were collected from April 2003 to May 2005, and a total of 751 patients were 
included. Of the 751, 273 patients were injured during military operations; the number injured 
specifically by blast was not stated. When age-adjusted, the mortality was similar in the military 
and civilian groups. The military patients had longer stays in the hospital, but no difference in 
length of stay between the ICU and time spent on a ventilator. Gross functional outcomes were 
good (that is, previous level of function in activities of daily living) in 94% of the civilian and 
92% of the military patients, moderate (can care for oneself with occasional assistance) in 5% of 
the civilian and 6% of the military patients, and severe (needs assistance for daily living) in 1% 
of the civilian and 2% of the military patients. 

Return to duty status was measured in 61 military personnel who were treated at USAISR 
for hand burns from March 2003 through June 2005 (Chapman et al., 2008). Almost all the 
patients (60) had thermal burns, and one had an electric burn. Impairment and disability were 
measured on discharge from inpatient care and during a followup outpatient visit less than 4 
months later. Some 67% (41) of the patients were able to return to duty. The remaining patients 
were discharged from military service for medical reasons. Patients who were not able to return 
to duty had greater total body-surface area burns (p < 0.001) and greater full-thickness total body 
surface area burns (p = 0.002) than the ones who could return to duty. 

A fifth study assessed clinical records of patients who were admitted to 10 hospitals 
during 1997–2003 in Israel (Peleg et al., 2008): 219 patients who had burn injuries related to 
terrorist attacks, 6,546 patients who had burn injuries not related to terrorist attacks, and 2,228 
patients who experienced a terrorist attack but were not burned. The patients who had burn 
injuries related to terrorist attacks had longer hospital stays (mean, 18.5 days) than the patients 
who had burn injuries only (11.1 days) and the patients who were not burned (9.5 days). ISSs 
showed that injuries sustained in terrorist attacks that also involved burns were more severe than 
injuries sustained in terrorist attacks that did not result in burns or burn injuries not related to 
terrorist attacks. In-hospital mortality in patients whose burn injuries were related to terrorist 
attacks and patients who experienced a terrorist attack but were not burned were similar (6.4% vs 
6.6%, respectively). However, patients who had burn injuries not related to terrorist attacks had 
lower mortality (3.4%). The difference in mortality could be due to the presence of 
multidimensional injuries associated with terrorist attacks.  

Clinically, burns are known to lead to long-term complications. On the basis of its expert 
clinical knowledge, the committee does not have a reason to believe that burns from exposure to 
blast are different from burns from nonblast sources except that blast-related burns may have 
debris embedded in exposed skin. A number of long-term complications have been reported in 
non-blast burned patients and include scarring (Lawrence et al., 2012; Zanni, 2012), contracture 
(Schneider and Qu, 2011; Zanni, 2012), heterotopic ossification (Nelson et al., 2012a; Potter et 
al., 2007), abdominal complications (Markell et al., 2009), thromboembolic complications 
(Harrington et al., 2001), pruritus (Zachariah et al., 2012), loss of vision (Wisse et al., 2010), 
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neurologic effects (Schneider and Qu, 2011), and psychologic effects (McKibben et al., 2009; 
Wiechman, 2011).  

The committee concludes, on the basis of its evaluation, that there is 
limited/suggestive evidence of an association between exposure to blast and long-
term complications from burns.  

BLAST PROTECTION 

Protective equipment has been developed to protect military personnel from injuries 
caused by exposure to blast and gun-shots: body armor (or vests, which can have add-on 
equipment, such as groin and deltoid protectors and neck collars), helmets, eye protection 
(spectacles and goggles), and ear protection (earplugs and earmuffs). Blast-resistant vehicles are 
another form of protective equipment. The committee was asked to consider whether 
improvements in collective and personal blast protection are associated with diminished blast 
injuries. 

Two types of body armor are in use by the US military: soft and hard (NRC, 2012). Soft 
body armor is made of several compositions of aramid fibers, known as Kevlar and Twaron 
fibers. Vests made of aramid fibers are designed to protect against low-velocity, low-energy 
bullets (for example, 9-mm or .38 caliber bullets) and against shrapnel resulting from explosions. 
Hard body armor contains high-performance polyethylene fibers, known as Spectra or Dyneema 
fibers, or a ceramic composite material. It is designed to protect against high-velocity threats, 
such as .30 caliber and .50 caliber rifle bullets. All helmet types used by the US military are 
made of Kevlar. Two of the helmets, the Personnel Armored System for Ground Troops helmet 
and the Modular Integrated Communications Helmet, are not sufficient to protect against TBI to 
an acceptable extent (McEntire and Whitely, 2005). The Advanced Combat Helmet met both the 
mean and peak standards for all impact experiments at an impact speed of 10 ft/second. Greater 
detail about the composition of body armor and helmets is beyond the scope of this report, but 
further information can be found in Chapter 2 of the National Research Council’s report Testing 
of Body Armor Materials: Phase III (NRC, 2012).  

In the past, the use of protective equipment has meant an overwhelming weight burden 
and the loss of dexterity and eye–hand coordination to the detriment of the render-safe mission 
(Bass et al., 2005). Even today, military personnel often opt not to wear protective equipment, 
because it can be uncomfortable and heavy, increase thermal burden, impede their ability to 
maneuver, and reduce situational awareness (Barwood et al., 2009; Breeze et al., 2012; Caldwell 
et al., 2011; Killion et al., 2011; Larsen et al., 2011; US Army, 2010). Protective equipment also 
may contribute to chronic health conditions, such as low-back pain (Burton et al., 1996; Konitzer 
et al., 2008). Indeed, the hard type of body armor can add a substantial burden of weight on 
military personnel. For example, the Improved Outer Tactical Vest Generation II body armor 
system can weigh 27.06–42.50 lb, depending on size (US Army, 2010). Given the main purpose 
of the body armor—to provide protection but still allow military personnel adequate mobility 
and flexibility—newer materials that have greater protective capabilities and are lighter are being 
continuously tested to improve protection. 

Before being introduced in the field, protective equipment is tested to ensure that it meets 
military and law-enforcement standards. For gunshot and projectile injuries, the assessment 
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methods include animal tests and “the correlation of animal chest deformation response with the 
response of simulant materials at velocities that are typical of rounds used to test soft body 
armors” (NRC, 2012, p. 34). For that type of assessment, gelatin is typically used as a tissue 
simulant; clay also can be used. Additional information about body armor standards and testing 
for gunshot and projectile injuries can be found in Chapter 3 of the National Research Council 
report mentioned above. Such a comprehensive set of guidelines does not exist for blast injuries. 
Nevertheless, in 2001, the North Atlantic Treaty Organization Research Technology 
Organization established a new task force, HFM-089/TG-024, to review how various countries 
test protective equipment against antipersonnel mines and their two main effects: fragmentation 
and blast (NATO, 2004). Among the recommendations of the task force were to use 
anthropomorphic mannequins to obtain good fit of protective equipment and Hybrid III 
anthropomorphic mannequins to perform blast tests against the upper body, including the head. 
The recommendations also emphasized the need for suitable instrumentation for the head, neck, 
and chest at a minimum and for reproducing militarily-relevant conditions (using explosive 
charges and positioning the mannequins to mimic in-theater scenarios). Taking those 
recommendations into account, Bass et al. (2005) performed experiments on the effectiveness of 
body armor and helmets by using a 50th-percentile male Hybrid III anthropomorphic 
(automobile crash-test) dummy (First Technology Safety Systems, Inc., USA) exposed to a blast 
generated by detonating C4 charges of differing weights. The results showed the importance of 
acceleration and deceleration in neck and head injury although the study was limited by the type 
of instrumentation, which could measure only acceleration, not pressure. The authors concluded 
that the larger helmet and visor frontal surface-areas tend to increase the risk of head injury from 
IED blasts owing to increased acceleration from increased exposure to the blast flow. However, 
the authors also concluded that the greater helmet mass tended to decrease the risk of head injury 
by decreasing the acceleration of the head, helmet, and visor system. The authors discussed the 
implications of their findings—either decreasing the visor area or increasing the mass of the 
helmet visor system or some combination of both increases should be implemented to achieve 
better protection from blunt trauma to the head. Nevertheless, careful consideration should be 
given to the facts that increasing the helmet mass without regard for ergonomic factors of 
wearability and comfort may decrease use of the head protection and lead to chronic neck 
microinjuries and that decreasing the visor and helmet size may make wearers more vulnerable 
to penetrating fragments (Bass et al., 2005). Despite the usefulness of those findings, the data are 
limited to protection from secondary and tertiary blast effects, not primary blasts. 

The committee identified few studies of the effectiveness of protective equipment after 
introduction into the field. Belmont et al. (2010) reported that the percentage of military 
personnel killed in action in the Iraq and Afghanistan wars is similar to percentages in previous 
conflicts despite improvements in personal protective equipment and blast-resistant vehicles. The 
widespread use of explosive weaponry, including IEDs, in Iraq and Afghanistan shifted the 
etiology of military injuries from gunshot-induced to blast-induced, in contrast with previous 
wars. Thus, although the current body armor showed great success in reducing blunt and 
penetrating types of injuries because of its interceptive properties, it does not protect from or 
substantially reduce the damaging effects of primary blasts.  

Breeze et al. (2011) conducted a systematic analysis of studies to assess whether face, 
neck, and eye protection affects the incidence of injuries in military personnel in the 21st 
century. In the identified studies, facial wounds had an incidence of 8–20%, neck wounds 2–
11%, and eye wounds less than 1% to 6%. Use of eye protection was associated with a reduction 
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by one-third in the rate of eye injuries in military personnel serving in Iraq and Afghanistan. 
When military personnel were in 100% compliance with the use of eye protection in Iraq, the 
incidence of eye injuries dropped from 6% to 0.5%. Breeze et al. (2012) assessed the 
effectiveness of neck protection (nape protectors and neck collars) in reducing the incidence of 
neck injuries. They identified, from the UK JTTR, neck wounds sustained by UK military 
personnel from January 1, 2006, to December 31, 2010. The incidence of neck wounds was 10% 
(152 of 1,528 injuries), and these wounds were more often caused by explosive events (79%) 
than by gun shots (21%). The records of 58% of those wounded stated whether they wore neck 
protection at the time of injury; all of those records indicated that they were not wearing neck 
protection. Of the 152 military personnel who had neck wounds, 111 (73%) died from the 
wounds. On the basis on the underlying pathology of the injuries and mapping the surface 
location of the neck injuries, the authors concluded that 16 of those deaths could have been 
prevented if neck collars had been worn. Eye protection was assessed in an additional study, 
although it is not specific for protection from exposure to blast. Thomas et al. (2009) assessed the 
effectiveness of combat eye protection in US service members deployed to the Iraq and 
Afghanistan wars. Using JTTR data on service members who entered level III hospital facilities 
from March 2003 to September 2006, the authors determined that eye injuries were significantly 
more frequent when personnel did not wear eye protection (p < 0.01).  

Several studies have evaluated the effectiveness of hearing protection in military 
personnel, although the studies focus on noise in general and not specifically on blast. A study of 
449 cases of acute acoustic trauma in a military hospital in Helsinki, Finland, from 1989 to 1993 
found that 14% of the cases had been using ear protection but one-third of them had poorly 
fitting protectors or insufficient protection (Savolainen and Lehtomaki, 1997). The Institute of 
Medicine evaluated hearing-conservation programs in the military and reported that there was 
“limited or suggestive evidence to conclude that use of hearing protection devices and the level 
of real-world hearing protection these devices provide have been and remain not adequate in 
military hearing conservation programs” (IOM, 2006, p.12). Casali et al. (2009) field-tested three 
hearing-enhancement protection systems (the Combat Arms Earplug, the Communication and 
Enhancement Protection System, and the Peltor Comtac II headset) in cadet soldier trainees in 
training exercises and found that improved hearing protection would be needed to obtain 
adequate levels of hearing performance for user compliance in the combat environment. Another 
study of hearing performance in people wearing hearing protection (the Combat Arms Earplug 
and the Sonic II Ear valves) reported that service members subject to high-level impulse noise 
would not experience compromised speech understanding when using level-dependent earplugs 
in low-level continuous noise (Norin et al., 2011). Finally, in a controlled field experiment that 
compared four hearing-protection enhancement devices (Peltor Com-Trac II, Etymotic EB1 and 
EB15 High-Fidelity Electronic BlastPLG electronic earplugs, and the 3M Single-Ended Combat 
Arms passive earplug) with the unprotected ear with ambient outdoor noise and in 82-dBA 
military diesel heavy-truck noise, none of the tested devices allowed normal localization 
performance.   

Several studies have commented on whether the use of Kevlar body armor reduces the 
incidence of GU injury in battlefield combatants. A review of the changing patterns of wartime 
GU injuries in the preceding 100 years found a lower percentage of GU injuries that were 
abdominal in service members who wore body armor than in those service members who did not 
wear body armor (Hudak et al., 2005). The finding came primarily from a comparison of GU 
injuries in the 1991 Gulf War with those in the conflicts in Bosnia-Herzegovina. A review of 30 
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GU injuries in the 1991 Gulf War (body armor was worn) found that only 17% of the patients 
had abdominal GU injuries (Thompson et al., 1998), whereas in the Bosnian conflict (body 
armor was not worn) 45–53% of patients who had GU injuries had abdominal GU injuries 
(Hudolin and Hudolin, 2003). However, a more compressive evaluation of GU trauma of US 
service members who wore body armor (Serkin et al., 2010) showed that the percentage of 
abdominal GU trauma (kidney, ureter, and bladder) was 46.9%, which is quite similar to the 
percentage of abdominal GU trauma in the conflicts of Bosnia-Herzegovina. The percentage of 
these GU injuries in the conflicts of Bosnia-Herzegovina caused by blast (mostly from land 
mines and mortar and shell rounds) ranged from 52% to 70% (Vuckovic et al., 1995) and was 
similar to the percentage of GU injuries caused by blasts in Iraq and Afghanistan (50–63%) 
(Paquette, 2007; Serkin et al., 2010). However, the pattern of blast injuries in Iraq and 
Afghanistan caused by IEDs may be quite different from the pattern of blast injuries in Bosnia-
Herzegovina caused by landmines and mortar shells, so comparing the protective effects of body 
armor related to GU trauma in different conflicts may have too many confounding factors. A 
retrospective review of GU trauma in the Iraq war found that US casualties who wore body 
armor had a significantly lower rate of GU injury than casualties who did not wear body armor 
(primarily Iraqi service members or civilians). Casualties who wore body armor had a 2.1% rate 
(25 of 1,216) of GU injury (upper and lower GU tract combined) vs 3.4% (51 of 1,496) in those 
who did not wear body armor (p = 0.037). Casualties who wore body armor had a 0.6% rate (7 of 
1,216) rate of kidney injury vs 1.5% (22 of 1,496) in those who did not wear body armor (p = 
0.017) (Paquette, 2007). The report seems to suggest that wearing protective body armor 
decreases the incidence of overall GU trauma and more specifically kidney injury. In light of the 
fact that most of the blast-induced GU injuries were caused by secondary blast effects (that is, 
shrapnel and particles of the environment generated during the explosion), the protective effects 
of the body armor are most probably due to its interceptive properties. 

Laboratory testing can provide helpful information about the protective effects of body 
armor, although the current literature contains much controversial information. Although a study 
comparing the protective effects of two types of vests—one a soft protective vest and the other a 
hard protective vest—found that the vests significantly decreased pulmonary-injury risk after 
blast delivered via a shock tube (Wood et al., 2012), another study had opposite findings 
(Phillips et al., 1988). The latter study used sheep fitted with cloth ballistic vests and exposed to 
blasts with peak pressures of 115, 230, 295, and 420 kPa. It showed a significantly higher lung–
body weight index (p < 0.05) than in sheep without vests; this suggested substantial lung edema 
(Phillips et al., 1988). At the highest exposure level (420 kPa), two of the six sheep without vests 
died and five of the six sheep with vests died. The authors concluded that the vests increased the 
target surface area and thus diminished the effective loading function on the thorax. It has been 
suggested that even minor displacements of the body-wall may produce serious injury if the body 
wall velocity is high (Cooper and Taylor, 1989). Cooper et al. (1991) hypothesized that the 
motion of the body wall generates waves that propagate within the body and transfer energy to 
internal sites. Wave propagation has been identified as one of the essential mechanisms in the 
production of injuries resulting from blast impact to the torso, and mechanistic implications for 
effective personal protection from the primary effects of blast overpressure have been stressed 
(Cooper et al., 1991). Accordingly, it has been suggested that using a body armor developed on 
the basis of acoustic decoupling principles might reduce the direct stress coupled into the body 
and thus lessen the severity of lung injury. Li et al. (2006) reported that the ear barrel and ear 
plug showed protective effects against blast-induced trauma in the auditory organs of guinea 
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pigs. Sheep and pigs placed in light-armor vehicles and exposed to blast showed more middle ear 
damage compared to control animals; no differences were found in the respiratory or 
gastrointestinal tracts (Phillips et al., 1989).  

Ramasamy et al. (2011) assessed the effects of modifications of armored vehicles (V-
shaped hull, increased ground clearance, widened axles, heavy vehicles, and blast deflectors) 
used during the Rhodesian War (1972–1980) on rates of injury. Data were available on 2,212 
vehicle mine incidents involving 16, 456 people. All the vehicle modifications statistically 
significantly reduced fatality rates and they had a cumulative effect. Except for blast deflectors, 
they also reduced injury rates. As in personal protective equipment, the modifications of the 
vehicles probably reduced the amount of energy transferred to and interacting directly with the 
service members’ bodies.  

The importance of correctly fitting personal protective equipment cannot be 
overestimated. Anecdotal data indicate that body armor that is too small or too large might 
increase the injurious effects of a blast via enhancement of the impact-related parenchymal organ 
damage or via reflection of refraction waves from the body wall and inside body armor that 
amplify the shock wave coupling with the body. Nevertheless, further well-designed studies that 
use standardized and militarily relevant models are needed to clarify the mechanisms underlying 
the negative side effects caused by the ill fit of personal protective equipment. 

The committee concludes, on the basis of its evaluation, that there is sufficient evidence 
of an association between the use of personal protective equipment, including 
interceptive body armor and eye protection, and prevention of blunt and penetrating 
injuries caused by exposure to blast.  

The committee concludes, on the basis of its evaluation, that there is 
inadequate/insufficient evidence to determine whether an association exists 
between the use of current personal protective equipment and prevention of 
primary blast-induced (non–impact-induced) injuries.  
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RECOMMENDATIONS 

This chapter summarizes key gaps in the evidence base on exposure to blast and long-
term health effects and offers recommendations for scientific study to fill the gaps. 
Recommendations aimed at improving dissemination of information on health effects after 
exposure to blast throughout the Department of Veterans Affairs (VA) and the Department of 
Defense (DOD) also are presented. 

RESEARCH RECOMMENDATIONS 

Because of the inadequacy of evidence on long-term consequences of blast, the 
committee relied heavily on the literature to assess the evidence on acute effects and on its own 
collective medical expertise to draw conclusions regarding the plausibility of long-term 
consequences. Some long-term effects are obvious and well-documented consequences of acute 
injuries, but others will require additional study. Gaps in data collection begin while service 
members are on active duty and continue after they separate from the military and enter the VA 
health care system.  

A fundamental feature of exposure to blast is that it can result in complex, multisystem 
injuries. Attention to the complexities has been lacking in many research studies. Research on 
blast should emphasize multisystem injury patterns and seek to understand the clinical 
importance of cross-system interactions. 

 Below are the committee’s recommendations for research that is most likely to provide 
VA with knowledge that it can use to inform decisions on how to prevent blast injuries, how to 
diagnose them effectively, and how to manage, treat, and rehabilitate victims of battlefield 
traumas in the immediate aftermath of a blast and in the long term.  

Evaluating Current Approaches to Detecting Blast Injuries and Treating and 
Rehabilitating the Injured  

Through the literature evaluation process summarized in Chapter 4, the committee 
identified several long-term health outcomes on which there was sufficient evidence of an 
association with blast exposure. VA can begin to improve the diagnosis of and treatment for blast 
injuries, particularly health outcomes on which there is sufficient evidence of an association with 
exposure to blast, namely  
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 Sufficient evidence of a causal relationship between penetrating eye injuries resulting 
from exposure to blast and permanent blindness and visual impairment (visual acuity of 
20/40 or worse).  

 Sufficient evidence of a causal relationship between exposure to blast and some long-
term effects on a genitourinary organ—such as hypogonadism, infertility, voiding 
dysfunction and erectile dysfunction—associated with severe injury (defined as a 
complete structural and functional loss that cannot be reconstructed).  

 Sufficient evidence of an association between exposure to blast and posttraumatic stress 
disorder (PTSD); the association may be related to direct exposure of blast or to indirect 
exposure, such as witnessing the aftermath of a blast or being part of a community that is 
affected by a blast.  

 Sufficient evidence of an association between severe or moderate blast-related traumatic 
brain injury (TBI) and endocrine dysfunction (hypopituitarism and growth hormone 
deficiency).  

 Sufficient evidence of an association between mild blast TBI and postconcussive 
symptoms and persistent headache. 

 Sufficient evidence of an association between severe or moderate non–blast-related TBI 
and permanent neurologic disability, including cognitive dysfunction, unprovoked 
seizures, and headache; these associations are known outcomes from TBI studies that 
considered blast and non-blast mechanisms together, and it is plausible that severe or 
moderate blast-related TBI is similarly associated with permanent neurologic disability 
even though studies specifically addressing blast-related TBI are lacking.  

 Sufficient evidence of an association between exposure to blast and long-term dermal 
effects, such as cutaneous granulomas. 

Recommendation 5-1. The Department of Veterans Affairs should conduct a 
rigorous evaluation to determine whether current approaches for detecting, 
treating for, and rehabilitating after health outcomes of blast exposure are 
adequate.  

Because exposure to blast is likely to lead to polytrauma that may affect many organ 
systems both acutely and in the long term, VA should assess its ability to coordinate care of blast 
survivors who have several health conditions. VA should assess the adequacy of current 
approaches to management of multiple chronic conditions, such as rehabilitation, and of its long 
term follow-up care in treating blast survivors. For example, the agency should evaluate the 
extent to which Patient Aligned Care Teams (PACTs) provide adequate polytrauma care of 
patients who have been exposed to blast.  

Current or newly developed approaches for rehabilitation should be evaluated with 
appropriately designed studies that include adequate control groups. The impact of rehabilitation 
services on long-term consequences of blast exposure should be assessed according to quality of 
life and measures of activity and participation, such as employment status, family relations, and 
independence in activities of daily living.  
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Measuring Blast Exposure 

A limitation of nearly all of the studies evaluated by the committee was inadequate 
information about the exposures to blast. Most of the studies used self-reported exposure data 
rather than objective measures. Obtaining accurate, objective measurement of exposure to blast 
is essential for understanding the mechanisms of injury caused by blast and for developing 
effective prevention and treatment strategies.  

Recommendation 5-2. The Department of Defense should develop and deploy a 
system that measures essential components of blast and characteristics of the 
exposure environment, that records and stores the collected information, and that 
links individual blast-exposure databases with self-reported information and with 
demographic, medical, and operational data.  

The system should measure components of primary, secondary, tertiary, quaternary, and 
quinary (radiation) blast. These components should include 

 pressure—static, dynamic, and total; 
 blast signature—impulse, primary peak, and refraction waves intensity and duration of 

refraction waves; 
 blast-wave frequency; 
 impact and kinetic energy; 
 acceleration; 
 temperature; 
 ionization; 
 time stamp; and 
 environmental factors, such as ground configuration (open field, confined space in a 

vehicle or building, and complexity), gas exhaust, and noise. 

The components would be measured by sensors providing 360 degree coverage; by 
covering critical body regions (head, chest, and abdomen), and by using individual, helmet-
mounted cameras. The sensors’ and cameras’ recordings would be triggered by blast. 

The data would be temporarily stored in a small storage unit worn on the body. The 
storage unit would collect information from multiple sensors that are triggered by blast and 
would incorporate the information into one identifiable event. The unit would be capable of 
recording data on multiple events. After completion of the military task, the information in the 
individual storage units would be downloaded onto computers on a military base and stored in a 
large database. Much of the technology for the sensors and data-storage system has been 
developed (for example, helmet cameras are commonly worn by service members in the field), 
but research is needed to combine the various parts of the system into a wearable unit. 

The body’s physiologic status at the time of trauma may play a substantial role in injury 
outcome, so measuring hydration status, body-fat percentage, and heart-rate variability with 
sensors triggered by blast would provide valuable information.  

The individual databases containing information about blast events should be linkable to 
other databases that include the following information  

 occurrence of loss of consciousness; 
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 subjective sensations, such as dizziness, “seeing stars,” ringing in the ears, breathing 
difficulties, dry cough or irritation, photophobia, and blurred near vision; 

 acute post-blast medical reports, such as reports from a buddy-aid, medics, the evacuation 
physician at the field-hospital, and potential transport to a Level III hospital; 

 previous exposures—number, intensity, complexity, and time between exposures; 
 previous deployments—number, duration of each, and lag-time between deployments; 
 previous injuries—blast and non-blast; 
 previous military traumatic events—number, type, and level of distress; 
 age, sex, rank, military occupational specialty code, education, and length of service; 
 family status, children, and socio-economic status; 
 detailed individual and family medical history; 
 results of psychologic and physical tests; and  
 results of military performance evaluations. 

The committee recognizes that implementing a system with those characteristics will take 
time, although some of the components already have been developed and fielded (personal 
communication, I. Cernak, University of Alberta, August 8, 2013). Until the new system is 
available, the following questionnaires can be used to provide an operational definition of blast 
exposure: Quantification of Cumulative Blast Exposure (Peskind et al., 2011), Warrior 
Administered Retrospective Casualty Assessment Tool (Terrio et al., 2009), and Post-
deployment Health Assessment Questions 10.a and 10.b (DOD, 2012). Clearly defining those 
scales’ interrelationships and comparability and developing approaches to allow integration of 
findings from the various questionnaires should be given high priority to advance blast science. 
Although important, the use of self-report scales documenting exposure to blast will be subject to 
the usual inconsistencies that are inherent to these scales. Additionally, in cases of frontal lobe 
injury, the accuracy of the reports will be further diminished due to known deficits in self-
awareness that follow that type of injury. 

 A research consensus process could be applied to develop, validate, and promote the use 
of a self-report blast exposure scale for use in clinical and epidemiologic studies to be used prior 
to and in combination with deployment of blast detection technology. An important limitation of 
existing clinical and epidemiologic studies is the lack of validated measures of blast exposure 
that capture its unique, multifaceted characteristics. For many veterans, quantification of blast 
exposure is limited to retrospective self-report with some supplementary information from 
combat records. A consensus process to measure blast exposure and promoting its use is 
important to improve the strength of the evidence of the long-term effects of blast exposure.  

Biomarkers of Blast Injury 

Identification of blast injuries in service members, particularly injuries that are not 
acutely severe and may go undetected for long periods, presents a major challenge in both 
clinical and research settings. The ability to define biomarkers of blast injury that could serve as 
surrogates for exposure would constitute a substantial advance in the study of long-term 
outcomes of exposure to blast. Biomarkers are an active area of scientific research; however, the 
committee recognizes that scientific consensus is lacking on the potential for blast injury 
research using blood and other body fluids to identify biomarkers of sufficient sensitivity and 
specificity to provide clinically useful prognostic or diagnostic utility. The committee believes 
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that biomarker research has the potential to advance the understanding of the biology of a wide 
range of complex diseases, including blast injury. Many of the available studies in this field 
focus on potential biomarkers associated with TBI. For example, as described in Chapter 4, blast 
TBI may confer distinctive neuroimaging patterns as measured by diffusion tensor imaging; 
however, the evidence is preliminary and insufficient to permit any firm conclusions to be 
drawn. 

As described in Chapter 4, novel neuroimaging techniques can elucidate structural and 
functional abnormalities in neurologic circuits that are not apparent in routine magnetic 
resonance imaging. Data from studies of various neurodegenerative diseases have identified 
promising biomarkers, such as spinal fluid or blood levels of axon neurofilament proteins, which 
relate to late outcomes of injury (Gaiottino et al., 2013; Petzold, 2005; Shaw et al., 2005). Serum 
proteins have also shown promise as biomarkers for the diagnosis of non-blast mild TBI. For 
example, the combined use of serum S100B and apolipoprotein A-1 values increases 
classification accuracy for mTBI over either marker used alone, and serum S100B alone is 
predictive of an abnormal head CT scan (Bazarian et al., 2013).  

Other reports of the National Academies support the committee’s view on the 
transformative potential of modern biomarker research for many complex conditions (IOM, 
2008, 2013; NRC, 2011). The 2008 Institute of Medicine report Neuroscience Biomarkers and 
Biosignatures: Converging Technologies, Emerging Partnerships discusses how studies of 
genomic and proteomic biomarkers have shown promise in the field of neuroscience generally 
(IOM, 2008). The 2013 Institute of Medicine report Genome-Based Diagnostics: Demonstrating 
Clinical Utility in Oncology notes that several genomic predictive markers of cancer treatment 
efficacy and safety are in clinical use and more are undergoing testing (IOM, 2013). The 2011 
National Research Council report Toward Precision Medicine: Building a Knowledge Network 
for Biomedical Research and a New Taxonomy of Disease discusses how the use of large data 
sets is a way to clarify new mechanisms, pathways, and heterogeneity of chronic diseases (NRC, 
2011). Such large data sets will allow for the integration of cohorts of individuals with 
unexplained illness.  

The committee believes that the use biomarkers will be an important component for 
integrating genomic data with imaging data and clinical observation, and will move science in 
the blast injury field forward.  

Recommendation 5-3. The Department of Veterans Affairs should conduct 
epidemiologic and mechanistic studies to identify biomarkers of blast injury.  

For prospective definition of biomarkers of the signature blast injury that could be 
applied in future assessments, the committee recommends two complementary prospective 
studies. In the first study, a small number of service members enrolled in the Breacher Training 
Course, which includes exposure to blast, would be studied in detail to measure and control for 
blast exposure objectively. In the second, a larger separate cohort of service members would be 
studied in detail before and after deployment to allow comparison of those who were exposed to 
blast with those who were not. Both studies would involve measuring subject-specific changes in 
organ-specific structure and function. In the second study, blast exposure would be determined 
on the basis of self-reports, and all subjects would undergo identical predeployment and 
postdeployment organ-specific functional assessment. The assessment would include 
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neuropsychologic testing, imaging, and collection of serum, plasma, whole blood, and other 
fluids (for example, cerebro-spinal fluid) to assess blast-related changes in protein, genome, and 
transcriptome concentration as biomarkers. 

The committee recognizes that some service members may be unaware of their injuries 
from blast and recommends that biomarker signatures defined in the above studies be applied to 
groups returning from deployment (perhaps by using existing data-sets) who have developed 
chronic unexplained health problems (for example, PTSD, addiction, diffuse pain, 
communication difficulties, and headache) to establish whether any relationships exist between 
these conditions and clinically inapparent blast exposures. In addition, service members who are 
relatively asymptomatic from the standpoint of organ-specific injuries standpoint can be studied. 
The committee recommends comparing a large cohort of returning service members who have a 
history of blast exposure with those who do not (that is, conducting a nested case-control study). 
The service members can be examined on the basis of the biomarker signatures for evidence of 
asymptomatic disease and then followed longitudinally to detect differences between the groups 
in the latent development of adverse effects of blast on which the current literature is 
uninformative, including some disorders that have not yet been associated with blast. Cases and 
controls will need to be well matched for demographic factors and for organ-specific premorbid 
conditions that are known to affect outcome. Post-mortem pathologic correlates would be a 
natural extension of this longitudinal study. 

Improving Collaboration in Blast-Injury Research  

The committee identified substantial gaps in much of the published research on blast 
injuries. The gaps include inadequately powered datasets, incomplete control populations, and 
poor study designs; an absence of combat-relevant expertise in blast on the research team; and a 
need to refine and advance preclinical models so that they are adequately predictive of long-term 
multisystem effects of blast injuries in humans. Greater collaboration within and among 
institutions will expand the expertise of research teams and help to fill those gaps, and this 
approach should be considered a strength and not a limitation with respect to VA funding 
priorities. 

Recommendation 5-4. To support innovation and improve the state of blast 
science, the Department of Veterans Affairs should develop opportunities for 
multidisciplinary research collaborations that cross institutional barriers between 
the Veterans Health Administration, the Department of Defense, and other 
institutions. 

Improving Designs of Blast Injury Studies 

Most of the studies evaluated by the committee were limited by various aspects of their 
design, as described in Chapter 2. To assist VA and other researchers in improving the design of 
future studies, the committee offers several recommendations. In addition to the 
recommendations, it is important that all future studies use a standardized definition of blast 
exposure once it has been developed.  
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Recommendation 5-5. The Department of Veterans Affairs should conduct 
research on acute and long-term consequences of blast injury involving all service 
members and veterans, not just users of the Veterans Health Administration.  

Recommendation 5-6. The Department of Veterans Affairs should create a registry 
of blast-exposed (not only blast-injured) service members to serve as foundation 
for long-term studies. 

Recommendation 5-7. The Department of Veterans Affairs should use existing 
military records to identify a cohort of service members who served in the Iraq 
and Afghanistan wars to enroll in a prospective study of the long-term effects of 
blast on health and rehabilitation. The cohort should not be limited to service 
members who are known to have been exposed to blast.  

Recommendation 5-8. The Department of Veterans Affairs should identify and use 
as a resource existing longitudinal cohort studies of populations that include blast-
exposed service members and veterans. This resource may include information 
from existing ancillary studies of these cohorts to improve the detection and 
measurement of adverse long-term health outcomes of blast exposure. 

The existing studies include longitudinal studies that were conceptualized and designed 
to look at other aspects of early adult life. The advantage of such studies is that they have good 
prospective collection of key risk factors or outcomes of interest before military service and blast 
exposure. With additional supplementary data collection, the studies’ cohorts may provide 
important opportunities to answer specific questions about long-term health effects from 
exposure to blast, including the multisystem response to blast (for example, the complex 
relationship between TBI and PTSD). Illustrative examples include the National Longitudinal 
Study of Adolescent Health (The National Longitudinal Study of Adolescent Health, 2013), the 
Strong Star cohort (South Texas Research Organization Network Guiding Studies on Trauma 
and Resilience (STRONG STAR), 2013), the Canadian Resilience in Military longitudinal 
prospective study (Cernak, 2013), and selected Kaiser Permanente longitudinal studies (Kaiser 
Permanente, 2013).  

Recommendation 5-9. The Department of Veterans Affairs should create a 
database linking Department of Defense records (particularly records that identify 
blast-injured service members) to records in the Veterans Health Administration, 
active-duty military treatment facilities, and TRICARE to facilitate identification 
of long-term health-care needs after blast injury. 

Recommendation 5-10. The Department of Veterans Affairs should conduct case-
control studies of select adverse outcomes to test for the potential contribution of 
blast to them. 

The case-control studies will be of particular value in incorporating biomarkers or other 
biologic signatures of blast that can be assessed retrospectively. The study design also will help 
to characterize clinically inapparent acute blast injuries.  
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Identifying Predictors of Risk of Blast Injury 

Screening tests on entry into the military (not only before deployment) should be helpful 
in gathering information on predictors of increased risk of blast injury. Before enlistment in the 
US military, applicants are required to undergo a physical examination, which includes height 
and weight measurements, hearing and visual examinations, urine and blood tests, muscle-group 
and joint maneuvers, drug and alcohol tests, a pregnancy test for women, and medical-history 
evaluation based on medical records or self-reported information (DOD, 2011). Specialized tests 
also may be required (for example, enlistees who are suspected of having epilepsy undergo a 
neurologic examination) (U.S. Army, 2011). Having any of a number of pre-existing health 
conditions may exclude a person from serving (for example, see the Army’s Standards of 
Medical Fitness; U.S. Army, 2011). 

Recommendation 5-11. The Department of Defense should determine whether 
existing screening tests administered during the physical examination conducted on 
enlistment can be used to measure susceptibility to blast injury, and if additional 
screening tests might be helpful in determining whether a service member has an 
increased susceptibility to blast injury.  

In making the determination, the following questions should be considered: 

 Do some biologic markers predict an increased risk of long-term effects of blast injury? 

 Which markers should be included? Some examples are genomic markers of 
susceptibility, baseline brain function and anatomy, baseline hearing function, and 
risk of alcohol and substance abuse. 

 What tests can be conducted? Some examples are auditory testing and ocular 
evaluation (contrast sensitivity, reading speed, and dry-eye quantification). 

 What investigative tests need to be developed? Some examples are DNA collection 
(such as genome-wide association studies and microarray assays) and brain imaging. 

 Do some clinical characteristics predict an increased risk of the long-term effects of blast 
injury? The characteristics might include demographic variables, medical history, 
psychologic and psychiatric history or symptoms, resilience, and social and family 
support. 

 Which clinical characteristics should be included? Some examples are early-life 
trauma, family history of psychopathologic conditions, social support, and perceived 
life threat during traumatic events. 

 What questionnaires should be given? Some examples are the Early Traumatic 
Inventory Short Form and the Adverse Childhood Experiences Form, comprehensive 
medical history, family history questionnaire, and social support questionnaire. 

 What investigative tests need to be developed? 

DISSEMINATION OF INFORMATION ABOUT BLAST INJURIES 

As part of its charge, the committee was asked to offer recommendations for 
disseminating information about the health effects of blast exposure throughout VA for the 
purpose of improving care and benefits provided to veterans. This section briefly discusses 
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relevant pieces of VA’s educational and communications infrastructure that could be used for 
that purpose with recommendations of ways to build on the existing infrastructure to improve the 
dissemination of information about the health effects of blast injuries.  

VA has in place several mechanisms for disseminating information to its clinicians and 
other health care team members, and the committee believes that the existing infrastructure can 
be used as the foundation for educating caregivers and others about health effects of blast 
exposure. It is important for VA health care teams to consider exposure to blast as a possible 
cause of a veteran’s health problems, and this is particularly true for veterans of the Iraq and 
Afghanistan wars. Proper diagnosis of health problems caused by exposure to blast will probably 
also lead to more effective treatment and equitable allocation of benefits  

VA has several clinical-practice guidelines (CPGs) and other documents related to blast 
injuries. The blasts and explosions VA–DOD general-guidance pocket guide (2004) provides 
guidance for clinicians on how to provide treatment in the immediate aftermath of an explosion. 
It also describes the types of injuries that are often associated with explosions. In addition, VA 
has developed CPGs for post-deployment health conditions, such as TBI and PTSD (VA and 
DOD, 2001, 2009, 2010). VA has published its method for disseminating and implementing its 
CPGs in Veterans Health Administration medical facilities (Nicholas et al., 2001; VA, undated). 
The method is summarized in Box 5-1. 

BOX 5-1  
Methods for Disseminating and Implementing Clinical Practice Guidelines in the 

Veterans’ Health Administration 

Implementation 

 Dedicate the necessary resources (for example, staff) to make the necessary changes 
happen. Leadership support, local ownership, and teamwork all are essential for 
successful implementation of guidelines.  

 Assess how current clinical practices compare to what is recommended in the guideline. 

 Develop an implementation action plan to close the gaps between current clinical practice 
and the guideline.  

 Test the implementation action plan in the clinical environment.  

 

Monitoring and assessing the implementation efforts 

 Choose appropriate measures. 

 Collect data. 

 Interpret the results. 

 Make changes as needed. 

 

Adoption 

 This final step in the implementation process is made by the leadership of the Veterans’ 
Health Administration. 

 

SOURCE: VA, undated. 

VA clinicians are given military health-history pocket cards that include guidance on 
questions to ask veterans (VA, 2013a). Although some of the questions that are currently asked 
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may lead a veteran to inform a clinician that he or she was exposed to blast (for example, “Did 
you see combat, enemy fire, or casualties?”), none of the questions mention blast specifically.  

VA’s Polytrauma and Blast-Related Injuries Quality Enhancement Research Initiative 
(PT–BRI QUERI) focuses on conducting research to improve health outcomes in veterans who 
have experienced TBI. Although other types of blast-related injuries—including auditory, ocular, 
respiratory, gastrointestinal, and renal injuries—are within its scope, they are not being 
investigated as far as the committee could determine (VA, 2013c). The PT–BRI QUERI works 
with VA’s Physical Medicine and Rehabilitation Program Office and disseminates its findings 
through the VA health care system via such groups as the VHA Screening Coordination 
Workgroup, the VA National Polytrauma Pain Subcommittee, the VHA Tele-rehabilitation Field 
Work Group, the Polytrauma Rehabilitation Center Family Care Collaborative, the DOD–VA 
Family Transition Task Force, the National Center for PTSD, the DOD Amputation Patient Care 
Program, and the Defense and Veterans Brain Injury Center.  

VA’s Simulation Learning, Education and Research Network (SimLEARN) provides 
continuing-education curricula and best practices on a variety of health care issues (VA, 2012). 
Local VA medical centers also offer training courses. However, none of the curricula offered at 
the national or local levels appears to address health effects specifically of exposure to blasts.  

VA’s National Center for PTSD offers a number of educational materials and other 
products for clinicians (VA, 2013b). Examples include continuing-education courses for both 
VA and non-VA employees, information on how to assess PTSD, and practice recommendations 
for treating veterans who have PTSD and comorbid conditions. 

Multiple other opportunities for dissemination of information to health-care team 
members about blast injuries exist in the VA health care system. For example, VA has been 
moving to the medical home model called PACTs, and each veteran entering the VA system is 
assigned to a PACT (Reisinger et al., 2012). Because of the multidisciplinary, team-based 
approach to providing medical care, PACTs are an ideal mechanism for increasing awareness 
about health effects of blast exposures. Additional mechanisms include the use of clinical 
champions to serve as internal resources for clinicians, and learning (peer) networks to facilitate 
sharing of information and skills related to managing health effects of blast exposures.  

Recommendation 5-12. The Department of Veterans Affairs (VA) should build on 
its existing educational and communication infrastructure to educate its clinicians 
and other health care team members further about the health effects of blast 
exposure. Specific actions should be taken to 

 Develop clinical practice guidelines (CPGs) for blast-related injuries other 
than traumatic brain injury (TBI) and posttraumatic stress disorder 
(PTSD). The CPGs should be developed in collaboration with the 
Department of Defense and ideally would be used by both departments. 

 Expand the focus of the Polytrauma and Blast-Related Injuries Quality 
Enhancement Research Initiative to include injuries other than TBI and 
PTSD. Blast injuries and rehabilitation after them should be viewed 
through a wide clinical lens.  
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 Offer continuing-education credit courses on blast injury through the 
Simulation Learning, Education and Research Network and other relevant 
educational forums.  

 Convene periodic state-of-the-science conferences (for example, every 2 or 
3 years) on the health effects of blast injuries. Such conferences would be 
convened ideally in collaboration with the Department of Defense, and 
possibly with selected professional associations, and the conference 
proceedings would be published (for example, in special issues or 
supplements of professional journals).  

 Establish a blast-injury literature clearinghouse or information repository 
that could be used as a resource for clinicians and researchers. It should be 
a joint effort of the VA and the Department of Defense.  

 Use such mechanisms as the patient aligned care teams, clinical champions, 
and learning networks to educate VA health care teams about the health 
effects of blast exposure. 

 Encourage clinicians to ask veterans specifically about exposure to blasts. 
Develop standard screening questions specific to veterans’ exposures to 
blast for integration into the VA electronic health record and as part of 
veterans’ military histories. The screening questions should be listed on the 
military health-history pocket card. 
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