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Closed Traumatic Brain Injury (TBI)
• physical injury to the brain without skull fracture

– concussions (non-local; midbrain, brainstem, 
frontal lobe)

– diffuse axonal injury (shear damage of axons; 
white matter grey matter linkage) 

– contusions (general bruising) 
– subdural hematoma (bridging vein damage)
– chronic traumatic encephalopathy (CTE) 

(degenerative brain injury from repetitive head 
trauma)
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Chronic Traumatic Encephalopathy (e.g. McKee 2009)

• CTE: toxic “tau protein” builds up in brain cells, 
preventing normal connections to other cells; cells die

• tau protein shows up as neurofibrillary tangles (NFTs) 
and glial tangles

• Tangles are formed by hyperphosphorylation of tau 
proteins in microtubules, causing tau to aggregate

• accompanies dementia though not itself a signature 
of Alzheimers (no beta amyloid)

• Prevalent in brain tissue of deceased football players 
and boxers, some even without clinical history of 
excessive concussions. 

• Role of many low level impacts vs. few extreme 
impacts on CTE/ ITBI requires more work 7
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Brain of deceased
18 year old football 
player (McKee 09)



• (1) head impact  (ITBI)

• (2)  blast overpressure  (OTBI)

• (3)  blast + impact:  ITBI + OTBI combination  
must be common 

Sources of TBI without skull fracture



Cost of TBI (in USA) 
• Human costs

• Civilian: 2x106  cases/yr; 50% auto; 25% sports (McArthur 04)
– 20 deaths per 100,000:  $20 billion/yr treatment

• Military: 
– before 2006; estimated  3% of soldiers have TBI (60% of 

hospital injured soldiers)
– 0.6% of all soldiers serious TBI 
– New screenings: 2006-2009  ~20% of all troops have TBI;

1.5% of all troops unfit to return by current military standard
– cost $2.7 million (Blimes 07) per 25 yr post-TBI life of soldier              

>$2 billion/year just for treatment of soldiers 

• Workforce / mission / security costs 



TBI is an Interdisciplinary Frontier
   -Timely TBI: military, NFL
   -Modern protection equipment has reduced fatalities, 
 leaving previously hidden secondary injuries.
   -NFL: 60% incur at least 1 concussion; retired players 
 19 times more likely to show symptoms of  CTE 
 (McKee 09)

• medical screening and correlation with trauma
• “macho” culture: TBI not always understood as physical 
• PTSD vs TBI diagnosis and treatment
• physiology and biology of injury
• connecting external force to specific injury (impact vs. blast)
• basic physics of protection/ engineering protective equipment
• understanding deficiencies in protective equipment
• data collection 11

-Many aspects of TBI science are nascent

 
-Business, Politics, vs. Science



• Impact TBI (ITBI) protection suffers from: 
 -inadequate measures and standards
 -insufficient data
 -lack of first-principles modeling
 -insufficient interdisciplinary research

• Overpressure TBI: an even newer frontier

• Blast produces pressure + impact injury



Blast Injury: OTBI vs. ITBI
• new frontier of helmet design 
• Sources of Injury

– Primary (overpressure)
– Secondary (shrapnel)
– Tertiary (impact)
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Basic Blast Physics

Static over-pressure 
at fixed position



Basic Blast Physics



Overpressure Injury (empirical)

(Moss & King, personal comm.)



Outdated Bowen Curves: No TBI threshold

Bowen et al 68
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 Simulations of Blast vs. Impact: 
  Moss, King, Blackman (2009)



The “Head” in the simulations 
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(2.3 kg C4) 



Model for Impact 

• HIC = 1090
• peak g 194 g
• impact duration 2.1 ms 
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Snapshot of Impact vs Blast Pressures  
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Blast wave at 5.6 
ms after 
detonation 





• Reducing wave speed in brain by 
reducing bulk modulus produces 
deeper penetration of pressure 
extremes as stress gradients are 
slower to relax
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• Brain pressure peaks then 
followed by “after shocks” 
long after blast front passes









Role of Current Helmets for Blast

• without pads, “underwash” 
amplfies  pressure under 
helmet: helmet without pads 
is WORSE than no helmet

• but, with overly stiff  pads, 
head is more strongly 
coupled to skull and energy 
is not dissipated in the pads

• need to optimize pad and 
shell stiffness for both blast 
+ impact
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Moss  et al. 09 .



Initial Lessons From Blast-Head Simulations 
• Skull flexure NOT acceleration is primary mechanism of 

OTBI through skull
• need helmet that prevents skull flexure: e.g. a rigid shell + 

cushioning that damps the stress waves away from head
• under-wash in current helmets exacerbates injury
• current cushioning in use blocks under-wash but does not 

damp skull flexure effectively: not elastic enough
• need to optimize OTBI and ITBI protection

– too much rigidity leads to more residual bulk 
acceleration

– impacts are likely to follow non-fatal blasts
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Future Studies
• BLAST over-pressure (OTBI)

– Add more realistic head model
– compare to other pathways that couple blast to brain (e.g. Cernak 01,05)

• IMPACT (ITBI)
– consider impacts of different durations
– include effect of body attached to head for the impact and vary impact 

with angle extract effective mass
• For BOTH:

– correlate specific external forces with specific internal stresses 
– simulate helmet shells and cushioning to develop “intuition” and 

“principles” that guide material design to mitigate the internal stresses
– run impact simulations for pre-injured brain from overpressure
– correlate specific blast vs. impact history with with medical symptoms 
– correlate stresses with biological/biochemical changescorrelate stresses 

with biological/biochemical changes
– integrate/test  simulations with clinical studies where injury history, 

symptoms, and pressure acceleration data are available



Need Interdisciplinary Effort

• Pinning down quantitative thresholds for injury 
requires better in vivo measurements of tissue 
properties and correlation with clinical data

• Also need better material measurements
• BUT: let us not confuse “principles” with 

“parameters”:  e.g. simulations are powerful 
tools and  its easy to change the parameters

• Need iterative interplay between simulations 
and experiment to “benchmark” simulations 
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