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Mild traumatic brain injury (mTBI), also commonly re-
ferred to as concussion, affects millions of Americans 
annually. Although computed tomography is the first-line 
imaging technique for all traumatic brain injury, it is in-
capable of providing long-term prognostic information in 
mTBI. In the past decade, the amount of research related 
to magnetic resonance (MR) imaging of mTBI has grown 
exponentially, partly due to development of novel analyt-
ical methods, which are applied to a variety of MR tech-
niques. Here, evidence of subtle brain changes in mTBI as 
revealed by these techniques, which are not demonstrable 
by conventional imaging, will be reviewed. These chang-
es can be considered in three main categories of brain 
structure, function, and metabolism. Macrostructural and 
microstructural changes have been revealed with three-
dimensional MR imaging, susceptibility-weighted imaging, 
diffusion-weighted imaging, and higher order diffusion im-
aging. Functional abnormalities have been described with 
both task-mediated and resting-state blood oxygen level–
dependent functional MR imaging. Metabolic changes 
suggesting neuronal injury have been demonstrated with 
MR spectroscopy. These findings improve understanding 
of the true impact of mTBI and its pathogenesis. Further 
investigation may eventually lead to improved diagnosis, 
prognosis, and management of this common and costly 
condition.
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To add to the challenge of the 
clinical study of this entity, mTBI en-
compasses a wide spectrum of in-
jury mechanisms (eg, direct impact, 
acceleration-deceleration, and blast 
injuries), with potentially different out-
come patterns (16,17). For example, 
blast injuries, more commonly seen in 
military populations, have been shown 
to cause more diffuse and spatially var-
iable white matter (WM) damage than 
nonblast injuries (18). Confounding 
factors, such as pre-existing psychiatric 
illness drug or alcohol misuse, are prev-
alent in patients presenting with mTBI 
in both civilian and military populations 
(19–27). Sport-related injuries are also 
quite prevalent and have recently been 
in the media spotlight (28). Athletes 
competing in high-risk sports may en-
dure multiple episodes of concussive 
or subconcussive head impacts, with 
cumulative effects that are impossible 
to quantify and attribute to individual 
events. In fact, these cumulative ef-
fects are thought to be responsible for 
chronic traumatic encephalopathy, a 
neurodegenerative disease traditionally 
reported in boxers and football players 
who have sustained multiple episodes of 
mTBI (29). Cumulative effects of mTBI 
have also been identified in a military 
population, where repeated mTBI blast 
injuries caused significant increases in 
neurobehavioral symptoms (30). Lastly, 
the determination of symptom sever-
ity by patient self-report introduces 
reporting bias (31). Coexisting psychi-
atric illness, substance abuse, and par-
ticipation in high-stakes sports may all 
produce ulterior motives or attribution 

estimated that up to 35% of the 1.6 
million U.S. military service members 
deployed to Iraq and Afghanistan over 
the past decade have sustained mild 
TBI (mTBI) (4). A substantial number 
of mTBI patients have measurable def-
icits in a number of cognitive domains, 
including processing speed, attention, 
and memory (4,5). A subgroup of pa-
tients has persistent symptoms, known 
as postconcussion syndrome (6). It 
is estimated that up to 40%–50% of 
mTBI patients continue to have symp-
toms at 3 months after injury (7,8) and 
10%–15% at 1 year (9). Postconcussion 
syndrome can cause significant long-
term disability and loss of productivity, 
contributing to the estimated $17 bil-
lion that mTBI costs the United States 
annually in direct expenses and lost in-
come (1,10).

Though common, merely defining 
mTBI is a challenge, as multiple dif-
ferent agencies including the World 
Health Organization (11), the Vet-
erans Administration/Department of 
Defense (12), and the American Con-
gress of Rehabilitation Medicine (13) 
all have differing criteria. To further 
complicate matters, the term concus-
sion is frequently used interchange-
ably or as an alternative to mTBI (14). 
Some characteristics that are common 
to most definitions of mTBI and con-
cussion include a Glasgow Coma Scale 
score of 13 or higher at the time of 
injury, posttraumatic amnesia of less 
than 24 hours, loss of consciousness 
for less than 30 minutes, or transient 
neurologic defects or disorientation at 
the time of injury (14). For the pur-
pose of this review, we will use these 
characteristics to define mTBI. Some 
organizations also differentiate be-
tween uncomplicated and complicated 
mTBI, depending on whether any in-
tracranial abnormalities are found 
at the time of injury on conventional 
imaging studies (14). Conventional 
imaging findings are often normal in 
mTBI, and the presence of computed 
tomographic (CT) abnormalities in 
mTBI has not consistently been found 
to correlate with symptoms. Thus, the 
clinical significance of this distinction 
is not completely clear (15).
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Essentials

nn Developments in MR imaging of 
mild traumatic brain injury 
(mTBI) are contributing to 
improved understanding of its 
structural, functional, and meta-
bolic sequelae.

nn Structural MR imaging, diffusion-
tensor imaging, susceptibility-
weighted imaging, and brain iron 
imaging demonstrate macrostruc-
tural and microstructural 
changes after mTBI; recent work 
with diffusion imaging using 
higher order tensor models at-
tempts to improve injury detec-
tion and understanding of axonal 
pathophysiology by resolving 
crossing fibers in tractography 
and more accurately modeling 
intravoxel diffusion.

nn Functional brain activation has 
been shown to be altered by both 
task-mediated blood oxygen 
level–dependent functional MR 
imaging, as well as resting state 
functional MR imaging; this 
includes alterations in the default 
mode network, suggesting dis-
ruptions of intrinsic neural 
connectivity.

nn Metabolic changes to the brain 
are present as documented using 
MR spectroscopy, with the pri-
mary finding of decreased 
N-acetylaspartate, a marker of 
neuronal injury.

nn Continued progress in identifying 
imaging biomarkers of mTBI and 
personalizing these measures can 
contribute to improved diagnosis, 
prognosis, and management of 
this common pathologic 
condition.

Approximately 1.7 million new 
cases of traumatic brain injury 
(TBI) occur in the United States 

annually, generating over a million 
emergency room visits (1). The ma-
jority, 70%–90%, represent mild in-
jury (2), which is now known to cause 
more morbidity than previously thought 
(3). Aside from civilian injury, it is also 
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thickening to transient brain edema 
has been demonstrated in mTBI ani-
mal models (38).

Postinjury increase in cortical thick-
ness appears to be transient in hu-
mans, as well. Toth et al showed cor-
tical volume loss to be present as early 
as 1 month after mTBI (39). Wang et 
al demonstrated that after 3 months, 
there was cortical thinning in the left 
rostral middle frontal gyrus of mTBI 
patients relative to the acute phase 
(37). In military service members who 
sustained mild blast injury, Tate et al 
showed subacute-to-chronic corti-
cal thinning in the left superior fron-
tal and temporal gyri, areas that are 
functionally implicated in audition and 
language. In a post hoc review, most of 
their patients were found to have au-
diology problems (40). Similar cortical 
atrophy has also been demonstrated in 
a pediatric population (41).

Morphometric changes after mTBI 
appear to extend beyond the cortex. In 
a study of professional boxers, caudate 
volume loss was found to correlate with 
the number of years of professional 
fighting after adjusting for age, race, 
and education, presumably secondary 
to cumulative effects of multiple con-
cussive episodes (42). In a longitudi-
nal study of civilian individuals after 
a single episode of mTBI, Zhou et al 
found global volume loss greater than 
what was seen in age-matched healthy 
control subjects between the subacute 
phase of injury (average 1 month) and 
1-year follow-up (Fig 2). There was sig-
nificant WM volume loss in the ante-
rior cingulum and the cingulate gyrus 
isthmus, as well as precuneal cortex 
(43). In addition, these structural find-
ings correlated with neuropsychiatric 
testing performance: Over time, left 
rostral anterior cingulate volume loss 
correlated with a decrease in verbal 
learning scores, right rostral anterior 
cingulate volume loss correlated with 
decreases in scores of sustained atten-
tion, concentration, working memory, 
and information processing, and lower 
left cingulate gyrus isthmus WM vol-
umes correlated with higher scores on 
anxiety and postconcussion syndrome 
clinical symptoms (43).

categories based on their ability to 
characterize brain structure, function, 
and metabolism.

Structural Imaging

Macrostructural Changes: Brain 
Morphometry
Despite lack of evidence for direct 
injury by most conventional imaging, 
measurable morphometric changes 
have recently been described in mTBI 
by using a variety of segmentation 
techniques. These segmentation tech-
niques have found cortical thickening 
after mTBI, presumably related to 
edema, which have correlated with 
outcome. In fact, in a study of mo-
tor-vehicle accident survivors imaged 
2 weeks and 3 months after injury, 
mTBI patients demonstrated thicker 
cortex of the left rostral middle frontal 
gyrus and right precuneus gyrus than 
did non-mTBI survivors (37). Greater 
cortical thickness of the right precu-
neus in the acute phase correlated 
with acute traumatic stress symptoms 
(37). The attribution of early cortical 

errors that can undermine the accuracy 
of self-reported symptoms and injury 
timeline.

From an imaging perspective, CT 
remains the standard of care for emer-
gent evaluation and triage of acute 
TBI, regardless of severity (32,33). In 
certain situations, magnetic resonance 
(MR) imaging may prove useful as an 
adjunct modality, as it might reveal 
more subtle injury (34,35) and improve 
short-term outcome prediction over CT 
(36). In assessing long-term outcome 
for mTBI, however, there is essentially 
no role for conventional CT and MR 
imaging, as the findings are frequently 
normal in this setting.

In the past decade, the number of 
research articles related to MR imaging 
of mTBI has grown exponentially (Fig 1),  
due in large part to a growing public 
awareness of the disease, as well as 
the development of novel MR and an-
alytical techniques. In this review, we 
will focus on those MR methods that 
have shown promise in demonstrating 
evidence of subtle brain injury in mTBI 
not apparent at conventional imaging; 
these can be considered in three main 

Figure 1

Figure 1:  Graph shows the number of articles found in PubMed from 1990 to 
the year indicated on the x-axis, with search terms as specified in the legend. 
An increase in rate of publication is demonstrated with all search parameters 
after 2005.
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callosum and internal capsule, in a small 
cohort of patients with acute mTBI (48). 
Kraus et al corroborated this finding 
in a chronic mTBI cohort, showing de-
creased FA in the corticospinal tract, 
sagittal stratum, and superior longitu-
dinal fasciculus. Numerous articles pub-
lished since then support the findings of 
decreased FA and increased mean diffu-
sivity in various WM tracts after mTBI, 
some correlating with symptom severity 
and persistence (49–53). Alterations in 
these metrics were strongly correlated 
with the number of “knockouts” in a 
study of boxers and mixed martial art-
ists, supporting cumulative effects of 
multiple episodes of mTBI (54).

Interestingly, a minority of articles 
report regions of increased FA after 
mTBI relative to those of control sub-
jects (55,56). In a meta-analysis of mTBI 
research published before November 
2011, Eierud et al found that such par-
adoxical findings are significantly more 
common for studies of acute mTBI (less 
than 2 weeks), while lower FA values 
are generally reported for studies of 
postacute mTBI (57). These results sug-
gest that anisotropy changes in mTBI 
are dependent on the time since injury. 
Transient axonal swelling and loss of 
extracellular (and thus freely diffusing) 
water have been proposed as possible 
reasons behind this early increase in FA 
(55). Compensatory changes related to 
Wallerian degeneration of other tracts, 
as well as selective axonal loss within 
an area of crossing fibers, are other po-
tential explanations for this paradoxical 
increase (58). Thus, improved delinea-
tion of complex axonal anatomy may 
contribute to a better understanding of 
such apparently disparate DTI data.

There is evidence of correspondence 
between DTI metrics and clinical symp-
toms of mTBI. In their meta-analysis, Ei-
erud et al found that this connection ap-
pears to be time-dependent as well, with 
lower neuropsychological performance 
correlating with higher anisotropy in 
the acute phase and lower anisotropy in 
later phases (57). The number of regions 
with decreased FA has also been nega-
tively correlated with cognitive outcome 
(59). Lipton et al linked prefrontal WM 
FA decreases to lower executive function 

forces. Traumatic axonal injury has been 
well described in human studies as well 
as in animal models of TBI, most prev-
alent in moderate to severe injury (45), 
but demonstrable in mTBI as well (46). 
In normal axon bundles, free diffusion 
of water is radially restricted by these 
highly organized structures; thus, trau-
matic axonal injury is expected to cause 
abnormal diffusion metrics in WM (47). 
Diffusion-tensor imaging (DTI), the 
technical basis of which has been previ-
ously reviewed, for example by Mukher-
jee et al, allows for the investigation of 
such WM microstructural changes in 
vivo (47). In 2002, Arfanakis et al dem-
onstrated decreased fractional anisot-
ropy (FA), primarily within the corpus 

Even decades after injury, mid-
dle-aged adults who sustained remote 
mTBI were found to have lower hippo-
campal volume when compared with 
age-matched control subjects (44). 
Overall, the presence of macroscopic 
morphologic changes supports the 
presence of long-term brain injury after 
mTBI in at least a subgroup of patients, 
despite the lack of evidence for direct 
injury at conventional imaging.

Microstructural Alterations: Diffusion 
MR Imaging and Magnetization Transfer 
Imaging
Axons are considered especially vul-
nerable to shearing injury from rota-
tional, accelerational, and decelerational 

Figure 2

Figure 2:  Areas of significant volume loss are demonstrated by projecting coregistered data from (a) 
medial and (b) lateral projections in 28 mTBI patients and (c) medial and (d) lateral projections in 22 control 
subjects onto right cerebral hemisphere templates after 1 year (Bonferroni-corrected P , .05). (Parts a and 
b reprinted from reference 43.)
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different tractography algorithms are 
available, a discussion of which is be-
yond the scope of this review (69,70). 
A recent study using HARDI with 55 
diffusion-gradient directions found WM 
damage to be more widely distributed 
than previously reported with DTI in 
Iraq and Afghanistan veterans with re-
mote history of mTBI (71).

Higher order diffusion imaging us-
ing multiple and higher b values has also 
been developed to study non-Gaussian 
water diffusion, including techniques 
such as diffusion kurtosis imaging 
(DKI). DKI incorporates an additional 
term in the modeling function to assess 
the degree of deviation from a Gauss-
ian distribution, reflective of tissue mi-
crostructure (68). In an animal model 
of TBI, perturbations in mean kurtosis 
were shown to be correlated with reac-
tive astrogliosis (72). A recent in vivo 
study of mTBI patients demonstrated 
similar perturbations in the anterior 
internal capsule across three different 
time points after injury, despite no sig-
nificant changes in traditional DTI met-
rics (73). Changes in mean kurtosis and 
radial kurtosis across time were also 
correlated with cognitive improvements 
1–6 months after injury, demonstrat-
ing potential clinical relevance of DKI 

diffusion metrics to delineate underly-
ing cellular pathophysiology (66).

Although region-of-interest–based, 
voxel-based, and fiber-tracking analyses 
of DTI have yielded significant insight 
into axonal injury and TBI, the pres-
ence of crossing axonal fibers in any 
given voxel poses a significant challenge 
to the use of FA as an accurate met-
ric of the extent of WM injury. This is 
because crossing WM fibers in a single 
voxel may result in a low FA value de-
spite high anisotropy in each of the in-
dividual fibers (67). Furthermore, first-
order diffusion analysis is still limited 
by the inherent assumptions of its ellip-
soidal, Gaussian modeling of diffusion 
(47). Cellular structures within each 
voxel create distinct intracellular and 
extracellular compartments, leading to 
non-Gaussian water diffusion (68).

Continued advances in DTI acquisi-
tion and postprocessing for tractogra-
phy attempt to address several of these 
issues (69,70). It is generally accepted 
that sampling in multiple diffusion-gra-
dient directions yields a more accurate 
and reliable representation of the com-
plexities of WM anatomy by modeling 
crossing fibers, in a technique known 
as high angular resolution diffusion-
weighted imaging (HARDI). Multiple 

(60). In terms of noncognitive symptoms 
of mTBI, Alhilali et al demonstrated a 
correspondence between decreased FA 
in the cerebellum/fusiform gyri and ves-
tibular symptoms, as well as decreased 
FA in the right anterior thalamic radia-
tion/geniculate nucleus optic tracts and 
ocular convergence insufficiency (Fig 3)  
(61). Fakhran et al have also demon-
strated that sleep/wake disturbances in 
mTBI patients are correlated with de-
creased FA in the parahippocampal gyri 
(62). Taken together, these DTI findings 
suggest that axonal injury is related to 
cognitive deficits, as well as postconcus-
sion symptoms in mTBI patients.

In addition to FA, other diffusion 
metrics have also been studied in mTBI. 
Animal models suggest that axial diffu-
sivity correlates with axonal integrity, 
while radial diffusivity correlates with 
myelin integrity and extracellular edema 
(63,64). Studies have demonstrated 
changes in axial diffusivity (59) as well 
as radial diffusivity (53,56) in mTBI. 
Early increases in the acute phase of 
mTBI have been attributed to transient 
edema (65). These findings support the 
existence of additional pathophysiologic 
changes that accompany axonal injury 
after mTBI. There is ongoing work to 
better model and understand various 

Figure 3

Figure 3:  In 30 mTBI patients, vestibular disturbances correlated with (a) decreased FA in cerebellar regions and (b) increased mean diffusivity in vermian lobules 
of the spinocerebellum, while convergence insufficiency in 25 mTBI patients correlated with (c) increased FA in the right anterior thalamic and right geniculate 
nucleus optic radiations. Images were derived from tract-based spatial statistics (TBSS) results and rendered on T1-weighted images from the Montreal Neurologic 
Institute in coronal (a), sagittal (b), and axial (c) projections. Significant voxels (P , .05, corrected for multiple comparisons) were thickened by using TBSS fill function 
into local tracts (red) and overlaid on WM skeleton (blue). (Reprinted from reference 61.)
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with injury severity (91,92) and can ex-
plain focal neurologic deficits (Fig 4).

Abnormal susceptibility after mTBI 
has also been studied as it relates to brain 
iron. Nisenbaum et al recently reviewed 
this topic in depth (93). Briefly, animal 
models show abnormal iron handling 
in the central nervous system after TBI 
(94). In human studies, Raz et al found 
increased magnetic field inhomogeneity 
in deep gray matter structures (thalamus 
and globus pallidus) using magnetic field 
correlation (95), an asymmetric spin-
echo pulse sequence thought to reflect 
magnetic field inhomogeneity induced 
by iron on the cellular scale (96). In-
creased iron, implicated in a number of 
neurodegenerative conditions, can con-
tribute to oxidative stress and facilitate 
neuronal degeneration (97,98). This is 
of particular interest in mTBI patients 
who have persistent symptoms, long-
term complications, and poor outcome 
(93), and further studies are ongoing in 
this area to determine the importance of 
iron content in mTBI pathogenesis.

perhaps by using metrics other than 
MTR, is necessary to determine its value 
in the evaluation of mTBI.

Microhemorrhages and Iron Detection: 
Gradient Echo, Susceptibility-weighted 
Imaging, and Magnetic Field Correlation
When patients sustain diffuse axonal 
injury, the same forces that cause axo-
nal injury can also cause vascular injury 
and hemorrhage (45). Hemorrhagic le-
sions are more commonly identified in 
moderate and severe TBI (45), though 
with increasing sensitivity of newer 
techniques, there is evidence that mi-
crohemorrhages occur in mTBI more 
commonly than had been previously 
suspected. Susceptibility-weighted im-
aging combines magnitude and phase 
information by using a gradient-echo 
sequence (85,86) and demonstrates 
superior sensitivity for paramagnetic 
deoxygenated blood products after TBI 
(87–91). Detection of these microhem-
orrhages in mTBI is important as the 
presence of hemorrhage correlates 

findings (73). Patients with mTBI have 
also shown alterations of mean kurto-
sis in the thalamus that correlated with 
cognitive impairment (74), suggesting 
that DKI may offer better sensitivity in 
the evaluation of gray matter structures 
that lack high anisotropy. DKI has also 
allowed for improved modeling of diffu-
sion within intracellular and extracellu-
lar spaces and the calculation of axonal 
water fraction, which reflects myelin 
fiber density and may play a role in 
assessing axonal and/or myelin loss in 
mTBI patients (75). Further studies of 
mTBI with these higher order diffusion 
metrics will offer potential insights into 
microscopic mechanisms of injury.

To date, most—if not all—of the 
research of diffusion imaging in mTBI 
consists of population-based studies. 
There are no diffusion findings that can 
be used on an individual level to detect 
injury or predict outcomes. However, 
current research is being conducted 
to distinguish mTBI patients from con-
trol subjects by using a multimodal 
classification system, of which diffusion 
imaging—specifically, the mean kurto-
sis—plays an important part (76). With 
further individualized research and de-
velopment, diffusion imaging may be-
come a useful tool in the assessment of 
mTBI in the future.

WM integrity has also been mea-
sured by using magnetic transfer imag-
ing, which relies on the principle that 
protons bound in intact macromolecules 
can exhibit T1 relaxation coupling with 
free water protons (77). The efficiency 
of exchange may be quantified as the 
magnetic transfer ratio (MTR), which 
can act as a general measure of WM 
structural integrity. MTR abnormalities 
have been correlated to axonal loss, 
Wallerian degeneration, and edema 
(78–80). Decreased MTR has been 
shown to correlate with axonal injury 
and persistent symptoms in moderate 
to severe TBI (81). Alterations in MTR 
have also been previously described in 
mTBI patients (82,83), although a more 
recent multimodal study did not demon-
strate an appreciable difference in MTR 
between their mTBI cohort and control 
subjects (84). Thus, further work in 
the field of magnetic transfer imaging, 

Figure 4

Figure 4:  Image in 40-year-old female bicyclist who sustained mTBI 
and presented with right visual field homonymous hemianopsia. On axial 
susceptibility-weighted image, which is highly sensitive for hemorrhage, 
microhemorrhages can be seen in the region of the left postchiasmatic 
optic radiation (arrow), as well as medial left cerebral peduncle.
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Anterior regions of the brain are not only 
associated with working memory circuits 
but executive function at large. They are 
also more susceptible to traumatic injury. 
Increased functional MR imaging activity 
in the posterior regions may represent 
compensation for anterior structural and/
or functional abnormalities after injury.

Interestingly, some conflicting evi-
dence exists demonstrating that, in the 
face of a heavier task load, mTBI patients 
can show greater activation within work-
ing memory networks compared with 
control subjects (99). This activity may 
again reflect a compensatory change in 
effort as this patient cohort demonstrated 
no measurable deficits in task perfor-
mance (99). Similar findings were also 
observed in a different patient cohort, 
where the degree of increased activation 
correlated with symptom severity (107). 
These discrepant findings may illustrate 
challenges inherent to the study of mTBI, 
where there exists heterogeneity in injury 
severity, symptoms, mechanism of injury, 
time course of injury, as well as testing 
methods and paradigms. All these fac-
tors may influence the results of complex 
tasked-based functional studies (108).

Aside from working memory, task-
based studies of other memory domains 
also demonstrate altered activation in 
mTBI patients. Improper suppression 
of declarative memory regions during 
working memory tasks is linked with 
duration of posttraumatic amnesia 
and poor declarative memory function 
(109). Examinations of episodic mem-
ory demonstrated decreased intensity 
and spatial extent of activation in mTBI 
patients in response to both familiar 
and unfamiliar stimuli (110). When pre-
sented with an image-based relational 
memory task, adults with remote his-
tory of mTBI were found to have de-
creased activation in relevant cortical 
regions as well as poorer task perfor-
mance relative to control subjects (44).

Dysfunction in the attention cir-
cuitry has been observed during audi-
tory orientation tasks (111) designed 
to evaluate executive cognitive function. 
Witt et al found that decreased activa-
tion in mTBI patients in the right dor-
sal lateral prefrontal cortex was coupled 
with increased activation in multiple 

Figure 5

Figure 5:   Blood oxygen level–dependent functional MR activation maps for one-, two-, and three-back 
working memory tasks (in which subjects were presented with a series of number stimuli and asked 
to indicate when a given stimulus was identical to the number presented one, two, or three turns ago, 
respectively) in 20 mTBI patients and 18 control subjects (display threshold, P , .001; extent, three 
voxels). Lesser extent of activation in the bilateral frontal and parietal regions is seen in the mTBI group. 
(Reprinted from reference 100.)

Functional Imaging

Changes in Memory and Attention: Task-
mediated Functional MR Imaging
Changes in task-mediated brain activa-
tion have been documented after mTBI 
with blood oxygen level–dependent 
functional MR imaging. Several groups 
have demonstrated these changes us-
ing working memory tasks (99–101), 
as this is a domain affected after TBI 
(102,103). The working memory net-
works include several regions: dorsal 
lateral prefrontal cortex, ventral lateral 
prefrontal cortex, premotor cortex, an-
terior cingulate, posterior parietal cor-
tex, and basal ganglia (104).

Most studies of working memory in 
acute-to-subacute mTBI patients have 
found decreased activity in working 
memory networks compared with those 
of control subjects (Fig 5) (100,101,105). 
Frequently, this is accompanied by ab-
normally increased activity in areas not 
traditionally considered part of working 
memory networks (99,100). Despite 
these alterations in functional activation 
patterns, many mTBI patients do not 

exhibit performance deficits in working 
memory tasks (99,100). These findings 
suggest that after mTBI, there may be 
primary injury or suppression of es-
tablished working memory networks 
with compensatory neuronal activation 
elsewhere. Interestingly, such compen-
satory activation may not be present in 
children. In a group of pediatric mTBI 
patients, Keightley et al found lower ac-
tivity in multiple areas within the work-
ing memory network during verbal and 
nonverbal working memory tasks. For 
this pediatric cohort, decreased activity 
in the bilateral dorsal lateral prefrontal 
cortex correlated directly with poorer 
task performance, suggesting a lack of 
compensatory mechanism (106).

In a meta-analysis of functional MR 
studies, the majority of which investi-
gated working memory, Eierud et al of-
fers a connection between functional and 
structural abnormalities in mTBI. They 
found that functional MR imaging activity 
appears to be decreased anteriorly and 
increased posteriorly in mTBI subjects 
relative to that of control subjects. WM 
anisotropy abnormalities are also more 
commonly reported anteriorly (57). 
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other frontal and parietal regions (112). 
Similar to some of the working mem-
ory functional studies, these functional 
MR findings have not been found to 
correlate with performance or clinical 
symptoms, suggesting that the increased 
activation may reflect a compensatory 
process (112).

Alterations of Baseline Functional 
Synchronization: Resting-State Functional 
MR Imaging
Resting-state functional MR imaging 
reflects baseline brain functional fluc-
tuations and their synchronization. 
The default mode network (DMN) is 
a network of brain areas, including 
the precuneus, parietal cortex, and or-
bitofrontal region, that is most active 
when subjects are at rest, that is, in 
the absence of a task (113). Abnormal-
ities in the DMN have been reported in 
severe TBI (114–117), and there is in-
creasing evidence that it is disrupted by 
mTBI as well. Mayer et al conducted a 
seed-based resting-state functional MR 
analysis and found decreased functional 
connectivity within the DMN (118). 
These findings were confirmed with 
an independent component analysis 
approach by Zhou et al, who showed 
significantly reduced connectivity in the 
posterior cingulate cortex and parietal 
regions, as well as increased frontal 

Figure 6

Figure 6:  Default mode network templates obtained with hybrid ICA seed method in (a) 18 control subjects and (b) 23 mTBI subjects. (c) Differences between the 
two groups are highlighted, where blue indicates decreased relative functional connectivity in mTBI subjects and red indicates increased relative functional connectiv-
ity (corrected, P , .05; K  20). (Reprinted from reference 119.)

connectivity around the medial pre-
frontal cortex (Fig 6) (119). With both 
independent component analysis and 
seed-based analytic methods, Johnson 
et al correlated decreased connectiv-
ity within the DMN with number of 
concussions experienced by athletes 
(120). Limited physical stress has been 
shown to further alter the integrity of 
the DMN in mTBI patients (121,122). 
Interestingly, unlike activation changes 
in task-mediated functional MR imag-
ing, changes in DMN have been linked 
to neurocognitive dysfunction and post-
traumatic symptoms (119). Although 
the DMN is not activated during func-
tional tasks, this finding suggests that 
its integrity is intimately connected 
with cognition and cognitive function. 
This correlation is also seen in patients 
with cognitive impairment secondary to 
other insults, such as aging, stroke, and 
Parkinson disease (123–127). A lack of 
compensatory mechanism for resting-
state functionality may also help ex-
plain this discrepancy. Furthermore, it 
has been shown that mTBI patients, in-
cluding those injured with blast mech-
anisms, exhibit altered internetwork 
connectivity between the DMN and 
other networks (118,128,129). In fact, 
abnormal connections between DMN 
and the task-positive network and sa-
lience network is linked to poorer 

memory performance in mTBI patients 
(128).

Other functional networks have 
also been studied in the resting state. 
Namely, Sours et al found that reduced 
interhemispheric connectivity in the 
dorsal lateral prefrontal cortex at rest 
was associated with mTBI symptoms 
and cognitive performance at 1-month 
follow-up (130). An abnormal increase 
in the number of thalamocortical 
resting-state networks has also been 
shown after mTBI, which speaks to a 
disruption of the normal small world 
organization of neuronal networks, 
where clusters of neighboring func-
tional regions are efficiently linked to 
anatomically distant clusters by long-
range neuronal connections (131–133). 
Using independent component analysis, 
Shumskaya et al have documented de-
creased functional connectivity in the 
motor-striatal network and increased 
connectivity in the right frontoparietal 
network in mTBI patients who have 
specifically sustained frontal-occipital 
impact (134).

Together, these findings point to re-
organization of a variety of functional 
neural networks after mTBI, including 
task-mediated and resting-state neural 
networks. These changes may be pri-
marily related to injury as well as sec-
ondary and compensatory. Alterations 
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may persist after symptom resolution 
(155,157,158), with serial studies in 
sports concussion suggesting a lag of 
approximately 2 weeks before normali-
zation of the NAA/Cr and NAA/Cho ra-
tios (157,158). A second mTBI prolongs 
the recovery period of both symptoms 
and NAA abnormalities (154,158). 
These data suggest that measures of 
NAA reflect reversible neurometa-
bolic disturbances, which are related 
to patient presentation and may have 
a role in objectively monitoring patient 
recovery.

Levels of Cr, a marker of energy 
metabolism, are often used as the de-
nominator in metabolic ratios, as they 
are assumed to vary less than the 
other metabolites (162). It is impor-
tant, therefore, to consider that three 
studies suggest Cr alterations in mTBI 
(163–165). Elevated Cr was found in 
the centrum semiovale and corpus cal-
losum (163,164), while decreased levels 
were reported in frontal WM (165). 
Interestingly, both groups showed nor-
malization of these abnormalities over 
time, a behavior similar to that of NAA. 
Changes in Cr, however, may be more 
heterogeneous as they reflect not only 
neuronal, but also glial metabolism. 
Finally, two studies found correlations 
between WM Cr concentrations and 
cognitive performance (163,166).

Changes in Cho are usually assessed 
with a ratio to NAA and Cr. Overall, 
compared with the other major me-
tabolites, there is less evidence of Cho 
abnormalities in mTBI. This is consis-
tent with the view that in mTBI, as op-
posed to more severe injuries, there is 
less cell-membrane breakdown, which 
would release 1H MR spectroscopically 
detectable Cho. In the chronic TBI 
stages, however, any Cho elevations are 
likely to reflect glial proliferation (160). 
Time from injury, therefore, should be 
taken into account when discussing 
changes in Cho, while in the interpre-
tation of the NAA/Cho ratio, possible 
Cho increases (149,167), as well as de-
creases (166), should be considered.

Only a few studies have examined 
metabolites detectable exclusively at 
short echo times in mTBI. The liter-
ature on glutamate (Glu), glutamine 

blood flow in mTBI patients has been 
demonstrated by using arterial spin la-
beling MR techniques (139,140). MR 
findings of cerebral hypoperfusion in the 
anterior cingulate and frontal lobes are 
also supported by single photon emis-
sion computed tomography (141–144), 
as well as CT perfusion studies (145–
147). Although causation is difficult to 
establish, perfusion abnormalities have 
been described in concert with meta-
bolic changes (148) and DTI abnormal-
ities (145), and it is conceivable that 
hypoxia secondary to hypoperfusion 
may play a role in perpetuating meta-
bolic disturbance and neuronal injury. 
Furthermore, these perfusion abnormal-
ities have been linked to clinical metrics 
of injury (141,145,146), suggesting that 
the pathogenesis of mTBI likely results 
from complex interactions between per-
fusion, functional, structural, and meta-
bolic changes after traumatic injury.

Metabolic Alterations: Proton MR 
Spectroscopy and a Brief Note on PET

Metabolic changes occurring after 
mTBI can be examined with standard 
MR hardware by using hydrogen 1 (1H) 
MR spectroscopy. Unlike changes in 
brain morphometry and neuronal con-
nectivity that are dependent on cell 
death, alterations in metabolite levels 
are capable of reflecting milder neu-
ronal injury, which is perhaps more 
common in mTBI. Three main MR 
spectroscopy metabolites have been 
evaluated in mTBI: N-acetylaspartate 
(NAA), a marker of neuronal integ-
rity, creatine (Cr), a marker of energy 
consumption, and choline (Cho), a 
marker of cellular turnover. NAA has 
been extensively studied in mTBI, ei-
ther in absolute amounts or in ratios 
to Cr and Cho. Decreases in any of 
these three values, usually interpreted 
as neuronal injury, have been recorded 
throughout the gray matter and WM, 
in specific regions, as well as globally 
(149–160). Some of these findings have 
shown correlations with postconcussive 
symptoms (156,159), as in a recent 
study that found lower global WM NAA 
only in symptomatic patients (Fig 7) 
(161). These metabolic abnormalities 

in resting-state functional MR imaging 
seem to correlate with clinical symp-
toms, indicating that this may be a 
potentially powerful technique to un-
derstand the biologic underpinning of 
disease after injury.

A Note on Perfusion in mTBI
Blood oxygen level–dependent imaging 
depends on the cerebral metabolic rate 
of oxygen consumption, cerebral blood 
oxygenation, as well as cerebral blood 
flow and volume. Thus, altered brain 
perfusion could contribute to and possi-
bly confound results from functional MR 
studies. Impairment of cerebrovascular 
autoregulation has been documented in 
severe, as well as mild TBI, with Doppler 
velocity recordings (135,136). In TBI pa-
tients, cerebral blood volume can be de-
creased even in areas of the brain that 
appear normal (137). Using dynamic 
susceptibility contrast MR imaging, de-
creased cerebral blood flow to the an-
terior cingulate and cerebellum, which 
correlated with neurocognitive results, 
was demonstrated by Liu et al in mTBI 
patients (138). Lower thalamic cerebral 

Figure 7

Figure 7:  Box plots display 25%, median, 75% 
(box), and 95% (whiskers) of the NAA concentra-
tions distributions in the WM of 11 postconcus-
sive symptoms–negative and 15 postconcussive 
symptoms–positive mTBI patients, compared with 
their age- and sex-matched control subjects (n = 
8 and 12, respectively). A significant (P , .001) 
NAA deficit was observed only in the postconcus-
sive symptoms–positive cohort. (Reprinted from 
reference 161).
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activation, and MR spectroscopy are 
linked in mTBI (151,179,180). Work 
by Kou et al examined serum in com-
bination with imaging biomarkers and 
showed that glial biomarkers correlated 
with presence of intracranial hemor-
rhages detected with susceptibility-
weighted imaging, while abnormal FA 
and WM volumes were correlated with 
impaired neurofunctional status (181). 
A recent pilot study using a multifea-
ture classification algorithm showed 
that a multimodal evaluation achieved 
higher accuracy than the best single 
metric in differentiating mTBI patients 
from control subjects (76).

Further advances in these and other 
novel imaging techniques, validation of 
the techniques, and linking of relevant 
imaging metrics are sure to play a role 
in the development of improved diag-
nostic criteria and enhanced clinical fol-
low-up for mTBI in the future. In turn, 
they will hopefully facilitate appropriate 
intervention for mTBI patients, who 
currently have few options.
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