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Abstract Neuroimaging techniques such as head comput-
ed tomography (CT) are frequently used to guide neuro-
surgical and neurocritical care of civilian and military
patients with severe traumatic brain injury (sTBI). Al-
though less widely available, brain magnetic resonance
imaging (MRI) enhances detection of traumatic axonal
injury and therefore improves the accuracy of outcome
prediction for patients with sTBI. Nevertheless, over the
past several years, emerging evidence has revealed that
conventional MRI also has limitations as a prognostic
tool in sTBI. Thus, there is growing interest in the devel-
opment of advanced imaging techniques to guide prog-
nostication and therapeutic decision-making. These ad-
vanced imaging techniques enable measurement of the
brain’s structural and functional connectivity, as well as
its perfusion, metabolism, and responses to stimuli. In
this review, we discuss the clinical applications and lim-
itations of head CT and conventional MRI, as well as
evidence demonstrating that advanced imaging techniques
may improve the accuracy of prognostication for patients
with sTBI.
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Introduction

Neuroimaging tools such as head computed tomography (CT)
and brain magnetic resonance imaging (MRI) are critical to
acute decision-making and long-term prognostication for the
tens of thousands of civilians who experience a severe trau-
matic brain injury (sTBI) in the USA each year [1], as well as
the thousands of military personnel who have experienced a
sTBI since the start of the wars in Afghanistan and Iraq [2].
However, both head CT and conventional brain MRI have
limitations as prognostic tools, which has led to growing in-
terest in the development of advanced imaging techniques to
improve the accuracy of prognostication for patients with
sTBI. This review aims to provide an overview of how head
CT and conventional MRI are currently used in the clinical
care of patients with sTBI, as well as a summary of recent
advances in structural and functional neuroimaging tech-
niques that have the potential for future integration into clin-
ical practice. Evidence demonstrating the potential prognostic
utility of each advanced imaging technique is discussed, with
consideration of the feasibility of clinical implementation.
Furthermore, the recommendations of the Federal Interagency
Initiative on Common Data Elements [3, 4] and the Brain
Trauma Foundation [5] pertaining to each imaging technique
are presented, wherever applicable. For the purpose of this
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review, we consider conventional MRI to include sequences
that are widely available on clinical scanners, which include
T2-weighted fluid-attenuated inversion recovery (T2-
FLAIR), gradient-recalled echo (GRE), and diffusion-
weighted imaging (DWI).

Head Computed Tomography

Head computed tomography (CT) continues to be the pre-
ferred technique for acute diagnostic evaluation of patients
with sTBI because of its accessibility, speed of acquisition,
and its ability to detect skull fractures and large intracranial
hemorrhages that require urgent neurosurgical intervention.
Furthermore, CT findings are routinely used to guide
decision-making about intracranial pressure (ICP) monitoring
[5]. CT grading systems, such as the Marshall CT classifica-
tion [6] and Rotterdam CT score [7], have been developed to
assess the severity of intracranial injury. Although early head
CT is rarely used for long-term prognostication, elements of
both theMarshall and the RotterdamCT grading systems have
been incorporated into prognostic models, such as the Inter-
national Mission for Prognosis and Analysis of Clinical Trials
in TBI (IMPACT) [8, 9] and the Medical Research Council
(MRC) CRASH [10] models.

After the initial diagnostic evaluation in the Emergency
Department is completed, head CT is routinely used for
follow-up imaging of sTBI patients admitted to the intensive
care unit (ICU). There are no consensus guidelines regarding
the frequency or total number of repeat head CTs that should
be performed, and hence, decisions about follow-up imaging
are typically made on an individualized basis. The Brain Trau-
ma Foundation Guidelines suggest that head CT data should
be used in conjunction with the clinical examination and ICP
data to guide therapeutic decision-making [11], but thresholds
for ICP and examination changes that should trigger a repeat
head CT have not been precisely defined. In the Common
Data Element Guidelines for TBI, a neurologic decline, or
Bneuroworsening,^ is defined as (1) a decrease in Glasgow
Coma Scale (GCS) motor score ≥2 points compared with
previous examination, (2) a new loss of pupillary reactivity,
development of pupillary asymmetry ≥2 mm, or (3) deterio-
ration in neurological status sufficient to warrant immediate
medical or surgical intervention [12]. Such neuroworsening
may be considered an appropriate threshold for triggering a
repeat head CT scan to assess for development of new lesions
and/or evolution of previously observed lesions causing new
mass effect.

It remains uncertain whether neuroimaging provides addi-
tional or similar information as continuous neuromonitoring
utilizing invasive probes [13–19] or noninvasive cerebral he-
modynamic and electrophysiologic methods [20–23]. While a
detailed discussion of the latter methods is outside the scope of

this review, multiple imaging studies have sought to assess
how imaging may facilitate detection of edema, tissue shifts,
and herniation in order to guide management. Chesnut et al.
[24] examined the relative utility of brain imaging and clinical
examination (ICE) with or without the addition of invasive
intracranial pressure monitoring (PM). Imaging was recom-
mended to occur at least three times: at baseline, at 48 h, and at
5–7 days following injury. The ICE standard alone had no
significant difference from PM added to the ICE standard,
either in a composite primary clinical outcome or in secondary
outcomes including mortality at 14 days, mortality at
6 months, and Glasgow Outcome Scale-Extended scores at
6 months. These results raised the possibility that screening
for secondary injury with neuroimaging provides a benefit not
augmented by PM. While the follow-up rate of ascertaining
the primary clinical outcome measures was excellent, gener-
alizing the results to routine practice is not possible given
several limitations: the low rate of acute enrollment, variable
expertise with PM strategies in the Bolivian and Ecuadorian
study sites, uncertain access to post-discharge acute rehabili-
tation, and disparities in the treatment allocation within each
allocation group. Examples of treatment disparities between
groups reflect differences in the treatment protocols for each
group: ICE with PM patients received a higher rate of high-
dose barbiturates (24 vs. 13%), a higher rate of neuromuscular
blockade (11 vs. 5 %), and lower rate of hypertonic saline (58
vs. 72 %) than patients receiving ICE alone. Some of these
differences in pharmacologic strategies relate to the prescribed
order of therapy in each treatment group.

In addition to the use of CT for the detection of cerebral
edema and tissue shifts, CT angiography has enabled the di-
agnosis of cerebral vasospasm following TBI. This phenom-
enon has been documented with a variety of imaging tools
including Doppler ultrasonography, digital subtraction angi-
ography, Xenon CT, CT angiography, and MR angiography
[25–30]. Traumatic vasospasm is observed in patients with
and without traumatic subarachnoid hemorrhage and in both
closed and penetrating injuries [27]. The prevalence in pa-
tients with moderate-to-severe TBI has ranged from 27 to
68% [31].While vasospasm occurs with increasing frequency
in patients with severe or widespread injury, it has been not
definitively demonstrated to be a pathogenic mediator of poor
outcome, although it may respond to hemodynamic or
catheter-based interventions [25, 32].

Conventional Magnetic Resonance Imaging

Conventional MRI is often not feasible during the acute stage
of sTBI because of lack of access, prolonged data acquisition
time, or clinical factors that preclude MRI (e.g. raised ICP or
penetrating injury with a metallic object). Nevertheless, con-
ventional MRI utilizing T2-FLAIR, GRE, DWI, and derived
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apparent diffusion coefficient (ADC) maps provides better
detection of traumatic axonal injury (TAI) than does CT
[33–36]. Given that TAI is the most devastating subtype of
traumatic injury from a prognostic standpoint [37], conven-
tional MRI is a more useful prognostic tool than is CT [33,
38–40].White matter ADC is particularly useful for predicting
outcomes, with a recent study demonstrating that ADC values
in the whole-brain white matter and in the corpus callosum
correlate with functional outcome in sTBI patients at hospital
discharge [41]. Of note, in contrast to ischemic stroke, diffu-
sion restriction (bright signal on DWI and dark signal on
ADC) is often not associated with irreversible, cytotoxic ede-
ma in sTBI. Rather, this radiologic finding may be caused by
transient, reversible intracellular edema in patients with sTBI.
Indeed, there are reports of neurological recovery in sTBI
patients despite evidence of extensive TAI-related diffusion
restriction [42, 43]. These observations are consistent with
animal studies showing that TAI may be reversible when
shear-strain forces do not cause acute, primary axotomy
[44]. Thus, the term Bcytotoxic edema^ should be used with
caution when describing TAI-related diffusion restriction,
since these lesions may not lead to secondary axotomy or
neuronal death. Moreover, the potential reversibility of TAI-
related signal abnormalities on DWI/ADC suggests a longer
window for therapeutic intervention in sTBI as compared to
ischemic stroke.

It has long been recognized that the shear-strain forces
that transiently injure or permanently sever axons in TAI
also cause disruption of the brain’s microvasculature,
resulting in extravasation of blood [45]. Whereas CT stud-
ies in the 1990s found that microhemorrhages, also known
as traumatic microbleeds (TMBs), are associated with ap-
proximately 20 % of radiologically apparent TAI lesions
[46], the application of the GRE sequence subsequently
demonstrated that up to 80 % of TAI lesions may be asso-
ciated with TMBs [36, 47]. The pathophysiological link
between vessel disruption and axonal injury suggests that
the presence of TAI can be inferred when a TMB is present.
Even if evidence of axonal pathology (i.e., signal change on
T2 FLAIR or DWI) is not identified, the presence of a TMB
is considered in the Common Data Element Guidelines as
sufficient evidence of hemorrhagic TAI [3]. Supporting this
assumption are studies showing that the total number of
TMBs correlates with admission GCS score [47–49], dura-
tion of post-traumatic unconsciousness [48, 50], and neu-
rological recovery [48, 50]. Yet, while GRE identification
of TMBs has been correlated with acute TBI severity and
outcomes, prior studies have not consistently demonstrated
that GRE predicts long-term outcomes [36, 47, 50–52].
These results highlight the need for advanced imaging tech-
niques that are more sensitive for detection of both hemor-
rhagic and non-hemorrhagic TAI and thus potentially more
useful for prognosis.

Motivation for Advanced Imaging Techniques
in Prognostication

Recovery of consciousness, communication, and func-
tional independence is possible in both civilian [38, 43,
53–55] and military [56] patients after sTBI. Indeed, re-
cent evidence from the US Department of Veterans Af-
fairs BEmerging Consciousness^ Program and the Trau-
matic Brain Injury Model Systems suggests that a major-
ity of patients with sTBI ultimately recover conscious-
ness [54, 57, 58]. Thus, it is critical to identify patients
with sTBI who have the potential for a meaningful func-
tional improvement.

Further motivating the application of advanced imaging
techniques to prognostication in patients with sTBI are data
demonstrating that bedside neurological examinations are
often inaccurate for patients with traumatic disorders of
consciousness (DOC). A misdiagnosis rate of up to 43 %
has been reported in cases of consensus-based diagnosis of
post-traumatic vegetative state (VS) [59–61] when com-
pared to a standardized neurobehavioral evaluation with
the Coma Recovery Scale-Revised [62]. This concerning
statistic may be related to fluctuations in arousal or deficits
in visual, auditory, motor, or language function that limit a
patient’s ability to demonstrate purposeful behavior [61].
The high misdiagnosis rate in patients with traumatic
DOC has significant implications for prognosis, since pa-
tients in post-traumatic minimally conscious state (MCS)
have greater potential for functional recovery than those
in post-traumatic VS [63, 64].

Given the prognostic limitations of CT and MRI, as well
as the risk of misdiagnosing a patient’s level of conscious-
ness using a standard bedside neurological examination,
interest has grown in recent years in developing advanced
neuroimaging techniques to more accurately determine the
brain’s structural connectivity, functional activity, and,
hence, potential for recovery. In the next section of this
review, we provide an overview of recent advances in
structural and functional neuroimaging techniques that
are relevant to diagnosing states of consciousness and
predicting outcomes in patients with sTBI. We highlight
the potential clinical utility of advanced techniques such as
susceptibility-weighted imaging (SWI), diffusion tensor
imaging (DTI), diffusion tensor tractography (DTT),
stimulus-based functional MRI (fMRI), resting-state fMRI
(rs-fMRI), arterial spin-labeled (ASL) perfusion MRI, pos-
itron emission tomography (PET), and magnetic resonance
spectroscopy (MRI) and discuss future directions for fur-
ther study. The methodological principles of each ad-
vanced imaging technique are briefly introduced, but a
detailed discussion of advanced imaging methods is be-
yond the scope of this review and can be found elsewhere
[65, 66].
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Advanced Imaging Techniques

Susceptibility-Weighted Imaging

SWI significantly enhances the detection of blood products
beyond the level of detection provided by GRE. This in-
creased sensitivity for blood is enabled by advances in both
data acquisition and data post-processing [67]. Specifically,
SWI combines data regarding both the magnitude and the
phase of the blood products’ susceptibility effects within the
magnetic field to produce an image with enhanced signal con-
trast. Accordingly, SWI detects more foci of hemorrhagic TAI
than GRE does [48, 49, 68]. Furthermore, initial studies sug-
gest that the total number and volume of TMBs detected by
SWI correlate with functional outcomes after TBI [48], where-
as earlier GRE studies did not consistently demonstrate such a
correlation [36, 47, 51, 52]. The reason(s) for SWI’s increased
predictive value remains unclear. SWI is particularly sensitive
for detecting TMBs in the brainstem [48, 68], a region in
which unilateral and bilateral lesions are associated with odds
ratios of 8 and 182, respectively, for poor outcome on the
Glasgow Outcome Scale-Extended [38]. It is thus possible
that SWI improves the accuracy of prognostication by identi-
fying hemorrhagic TAI in regions where lesions are particu-
larly predictive of outcomes.

An important methodological consideration in interpreting
SWI data in patients with sTBI is the magnetic field strength at
which the SWI data are acquired. Hemorrhagic TAI is more
readily detected at 3 T as compared to 1.5 T [69] due to in-
creased sensitivity to susceptibility effects at higher field
strengths. In addition, the spatial resolution of the SWI data
(i.e., voxel size) may influence the number of TMBs that are
detected [70]. Thus, SWI data obtained from different patients
or longitudinally in a single patient can only be compared
when magnetic field strength and imaging acquisition param-
eters are the same. SWI has already been implemented into
routine clinical practice in many centers and is currently listed
as a Tier 1 sequence in the Common Data Element guidelines
[3].We recommend the use of SWI at 3 T, whenever available,
to assess the burden of hemorrhagic TAI in patients with sTBI.

Diffusion Tensor Imaging

Whereas DWI measures the mean diffusivity of water, DTI
characterizes the directional diffusion of water within the
brain [71]. This directionality can be quantified using a
unitless scalar called fractional anisotropy (FA), where 0 is
defined as completely non-directional (i.e., isotropic) diffu-
sion and 1 is defined as completely directional (i.e., anisotrop-
ic) diffusion. The aspect of FA measurements that is of partic-
ular relevance to sTBI is its ability to detect structural changes
in the white matter axons that are susceptible to TAI. Low FA
in the white matter has been correlated with histopathological

evidence of TAI in experimental animal models [72, 73]. In
addition, low FA in white matter regions that are known to be
susceptible to TAI (e.g., corpus callosum and internal cap-
sules) is associated with a broad range of neurological deficits
in patients with sTBI [74–83]. Moreover, FA in specific white
matter bundles correlates with neurocognitive functions that
are associated with those bundles.

The emerging evidence that FA provides a valid, clinically
relevant assessment of white matter integrity suggests that
clinical implementation of DTI may be approaching. Indeed,
DTI is currently listed in Tier 2 of the recommended protocols
in the Common Data Elements guidelines [3]. Yet, clinical
translation of DTI is currently limited by several methodolog-
ical factors. For example, both the imaging hardware (i.e., the
MRI scanner) and software (i.e., the DTI sequence) may affect
the measurement of directional diffusion. Thus, the prognostic
utility of DTI-based FA measurements is still being debated,
pending harmonization of methods within and across institu-
tions. At the present time, the Common Data Element Guide-
lines provide recommendations for DTI sequences that can be
performed on both 1.5- and 3-T MRI scanners [3].

Diffusion Tensor Tractography

Diffusion tensor tractography (DTT) enables three-
dimensional analysis of white matter connectivity. The prin-
ciple upon which tractography is based is that as long as the
primary diffusion directions of the tensors in adjacent voxels
are coherent, these tensors can be reconstructed as a fiber tract.
A fiber tract can therefore be conceptualized as a Bstreamline^
of connected vectors along a single deterministic path, hence
the term Bdeterministic streamline tractography^ [84]. Fiber
tracts are typically calculated by manually tracing or automat-
ically segmenting a white matter region, such as the corpus
callosum, and then using this ROI as a Bseed^ for the genera-
tion of three-dimensional fiber tracts passing through it. An-
other tractography technique developed by Behrens and col-
leagues called probabilistic tractography [85] aims to account
for the inherent uncertainty in fiber tract direction at each
voxel. As opposed to the deterministic tractography model,
which creates a single streamline passing through adjacent
voxels, the probabilistic tractography model generates a dis-
tribution of all possible streamlines that may pass through
these voxels. Regardless of which methodology is being used,
it is important to emphasize that tractography is an inferential
technique in which white matter tracts are reconstructed on the
basis of water diffusion measurements. The number of fiber
tracts that is calculated in any tractography analysis is signif-
icantly affected by data acquisition parameters, such as the
spatial resolution (i.e., voxel size) and angular resolution
(i.e., number of directional diffusion measurements). Al-
though studies have begun to validate tractography with Bgold
standard^ histopathology data [86, 87], DTT results should
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always be interpreted with caution given the inherent limita-
tions of the technique [88, 89].

The application of DTT to the study of sTBI is based on the
ability of tractography to identify alterations in white matter
connectivity, as well as changes in the mean FA, number of
fiber tracts, average tract length, and total volume of a white
matter bundle. Wang and colleagues found that early DTT
(mean day 7) identified fiber tract damage in the corpus
callosum, fornix, and cerebral peduncle projections in 12 pa-
tients with sTBI as compared to age- and gender-matched
controls [90]. Furthermore, mean FA, fiber number, and fiber
length in subregions of the corpus callosum correlated with
TBI patients’ functional outcome scores on the Glasgow Out-
come Scale-Extended at a mean follow-up of 8 months. A
subsequent longitudinal study involving 28 patients with
mild-to-severe TBI demonstrated that DTT identifies structur-
al connectivity changes between the acute (days 0–9) and
chronic (6–14 months) periods and that DTT measurements
of structural connectivity in both the acute and chronic periods
predicted neurocognitive test results [91]. Newcombe and col-
leagues provided additional support for the utility of DTTas a
diagnostic and prognostic tool in TBI by showing that patients
in post-traumatic VS have a different pattern of white matter
injury than patients in post-anoxic VS [92]. Specifically, DTT
demonstrated preferential damage of brainstem fiber tracts, a
finding that is consistent with histopathological and biome-
chanical studies showing that the brainstem is susceptible to
rotational shear-strain forces in sTBI [37, 93–95]. Similarly,
DTT studies of moderate and severe TBI patients indicate that
the corpus callosum, which is also known to be susceptible to
shear-strain forces in TAI [37], undergoes volume loss, short-
ening of fiber tracts, a decrease in mean FA, and a decline in
total tract number in the subacute and chronic stages of injury
[76, 96, 97]. Finally, a recent study of 52 patients with DOC
(32 sTBI) by Fernandez-Espejo and colleagues demonstrated
that DTT-based measurements of connectivity within the de-
fault mode network (DMN), a brain network believed to be
involved in self-awareness, correlated with patients’ level of
consciousness on behavioral testing [98••] (see resting-state
fMRI section below for additional DMN studies in sTBI).
This DTT analysis suggests that structural connectivity data
may provide critical information about the brain’s potential for
conscious awareness in patients with traumatic DOC.

Stimulus-Based Functional Magnetic Resonance Imaging

For the purpose of predicting outcomes in patients with sTBI,
the most commonly used stimulus-based fMRI technique re-
lies upon the blood-oxygen-level-dependent (BOLD) signal.
This BOLD signal is considered a surrogate for cerebral blood
flow and, hence, neuronal metabolic activity, as long as the
brain’s activation-flow coupling response is intact. Notably,
multiple types of intracranial pathology in patients with sTBI,

such as elevated ICP and peri-contusional edema, may disrupt
the coupling between neuronal activation and cerebral blood
flow, and thus, stimulus-based BOLD fMRI results must be
analyzed with careful consideration of this potential con-
founder, as well as other confounders like sedation and patient
motion.

BOLD stimulus-based fMRI analyses are typically per-
formed using a block design, in which stimuli are presented
in discreet epochs (often 16 s to 1 min), with the BOLD signal
during the stimulus blocks (Bon^) compared to the BOLD
signal during a control-block (Boff^), such as a rest period.
Brain Bactivation maps^ are then derived from regions with
statistically significant differences in the BOLD signal be-
tween on and off periods and may be complementary to data
derived from similar electroencephalography (EEG) para-
digms [99, 100••]. In a recent study of 44 patients with
DOC, 28 of whom experienced a sTBI, Forgacs and col-
leagues demonstrated that the four subjects (three with sTBI)
who were able to demonstrate command following during an
fMRI motor imagery task (i.e., Bcovert^ command following)
also had evidence of normal or near-normal background orga-
nization on the EEG while awake, as well as spindles while
asleep [100••]. Furthermore, all four subjects demonstrated
relative preservation of cortical metabolic activity when stud-
ied with (18F)-fluorodeoxygluose (FDG) PET. These correla-
tive fMRI-EEG-PET findings suggest that stimulus-based
fMRI results may indeed reflect the brain’s functional capacity
for cognition, albeit in a covert manner when injury to motor
pathways limits the patient’s capacity for self-expression at the
bedside.

In considering data from fMRI studies in patients with
sTBI, it is important to recognize that most studies have been
performed in the subacute-to-chronic stage of injury, as op-
posed to the acute stage when prognostic data are potentially
of greater value to the clinician and family. This limitation
reflects the difficulty of acquiring fMRI data in the acute stage
of sTBI, since intracranial hypertension, hemodynamic insta-
bility, motor restlessness, and a variety of other clinical factors
may preclude acute fMRI. Nevertheless, the potential clinical
utility of fMRI has been suggested by studies showing that
abnormal brain activation patterns detected by fMRI correlate
with a broad range of neurocognitive and functional deficits in
patients with sTBI, including memory impairment [82, 101]
and motor dysfunction [102]. For patients with traumatic
DOC, fMRI has also challenged classical concepts about the
diagnosis of consciousness. In one of several groundbreaking
studies, a 23-year-old woman in a traumatic VS was asked to
perform motor and spatial imagery tasks (imagining playing
tennis or walking through her house) while undergoing BOLD
fMRI [103]. The BOLD activation patterns in the patient were
similar to those observed in healthy controls, despite the ab-
sence of any behavioral evidence of awareness of self or en-
vironment on detailed neurological examination.
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The suggestion that fMRI may reveal cognitive processing
that is undetectable on bedside examination has been
reproduced in patients with MCS and VS using a variety of
motor imagery, spatial imagery, language, and visual fMRI
paradigms [92, 104–116, 117••, 118, 119] (Table 1). Monti
and colleagues found that five of 54 patients with DOC (23
in VS and 31 in MCS; 33 with sTBI) had brain activation
patterns during command-following paradigms involving mo-
tor and spatial imagery that were similar to controls (all five
patients had traumatic DOC). One subject in traumatic MCS
answered questions while in the MRI scanner by linking the
two imagery tasks described above to Byes^ and Bno^ answers
[117••]. Collectively, these studies suggest that stimulus-based
fMRI may provide evidence of conscious awareness that
evades detection on bedside examination. In addition, the po-
tential prognostic utility of these fMRI paradigms was shown
in a recent study in which language-related fMRI activation
correlated with behavioral recovery 6 months after the fMRI
scan [104]. Although the fMRI data for the 41 patients (22 VS,
19 MCS; 11 TBI) were acquired in the subacute-to-chronic
stages of recovery (2 to 122 months), the correlation between
fMRI data and subsequent behavioral outcomes suggests that
acute fMRI may provide similar prognostic utility.

Resting-State Functional Magnetic Resonance Imaging

Rs-fMRI is based on the principle that spontaneous fluctu-
ations in brain activity are temporally correlated in func-
tionally related brain regions. Identification of resting cor-
relations in brain activity has led to the concept of Bresting-
state networks,^ whose activity is higher at rest and lower
during active tasks. The resting-state network that has re-
ceived the most attention in patients recovering from sTBI
is the DMN [122–125], which is believed to play an essen-
tial role in self-awareness, along with other internally di-
rected cognitive processes. DMN connectivity is altered in
patients recovering from sTBI [126–132] (Table 2), and
longitudinal increases in DMN connectivity have been cor-
related with functional recovery [127]. Furthermore, the
severity of DMN dysfunction may predict neurocognitive
task performance [126, 128, 129]. Moreover, functional
connectivity of cortical nodes within the DMN, as mea-
sured by rs-fMRI, correlates with the structural injury of
white matter pathways connecting these nodes, as mea-
sured by DTI [126, 128, 129]. These correlative rs-fMRI/
DTI findings suggest that functional connectivity measure-
ments may be firmly rooted in structural neuroanatomy, a
finding that is supported by studies of healthy control sub-
jects [135, 136]. Perhaps most notably, the strength of func-
tional connectivity within the DMN, as determined by rs-
fMRI, has been to shown to correlate with the level of con-
sciousness after severe brain injury [131].

Arterial Spin-Labeled Perfusion Magnetic Resonance
Imaging

ASL perfusion MRI utilizes a radiofrequency pulse to label
water protons in blood flowing through the carotid arteries.
Inverting the spins of protons in this Bendogenous bolus^
provides an indirect measure of the cerebral blood flow as
these spins dissipate in the distal cerebrovasculature. Un-
like the BOLD signal, ASL perfusion maps provide a direct
measurement of arterial blood flow that can theoretically be
quantified in absolute units of cc/100 g/min if one has
knowledge of the longitudinal relaxation rate of blood and
tissue, as well as the labeling efficiency and arterial transit
delays. The ASL signal should therefore correlate directly
with neuronal activity as long as cerebrovascular autoregu-
lation and activation-flow-coupling mechanisms are intact
[137].

ASL perfusion imaging studies have revealed alterations
in resting cerebral blood flow (CBF) in patients recovering
from sTBI. In the chronic stage of moderate-to-severe TBI,
global CBF may be reduced, as well as regional perfusion
in the thalamus, posterior cingulate cortex, and frontal cor-
tex [138]. Reductions in thalamic perfusion correlate with
thalamic atrophy, suggesting that ASL perfusion measure-
ments may be based upon the functional capacity of injured
neurons. Furthermore, a correlation has been observed be-
tween decreased resting CBF and altered brain activation
during an ASL fMRI working memory task [139]. These
findings suggest that ASL measurements of resting CBF
may be used to elucidate the brain’s functional potential
for recovery.

Neuroimaging Correlates of Brain Metabolism

Positron Emission Tomography

In sTBI patients, FDG PET enables calculation of re-
gional cerebral metabolic rate of glucose (CMRG) utili-
zat ion. An early FDG PET study demonstrated
Bhyperglycolysis,^ an increase in cerebral glucose utili-
zation in all six patients with acute sTBI for whom the
cerebral metabolic rate of oxygen could also be mea-
sured. Another five patients were found to have local-
ized areas of hyperglycolysis near mass lesions [140].
These neuroimaging findings complement cerebral mi-
crodialysis studies in sTBI, which similarly suggest
hyperglycolysis in the form of persistently low extracel-
lular glucose in association with poor outcome without
associated ischemia [141••].

FDG PET has also been utilized in the subacute-to-
chronic phase of sTBI to predict outcomes in patients with
traumatic DOC. A recent study by Bruno and colleagues
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demonstrated that MCS patients overall demonstrated re-
duced thalamic, caudate, and cortical metabolism; within
the MCS group, patients characterized as BMCS+^ (intel-
ligible verbalization, yes/no responses, and/or command
following) could be discriminated from patients character-
ized as BMCS−^ (localization to noxious stimuli and/or
visual pursuit of a stimulus) by the presence of increased
left-hemispheric cortical metabolism, particularly in lan-
guage, premotor, supplementary motor, and sensorimotor
cortices [142]. Quantitative FDG PET to quantify CMRG
using a standard arterial input based on healthy control
patients demonstrated 82 % accuracy for distinguishing
between patients in VS and MCS. This study also demon-
strated that VS patients are likely to progress to MCS when
CMRG threshold exceeded 45 % of normal [143]. A recent
validation study by Stender and colleague showed similar
utility for FDG PET in predicting outcomes in patients
with DOC on the Glasgow Outcome Scale-Extended, with
prognostic accuracy that was superior to that of concomi-
tantly acquired stimulus-based fMRI data [141••].

Imaging Biomarkers of Seizures, Status Epilepticus,
and Cortical Spreading Depolarization

Electrophysiologic mechanisms of injury frequently seen in
sTBI, such as seizures, status epilepticus, and cortical spread-
ing depolarizations (CSD), have only yielded indirect neuro-
imaging signatures. Nonconvulsive seizures may occur in
over 20 % of sTBI patients undergoing EEG. These findings
may affect cerebral metabolism as seen by increased FDG
PET avidity in individual patients [100••] or as restricted dif-
fusion along the cortical ribbon or thalamus [144]. sTBI pa-
tients diagnosed with status epilepticus have significantly
greater hippocampal atrophy at follow-up compared to pa-
tients without status epilepticus (21 vs. 12 % atrophy) [100••].

CSD, unique from seizures, are prolonged neuronal depo-
larizations, which occur at a near 50 % rate in patients with
sTBI. CSD are considered electrophysiologically akin to mi-
graine, but in the setting of brain injury, they result in signif-
icant metabolic exhaustion and are accompanied by brain tis-
sue hypoxia. CSD are associated with a more than doubling in

Table 2 Resting-state fMRI studies in patients recovering from severe traumatic brain injury

Authors (year) N Dx Time to fMRI Main findings

Cauda et al. (2009) [130] 3a VS 20 months DMN disconnections

Vanhaudenhuyse et al.
(2010) [131]

14a 5 Coma 4 VS 4 MCS 1 LIS <1 month–5 years DMN connectivity correlates with level of consciousness
(LIS > MCS > VS > coma)

Sharp et al. (2011) [126] 20a Prior severe TBI 6 months–6 years DMN connectivity increased in TBI patients vs. controls.
Higher DMN connectivity correlated with better
neurocognitive test performance and less white matter injury
on DTI

Hillary et al. (2011) [127] 10 Prior severe TBI 3 and 6 months after
emerging from
PTA

Increased DMN connectivity in TBI patients versus controls
during first 6 months of recovery after emergence from PTA

Bonnelle et al. (2011) [128] 28 Prior severe TBI 3 months–6 years Decreased resting DMN functional connectivity and increased
DMN activation during an attention task both correlate with
sustained attention impairment and with DMN white matter
injury detected by DTI

Bonnelle et al. (2012) [129] 57 Prior severe TBI 2 months–8 years Decreased deactivation in nodes of DMN (e.g., precuneus,
posterior cingulate cortex) during a stop-signal task. Note:
rs-fMRI analysis was not performed; rather, deactivation of
the DMN during an active task was analyzed

Soddu et al. (2012) [132] 11a 8 VS 1 MCS 2 LIS 1 month–4 years Decreased DMN connectivity in VS compared to LIS and
controls. Unilateral DMN connectivity present in MCS
patient, which correlated with PET measurements of
metabolic activity

Ovadia-Caro et al. (2012)
[133]

8a 1 BD 2 coma 2 VS 2 MCS
1 LIS

1 week–4 years Resting connectivity in the extrinsic Btask-positive^ network
decreased in patients versus controls. Inter-hemispheric
functional connectivity correlated with level of
consciousness

Ham et al (2014) [134] 63 56 Prior moderate/severe
TBI

2 months–48 years Low self-awareness associated with reduced functional
connectivity within the fronto-parietal control network

Adapted and updated from Laureys and Schiff [121] and Edlow, Giacino, and Wu [66]

BD brain dead,DMN default mode network,Dx diagnosis,DTI diffusion tensor imaging, LIS locked-in syndrome,MCSminimally conscious state, PET
positron emission tomography, PTA post-traumatic amnesia, VS vegetative state
a A study that enrolled subjects with both TBI and non-TBI
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the rate of poor clinical outcomes (60 vs. 26 %), and CSD
clusters may result in regional isoelectric cortical activity,
which was associated with universally poor outcomes in a
case series of 53 monitored patients [145]. To date, however,
CSD detection has relied mostly on invasive electrophysiolo-
gy, limiting the feasibility of clinical trials targeting this bio-
marker. MRI-based penumbral perfusion-diffusion measure-
ments during experimental paradigms to provoke CSD in an-
imals have revealed ADC and CBF decrements of 20 and
40 %, respectively [134]. Other methods such as repeated
DWI [146] or parenchymal spin-lock fMRI [147] may reflect
pathogenic signatures, providing future directions toward
identifying a neuroimaging biomarker of CSD.

Magnetic Resonance Spectroscopy

ProtonMRS provides regional metabolic information comple-
mentary to repeated focal measures via cerebral microdialysis.
While N-acetylaspartate (NAA), creatine, phosphocreatine,
choline, inositol, and glucose are typically broadly decreased
on MRS acutely after TBI [120], lactate levels are variable,
potentially related to temporal differences between acute and
subacute findings or due to the presence of nearby structural
pathology. Within regions of cerebral contusion after sTBI,
lactate may be either unchanged or elevated, whereas lactate
is normal in regions without structural pathology on MRI [40,
120]. Another explanation for this variability may be that ce-
rebral microdialysis measures cerebral lactate, often in associ-
ation with a non-ischemic Bglycolytic^ pattern: elevated

pyruvate, preserved brain tissue oxygenation, and normal
CT perfusion measures of CBF [148]. Experimental animal
models of TBI have raised yet another possible explanation;
(13)-C-labeled glucose, lactate, and acetate administration has
demonstrated metabolic uncoupling between glia and neu-
rons, a phenomenon in which lactate uptake by neurons be-
comes impaired after injury while lactate production by glial
cells persists [143]. From a prognostic standpoint, MRS may
also reveal lesions that are undetectable to conventional MRI
methods, thus providing the potential for improved accuracy
of outcome prediction [78, 149]. At the present time, MRS is
included in Tier 2 of the Common Data Elements Guidelines
for TBI [3, 4].

Clinical Implementation of Advanced Imaging
Techniques: Feasibility Considerations

Currently, stimulus-based fMRI has the most data supporting
its use as a tool for detecting evidence of conscious awareness,
which has significant prognostic relevance given that patients
in post-traumatic MCS have greater potential for recovery
than patients in post-traumatic VS. However, the administra-
tion of sedative medications during the acute stage of sTBI
can alter a patient’s ability to respond to an imagery task or
auditory stimulus [150], and therefore, stimulus-based fMRI
may not be feasible in the acute setting. Similarly, sedating
medications may confound PET-based assessments of cere-
bral metabolic activity. In contrast, rs-fMRI may be used to

Fig. 1 Task-based fMRI, resting-state fMRI, and arterial spin-labeled
(ASL) perfusion MRI data from a 23-year-old woman scanned
146 days (5 months) after severe traumatic brain injury caused by a
motor vehicle accident. At the time of the scan, the patient was in a
minimally conscious state. In a, activation within the left (arrow) >
right hemispheric peri-Sylvian language networks is observed during a
passive language stimulus (spoken narrative). FMRI data processing was
carried out using FMRI Expert Analysis Tool (FEAT) Version 5.98, part
of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl), and the
color scalar bar indicates the Z scores. In b, an independent component
resting-state fMRI analysis reveals that the posterior cingulate/precuneus
region of the default mode network (arrow) retains partial functional
connectivity with the inferior parietal lobules (arrowheads), but

connectivity with the medial prefrontal cortex (asterisk) has been
disrupted. Independent component analysis was carried out using
probabilistic independent component analysis [66] as implemented in
Multivariate Exploratory Linear Decomposition into Independent
Components (MELODIC) Version 3.10, part of FSL. The color scalar
bar indicates the thresholded independent component (IC) map, with
yellow-red colors indicating positive correlations and blue colors
indicating negative correlations (anticorrelations). In c, an ASL
perfusion-weighted imaging (PWI) map using pulsed ASL
demonstrates cerebral perfusion in the posterior cingulate/precuneus
region (arrow) and thalami (arrowheads). The color scalar bar
indicates relative cerebral perfusion. Reproduced from Edlow, Giacino,
and Wu [66]
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investigate resting-state networks across the spectrum of states
of consciousness, throughout each stage of the sleep-wake
cycle and even during anesthesia [151–153], although inter-
pretation of the results may be confounded by altered meta-
bolic status. Amajor advantage of ASL is its ability to provide
direct repeated measurements of global and/or regional CBF
before and after administration of a therapy. Thus, ASL may
ultimately be used to detect individualized responses to stim-
ulant medications [154]. Ultimately, the multimodal integra-
tion of task-based fMRI, rs-fMRI, PET, and ASL perfusion
MRI is likely to provide the highest prognostic yield, since
each technique provides potentially unique information about
the functional status of the injured brain and its potential for
recovery (Fig. 1). The optimal timing of performing these
techniques requires a careful assessment of patient safety, as
ICP may increase in the supine position, and invasive moni-
tors may cause artifacts.

With regard to the feasibility of advanced structural imag-
ing techniques such as DTI and DTT, it should be noted that
acute sTBI may cause variable effects on FA due to intracel-
lular and/or extracellular edema. By contrast, FA tends to
more predictably decline in the subacute and chronic stages
of sTBI [52, 75, 77–79, 155, 156]. For this reason, DTI and
DTT may provide more prognostically relevant information
once acute edema associated with sTBI has resolved. The
optimal timing for acquisition of MRS data is currently also
a matter of debate. Ultimately, cliniciansmust balance the goal
of obtaining imaging data early enough to guide diagnosis,
prognosis, and therapeutic decision-making with the goal of
acquiring the data late enough that acute confounders are
minimized.

Future Directions

Although major advances have occurred in the past few years
in elucidating the structural and functional basis for recovery
of awareness in patients with sTBI, current understanding
about recovery of arousal (wakefulness) lags far behind.
Arousal is critical to recovery of consciousness, since without
arousal, awareness is not possible. The current lack of under-
standing about the mechanisms that enable recovery of arous-
al in patients with traumatic DOC can be explained by the
inability of conventional imaging tools to map the complex
neuroanatomic connectivity of the ascending reticular activat-
ing system (ARAS), an arousal network that connects nuclei
in the brainstem to diencephalic, forebrain, and cortical tar-
gets. Indeed, the neuroanatomic connectivity of the human
ARAS has only recently been mapped in preliminary
ex vivo and in vivo tractography studies [55, 157, 158]. Rs-
fMRI measurements of brainstem connectivity are also meth-
odologically challenging to perform, although recent studies
suggest that it may be possible in the near future to map the

functional connectivity of brainstem networks that mediate
arousal [159]. Delineating the structural and functional integ-
rity of the ARAS is fundamentally important to predicting
recovery after sTBI, because the human ARAS network ap-
pears to contain redundant circuitry that may enable recovery
of arousal when some, but not all components of the network
are disrupted [160]. Hence, it should be emphasized that the
presence of brainstem TAI, or Bgrade 3 DAI,^ does not invari-
ably portend a poor outcome [43, 55].

Conclusions

The cardinal utility of neuroimaging in sTBI is to provide
structural and function information about the brain’s potential
for recovery, both to help clinicians tailor treatment to patho-
physiologic phenotypes and to guide prognostication. Ad-
vanced imaging may provide a gateway to informing the
timing and appropriateness of decompressive craniectomy,
hemodynamic treatment of brain edema or vasospasm, and
administration of therapies aimed at promoting recovery of
consciousness in patients with traumatic DOC. Future clinical
implementation of advanced imaging techniques will depend
upon the establishment of standardized methods that are re-
producible across centers and validated in clinical trials testing
specific interventions.
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