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#1 cause of death 
and disability in 
Americans under 
age 35 
 
#1 cause of 
premature death 
and disability in the 
world 
 
 
 
 
 



https://www.cdc.gov/traumaticbraininjury/pdf/tbi_report_to_congress_epi_and_rehab-a.pdf 



80% of concussed children do not present to an Emergency Dept 
and thus would not be included in CDC numbers 



At least 30 failed multicenter randomized prospective 
clinical trials since 1992: 

 

Hypothermia/Temperature Control: 13 (Eurotherm) 

Pharmacology: 10 (PROTECT III, Synapse) 

Surgical Intervention: 3 (DECRA) 

Hyperbaric Oxygen: 2 

Hypertonic Saline: 1 (ROC) 

ICP Monitoring: 1 (BEST-TRIP) 

 

2 trials completed but not reported yet: 

BOOST2 (BtO2 monitoring)  

RESCUE ICP (hypothermia stage 2 - decompressive 
craniectomy stage 3) 



https://aspe.hhs.gov/report/examination-clinical-trial-costs-and-barriers-drug-development 

1.1 billion dollars has been spent on failed clinical trials for TBI  



SyNAPSe Trial for Progesterone 

• Randomized >1000 patients with GCS 4-8 

– Progesterone (N = 591) 

– Placebo (N = 588) 

• 96% Retention rate at 6 month end point 

– 3 month: GOS 

– 6 month: GOS-E 

• No difference between group characteristics 

• No difference between GOS scores at either 
time point 

 



Hypertonic Saline Trial 

• Randomized >1000 patients GCS 3-8 
– HTS/Dextran 
– HTS 
– Saline 

 

• 85% retention rate at 6 month end point 
– 6 month GOS-E 
– 6 month DRS 
– 28 day mortality 

 

• Terminated at half the intended sample 
size due to data futility 



30 Failed Trials Since 1992 

Inclusion Criteria 

• GCS: 20 

• GCS with +CT: 4 

• GCS Motor Score: 1 

• AIS Range: 1 

• ‘Head trauma’: 2 

• ICP values: 1 

• Traumatic SDH: 1 

Outcome Measures 
• GOS: 11 
• GOS as primary measure: 14 

– LOS, DRS, ICP, SAE’s, 
Neuropsych, Quality of Life, 
CPP, GOAT, ect. 

• PCPC: 1 (Pediatric GOS) 
• Temperature Gradient: 1 

– GOS as Secondary Measure 

• IMPACT: 1 
• Neurobehavioral Rating Scale: 

1 
• Bayley-III: 1 

 



Hugh Helmsley, MD 

treat 

1 Death  
2 Vegetative state  
3 Lower severe disability 
4 Upper severe disability 
5 Lower moderate disability 
6 Upper moderate disability 
7 Lower good recovery 
8 Upper good recovery 

Would you run a clinical trial for “chest pain” with history and 
exam as your classifier?  And an 8 pt outcome measure? 



How do we assess a brain injured patient? 

 

History of the Present Illness  (get it from the EMT) 

type of accident (single car/multiple) 

restrained/unrestrained 

helmeted/not 

duration of extrication 

what meds already given 

where intubated 

hemodynamic stability  

how are the other victims 

 

ROS, meds, allergies, PMHx: 

check for medical bracelets/wallet cards  

 “unable to obtain” (but not “none”) 

http://www.guy-sports.com/humor/pictures/picture_car_humor_funny.htm


Glasgow Coma Scale 

http://ccn.aacnjournals.org/content/vol24/issue5/images/large/ArbourTable4_color.jpeg


 

 

 

 



Mild     Moderate   Severe 
GCS 13-15   GCS 8 -13     GCS<8 
Amnesia<30 min   amnesia >30 min <7d            amnesia>7d 
short LOC    middle LOC   long LOC 
 
 

37 yo woman who fell 2 weeks prior 
and had a SDH – She was GCS 15. 
Went to the OR two weeks after the 
fall… 

Our current classification scheme for TBI: 

Loss of consciousness can occur for many reasons! (intoxication, polytrauma) 
Lack of LOC does not equate with milder injury (either short or long term) 



Why is concussion/brain injury so hard to diagnose and define? 
No two brain injuries are the same!  
Similar symptoms can have multiple causes 
 
 
Neck injury 

Scalp Injury 
 

Skull Injury 
 

Compressive Lesions   
Epidural / Subdural 

 
Subarachnoid Hemorrhage/IVH 

 
Diffuse Axonal Injury 

 
Anoxic Brain Injury 

 

Prognosis 
Best 

Worst 

Inner ear injury  
 
Cortical  
Spreading  
Depression 

Endocrine 
Dysfunction 
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Why is concussion/brain injury so hard to diagnose and define? 
 

The brain is not simple -   
no two brains are the same 
no one brain is the same over time 
 
 
Children learning to read activate different areas for speech as they progress… 
 
 
 
 
 

 

tests that require baselines are not ideal 
baselines vary from person to person 
vary in the same person over time 
 
 
Monzalvo et al.  Brain and Language, Volume 127, Issue 3, 2013, 356 - 365 

 
 
 
 
 
 
 
 
 
 
 
 



No two recoveries are the same (functional plasticity, resilience) 

Genetic and environmental contributors to recovery (COMT, BDNF, ApoE, RAR)  

Why is concussion/brain injury so hard to diagnose and define? 



Why is concussion/injury so hard to diagnose and define? 
Some people with brain injury were never “hit” in the head… 

Schematic diagram of the mechanisms of blast-related traumatic brain injury.  Figure shows local effects (1–7) and systemic effects (8, 
9) of primary blast injury, secondary blast injury (10–12), tertiary blast injury (13), quaternary blast injury (14), and portals for blast 
wave transmission to the brain (15, 16). (1) Acoustic impedance mismatch causes spallation. (2) Shock–bubble interaction. (3) Shear 
stress causing diffuse axonal injury. (4) Cavitation. (5) Skull deformation with elastic rebound. (6) Reflection of the blast wave within the 
skull. (7) Bobblehead effect of acceleration–deceleration. (8) Blood surge from the torso damages the microvasculature. (9) Air 
embolism from blast lung injury.(10) Penetrating fragments. (11) Compound fractured skull. (12) Intracerebral haemorrhage. (13) 
Contrecoup contusion. (14) Burns. (15) Blast wave transmitted through the orbits. (16) Blast wave transmitted through the nasal 
sinuses. Rosenfeld et al.  Lancet Neurology Blast-related traumatic brain injury, 2013-09-01Z, Volume 12, Issue 9, Pages 882-893 

•Primary blast injury: transmission of the blast 
pressure wave to the brain. 
•Secondary blast injury: penetration of projectiles 
through the skull and into the brain. 
•Tertiary blast injury: acceleration and deceleration 
effects, for example, if the casualty is thrown against 
fixed surfaces. 
•Quaternary blast injury: thermal, chemical, and 
other injuries to the head, including the face, scalp, 
and respiratory tract. 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.thelancet.com/journals/laneur/article/PIIS1474-4422(13)70161-3/fulltext?version=printerFriendly&ei=XrX8VLDoK7GLsQSa1IDYBg&psig=AFQjCNEzK12bOk9P-76ROe5fufuecZUcEA&ust=1425934025358903


Physiologic  
TBI 

Structural TBI  

Loss of  
consciousness 

Neither imaging nor LOC tell the whole story 

Inflammation/edema 
Diffuse axonal injury 
Endocrine dysfunction 
Spreading depolarization (CSD) 
Iron toxicity 
Hypoxic/anoxic Injury 
Astroglial scarring (blast) 



Yet we accept mixed pathophysiology for brain injury and 
put everyone in the same trial… 
 

Scalp Injury 
 

Skull Injury 
 

Compressive Lesions   
Epidural / Subdural 

 
Subarachnoid Hemorrhage/IVH 

 
Diffuse Axonal Injury 

 
Anoxic Brain Injury 

 

Inner ear injury 

 
 
Cortical  
Spreading  
Depression 

Endocrine 
Dysfunction 

Neck injury 
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Better Classification of Brain Injury 
Begins With Multi-Modal Assessment 

 
Objective physical measures: 

eye tracking 
serum markers 

radiographic measures 
 
 



Biomarkers “Specific” to Brain Injury 
• Neuronal Injury  

– Neuron Specific Enolase (NSE)- Neuron-specific isoform of the 
glycolytic enzyme Enolase 

– Ubiquitin C-terminal Hydrolase (UCTHL-1)- Cytoplasmic protease - 
histological marker of neurons 

• Axonal Injury 
– Myelin Basic Protein (MBP)- Major component of CNS myelin sheath  

– Tau Protein- Forms microtubule bundles in axons 

• Glial Injury 
– S100B- low-affinity calcium-binding protein found in astrocytes  

– Glial Fibrillary Acidic Protein (GFAP)- concentrated in cytoskeleton of 
astrocytes  

• Auto-antibodies 
– Specific Markers- S100B, GFAP, Glutamate 

 
 



Supranuclear control of eye movements 
http://oculist.net/downaton502/prof/ebook/duanes/pages/v1/ch004/002f.html 

Horizontal Gaze 
PPRF 

Vertical Gaze 
Posterior commisure 
riMLF 





Method: 
 

The subject watches a 220 second video playing inside of an 
aperture moving around the perimetry of a video monitor 
while a camera records eye movements.    
 
 
 
 
 



Binocular Tracking of A Normal Subject: 
 

Left eye Right eye 

total var.015885 

Conjugacy 

 . 



Left Eye               Right Eye  

Normal Severed Right Cranial Nerve III 

Left Eye                  Right Eye  

Left Cranial Nerve VI Palsy 

Left Eye              Right Eye 

Cranial nerve III palsy 
Impacts box height 

Cranial nerve VI palsy 
Impacts box width 



Supratentorial  
Mass Lesions 

subdural, epidural, other hemorrhage, focal edema 
can be present in concussion 

 
 

HEIGHT of box 



At presentation, 

complaining of 

a headache 

 

 

 

 

 

8 days later, the  

headache had  

resolved but then 

recurred 

 

 

 

After 100 cc of 

subdural 

hematoma was 

evacuated 

Left eye                 Right eye 86 year old  

Hypertension, hyperlipidemia mild chronic renal  insufficiency 

ophthalmologic history of bilateral cataract surgery  (2 years and  

8 years prior), pseudophakia and scleral buckling.  He had a baseline  

visual acuity of 20/25 (right eye) and 20/30 (left eye) 



Preop Left Eye     Preop Right Eye 

7 Days Postop Left Eye         7 Days Postop Right Eye 

Preoperative CT images 



No residual evidence of hematoma on CT 





Left eye Right eye 

11 days 
postop 

35 days 
postop 

The subject returned to work 2 months after the ictus, and has not been eye tracked again. 



Infratentorial  
Mass Lesions 

subdural, epidural, other hemorrhage, focal edema 
can be present in concussion  

WIDTH of box 



Left eye Right eye 

Aspect ratio 1.84               1.14 
 

Preoperative 

A54 yo male with poorly differentiated papillary carcinoma, presented with a tender mass 
on the back of his head and a progressive headache 
 

B 

Aspect ratio 1.03               1.13 



Left eye AR 1.03 

56 yo male with lung mass, headaches;      Ophthalmology: no evidence of papilledema 

Right eye  AR 1.44 

Left eye  0.97  Right eye  1.02 

Postoperative Day 1 



Elevated 
Intracranial 
Pressure 
 
focal injury in a young person, typically diffuse injury, edema 
can be present in concussion 

AREA of box 



24 patients tracked on 55 occasions – Left area (HxW of box) vs ICP 

Linear regression with generalized estimating equations; p<.001 



24 patients tracked on 55 occasions – right area (HxW of box) vs ICP 

Linear regression with generalized estimating equations; p=.006 



Left eye 
Right eye 

Preoperative 

Postoperative 
Day 2 

Aspect ratio 0.81       1.34 

Aspect ratio 1.04   1.00 

59 yo female one year history of progressive intermittent vertigo, biparietal headache and  
imbalance. She reported intermittent horizontal diplopia.  Ophthalmologic examination  
revealed full ocular motility, and no evidence of papilledema or neurosarcoidosis. 
CSF ACE1 level was 4.8 U/l (reference range 0 to 2.5 U/l) and biopsy of a pulmonary mass 
revealed sarcoidosis. 



Concussion 
as diagnosed by its symptoms and signs 

BOX score – sum of z-score of 
metrics (impacted by mass 
effect, ICP and other 
oculometric measures) 



38 year old right-handed male recruited from emergency room after being hit by a car while 
riding his bicycle. Brought in with backboard and C-collar, intoxicated.  Reported loss of 
consciousness.  Normal vitals but intermittent confusion with retrograde amnesia.  On 
physical examination he was alert and oriented x3, had a  right eye hematoma and a posterior 
vertex soft tissue hematoma.  He had active bleeding over a 5cm vertical laceration overlying 
the left maxilla . Head CT findings include bilateral parafalcine posterior vertex subdural 
hematomas measuring up to 8mm in thickness. There were multiple punctuate-subcentimeter 
bifrontal contusions, right greater than left. There was a 4mm left parafalcine subdural 
hematoma. He had no significant ophthalmic history following his last optometric visit 10 
years prior. No other major body injuries. Quantitative serum alcohol level was 130 mg/dl. 
  
Medications administered up to 24hours prior to recruitment: acetaminophen 325mg, 
bacitracin, moxifloxacin hydrochloride. 
  
2 days after triage patient was positive for 12/22 symptoms according to SCAT3 with a severity 
score of 45/132 and GCS score of 13/15. Total SAC score of 17/30. 
  
13 days after triage patient was positive for 10/22 symptoms according to SCAT3 with a 
severity score of 27/132 and GCS score of 15/15. Total SAC score of 24/30. 
Medications administered up to 24hours prior to eye tracking included ibuprofen. 

2 days after 
injury 
 
 
 
 
13 days after 
injury 



37 year old right-handed female fell 2 weeks prior to seeking medical care.  She denied loss of 
consciousness at the time.  After taking aspirin, she developed word finding difficulty 4 days 
prior to admission.  She presented to the emergency room where her examination was 
otherwise non-focal and head CT showed a mixed attenuation predominantly hyperdense 
subdural fluid collection over the left cerebral convexity measuring up to 1.7 cm in thickness 
with associated mass effect upon the left lateral ventricle and 7mm left to right midline shift 
of the septum pellucidum.  The patient underwent craniotomy and was recruited for the study 
from NSICU on the third  postoperative day.  She denied word finding difficulty and was 
neurologically non-focal at the time of recruitment. 
  
Reports no ophthalmic history.  
  
Medications administered up to 24 hours prior to recruitment: Keppra,  Ancef, Nexium, 
Heparin, Acetaminophen, Zofran. No drugs or alcohol for the past 24 hours. 
  
4 days post operatively and 18 days post injury patient was positive for 6/22 symptoms 
according to SCAT3 with a severity score of 17/132 and GCS score of 15/15. Total SAC score of 
18/30. 
  
At 35 days post surgery and 49 days post injury: Positive for 13/22 symptoms according to 
SCAT3 with a severity score of 32/132 and GCS score of 15/15. Total SAC score of 27/30. No 
medications, drugs or alcohol 24 hours prior.  

Post injury day 17 
Postop day 4 

Post injury day 49 
Postop day 35 

Postoperative film 



22 year old right-handed male recruited from the emergency room who was participating in a skateboard 
competition and experienced a fall from 10-15 feet fall landing on his unhelmeted head.   He lost consciousness 
for approximately 30 minutes and then was agitated, confused and amnestic for the event.   His trauma bay 
GCS was 15 and he had a moderate sized left scalp hematoma on physical examination.   His head CT findings 
included a comminuted minimally displaced fracture of the left occipitoparietal bone with extension to the 
anterior aspect of the left temporal bone. There was also a small underlying left subdural hematoma with 
pneumocephalus. There was partial opacification of the left mastoid air cells, and a nondisplaced fracture 
through the tympanic roof could not be completely excluded.  He had no significant ophthalmic history other 
than eye pressure at the time of recruitment and his last optometric visit was a year prior. Cranial trauma 
history: 1.5 years ago fell with loss of consciousness.  
 Medications administered up to 24hours prior to recruitment: levetiracetam 500 mg/100,  0.82% NaCl Premix, 
Ondansetron 4 mg/50 mL, Acetaminophen 325 mg 
 1 day after injury the patient was positive for 13/22 SCAT3 symptoms with a severity score of 62/132 and GCS 
score of 14/15. The total SAC score was 19/30. 
 12 days after  injury the patient was positive for 19/22 SCAT3 symptoms with a severity score of 81/132 and 
GCS score of 15/15. The total SAC score was 17/30.  
 66 days after injury the patient was positive for 19/22 SCAT3 symptoms with a severity score of 69/132 and 
GCS score of 15/15. The total SAC score was 24/30. No medications, drugs or alcohol were consumed in the 24 
hours prior to tracking on any occasion. 

1 day after fall 
 
 
 
12 days after fall 
 
 
 
66 days after fall 
 



23 year old right-handed male fell from height of 30 feet. Patient was awake and alert in the field.  GCS 14 in ER. Reported  diffuse pain including in head. No 
vomiting.  Neuro examination was non-focal but patient was admitted for orthopedic injuries.  No ophthalmic history other than optometric visit 6 months prior. 
Wears corrective lenses for astigmatism. Reports a learning disability.  Medications administered within 24hours prior to eye tracking: albuterol, vancomycin 
hydrochloride, piperacilin tazobactam, aztreonam, pentacel.  Patient was tracked 8 days after injury. No SCAT performed initially. 
Follow-up at 16 days after injury: 
Positive for 16/22 SCAT3 symptoms with a severity score of 18/132 and GCS of 15/15. Total SAC score of 22/30. 
Follow-up at 34 days after injury: 
Positive for 10/22 SCAT3 symptoms with a severity score of 27/132 and GCS of 15/15. Total SAC score of 22/30 
Follow-up at 75 days after injury: 
Positive for 13/22 SCAT3 symptoms with a severity score of 39/132 and GCS of 15/15. Total SAC score of 26/30 

8 days after fall 
 
 
 
16 days after fall 
 
 
 
34 days after fall 
 
 
 
75 days after fall 



47 year old right-handed male recruited from emergency room. The patient was inebriated and crashed his bicycle into a parked truck. 
He was unhelmeted.  Vomited and then became unresponsive. Upon arrival was intubated, GCS 3T.  Radiograph revealed a broken 
clavicle. Quantitative serum alcohol level was 284 mg/dl. No ophthalmic history following an optometric visit many years ago.  
Upon recruitment 24 hours later the patient was extubated, alert and oriented x3.  
 Medications administered up to 24hours prior to recruitment: Claritin and Hydrocodone-Acetaminophen, lidocaine, etomidate, 
succinylcholine. 
A few hours after triage patient was positive for 14/22  SCAT3 symptoms with a severity score of 72/132 and GCS score of 15/15. His total 
SAC score was 19/30. Reported feeling severely worse than baseline. 
 Follow-up at 92 days post triage: patient was positive for 10/22 SCAT3 symptoms with a severity score of 40/132 and GCS score of 15/15. 
His total SAC score was 21/30. 

Day of  
Injury 
 
 
 
 
92 days  
later 



53  year old right-handed female recruited from ER after falling on the street down bus steps, impacting her face; she denied loss of conscious or 
amnesia. Presented immobilized with cervical collar. On examination she had a lip laceration. She had a medical history significant for migraines and 
bitemporal hemianopsia due to benign pituitary adenoma. Head CT showed moderate multifocal white matter disease to right putamen, posteriorly 
in the right caudate head and left frontal corona radiate, maybe ischemic in origin, and bilateral proptosis. Last optometric visit was one month prior 
to recruitment, wears corrective lenses and bifocal contact in right eye. 
Medications administered up to 24hours prior to recruitment: Diovan, Lidocaine, Hydrochloide 600mg, Acetaminphen 650mg, Vitamins, and Tylenol.  
A few hours after triage patient was positive for 16/22 SCAT3 symptoms with a severity score of 40/132 and GCS score of 15/15. The total SAC score 
was 23/30.  
At 10 days post injury the patient was positive for 4/22 SCAT3 symptoms with a severity score of 17/132 and GCS score of 15/15. The total SAC score 
was 20/30. 
At 113 days post injury the patient was positive for 16/22 SCAT3 symptoms with a severity score of 48/132 and GCS score of 15/15. The total SAC 
score was 27/30. 

Day of fall 
 
 
10 days after fall 
 
 
 
17 days after fall 
 
 
 
113 days after fall 



Creating a biomarker 
 
Generate a receiver operating characteristic curve by plotting 
the true positive rate (sensitivity) versus the false positive rate (1-specificity): 
 

The AUC (area under curve) indicates the probability that a classifier will rank a 
randomly chosen positive instance higher than a randomly chosen negative one 
(assuming 'positive' ranks higher than 'negative') 
 

For comparison: AUC of PSA for prostate cancer is 0.801  
Of mammography for breast cancer 0.74 to 0.88 (depending on subject age)  



How Effective is Eye Tracking as a Biomarker for Concussion? 
 
Generate a ROC curve and calculate AUC:  
 
Define “true positive” concussion as SSS>40 and SAC<=27 (30 males met criteria) 
 

Method               Variables AUC 

Cross-

validated 

AUC 

misclassification 

rate 

Best 

subset 

conj_boxscore_value, 

conj_varX_value,  

conj_varXtop_value, 

left_areamean_value, 

left_distTop_value,  

left_widthmean_value, 

right_widthmean_value 

0.936 0.814 10% 



ROC curve of the model (AUC=0.880)
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255 subjects (controls and concussions), in a non-balanced ED study 



Receiver operating curve for eyetracking as a method of diagnosing concussion in the 
balanced sample of 64 pediatric subjects  

a mean of 22 weeks post injury (range 1 to 109 weeks);  
15 females, 17 males in each category.  Mean of 13.4 years old. 

 
   

The area under the curve was 0.854. 
 



Receiver operating cure for eyetracking as a method of diagnosing concussion in a cross-
validation sample of 75 subjects (24 cases mean 14.7 years, 51 controls mean 18.3 years) 

 
The area under the curve was 0.789. 

 



Vergence Dysfunction  
(in patients with concussion) 
 
 
Velocity of eye movement in the right 
eye alone and comparing right to left 
eyes, across bottom of box 







29 football players studied 
Among 22 subjects with more hits (measured by accelerometer)  
there was disordered NPC compared to 7 subjects with fewer hits 



Receiver operating cure for eyetracking as it correlates to abnormality in near point of 
convergence (as defined by NPC > 6 cm) in 32 concussed pediatric subjects.  

 
The area under the curve was 0.81.  



 
 
Neck injury 

Scalp Injury 
 

Skull Injury 
 

Compressive Lesions  -  Epidural / Subdural 
 

Subarachnoid Hemorrhage/IVH 
 

Diffuse Axonal Injury 
 

Anoxic Brain Injury 
 

Inner ear injury 

Endocrine 
Dysfunction 
 
 
Cortical  
Spreading  
Depression 

GOAL: BETTER CLASSIFICATION OF BRAIN INJURY 
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We will have a trial that succeeds when 

-we can classify the injury 
appropriately 
 
-we have sensitive outcome 
measures 
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Wile E. Coyote  created 1948-1963  
(note anisocoric and disconjugate gaze) 

That’s All Folks!  


