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Abstract

This paper addresses a blast-related injury known as, “non-impact, blast-induced mild traumatic brain injury (mTBI).”  This injury was among the first blast-related injuries addressed by the newly-created U.S. Department of Defense (DoD) Medical Research Program for the Prevention, Mitigation, and Treatment of Blast Injuries in 2006.  Since then, the DoD has sponsored a significant number of medical research projects that are addressing various aspects of this injury; however, many questions about the existence and mechanisms of this injury still exist.  This paper attempts to build a case for computational modeling as a tool that can help to answer many of these questions.  This argument is based on the past experience of the U.S. Army Medical Research and Materiel Command (USAMRMC) in successfully applying biomedical research coupled with computational modeling to solve difficult blast injury problems.  In support of this argument, this paper defines the problem, describes a historical example of the successful application of biomedically-valid computational models of blast injury, describes specific initiatives of the USAMRMC’s DoD Blast Injury Research Program Coordinating Office (PCO) to fill the knowledge gaps associated with this injury, and emphasizes the importance of a multi-disciplinary research approach and biomedical validation of computational models.

1.0
INTRODUCTION

1.1
Scope and Objective

This paper is not a technical treatise on blast-related brain injury or on computational modeling.  Rather, it’s objective is to present, from a research program coordinator’s perspective, an argument in support of computational modeling as a means to help elucidate the mechanisms of non-impact, blast-induced mTBI that are needed to support the development of effective  protection strategies.  In building this argument, this paper will first describe the recognition of this injury within the context of the DoD Medical Research Program for the Prevention, Mitigation, and Treatment of Blast Injuries.  Next, it will offer a relevant historical blast injury modeling lesson in support of computational modeling as a means to help fill the critical knowledge gaps associated with this injury.  Finally, it will describe the specific actions taken by the DoD Blast Injury Research PCO at the USAMRMC to reach out to the worldwide community of scientists, engineers, and clinicians to identify and fill the knowledge gaps associated with this injury, and to advance the state-of-the-science in computational modeling of this injury.

1.2
Defining the Problem
In July, 2006, the USAMRMC sponsored the first DoD blast injury research planning meeting in anticipation of its formal assignment as the coordinating activity for the newly established DoD Executive Agency for Medical Research for the Prevention, Mitigation, and Treatment of Blast Injuries which was mandated by the U.S. Congress in the National Defense Authorization Act for Fiscal Year 2006[1].  Participants in this research planning meeting represented the DoD and other U.S. federal agencies, academia, and industry.  The purpose of this meeting was to identify critical blast injury knowledge gaps and to help develop and prioritize research approaches to fill these gaps.  Among the identified gaps was the statement, “determine whether there is a TBI associated with primary blast” [2]. This was the origin of the blast injury that has become known as, “Non-impact, Blast-induced mTBI.”  Non-impact blast exposures can occur when an individual is close enough to an explosion to experience the high pressures created by the blast itself but far enough away to avoid penetrating injuries caused by fragments and blunt impact injuries caused by debris or by whole-body translation[3]. 

In the years since this very first blast injury research planning meeting took place, the DoD has sponsored a vast number of medical research projects that have focused on all aspects of the prevention, mitigation, and treatment of blast injuries. While this research has made significant progress in advancing the state-of-the-science associated with a wide range of blast injury problems, the existence and mechanisms of non-impact, blast-induced mTBI remain elusive.  There is currently no consensus within the medical, scientific, and engineering communities on most aspects of this injury.  In fact, there is a continuing debate over the very existence of this injury, with some questioning whether it is even possible for blast overpressure (BOP) alone to cause an mTBI.  Furthermore, there is a lack of consensus regarding the mechanisms of this injury, or how BOP might interact with the human body to cause mTBI.  While many theories have been offered to explain the mechanism of this injury, no one theory has emerged as the consensus view.  Understanding the mechanism of any injury is paramount to the development of effective protection strategies because it is not possible to protect against an injury without knowing how the injury occurs in the first place.  Fortunately, history has shown that computational modeling can help advance our understanding of injury mechanisms and open the door to the development of effective protection strategies.
2.0
USING computational modeling to HELP FILL THE KNOWLEDGE GAPS
2.1
The Argument for Computational Modeling
The argument for computational modeling is founded upon a rich history of successful blast injury research conducted by the USAMRMC.  This research owes its success to a productive partnership among computational modellers, biomedical experimentalists, and materiel developers from the DoD, other government agencies, academia, and industry. In the late 1970s, an unforeseen problem threatened to halt the development, testing, and fielding of an effective weapon system.  Working together, these partners developed a mechanistic understanding of how BOP causes internal organ injuries, such as blast lung injury.  This interdisciplinary research approach successfully averted the cancelation of this weapon system, but more importantly, it paved the way for the development of biomedically-valid blast injury prediction models and performance standards that serve today as the basis for crew and personal protection system designs, as occupational exposure standards for blast-producing weapon systems, and as survivability assessment tools and metrics for combat vehicle crew survivability assessments.  These models, standards, tools, and metrics have prevented blast injuries and enhanced soldier survivability.  Based upon this historical example, the author suggests that a similar approach can be successfully applied to answering many of the fundamental questions about the existence and mechanisms of non-impact, blast-induced mTBI, and provide the basis for developing effective protection strategies.

2.2
A History Lesson in Support of Computational Modeling
In 1979, the developmental testing of the M198 Howitzer was halted when the measured levels of BOP produced by this weapon exceeded the U.S. military’s accepted criterion for internal organ injuries, referred to as non-auditory injuries [4].  The implementing standard that contained this injury criterion prohibited anyone, including the weapon testers, from being exposed to BOP levels in excess of this criterion.  Prior to 1979, weapon systems generally produced BOP levels well below this injury threshold, so the validity of this non-auditory injury criterion was not challenged.  However, in 1979, the M198 developer turned to the Army medical research community with questions about this criterion’s validity and for advice on the true hazard associated with BOP exposures that exceed this criterion.  In response, the USAMRMC launched a series of studies that determined that BOP exposures well above the established criterion were safe for weapon crewmen.  The M198 development resumed and an effective weapon system was fielded and remains in use today.

The M198 studies marked the beginning of the USAMRMC’s blast injury research program that focused on the development of a biomedically-valid BOP non-auditory injury criterion to replace the criterion that halted the M198 developmental testing [4].  The USAMRMC blast injury research program spanned nearly two decades, from 1980 to 1998.  Whereas previous blast bioeffects research programs, dating back to the 1950s, focused on lethality, the USAMRMC program focused on injury.  This research program centered on blast injury tests with large animals exposed to a wide range of blast conditions, including blasts in the free-field and in enclosures.  The research identified gas filled organs as the most susceptible to blast injury.  Among these organs, the lung was selected as the sentinel for blast injury because of the serious effects of even moderate lung injury on health and performance.

The USAMRMC turned to computational modeling to help elucidate the mechanisms of blast lung injury.  Biomedical experimentalists from the USAMRMC’s laboratories worked in partnership with an extramural blast injury modeling partner.  The experimentalists conducted large animal injury tests that produced the injury data necessary for the development and validation of the computational model.  Through this partnership, the USAMRMC developed a mechanical model of blast lung injury that established normalized work done by the chest wall on the lungs as the injury correlate [4].  The cornerstone of this research program was its emphasis on injury mechanisms and biomedical validation of the computational models.

The USAMRMC’s blast lung injury computational model has found many uses since it was first developed.  The Army medical community has used it for more than a decade to assess health hazards associated with the use of weapons systems.  The Army’s test and evaluation community uses it to evaluate vehicle occupant survivability in live-fire tests.  It was used by the U.S. Air Force to assess blast injury risks to fighter aircraft crewmen during ejection.  The Army’s body armor development community is using it to explore new concepts for individual blast protection.  And, the U.S. Navy is exploring its utility in assessing injuries from unique shipboard blast conditions.  Just as computational modeling has made it possible to understand the mechanisms of blast lung injury, and to guide the development of effective protection strategies, it is reasonable to think that computational modeling can help unlock the mysteries surrounding non-impact, blast-induced mTBI.

3.0
DOD BLAST INJURY RESEARCH PROGRAM Initiatives TO HELP FILL THE KNOWLEDGE GAPS
3.1
Relevant Roles and Responsibilities of the Program Coordinating Office
In 2007, the Commander of the U.S. Army Medical Command directed the creation of the DoD Blast Injury Research PCO at the USAMRMC to coordinate the newly-established DoD Executive Agency for Medical Research for the Prevention, Mitigation, and Treatment of Blast Injuries.  The PCO’s mission is to coordinate the activities of the U.S. Army, Navy, Air Force, and other DoD organizations that conduct or sponsor blast injury research.  In addition to coordinating the activities of these DoD organizations, the PCO is also responsible for coordinating with other U.S. federal agencies, academia, industry, and other nations who can help solve the many difficult blast injury problems facing the DoD.  

Among the many key functions of the PCO is its responsibility to help identify blast injury research knowledge gaps and to recommend research priorities that can fill these gaps.  To carry out this responsibility, the PCO established the International State-of-the-Science (SoS) Meeting Series to address specific blast injury topics of concern to the DoD.  Noting the significant knowledge gaps associated with non-impact, blast-induced mTBI, and observing the lack of consensus among the scientific, medical and engineering communities about the existence and mechanisms of this injury, the PCO chose this particular injury as the topic for its first SoS meeting that took place in 2009.

3.2
State-of-the-Science Meeting
The PCO, in coordination with the Defense Centers of Excellence for Psychological Health and Traumatic Brain Injury, hosted the International State-of-the-Science Meeting on Non-Impact, Blast-Induced mTBI to critically examine research focused on the relationship between blast exposure and non-impact blast-induced mTBI, and to review proposed injury mechanisms [5].  This meeting was attended by more than 75 experts representing the DoD, the U.S. Department of Transportation, the U.S. Department of Veterans Affairs, academic institutions, and industry.  Other nations were also represented, including Canada, Japan, the Netherlands, and Sweden.

The first day-and-a-half of this meeting consisted of a series of 28 short presentations by scientists, engineers, and clinicians covering a wide range of relevant topics, including blast physics and mathematical modeling, animal models of blast-related brain injury, and neurocognitive studies in humans.  A four-member panel of accomplished and respected scientists listened to these presentations and facilitated discussions among the participants.  On the second day of this meeting, participants divided into four workgroups led by the panel members.  All four workgroups were asked to answer the same questions:  (1) Is non-impact blast exposure associated with a physical mTBI? (2) Is there substantial evidence to support one or a combination of mechanisms as the most plausible explanation for how non-impact blast exposure is associated with mTBI? (3) What research questions warrant further study, and will close the knowledge gaps regarding any association between non-impact blast exposure and mTBI? (4) How can researchers standardize research methods to facilitate research synthesis of comparable studies?

With the help of the workgroups, the expert panel concluded that there is evidence from clinical and animal studies that non-impact, blast-induced mTBI can occur; however, there are significant limitations to the supporting evidence.  For example, with only one suspected case of a soldier with non-impact, blast-induced mTBI at the time of this SoS meeting, there was a paucity of clinical data.  Furthermore, there was a lack of detail relating to the blast exposure conditions relating to this suspected case.  There were many animal studies that suggested the existence of this injury, but these too had significant limitations.  For instance, there were questions about the relevance of laboratory animal blast exposures with respect to real-life combat blast exposures.  Also, it appeared that most of the animal studies actually produced more serious brain injuries, and not the desired injury endpoint of mTBI.  Finally, as in the case of all animal studies, there were questions about the validity of the scaling methods used to translate the responses observed in animals to the responses expected in humans.  Clearly, this meeting produced more questions than definitive answers about the existence of this injury, and confirmed the need for continuing research.

With respect to the mechanisms of injury, the panel concluded that there was insufficient evidence to support any one or combination of blast insults and physiological responses as the most plausible explanation for the association of non-impact blast exposure with mTBI.  Meeting participants suggested several possible blast insult mechanisms that may cause this injury, including shock waves, toxic gases, electromagnetic pulses, and acceleration.  They also suggested several biomechanical and physiological responses that may explain this injury, including skull flexure, vascular surge, cavitation, shock wave-induced piezoelectric electromagnetic alterations, vasospasm, hemorrhage/micro-bleeds, intracranial pressure, neuronal damage, inflammatory responses, and alterations in neurotransmitters.  However, there was no consensus on any one or combination of these insults and responses to explain the mechanism of this injury.  Given these findings, the panel concluded that there are insufficient data on the nature of non-impact, blast-induced mTBI to make recommendations on how to better protect soldiers.  These findings also suggested that there are more questions than answers associated with the mechanism of this injury, and supported the need for continuing research.
This meeting included several presentations by computational modellers who had applied their modeling expertise and sophisticated modeling tools in developing computational models to help explain this injury.  Notwithstanding the sophistication of these models and the expertise of their developers, the panel noted the lack of model validation needed to establish confidence in these models. The panel also recognized the potential value of validated models in helping to fill the knowledge gaps associated with this injury.  Consequently, the panel recommended the development of validated computational models of non-impact, blast-induced mTBI, including high-rate constitutive models for tissue response and cavitation phenomena, and methodologies for multiscale modeling for coupling biomechanics and pathophysiology.  The panel also emphasized the importance of encouraging research interactions between clinicians, engineers, and other disciplines.

3.3
Dod Brain Injury Computational Modeling Expert Panel
Armed with the findings and recommendations from the first SoS meeting, the historical knowledge of past blast injury modeling successes,  and a firm belief that physiology-based computational models of blast-related head injury may provide a framework to understand injury mechanisms, guide experimental testing, interpret data, and scale animal data to humans to study both blast-induced TBI mechanisms and effectiveness of protection strategies, the PCO established the DoD Brain Injury Computational Modeling Expert Panel in 2010. The objective of the Panel was to assess the state-of-the-science in computational models of non-impact blast-induced mTBI and to help the PCO coordinate ongoing DoD research efforts to accelerate the development of a biomedically-valid computational model of this injury.  

Recognizing the finding from the SoS meeting regarding the importance of encouraging research interactions between clinicians, engineers, and other disciplines, the PCO configured the Panel as an interdisciplinary team of scientists, engineers, and clinicians, from government agencies, academic institutions, and industry.  The PCO Director and Deputy Director co-chaired this 20-member panel whose members represented the following organizations and institutions:  Walter Reed Army Institute of Research, Johns Hopkins University Applied Physics Laboratory, Indian Head Naval Surface Warfare Center, U.S. Department of Veterans Affairs, University of California Santa Barbara, U.S. Army Research Laboratory, U.S. Army Research Office, Oak Ridge National Laboratory, Defense and Veterans Brain Injury Center, Lawrence Livermore National Laboratory, CFD Research Corporation, Massachusetts Institute of Technology, University of Pennsylvania, L-3 Communications/Jaycor, National Highway Traffic Safety Administration, Wayne State University, Edward Hines, Jr. VA Hospital, National Institute for Neurological Disorders and Stroke, DSO National labs (Singapore), and Defence Research and Development Organization (India).  

The Panel was charged with addressing a wide range of recognized challenges relating to the computational modeling of non-impact, blast-induced mTBI.  Among these are the lack of mechanical constitutive models of brain tissue damage, numerical difficulties in solving head/brain biomechanics equations using finite element methods; difficulty in simulating long-time transient brain biomechanics during secondary injury development, such as edema, hematoma, and herniation; difficulty in modeling impact between brain and cranium; inability to model brain-cerebrospinal fluid-cranium interaction; inability to properly account for the presence of large cerebral blood vessels, bridging veins, and brain perfusion; lack of adequate models of tissue material failure; and lack of validated constitutive models for material properties of brain tissue, particularly for large strain rates and for perfused tissue.

In addition to addressing these recognized challenges, the Panel was also tasked to identify data requirements for model development and validation; determine characteristics for development of an ideal computational model for blast induced mTBI; address issues such as anatomical and geometrical models for animals and humans, live tissue material properties, coupling of computational fluid and structural dynamics, coupling blast to human body responses, and coupling brain solids and fluids; assess relevant ongoing DoD-sponsored research efforts and identify promising discoveries; develop TBI community benchmarks; recommend model validation strategies; and identify new research gaps. 

As of this writing, the Panel has met four times and plans are underway for the fifth and final meeting in September, 2011.   The first four meetings focused on assessing the current state-of-the-science to confirm recognized knowledge gaps, to identify new ones, and to formulate recommendations for specific studies that can fill these gaps.  During these meetings, the panel heard presentations from invited subject matter experts (SMEs) representing scientific, medical, and engineering disciplines.  These SMEs presented information on a wide range of topics that the Panel felt would help them to better understand the current state of computational models of TBI, and to identify specific areas needing additional research.

During the first Panel meeting, the author, a Panel Co-Chair, challenged the members to answer the following question:  What does the term “valid” mean with respect to computational models?  Among the wide range of very challenging questions relating to this topic, this seemingly simple question proved to be very difficult to answer.  It is also the most fundamental question that must be answered before we can advance the state-of-the-science on this topic.  After deliberating on this question, the Panel achieved consensus on the following list of 12 characteristics and capabilities that a “valid” computational model for non-impact, blast-induced mTBI would have to posses: (1) be anatomically and pathophysiologically correct; (2) exhibit consistent material and biological properties; (3) answer the problem as proposed; (4) be based on experimental data using animal models; (5) be field consistent; (6) have a well-defined framework, including carefully defined nomenclature and taxonomy; (7) be scalable to humans and eventually multiscaled; (8) accurately predict injury in animals; (9) be capable of corroborating in vitro and in vivo models (10) incorporate input and guidance from the medical community; (11) include the concept of coupling fields; and (12) have the ability to capture empirical data.  Together, these 12 characteristics and capabilities formed the Panel’s working definition of, “valid computational model of non-impact, blast-induced mTBI.”      

The second, third, and fourth Panel meetings each focused on specific aspects of brain injury modeling.  The second meeting focused on modeling at the cell, tissue, and organ levels to understand injury mechanisms.  The third meeting focused on animal modeling, the modeling efforts of the U.S. Department of Transportation, the epidemiology of blast injury, and clinical aspects of mTBI.  The fourth meeting focused on soft tissue modeling and biomechanics-related challenges, such as solving brain biomechanics equations using finite element methods for soft tissue.  Also, during the fourth meeting, the Panel members formed four groups.  Each group will formulate ideas for an “ideal” research roadmap that can produce a biomedically-valid computational model of non-impact, blast-induced mTBI.  These “ideal” roadmaps will include recommendations for specific studies required to reach the desired end point.  The four groups will present their roadmaps at the final meeting.

The Panel will finalize its list of knowledge gaps, recommended strategies to close these gaps, and “ideal” research roadmaps after the final Panel meeting in September, 2011.  In the meantime, several key gaps and recommendations are emerging from the Panel’s deliberations and are worth noting here; however, these should be considered preliminary, pending the Panel’s final deliberations.  Among the key gaps that the Panel has identified are:  (1) the lack of criteria for animal models that reproduce mTBI; (2) the lack of validated constitutive models for the material properties of brain tissue, skull, and cerebrospinal fluid (CSF), particularly for large strain rates and for perfused tissue; and (3) the lack of mechanical dose-response models of brain tissue dysfunction.  Among the key recommendations that have emerged from the Panel’s deliberations are: (1) share computational models as well as experimental test data among modellers; (2) conduct whole animal experiments since cells often behave differently in vivo versus in vitro; and (3) create DoD-defined animal studies designed to validate the computational models; (4) develop benchmark-loading paradigms to facilitate model comparison and validation; and (5) establish multiple animal models that reliably address well-defined questions relevant to the medical problem.

This series of Expert Panel meetings is intended to thoroughly assess the state-of-the-science in computational models of non-impact, blast-induced mTBI, to identify specific knowledge gaps, to recommend specific studies that can close these gaps, and to present these recommendations in an “ideal” research roadmap that can inform DoD-sponsored research programs, and yield a biomedically-valid computational model that can be used to guide the development of effective protection strategies.  The Panel’s final conclusions and recommendations will be captured in a detailed report by the PCO. 

4.0
CONCLUSIONS
The DoD faces many, serious blast injury problems.  Among these is an injury known as non-impact, blast-induced mTBI.  In spite of a concerted effort to determine the existence and mechanisms of this injury through a significant number of DoD-sponsored medical research projects, many significant knowledge gaps remain to be filled. In fact, it is fair to say that more is unknown about this injury than is known.

History has shown the value of biomedically-valid computational models in helping to elucidate the mechanisms of blast injury, and in helping to assess injury risks, evaluate Warfighter survivability, and develop effective blast injury protection systems.  History has also demonstrated the importance of reaching out to a diverse community of scientists, engineers, and clinicians who can bring unique skills and knowledge to bear in solving the most difficult blast injury challenges.

With an understanding of the knowledge gaps associated with non-impact, blast-induced mTBI, and of the historical lessons learned in solving other, difficult blast injury problems, the PCO has established an Expert Panel of recognized scientists, engineers, and clinicians to help shape the application of computational modeling tools to fill the knowledge gaps associated with non-impact, blast-induced mTBI, and to guide the development of effective strategies to prevent or mitigate this injury. 

5.0
DISCLAIMER  

The views expressed in this paper are those of the author and may not necessarily be endorsed by the U.S. Army or U.S. Department of Defense.
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