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Abbreviations (continued): PET = positron emission tomogra-
phy; PIB = Pittsburgh Compound B; PTSD = posttraumatic
stress disorder; PW-MRI = perfusion-weighted magnetic reso-
nance imaging; QA = quality assurance; rCBV = regional cere-
bral blood volume; ROI = region of interest; RT = reaction time;
SNR = signal-to-noise ratio; SPECT = single photon emission
computed tomography; SWI = susceptibility-weighted imaging;
TBI = traumatic brain injury; UCSF = University of California,
San Francisco; UF = uncinate fasciculus.

TRAUMATIC BRAIN INJURY AND 
POSTTRAUMATIC STRESS DISORDER: 
“INVISIBLE WOUNDS”

Improved diagnosis and treatment of traumatic brain
injury (TBI) and posttraumatic stress disorder (PTSD) are
needed for our military and veterans, their families, and
society at large. According to a RAND Corporation study
based on screening questionnaire data, nearly one out of
five Operation Iraqi Freedom/Operation Enduring Free-
dom (OIF/OEF) servicemembers (300,000) are estimated
to experience symptoms of PTSD or depression and more
than 320,000 OIF/OEF servicemembers have sustained a
TBI [1]. Similarly, 23 percent (907/3,973) of a returning
brigade combat team were clinician-identified to have a
history of TBI [2].

The majority of cases of TBI in civilian and combat-
related settings are categorized as “mild,” a category based
primarily on the characteristics of the acute sequelae follow-
ing the injury. The criteria for the classification of mild can
vary, but the Department of Defense/Department of Veter-
ans Affairs March 2009 Clinical Practice Guideline has
adopted the following criteria: (1) brief loss of conscious-
ness (30 minutes or less), (2) brief alteration of conscious-
ness (up to 24 hours), (3) posttraumatic amnesia for 0 to
1 days, or (4) Glasgow Coma Score (best score within the
first 24 hours) of 13 to 15 (15 = normal), and (5) a normal-
appearing brain on computed tomography (CT) scan [344].

In contrast to civilian TBIs due to falls, sports, etc.,
nearly 70 percent of combated-related TBIs are a result of
blast “plus” injuries, i.e., the effects of blast plus another
modality [3]. In mild TBI, the underlying pathology is not
well understood and the lesion(s) may be subtle, scattered,
varied, and, as indicated above, not detected on conven-
tional brain CT studies. Further diagnostic challenges are
posed by virtue of the varied and nonspecific postconcus-
sion symptoms (e.g., concentration problems, irritability,
headaches) that are also found in PTSD, depression, sleep

disorders, or in otherwise healthy persons. However,
improving the sensitivity of neuroimaging to subtle brain
perturbations and combining these objective measures
with careful clinical characterization of patients may facili-
tate better understanding of the neural bases and treatment
of the signs and symptoms of mild TBI.

For combat-related PTSD, the clinical manifestations
include not only intrusive recurrent memories and hyper-
vigilance but also nonspecific symptoms, including insom-
nia, concentration difficulties, irritability, impaired decision-
making abilities, and memory problems. Moreover, overlap
of symptoms and the comorbidities of PTSD, TBI, depres-
sion, and their sequelae (e.g., sleep deprivation, drug or
alcohol abuse) make assessment, diagnosis, and manage-
ment of these patients very difficult. As in the case of TBI,
objective and specific biological or anatomical markers
would be invaluable in the diagnosis of PTSD. Neuroimag-
ing assays could also aid in the monitoring and evaluation of
treatment approaches. In addition, these data may also pro-
vide information on brain vulnerability to subsequent injury
and help establish guidelines for safe return to duty.

Brain imaging offers an important class of biomarkers
because of its ability to obtain structural, functional, and
metabolic information concerning the brain with various
X-ray CT, magnetic resonance (MR) imaging (MRI), and
positron emission tomography (PET) scanning techniques.
CT remains an extremely valuable and the most commonly
utilized imaging modality. It is very sensitive to fractures
of the skull and facial bones and can rapidly assess the pos-
sible need for urgent neurosurgical interventions, such as
evacuation of hematomas [4]. MRI has exquisite soft-
tissue contrast and also can measure function and metabo-
lism. Various PET scanning techniques can measure brain
function and amyloid deposition.

This article reviews the application of various imaging
techniques to the clinical problems of TBI and PTSD. For
TBI, we focus on findings and advances in neuroimaging
that hold promise for better detection, characterization, and
monitoring of objective brain changes in symptomatic
patients with combat-related, closed-head brain injuries
not readily apparent by standard CT or conventional MRI
techniques.

OVERVIEW: NEUROIMAGING IN TRAUMATIC 
BRAIN INJURY

Advanced neuroimaging techniques are finding
increased use in the study of TBI. Whereas CT and standard
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MRI structural images can readily demonstrate large focal
contusions or bleeds, diffuse axonal injury may be detected
indirectly by brain volume loss (volumetric analysis) or dif-
fusion tensor imaging (DTI). DTI studies have shown
reductions in fractional anisotropy (FA) at sites of traumatic
axonal shearing injury, corresponding to a loss of micro-
structural fiber integrity, resulting in the reduced direction-
ality of microscopic water motion [5–6]. More recently, an
increasing number of DTI studies in TBI have been emerg-
ing [5–33], a few of which also indicate correlations
between DTI findings and neurocognition [10,32,34]. Sev-
eral studies have confirmed the potential of single-voxel
proton MR spectroscopy (1H-MRS or MRS) for the detec-
tion of neuronal injury following TBI [35–44]. One com-
mon finding includes altered metabolite concentrations
in regions that appear normal on structural MR images,
suggesting widespread and diffuse tissue damage. In par-
ticular, studies using single-voxel techniques have shown
a significant correlation between unfavorable clinical
outcome and reduced N-acetylaspartate (NAA), a marker of
neuronal integrity [40,45–47], and increased choline (Cho)
[45,47–48]. Proton MR spectroscopic imaging (MRSI) is a
technique similar to MRS, except instead of acquiring data
from a single region or voxel, spectroscopic information is
collected from multiple voxels during the same imaging
acquisition. MRSI, like MRS, has been found useful in the
detection of metabolic abnormalities that predict outcome
[36]. In addition, a few investigators have studied relation-
ships between metabolic and neurocognitive effects with
the use of MRS [49–50] and MRSI [42]. Susceptibility-
weighted imaging (SWI) has been applied on a clinical
1.5 T MRI scanner in several studies of pediatric TBI
[41,51–53]. These studies demonstrated that SWI allows
detection of hemorrhagic lesions in children with TBI with
significantly higher sensitivity than conventional gradient-
echo MRI [52]. The number and volume of hemorrhagic
lesions correlated with the Glasgow Coma Scale score [54]
as well as with other clinical measures of TBI severity and
with outcome at 6 to 12 months postinjury [53]. Significant
differences were detected between children with normal
outcome or mild disability and children with moderate or
severe disability when regional injury was compared with
clinical variables [53]. In addition, negative correlations
between lesion number and volume with measures of neu-
ropsychological functioning at 1 to 4 years postinjury were
demonstrated [41]. Studies using functional MRI (fMRI) in
patients with TBI show abnormal patterns of brain activa-
tion in patients compared with healthy control subjects [55–
73]. While dynamic contrast-enhanced perfusion-weighted

MRI (PW-MRI) has shown that regions of both normal-
appearing and contused brain may have an abnormal
regional cerebral blood volume (rCBV) and that alterations
in rCBV may play a role in determining the clinical outcome
of patients [74], to our knowledge, no studies using arterial
spin labeling PW-MRI in TBI have been published to date.
PET studies in TBI demonstrate that early reductions in
cerebral perfusion can result in cerebral ischemia that is
associated with poor outcome [75–82]. Finally, a potential
new avenue of research in TBI involves imaging amyloid
plaque depositions in TBI, particularly using Pittsburgh
Compound B (PIB). Currently, no published studies have
employed imaging with PIB in combat-related TBI.

OVERVIEW: NEUROIMAGING IN 
POSTTRAUMATIC STRESS DISORDER

Brain imaging studies in PTSD have implicated a cir-
cuit of brain regions, including the hippocampus, prefron-
tal cortex (including anterior cingulate), and amygdala, in
the symptoms of PTSD.

Numerous studies used structural MRI to show smaller
volume of the hippocampus and/or used MRS to show
reduced NAA in the hippocampus, a brain area that medi-
ates verbal declarative memory [83–100]. However, some
studies of adults did not show smaller hippocampal volume
to be specific to PTSD [101–103] and studies in children
have not found smaller hippocampal volume to be associ-
ated with PTSD [104–106]. Results are mixed regarding
whether new onset or recent PTSD is associated with
smaller hippocampal volumes [107–109]. Two meta-
analyses pooled data from all the published studies and
found smaller hippocampal volume for both the left and
right sides equally in adult men and women with chronic
PTSD and no change in children [110–111]. Interestingly,
paroxetine, a selective serotonin reuptake inhibitor, appears
to effectively improve short-term memory deficits and pos-
sibly reverse hippocampal atrophy [112]. These data suggest
that PTSD is associated with deficits in verbal declarative
memory and with smaller hippocampal volume.

Multiple studies have shown smaller volume of the
anterior cingulate in PTSD [113–118]. A recent twin study
of combat-related PTSD suggests that atrophic changes in
the pregenual anterior cingulate cortex (ACC) and both
insula may represent (or at least be contributed to by) an
acquired stress-induced loss rather than a preexisting con-
dition [115]. In contrast, the authors concluded that the
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reduced hippocampal volume found in these subjects rep-
resented a pretrauma vulnerability factor and was not
related to stress-induced losses [90].

Regarding functional neuroimaging data of PTSD,
exposure to traumatic reminders in the form of traumatic
slides and/or sounds or traumatic scripts is associated with
increased PTSD symptoms and decreased blood flow and/
or failure of activation in the medial prefrontal cortex/ante-
rior cingulate, including Brodmann (area 25) or the subcal-
losal gyrus (areas 32 and 24), as measured with PET or
fMRI [93,119–126]. Other findings in studies of traumatic-
reminder exposure include decreased function in the hip-
pocampus [119], visual association cortex [119,125], pari-
etal cortex, and inferior frontal gyrus [119,124–125,127]
and increased function in the amygdala [127–128], poste-
rior cingulate [119,121–122,125], and parahippocampal
gyrus [119,121,123]. Several studies have shown that
PTSD patients have deficits in hippocampal activation
while performing a verbal declarative memory task [88,93]
or a virtual water-maze task [129]. Other studies found
increased posterior cingulate and parahippocampal gyrus
activation and decreased medial prefrontal and dorsolateral
prefrontal activation during an emotional Stroop paradigm
[130] and increased amygdala function with exposure to
masked fearful faces [131] or during classical fear condi-
tioning, with decreased medial prefrontal function with
extinction in PTSD [132]. Retrieval of words with emo-
tional valence [133] or emotional Stroop tasks [134] were
associated with decreased medial prefrontal function. The
findings point to a network of related regions mediating
symptoms of PTSD, including the medial prefrontal cortex,
anterior cingulate, hippocampus, and amygdala [135].

Neuroreceptor studies are consistent with prefrontal
dysfunction in PTSD. Bremner et al. used single photon
emission CT (SPECT) and the benzodiazepine receptor
ligand [123I] iomazenil and found decreased prefrontal
cortical binding in Vietnam combat veterans with PTSD
[136]. Another study by Fujita et al. in First Gulf War veter-
ans with PTSD showed no difference in binding with
SPECT [123I] iomazenil from controls [137], although this
study did show a significant negative correlation between
binding in the right superior temporal gyrus and severity of
childhood trauma in PTSD patients. In this study, the sub-
jects also had less severe PTSD than those included in the
study by Bremner and colleagues.

In summary, these studies are consistent with dysfunc-
tion of the prefrontal cortex, hippocampus, and amygdala
in PTSD.

IMAGING MODALITIES

The following sections will discuss applications of
advanced neuroimaging modalities to TBI and PTSD.
The primary focus will be on advanced MRI techniques
(Table).

Diffusion Magnetic Resonance Imaging
The ability to visualize anatomical connections between

different parts of the brain, noninvasively and on an individ-
ual basis, has opened a new era in the field of functional
neuroimaging. This major breakthrough for neuroscience
and related clinical fields has developed over the past
10 years through the advance of “diffusion magnetic reso-
nance imaging” or D-MRI. D-MRI produces MRI quanti-
tative maps of microscopic, natural displacements of
water molecules that occur in brain tissues as part of the
physical diffusion process. Water molecules are thus used
as a probe that can reveal microscopic details about tissue
architecture, either normal or diseased.

Concept of Molecular Diffusion
Molecular diffusion refers to the random translational

motion of molecules (also called Brownian motion) that
results from the thermal energy carried by these mole-
cules. Molecules travel randomly in space over a distance
that is statistically well described by a “diffusion coeffi-
cient.” This coefficient depends only on the size (mass) of
the molecules, the temperature, and the nature (viscosity)
of the medium.

D-MRI is, thus, deeply rooted in the concept that dur-
ing their diffusion-driven displacements, molecules probe
tissue structure at a microscopic scale well beyond the
usual millimeter image resolution. During typical diffu-
sion times of about 50 to 100 ms, water molecules move
in brain tissues on average over distances around 1 to
15 m, bouncing, crossing, or interacting with many tissue
components, such as cell membranes, fibers, or macro-
molecules. Because of the tortuous movement of water
molecules around those obstacles, the actual diffusion dis-
tance is reduced compared with free water. Hence, the
noninvasive observation of the water diffusion-driven dis-
placement distributions in vivo provides unique clues to
the fine structural features and geometric organization of
neural tissues and to changes in those features with physi-
ological or pathological states.
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Imaging Diffusion with Magnetic Resonance Imaging: 
Principles

While early water diffusion measurements were made
in biological tissues with the use of Nuclear Magnetic
Resonance in the 1960s and 1970s, it was not until the
mid-1980s that the basic principles of D-MRI were laid
out [138–140]; see, for instance, Le Bihan [141] for a
review. MRI signals can be made sensitive to diffusion
through the use of a pair of sharp magnetic field gradient
pulses, the duration and separation of which can be
adjusted. The result is a signal (echo) attenuation that is
precisely and quantitatively linked to the amplitude of the
molecular displacement distribution: fast diffusion results
in a large distribution and a large signal attenuation, while
slow diffusion results in a small distribution and a small
signal attenuation. Of course, the effect also depends on
the intensity of the magnetic field gradient pulses.

In practice, any MRI imaging technique can be sensi-
tized to diffusion by the insertion of the adequate magnetic
field gradient pulses [142]. By acquiring data with various
gradient pulse amplitudes, one gets images with different
degrees of diffusion sensitivity (Figure 1). Contrast in
these images depends not only on diffusion but also on
other MRI parameters, such as the water relaxation times.
Hence, these images are often numerically combined to
determine, with use of a global diffusion model, an esti-
mate of the diffusion coefficient in each image location.

The resulting images are maps of the diffusion process and
can be visualized with a quantitative scale.

Because the overall signal observed in a “diffusion”
MRI image voxel, at a millimetric resolution, results from
the statistical integration of all the microscopic displace-
ment distributions of the water molecules present in this
voxel, Le Bihan et al. suggested portraying the complex
diffusion processes that occur in a biological tissue on a
voxel scale by using a global statistical parameter, the
Apparent Diffusion Coefficient (ADC) [143]. The ADC
concept has been largely used since then in the literature.
The ADC now depends not only on the actual diffusion
coefficients of the water molecular populations in the
voxel but also on experimental technical parameters, such
as the voxel size and the diffusion time.

Although the first diffusion images of the brain were
obtained in the mid-1980s in normal subjects and in
patients [143], D-MRI did not really take off until the
mid-1990s. Initially, the specifications of the clinical MRI
scanners made obtaining reliable diffusion images diffi-
cult because acquisition times were long (10 to 20 min-
utes) and the large gradient pulses required for diffusion
also made the images very sensitive to macroscopic
motion artifacts, such as those induced by head motion,
breathing, or even cardiac-related brain pulsation [144].
Therefore, although D-MRI was shown to be potentially

Table.
Magnetic resonance imaging (MRI) neuroimaging techniques.
Technique What It Measures Applications
BOLD fMRI Indirect measure of blood flow, BOLD signal changes 

originate in venules. BOLD fMRI takes advantage of 
susceptibility differences between oxygenated and 
deoxygenated blood.

Evaluate regional brain activity related to particular 
cognitive tasks or sensory/motor stimulation. Evaluate 
brain networks related to cognitive states. Evaluate 
brain “resting state” or “default” networks.

PW-MRI Direct measure of blood flow, allows quantification of 
blood perfusion.

Assess brain perfusion or resting cerebral blood flow. 
Evaluate brain function in manner similar to fMRI.

DTI Indirectly measures diffusion of water molecules. 
Mean diffusion, diffusion direction, and anisotropy 
white matter tracts.

Use diffusion anisotropy measures as marker of 
disease. Improved visualization of edema. Evaluate 
structural “connectivity” between brain regions.

MRS Proton (1H) MRI spectra typically contain signals 
from the metabolites N-acetylaspartate, creatine, 
choline, glutamate/glutamine, and myo-inositol.

Evaluate changes in brain metabolites related to 
myelination, neuronal density, edema, etc.

SWI MRI sequences that are especially sensitive to changes 
in magnetic susceptibility, in particular blood.

Improved detection of hemorrhages. Improved imaging 
of blood vessels.

BOLD = blood oxygen level dependent, DTI = diffusion tensor imaging, fMRI = functional MRI, MRS = magnetic resonance spectroscopy, PW-MRI = perfusion
weighted MRI, SWI = susceptibility-weighted imaging.
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useful in the clinic, demonstrative clinical studies started
only later, when better MRI scanners equipped with
echo-planar imaging (EPI) became available. Exploiting
gradient hardware EPI makes it possible to collect a
whole-brain image in a single “shot” lasting a few tens of
milliseconds and images of the whole brain in less than a
second, virtually freezing macroscopic motion.

Diffusion Tensor Magnetic Resonance Imaging
Diffusion is truly a three-dimensional process; there-

fore, water molecular mobility in tissues is not necessarily
the same in all directions. This diffusion anisotropy may
result from obstacles that limit molecular movement in
some directions. It was not until the advent of D-MRI that
anisotropy was detected for the first time in vivo, at the
end of the 1980s, in spinal cord and brain white matter
[145–146]. Diffusion anisotropy in white matter grossly
originates from its specific organization in bundles of more
or less myelinated axonal fibers running in parallel: diffu-
sion in the direction of the fibers (whatever the species or
the fiber type) is about three to six times faster than in the
perpendicular direction. However, the relative contribu-

tions of the intra-axonal and extracellular spaces, as well as
the presence of the myelin sheath, to the ADC and the
exact mechanism for the anisotropy are still not completely
understood and remain the object of active research (see,
for instance, Beaulieu [147] for a review). It quickly
became apparent, however, that this anisotropy effect
could be exploited to map out the orientation in space of
the white matter tracts in the brain, assuming that the
direction of the fastest diffusion would indicate the overall
orientation of the fibers [148]. The work on diffusion
anisotropy really took off with the introduction into the
field of D-MRI of the more rigorous formalism of the dif-
fusion tensor by Basser et al. [149–150]. With DTI, diffu-
sion is no longer described by a single diffusion coefficient
but by an array of nine coefficients that fully characterize
how diffusion in space varies according to direction (see,
for instance, Le Bihan and Van Zijl [151] for a review on
DTI). Hence, diffusion anisotropy effects can be fully
extracted and exploited, providing even more exquisite
details on tissue microstructure.

DTI data are often summarized in three ways to provide
information on tissue microstructure and architecture for
each voxel [141,152]: (1) the mean diffusivity or ADC char-
acterizes the overall mean-squared displacement of mole-
cules and the overall presence of obstacles to diffusion,
(2) the degree of anisotropy describes how much molecu-
lar displacements vary in space and is related to the pres-
ence and coherence of oriented structures, and (3) the
main direction of diffusivities is linked to the orientation
in space of the structures. For instance, in stroke, the
average diffusion and the diffusion anisotropy in white
matter had different time courses, potentially enhancing
the use of D-MRI for the accurate diagnosis and progno-
sis of stroke [153]. The diffusion along the main direction
of diffusion is often termed axial diffusion, whereas
radial diffusion is the diffusion along directions perpen-
dicular to the main direction. Early studies with mice
have indicated that changes in radial diffusion may be
more specific to myelination than are changes in axial
diffusion or other measures of anisotropy [154].

Diffusion Anisotropy in White Matter: Toward Brain 
Connectivity

Studies of neuronal connectivity are important in order
to interpret fMRI data and establish the networks underly-
ing cognitive processes. Basic DTI provides a means to
determine the overall orientation of white matter bundles in
each voxel, assuming that only one direction is present or

Figure 1.
Diffusion-weighting. In practice, different degrees of diffusion-
weighted images can be obtained by varying the weighting factor,
which is carried out by varying time and strength of gradient pulses
(represented by orange triangle). (a) The larger the weighting factor,
the more the signal intensity (SI) becomes attenuated in image. This
attenuation, though, is modulated by the diffusion coefficient: signal
in structures with fast diffusion (e.g., water-filled ventricular cavities)
decays very fast with the weighting factor, while signal in tissues with
low diffusion (e.g., gray and white matter) decreases more slowly. By
fitting signal decay as a function of weighting factor, one obtains the
Apparent Diffusion Coefficient (ADC) for each elementary volume
(voxel) of image. (b) Calculated diffusion images (ADC maps),
depending solely on diffusion coefficient, can then be generated and
displayed using gray (or color) scale: high diffusion, as in ventricular
cavities, appears bright, while low diffusion appears dark.
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predominant in each voxel and that diffusivity is the high-
est along this direction. Three-dimensional vector field
maps representing fiber orientation in each voxel can then
be obtained back from the image data through the diago-
nalization (a mathematical operation that provides orthogo-
nal directions coinciding with the main diffusion
directions) of the diffusion tensor determined in each
voxel. A second step after this “inverse problem” is solved
consists in “connecting” subsequent voxels on the basis of
their respective fiber orientation to infer some continuity in
the fibers (Figure 2). Several algorithms have been pro-
posed (see Mori [155] and van Zijl and Jones [156] for
reviews). Line propagation algorithms reconstruct tracts
from voxel to voxel from a seed point [157–158]. Another
approach is based on regional energy minimization (mini-
mal bending) to select the most likely trajectory among
several possible [159]. Finally, a promising approach is
probabilistic tracking using Bayesian [160] or bootstrap-
ping [161] methodologies. In any case, one has to keep in
mind that at this stage only white matter bundles made of

somewhat large numbers of axons are visible (and not
intracortical connections). The application of tractography
to PTSD and TBI studies is an area for future research.
While tractography yields very nice pictures, how this
technology will be best applied to research is still unclear.
A possibility would be the use of probabilistic tractography
to determine whether a reduction or break occurs in the
anatomical connectivity between two regions, or nodes, of
a functional network. These nodes are normally chosen
either a priori or empirically from fMRI results. This is an
area in which the combination of DTI and fMRI could be
particularly useful in both PTSD and TBI [162–163].

Clinical Applications
In white matter, any change in tissue orientation pat-

terns inside the MRI voxel would probably result in a
change in the degree of anisotropy. A growing literature
body supports this assumption: many clinical studies of
patients with white matter diseases have shown the exquis-
ite sensitivity of DTI to detect abnormalities at an early

Figure 2.
Imaging the hippocampal subfields. (a) High-resolution magnetic resolution imaging. (b) Histological section. (c) Manual marking. CA = cornu
ammonis, Sub = subiculum.










