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Concussion
Definition: A complex pathophysiological 

process affecting the brain, induced by 

biomechanical forces. Can be caused by a 

direct blow or indirect forces. It involves 

impairment with neurologic dysfunction. 

Traditional neuroimaging is usually normal. 

(CT scan)

AAN website – 2013



Concussion as a mild TBI?

 Traumatic brain injury grading classification has been 

abandoned for a more individualized care approach. 

 Presentation/recovery is often paradoxical:

Moderate to severe TBI – better recovery

Mild repetitive TBI – prolonged recovery

 Could this be the difference between diffuse vs focal injury 

OR acute vs chronic? 

Povlishock, JT and Katz, D The Jrn of Head Trauma Rehabilitation:Jan-Feb 2005, vol 20, Issue 1, p 76-94



Case Study:

 12 yr old female previously 

healthy, Level 8 gymnastic. 

 She got too much power   

going into a vault and fell off 

head first onto the concrete.  

LOC 3-4 min. Memory loss for info prior to the event that day

and for everything until that evening at immediate care. 

 PE: 2 days later in office.

Mild headache, 4/10 daily, worse with exertion but overall ok. 

Some unsteadiness on tandem gait.



MRI brain series 

SWI hypointensities

right frontal  

FLAIR and T1 – right frontal and superior 

anterior temporal WM changes and encephalomalacia



T1 weighted, mastoid 

abnormality.

One week later pt comes in with notable bruising

behind the left ear. She did not communicate this concern until 

1 week later. CT did not show fracture. 

“Battles sign” – risk CSF leak



Advanced Neuroimaging of Mild Traumatic Brain Injury Laszlo L. Mechtler, MD , Kalyan K. Shastri, MD, MSb, 

Kevin E. Crutchfield, MD c Neurol Clin 32 (2014) 31–58

Abbreviations: ADC, apparent diffusion coefficient; BOLD, blood oxygen level–dependent; CT, computed tomography; DAI, diffuse 
axonal injury; DTI, diffusion tensor imaging; DWI, diffusionweighted imaging; FDG-PET, [18F]-2-fluoro-2-deoxy-D-glucose–positron emission 
tomography; FLAIR, fluid-attenuated inversion recovery; fMRI, functional magnetic resonance imaging; GRE, gradient-recalled echo; MRI, 
magnetic resonance imaging; STIR, short tau inversion recovery; SWI,susceptibility-weightedimaging;TBI,traumaticbraininjury;VBM,voxel-
basedmorphometry.



AAN Guidelines 2013 - Neuroimaging

CT imaging should not be used to diagnose sports 

related concussion but might be obtained to rule out 

more serious TBI such as an intracranial hemorrhage in 

athletes with a suspected concussion who have loss of 

consciousness, posttraumatic amnesia, persistently 

altered mental status (Glasgow Coma Scale <15), focal 

neurologic deficit, evidence of skull fracture on 

examination, or signs of clinical deterioration. (Level C) 

Giza, C, Kutcher, J et al Summary of evidence-based guideline update: Evaluation and management of concussion in sports. Neurology (ncbi.nlm.nih.gov)



To CT or Not to CT ??

Very Controversial!!

Canadian CT head Rule:  

Minor head injuries that involve loss of consciousness (LOC), 

definite amnesia, or witnessed disorientation in patients with a 

Glasgow Coma Scale(GCS) score of 13-15

High Risk: GCS <15 at 2 hrs, suspected fracture, vomit > 2 xs, 

> 65 yrs

Medium Risk: Retrograde amnesia (prior to injury) > 30 min,

dangerous mechanism. 
Imaging Modalities in Mild Traumatic Brain Injury and Sports Concussion Peter G. Gonzalez, MD, Matthew T. Walker, MD PM R 2011;3:S413-
S424



To CT or Not to CT ??

New Orleans Criteria: 

Minor head injury with a GCS score of 15. 

Will require CT if any of the following conditions 

were met: 

Severe headache, vomiting, >60 years, drug or 

alcohol intoxication, persistent anterograde 

amnesia, visible trauma above the clavicle, and/or 

seizure.

Imaging Modalities in Mild Traumatic Brain Injury and Sports Concussion Peter G. Gonzalez, MD, Matthew T. Walker, MD PM R 2011;3:S413-S424



CT Radiation Risks
 Dose dependent

 Younger patient = increased radiation associated disease (cancer) 1 and risk 

of  developmental impairment2. 

 The younger the age the higher the cell turn over (“Choosing Wisely 

Campaign”).

CT positive findings study

1772 patients 

Grp A (1453) - headache only symptom – 6.2% Abnml

Grp B (726) - headache plus symptoms – 13.2% Abnml
1-Hall, Lessons we have learned from our children: cancer risks from diagnostic radiology. Pediatric Radiol 2002; 32700-706.

2- Hall, Adami, Trichopoulos et al, Effect of low doses of ionizing radiation in infancy on cognitive function in adulthood: Swedish population based cohort study. BMJ 2004;328:19

3. Vivek, G et al, Prevallence of normal head CT and positive CT  findings in a large cohort of  patients with chronic  headaches, Neuroradiol J2015 Aug: 28(4): 421-425



CT findings

 45 professional boxers - serial CT head scans. 

 6 (13%) - evidence of ‘‘progressive brain injury,’’

 3 boxers progressive cortical atrophy 

(1 with bilateral parieto-occipital encephalo-

malacia)

 3 boxers - cavum septum pellucidum (CSP) 

 Progressive CT changes associated with having 

greater than 10 losses

Zimmerman RD, Jordan BD. Neuroradiology of boxing injuries. In: Jordan BD, ed. Medical Aspects of 
Boxing. Boca Raton, FL: CRC Publishing; 1993:188–196.es.

http://dizziness-and-balance.com/

disorders/central/cavum.html

http://dizziness-and-balance.com/disorders/
http://dizziness-and-balance.com/disorders/


BLEEDS – Subdural, Epidural, Subarachnoid
1.) Subdural

 Extra-axial bleed between the arachnoid and dural junction.

 Stretching of cortical bridging veins, can cross sutures.

 10-30% of chronic subdural have repeated bleeds.

 young people = 

trauma or 

bleeding disorder

older people = 

minor head injury or 

spontaneous

 Osborn, A “Osborn’s Brain Imaging, Pathology and 

Anatomy” Ch 1 Trauma CT axial – 26 yo MVA 



Subdural bleeds 

on MRI

"Courtesy of Allen D. Elster, MRIquestions.com".



Subdural hematoma

 Acute = CT hyperdense (60%), 

mixed (40%)

Subacute= CT isodense 7-10 days, 

blooming artifact (hypointense)on 

GRE/SWI on MRI

Chronic = CT hypodense, loculated

 Hygroma (arachnoid tear →

subdural CSF)

Effusion (clear fluid after meningitis)

Empyema (pus)

 Osborn, A “Osborn’s Brain Imaging, Pathology and 

Anatomy” Ch 1 Trauma Hygroma – T2 MRI Empyema – T1 contrast

Radiopedia



BLEEDS – Subdural, Epidural, Subarachnoid

2.) Epidural
 Extra-axial bleed between 

the skull and dura.

 Laceration of the 

artery(90%), vein (10%).

 Skull fracture in 90-95%.

 Rare = 1-4% TBI, 

50% have lucid interval

 Hyperdense egg shape, 

“Swirl sign”

 Osborn, A “Osborn’s Brain Imaging, Pathology and 

Anatomy” Ch 1 Trauma
Agamanolis, D Neuropathology, 

http://neuropathology-web.org/

chapter4/chapter4aSubdural-

epidural.html

Axial CT head

https://pubs.rsna.org/doi/abs/10.1148

/radiology.218.2.r01fe09433?journal

Code=radiology

http://neuropathology-web.org/
https://pubs.rsna.org/doi/abs/10.1148


3.) Subarachnoid (SAH)

 Bleeding,between the pia mater 

and arachnoid space.

 Most commonly between 

25 to 65 yrs, increasing in frequency 

with age.

 M/C extra-axial hemorrhage

 Traumatic SAH> aneurysmal SAH

 Adjacent to cortical contusions

 Superficial sulci > basal cisterns

sl.wikipedia.org

"Courtesy of Allen D. Elster, MRIquestions.com".

FLAIR

https://sl.wikipedia.org/wiki/Subarahnoidna_krvavitev


Intraparenchymal 

Hemmorhage

46 yr old female MVA passenger.

Car hit tree. Nondisplaced left 

frontal skull fx, left frontal 

subarachnoid, rt 3rd ventriculostomy. 

CT axial- MVA 

FLAIR axial

SWI

FLAIR axial



3D CT 

reconstruction

Depressed 
left frontal and orbital 

fracture. 



Case Presentation: 59 yr old healthy, professional man. Seen for follow up after a 

syncopal episode while visiting another state. Pt fell in a public bathroom with unknown 

time of LOC.  Was seen in local ER and then had F/U MRI. 

Axial FLAIR MRIs



Case Presentation: Seemed fine for 6 months but continued to be very active, playing golf and

traveling overseas. Came to the office for opinion due to recent cognitive decline. It was now affecting his job. 

Exam: slowed deliberate speech, downplayed symptoms, confused at times, 

looked fatigued, he could not look to the left (neglect of left), right pronator drift. 

Axial CT scans 

Post op axial MRI



29 yo MVA with left frontal DAI, previous rt 

frontal shunt and SWI, now with seizures

Limitations of CT Axial FLAIR MRI SWI



CT Perfusion in Cerebral Contusions

 Full Extent of Cerebral Contusions Seen Earlier 

 Small Hemorrhagic Focus  

vs Extensive Brain Perfusion Abnormality

M Wintermark, Admission Perfusion CT: Prognostic Value in 

Patients with Severe Head Trauma, Radiology July 2004



MRI and mTBI 
 Versatile – many modalities to use for different aspects of damage.

 Controversy - regarding the utility of conventional MRI in mTBI or 
concussion, cost. 

 MacKenzie et al 2002:

 “Longitudinal studies of concussion conventional MRI studies may have 
a higher utility over time as axonal degeneration evolves. “

 Retrospectively evaluated the volume of brain parenchyma with mild 
and moderate TBI. 

 Brain atrophy evident at an average of 11 months after trauma. 

 Subjects with LOC had increased brain parenchyma loss. 

 Volume loss is presumed secondary to the neurodegenerative

cascade of axonal degradation after the injury. 
MacKenzie JD, Siddiqi F, Babb JS, et al. Brain atrophy in mild or moderate traumatic brain injury: A longitudinal 
quantitative analysis. AJNR Am J Neuroradiol 2002;23:1509-1515.



Early FLAIR Important

3 Months

6 Months

12 Months

Moen et al, J Neurol 
Neurosurg Psychiatry 
2012

Et al  Annals of Neurology 2013



Automatic Atrophy Quantification

Ross D, etal, NeuroQuant® Revealed Hippocampal Atrophy in a 
Patient With Traumatic Brain Injury , The Journal of 
Neuropsychiatry and Clinical Neurosciences, VOL. 24, No. 1
January 01, 2012

http://psychiatryonline.org/issue.aspx?journalid=62&issueid=20365
http://psychiatryonline.org/issue.aspx?journalid=62&issueid=20365


CT and T2 coronal MRI –

frontal contusion



MRI  - SWI vs GRE in mTBI 

 Gradient echo MRI technique sensitive to hemorrhage that results from DAI 
and deoxyhemoglobin in venous blood. Susceptibilty weighted imaging is 
superior.

 Tong et al :

 Compare MRI -SWI and GRE in a peds and adolescents with suspected DAI 
from TBI. 

 SWI identified significantly more small hemorrhagic lesions than the GRE. 

 Degree of SWI correlates negatively with patient outcomes. 

 SWI and acute injury increase the ability to identify small intracranial 
hemorrhagic lesions. 

 SWI 3 to 6 x more sensitive.
Tong KA, Ashwal S, Holshouser BA, et al. Hemorrhagic shearing lesions  in children and adolescents with posttraumatic diffuse axonal injury:

improved detection and initial results. Radiology 2003;227:332-339.

Tong KA, Ashwal S, Holshouser BA, et al. Diffuse axonal injury inchildren: Clinical correlation with hemorrhagic lesions. Ann Neurol2004;56:36-50.



MRI - SWI in Peds TBI study:Beauchamp et al (2013) 

SWI lesions detected at all levels of injury (mild to severe)

19% patients with negative CT or no CT had SWI lesions.

Primary location in 

frontal lobes.

Volume of lesions 

inversely correlated 

with intellectual 

function even 6 mos

out. 
Beauchamp et al (2013)  SWI and its relationship to outcome after 

pediatric TBI 49:591-8

Post-traumatic brain injury showing many more axonal microhemorrhages 

(arrows) on SWI than on GRE

http://mriquestions.com/whats-wrong-with-gre.html



Locations of MicroBleeds 

Correlated to Cognitive Function

Wayne Forrest, “MRI, CT remain front and center in head 

trauma imaging.” Aunt Minnie, April 2007. Images Courtesy 

Wayne State University.

Short Term Memory Loss due to 

Lesions in Hippocampus, Putamen and Globus Pallidus



DWI (Diffusion weighted imaging)in mTBI

 Measures mobility of water molecules

 Areas of high diffusion hypointense DWI and hyperintense ADC 

(vasogenic edema)

 Acute restricted diffusion hyperintense DWI and hypointense  

ADC (cytotoxic edema)

 Decreased ADC is seen in acute and subacute phase DAI. 

 Mean whole brain ADC can predict outcome in TBI and can 

predict duration of coma or functional outcome in patients with 

severe TBI.

Advanced Neuroimaging of Mild Traumatic Brain Injury Laszlo L. Mechtler, MD a , b ,*, Kalyan K. Shastri, 

MD, MSb, Kevin E. Crutchfield, MD c Neurol Clin 32 (2014) 31–58
Hergan K1, et al, Diffusion-weighted MRI in diffuse axonal injury of the brain 2002 Oct;12(10):2536-41. Epub  

2002 Apr 30

https://www.ncbi.nlm.nih.gov/pubmed/?term=Hergan K[Author]&cauthor=true&cauthor_uid=12271396


Diffuse Axonal Injury - 29-year-old woman with DAI, presenting with loss of 

consciousness after motor vehicle accident. A. FLAIR image shows a 

hyperintense lesion in the left middle cerebellar peduncle to cerebellar 

hemisphere due to DAI. B. DWI shows hyperintense lesions in the corpus 
callosum and bilateral internal capsules, which is typical findings of DAI.

Toshio Moritani MD PhD et al, Anatomy and Pathology of the Cerebellar Peduncle, ASNR , Volume 2003, Issue 2, Article 1



MRS =  noninvasive assess the integrity of cellular structures by measuring 
cerebral metabolic changes. 

Degrees of irreversible cellular death altering levels of N-acetylaspartate (NAA), 
total creatine, and total choline. 

Increased choline levels: myelin injury and cell membrane degradation.
Decreased NAA levels: are related to axonal injury.
Creatine levels: energy metabolism and mitochondrial function. 

Advanced Neuroimaging of Mild Traumatic Brain Injury Laszlo L. Mechtler, MD a , b ,*, Kalyan 
K. Shastri, MD, MSb, Kevin E. Crutchfield, MD c Neurol Clin 32 (2014) 31–58

MRS - Magnetic resonance spectroscopy



Henry LC et al (2010) Neurometabolic changes in acute phase after sports concussion correlate with severity. J 

Neurotrauma 2010: 27: 65-76

• 12 college athletes with age matched controls  within 6 days of 

injury. 

• NAA/Cr levels were significantly reduced in primary motor 

cortex in concussed athletes. 

Vagnozzi, et al (2008) Temporal window of metabolic brain vulnerability to concussion Neurosurgery 62:1286-95

• Sports related concussions 14 people 

• MRS at 3 days, 15 days, and 30 days

• Decreased NAA/Cr levels at day 3, modest recovery at day 15 

and normalization at day 30. 

• Athletes reported normalization at day 3

MRS - Magnetic resonance spectroscopy



Advanced Neuroimaging of Mild Traumatic Brain 

Injury Laszlo L. Mechtler, MD a , b ,*, Kalyan K. Shastri, 

MD, MSb, Kevin E. Crutchfield, MD c Neurol Clin 32 

(2014) 31–58



Normal MRS 

Myoinsitol-Choline-Creatine-Glutamine/glutamate-N-acetyl aspartate-Lipids/lactate





fMRI

 Based on modulation of image intensity by oxygenation state of blood.

 BOLD (Blood Oxygen Level Dependent) image intensity based on local 

balance of oxygenated and deoxygenated hemoglobin. 

 Deoxyhemoglobin is a natural magnetic resonance contrast agent.

 Neuronal activation = increased blood flow out of proportion to O2 

consumption reducing deoxyhemoglobin. 

 Totally noninvasive. Without radiation. 

 Involves a cognitive task to assess function --- Time consuming!



fMRI – Functional MRI
 Two studies: HS football players (mostly linesmen with inc 

subconcussive CHI), no clinical symptoms of concussion = 

worsened neurocognitive tests and changes on fMRI 

(Breedlove et al., 2012; Talavage et al., 2014).

 Former NFL players exhibited functional hypoconnectivity 

during resting state fMRI and hyperactivation of brain 
regions during cognitive tasks in fMRI compared to controls 
(Hampshire et al., 2013). Overcompensation?

Jrn Neurotrauma 2017

https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B12
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B129
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B45


Functional MRI Changes from Trauma

 Even if No Concussion:

 Mid-Season Cognitive Changes

 After Concussion

 Specific Areas of Increased and 
Decreased Activation

 Compensation

 Some studies have suggested 

We don’t lose function but cannot 
recruit networks – change connectivity –
thalamus has been implicated.

Talavage et al. (2010); 

Chen et al. (2007)

brain activation during a verbal working memory task 

http://bjsm.bmj.com/content/49/16/1050#aff-3
http://bjsm.bmj.com/content/49/16/1050#aff-4


MRI Perfusion without Contrast:

Arterial Spin Labeling (ASL)
 Global, regional and diffuse CBF Reduction in PCS

 Posterior Cingulate Cortices, Thalamus, Frontal Cortex

 Associated with Neurocognitive Changes

 Structural  lesions both focal and diffuse can effect absolute CBF in chronic TBI

Prabhu, S The Role of Neuroimaging in Sports Related Concussio. Clin Sports Med 30 (2011) 103-114



ASL – Wang et al 2016
Wang et al. Cerebral Blood Flow Alterations 

in Acute Sport-Related Concussion

J Neurotrauma. 2016 Jul 1; 33(13): 1227–1236.

 Compared CBF maps assessed in 18 concussed football players obtained 
within 24 h and at 8 days after injury with a control group of 19 matched non-

concussed football players. 

 Concussed athletes = decrease in CBF at 8 days compared to control. 

 Scores on (Sport Concussion Assessment Tool 3, SCAT3) and cognitive 

measures (Standardized Assessment of Concussion [SAC]) demonstrated 

significant impairment but returned to baseline levels at 8 days. 

Spread cortical and subcortical regions (in blue color) show significantly 

decreased cerebral blood flow (CBF) in concussion group at 8 days compared to 24 h after injury. 

No region shows significantly increased CBF in the concussion group at 8 days.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4931342/


DTI – Diffusion Tensor Imaging

 Powerful and tool for evaluating brain structure, especially white 

matter

 Exploits water’s differential diffusion along versus across axons

 Provides information on axonal direction and integrity

 Images modified for sensitivity to water movement in different 

directions

 Fractional Anisotropy:

- Diffusion Directionality – 6 directions

- Intact Axons: Linear Restriction



Diffusion tensor 3D fiber tractography

• College football players – decrease in WM integrity between pre-season and post-

season measures and deleterious effects persist chronically after 6 months of no-

contact rest (Bazarian et al., 2014). 

• Chronic structural neuronal damage with DTI in recent military veterans (Iraq and 

Afghanistan) with blast exposure, even in the absence of a clinically evident 

concussion (Taber et al., 2015).



Braininjuryhelp.com

 DTI studies found correlations between the extent of WM damage and  severity of TBI (Matsushita et 

al., 2011), number of TBI (Davenport et al., 2012), and impaired cognitive function (Salmond et al., 2006; Miles et al., 2008; Niogi 

et al., 2008). 

 Several studies showed no brain damage on MR and CT scans at the time of initial 

examination. Acute studies utilizing DTI immediately following head injury have produced 

conflicting results (Mayer et al., 2010; Henry et al., 2011).

https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B76
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B27
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B114
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B86
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B90
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B77
https://www.frontiersin.org/articles/10.3389/fnins.2015.00334/full#B47


DTI  Chong and Schwedt Research Imaging of Brain Structure and Function After 

Concussion, (Headache 2018;00:00-00)

 DTI is better in assessing chronic WM changes.

 Acute trauma =increased FA, Chronic = decreased FA 

“ in frontal and temporal regions, indicating loss of myelin and degenerative changes in   

the corpus callosum, superior longitudinal fasciculus, internal capsule, fornix, and insula.”



Fig. 6. Shown are the ICBM-81 white matter regions, colored to indicate the 

number of publications reporting white matter abnormalities (regions with no 

abnormalfindings in the literature are not shown).

Cyrus Eierud  et al Neuroimaging after mild traumatic brain injury: ACR = anterior corona radiate

Review and meta-analysis GCC = genu corpus callosum

NeuroImage: Clinical 4 (2014) 283–29 PlIC = Post limb int capsule

SCC = splenium Corpus callosum



PET
 Requires injection of radioactive compound. 

 18F-2fluoro-2-deoxy-D-glucose (FDG) most 

common

 Brain utilization of glucose – metabolism.

 No acute studies – all chronic

 Pricey as research tool

 Inconsistent results but decreased 

activation correlated with cognitive 

testing.

Advanced Neuroimaging of Mild Traumatic Brain 

Injury Laszlo L. Mechtler, MD a , b ,*, Kalyan K. Shastri, 

MD, MSb, Kevin E. Crutchfield, MD c Neurol Clin 32 

(2014) 31–58



Relative Sensitivity

MR Spectroscopy (global decreased NAA)

Diffusion Tensor Imaging – (anisotropy)

Magnetic Susceptibility (SWI or GRE)

Apparent Diffusion Coefficient (ADC)

Diffusion Weighted Imaging (DWI)

FLAIR

Conventional MR (T2W > T1W)

CT 

Skull Radiogram
Lower

Higher



Dent Study  - Concussion and Imaging  





Patient Examples







Thank you
Any questions?


