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Synopsis

Conventional neuroimaging examinations are typically normal in concussed young athletes. A 

current focus of research is the characterization of subtle abnormalities after concussion using 

advanced neuroimaging techniques. These techniques have the potential to identify diagnostic and 

prognostic biomarkers of concussion. In the future, such biomarkers will likely provide important 

clinical information regarding the appropriate time interval before return-to-play, as well as a 

young athlete’s risk for prolonged post-concussive symptoms and long-term cognitive impairment. 

This review provides current results from advanced imaging techniques, with an emphasis on 

imaging modalities that will likely become available in the near future for the clinical evaluation of 

concussed young athletes.
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Introduction

Concussion, also known as mild traumatic brain injury (mTBI), is a clinical syndrome 

characterized by an immediate but transient alteration in brain function, generally caused by 
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a blunt force. In young athletes, the cause is typically a direct blow to the head. The 

American Academy of Neurology and the American Medical Society for Sports Medicine 

guidelines currently indicate that there is no role for routine clinical imaging in sports-

related concussion given that the findings are typically negative.1,2 However, many new and 

emerging imaging techniques demonstrate their potential diagnostic and prognostic value.

Epidemiology

Half of pediatric emergency department visits for concussion are sports-related.3 

Specifically, over 170,000 children age 19 or younger are seen annually for sports and 

recreation-related traumatic brain injury in the United States.4 Further, over 62,000 cases of 

concussion occur annually in high school varsity athletes, 60% of which occur in football 

players.5 Moreover, concussion comprises nearly 9% of reported high school athletic 

injuries and 6% of collegiate athletic injuries,6 and there is evidence that sports-related 

concussion is substantially under-reported. For example, amateur male hockey players report 

approximately 14 times more concussions than official reports of such injury suggest.7 The 

most common symptom of concussion is headache, which occurs in 93.4% of concussed 

high school athletes, while loss of consciousness occurs 4.6% of the time.8

Reported rates of concussion in high school sports has, in fact, increased 4.2 fold from 

1997-1998 to 2007-2008,9 and this increase corresponds to a similar increased rate of 

concussion-related emergency department visits, which has doubled in 8 to 13 year-old 

children and tripled in 14 to 19 year-old children in the United States over this same time 

period. Of note, this increase is despite an overall decline in participation in organized team 

sports.3 A similar rate of increase in emergency department visits for concussion has also 

been reported by the Center for Disease Control for the years 2001 to 2009.4 The activities 

most associated with youth emergency department visits for concussion are bicycling, 

football, playground activities, basketball, and soccer.4 In addition, over 10% of youth 

emergency department visits for concussion are related to horseback riding, ice skating, 

golfing, all-terrain vehicle riding, and tobogganing/sledding.4

Sex differences in concussion

Although over 70% of emergency department patients with sports and recreation-related 

concussion visits are male,4 high school girls experience twice the rate of concussion as 

boys participating in similar sports.9 Even more concerning is that female high school and 

collegiate athletes who sustain a concussion experience more frequent cognitive impairment, 

display greater declines in simple and complex reaction times relative to preseason baseline 

levels, and they also experience more post-concussion symptoms compared to males.10 A 

study of children hospitalized after concussion also reports more severe symptoms in girls 

than in boys at presentation.11 Similar findings have been identified in a study of female 

soccer players who performed worse on computer-based neuropsychiatric testing after 

concussion than did males,12 and in a neuroimaging study of female athletes who had more 

severe white matter abnormalities at 6 months post-concussion than did males.13
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Considerations Regarding Timing of Imaging

Based on physical exam, clinical anatomic imaging is performed in the acute setting if skull 

fracture or hemorrhage is suspected. While cognitive function typically returns to baseline in 

5–7 days,14 in one study of 416 children and adolescents with concussion, 29.3% had post-

concussion symptoms at 3 months, and missed over 1 week of school on average.15 

Similarly, in another study of 190 children, almost 25% experienced headache, 20% fatigue, 

and 20% longer thinking times at 1 month, with average sleep disturbances lasting 16 

days.16 Given that these symptoms are measured on a timeline of weeks to months, it is 

important to develop imaging biomarkers to identify the acute or subacute phase to 

determine whether or not this information will have value in predicting outcome (prognosis). 

Thus imaging examinations performed in the chronic phase at 1 month to 3 months would 

more likely reveal alterations in the brain that may be useful in predicting which patients 

who experience post-concussion symptoms will likely suffer prolonged post-concussive 

symptoms or even permanent cognitive deficits.

Objective of This Review

Research on neuroimaging of concussion in young athletes is currently focused on 

identifying highly sensitive and quantitative measures of early concussion diagnosis, and 

towards accurate prognosis. The goal of these efforts is to identify imaging markers that can 

be used as biomarkers that provide important clinical information, including an individual’s 

risk for prolonged post-concussive symptoms, risk for long-term cognitive deficits, and an 

appropriate time interval before return-to-play. This review discusses the results of advanced 

imaging techniques that are currently being used in neuroimaging research in youth 

concussion, with an emphasis on those techniques that may soon be incorporated into the 

clinical evaluation of concussed young athletes.

Normal Anatomy and Imaging Technique

Traditional Clinical Anatomic Imaging

The American Academy of Neurology guidelines recommend conventional clinical 

neuroimaging in the setting of suspected concussion in those patients who have loss of 

consciousness, posttraumatic amnesia, persistent Glasgow Coma Scale <15, focal neurologic 

deficit, evidence of skull fracture on examination, or signs of clinical deterioration.1 

Neuroimaging in this context is to rule out more severe traumatic brain injury. Similarly, the 

American Medical Society of Sports medicine guidelines recommend traditional clinical 

neuroimaging only when there is concern of intracranial hemorrhage.2

Computed Tomography (CT) imaging is the first-line imaging in head injury:

• CT has higher spatial resolution than MRI;

• CT is more sensitive than MRI for the evaluation of the osseous calvarium, 

provides exceptional sensitivity for hemorrhage, and makes possible the 

detection of foreign objects inside the calvarium that would preclude MRI;

• CT is also cheaper, more readily available, and much faster than MRI.
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CT findings in moderate to severe brain trauma include skull base fracture, epidural 

hemorrhage related to laceration of the middle meningeal artery from an adjacent fracture 

(Figure 1), and subarachnoid hemorrhage or cerebral contusion related to brain compression 

and friction along the rough inner calvarial surface (Figure 2). However, the use of CT 

includes the risk of exposure to ionizing radiation and it lacks sensitivity for detecting 

diffuse white matter injury and subtle structural brain alterations. MRI is far more sensitive 

for detecting diffuse axonal injury, the most common injury observed in concussion (Figure 

3).

Considerations Regarding Patient Selection for Imaging

Advanced imaging techniques are nonetheless time-consuming and expensive. Screening is 

thus important in considering its use in the evaluation of concussion. For example, screening 

based on a history of prior concussion may be appropriate given that high school football 

players with prior concussion have a greater risk of future concussion.17 High school 

athletes with a history of prior concussion are also more likely to experience on-field loss-

of-consciousness, anterograde amnesia, and confusion,18 and they perform more poorly on 

memory testing, attention, and concentration following a new concussion than do athletes 

experiencing their first concussion.12,19 Similarly, screening of athletes with academic 

problems may be appropriate to evaluate for prior concussion particularly given that high 

school athletes with a history of two or more concussions often perform similarly on 

baseline measures of concentration and attention to those recently concussed.20 Screening 

based on length of on-field symptoms may also be appropriate given that high school 

athletes with on-field mental status changes for more than 5 minutes have longer-lasting 

post-concussion symptoms and memory decline than those with a shorter durations of 

symptoms.21 Finally, screening based on age may be appropriate given that high school 

athletes demonstrate prolonged memory dysfunction following concussion compared with 

college athletes.22 Currently, known clinical markers associated with longer time to 

recovery, such as self-reported cognitive decline, reaction time, and migraine symptoms,23 

may also play a role in patient selection for screening using imaging.

Below we describe two imaging protocols: The first is used in the clinical setting at Boston 

Children’s Hospital; the second is an example of a protocol used in research studies to 

evaluate for subtle alterations following concussion in young athletes (Box 1).

Imaging Findings/Pathology

Clinical Anatomic Imaging

As noted previously, routine clinical imaging in concussion is discouraged by both the 

American Academy of Neurology and the American Medical Society for Sports Medicine 

due to low diagnostic yield.1,2 For example, in a study of 151 youth patients with sports-

related concussion, 8 patients had abnormal neuroimaging findings.24 Of note, this subset of 

patients was likely self-selected for greater-than average symptoms given that many 

individuals with concussion never seek medical care.
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Structural Quantitative High Resolution MR Imaging

High resolution, 3D, T1-weighted MR imaging sequences provide very good anatomic detail 

of the brain. Using a tool such as 3D Slicer (Surgical Planning Laboratory, Brigham and 

Women’s Hospital, Boston, Massachusetts, USA), regions of interest within the brain can be 

manually segmented or parcellated. Further, tools such as FreeSurfer (Athinoula A. Martinos 

Center for Biomedical Imaging, Charlestown, MA, USA) and FMRIB Software Library 

(FSL) (Analysis Group, Oxford Centre for Functional MRI of the Brain, Oxford, England) 

also allow automated brain segmentation and parcellation (Figure 4).

Cortical atrophy has been observed in pediatric patients with concussion 4 months post-

injury.25 Similarly, children with moderate/severe traumatic brain injury may evince 

widespread cortical thinning 3 years post-injury.26 Cortical thickness is also associated with 

memory performance.26 Also of note, there appears to be an association between accelerated 

decline in cortical thickness with age and a history of repetitive concussive and 

subconcussive mild traumatic brain injury.27,28 As for deep gray matter volumes, a study of 

college football players with a history of prior clinician-diagnosed concussion demonstrated 

smaller hippocampal volumes in players with a history of concussion compared to those 

without a history of concussion.29 There is also an apparent association between repeated 

head trauma and smaller thalamus size.30

Tissue Architecture Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is an MR method that measures diffusion of water molecules 

(see review by Basser and Jones).31 Diffusion measures can be calculated based on brain 

regions-of-interest and they can be used to analyze white matter fiber tracts (Figure 5). The 

physiological interpretation of DTI measures is well described.32,33 The most commonly 

reported diffusion measure is fractional anisotropy (FA). FA describes the likelihood of 

directionality of the diffusion of water. Diffusion MRI is a particularly promising technique 

in for evaluating the subtle structural brain alterations following concussion such as diffuse 

axonal injury, noted previously as the most common injury after concussion. Diffuse axonal 

injury can be identified and quantified using diffusion MRI. In the last few years, many 

studies have been published using diffusion MRI in mild traumatic brain injury (please see 

Shenton et al. 201234 for a comprehensive review).

In adolescents, DTI abnormalities have been identified in the first week post-concussion.35 

Moreover, white matter DTI abnormalities that are present in the first week post-concussion 

have been shown to persist at six months post-concussion in adult athletes.36 In young adult 

hockey players with a history of concussion, elevated FA in the left genu and in the anterior 

corona radiata are observed compared to teammates with no history of concussion, 

suggesting regional white matter microstructural injury following concussion.37 Similarly, 

regional diffusion abnormalities are observed in female athletes in the corpus callosum at 6 

months post-concussion,13 and also in other white matter regions in pediatric patients 4 

months post-concussion, despite partial normalization in cognitive tests.25 Taken together, 

these findings suggest that concussion-related white matter injuries may still be evident as 

clinical symptoms begin to resolve, or they may continue with persistent post-concussive 

symptoms.
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Susceptibility-Weighted Imaging of Microhemorrhage

Susceptibility-weighted images (SWI) are MR images designed to enhance the contrast 

between tissues with different magnetic susceptibilities.38 SWI is particularly useful in 

evaluating paramagnetic properties that are present in deoxyhemoglobin and hemosiderin, 

the blood products of hemorrhage. SWI is sensitive for detecting brain lesions at all TBI 

severity levels in children39 and is more sensitive than CT and traditional clinical MRI for 

the detection of traumatic lesions in children following TBI.40 Moreover, SWI is also useful 

in predicting cognitive outcomes in the initial stages post-injury, where the number and 

volume of microhemorrhages in children with mild TBI, and with more severe TBI, have 

been shown to correlate with neurological outcome.39 A proposed new quantitative 

technique has shown possible detection of microhemorrhage in collegiate hockey players 

over a single season.41 SWI measures are thus likely to be most useful for acute injury to 

detect micro-bleeds that often resolve over time.

Regional Blood Flow Imaging

Dynamic susceptibility contrast (DSC) MR imaging, also known as dynamic contrast-

enhanced (DCE) MR imaging, makes it possible to measure regional cerebral blood flow.42 

DSC/DCE imaging is not frequently used in studies of concussion due to the need for 

administration of intravenous contrast material. Non-invasive alternatives such as arterial 

spin labeling (ASL) and phase contrast imaging are, however, being investigated in 

concussion.43–45

A phase contrast imaging study of pediatric sports-related concussion demonstrated cerebral 

blood flow alterations immediately following concussive trauma, with a trend for blood flow 

patterns to return toward baseline values at 14 days (27%) and 30 days (64%).46 Similar 

findings have been described in the acute phase with regional blood flow reductions 

correlating with post-concussive symptoms in studies with arterial spin label MR 

imaging.47,48 Abnormal regional cerebral blood flow has also been demonstrated in chronic 

pediatric mild traumatic brain injury49 and in adults 2 years following concussion.50 Further 

studies are, however, needed to determine whether or not non-contrast enhanced regional 

blood flow imaging may inform prognosis following concussion in youth athletes.

Functional MR Imaging

Blood oxygenation level-dependent (BOLD) MR imaging can be used as a proxy to evaluate 

cerebral blood flow changes in active brain regions.51 Accordingly, fMRI can evaluate brain 

region activation during the performance of specific tasks. It can also be used to evaluate 

regions of brain activation in the state of relaxed consciousness (i.e., also known as resting 

state) in order to evaluate regions associated with cognitive abilities and attention.52,53

Abnormalities in the default mode network, which is assumed to be a network of interacting 

brain regions with highly correlated activity, can be seen acutely in college varsity athletes in 

the first week following concussion.54 Focal abnormalities in the prefrontal cortex can be 

seen in male athletes with post-concussive symptoms.55 Moreover, there is evidence that 

fMRI may be predictive of recovery in concussed high school athletes.56 Long-term 

abnormalities in fMRI studies have also been identified in the chronic stages following 
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concussion.57,58 Taken together, functional MRI may be sensitive in assessing alterations in 

brain function and connectivity following concussion. However, to be useful in the clinical 

setting, analysis techniques would need to reveal patient-specific alterations in addition to 

comparisons on a group level.

Metabolic Imaging

Magnetic resonance spectroscopy imaging (MRS) quantifies human tissue metabolites in 
vivo. A recent comprehensive review of MRS in brain imaging describes the clinical utility 

of MRS.59 Although MRS studies of adults with mTBI have suggested decreased regional 

axonal viability,60 the only study on sports-related concussion in youth did not observe any 

N-acetylaspartate (NAA, neuron marker) or choline (cell membrane marker) 

abnormalities.46 Further studies are needed to determine the efficacy of these measures in 

concussion.

Positron emission tomography (PET), and single-photon emission computed tomography 

(SPECT), are performed by injecting a radioactive isotope bound to a metabolic tracer agent. 

The resolution of PET and SPECT is inferior to CT and MRI, which is problematic when 

trying to identify subtle changes as are expected in concussion. Moreover, radiotracer 

production and handling is expensive and involves intravenous injection of ionizing 

radiation, making PET and SPECT studies in young athletes generally not feasible at this 

time.

Current Concerns Regarding Imaging of Sports-Related Concussion

In addition to avoiding unnecessary radiation from CT,1,2 cost also needs to be considered. 

The high costs per identified imaging abnormality when using conventional neuroimaging to 

evaluate concussion61 reflect the earlier mentioned lack of sensitivity of conventional 

imaging techniques for the detection of subtle brain alterations. Until advanced imaging 

techniques become available that show efficacy in evaluating concussion and the trajectory 

of recovery from concussion, the American Association of Neurology and American 

Medical Society for Sports Medicine guidelines should be followed. In addition, screening 

tools to identify those patients at risk for prolonged post-concussive symptoms should be 

developed.

Further, post-concussive syndrome is a heterogeneous disorder and is therefore difficult to 

study scientifically and also difficult to assess clinically since many symptoms overlap with 

other disorders such as depression and post-traumatic stress disorder (PTSD).62

Additionally, research studies often rely on group statistics, but mean and median group 

values in imaging studies may not capture pathologic processes that may occur in different 

locations. More objective radiological evidence is needed which may have prognostic value 

in determining who is at risk for developing prolonged post-concussive symptoms. A 

method comparing concussed patients with a normative atlas has been proposed,63 as has a 

statistical method called wild boot-strapping,64 both of which attempt to identify subject-

specific abnormalities. However, much more research is needed in this area to move these 

methods to use in the clinic.
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Diagnostic Criteria (List)

The diagnosis of concussion remains clinical at this time. Nonetheless, advanced imaging 

features offer radiological evidence that may soon support early diagnosis and provide 

prognostic information as well as monitor the efficacy of future treatments.

Differential Diagnosis (List/Callout Box)

There is no current radiological evidence that provides a differential diagnosis of 

concussion, because concussion is a clinical diagnosis based on an associated head trauma. 

In most cases, routine clinical CT or MR imaging do not reveal any abnormalities. Future 

studies are, however, needed to identify concussion-specific imaging markers so as to 

provide radiological and not just clinical evidence of concussion. Advanced MR techniques 

will likely become available in the clinic in the near future, which will be useful for 

concussion diagnosis prognosis, and likely also the monitoring of treatment efficacy as 

treatments become available for those who are most likely to suffer persistent post-

concussive symptoms.

What the Referring Physician Needs to Know (List)

• Routine clinical imaging is typically not indicated in sports-related concussion.

• Per American Association of Neurology and American Medical Society of 

Sports Medicine Guidelines, imaging should only be performed in concussion 

when there are concerns for skull fracture, intracranial hemorrhage, or other 

intracranial pathology based on physical exam.

• Potential diagnostic and prognostic neuroimaging biomarkers of concussion and 

adverse outcomes are being studied and may become clinically available over the 

next decade.

• Screening for clinical neuroimaging biomarkers will likely be essential to ensure 

adequate positive and negative predictive values and to maintain cost-

effectiveness.

• While some neuroimaging biomarkers may be appropriate in the acute phase of 

injury, many will likely be more appropriate in the subacute or chronic phases 

and timing will depend on the clinical concern.

Summary

Potential diagnostic and prognostic neuroimaging biomarkers of concussion in young 

athletes are currently being investigated and may become available in the near future for 

integration into routine clinical imaging. Replication of preliminary results and the 

development of techniques to quantify objectively imaging abnormalities on an individual 

basis, as opposed to group comparisons, are the next steps toward clinical implementation. 

We believe that the most promising approaches include a personalized, subject-specific 

profile of injuries that can be derived from multimodal neuroimaging. Accordingly, given 

the increasing number of reported sports-related concussions annually, neuroimaging 
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biomarkers that provide critical information at an appropriate time interval before return-to-

school and return-to-play, and based on an individual’s risk for prolonged post-concussive 

symptoms, as well as on long-term cognitive deficits, would have a substantial impact on the 

routine clinical management of sports-related concussion.
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Key Points

• Routine clinical imaging is typically not indicated in sports-related 

concussion.

• Per the American Association of Neurology and the American Medical 

Society of Sports Medicine Guidelines, in concussion, imaging should only 

be performed if there are concerns regarding skull fracture, intracranial 

hemorrhage, or other intracranial pathology based on clinical exam.

• There are many studies today that may lead to important diagnostic and 

prognostic neuroimaging biomarkers that will assist in the diagnosis of brain 

alterations associated with concussion and that indicate those who are most at 

risk for adverse outcomes. This information will become available clinically 

over the next decade.

• Screening for clinical neuroimaging biomarkers will likely become important 

in ensuring adequate positive and negative predictive values and to maintain 

cost-effectiveness.

• While some neuroimaging exams may be appropriate in the acute phase of 

injury, many will likely be more appropriate in the subacute or chronic 

phases, and timing of scan will depend on clinical presentation.
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Box 1

Imaging Protocols

Non-Contrast Clinical MRI Protocol for Concussion in Young Athletes

• 3D T1-weighted magnetization prepared rapid gradient echo (TR = 1520 ms, 

TE = 2.27 ms, voxel size = 0.86 mm sagittal × 1 mm axial × 1 mm coronal, 

acquisition matrix = 256 × 256)

• Axial T2 spin echo (TR = 4300 ms, TE = 89 ms, slice thickness = 2.5 mm, 

acquisition matrix = 325 × 512)

• Axial T2 FLAIR (TR = 8000 ms, TE = 137 ms, slice thickness = 4 mm, 

acquisition matrix = 288 × 320)

• Axial SWI (TR = 27 ms, TE = 20 ms, slice thickness = 1.25 mm, acquisition 

matrix = 232 × 256)

• DTI with tractography and TRACE (Directions = 35, b = 1000, TR = 9500 

ms, TE = 88 ms, slice thickness = 2 mm, acquisition matrix = 128 × 128)

Research Protocol in our Laboratory for Mild Traumatic Brain Injury

• 3D T1-weighted magnetization prepared rapid gradient echo (TR = 1800 ms, 

TE = 3.36 ms, voxel size = 1 × 1 × 1 mm, acquisition matrix = 256 × 256, flip 

angle = 7 degrees)

• 3D T2-weighted fluid attenuation inversion recovery (TR = 3200 ms, TE = 

456 ms, voxel size = 1 × 1 × 1 mm, acquisition matrix = 256 × 256)

• DTI (Directions = 64, b = 3000, TR = 13600 ms, TE = 111 ms, slice thickness 

= 2 mm, acquisition matrix = 256 × 256)

• SWI (TR = 30 ms, TE = 23 ms, voxel size = 1 × 1 × 1 mm, acquisition matrix 

= 256 × 256)
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Figure 1. 
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23 year-old male ejected from motor vehicle. (A) Axial CT image bone windows 

demonstrates a temporal bone fracture (arrow) in the region of the middle meningeal artery. 

(B) Axial CT image in soft tissue windows at the same level as Figure 1A demonstrates an 

associated large epidural hemorrhage (white arrows). Small foci of intraparenchymal 

hemorrhage are also visible (black arrows). (Images courtesy Liangge Hsu M.D., Brigham & 

Women’s Hospital)
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Figure 2. 
46 year-old man status post 15 foot fall from roof. (A) Axial CT image in soft tissue 

windows demonstrates a left frontal subarachnoid hemorrhage (white arrow) and left 

subdural hemorrhage (black arrow). A left frontal subgaleal hematoma is also present. (B) 

Axial CT image in soft tissue windows, more inferior than Figure 2A, demonstrates bifrontal 

brain contusions (white arrows) and left subdural hemorrhage (black arrow). (C) Coronal CT 

image in soft tissue windows demonstrates the same bifrontal contusions (white arrows) 

clearly located along the floor of the anterior cranial fossa, a common location due to sudden 

traumatic compression of the brain in this region.
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Figure 3. 
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17 year-old male status post motor vehicle collision. (A) Axial CT image in soft tissue 

windows demonstrates a large right subgaleal hematoma (arrow) without any evident 

intracranial abnormality. (B) Axial gradient-recall echo (GRE) MR image in a similar plane 

demonstrates foci of susceptibility artifact (arrows), presumed to represent 

microhemorrhage, scattered along the gray white junction, in the right thalamus, in the left 

putamen, and in the fornix body. SWI has replaced GRE at our institution in most routine 

imaging protocols. (Images courtesy Liangge Hsu M.D., Brigham & Women’s Hospital)
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Figure 4. 
(A) Axial, (B) sagittal, and (C) coronal images of the brain with automatic segmentation 

label maps generated by FreeSurfer superimposed on T1-weighted high resolution MR 

images.
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Figure 5. 
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22 year-old male soccer player with history of concussion. (A) Frontal, (B) lateral, and (C) 

superior views of corpus callosum white matter fiber tracts generated with two-tensor 

tractography from diffusion-weighted images. The interhemispheric traversing fibers are 

particularly well demonstrated on the frontal and superior views. (D) Frontal, (E) lateral, and 

(F) superior views of corpus callosum (warm colors) and cingulate gyri (cyan spectrum) 

white matter fiber tracts generated with two-tensor tractography from diffusion-weighted 

images. Quantitative measures of the tracts are used to identify subtle white matter 

abnormalities not visible on conventional imaging.
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