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Abstract

Traumatic brain injury (TBI) remains one of the most prevalent forms of morbidity among 

Veterans and Service Members, particularly for those engaged in the conflicts in Iraq and 

Afghanistan. Neuroimaging has been considered a potentially useful diagnostic and prognostic 

tool across the spectrum of TBI generally, but may have particular importance in military 
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populations where the diagnosis of mild TBI is particularly challenging, given the frequent lack of 

documentation on the nature of the injuries and mixed etiologies, and highly comorbid with other 

disorders such as posttraumatic stress disorder, depression, and substance misuse. Imaging has 

also been employed in attempts to understand better the potential late effects of trauma and to 

evaluate the effects of promising therapeutic interventions. This review surveys the use of 

structural and functional neuroimaging techniques utilized in military studies published to date, 

including the utilization of quantitative fluid attenuated inversion recovery (FLAIR), susceptibility 

weighted imaging (SWI), volumetric analysis, diffusion tensor imaging (DTI), magnetization 

transfer imaging (MTI), positron emission tomography (PET), magnetoencephalography (MEG), 

task-based and resting state functional MRI (fMRI), arterial spin labeling (ASL), and magnetic 

resonance spectroscopy (MRS). The importance of quality assurance testing in current and future 

research is also highlighted. Current challenges and limitations of each technique are outlined, and 

future directions are discussed.

Keywords

Traumatic brain injury; Magnetic resonance imaging; Diffusion tensor imaging; fMRI; Positron 
emission tomography; Magnetic resonance spectroscopy; Veteran

Traumatic brain injury (TBI) is one of the more prevalent injuries in the military,affecting 

readiness, unit effectiveness, and the general safety of self and others (see Helmick et al. 

2015). The historical role of neuroimaging forTBI both in military and civilian settings has 

generally relied upon computed tomography (CT)for determining injury severity based upon 

visualization of the distribution and nature of lesions, for detecting operable lesions 

requiring immediate surgical intervention, and for monitoring lesion change over time post-

trauma and/or post-operatively. However, advanced imaging techniques have garnered 

significant interest in recent years, and while not yet utilized in clinical settings, these new 

modalities are being evaluated and developed for use in the clinical management and 

treatment planning beyond their current role as research applications.

Imaging holds promise as a useful tool in a number of applications in military populations. 

First, imaging has been offered as a potential “biomarker” for the diagnosis of mild TBI 

(mTBI), which currently relies on subjective assessments and self-reports ofsymptoms, 

particularly in military populations where objective information on initial injury severity is 

often not recorded or is inaccessible in medical records. Second, imaging has been used to 

evaluate the interplay between TBI and commonly associated comorbidities such as 

posttraumatic stress disorder (PTSD), depression, and substance misuse, with the 

assumption that these disorders may have dissociable patterns on imaging or that they may 

have cumulative effects in areas affected by each of these disorders. Third, there has been 

significant interest in differences that may exist between blast-related mTBI as compared to 

other injury mechanisms involving direct impact to the head. Fourth, imaging could be used 

in examining long-term changes associated with exposure to injury, particularly 

neurodegenerative conditions such as chronic traumatic encephalopathy (CTE) (Koerte et al. 

2015b). Fifth, imaging may enhance understanding of dose–response relationships in 

individuals exposed to multiple impacts or blasts. Sixth and more recently, imaging has held 
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promise in the evaluation of potential rehabilitation strategies and pharmacologic 

interventions for Service Members and Veterans with TBI. Seventh, though controversial, 

advanced imaging may eventually play a role in the consideration of existing vulnerabilities 

that may render an individual more prone to the effects of mTBI, and as such, may 

potentially assist in the determination of compensation and benefits.

The majority of the published reports involving advanced neuroimaging in Veterans and 

Service Members with TBI focus upon mTBI sustained during the conflicts in Iraq and 

Afghanistan (Operation Iraqi Freedom [OIF], Operation Enduring Freedom [OEF], and 

Operation New Dawn [OND]). This likely reflects the increased survival on the battlefield as 

well as increasing prevalence of combat-related mTBI. Increased research funding directed 

toward understanding and alleviating the consequences of mTBI over the past decade may 

also be a factor, but the coincident evolution of imaging acquisition and analysis methods 

that enable widespread use of advanced imaging techniques is also contributory. In this 

review of imaging findings among Veterans and Service Members with TBI, the major 

advanced imaging methods are described, and a general overview of current findings in the 

military and Veteran population is provided. Though there are limited reports of the use of 

some of these techniques in populations of Veterans and Service Members at the present 

time, they are reviewed as potential avenues of future research. Challenges and limitations of 

each modality are discussed, and future applications of each technique are also suggested. 

We also direct the reader to the other papers in this special issue, which provide additional 

novel imaging-related results not contained within this review as well as more detailed 

discussions of the specific types of injuries most commonly sustained in Service Members 

and the complexities of comorbidities in this population.

Lesion and volumetric imaging

Technique

Conventional structural magnetic resonance imaging (MRI) includes a number of sequences 

routinely used in both clinical and research settings. MRI uses the combination of safe high 

strength magnetic field (as opposed to ionizing radiation as in computed tomography - CT), 

controllable magnetic field gradients, and radiofrequency (RF) pulses to produce different 

image types that are uniquely sensitive to various pathological changes that occur after a 

head injury. Sequences discussed here include the T1-weighted (T1-w) anatomical sequence, 

T2-weighted (T2-w), fluid attenuated inversion recovery (FLAIR) sequences, and T2* 

gradient recalled echo (GRE) or susceptibility weighted images (SWI). The T1-w sequence 

is a conventional method used primarily to create high-resolution structural images of the 

brain that result in contrast between basic tissue types, namely white/gray matter and 

cerebrospinal fluid (CSF). This makes T1-w imaging useful for evaluation of a number of 

abnormalities including lesions, gray and white matter volumetric changes, and cortical 

thickness. T2-w and FLAIR sequences extend the sensitivity of T1-w imaging to include 

detection of macroscopic white matter lesions, contusions, and intra-cerebral bleeding, 

changes in cerebrospinal fluid composition and ventricular volume, and changes in epidural 

and/or subdural volumes and/or contents. Thus, the foremost clinical application of T1-w, 

T2-w, and FLAIR images in the context of TBI is the identification of pathology produced 
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by trauma (diffuse axonal injury and frank lesions) and the tracking of its progression over 

time. Acquired in concert, these scans are far more sensitive for the detection of brain 

abnormalities than is CT imaging alone (Gandy et al. 1984). SWI is a high-resolution 

gradient echo (GRE) scan that is sensitive to subtle changes in the susceptibility (i.e., density 

and/or composition) of the underlying tissue. This allows this sequence to visualize venous 

blood, microhemorrhages, hemosiderin, calcifications and/or other changes to vasculature 

(e.g., deep medullary veins) typically not observed in more traditional structural sequences. 

Importantly, this sequence is growing in popularity and usefulness, especially in mTBI.

Current uses in military/veteran TBI studies

Lesion and volumetric studies have been conducted in civilian populations since 

theinception of MRI. Lesion studies in civilian populations demonstrate the heterogeneity of 

lesion location and a relationship between lesion number and volume with severity of injury. 

In addition, volumetric studies in the civilian literature generally show atrophy of both gray 

and white matter structures with increasing severity (for a review of civilian studies see 

Shenton et al. 2012). The vulnerability of the frontal and temporal lobes is especially well-

demonstrated with this modality (Wilde et al. 2005; Reider et al. 2002; Bigler et al. 2002), 

including a trajectory of atrophy thatmay continue for some time after injury (Farbota et al. 

2012; Bendlin et al. 2008).

In contrast, there are a limited number of studies in more recent military and Veteran 

populations (OEF/OIF) that focus exclusively on lesions or volumetric analyses. Some 

studies will report the existence of lesions in studies of Veterans (Levin et al. 2010; Raymont 

et al. 2010), though lesions are clearly not the focus of these studies. Only a single study 

examining traditional volumetric differences in Veterans with TBI is published in the recent 

literature. More specifically, a study by Lopez-Larson and colleagues (2013) demonstrated 

bilateral volumetric enlargement of the thalamic nuclei in Veterans with TBI who were 

positive for overt suicidal behaviors, while no significant enlargement was noted in the 

thalami of Veterans with a history of TBI who did not also have overt suicidal behaviors 

(Lopez-Larson et al. 2013). Volumetric enlargement was thus interpreted as being associated 

with suicidal behavior.

In addition to more traditional volumetric studies (region of interest or structure of interest), 

cortical thickness is commonly measured using the T1-w sequence. Two studies (one in 

active duty Service Members and one in Veterans) demonstrated significant cortical thinning 

in a number of areas. The first study by Tate et al. found significant thinning in the Heschl’s 

gyrus (left hemisphere only) among a small sample of Service Members exposed to primary 

blast injury (Tate et al. 2014). The sample was noted to have a significant amount of hearing/

auditory clinical abnormalities including tinnitus, ruptured tympanic membrane, hearing 

loss, and other auditory abnormalities. For this reason, thinning was interpreted as being 

related to hearing/auditory abnormalities rather than more direct effects of blast injury on the 

brain. The second study by Corbo et al. (2014) reported that Veterans with especially long 

lifetime histories of PTSD symptoms displayed cortical thinning across a number of cortical 

areas. Importantly, the Veterans with comorbid PTSD and mTBl showed greater and more 

diffuse thinning associated with elevated measures of stress (Corbo et al. 2014). These 
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findings suggest that mTBI may exacerbate the vulnerability of the brain to stressful events 

and situations, though it is clear that additional studies are needed in this population.

To date, there do not appear to be studies examining white matter hyperintensities (WMH) 

or other T2-w/FLAIR abnormalities in military and/or Veteran cohorts. Anecdotally, WMH 

are commonly observed in Service Member and/or Veteran participants with mTBI, and 

examination of these findings may yield additional information as studies in civilian TBI 

populations have demonstrated modest relationships between WMH volume and clinical 

outcomes including TBI severity (Bigler et al. 2013), functional outcomes (Marquez de la 

Plata et al. 2007), and atrophic changes (Ding et al. 2008).

Currently, there also appear to be no studies specifically examining SWI abnormalities in 

military or Veteran populations. However, SWI is excellent at detecting subtle lesions, and it 

is known to be more sensitive in detecting pathological abnormalities when compared to T2-

weighted or FLAIR sequences (Tong et al. 2003). Civilian studies have shown an increased 

number and volume of SWI lesions in more severe TBI patients (Haacke et al. 2013). 

Importantly, these studies also demonstrate a number of important relationships between 

increases in SWI lesions and worse functional outcomes including length of hospital stay, 

functional outcome measures, and intellectual function (Beauchamp et al. 2013; Ashwal et 

al. 2006).

Anecdotally, there are a significant number of military and Veteran TBI patients with SWI 

abnormalities, even those classified as mTBI. Given the significant functional relationships 

noted in previous civilian clinical studies, this sequence should be utilized in military and 

Veteran populations as a means of further characterizing injury severity.

Limitations, challenges and future directions

Clearly, one of the current limitations is the small number of recent publications in military 

and Veteran populations using lesion and volumetric studies. This will likely be remedied 

over the next few years as there are a significant number of investigators who now have 

access to a growing number of military and Veteran participants. In fact, this special issue 

illustrates this point. However, instead of simply applying older methods and technology to 

these data, a careful examination of the methods and results from the civilian literature could 

improve time to discovery in the Veteran population and lead to important findings of 

clinical significance, especially those that improve our ability to predict functional 

outcomes.

Another limitation of current volumetric studies is the general lack of methods that can 

detect changes in the individual patient who have experienced a TBI. Heterogeneity of injury 

location is well known, though much of the literature continues to examine differences 

between groups of patients or subjects. This has often lead to a number of seemingly 

contradicting results across the literature as well as reinforcing the belief that mTBI may not 

represent an authentic form of brain injury. Going forward, methods that emphasize analyses 

aimed at characterizing the volumetric changes in the individual patient and the functional 

relevance of these changes will be best suited to improve our understanding of TBI brain and 
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functional sequelae (see comparisons of individual mTBI civilian subjects with persistent 

symptoms by Bouix et al. 2013 for example).

The majority of the TBI cases incurred in military and Veteran populations fall within the 

mild range (http://dvbic.dcoe.mil/sites/default/files/DoD-TBI-Worldwide-Totals-2014-Q1-

Q4-Feb23–2015.pdf; Helmick et al. 2015), resulting in more subtle changes in cellular 

microstructure. These changes are far more difficult to observe and measure using 

conventional structural imaging methods. However, methods specifically designed to 

examine these subtle changes in gross anatomy, including shape analyses, might reveal more 

specific biomarkers of brain injury. The changes in volume or shape of an area of injured 

brain also is likely related to time since injury and dependent on underlying subcortical and 

white matter alterations. As a result, structural imaging methods should not be examined in 

isolation and should be combined with other more sensitive sequences including diffusion 

tensor, metabolic, and functional imaging to improve sensitivity and specificity. Finally, 

although the majority of individuals with mTBI do not demonstrate evidence of overt lesions 

observed using conventional imaging, there are certainly cases of mTBI that, while the 

individual does not manifest more than “mild” injury on initial physical examination, do 

reveal frank lesions, the size and location of which may be important in relation to outcome 

and in interpreting other forms of imaging (see Fig. 1).

Future studies that include SWI as a prominent sequence in the analysis could lead to 

additional refinement of TBI severity classification algorithms, especially in the military/

Veteran population where current criteria exclude from the mTBI category any patient who 

has positive clinical imaging findings (e.g., day of injury CT). Inclusion of additional 

improved analysis will reduce the amount of manual, and more labor intensive methods. 

Newer, more automated methods for examining volumetric and lesion data are constantly 

under development, and utilization of these newer methods may prove to be important in 

further characterizing TBI abnormalities.

Diffusion tensor imaging

Technique

Diffusion tensor imaging (DTI) is an MR imaging technique that measures the diffusion of 

water in tissue and models this diffusion process in each voxel as a three-dimensional 

ellipsoid. The mathematical representation of this ellipsoid is a rank-2 symmetrical tensor 

which quantifies the size, shape and orientation of the diffusion (Basser and Pierpaoli 1996). 

Several features have been derived from the tensor to describe these properties, and we 

describe below the measures most commonly used in neuroimaging research:

1. Fractional anisotropy (FA) is a scalar between 0 and 1 describing the shape of the 

tensor. Zero corresponds to an isotropic diffusion (the ellipsoid is a sphere) such 

as in unrestricted free water, and 1 is an extreme anisotropic diffusion (the 

ellipsoid reduces to a single line). Anisotropic diffusion results when the motion 

of water molecules is restricted in a particular direction. For example, in white 

matter, axonal membranes, filaments, and/or myelin sheaths, will restrict water to 

diffuse slower across the fibers than along the fibers. In the normal human brain, 
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FA is highest in white matter (WM), lower in gray matter (GM) and lowest in 

cerebrospinal fluid (CSF). Figure 2 represents different hypothetical tensor 

shapes that may be associated with different FA values. Note that the lowest FA 

would be rendered as a perfect sphere, where water molecules are free to move 

equally in any direction. In contrast, the highest FA values would be reflected by 

tensor shapes that are cylindrical, where the motion of water molecules 

preferentially follow one direction.

2. Mean diffusivity (MD) quantifies the size of the tensor, i.e., the average amount 

of diffusion in a voxel.

3. Axial diffusivity (AD) is the length of the long axis of the ellipsoid (the largest 

eigenvalue of the tensor).

4. Radial Diffusivity (RD) is the average length of the middle and short axes of the 

ellipsoid (the middle and smallest eigenvalues of the tensor averaged).

In addition, tractography, a post-processing technique which reconstructs major fiber 

pathways based on the orientation of the tensor, can provide insight into the architecture of 

the white matter (Ito et al. 2002). Figure 3 below demonstrates tensor orientation and applied 

tractography using DTI. DTI is particularly sensitive in evaluating WM microstructure and 

has become an increasingly popular imaging technique in TBI research, in particular mTBI, 

where diffuse axonal injury is prevalent but findings on conventional imaging may be 

unrevealing (Shenton et al. 2012; Aoki et al. 2012).

Current uses in military/veteran TBI studies

Although there are several studies utilizing DTI in mTBI in civilians, studies utilizing 

diffusion imaging in Veterans and Service Members with mTBI are more limited. Mac 

Donald et al. (2011) examined diffusion-related abnormalities occurring in the early stages 

of mTBI in deployed service personnel who had been evacuated from the field due to injury. 

DTI-derived parameters of 63 Service Members who had experienced mTBI were compared 

with those of 21 Service Members with no history of TBI, and the authors found that Service 

Members with mTBI demonstrated lower FA in the cerebellar peduncles, cingulate bundles, 

and orbitofrontal white matter relative to the comparison group. These changes appeared to 

be persistent in a subgroup (N=47) of these Service Members who underwent follow-up 

imaging 6–12 months later (Mac Donald et al. 2011). In a subsequent study of a small group 

(n=4) of OEF/OIF service personnel with a single reported primary blast-related mTBI that 

were imaged 2–4 years after exposure, reduced FA was also found in the left middle 

cerebellar peduncle and left superior cerebellar peduncle of these individuals as compared to 

a comparison group of returning military personnel from Iraq and Afghanistan without 

history of head injury (Mac Donald et al. 2013). These studies utilized region of interest 

analysis approaches, as well as an additional automated template-based segmentation 

approach in the latter study.

However, others have not detected group differences between Service Members and 

Veterans with and without a reported history of TBI using voxel-based analyses (Davenport 

et al. 2012; Jorge et al. 2012) or tractography (Levin et al. 2010). Levin et al.’s initial study 
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comparing 37 OIF/OEF Veterans and Service Members with chronic phase mild to moderate 

blast-related TBI and 15 Veterans without a history of TBI or exposure to blast revealed no 

differences on DTI-based measures of diffusion (FA and apparent diffusion coefficient or 

ADC), though DTI measures were related to cognitive performance in some domains (Levin 

et al. 2010). Jorge et al. used DTI to examine white matter integrity in a relatively larger 

group (N=72) of Iraq and Afghanistan Veterans with a history of mTBI as compared to a 

comparison group of deployed Veterans without a history of TBI (N=21) (Jorge et al. 2012). 

While traditional voxel-based analyses did not reveal group differences, application of a 

method of identifying spatially heterogeneous areas of decreased FA (called “potholes”) did 

suggest that Veterans with mTBI had a significantly higher number of potholes than those 

without history of TBI.

Davenport et al. (2012) also addressed the issue of potential spatial heterogeneity of white 

matter abnormalities across individuals by analyzing the distribution of FA values across 

total white matter voxels in OIF/OEF Veterans with and without a history of mTBI 

(Davenport et al. 2012). In this study, the number of voxels with low FA (i.e., two or more 

standard deviations from the control group mean) was greater in the group of Veterans 

exposed to blasts. Finally, Taber et al. (2015) found lower FA and higher RD in Veterans 

exposed to primary blast with (n=6) and without (n=23) mTBI relative to blast-unexposed (n 
=16) Veterans. Moreover, voxel clusters of lower FA were spatially dispersed and 

heterogeneous across affected individuals (Taber et al. 2015).

Morey et al. (2013) compared OEF/OIF Veterans with mTBI and (n=30) comorbid PTSD 

and depression (n=30) to primary (n=42) and confirmatory (n=28) comparison groups with 

no history of TBI using high angular resolution diffusion imaging (HARDI) which allows 

for whole brain voxelwise analyses of multiple crossing fibers (Morey et al. 2013). The 

diffusion measure utilized, partial volume fraction, of the primary fiber in a voxel was found 

to be lower in the TBI group in diffuse cortical and subcortical tracts including the body of 

the corpus callosum, genu of the corpus callosum, splenium of the corpus callosum, forceps 

minor, forceps major, superior corona radiata, posterior corona radiata, posterior limb of 

internal capsule, posterior thalamic radiation, retrolenticular part of internal capsule, 

superior longitudinal fasciculus, and the tapetum. Furthermore, several of these findings 

were related to conventional measures of injury severity including loss of consciousness 

(LOC) and to the presence of feeling dazed and confused (alteration of consciousness 

(AOC)).

When considering the effects of comorbid PTSD (common in military and Veteran samples) 

Davenport et al. (2015) demonstrated that PTSD was consistently associated with high 

generalized FA (a generalization of the FA measure for high angular resolution diffusion 

imaging data) in select brain regions, greater likelihood of regions and voxels with 

abnormally low MD, and a greater number of voxels with abnormally high FA, while mTBI 

was associated with fewer high MD regions (Davenport et al. 2015). In a study examining 

the interplay between TBI and PTSD in OEF/OIF Veterans, Bazarian et al. concluded that 

PTSD severity was related to both the severity of combat stress and underlying structural 

brain changes using DTI but not to a clinical diagnosis of mild TBI (Bazarian et al. 2013). 

Others have not found PTSD to have a significant effect on DTI parameters in the context of 
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TBI (Morey et al. 2013). The effect of mood disorders, such as depression, may also 

augment changes observed in Veterans with mTBI and/or PTSD (Isaac et al. 2015; Matthews 

et al. 2011b) and DTI-based differences have also been linked to suicidal behavior in the 

context of mTBI in Veterans (Lopez-Larson et al. 2013; Yurgelun-Todd et al. 2011). Finally, 

the impact of alcohol misuse (with or without comorbid PTSD) has been the subject of study 

(Maksimovskiy et al. 2014), and is another important comorbidity in OEF/OIF Veterans. See 

Table 1 for a review of subject characteristics, imaging parameters and basic findings.

Limitations, challenges and future directions

Currently, there are a number of disparate findings in the literature when using DTI to 

examine the effects of mTBI in military and Veteran populations that complicate our 

understanding. Importantly, there may be a number of methodological differences that 

explain these equivocal findings including differences in the diffusion acquisition 

parameters, imaging artifact, field strength, and analysis tools used. In addition, cohort 

factors including the definition of TBI, the mechanism of injury (primary blast versus blast 

injury in addition to another mechanism, such as head impact), inclusion/exclusion criteria 

for the subject groups (including consideration regarding injuries sustained prior to or after 

the index injury), and different comparison populations (deployed military vs. non-deployed 

military, VA-based recruitment vs community-based Veterans, Veterans vs. Active Duty 

Service Members, etc.), length of post-injury interval, and control for common 

comorbidities such as PTSD and depression, etc. could have also contributed to different 

findings.

Unfortunately, studying DTI abnormalities in TBI subjects remains additionally challenging, 

because the impact of the injury is very heterogeneous, and is unlikely to affect the brains of 

different subjects in exactly the same way. The methods used in most studies rely on 

standard population analyses, which assume a common spatial pattern of pathologies over 

the entire patient group. As such, they have limited sensitivity and utility. This is reflected in 

recent reviews of dMRI findings in mTBI that highlight the disparity in findings (Shenton et 

al. 2012). In addition, recent results in animal models and humans suggest that DTI indices 

in GM might reveal important information about mTBI, but most DTI analysis tools 

available today concentrate only on the analysis of the white matter (Budde et al. 2011; 

Bouix et al. 2013). Recent techniques have tried to address this problem by creating full 

brain subject-specific profiles of injury based on a reference atlas built from healthy subjects 

(Bouix et al. 2013; Kim et al. 2013; Mayer et al. 2014; Jorge et al. 2012; Davenport et al. 

2015). This issue is even more interesting in military population with blast exposure where 

one could expect both subject specific abnormalities and a common pattern of injury from 

exposure to blast.

Another limitation of DTI is its non-specificity. While DTI measures are very good at 

detecting an abnormality, they do not necessarily provide detailed information related to the 

specific underlying pathology associated with that abnormality. For example, lower FA in 

WM could be caused by a number of pathologies, such as myelin deficiency, axonal death, 

edema, etc. Earlier work suggested that DTI metrics may reflect specific forms of pathology, 

for example, increased radial diffusivity being associated with demyelination (Song et al. 
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2005), and altered axial diffusivity shown to be sensitive markers for axonal damage (Song 

et al. 2002, 2003; Wang et al. 2014, 2015a). More specific features can be extracted from 

DTI, although they still need to be validated (Pasternak et al. 2009). Alternatively, one could 

acquire more advanced diffusion MRI scans, such as multi-shell diffusion imaging, diffusion 

spectral imaging or neurite orientation dispersion and density imaging, which provide more 

specific markers of brain tissue microstructure than standard DTI indices (Descoteaux et al. 

2011; Wedeen et al. 2008; Zhang et al. 2012; Wang et al. 2015a; Wang et al. 2014). 

Unfortunately, they often require long scan times and extensive postprocessing expertise, 

rendering their clinical application difficult.

One exciting area of research is the use of animal models to correlate better the diffusion 

MRI signal with physiological, metabolic, and pathological consequences of blast TBI. One 

interesting result from an animal model of blunt trauma is the correlation of FA and 

histology. In particular, increased FA in GM was correlated with increased glial markers and 

decreased FA in WM was correlated with decreased myelin markers (Budde et al. 2011). 

Unfortunately, few if any of the existing studies in this domain have employed advanced 

diffusion imaging beyond DTI (Tompkins et al. 2013; Calabrese et al. 2014; Budde et al. 

2013; Rubovitch et al. 2011). Future research endeavors in this domain have the potential to 

provide fundamental insight into the neurotrauma caused by TBI biomechanics, especially 

blast forces.

Magnetization transfer imaging

Technique

Magnetization transfer imaging (MTI) is a form of imaging that examines the interaction 

(dipolar and/or chemical exchange) between “free” water protons and “bound” 

macromolecular protons to assess the presence or absence of macromolecules, particularly 

the proteins and phospholipids that coat axonal membranes and myelin sheaths in cerebral 

white matter. MTI is achieved via measurement of magnetization interaction when an off 

resonance radio frequency (RF) pulse is applied to macromolecular protons and some of 

their excited magnetization is transferred to free water protons. Through application of this 

pulse, the resulting signal is attenuated according to the magnitude of magnetization transfer 

between the macromolecules initially pulsed and the bulk water. The presence or absence of 

macromolecules can be inferred depending on the degree of attenuation of the signal.

MT ratio (MTR) has historically been the most commonly applied quantitative MTI 

parameter, and is calculated as the percent variation of the saturated RF pulse image 

sequence with the unsaturated RF pulse image sequence (Pagani et al. 2008). The equation is 

as follows,

MTR = (M0 − Ms)/M0 × 100%

where M0 is the sequence without the RF pulse and Ms is the signal intensity with the RF 

pulse. This represents the percent signal decrease due to MT.
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MTR has proven to be a sensitive as a clinical marker of pathologic change in numerous 

neurological diseases and generally, decreased MTR is thought to reflect pathological 

change in both white and gray matter. MTR has been previously reported to be useful in 

probing myelin integrity, and also to detect inflammation and associated edema in other 

disease processes (Wang et al. 2015b; Harrison et al. 2014). It has been postulated that 

decreased MTR in TBI may reflect an increase in the concentration of microglia, amyloid, 

phagocytic vacuoles and/or other injury products within both the gray and white matter. MTI 

is thought to be particularly sensitive to white matter demyelination and Wallerian 

degeneration because the myelin sheath surrounding axons holds a substantial number of 

tethered proteins that transfer magnetization (Symms et al. 2004).

Current uses in military/veteran TBI studies

There are a limited number of MTI studies in TBI, even in the civilian literature, but 

decreased MTR in white matter regions has been reported in the absence of any observable 

pathology on conventional imaging (Sinson et al. 2001; Mamere et al. 2009), including in 

patients with mTBI (McGowan et al. 2000), although a recent study did not find significant 

differences between a group of individuals with subacute mTBI and an orthopedically-

injured comparison group imaged within 24–48 h post-injury (Narayana et al. 2015). In 

military TBI specifically, Petrie and colleagues (2014) utilized macromolecular proton 

fraction (MPF), based on magnetization transfer effect, in a population of Iraq and 

Afghanistan Veterans with blast-related mTBI. They found reduced MPF in multiple 

cortical-subcortical tracts in groups of individuals with blast-related TBI compared to 

controls and that MPF reduction was related to the degree of blast exposure (Petrie et al. 

2014).

Limitations, challenges and future directions

As with all imaging modalities, there are special considerations related to the acquisition, 

analysis and interpretation of MTI data (Hunter et al. 2012). MTI sequences can be lengthy, 

increasing their vulnerability to motion artifact, which can influence MTR values 

substantially. Second, quantitative results obtained with different acquisition parameters or 

scanner hardware or software may not be directly comparable across sites (Pagani et al. 

2008). Third, although MTR may be considered sensitive to alteration in the microstructual 

environment, its ability to reveal specific forms of underlying pathology (e.g., inflammation, 

edema, Wallerian degeneration, demyelination) requires further investigation, particularly in 

TBI where multiple forms of pathology may co-occur. MTI-based measures may also be 

quite sensitive to age-related changes, particularly in cortical and subcortical GM structures 

(Mascalchi et al. 2014; Newbould et al. 2014; Callaghan et al. 2014). Finally not all studies 

have found a clear association between MTI-derived metrics and outcome (Bagley et al. 

2000; Petrie et al. 2014), and additional research in this area is warranted.

Despite these challenges, MTI techniques show promise in detecting subtle white and gray 

matter changes in otherwise normal-appearing tissue following TBI and could advance 

understanding of transient or persistent microstructural alteration following mTBI. 

Development of quantitative MT measures including the concentration of macromolecular 

pool, free pool size ratio (PSR) (Dortch et al. 2013), and exchange rates between pools may 
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reflect additional information related to underlying pathological processes. Newer methods 

for MTI that do not require a separate saturation pulse are under development, which may 

yield larger MTR, higher SNR and greater gray-white matter contrast in a shorter amount of 

time (e.g., ~1–2min) (Barker etal. 2015). Additionally, alternatives to spoiled gradient echo 

(GRE) approaches to MT imaging such as balanced steady state free precession (bSSFP) 

have also been proposed to reduce scan time considerably (Amann et al. 2015). There has 

also been limited, but intriguing investigation of the use of MTI in monitoring neurological 

recovery (Choe et al. 2013), axonal “remodeling” after injury (Lin et al. 2014) and the 

effects of pharmacological intervention (Zivadinov et al. 2014) in other patient populations.

Arterial spin labeling

Technique

Arterial spin labeling (ASL) is a non-invasive MRI technique that uses magnetically-labeled 

blood water as an endogenous contrast agent to provide measurements of cerebral blood 

flow (CBF). Without the use of a gadolinium-based contrast agent, quantitative maps of 

CBF, in terms of perfusion per unit of tissue (mL/100 g/min) can be obtained when certain 

acquisition conditions are met (Detre et al. 1992). Clinically, this technique can be used to 

investigate pathologies that can increase or decrease CBF, such as ischemia (Yoo et al. 2015; 

Hartkamp et al. 2014), disruption of the blood brain barrier, and cerebrovascular spasm 

(Cernak and Noble-Haeusslein 2010; Ling et al. 2009; Bauman et al. 2009). In addition, 

ASL has been applied to populations with more overt or subtle forms of vascular disease and 

neurodegeneration.

In ASL, the longitudinal magnetization in the blood, typically flowing from the carotid and 

vertebral arteries, is saturated or inverted, resulting in the reduction of the T1 -weighted 

signal. This is called the “tagged” image. The difference between these tagged images and 

images with no tagging (controls) is proportional to the CBF as long as the labeled blood 

arrives to the tissue when the tissue is imaged. Since the difference between the two images 

is very small, multiple tagged and control images are acquired to increase the signal-to-noise 

ratio (SNR) of these measurements. Several types of ASL acquisition sequences exist on 

modern scanners. A recent consensus white paper on ASL concluded that pseudocontinuous 

ASL (pCASL) is the preferred choice for clinical ASL given its high tagging efficiency by 

providing temporally longer labeled bolus at lower RF energy depositions (Alsop et al. 

2014).

Current uses in military/veteran TBI studies

Although the principle of ASL has been utilized in research applications for several years, 

the recent improvements of MR hardware and sequence development have now made ASL 

more widely available on modern scanners. Therefore, in contrast to other MR techniques 

like DTI and fMRI, there is a lack of studies published particularly in military-related TBI. 

In civilian studies of mTBI, researchers have shown alterations in CBF both in the acute and 

chronic phase. Doshi et al. (2015) showed an increase in CBF in a group of 14 individuals 

with acute mTBI, which is in contrast to the decrease in CBF typically seen in severe TBI. 

Using quantitative SWI to measure the oxygen demand of the tissue, they showed that there 
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may be a neuroprotective mechanism of increased CBF above the needed oxygen demand 

(Doshi et al. 2015). In pediatric patients with TBI in the chronic phase, Wang et al. (2015b) 

demonstrated decreased CBF in bilateral frontotemporal regions (Wang et al. 2015c). ASL 

can also be used to look at changes in CBF due to interventions such as pharmacological 

interventions for addictive disorders (Franklin et al. 2012) and attention deficit (Kim et al. 

2012b). This makes ASL particularly attractive for investigating effects from interventions 

for TBI. Additionally, as an alternative for BOLD contrast for fMRI, ASL has also been 

used for direct measure of CBF changes in task-based fMRI (Kim et al. 2012a).

Limitations, challenges and future directions

CBF measurements have been useful in PET studies in neurodegenerative disease, and ASL 

is an attractive, accessible and nonionizing alternative means to investigate these 

pathologies. With recent interest in TBI-related changes that may contribute to or accelerate 

neurodegenerative disease through different mechanisms, ASL may provide an important 

avenue of future research of cerebral blood flow in military-based studies. Additionally, 

there is interest in blast-related changes to cerebral perfusion that may be persistent and 

could be potentially evaluated with ASL. However, it is important to note that there may be 

some differences in absolute CBF measurements between the two modalities. Zhang et al. 

showed that pCASL had higher regional CBF in cortical areas in comparison to 15O PET 

CBF measurements (Zhang et al. 2014). Attention should also be given to CBF 

measurements in white matter. Due to the longer transit time needed for white matter, a bias 

can be introduced which can affect white matter measurements. The SNR in white matter 

regions are also generally lower. Mutsaerts et al. (2014) has also reported a difference in 

white matter CBF when comparing pCASL sequences between vendors (Mutsaerts et al. 

2014). Several investigators are looking at ways to improve measurements in these areas 

such as calibrating to dynamic susceptibility contrast (DSC) perfusion to ASL (Zaharchuk et 

al. 2010) and updated ASL techniques with improved acquisition sequences (Wolf et al. 

2014; Wang et al. 2013) and post-processing techniques (Wang 2014).

Magnetic resonance spectroscopy

Technique

Magnetic resonance spectroscopy (MRS) is a noninvasive technique that examines 

physiological metabolismin vivo. MRS differs from other imaging methods in TBI in that it 

measures the concentration of chemicals in the brain. These chemicals are often involved in 

metabolic processes in the brain, thus providing a window into the underlying pathological 

changes that can occur as a result of brain injury from acute to chronic stages (Lin et al. 

2012b). This quantitative, non-invasive, and objective technique has demonstrated its value 

in diagnosis and prognosis, across a broad range of neurological diseases including cancer, 

neurodegenerative diseases, demyelinating disorders, inherited metabolic disorders, stroke, 

hypoxia, and others (Oz et al. 2014). Specific chemical changes identified by MRS are also 

amenable to targeted treatment and treatment-monitoring. Available across all MR scanners 

as a software option, this research technique shows great promise to be readily translated 

into clinical practice.
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The major metabolites measured by MRS in TBI are the following (also see Fig. 4):

Lipid: Although lipids are present throughout the brain in the form of membranes, they are 

not “MR visible” unless liberated by a severe pathological process including brain trauma 

(Haseler et al. 1997).

Lactate: Lactate is the end product of anaerobic glycolysis and therefore a direct indicator 

of hypoxic events in the brain. The presence of lactate in spectra indicates impairment of 

perfusion and is indicative of poor outcome (Makoroff et al. 2005).

N-acetyl aspartate (NAA): An amino-acid derivative synthesized in neurons and 

transported down axons, NAA is a marker of viable neurons, axons and dendrites. Brain 

injury is associated with decreased NAA (Ross et al. 1998; Signoretti et al. 2001; Moffett et 

al. 2013).

Glutamate and glutamine (Glx): Glutamate is the primary excitatory neurotransmitter 

in the brain and is tightly coupled to glutamine which is found in the astrocytes. Studies have 

shown that the Glx resonance is predictive of outcome after severe TBI (Shutter et al. 2004). 

Importantly, it should be noted that Glx is not visible at long echo.

Creatine (Cr): Creatine is an energy marker that is often used as an internal reference for 

the measurement of other peaks. Earlier MRS TBI studies utilize ratios of metabolite to Cr. 

However, recent studies have shown changes in Cr as a result of head injury and therefore 

these ratios must be considered carefully (Gasparovic et al. 2009; Yeo etal. 2011).

Choline (Cho): Choline is a membrane marker used to measure the changes in brain 

tissue. Since the majority of choline-containing brain constituents are not normally soluble, 

pathological alterations in membrane turnover result in an increase in MRS visible Cho. In 

the context of head injury, Cho is often elevated and described as a marker of diffuse axonal 

injury (Holshouser et al. 2005). Myo-inositol (ml): mI is an astrocyte marker and osmolyte. 

It is also involved in the metabolism of phosphatidyl inositol, a membrane phospholipid, 

and, similar to choline, is expected to increase after TBI due to membrane damage. Another 

explanation for increased mI after TBI is that mI is a purported glial marker and increases as 

a result of reactive astrocytosis or glial scarring (Ashwal et al. 2004). Importantly, mI is not 

visible at long echo.

Current uses in military/veteran TBI studies

Although there have been few studies that have utilized MRS to studymilitary TBI, the 

methods are highly applicable to that population. There have been several recent reviews of 

brain injury that have focused on the use of magnetic resonance spectroscopy from mild (Lin 

et al. 2012b) to severe (Marino et al 2011) brain injury as well as more specific topics 

including repetitive brain injury (Ng et al. 2014), sports-related head injury (Gardner et al. 

2014) that provide a comprehensive list of relevant literature (see also Table 2 for a review of 

basic imaging parameters and findings in MRS studies in mild TBI). In general, the studies 

show an initial decrease in NAA after injury which then recovers over time. Choline changes 

appear to be more variable and as it relates to membrane turnover or diffuse axonal injury 

Wilde et al. Page 14

Brain Imaging Behav. Author manuscript; available in PMC 2019 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may be dependent on the type and extent of the brain injury. Changes in Glx and mI, tied to 

excitoxicity and glial cell proliferation, respectively, appear to be more long-standing. It is 

important to note that both Glx and mI are only observed using short-echo spectroscopy 

which is the reason why other studies, which utilized long-echo methods, did not detect 

these changes. Recent new findings include the use of 3D chemical shift imaging methods 

(Kirov et al. 2013a, 2013b) which provide greater spatial sensitivity of MRS to injury as 

well as 2D correlated spectroscopy methods which provide two chemical shift domains that 

allows for the disambiguation of overlapping resonances (Lin et al. 2015).

The results have been less consistent due to a number of different factors that influence the 

more subtle changes in concussions (Ng et al. 2014). Age can be a factor as most studies in 

adults have shown reductions in NAA after concussion (Gasparovic etal. 2009; Yeo etal. 

2011; Cecil etal. 1998; Garnett et al. 2000; Cohen et al. 2007; Kirov et al. 2007; Vagnozzi et 

al. 2008; Henry et al. 2011; Johnson et al. 2012), whereas children have not (Maugans et al. 

2012), which is surprising given non-spectroscopic evidence of worse outcome in children 

(Guskiewicz and Valovich McLeod 2011). Given the limitations of a single study, it is 

unclear if NAA metabolism is maintained in the pediatric brain or that in this specific 

cohort, the injuries did not affect neuronal integrity. Gender can also play a role with recent 

studies demonstrating differences in metabolic changes in women (Chamard et al. 2012, 

2013). Variation in data acquisition methods including differences in pulse sequences and 

regions of interest which can be influenced by grey and white matter differences have also 

led to differences observed in Cho, Glx, and mI concentrations (Gardner et al. 2014). 

Heterogeneity of injury with regards to location as well as number of concussions also 

influence metabolic changes. Longitudinal MRS studies in mTBI have also shown that 

metabolites can recover over time and therefore the time after injury (acute vs chronic) must 

also be taken into account when evaluating spectral differences (Yeo et al. 2011; Vagnozzi et 

al. 2008; Henry et al. 2011; Chamard et al. 2012). Similar findings have also been shown for 

repetitive brain injury such as those suffered by sports athletes (Henry et al. 2011; Lin et al. 

2010, 2015). These repetitive injuries may be of greater interest to the military, given the 

repeated exposures to blast injury and importance of this fact bearing on “return-to-duty” 

decisions. Furthermore recent studies have also shown exposure to repetitive sub-concussive 

injuries may also have an effect on brain chemistry (Poole et al. 2014, 2015; Koerte et al. 

2015a).

To date, there has only been one study utilizing MRS to study brain injury in military 

personnel (Hetherington et al. 2014). Hetherington et al. examined 25 veterans at least 1 

year after exposure to 1 or more (>10) blasts and compared them to age and gender matched 

healthy controls with no history of brain injury. This study utilized cutting-edge methods 

such as a 7 Tesla MRI scanner, specialized transceiver array coil and gradient insert to 

optimize signal to noise ratio and MRS signal homogeneity. These technological advances 

are necessary in order to obtain high quality spectra from regions such as the temporal lobes 

which often suffer from susceptibility artifacts. The results of the study showed that veterans 

had significantly decreased NAA/Cr and NAA/Cho ratios (possible increased Cho) similar 

to previously reported findings in other non-military chronic injuries. One of the interesting 

findings, particularly for a military cohort, was there was no significant difference between 

TBI subjects with and without post-traumatic stress, anxiety, depression, or alcohol 
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dependence, which are the major co-morbidities in military TBI. This is surprising given 

that MRS studies in military subjects with PTSD have shown changes in hippocampus such 

as decreased NAA and changes in Cho (Brown et al. 2003; Freeman et al. 1998; Kimbrell et 

al. 2005; Schuff et al. 2008) that may have shown a compounding effect.

Limitations, challenges and future directions

Clearly there is a need for more studies examining the effects of military TBI given the 

wealth of evidence of biochemical changes in civilian and sports-related head injury. There 

is a wide range of studies that needto be conducted. To date there have been no studies 

conducted in severe military brain injury, for which MRS could have great prognostic value, 

nor in the acute stages of injury. This is likely due to the difficulty in conducting studies at 

first responder MRI facilities such as Landstuhl. However, subacute to chronic MRS studies 

could be readily conducted at the many MRI facilities across US Army and National Intrepid 

Centers of Excellence. Although the single MRSstudy in military personnel show that PTSD 

and other co-morbid conditions do not affect mTBI results, this issue needs to be examined 

in a larger cohort of subjects. It is also unclear ifthe controls were civilians or military, 

which may biasthe comparison. Furthermore, as the study utilized a moderate echo time, 

Glu and mI were not measured. These additional biomarkers, amongst others available to 

spectrally-sensitive MRS techniques, may have shown differences. Finally, as the study 

focused on the temporal lobes, there may also be other brain regions of interest, particularly 

posterior cingulate and parietal white matter which has shown high sensitivity and 

specificity for prognosis of severe TBI.

Overall, given the heterogeneity of mTBI, there still remains much work to be donebefore a 

viable diagnostic or prognostic tool can be utilized in the clinic, however the severe TBI 

work that has been done has demonstrated that metabolite measures can provide both 

diagnostic and more importantly prognostic measures. Current MRS methods such as single 

voxel spectroscopy and chemical shift imaging are clinically available across all MR 

manufacturers where an additional scan of 5–10 min can provide a wealth of information 

that can assist withoutcome measures in the severely injured, particularly for patients in 

comas. While the scientific evidence for the use of MRS in brain injury is strong, there 

remains the need for large, prospective clinical trials to confirm the clinical utility of MRS in 

severe brain injury.

Consensus as to how MRS data should be acquired and analyzed also remains elusive. 

Another knowledge gap is the paucity of studies that utilize a multimodal approach to 

determine how MRS can be complimentary and supportive of other imaging modalities such 

as DTI and volumetric sequences thus enabling a more complete picture of the 

pathophysiology of brain injury. This would be particularly important when evaluating 

mTBI within the context of comorbid conditions and where advanced MRS methods 

combined with other imaging methods can be used in conjunction to distinguish those 

changes specific to brain injury.
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Task-based functional magnetic resonance imaging

Technique

In blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI), 

an increase in local CBF, blood volume, and oxygen extraction, i.e., hemodynamic response 

(HDR), is measured to infer neural activity during the performance of a task (Ogawa et al. 

1992). Changes in the BOLD signal between two or more conditions are contrasted with 

each other in an attempt to isolate the brain regions involved in a wide variety of mental 

processes including perception, attention, language, memory, decision making, reasoning, 

emotion, and social cognition, among others. Stimuli are generally presented in a block or 

event-related design. In block designs, stimuli from several trials in one condition are 

presented while responses are collected. After one block is presented, another block of trials 

presenting stimuli from another condition are presented, and blocks are repeated on an 

alternating basis. In event-related studies, single trials from different conditions can be 

intermixed. The benefits of block design may be increased power and decreased time in the 

scanner. In rapid event-related designs, single trials can be separated by brief, varying 

intervals to prevent habituation or expectancy. Event-related designs may take longer to 

administer than block designs and are more complicated to analyze, but can permit the 

measurement of particular processes that may not be possible to isolate in a block design.

Current uses in military/veteran TBI studies

A handful of fMRI studies have been performed with subjects selected to have mTBI due to 

blast explosions in the Iraq and Afghanistan wars, and they primarily investigated alteration 

in regions involved in emotion and control of cognitive processes (Matthews et al. 2011a, 

2011b; Fischer et al. 2014; Scheibel et al. 2012; Newsome et al. 2015). In one of the first 

fMRI studies investigating blast-related TBI, Matthews et al. (2011a) investigated whether 

emotion processing, in particular fear, was altered in subjects who also had major depressive 

disorder (MDD), compared to subjects with blast-related TBI but not MDD (Matthews et al. 

2011a). Subjects viewed alternating blocks of emotional faces or shapes. In both conditions, 

a single target item (face or shape) was presented above two other faces or shapes, 

respectively, and subjects were asked to indicate which of the two items matched the target 

item. This emotion processing task had been previously validated to elicit amygdala 

activation in healthy volunteers (Hariri et al. 2002). The groups did not differ in the accuracy 

or reaction time with which they performed the task. Compared to the subjects with blast-

related TBI alone, subjects with both TBI and MDD demonstrated increased activation in 

the amygdala bilaterally during fear processing, but decreased activation in a cognitive 

control region (e.g., dorsolateral prefrontal cortex (DLPFC)). The results suggested 

enhanced fear processing coupled with decreased ability to draw on neural sources required 

to regulate attention.

To measure cognitive control after concussion due to blast, Matthews et al. (2011b) 

presented an event-related task designed to elicit a prepotent manual response that had to be 

withheld (Matthews et al. 2011b), the stop signal task (Aron et al. 2003; Logan et al. 2000). 

In the task, either an “X” or an “O” was presented on screen, and subjects had to press a 

particular button when a letter appeared, but withhold their responses if a tone sounded, 

Wilde et al. Page 17

Brain Imaging Behav. Author manuscript; available in PMC 2019 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which occurred on 25 % of the trials. Trials were considered difficult if the tone was 

presented very close to (within 100–200 ms of) the average reaction time of the subject 

(determined in a session prior to the scan), and easy if the tone was presented 300–500 ms 

before the average reaction time of the subject. Both groups performed similarly in terms of 

accuracy and reaction time. There were also no group differences in activation for the 

difficult trials, but for the easy trials, Veterans who had experienced LOC demonstrated less 

activation in the ventromedial prefrontal cortex (VMPFC) than Veterans who had AOC. The 

voxel of peak activation in the VMPFC was in the middle frontal gyrus. The Veterans with 

LOC also demonstrated a positive correlation between brain activation in the VMPFC and 

somatic symptoms. The authors suggested that both the reduced activation and the 

correlation between activation and symptoms are related to diminished self-awareness 

subsequent to LOC.

In a separate study designed to measure conflict resolution, Scheibel et al. (2012) presented 

a stimulus–response compatibility task to subjects with blast-related mTBI an average of 2.6 

years after their most recent blast exposure (Scheibel et al. 2012). In this rapid event-related 

design, subjects with and without mTBI viewed an arrow in the middle of a screen and were 

asked to press a button consistent with the direction the arrow pointed if the arrow were 

blue, or press a button inconsistent with the direction the arrow pointed if the arrow were 

red. As in the stop signal task, to create the expectation of a prepotent response, the red 

arrows were presented on only a small proportion of the trials. Both groups performed with 

similar accuracy rates. Relative to the Veterans without mTBI, the Veterans with mTBI 

demonstrated increased activation in the anterior cingulate cortex, medial prefrontal cortex, 

and regions associated with visual attention and spatial processing, and activation in these 

areas was augmented after covarying for measures of depression, PTSD, and reaction time 

(Scheibel et al. 2012). Please see Fig. 5. The authors concluded that the increased activation 

is consistent with previous investigations of this task in civilians with moderate to severe 

TBI (Scheibel et al. 2007, 2009) and may be compensatory, or reflect inefficient processing 

resulting from deafferentiation due to diffuse axonal injury.

Fischer et al. (2014) employed the stop signal task in an investigation of how blast-related 

mTBI might differ from civilian mTBI, investigating long term changes more than 4 years 

after blast exposure (Fischer et al. 2014). There was no effect of TBI in the performance of 

the task, although military groups demonstrated slower reaction time than the civilians. 

There were no group differences in accuracy during performance of the task. When correctly 

inhibiting their responses, the military TBI group had alterations in activation similar to 

those in the civilian TBI group, with decreased activation in medial and middle frontal gyri, 

anterior cingulate, middle temporal gyrus, and precuneus. As some of these regions are 

involved in the Default Mode Network (Raichle et al. 2001) (see below), and the inhibition 

condition of the stop signal task has been previously shown to correlate with the functional 

connectivity of the DMN (Zhang and Li 2012), the authors suggested this pattern may 

indicate that TBI of any etiology may disrupt DMN function during successful inhibition. 

However, the two mTBI groups did differ during correct inhibitions in anterior cingulate and 

orbital gyrus, with increased activation observed in the blast mTBI group. Further, when 

failing to inhibit, the blast-related mTBI group demonstrated increased activation (relative to 

a military control group) in the caudate nucleus and cerebellum, whereas the civilian mTBI 
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group demonstrated decreased activation (relative to a civilian control group). Covarying for 

education, post-concussion, PTSD, depression, and pain symptoms did not alter patterns of 

significance. The authors posited that the results could be due to different underlying 

patterns of white matter disruption in the two mTBI groups and suggested that the stop 

signal task during fMRI may provide a biomarker for detecting chronic mTBI due to blast.

Newsome and colleagues (Newsome et al. 2015) also investigated differences between 

civilian and military TBI in working memory in subjects that overlapped with those in 

Fischer et al. (2014). The Sternberg Item Recognition Task (Sternberg 1966) was used to 

measure subcomponent processes of working memory, and the authors reported altered 

activation during the encoding phase, when subjects had to introduce and establish a 

representation of the information in the brain. In an event-related design, subjects viewed a 

screen with one, three, or five letters for 1800 ms (encoding), which was followed by a 

crosshairs for 4300 ms (maintenance), followed by a single letter to which they had to 

respond whether or not had been in the initial screen of letters (retrieval). The blast group 

did not demonstrate a monotonic relationship between working memory set size and 

activation in the right caudate during encoding that was found in the other groups. For 

performance, all groups demonstrated the set size effect first reported by Sternberg (1966), 

where reaction time increased with the number of letters to be remembered, but the blast 

TBI group was overall slower than all of the other groups, and their accuracy was worse. 

The authors suggested that the SIRT might be sensitive in detecting group differences and 

that the disrupted caudate activation provided further support (cf. Fischer et al. 2014) that 

the basal ganglia may be vulnerable to blast injury.

Limitations, challenges, and future directions

Task performance during fMRI has suggested neural alterations that are apparent in subjects 

several aftter blast-related TBI. Additional work documenting longitudinal changes across 

the lifespan may yield important information on whether these changes are stable or if more 

widespread alteration might occur. fMRI studies reviewed here suggest alterations in regions 

involved in controlling emotion and cognitive responses, despite normal performance, 

suggesting that brain alterations may exist independent of performance decrements for these 

tasks. Could these brain changes eventually affect future performance? Determining whether 

altered brain function has implications for future performance of tasks that rely on the 

altered regions may be useful to understand if continued testing and monitoring of cognitive 

tasks would be worthwhile when decrements in cognitive performance are not detected in 

office testing. Relation of fMRI results to multiple types of structural imaging will provide 

additional insight into the nature of the damage and may also help to predict future change.

In addition, investigation with tasks measuring other processes would provide a broader 

knowledge base of the effects of mTBI, particularly in military populations. Candidate tasks 

could include domains known to be challenged in Service Members and Veterans, e.g., 

social cognition tasks may identify regions that are compromised in Veterans who 

experience difficulty relating and integrating with their families and community, which may 

interact with PTSD symptoms. Accounting for co-morbidities is important in understanding 

any specific effects of TBI; however, overlapping symptoms in TBI, PTSD, and depression 
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can affect interpretation, and the field may have to adapt to the limitation of not being able to 

isolate TBI from PTSD or other co-morbidities in some circumstances and develop new 

approaches. If results of present experiments are replicated in well-characterized subjects 

(whether they have TBI only or both TBI and depression, for example), task performance 

during fMRI may have the potential to classify patients. Although a very preliminary 

suggestion, one region that may be a biomarker may be the anterior cingulate, which was 

implicated in the cognitive control studies reviewed here and would be relevant for 

emotional regulation. Once vulnerable regions are reliably identified, future therapies that 

target these regions during neural feedback (Sokunbi et al. 2014; LaConte et al. 2007; Yuan 

et al. 2014) may have success in normalizing activation.

Resting state fMRI and functional connectivity

Technique

During fMRI scanning without task performance, low frequency spontaneous fluctuations in 

BOLD activity show patterns of significant correlations between regions (Biswal et al. 

1995), or functionally connected networks. The Default Mode Network (DMN) is one well-

known example and includes portions of the medial prefrontal cortex, posterior cingulate 

cortex, medial temporal and lateral parietal lobes, with the anterior and posterior cingulate 

cortices serving as hubs (Raichle et al. 2001; Fox et al. 2005; Buckner et al. 2008). In 

addition, functional connectivity in the DMN is anticorrelated with networks involved in 

cognitive tasks, e.g., intraparietal sulcus (Fox et al. 2005).

One analytical approach is a seed-based method, in which signal fluctuations from a region 

of interest (seed) are correlated with other areas of the brain. Other analysis methods include 

independent components analysis (ICA) (Beckmann et al. 2005) and graph theoretic analysis 

(Sporns et al. 2004). ICA decomposes signal into distinct spatial and temporal components 

and is model-free, which may be an advantage for when datasets are not well typified. In 

graph theoretic analysis, brain networks are modeled in terms of graphs (e.g., nodes and 

connections) to characterize network features, such as distance between regions (i.e., path 

length) and the extent to which a node is connected with the rest of the network (global 

efficiency), both of which are examples of measures of network integration. Other examples 

of how network organization may be understood include density of local connections and 

degree of influence nodes have on the network. As well, graphs can be divided into modules, 

and connections between the modules can be investigated.

Current uses in military/veteran TBI studies

Functional connectivity has been reported to be altered in civilians with mTBI (Mayer et al. 

2011; Stevens et al. 2012). In subacute mTBI (i.e., 4 to 5 months post-injury), functional 

connectivity within the DMN was decreased, while connectivity between the DMN and 

regions with which it might normally be anticorrelated (e.g., lateral prefrontal cortex) was 

increased (Mayer et al. 2011). Disruption of electrophysiological signal within the lateral 

frontal lobes and the white matter networks subserving them in OEF/OIF/OND Veterans 

with mTBI (Sponheim et al. 2011), suggests that anti-correlations in brain networks may be 

disrupted in Veterans with mTBI.
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Using ICA, Vakhtin and colleagues (Vakhtin et al. 2013) reported changes in three ICA 

measurements, BOLD spatial maps, spectral power, and functional connectivity. TBI 

subjects were screened to have only blast-related TBI. Relative to controls, who were 

healthy civilians from Allen and colleagues (Allen et al. 2011), the mTBI group 

demonstrated decreased activity in left inferior temporal lobe and increased activity in 

temporal parietal junctions bilaterally (spatial map results), increased frequency in attention, 

frontal, and DMN compononents (spectral results), and reduced functional connectivity in 

six pairs of networks. However, using a seedbased approach, Robinson et al. reported that 

proximity to blast, rather than the presence of concussion symptoms, was associated with 

disruption to the DMN in Veterans (Robinson et al. 2015). In particular, functional 

connectivity between a region of the posterior cingulate cortex (i.e., seed) and 

somatosensory and pre-supplementary motor cortices was decreased in Veterans who had 

been within 10 m of a blast explosion, relative to Veterans who had been exposed to blast at 

greater distances. The Veterans who had been in close proximity to the blast had more TBIs 

than the other Veterans, but the same results were found after accounting for duration of 

LOC, as well as other factors such as time since deployment and pain. The authors 

suggested that effects of blast may be underestimated in cases where TBI is not found. Using 

graph theoretic analyses, Spielberg et al. (2015) reported in a group of veterans with mTBI 

of mixed etiology and co-morbid PTSD a negative relation between re-experiencing severity 

and local efficiency, such that greater re-experiencing severity was associated with less 

efficient communication in a network surrounding the caudate (Spielberg et al. 2015). 

Different methods of analysis, co-morbidities, and TBI etiologies may play a role in the 

different results across studies.

Studies with active duty military subjects have reported altered connectivity. Using an ICA 

approach, Nathan et al. reported increased connectivity within posterior regions of the DMN 

in Active Duty Service Members who had a maximum of one mTBI and were between 2 and 

10 months post-injury without a PTSD diagnosis, relative to Active Duty Service Members 

with no history of TBI (Nathan et al. 2015). They also demonstrated increased connectivity 

in supplementary motor area and cerebellum. Using a graph theory approach, Han et al. 

reported altered connectivity between modules (Han et al. 2014). They measured functional 

connectivity in active duty military personnel who had been exposed to blasts in combat, but 

some subjects were diagnosed with TBI while others, the comparison control group, were 

not. One group of TBI subjects was scanned within 90 days of injury (the first TBI group), 

and another, validation, group was scanned 30 days after injury (the second TBI group), with 

follow-up scans for all subjects occurring 6–12 months after the initial scans. The authors 

observed decreased connectivity between modules in both TBI groups at the first scan. In the 

first TBI group, a similar pattern was observed at the second scan, although in fewer 

subjects. The second TBI group showed no significant differences at follow-up. The authors 

suggested that differences in medication and sleep duration may account for differences at 

the two time points. It was suggested that the decreased modular connectivity could be due 

to white matter damage associated with metabolic dysfunction or to the influence of 

undetected gray matter damage on blood flow. See Table 3 for a summary of participant 

characteristics, imaging parameters and design specifics, and results for task-related and 

resting state fMRI.
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Limitations, challenges, and future directions

Little data exist on the functional connectivity of Service Members and Veterans exposed to 

blast, and a challenge will be toreplicate current results and build upon them with studies 

that further explore the nature of network disruption, using additional approaches and 

investigating additional regions. Accounting for different findings obtained with different 

methodologies will also be a challenge. Given the many types of analysis methods (some not 

covered here) and networks, meta-analyses will be critical in understanding fundamental 

changes after mTBI in the military, or even after exposure to blast without mTBI. The 

complication of heterogeneity in the locations impacted by TBI inherent in civilian TBI 

datasets is present in blast-related TBI studies with potential variability in overpressure 

effects and is compounded by type of injury as blunt force mTBI commonly accompanies 

blast mTBI. However, the prominence of resting state studies in the civilian literature 

suggests the field will be able to rise to the challenge, producing numerous datasets that, 

given data depositories such as the Federal Interagency Traumatic Brain Injury Research 

(FITBIR) informatics system, will allow for a variety of analyses. Many of the limitations 

inherent in task-based fMRI will also apply, e.g., comorbidities may play a confounding 

role, and relation to structural imaging will aid in better characterizing alterations.

Positron emission tomography

Technique

Positron emission tomography (PET) is a clinical imaging method that allows for the 

visualization of biological processes occurring at a cellular and/or molecular level. This 

approach involves the intravenous (IV) injection of a radiopharmaceutical followed by the 

imaging of this agent using a PET scanner that is capable of detecting picomolar 

concentrations of radiotracer uptake. Radiopharmaceuticals are imaging agents that are 

produced by coupling of a biologically active molecule labeled with a radioisotope that 

undergoes positron decay, decay, most commonly, 18F. Emitted positrons undergo 

annihilation to form two high-energy photons that travel in opposing directions. Coincident 

detection of high energy photons by a PET scanner is key to the high signal-to-noise and 

anatomical localization achieved by PET as compared to other nuclear imaging approaches 

such as single photon emission computed tomography (SPECT) or 2D planar gamma 

imaging. The biologically active component of a radiopharmaceutical is responsible for its 

targeting to locations of interest. Although a number of radiopharmaceuticals have been 

formulated and assessed experimentally in recent years, the majority of PET scans 

performed in the clinical setting utilize the tracer 18F-fluorodeoxyglucose (18F-FDG) 

(Stocker et al. 2014; Byrnes et al. 2014; Selwyn et al. 2013; Garcia-Panach et al. 2011; 

Zhang et al. 2010). 18F-FDG is a nonmetabolizable glucose analog that is transported via 

standard glucose uptake pathways into metabolically active cells, where it is subsequently 

localized through PET scanning techniques.

Current uses in military/veteran TBI studies

PET imaging has been applied in a limited number of studies to characterize changes 

occurring in military service members that have experienced a TBI. All available studies 

have utilized 18F-FDG to characterize cerebral metabolic correlates of TBI. Peskind et al. 
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studied 12 Iraqi war Veterans with persistent post-concussive symptoms following exposure 

to at least one explosive blast (Peskind et al. 2011). Each had mTBI a defined by the 

American Congress of Rehabilitation Medicine (ACRM) criteria. 18F-FDG PET scanning 

was performed that revealed decreased uptake in the cerebellum, vermis, pons, and medial 

temporal lobe as compared to 12 healthy controls. Mendez et al. assessed 12 Veterans from 

conflicts in Iraq or Afghanistan who were exposed to “pure” blast resulting in a mTBI and 

compared them to 12 Veterans who experienced blunt force mTBI (Mendez et al. 2013). 
18F-FDG scanning revealed hypometabolism in the right superior parietal region in the 

“pure” blast group as compared to blunt force controls. Stocker et al. studied a group of 14 

Veterans with a history of direct blast exposure and/or mild TBI compared with 11 Veterans 

without TBI (Stocker et al. 2014). 18F-FDG PET scanning demonstrated cerebral 

hypometabolism in the amygdala, hippocampus, parahippocampal gyrus, thalamus, insula, 

uncus, culmen, visual association cortices, and midline medial frontal cortices in the blast 

exposed/mTBI group as compared with healthy Veteran controls. Petrie et al. assessed 34 

veterans with a history of blast and/or impact related mild TBI as compared with 18 healthy 

controls (Petrie et al. 2014). 18F-FDG PET scanning demonstrated reduced glucose uptake 

in the parietal, somatosensory, and visual cortices as compared to healthy controls.

Limitations, challenges and future directions

As a contemporary clinical imaging modality, PET has great potential for the neuroimaging 

of biological processes associated with TBI that may help to refine a diagnosis, inform 

prognosis, and precisely guide patient and pathology specific therapy. However the current 

clinical application of PET in the imaging of TBI is largely limited to the visualization of 

relative changes in cerebral metabolism using F-FDG (Stocker et al. 2014; Byrnes et al. 

2014; Selwyn et al. 2013; Garcia-Panach et al. 2011; Zhang et al. 2010). Although an array 

of radiotracers are under development and study for the neuroimaging of TBI, the utility of 

these agents in helping to improve management of the TBI patient will require additional 

investigation.

There are a number of potential uses for PET in military studies that are currently under 

development in both civilian and military populations. Mitsis et al. recently published the 

first report demonstrating uptake of the paired helical filament (PHF) tau ligand 18F-T807 in 

a former professional football player with clinically probable CTE (Mitsis et al. 2014). 

Imaging of this same subject using the amyloid imaging agent 18F-florbetapir revealed that 

no detectablecerebral amyloidosis was present, thereby excluding Alzheimer’s disease (AD) 

as the cause of his cognitive decline. This report also demonstrated focal retention of 18F-

florbetapir within regions of prior contusion in a separate a patient who had sustained an 

impact TBI 8–10 months prior to imaging (see Fig. 6). Although these results are 

compelling, larger trials are needed to further characterize this radiotracer and help to 

differentiate specific binding reflective of CTE from non-TBI related findings such as 

progressive age related tauopathy (PART) (Crary et al. 2014).

Hong et al. demonstrated variable uptake of the amyloidimaging agent 11C-PiB in a case 

series of patients with various severities of TBI including mTBI (Hong et al. 2014). The 

importance of the Hong et al. study was the demonstration that acute amyloidosis could be 
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cleared, at least in part, although some subjects showed cerebral amyloidosis up to 1 year 

post TBI. Kawai et al. (2013) demonstrated 11C-PiB uptake in 3 of 12 individuals with 

neuropsychological impairment following moderate to severe TBI (Kawai et al. 2013) For 

the imaging of TBI-associated inflammation, the first generation translocator protein 

(TSPO) ligand 11C– PK11195 has shown uptake in several studies of patients with TBI 

(Folkersma et al. 2009, 2011; Ramlackhansingh et al. 2011). Although the widespread 

adoption of this first generation agent has been limited by a requirement for 11C 

radiolabeling, necessity of correlative serum studies to account for the presence of 

metabolites, and generally poor binding affinity. However, early results from TBI studies 

utilizing second-generation 18F-labeled TSPO ligands have been quite promising (Coughlin 

et al. 2015). Limited studies utilizing the neurotransmitter receptor ligands C-flumazenil, C-

MP4A, and 18F-GE179 have also demonstrated promising results in TBI patients and 

preclinical models. Although the above studies are encouraging, all reflect early findings in 

limited populations and should be validated with larger trials. Additionally, investments in 

radiotracer discovery are necessary to help expand the repertoire of radiopharmaceuticals 

available for study in the diagnosis and management of TBI. Special emphasis should be 

placed on postmortem correlation whenever possible.

Magnetic source imaging/magentoencepaholography

Technique

Magnetoencephalography (MEG) is a method of measuring magnetic flux on the surface of 

the head which is associated with underlying neuronal electrical currents produced between 

synapses or within the axons or dendrites of neurons. Similar to electroencephalogram 

(EEG) and evoked potential (EPs) recordings, MEG can be used to detect abnormalities in 

spontaneous brain activity (resting-state MEG recording procedures). Additionally, task-

related MEG paradigms can also be used for localization and estimation of the order and 

time course for these signals and allow construction of images of brain activity, a process 

often referred to as magnetic source imaging (MSI).

Current uses in military/veteran TBI studies

Because of its high degree of both spatial (2–3 mm at cortical level) and temporal (<1 ms) 

resolution, MSI has been considered a potentially useful tool in TBI-related research (Bigler 

2001), particularly for detection of abnormally reduced connectivity or delay in activation in 

mTBI where conventional MR findings are unrevealing (Lewine et al. 1999, 2007; Tarapore 

et al. 2013; da Costa et al. 2014) and where performance deficits on neuropsychological 

testing are not observed (da Costa et al. 2014). A recent study utilizing MEG found low 

frequency signal in patients both with and without blast-related mTBI, and the number of 

cortical regions that generated abnormal slow-waves correlated significantly with the total 

post-concussive symptom scores in symptomatic TBI patients (Huang et al. 2012). 

Subsequent data by the same group demonstrated significant correlation between MEG 

source magnitude and post-concussive symptoms scores in a group of 36 active duty military 

service members and OIF/OEF Veterans with mTBI caused by blast exposure during 

combat, where personality change symptoms positively correlated with MEG slow-wave 

generation in bilateral orbitofrontal and ventromedial prefrontal cortex, concentration 
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difficulties and affective lability positively correlated with slow-wave generation in the right 

orbitofrontal cortex, and visual symptoms correlated with slow wave generation in the right 

fusiform gyrus (Huang et al. 2014). Another study utilizing resting-state MEG demonstrated 

that, in comparison to normal controls, Veterans with mTBI showed a lower Lempel-Ziv 

Complexity (LZC), a measure of system complexity that estimates the number of different 

patterns in a sequence, in various brain regions including the right anterior frontal area, 

bilateral frontal area, and bilateral parietal-temporal area. Moreover, significant correlations 

were observed between the LZC measures and neuropsychological measures of motor 

coordination and speed, visual perceptual skills, and reasoning ability (Luo et al. 2013).

Limitations, challenges and future directions

One of the most significant special considerations regarding the use of MEG/MSI involve 

access to the magnetometers or gradiometers necessary for data acquisition and specialized 

expertise required for data analysis. Second, although the temporal resolution of MEG is 

excellent, variations in signaling can be introduced through a number of extraneous sources 

(e.g., external stimulation, movement, unrelated mental activity, etc.); therefore, use of 

MEG/MSI in acute mTBI may be challenged by issues such as drowsiness, suboptimal 

cooperation by the subject, and states of altered consciousness. MSI is best used for 

measurement of surface cortical activity; therefore, brain regions such as the basal temporal 

or subcortical areas may be difficult to accurately measure depending on the modeling used. 

Certain medications, including some sedative neuroleptics and hypnotics, are known to 

increase delta-wave power (Niedermeyer 2005) and the influence of medication use should 

be considered in data interpretation. Finally, little is known regarding the long-term 

persistence or time course of MEG-related changes. Despite these challenges and 

limitations, MEG may have a future role in prognosis, prediction, monitoring recovery from 

TBI, and in evaluating the efficacy of interventions (Tarapore etal. 2013; Castellanos etal. 

2011; Tormenti et al. 2012). Use of more automated and single-subject analysis in individual 

cases with mTBI is particularly appealing in the clinical management of these patients 

(Huang etal. 2014).

Quality control for neuroimaging studies

In addition to routine quality assurance (QA) required for MRI, it is important to note that 

advanced sequences, such as ones discussed in this review, require additional quality 

measures to aid in robust performance and uniformity across scanners. A phantom is a 

useful tool to measure the performance of the scanner since MR measurements of the 

phantom can be recorded and compared to the known parameters manufactured in the 

phantom. In QA procedures involving phantoms, it is important to note that not one phantom 

scan can assure the performance of every capability of the scanner, especially for 

performance on advanced acquisitions as seen in TBI studies. A large amount of work has 

been done by groups such as the Alzheimer’s Disease Neuroimaging Initiative (ADNI) and 

Biomedical Informatics Research Network (BIRN), to create robust phantom QA for 

ongoing studies. For example, the phantom provided by ADNI works well for monitoring 

geometric distortion of volumetric data (Maikusa et al. 2013). The phantom scans and 

analysis developed by BIRN works very well for monitoring of functional MRI data 
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(Friedman and Glover 2006). These QA procedures can be combined given the needs of a 

certain study. For example, the Chronic Effects of Neurotrauma Consortium (CENC) 

integrates weekly ADNI and BIRN scans as part of the QA requirement to actively monitor 

any changes in scanner performance pertaining to volumetric and fMRI scans, since these 

scans, along with others, are critical scans used in the consortium. If measurements with the 

phantoms go over the quality control limits set, engineers can correct the issue and then a 

qualified medical physicist or MR scientist can confirm the repair and determine the effects 

the issue and repair may have on the data quality.

The complexity of the human brain and the advancements of MR techniques have created a 

challenge to develop phantoms that can assure that advanced MR techniques are working 

properly and that they will properly characterize the brain tissue and structure. Two good 

examples are DTI and ASL MR. The development of phantoms to mimic human brain tissue 

in diffusion and flow properties are an active area of research to aid in the uniform 

performance of MRI systems for these types of scans. Data gleaned from phantom scans will 

aid QA efforts as there are already a number of post-processing techniques to aid in 

correcting acquired images from artifacts such as geometric distortion in DTI (Gholipour et 

al. 2011; Ruthotto et al. 2012; Huang et al. 2008). Another QA option is to have volunteers 

scanned at every site and compare measurements to make sure it is consistent. However, 

some metrics such as CBF in a human volunteer can vary based on several factors which can 

introduce variability in the QA data.

A major challenge being addressed by the imaging community is the variation of MR 

techniques across different vendors or different models and software versions of scanners 

within a common vendor. In multi-institutional and/or multivendor studies, unwanted 

variability in data can possibly be introduced when different scanners are used. In large TBI 

trials such as Transforming Research and Clinical Knowledge in TBI (TRACK-TBI), ADNI 

and CENC trials, careful consideration is given in planning the protocols to make the 

sequences as consistent as possible across scanners. The parameters prescribed (i.e. TR, 

number of measurements for fMRI, etc.) must be strictly adhered to in order to maintain 

uniformity of the data across institutions and scanners. For longitudinal studies, the same 

strict adherence to the protocol should be given since the patient may be scanned with the 

same protocol multiple times and the same protocol may be necessary for every subject in 

the study. If possible, the same scanner with the same hardware (i.e. coil) should be used. 

Any upgrades should be monitored by a qualified medical physicist or MR scientist to help 

assure consistency within the study. Physicists and/or MR scientists should also be available 

to address any artifacts seen in these studies and help remedy the issue while data is being 

collected.

Conclusion

Advanced imaging techniques hold great promise in advancing the diagnosis and prognosis 

of both acute and chronic military TBI, particularly in cases where CT and conventional MR 

sequences are unrevealing. Additionally, these techniques may significantly advance our 

understanding of the natural course of recovery from TBI, increase our understanding of the 

potential contribution of trauma to later neurodegenerative disease, and may enable 
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evaluation of pharmacologic and rehabilitative interventions. However, many of these 

imaging techniques require additional testing prior to their application in clinical practice, 

particularly for Active Duty Service Members and Veterans.

While the number of investigators examining the effects of TBI in military and Veteran 

populations using neuroimaging is rapidly increasing, there remain gaps in the application of 

some of the modalities discussed here in these important populations. In addition to limited 

access to these subjects in an early (acute) state of TBI and the logistics of performing 

studies in mobile populations, there are significant complexities surrounding diagnosis, lack 

of “objective” indicators of injury, and the presence of comorbidities frequently associated 

with mTBI. Additionally, as with advanced imaging across the field of TBI and other disease 

processes, current barriers for application in clinical practice include the lack of 

standardization in acquisition and analysis tools and a lack of well-considered normative 

data that could be applied. Additionally, while several studies are currently underway to 

assess the long-term effects of neurotrauma using imaging, there are, at present, few 

published studies that utilize data collected longitudinally. There is still a growing need for 

large, multi-site studies, and related issues persist regarding consistency in imaging 

acquisition parameters, policies and mechanisms for storing and distributing large amounts 

of imaging data between sites, and methods for improved quality assurance across centers. 

Additionally, further consideration is warranted regarding how to best apply appropriate 

control groups that are truly comparable in terms of demographic factors and exposure to 

stressors. Finally, significant gaps also remain in our understanding of and evidence for the 

pathology underlying imaging findings.

Despite these limitations, work is underway to more completely develop these techniques for 

use in military TBI and address issues including standardization of imaging parameters, 

development of a normative database containing the advanced imaging information, and 

increased utilization of advanced imaging techniques at major military medical facilities. 

Recent investigation has attempted to consider forms of analysis that may better account for 

the heterogeneity in the nature and location of injury foci as well as methods that may 

automate imaging analysis and allow for examination of larger samples. Finally, there is 

increased interest in the use of different imaging modalities used in the same subject to glean 

different information about the brain derived from one or more forms of imaging, which 

may inform findings and a more complete understanding of the kind of injuries in the brain. 

This is important as no one imaging technique provides complete information about the 

brain or brain injuries. The field of neuroimaging is rapidly advancing, and studies involving 

military TBI are an important force in driving innovations, which will improve our 

understanding and treatment not only of combat-specific TBI, but of TBI more generally. 

Understanding further the mechanisms underlying mTBI and understanding the course of 

illness using multimodal techniques will also lead to radiological evidence used for detecting 

and diagnosing mTBI rather than symptom reports which are less reliable and which are 

non-specific for mTBI. Being able to detect brain injury early may also lead to early 

interventions that might prevent the long term changes that are observed in a minority of 

patients who have experienced an mTBI and who continue to have persistent symptoms. 

Finally, being able to objectively quantify brain changes in mTBI makes it possible to use 
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such measures to monitor the efficacy of treatments that will likely be developed for testing 

in the near future.
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Fig. 1. 
This figure illustrates the different contrast available when using structural MRI to examine 

a young OIF/OIF Active Duty Service Member diagnosed with a mild TBI (LOC<30 min; 

AOC<24 h; PTA <24 h). Utilization of multimodal imaging (even structural imaging) can be 

informative with each sequence potentially adding additional clinically meaningful 

information about the specific injury incurred. Panel a shows the T1-weighted image and the 

large hypointense lesion in the right frontal lobe (red arrow). Panel b shows the SWI image 

and not only shows the large hypointense lesion but several smaller hemosiderin deposits 

Wilde et al. Page 42

Brain Imaging Behav. Author manuscript; available in PMC 2019 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



including one in the white matter in the right parietal occipital region (red arrows). Panel c is 

the T2-weighted image and shows the bright areas indicating inflammation or CSF 

accumulation around the larger lesion. Panel d is the FLAIR image and shows enhancement 

around the larger lesion and an area abnormality in the white matter in the left parietal 

occipital region (contracoup injury)
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Fig. 2. 
Visualization of the Fractional Anisotropy of Diffusion Tensors. Note that tensors of 

different shapes can have the same FA. Adapted from Ennis and Kindlmann (Ennis and 

Kindlmann 2006)
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Fig. 3. 
Top Left: A coronal slice of a DTI volume at the level of the posterior internal capsule. The 

image is composed of many individual tensor estimations, and the orientation of these 

estimations indicates the presumed direction of the fiber. Consistent with convention, red 
indicates fibers coursing in a right-left orientation, green represents an anterior-posterior 

fiber orientation, and blue/purple reflects a superior/inferior orientation. Top right: 
Magnification of an area near the junction of the corpus callosum and internal capsule 
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showing highly organized anisotropic tensors in the corpus callosum. Bottom: Tractography 

of the corpus callosum (brown), fornix (magenta), and cingulum bundle (green)
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Fig. 4. 
Major metabolite resonances and associated biological functions. Each peak is labeled with 

the abbreviation and inset which describes the role that each metabolite plays as biomarkers 

for traumatic brain injury. Data acquired using single voxel, PRESS, TR/TE: 2000/30 ms, 

2×2×2 cc in posterior cingulate at 3Tas shown in bottom right inset and postprocessed using 

LCModel. Modified from Lin et al. (2012a)
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Fig. 5. 
Subjects with blast mTBI who performed a stimulus–response compatibility task 

demonstrated greater activation than subjects who had not been exposed to blast, a pattern 

which was augmented after covarying for PTSD and depression symptoms and reaction time
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Fig. 6. 
59 year old with TBI following a fall demonstrating increased uptake of 18F-florbetapir 

(arrows) and decreased uptake of 18F-FDG (arrows) within the region of a previous 

traumatic cerebral contusion to the occiput (Mitsis et al. 2014). Figure used with permission
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