Epidemiological Study No. 2:  PrOspective Investigation of Neurobiopsychosocial Effects and Outcome Associated with mTBI Exposure in OEF/OIF Service Members (POINT)
1.x.1
Background
 and Significance

The TBI Problem:  The incidence of traumatic brain injury (TBI) among United States service members deployed to Operation Enduring Freedom (OEF) and Operation Iraqi Freedom (OIF) is reportedly the highest of any military conflict in U.S. history.1-2  As in the civilian sector, the overwhelming majority (>75%) of TBIs in OEF/OIF are categorized as non-penetrating mTBI (mTBI). Several factors contribute to the unprecedented rate of mTBI in OEF/OIF, particularly the high frequency of explosive or blast attacks{Warden, 2006 #15014}.  A pressing scientific question is whether blast exposure creates a unique mechanism of traumatic brain injury that significantly alters the long-term recovery and outcome as compared to conventional forms of mTBI. 

Chronic Effects of mTBI:  The high prevalence of both conventional and blast-related mTBI drives widespread concern about potential long-term disability from these injuries in OEF/OIF service members.  A sizable subset of individuals affected by mTBI are eventually diagnosed with Postconcussion Syndrome (PCS), characterized by a constellation of chronic cognitive, emotional, and physical symptoms that significantly impair their daily function for many months to years after mTBI.{Hoge, 2008 #15063;Terrio, 2009 #15351;Benge, 2009 #15319;Schneiderman, 2008 #15538}  The neural basis for chronic symptoms and causal biological link to mTBI remain unclear, both in blast and impact mTBI.  
Association and Causality of Chronic Effects:  While prior research has delineated the pathophysiology that produces the acute signs and symptoms{Giza, 2001 #13092}, an array of factors have been associated with persistent self-reported PCS symptoms [e.g., injury severity, comorbidities, social-psychological factors, or legal factors] (see review in Iverson{Iverson, 2007 #14947} The debate about the relative contribution of neurobiological versus psychosocial factors in predicting outcome after mTBI continues to rage.   In a military setting, mTBI is often associated with exposure to emotionally traumatic events and co-occurring physical injuries. Service members from OEF/OIF who have sustained an mTBI and report PCS symptoms often have comorbid PTSD, depression, anxiety, somatoform disorders, substance abuse, sleep disturbance, and chronic pain.
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  In particular, PTSD and depression are considered to significantly influence risk of PCS symptom reporting after mTBI. To date, although many researchers have examined a single or a small number of injury-related and psychosocial factors that can influence or predict chronic symptom reporting after mTBI, there have been no prospective studies to comprehensively assess neurobiological, genetic, psychological ,social and environmental factors that predict recovery and outcome after mTBI exposure in a military population.

Risks from Repetitive Exposure: Beyond the acute effects of a single mTBI, a growing body of evidence suggests that repetitive mTBI or cumulative subconcussive exposure may be associated with increased risk of chronic neurologic, neuropsychiatric and neurodegenerative disease{Gavett,  #15452}. The distinctive neurodegenerative syndrome described in pathological studies of retired athletes and associated with repetitive concussion is known as chronic traumatic encephalopathy (CTE){McKee, 2009 #5}. CTE has also reportedly been identified in a small number of military veterans who are considerably younger than the athletes described in the literature{Omalu,  #15456}.  Based on the accumulating evidence, there is increasing concern is that repeated blast exposures with mTBI increases the risk of cognitive decline, neurologic problems, and CTE.  Recent reports from our group and others indicated that service members who experienced multiple subconcussive blast exposures also show abnormalities on advanced neuroimaging 6-7 It remains unclear whether OEF/OIF service members exposed to repetitive subconcussive injury from blast or impact  might also have increased risk for developing cognitive decline, chronic comorbidities, or neurodegenerative disease.
Neural Mechanisms of Chronic mTBI:  Biomechanical forces acting on axons and microvasculature, producing damage by differential accelerations and stretching of structures of different densities (e.g. white matter is more dense than grey matter), constitute primary brain injury mechanisms{Kiraly, 2007 #5633}. It is now widely accepted that the progression to chronic functional impairments following mTBI is not only the direct result of the acute injury following an impact or blast exposure, but also mediated by a host of secondary mechanisms of injury. Secondary mechanisms are responsible for a cascade of neuronal and axonal pathologies that determine the patient’s overall clinical outcome. Understanding these secondary mechanisms provides insights into selecting hypothesized genetic, neuroimaging, and other biological and environmental predictors of long-term neuropsychological sequelae.{Goldstein, 2012 #5313,Morey, 2012 #5028} Thus, selection of candidate markers are informed by the major pathways that contribute to secondary tissue injury such as excitotoxcity, inflammatory infiltration, Aβ deposition, calcium dyshomeostasis, oxidative stress, cyctoskeletal dysfunction, and other mechanisms 
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Chronic Risk of TBI and proteinopathy:  Prior work has established that history of TBI is one of the strongest epigenetic risk factors for Alzheimer’s disease (AD) and can accelerate the onset of AD{Sullivan, 1987 #5878}.   That work pertained mostly to the linkage between moderate/severe TBI and late life risk of neurodegenerative disease.  The pressing concern now is whether exposure to mTBI or repetitive subconcussive head impacts may increase risk for dementia, or CTE.  Recent evidence from repetitive mTBI (e.g., sport-related concussion) is emerging, but the role of blast exposure, particularly repetitive blast exposure, is less certain.  While the beta-amyloid precursor protein (beta-APP) is neuroprotective, its fibril-inducing form, amyloid beta-peptide (Aβ), derivative of beta-APP, is toxic to neuroglia and plays a major role in neurodegenerative changes following a variety of injuries, including trauma and stroke {Kiraly, 2007 #5633}.  The deposition of fibrillar Aβ plaques is a pathognomonic finding in AD. In contrast to the well-characterized formation of Aβ plaques after TBI, comparatively little is known about how total brain concentrations of Aβ, including both soluble and oligomeric forms of the peptide, vary following injury {Johnson, 2010 #5879}.  Amyloid markers  in the cerebrospinal fluid and on positron emission tomography (PET) signify the earliest detectable evidence in progression to AD, but plateaus long before the clinical onset of illness {Frisoni, 2010 #5654}. The advent of 18F florbetapir imaging Aβ with positron emission tomography (PET) provides a viable alternative to study the pathophysiology of CTE and neurodegenerative changes associated with mTBI exposure in live humans, rather than relying on postmortem pathology studies. 
Military veterans with a combination of blast exposure and/or concussive injury and young-adult athletes with history of concussive injury show a CTE-linked tau neuropathology, including multifocal perivascular foci of neurofibrillary and glial tangles that were immunoreactive for phosphorylation-independent (Tau-46) and phosphorylation-dependent (CP-13) tau epitopes 
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 in post-mortem brains. This blast associated CTE-linked tau neuropathology was indistinguishable from the tau neuropathology, neuroinflammation, and neurodegeneration observed in the brains of young-adult athletes with histories of repeated concussive injury 
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. Similar neuropathological findings have been detected in mice with a single exposure to blast concussion. Biomarkers in CSF measured Olympic boxers within 6 days of  a bout include neurofilament light protein (NFL), a marker of subcortical myelinated axons 12, total tau (T-tau), a marker of cortical axons 
 ADDIN EN.CITE 
13
, glial fibrillary acidic protein (GFAP) 14 and S-100B as markers of astroglial cells 15. The NFL and GFAP remained elevated after a 14-day rest period 
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. The ability to detect tau neuropathology with CSF markers following blast-related mTBI particularly in the symptomatic chronic stage remains an open question.
Regional Volumetry and Cortical Thickness:  The first brain regions affected by AD associated NFT pathology are the entorhinal cortex and the hippocampus in the medial temporal lobe. The hippocampus, easily identifiable using volumetric structural MRI {Morey, 2009 #1321}, is an important marker of AD. Such hippocampal quantitative volume measurements are highly predictive for conversion to AD and represent an approximate surrogate of the stage and severity of neuronal pathology (neuron loss, neuron shrinkage and synapse loss) that accompany AD {Frisoni, 2010 #5654}. Voxel-based morphometry (VBM) studies of grey matter loss in both AD and MCI demonstrate that the topographical distribution of gray matter loss closely mirrors the spatial distribution of neurofibrillary pathology. With virtually no plaque burden, the combination of both amyloid imaging and hippocampal volume measurement have better sensitivity to detect AD pathology than either method alone{Jack, 2008 #5628}. In contrast to Aβ, the NFT associated atrophy remains correlated with disease severity and functional /metabolic markers until the very late stages of the disease. Measurements performed between baseline and 12 months on patients with mild cognitive impairment who would develop Alzheimer dementia showed thinning in the range of 0.5 mm in the medial temporal cortex and frontal, parietal and temporal neocortices, with relative sparing of the sensorimotor strip and visual cortex {Frisoni, 2010 #5654}. To our knowledge there are no studies to data demonstrating cortical thinning in relation to tau neuropathology. Measures of cortical thinning using automated classification approaches to assess the overall pattern of atrophy seem to show promise for the diagnosis of AD bur remain unexplored in relation to CTE which is a tauopathy. 
mTBI and White Matter Integrity: Injury of white matter plays a major role in the pathophysiology of mTBI. White matter damage is typically not discernable using conventional T1 or T2-weighted MR imaging {Kraus, 2007 #1380}. However, diffusion tensor imaging (DTI) provides qualitative information about the integrity of white matter 
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. The most recent studies show widespread loss of white matter integrity in mTBI 
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 marked by differences in  fractional anisotropy (FA) and a pattern of damage from blast described as a pepper-spray {Moore, 2009 #4401}. There is evidence of this widespread pattern appearing in the chronic stage initially at one month and extending further at one year following mTBI {Yang, 2011 #4400}. Psychological stress associated with TBI involves excitotoxicity that is also implicated in blast related TBI. Thus, comorbid PTSD and mTBI has been speculated to result in a “double hit” effect {Stein, 2009 #2953}, but this association remains controversial 7, 22. A causal link between secondary mechanisms of injury and the recent evidence of diffuse and widespread pattern of white matter damage remains to be established despite mounting evidence in animal models.

mTBI and Functional Brain Connectivity: Resting-state functional MRI techniques have been applied to a diverse array of complex systems and are useful in characterizing the diffuse network alterations in functional brain organization associated with mTBI. The functional connectivity approach uses correlated neural activity between voxels over time to make inferences about the functional organization of the brain {Biswal, 2010 #5592}. Complex network analysis provides a description of important properties by quantifying network topology using measures from graph theory {Rubinov, 2010 #5656}.  Voxelwise group comparisons have found abnormal functional connectivity in several brain networks after mTBI, including substrates of visual processing, motor, limbic, and executive functions. Abnormalities not only included functional connectivity deficits, but also enhancements, possibly reflecting compensatory neural processes. Postconcussive symptom severity has been linked to abnormal regional connectivity in a variety of networks with notable connectivity differences with anterior cingulate cortex {Stevens, 2012 #5599}. The modulation of the instrinsic functional-network organization of the brain following mTBI shows significant promise in understanding the neural mechanism of mTBI, but requires further study.

Genetic modulators of brain changes and long-term sequelae:  A number of candidate genes have been implicated in early progression to mild cognitive impairment and dementia with ApoE4 being the most strongly implicated {Dardiotis, 2010 #5562}. The ApoE4 isoform was found to bind Aβ peptides with a higher avidity, and to promote more rapid aggregation into amyloid fibrils {Strittmatter, 1994 #5612}. The ApoE4 isoform is associated with neurotoxicity and  neurodegeneration, inflammation, mitochondrial dysfunction, impairment of the antioxidative defense system, increased intracellular calcium, disruption of cholinergic transmission, dysregulation of the neuronal signaling pathways, and apoptosis {Mahley, 2006 #5613}. Several candidate genes first identified by genome wide association studies (GWAS) include amyloid precursor protein (APP), presenelin-1, presenelin-2 
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, CD33 gene ( regulate functions of cells in the innate and adaptive immune systems), ABCA7 (ATP-binding), EHPA1 (ephrin receptor A1),  and MS4A (membrane-spanning 4A gene), and several others {Feulner, 2010 #5549}. Other candidate genes regulate secondary mechanisms of brain injury such as the inflammatory cascade that is modulated by IL-1α, IL-1β and IL-6 genes. The p53 gene is critical to regulating apoptotic cell death after TBI and decreased expression of survival-promoting proteins. Neprilysin is a protease enzyme found to play an important role in the degradation of Aβ protein and decreased in cerebral cortex and CSF in cases of early Alzheimer disease. Angiotensin converting enzyme (ACE) insertion/deletion polymorphism mediates the local production of angiotensin II that can induce neuronal damage because its proinflammatory properties and role in the generation of reactive oxygen species {Rodriguez-Pallares, 2008 #5614}.  While recent evidence demonstrates progression of repetitive concussive injury to CTE, relatively little is known about the interaction of putative dementia genes with important environmental exposures such as combined blast and concussive injury. 
Integrated Neurobiopsychosocial Model of mTBI (IF SPACE ALLOWS, A FIGURE OF THE NBPS MODEL WOULD BE VERY EFFECTIVE HERE):  The accumulation of research to date clearly supports a multi-dimensional approach to studying the pathophysiological, clinical and environmental factors that influence the risk of chronic effects associated with mTBI exposure.  To that end, we propose a neurobiopsychosocial model to study an array of biological, genetic, neuroimaging, and environmental  factors for their relevance to neuropsychological, behavioral, and functional outcomes associated with mTBI exposure in OEF/OIF service members.  The proposed study will mark the most definitive investigation of chronic mTBI in a military population to date.  This work is predicted to yield valuable translational information to drive future development of novel neuroprotective and neuroregenerative therapies to treat or prevent chronic effects, improve functional outcome, and reduce disability associated with mTBI in OEF/OIF veterans.  

1.x.2
Objectives, Specific Aims, & Hypotheses
:

In keeping with the neurobiopsychosocial model of mTBI, the overarching objectives of this study are to:
a) identify factors that contribute to the chronic sequelae and comorbidities associated with mTBI exposure in OEF/OIF service members; 

b) ascertain the underlying causal mechanisms of these associations; 

c) identify neuroimaging and genetic predictors that will assist in the stratification of risk for poor long-term outcome after mTBI exposure; 

d) develop a multidimensional, neurobiopsychosocial model that is able to empirically predict functional outcome after mTBI exposure; and,

e) identify vulnerability factors for future progression to chronic neuropsychological sequelae versus factors associated with resilience to impairment following neurotrauma.  
Implicit in these objectives are certain assumptions and accepted standards in scientific research. First, establishing an association between mTBI and a particular sign/symptom/disorder requires careful characterization of the exposure event (mTBI) as well as controlling for other factors that could be confounded with the mTBI exposure (e.g. deployment and/or combat exposure).  Second, inferring causal links between an event (mTBI) and a sign/symptom/disorder requires the demonstration of a strong association, a high degree of specificity of that association, a dose-response relationship (i.e., higher frequency or severe of exposure is correlated to worse outcome), a plausible neurobiological mechanism, and demonstration of a reliable biomarker of the linkage mechanism. Third, outcome after mTBI is not a dichotomous variable (good vs. bad) but rather multidimensional, with degree of and time since exposure playing a critical role.  The specific scientific aims and respective hypotheses for this study are as follows:  

1) Specific Scientific Aim 1 – ASSOCIATION:  To determine and characterize the specific and indirect associations (onset, prevalence, severity) between mTBI exposure, and chronic postconcussive sequelae and co-morbid conditions in OEF/OIF service members.

Hypothesis 1:  There will be a higher frequency and severity of chronic postconcussive symptoms and comorbid conditions (e.g., neurologic disorders, cognitive impairment, psychological disorders, sleep disturbance, chronic pain) in OEF/OIF service members exposed to mTBI than in OEF/OIF service members with no history of mTBI exposure. 

2) Specific Aim 2 - CAUSALITY:  To establish the strength of evidence supporting causal links between exposure to mTBI, chronic postconcussive sequalae, and comorbidities in OEF/OIF service members. 

Hypothesis 2:  A subset of outcomes associated with exposure to mTBI (e.g. development of depression, PTSD, cognitive complaints/deficits; sleep disturbance) will display characteristics strongly suggestive of a causal link to mTBI, including specificity of response, dose-response traits, biological plausibility, and reliable biomarker indicators.

3) Specific Aim 3 – PREDICTIVE BIOMARKERS:  To identify genetic, CSF, MRI, and PET biomarkers of a biologically-plausible link between mTBI and chronic sequelae that are predictive of risk for chronic impairment following mTBI exposure in OEF/OIF service members. 

Hypothesis 3:  We hypothesize (i) candidate markers for neuroimaging, CSF, and genetic can be selected from established markers of chronic neurodegenerative diseases (e.g. CTE, AD) and from established markers regulating secondary mechanisms of injury (ii) candidate gene, CSF, and neuroimaging (MRI and PET) markers will be able to stratify mTBI into vulnerability for future progression to chronic neuropsychological sequelae versus resilience to impairment following neurotrauma; (iii) the presence of neuroprotective markers that confer resilience following neurotrauma could inform development of novel neuroprotective and neuroregenerative therapies.

4) Specific Aim 4 – NEUROBIOPSYCHOSOCIAL OUTCOME MODEL:  To develop a multidimensional, neurobiopsychosocial model that is predictive of global functional outcome (on a  continuum from highly favorable to very poor) after mTBI, and that drives development of interventions to improve long-term outcome in OEF/OIF service members affected by mTBI.

Hypothesis 4:  A multidimensional combination of premorbid, injury exposure, genetic, biological, psychological and social factors will discriminate a sub-group of OEF/OIF service members with poor outcome after mTBI (chronic functional impairment > 12 months) from those with favorable outcome (full functional recovery < 3 months) and those with no mTBI exposure.  

1.x.3
Supporting Data and Pertinent Experience: 
[image: image1.emf]Association Between Multiple mTBI and Chronic Postconcussion Symptoms:  Our team (Co-I McCrea) has previously investigated the relationship between mTBI exposure  and risk of increased postconcussion symptom.  Figure X illustrates a stepwise increase in the level of chronic postconcussive symptoms based on number of prior concussions in a sample of more than 9,000 high school and college athletes.  These data reflect the level of chronic symptoms reported athletes during a healthy state at time of baseline testing, not after an mTBI event.  

[image: image2.emf]Association Between Repetitive mTBI and Longterm Risk for Cognitive Decline: We have also investigated the relationship between mTBI history and risk of mild cognitive impairment (MCI) and Alzheimer’s disease in retired professional football players with previous head injury exposure{Guskiewicz, 2005 #12784}.  In our 2005 study, we found a significant association between recurrent concussion and clinically-diagnosed MCI and self-reported memory impairments.  Retired players with three or more reported concussion had a five-fold prevalence of MCI diagnosis and a three-fold prevalence of reported significant memory problems compared with subjects who had no prior history of concussion (see Figure Y).  A separate report also indicated a similar stepwise increase in the association between number of prior mTBI events and incidence of clinical depression among retired professional football players{Guskiewicz, 2007 #15523}.  

Neuropsychological Outcome and Comorbidities in After mTBI:  Our investigative team has extensively examined the influence of injury-related factors and comorbid conditions on postconcussion symptom reporting and neurocognitive outcome following mTBI in OEF/OIF veterans.  Our studies indicate that approximately 50% of soldiers studied meet the criteria for postconcussion disorder (PCD) within 3 months of mTBI and about 20 to 50% met DSM-IV criteria for PCD spanning 1-5 years postinjury.  More complex is the course of symptoms during the chronic phase, as some show improvement in their symptoms but a significant percentage (17-28%) who did not have PCD within 3 months of injury subsequently develop PCD anywhere from 1-5 years later.   Additional work from our group (Lange, French, Iverson) indicates a significant influence of comorbidities in OEF/OIF veterans (depression, PTSD, substance abuse, response bias) contributes to symptom reporting and poorer neurocognitive test performance in OEF/OIF veterans exposed to mTBI.
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White matter integrity in chronic mTBI:  Loss of white matter integrity is widely considered to play a major role in the clinical phenomenology of mTBI {Arfanakis, 2002 #1346} In our analysis (Co-I Morey), OEF/OIF service members with mTBI (n=30) with comorbid PTSD and depression and non-TBI participants from primary (n=42) and confirmatory (n=28) control groups were assessed with high angular resolution diffusion imaging (HARDI). White matter-specific registration followed by whole-brain voxelwise analysis of crossing fibers provided separate partial volume fractions reflecting the integrity of primary fibers (f1) and secondary (crossing) fibers (f2). Loss of white matter integrity in primary fibers (p < .05; corrected) was associated with chronic mTBI in a widely distributed pattern of major fiber bundles and smaller peripheral tracts including the corpus callosum (genu, body, splenium), forceps minor, forceps major, superior and posterior corona radiata, internal capsule, superior longitudinal fasciculus, and others. Presence of feeling dazed and confused was significantly correlated with lower f1 that was more widespread than the correlation of f1 with LOC. These voxels extended further into the periphery, particularly posteriorly into the occipital cortex, as well as in the posterior corona radiata (L,R), fornix/stria terminalis (L,R), superior longitudinal fasciculus temporal part (L,R), cerebral peduncle (R), and posterior thalamic radiations (L,R). Significant loss of white matter integrity was also correlated with duration of loss of consciousness, and more widely distributed loss of white matter integrity was correlated with feeling dazed or confused, two clinical measures frequently employed in the diagnosis and clinical evaluation of mTBI. Importantly, PTSD, a common comorbid condition that displays partially overlapping symptoms with mTBI, showed no association with loss in white matter integrity. The diffuse loss of white matter integrity appears consistent with systemic secondary mechanisms of injury to white matter shared by blast- and impact-related mTBI that involves a cascade of inflammatory and neurochemical events. 
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White matter damage in repetitive impact-exposed athletes without mTBI:Whether frequent subconcussive blows to the head lead to TBI remains controversial {Cavanaugh, 2005 #12783}, although evidence shows impaired neuropsychological function in soccer players {Matser, 1999 #6296}. We (co-investigator Shenton) evaluated concussion-naive soccer players using high-resolution diffusion tensor imaging (DTI).  Male soccer players from two training groups of an elite-level soccer club in Germany had trained since childhood for a career in professional soccer. A matched comparison cohort of swimmers with low exposure to repetitive brain trauma was recruited from competitive clubs. We acquired 64 diffusion-directions DTI sequence on a 3T MR scanner. Group analyses were performed with automated whole-brain, tract-based spatial statistics (TBSS) for fractional anisotropy, mean diffusivity, radial diffusivity, and axial diffusivity {Armstead, 2006 #355}. Axial diffusivity and radial diffusivity measures axonal and myelin pathology. Diffusivity measures were obtained for each individual and a linear regression model was applied to test for group differences adjusted for age and years of training.  Widespread differences between groups were found, with increased radial diffusivity in soccer players (mean, 0.000444 [95% CI, 0.000427-0.000461]mm2/s vs 0.000368 [95% CI, 0.000356-0.000381] mm2/s in swimmers) in multiple brain regions. (FIGURE). Axial diffusivity was higher in the corpus callosum in soccer players (mean, 0.00156 [95% CI, 0.00154-0.00158] mm2/s vs 0.00143 [95% CI, 0.00140-0.00146] mm2/s in swimmers (FIGURE). Although only participants without previous symptomatic concussion were included, advanced DTI revealed widespread increase in radial diffusivity in soccer players, consistent with findings observed in patients with mTBI, and suggesting demyelination.  
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White matter integrity in primary blast exposed Veterans without mTBI:  Likewise, whether exposure to subconconcussive blast leads to TBI is also intensely debated. We assessed white matter integrity in veterans following chronic repetitive exposure to primary blast that was insufficient to meet symptom criteria for mTBI (n=20) and a comparison group without primary blast exposure (n=18) with diffusion tensor imaging (DTI). Whole-brain voxel-wise analysis of fractional anisotropy (FA) found loss of white matter integrity (p < .05; corrected) associated with blast-exposed veterans without TBI compared to non-blast exposed controls in a distributed pattern of major fiber bundles and smaller peripheral tracts.{Taber, 2013 #5893} These results may indicate that primary blast forces of insufficient strength to elicit a clear alteration in consciousness are able to trigger a process of secondary injury in the brain{Taber, 2013 #5893}. These findings highlight the deleterious effects of subsyndromal blast on brain tissue that parallel the effect of subconcussive impact in soccer players {Koerte, 2012 #5894}, which appears to persist for several years following exposure.
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Medial temporal lobe volumetry:  Atropy temporal lobe structures particularly hippocampus are well documented in dementia and therefore a biomarker of intense interest in predicting long-term progression in Veterans with mTBI. Our lab  has an established track record of investigating methodologies for accurate ascertainment of hippocampal and amygdala morphometry and volumetry 
 ADDIN EN.CITE 
25-26
. We (Co-I Morey) have examined large cohort (n=200), recruited from a registry of military service members and veterans serving after 11-September 2001. A group with current PTSD (n=99) and trauma-exposed comparison group without PTSD (n=101), were assessed with structural MRI and clinical diagnostic interview. For analyses of both structures, we used a multiple regression approach similar to Bremner and colleagues {Bremner, 1997 #294} to control for variables such as symptoms of depression, trauma load, duration of PTSD, intracranial volume (ICV), age, medication, and alcohol abuse. Smaller volume was demonstrated in the PTSD compared to non-PTSD groups for the left amygdala (p = .002), right amygdala (p = .01), and left hippocampus (p = .02), but not for the right hippocampus (p = .25) (see Table 1). Amygdala volumes were not associated with PTSD chronicity, trauma load, or severity of depressive symptoms. These results provide robust evidence of an association between smaller amygdala volume and PTSD and we confirmed findings of smaller volume in the left hippocampus {Morey, 2012 #5029}. The hippocampal findings are consistent with a prior meta-analysis {Karl, 2006 #3992} that showed significantly decreased left hippocampal volume in PTSD providing a proof-of-principle for using automated methods in determining regional volumetry {Morey, 2009 #1321}.

Table 1. Volumetry Results by diagnosis and effect of trauma load and illness chronicity

	Brain Structure
	Volume mm3 

(mean ± SD)
	PTSD
	Combat Exposure Scale
	Trauma Life  Events
	effect size a

	
	Control (n=101)
	PTSD          (n = 99)
	F(1,180)
	p
	F(1,180)
	p
	F(1,180)
	p
	Cohen’s d

	Amygdala
	L 
	1810 ± 231
	1746 ± 233
	10.0
	.002
	2.26
	.13
	1.22
	.27
	-.28

	
	R 
	1994 ± 257
	1894 ± 257
	6.83
	.010
	2.54
	.11
	.589
	.44
	-.39

	Hippocampus
	L 
	4180 ± 505
	4067 ± 421
	5.81
	.02
	3.60
	.06
	.139
	.71
	-.22

	
	R 
	4188 ± 469
	4129 ± 415
	1.36
	.25
	1.23
	.27
	.005
	.95
	-.13
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Cortical surface thickness in mTBI:  Cortical thinning is a reliable maker in predicting progression to dementia 
 ADDIN EN.CITE 
27-29
. The combination of cortical thickness and regional volumetry in the medial temporal lobe are stronger predictors or progression than either measure alone. We (Co-I Morey) assessed cortical thickness in patients with mTBI (n=32) and non-TBI controls (n=42) in OEF/OIF. Whole brain surface wide cortical thickness was compared between groups across the entire cortical surface with FreeSurfer with regressors for PTSD diagnosis, loss  of consciousness, feeling dazed or confused, number of TBIs, and age were included as regressors in the whole brain voxelwise {Fischl, 2000 #5647}. Veterans with mTBI (n=30) had reduced cortical thickness compared to non-TBI controls (n=42) in the left and right inferior temporal gyrus, the right orbitofrontal gyrus. 
Network analysis of intrinsic functional organization of the brain from resting-state fMRI:  Widespread and diffuse damage to structures that mediate long-range connections established with DTI would imply profound consequences for functional brain connections. Prior functional neuroimaging studies have generated working hypotheses regarding how plasticity is expressed in disrupted neural systems, discrete regions of interest and localized activation results have not been interpreted in the context of an integrated neural network. Complex network analysis provides a description of important properties by quantifying network topology using measures from graph theory {Rubinov, 2010 #5656}.  We (Co-I Morey) analyzed resting-state fMRI data acquired at 3-Tesla in OEF/OIF veterans with mTBI (n=34) and non-TBI controls (n=17). A binarized graph representing functional connections that survived thresholding (p < .05) of the weighted graph. showed that mTBI significantly modulated functional connections between distributed nodes comprised of 116 anatomically defined regions in the brain. Figure X left panel highlights functional connections that were significantly stronger (p < .05) in non-TBI control group whereas the right panel highlights connections that are stronger in the mTBI group.  

Amyloid-β deposition on PET imaging predicts progression from MCI to Alzheimer disease:  Nearly 15% of subjects with MCI progress annually to dementia {Aisen, 2011 #5670}. A reliable biomarker can now identify subjects at greatest risk for future cognitive decline will enhance the clinical evaluation of MCI subjects and accelerate early testing {Doraiswamy, 2012 #5657}.  We (co-I Doraiswamy) prospectively evaluated the prognostic utility of detecting Aβ pathology using 18F florbetapir PET in subjects at risk for progressive cognitive decline. A total of 151 subjects who previously participated in a multicenter florbetapir PET imaging study were recruited for longitudinal assessment. Subjects included 51 with recently diagnosed mild cognitive impairment (MCI), 69 cognitively normal controls (CN), and 31 with clinically diagnosed Alzheimer disease  (AD). MCI subjects were presenting for an initial evaluation, or had received a diagnosis of MCI within the past year. They were 50 years of age or older, had a complaint of memory or cognitive impairment corroborated by an informant, had a Clinical Dementia Rating (CDR) scale global rating of 0.5, and MMSE >24. All subjects underwent a clinical diagnostic interview and cognitive/functional battery.  Subjects underwent PET amyloid imaging in a 10-minute acquisition, 50 minutes after IV injection of 10 mCi of florbetapir F 18. Figure 10 depicts amyloid-positive (Aβ+) and -negative (Aβ−) PET scans in representative subjects. At entry, 37% (19/51) of subjects with MCI, 14% (10/69) of subjects with CN, and 68% (21/31) of subjects with AD dementia were rated as PET Aβ+ (p < 0.0001) by the majority read.  MCI subjects rated Aβ+ showed a significantly greater mean worsening than Aβ− rated subjects on almost all cognitive assessments. In MCI Aβ+ scans were also associated with greater decline in memory and cognition. Aβ+ MCI tended to convert to AD dementia at a higher rate than Aβ− subjects (p < 0.10). Thus, these findings support the potential utility of florbetapir PET as a predictive biomarker of cognitive decline in at-risk subjects. 
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Candidate genes modulates functional brain measures in Veterans:  The effect of individual gene variants in mTBI may be more precisely characterized by examining phenotypes closer to the biological activity of the gene than symptoms, behaviors, or functional outcomes
 ADDIN EN.CITE 
30
. We examined the role of serotonin transporter gene variants on PTSD patients and trauma-exposed controls whose regional brain activity was assessed with a working memory task during the delay interval between encoding and retrieval. Participants included a PTSD group (n = 22) and a trauma-exposed control group (n = 20) with comparable levels of combat exposure who underwent fMRI assessment.  Participants were genotyped for SNPs  of the serotonin transporter gene (SLC6A4) were chosen using phase II Caucasian (CEU) and Yoruban (YRI) genotype data of the International HapMap Project {International HapMap, 2007 #1722}. The 5- HTTLPR/rs25531 polymorphism was genotyped for fragment analysis of the short (S), long (L), and extra long (XL) alleles of the insertion/deletion polymorphism. 

We found rs16965628, the nearest tagging SNP downstream (3’) of 5-HTTLPR, significantly modulated task-related ventrolateral PFC activation in patients with PTSD while being distracted by combat compared to non-combat scenes (see Figure X). In addition, the 5-HTTLPR showed trend level modulation of left amygdala activation during the working-memory delay period in S allele carriers with PTSD (see Figure X).  The observed intermediate phenotype of increased ventrolateral PFC activation during the distraction delay period appears to be related to the GG gentotpye of rs16965628 in patients with PTSD, which shows both increased emotional reactivity and a need for greater allocation of resources to maintain working memory performance in the face of emotional distraction. 

Capability for building large research registries: Our team of investigators and participating sites has a strong track record of successfully executing large, multi-center studies, including several large projects that involved recruitment of military personnel and Veterans. (i) Co-investigator Morey is the co-PI of the Mid-Atlantic MIRECC registry recruiting at 5 VA medical centers in North Carolina and Virginia with a current enrollment of 2,500 Veterans. (ii) ANOTHER EXAMPLE
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Diagnosis of mTBI and assessment of blast exposure: 
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We have used three instruments in the assessment of mTBI in Veterans (i) SAFE-TBI (ii) the QCuBE, and (iii) the Ivins TBI screen {Ivins, 2003 #498}. The McCormick is better suited to assessment of impact TBI whereas the QCuBE is better suited to assessment of blast related TBI. We (co-I Morey) data on n=60 Veterans using the QCuBE and the SAFE-TBI and in about n=2,500 Veterans using the Ivins TBI screen.

1.X.4
Research Strategy


1.X.4.1
  Overview of Proposed Work

This is a prospective, non-randomized, cohort-controlled study that will be conducted over a five-year period.  Leveraging the power of the National CENC Data Repository (NCDR) (see accompanying proposal), we will conduct in-depth, prospective evaluations on well-characterized subsets of mTBI-exposed and unexposed OEF/OIF service member groups to assess the association and causal relationship between mTBI, chronic effects and comorbid conditions.  Specifically, we will comprehensively assess the chronic effects of mTBI by comparing two groups of OEF/OIF service members stratified based on their confirmed mTBI exposure (mTBI Exposed Group, Non-mTBI Exposed Group) during OEF/OIF deployment.  Table X provides an overview of the critical study design and methods that will enable us to achieve our specific scientific aims and test our respective hypotheses.  
The study recruitment and enrollment will be carried out at six VA medical centers in conjunction with espertise from their corresponding academic affiliates within the CENC Consortium. These include:  WESTERN REGION:  the San Diego VA and University of California-San Diego (UCSD), Palo Alto VA and Stanford University; MIDWEST REGION:  Milwaukee VA and Medical College of Wisconsin, Minneapolis VA and University of Minnesota; EAST REGION: Durham VA and Duke University Medical Center, Charleston VA and Medical University of South Carolina (MUSC).  MCW (Dr. McCrea) and Durham VAMC (Dr. Morey) will serve as co-coordinating sites.  This study will leverage six of very active VA research sites nationwide, all affiliated with leading academic imaging centers in both MRI and PET. Aggregation of data will be performed  by cores and coordinating centers for MRI neuroimaging, PET neuroimaging, genotyping, and CSF/serum biomarkers (see organizational chart in Invetigative Team section).
Table X. Overview of Research Strategies to Achieve Specific Aims and Test Hypotheses.

	Specific Aim
	Research Strategy

	SA1 - Association
	Our design and methods will compare a well-characterized group of OEF/OIF service members (SM) with mTBI exposure and a group of OEF/OIF-deployed veterans with no mTBI exposure across a multidimensional array of outcome domains (neurologic, biological, genetic, neuroimaging, cognitive, psychological, sleep, pain, etc.).  Groups will be matched on level of OEF/OIF combat exposure (duration, intensity) and other potentially confounding variables.  Advanced statistical analysis will allow us to isolate the specificity of the association between mTBI, chronic postconcussive symptoms and comorbid conditions.   

	SA2 - Causality
	Building on the specificity of associations identified in Aim 1, we will conduct an in-depth investigation to determine if those associations rise to the level of causation based on established epidemiological criteria.  Our design involves detailed comparison of the mTBI exposed group and the non-mTBI exposed group on advanced neuroimaging (structural and functional), biological, genetic, neurocognitive and patient reported outcome metrics to determine how these factors directly or indirectly influence the association between mTBI and chronic effects.

	SA3 – Predictive Biomarkers
	Our design will marry neuroimaging (diffusion tensor imaging [DTI], structural MRI, resting-state fMRI, and PET), CSF markers of neurodegeneration (Aβ42, tau and P-tau181), serum inflammatory markers that have been shown to be important in TBI (i.e., TNF-a, CD14, IL-1, IL-6, IL-8), and candidate genes involved in secondary mechanisms of injury following mTBI (i.e., APOE). These methods will allow us to investigate (i) whether neuroimaging, CSF, serum, and genetic markers are predictive of negative functional, behavioral, and cognitive outcomes after mTBI, and (ii) whether candidate gene, CSF, serum, and neuroimaging markers linked to secondary mechanisms can stratify mTBI into vulnerability for future progression to chronic neuropsychological sequelae versus those who show resiliency to impairment following mTBI.

	SA4 – Neuro-bio-psycho-social Outcome Model
	Our design and methods will compare well-characterized sub-groups of OEF/OIF SM with chronic effects of mTBI (chronic disability and functional impairment > 12 months), no chronic effects of mTBI (full functional recovery < 3 months), and no mTBI exposure across an array of domains (biological, genetic, neuroimaging, neurologic, cognitive, psychological, sleep, pain, etc.).   Introduction of treatment interventions will also be among the variables analyzed for their influence on outcome.  Advanced statistical models will be applied to identify variables that are highly predictive of outcome and develop multi-factorial algorithms that predict outcome with a high degree of accuracy at the individual case level.  


1.X.4.2  Study Methods

Participants, Recruitment and Screening:  A total of 400 U.S. military service members previously deployed to OEF/OIF will be recruited from the NCDR.  This will allow recruitment of participants with well-characterized information regarding their pre-deployment health history, exposure to mTBI and other trauma during deployment, subsequent course of treatment and/or recovery, and presence of key comorbidities.  The NCDR is a project commissioned by the Consortium to establish a centralized repository of data on OEF/OIF service members with and without a history of mTBI exposure during deployment.  

The NCDR will include data on an estimated 10,000 service members with documented mTBI exposure.  To avoid the unreliability of retrospective report for inclusion in the NCDR, history mTBI exposure will be based on a Joint Theater Trauma Registry (JTTR) documented ICD-9 code of mTBI diagnosed in-theater.  ICD-9 MTBI diagnostic codes will include: 850.0, 850.1, 850.11, 850.12, 850.3, 850.4, 850.5, 850.9, and appropriate DoD directed V-codes for mTBI.   In addition, the NCDR will include data on 500 trauma controls (history of OEF/OIF trauma documented in JTTR, but no mTBI ICD-9 code) and 500 deployment controls (history of OEF/OIF deployment, but injury codes in JTTR).  The NCDR will also include information from the DoD Post-Deployment Health Assessment (PDHA) and Re-Assessment (PDHRA), VA Clinical Reminder Screening, and other existing DoD-affiliated datasets with follow-information on OEF/OIF service members that will allow us to richly characterize participants for this study (see NCDR proposal).  

Two main groups of OEF/OIF will be recruited from the NCDR to directly investigate specific aims 1 and 2 (see Table XX for inclusion/exclusion criteria and screening methods):

mTBI Exposed Group (MEG) (n=200):  will be randomly selected from the NCDR based on JTTR  documented diagnosis of mTBI during deployment.  In addition to the essential criteria of a traumatically-induced alteration in mental status, established criteria from the American Congress of Rehabilitation Medicine (ACRM) to classify MTBI will implemented as follows:  a) Glasgow Coma Scale 13-15 after 30 minutes; b) if loss of consciousness, < 30 minutes; c) if posttraumatic amnesia, < 24 hours.{Kay, 1993 #15008}  

Multiple measures will be used to qualify and quantify mTBI exposure in eligible research participants, including the Structured Assessment for Evaluation of TBI (SAFE-TBI) and the Quantification of Cumulative Blast Exposure (qCuBE) scale.  The SAFE-TBI is a relatively brief measure developed by INTRuST consortium investigators and designed to be given by a trained administrator. It allows for a determination of the level of evidence for exposure to a mild traumatic brain injury (TBI) using the following categories: Strong, Moderate, Weak, or No Evidence of mTBI.  We will also use the qCuBE for assessment intensity of blast exposure, number of blasts, and to ascertain diagnosis of mTBI. We will also document concomitant impact concussion with blast exposure.  On both the SAFE-TBI and the qCuBE, we will assess the acute clinical signs and symptoms experienced immediately following concussion (blast and/or impact). In addition, the Deployment Exposure Scale will be used to assess experiences during OEF/OIF deployment that are relevant to our investigation but go beyond the scope of mTBI exposure.  

Non-mTBI Exposed Group (NEG) (n=200):  will consist of OEF/OIF service members with no reported exposure or documented JTTR diagnosis of mTBI during their deployment.  Further, absence of mTBI exposure will be further qualified on the SAFE-TBI and the qCuBE scales.  The NEG will serve as a control group to determine the natural effects of deployment and address the specificity of comorbid conditions.  

Table 1.  Inclusion and Exclusion Criteria for MEG and NEG. 

	 CLINICAL GROUPS

	Group
	Operational Definition/ Inclusion Criteria
	Exclusion Criteria

	mTBI Exposed 
Group (MEG) (n=200)
	· JTTR documented ICD-9 code for mTBI
· Meet ACRM criteria for mTBI
· InTrust and QCUBE screenings (+)
· > 12 months post most recent mTBI
	· LOC  > 30 min, mod/severe TBI

	Non-mTBI Exposed 
Group (NEG) (n=200)
	· No JTTR documented ICD-9 code for mTBI
· InTrust and QCUBE screenings (-)
	· History of TBI


· General Inclusion criteria that apply to all groups:  Age 18-59, English speaking (for cognitive testing), history of OEF/OIF deployment, capable of providing informed consent, not otherwise constrained from participating over the duration of the study in all related activities including scans and evaluations.

· General Exclusion: contraindications for MRI (e.g. implanted metal, shrapnel), learning disability, premorbid IQ <70, primary psychotic disorder, history of neurological disorder other than mTBI, pregnancy.

To achieve specific aims 3 and 4, participants in the MEG will be stratified along a continuum of functional recovery following mTBI, ranging from favorable to poor.  Recovery will be stratified along axes of both severity and chronicity.  Severity will be quantified based on measures of postconcussive symptoms (quantified by Neurobehavioral Symptom Inventory [NSI]) and functional impairment (Inventory of Functional Impairment [IFI]). Chronicity will be measured based on the course and duration of functional impairment since mTBI event. A composite NSI-IFI score will be computed as a continuous variable and global indicator of recovery and functional impairment.  In addition, we will stratify two groups with extremely low and extremely high NSI-IFI scores to compare well-characterized group with highly disparate outcomes following mTBI exposure in terms of the chronicity and severity of their functional impairments. Specifically, we will study two highly disparate subgroups who:  1) fully recovered in less than three months after mTBI, 2) have chronic complaints lasting greater than one year after mTBI.  Our operational definition of ‘chronic’ differs from that in the funding opportunity announcement (FOA) (i.e. > 3 months) because our aim is to study groups with distinctly disparate outcomes.  Therefore, we have defined ‘chronic’ as symptoms lasting beyond 1 year from injury to compare groups who had very favorable (Non-Chronic mTBI Group) versus very poor (Chronic mTBI Group) outcomes after mTBI.   

Feasibility of Recruitment and Screening:  Several factors create a position of strength in our ability to successfully recruit OEF/OIF veteran participants for this study.  First, our team of investigators and participating sites has a strong track record of successfully executing large, multi-center studies, including several large projects that involved recruitment of military personnel and veterans
.  Second, the infrastructure of our CENC Consortium will provide a powerful engine to drive recruitment for this and other CENC studies.  Third, our NCDR will provide the single largest database available of OEF/OIF veterans that will be leveraged as a major resource to facilitate ready and cost-effective recruitment.  The data repository will provide detailed health and deployment information across the spectrum ranging from pre-deployment, in-theater trauma exposure, post-deployment treatment and course, and broader longitudinal health history information.  Fourth, an accompanying CENC epidemiological study will involve a detailed analysis of the NCDR to characterize all cases on a large variable set directly relevant to the aims of this prospective study (e.g., mTBI exposure, postinjury treatment, recovery course; documented comorbidities, etc.).  The progression from the creation of the NCDR to the epidemiological data study will be a powerful mechanism to enable random selection of well characterized OEF/OIF veterans with and without mTBI exposure for screening and recruitment into the current study.  Fifth, we will conduct a national recruitment of OEF/OIF veterans and conduct this study at several VA sites and affiliated academic centers across U.S. several geographic regions. Finally, participants will be provided travel support and compensation to incentivize their involvement in this study.  Table XXX details the standardized, stepwise protocol will be used to facilitate participant recruitment and screening for this study.

Table XXX.  Study Recruitment and Screening Procedures

	1. Conduct a standardized search of NCDR to randomly select prospective participants with and without documented mTBI exposure.

2. Contact prospective research participants to explain the research project and inviting their participation.

3. Conduct a detailed telephone screening of inclusion/exclusion criteria. Screening conducted by telephone to maximize subject convenience, cost containment, successful screening-to-inclusion ratio, and national recruitment nationally.  Screening to include:

a. Demographic information, etc.

b. Confirmation of inclusion/exclusion criteria

c. Administration of the SAFE-TBI and qCuBE to qualify and quantify mTBI exposure

4. If the prospective participant is interested and meets the study criteria, then assigned for scheduling at participating VA site based on geographic location and preference.

5. Coordinating site arranges handoff of eligible participant’s contact and screening information to participating VA site for scheduling of research evaluation.

6. Participating VA site schedules participant for research evaluation. 

7. Prospective participant asked to sign a letter of intent to participate in the study.  


Research Procedures:  After initial screening, participants who meet the operational definition and criteria for enrollment and who grant their written informed consent for participation will be invited to participate in a comprehensive research evaluation in a single session at one of the participating research sites.  Research staff will explain the basic framework of the study, risks and/or benefits of participation and other elements essential to securing informed consent from each participant.  

All consented participants will undergo state of the art structural and functional neuroimaging techniques coordinated by our Neuroimaging Core to elucidate neural markers that provide diagnostic and prognostic value related to chronic effects of mTBI.  In addition, we will conduct detailed analysis of genetic and biological markers and a comprehensive evaluation of neurocognitive function, psychological health, quality of life, and functional capacity in all participants.  Table XXX provides an overview of the specific procedures and scales used to assess each domain.  The measures selected for this study are based in large part on the existing protocols employed by the INTRuST TBI consortium and the MIRECC Post Deployment Registry to leverage any prior assessment data on participants in the National CENC Data Repository and provide continuity to support future longitudinal studies.  The research evaluation will be completed over 2 consecutive days in most cases. All sites will conduct all procedures and will accrue patients in both the mTBI Exposed and Non-mTBI Exposed Groups.   

Table XXX.  Overview of Chronic Domains and Assessment Procedures

	DOMAIN
	CLINICAL STUDIES

	Neurologic / 
Sensorimotor Dysfunction
	Standardized neurologic exam, Unified Parkinson’s Disease Rating Scale (UPDRS), Brief Smell Identification Test (B-SIT)

	Neurocognitive Impairment
	Neuropsychological test battery (see below)

	Postural Stability
	Balance Error Scoring System (BESS)

	
	NEUROIMAGING STUDIES

	Brain Structure and Function
	Multi-modal MRI imaging (see below), Positron Emission Tomography (PET)

	
	BIOLOGICAL AND GENETIC STUDIES

	Blood Biomarkers
	Markers of glial/activate activation (S-100B, GFAP), neuronal injury (NSE), inflammation (CRP,TNF alpha)

	Cerebrospinal fluid (CSF) studies
	Tau, phosphorylated-Tau 181, Aβ(1-40; 1-42), Alpha II spectrin breakdown, NFL S-100B, GFAP; 

	Genetic Factors
	Candidate genes include ApoE4, amyloid precursor protein (APP), presenelin-1, presenelin-2, CD33 gene, IL-1α, IL-1β and IL-6, p53, CYP46 . Angiotensin converting enzyme (ACE), ABCA7, EHPA1, MS4A, CHRNB2, CH25H, PGBD1, LMNA, CST3, PCK1, MAPT, SORL1; 

	Neuroendocrine 
Function
	Adrenocorticotropin hormone (ACTH), cortisol, follicle stimulating hormone (FSH), growth hormone (GH), insulin-like growth factor-I (IGH), growth hormone (GH), leutenizing hormone (LH), oxytocin, testosterone, thyroxine, thyroid stimulating hormone (TSH), vasopressin.

	
	PATIENT REPORTED OUTCOMES (PRO)

	Postconcussive Symptoms
	Neurobehavioral Symptom Inventory (NSI)

	Psychological Disorders/Combat Stress
	Mini International Neuropsychiatric Interview (MINI) Combat Exposure Scale (CES), Patient Health Questionnaire -9 (PHQ-9), Clinician Administered PTSD Scale (CAPS), PTSD Checklist – Specific (PCL-S), Columbia Suicide Severity Rating Scale

	Substance Abuse
	Alcohol Use Disorders Identification Test (AUDIT), Addiction Severity Index (ASI) 

	Resilience
	Deployment Risk and Resilience Inventory, Connor-Davidson Resilience Scale

	Chronic Pain
	Pain Disability Index (PDI)

	Sleep Disturbance/ Chronotyping
	Insomnia Severity Index (ISI), Pittsburgh Sleep Quality Index (PSQI), Epworth Sleepiness Scale (ESS)

	Life Function
	Sheehan Disability Scale, SF-12 Health Survey

	Quality of Life
	Quality of Life Enjoyment and Satisfaction Questionnaire (Q-LES-Q)


Clinical Studies:  All participants will undergo a standardized neurologic examination, which will include a detailed assessment of sensory, motor and perceptual functions.  Given the association between mTBI and chronic motor dysfunction, the UPDRS will be used to systematic assess motor function.  The B-SIT will be used to assess olfactory function.  Clinical balance measures will be used to evaluate for any deficits in postural stability.  Subjects will be assessed with neuropsychological battery to document cognitive deficits generally associated with TBI, including executive function, attention, memory, and processing speed (see Table XXX). 
Table XXX.  Neurocognitive Test Battery 

	Domain
	Measure

	Premorbid IQ
	Wechsler Test of Adult Reading (WTAR)

	Cognitive Processing Speed
	WAIS-IV Processing Speed Index (PSI)

	Working Memory
	WAIS-IV Working Memory Index (WMI), WMS-IV Visual Working Memory Index 

	Auditory Memory
	California Verbal Learning Test – 2nd Edition

	Visual Memory
	Brief Visuospatial Memory Test-Revised (BVMT-R)

	Attention
	Continuous Performance Test – Identical Pairs (CPT-IP), Digit Vigilance Test

	Executive Function
	Trail Making Test (Parts A & B), Wisconsin Card Sorting Test (WCST)

	Computerized Reaction Time
	Automated Neuropsychological Assessment Metric (ANAM)

	Fine Motor Speed/Dexterity
	Finger Oscillation Test (Finger tapping), Grooved Pegboard Test

	Effort/Symptom Validity
	Test of Memory Malingering (TOMM), Reliable Digit Span (RDS)


Multi-modal MRI Studies:  Extensive neuro-imaging will allow examination of functional and structural aspects of the brain.  Research-dedicated 3.0 Tesla whole-body MRI scanners with 32-channel phase-array head coil. With 4 VA sites having access to the GE MR750 Discovery (3T) and two VA sites having access to the Siemens Tim Trio (3T), we will be able to achieve a higher level of sophistication than possible in prior efforts. Our strategy of proposed mTBI scanning protocol will focus on integrating the most recent advances in a multimodal imaging technologies (see Table XXX).  The justifications of utilizing these imaging protocols are: 1) to noninvasively characterize the structural, functional, and metabolic changes in the mTBI brain; 2) these imaging protocols will provide robust quality control, repeatable and reliable imaging datasets for imaging post-processing and statistical analyses; 3) these imaging protocols will be optimized for the two scanner manufacturer hardware and software level and cross-validated across the 6 sites. These imaging pulse sequences have been tested and released as products by major scanner vendors (GE, Siemens, and Philips) and can be immediately translatable to the clinic setting. The integrated multimodal imaging protocols and justification are summarized below. Full details of MRI optimization, validation, quality control and data analyses are provided in the MRI neuroimaging core proposal.

	Table XXX.  Overview of Integrated Multi-modal MR Imaging Protocols

	Modality
	Description and Justification

	T1 weighted spoiled gradient recalled echo (SPGR)
	Acquire T1 weighted spoiled gradient recalled echo (SPGR) images for high spatial resolution of anatomical images. The SPGR images can be employed for tissue segmentation and volumetric analysis using FreeSurfer, and image registration for functional neural network and DTI studies.

	T2 weighted fluid attenuated inversion recovery (FLAIR
)
	Acquire T2 weighted fluid attenuated inversion recovery (FLAIR) images for general pathological detection such as for cerebro-vascular disease grading, macroscopic white matter lesion quantification, and micro hemorrhage.

	
	

	High-angular resolution diffusion imaging (HARDI)
	High-angular resolution diffusion imaging (HARDI) to provide structural information in TBI or mTBI.

	Susceptibility weighted imaging (SWI)
	Acquire susceptibility weighted imaging (SWI) to identify the existence of possible small deposits of blood product associated with microhemorrhage and blood vessel damages.

	Resting state functional magnetic resonance imaging (R-fMRI)
	Acquire resting state functional magnetic resonance imaging (rs-fMRI) datasets to study intrinsic blood oxygenation level dependent (iBOLD) signal without explicit task stimuli. iBOLD signals will be employed to study changes in neural networks. It is hypothesized that a) alterations in functional cortical networks are existed, b) functional network analysis can identify and classify disease status of normal aging, mild cognitive impairment, and Alzheimer’s disease. We will utilize “seed”-based, module-based, and whole brain network-based analyses to characterize the changes in mTBI brains.

	Pseudo-Continuous arterial spin labeling (pCASL)
	Pseudo-Continuous Acquire arterial spin labeling (pCASL) images to measure changes in cerebral blood flow (CBF) and metabolic information in the brain.  Recently, we have created a new method termed as CBF-guided neural network analysis integrating results of CBF changes with changes in rs-fMRI functional connectivity.  All these imaging protocols and data acquisition will be completed within one scanning sessions in 60 min for each subject.  


MRI Quality Control:  The MR Neuroimaging Core and coordinating site will conduct the fBIRN quality assurance protocol [Friedman and Glover] at each scanning site. A detailed description of quality control, optimization and cross-site validation are described in the MRI neuroimaging core section.
Table XXX.  Specifications for MRI and PET imaging at Study Sites.

	VA Medical Center
	Imaging Center
	Field Strength
	MRI model
	Head-coil
	PET model
	PET camera

	Durham
	Duke
	3T
	GE MR750
	32 Ch
	GE Discovery STE PET/CT
	64 slice

	Charleston
	MUSC
	3T
	Siemens Tim Trio
	32 Ch
	GE Discover LS PET/CT 
	? slice

	Milwaukee
	MCW
	3T
	GE MR750
	32 Ch
	GE Discovery PET CT 710
	64 slices

	Minneapolis
	UMN
	3T
	Siemens Tim Trio
	32 Ch
	Siemens Biograph mCt PET/CT
	64 slice

	Palo Alto
	Stanford
	3T
	GE MR750
	32 Ch
	GE Discovery STE PET/CT 
	64 slice

	San Diego
	UCSD
	3T
	GE MR750
	32 Ch
	Siemens EXACT HR+ PET
	63 slices


PET Studies:  Approximately 150 of the 400 subjects (~40%) are expected to grant consent for participation in PET imaging and lumbar puncture based on prior experience. We realize that obtaining CSF and PET in all participants would be ideal, but is not realistic given participant preferences and attitudes about these procedures.  Specific exclusion criteria for PET and LP include (1) received any radiopharmaceutical imaging or treatment procedure within 7 days prior to the study session (2) received any anti-amyloid therapies through a prior clinical trial, (3) current active cancer, (4) exceeded annual radiation exposure limits. Subjects will undergo 18F-florbetapir PET scans at the participating PET center provided that the MRI has been successfully completed and the MRI has ruled out any abnormalities (e.g. tumor) that confound image analyses. During the scanning, each subject is instructed to stay quiet and exposed only to ambient room sound in a dimmed room, with eyes open and ears unplugged. Safety will be monitored by a physician and nurse. Dose calibrator will assay 10 mCi (370 MBq) of 18F-florbetapir administered as a bolus injection through a peripheral vein followed by a flush and 10 minute continuous brain PET imaging will begin 50 minutes post-injection. The images will be reconstructed immediately after the 10-minute scan, and if any motion is detected, another 10-minute continuous scan will be acquired. For quantitative analysis, the images will be co-registered with MRI through concurrently acquired PET-CT images and spatially normalized to a stereotaxic atlas. For quantitative evaluation, standard uptake values (SUV) will be calculated for cortical target areas (frontal cortex, temporal cortex, parietal cortex, precuneus) and the cerebellum. SUV ratios (SUVr) for cortical target areas relative to the cerebellum, and a global mean SUVr from the average across all cortical target areas as well as for each cortical region. PET Imaging will be conducted under supervision of an experienced nuclear medicine physician. PET image archival and data curation will be performed at the University of Washington CNDA site similar to the MRI data. 
Upon scheduling PET, an FDA inspected regional commercial radiopharmacy will ship 18F-florbetapir [Eli Lilly and Company, Indianapolis, IN] to the PET center radiopharmacist who will ensure the dose passes quality control before scanning.  This is also checked again prior to injection.  
PET Quality Control: Quality control procedures are described in detail in the PET neuroimaging core section and summarized here. Quality control data, software upgrades, changes in hardware, and any other changes to the imaging camera are recorded by all sites to a database maintained by the PET neuroimaging core.  Daily QC checks will be conducted.  These data can be used to optimize and standardize the reconstruction and filtration of the PET images.  Quality control of the dose calibrator is performed throughout the study such as daily consistency, quarterly linearity, and annual accuracy.  An 18F anthromorphic cortical phantom (Hoffman 3-D brain) will also be used for optimization as appropriate.  

Reliability of 18F-florbetapir PET: Test-Retest Reliability has been studied previously in 8 patients with cognitive disorders (mean age 70) and 9 controls (mean age 44) studied up to 4 weeks apart.  Regional SUVr test-retest variability measured by absolute differences (test - retest)/test) ranged from 4.6 to 5.9% (mean 5.1%) in AD and 1.6 to 4.0% (mean 2.2%) in controls.  Regional SUVr test-retest correlation coefficients ranged from 0.98 to 1.00 for patients and 0.94 to 0.99 for controls.  These data establish that 18F-florbetapir SUVr values has high test-retest reliability the seven cortical brain regions, indicating the PET images are reliable markers of ligand retention.  There was excellent separation between patients and controls, and excellent reliability even with scan times as short as 5 minutes.

Biological and Genetic Studies

Lumbar Puncture and CSF Studies:  Procedure: The samples will be collected early in the morning, after overnight fasting. Participants will be excluded based on criteria above (see Subject Recruitment and Selection). Additional exclusion for lumbar punction include: (1) received any anti-amyloid therapies through a prior clinical trial, (2) blood clotting abnormalities, (3) on anticoagulant medications, (4) or with platelet count <100,000; or with (5) other contraindications for LP (e.g., spinal deformity, severe lumbar disease, or infection at the LP site). The participant will undergo a lumbar puncture by a qualified physician with expertise in performing lumbar puncture. Subjects will be prepped, draped, and skin and subcutaneous tissues of the lower lumbar spine (L3-L4 or L4-L5 interspace) will be infiltrated with 2 mL of 1% Lidocaine. Lumbar punctures will be performed using atraumatic (Sprotte) 24 g needles, which are inserted through 20g introducers. These markedly lower the risk of post-lumbar puncture headache (PLPH). CSF will be withdrawn under negative pressure using 5mL polypropylene syringes. The first 2-3 mL of CSF be measured for cell count, protein and glucose. An additional 25-mL will be withdrawn (unless technical problems arise), divided into sequential 0.5 ml aliquots in polypropylene cryotubes, flash frozen on dry ice, then stored locally at -80 degrees until ready for analysis. Sequential numbering of these aliquots allows us to analyze whether proteins have cranial-caudal concentration gradients in CSF. The participant will be instructed to avoid straining or physical exertion for the next 24 hours, and to call the study team if a headache develops or other symptoms or concerns arise. The subject will have venous blood drawn for DNA (2x 10 mL EDTA tubes), and to prepare plasma (2 x 10 mL EDTA tubes) and serum (2 x 10 mL tiger-top serum separation tubes).  

CSF biomarkers:  Aβ42, tau, NFL, GFAP, S-100B, and p-tau181 will be measured by multiplex sandwich assays (Inno AlzBio3, Innogenetics, Atlanta, GA), at Duke using a Bioplex plate reader (BioRad, CA). Magnetic beads precoated with capture antibodies, supplied in the assay kits, are pipetted into microwells, then are blocked and washed. The CSF (75 uL per microwell) is added and incubated overnight at 4 degrees C. The beads are washed again, and incubated with a secondary antibody mixture (conjugated to a fluorescent detector enzyme), followed by a final wash. The plates are then read with the Bioplex plate reader. Two standard curves are run, for each analyte (Aβ42, tau and P-tau181). Other proposed TBI biomarkers (i.e., S100P and NSE) will be measured using commercially available sandwich ELISAs. 

CSF Study Quality control: For ELISAs and multiplex assays, intra-plate variation and between-plate variation will be assessed by calculating coefficient of variation (CV), based on 3 common samples run on every plate. A set of standard CSF pools, with high, medium, and low Aβ42, tau and P- tau181 levels will be prepared and aliquoted into 0.5 mL fractions, then frozen at -80. One of each of these standards will be used on every multiplex plate that is run on the Bioplex.
Candidate Gene Analysis:  A number of candidate genes have been selected for genotyping including ApoE4, amyloid precursor protein (APP), presenelin-1, presenelin-2, CD33 gene, IL-1α, IL-1β and IL-6, p53, CYP46 . Angiotensin converting enzyme (ACE), ABCA7, EHPA1, MS4A, CHRNB2, CH25H, PGBD1, LMNA, CST3, PCK1, MAPT, SORL1. Additional genes may be added at the time of genotyping based on the latest evidence available from published findings. Exploratory candidate genes may be selected that contribute to post-transcriptional modification of the proteins described earlier.

Genotyping: Samples will be conveyed to Duke Center for Human Genetics only for DNA extraction. Genotyping of approximately 20 genes will be performed by the Pharmacagenomics Analysis Laboratory (PAL) (directed by co-I Steven Schichman M.D., Ph.D) located at the Central Arkansas Veterans Healthcare System in Little Rock. For each candidate gene, tagging SNPs that capture the majority (>90%) of common sequence variation within the gene will be selected with the SNPselector software {Xu, 2005 #828}. This software takes into account publicly available information about the correlation structure (linkage disequilibrium, LD) between SNPs, as provided by the HapMap project 
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. The sequence variation in many genes can be characterized by an average of 10-12 tagging SNPs, however, some very large genes or those with greater-than-average intragenic recombination may require as many as 50 tagging SNPs or as few as 2 tagging SNPs. Populations of African ancestry that comprise ~50% of participants in our study sample, require a larger number of tagging SNPs. 
For the low- to mid-throughput genotyping efforts proposed in this study, we will use the TaqMan allelic discrimination assay (Applied Biosystems Inc., Foster City, CA), or alternatively an Illumina GoldenGate assay, which is a customized multiplexed panel of 384 to 3072 markers. The PAL has several years of proficiency with both genotyping platforms. For quality control (QC) purposes, two CEPH standards will be included on each well plate, and samples from six individuals will be duplicated across all plates. Only those markers with matching QC genotypes within and across plates and at least 95% genotyping efficiency will be included in the statistical analysis of genotype-phenotype association. 

Prior to this analysis, all generated genotypes will also be subjected to Hardy-Weinberg equilibrium (HWE) testing, separately in TBI cases and controls. Deviations from HWE may be due to unknown deletion polymorphisms or segmental duplications (copy number variation, CNV). We will calculate pairwise LD between all SNPs within a candidate gene and view with Haploview software {Barrett, 2005 #244}. For each imaging phenotype, we will first test whether there is evidence for differences in the phenotypic distribution (mean and/or variance) by self-reported ethnicity. Since SNP allele frequencies often vary strongly by ethnicity, a combined analysis would otherwise be prone to detecting false-positive evidence for association between the quantitative trait locus (QTL) we hope to identify and the genotyped SNP

.
The primary analysis will consist of hierarchical regression models for testing association between quantitative brain biomarker phenotypes (e.g. cortical thickness). This model partitions the observed phenotypic variation for a particular brain biomarker into three different sources: genotype, mTBI patient reported outcome (see section below), and mTBI outcome*genotype interaction. We will use regression analysis to test the relationship between two continuous variables (mTBI outcome score and brain biomarker measure) in each of the genotypic variants. Therefore, a stronger correlation for a one genetic polymorphism relative to another means a significant interaction effect of genotype by mTBI outcomes on the brain biomarker phenotype. Permutation tests will be applied to determine the corrected significance of the results.


Patient Reported Outcomes (PRO):  An array of PRO measures will be used to evaluate chronic effects of mTBI and comorbidities of interest. Specifically, standardized measures will be used to assess:  postconcussive symptoms, psychological function, combat-related stress, substance abuse, psychological resilience, chronic pain, sleep disturbance, and life function and quality.  The outcome measures employed (see Table XXX above) are all well-validated in their respective assessment domain and many have been used in studies of military personnel and veterans.  Many of the PRO measures selected for this study are currently utilized by the DoD-funded INTRUST TBI-PTSD Consortium and VA-based MIRECC Post-deployment Registry.  
1.X.4.3  Data Management:  Data management for this study will be fully supported by the Informatics and Biostatistics Core for our Consortium.  Our targeted study variables will be compliant with the National Institute of Neurologic Disorders and Stroke (NINDS) Common Data Elements (CDE) for Traumatic Brain Injury, with particular emphasis on the core, basic, supplemental and emerging elements in the NINDS CDE specific to mTBI.  A fully secure electronic database will be used for data storage and retrieval.  This database will be maintained at the Consortium coordinating center  and will provide: (1) an intuitive interface for data entry, including data validation; (2) audit trails for tracking data manipulation and export procedures; (3) automated export procedures for seamless data downloads to common statistical packages (SPSS, SAS, Stata, R); (4) procedures for importing data from external sources; and (5) advanced features, such as branching logic and calculated fields. For this multi-center study, the database will enable rapid, seamless, and fully secured data transport from the data collection sites to the main data repository. This system will also allow investigators at data collection sites to access to the database, with appropriate permissions from the PI. 

1.X.4.4  Statistical Plan and Data Analysis
:

Sample Size Justification and Power Analysis:  WILL PLUG IN TEXT FROM BIOSTATS HERE

Hyp 1:

Hyp 2:

Hyp 3:

Hyp 4:

Statistical Analysis Plan:

Hyp 1:

Hyp 2:

Hyp 3:

Hyp 4:

1.X.4.5  Potential Problems and Alternative Approaches:  

TEXT TO BE ENTERED HERE
1.X.4.6  Military and VA Benefit
:  We recently passed the decade mark since the start of OEF/OIF. The next decade offers a critical window of opportunity to study the chronic effects of mTBI and neurotrauma in our service members. The trajectory of pathologic changes in mTBI and the predictors of its progression to mild cognitive impairment, chronic traumatic encephalopathy, and dementia have not been studied in a systematic, longitudinal manner. The proposed study will mark the most definitive investigation of chronic mTBI in a military population to date.  We will employ a comprehensive array of neurologic, biological, genetic, psychological, social and environmental metrics to investigate the association and causal linkage between mTBI exposure, chronic functional impairment and comorbid conditions of main interest in OEF/OIF veterans.  Ultimately, this work is designed to identify predictors that will stratify Veterans with mTBI according to level of risk for long-term neuropsychological sequelae.  We will interrogate the genetic and neuroimaging markers previously established and reported in advanced neurodegenerative disorders such as CTE.  We will also focus on secondary mechanisms of injury for identifying biological markers that contribute to impaired functional and neuropsychological outcomes following mTBI.  This study is predicted to yield valuable translational information for future development of novel neuroprotective and neuroregenerative therapies to treat or prevent chronic effects, improve functional outcome, and reduce disability associated with mTBI in OEF/OIF veterans.
1.X.4.7   Key Study Personnel
 and Investigative Team:  The research proposed is multidisciplinary and will be conducted through the close collaboration of experts in neurology, neuroimaging, biogenetics, neuropsychology, clinical psychology, epidemiology and biostatistics.  Co-Principal Investigators (Co-PI) Dr. Michael McCrea (Medical College of Wisconsin) and Dr. Rajendra Morey (Durham VA Medical Center and Duke University) are nationally and internationally recognized researchers and have assembled a team of highly-experienced and respected experts in TBI research to design and execute this multi-center study (see Figure XX).

Dr. McCrea is Professor of Neurosurgery and Neurology and Director of Brain Injury Research at the Medical College of Wisconsin, and a research neuropsychologist at the Clement Zablocki VA Medical Center in Milwaukee, Wisconsin.  He has been an active researcher in the neurosciences, with numerous scientific publications, book chapters, and national and international lectures on the topic of traumatic brain injury.  Dr. McCrea has led several large, multi-center studies on the effects of traumatic brain injury in civilians, athletes and military service members.  

Dr. Morey, is an Associate Professor in the Department of Psychiatry at Duke University, director of the Neuroimaging Lab at the Mid-Atlantic MIRECC and core faculty member at the Brain Imaging and Analysis Center at Duke University. Dr. Morey has a strong clinical research interest in TBI and PTSD with several recent neuroimaging publications in TBI 
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, as well as methodological papers with structural MRI published in leading journals 
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 which include detailed sample size estimations to adequately power neuroimaging studies. 
In addition to our expert team of co-investigators at each site, we have assembled a Senior Scientific Advisory Panel of world leaders in neurotrauma, neuroimaging, neurorehabilitation, neuropsychology and chronic effects of mTBI to provide direction.  In sum, a world class team of investigators and collaborators with a proven track record of research productivity is supported by state-of-the-art facilities to successful execute this study. 
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Figure X.  Association between number of prior mTBI events and level of chronic postconcussive symptoms in high school and college athletes.





Figure Y.  Association between number of prior mTBI events, report of memory problems and diagnosis of MCI in retired professional football players





Figure XXX.  Project Organizational Structure and Key Personnel.  
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