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Outline  
 The pace of progress in technology, biotechnology and 

related areas – exponential, not linear 

 TBI – from “silent epidemic” to recognition 

 Development of systems of care 

 Expanding research agendas 

 Examples of progress 

 Neuropathology 

 Imaging 

 Prognosis 

 Treatment 

 



The Law of Accelerating Returns 

An analysis of the history of 

technology shows that 

technological change is 

exponential, contrary to the 

common-sense "intuitive linear" 

view.  
 

Ray Kurzweil 



The Law of Accelerating Returns 

Ray Kurzweil 

So we won’t experience 100 

years of progress in the 21st 

century  

– it will be more like 20,000 

years of progress (at today’s 

rate). 
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Moore’s Law is only one example 
Exponential Growth of Computing for 110 Years  

Moore's Law was the fifth, not the first, paradigm to bring exponential growth in computing 
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The biotechnology revolution 

e.g. human genome project 
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1976 



Bigler & Maxwell, 2013 





TBI (1980s) 

“Silent epidemic” 
 Walking wounded – look fine on the outside, not the same on 

the inside 

 Decreased public awareness and funding 



Recently less silent, more audible 
 “signature injury” – Wars in Iraq, Afghanistan 

 Increased awareness of sports concussion and CTE 



Development of clinical systems of 

care for  TBI – key events 
 1960s-1970s - Intensive care monitoring / treatment of TBI 

 Early 1970s – advent of computed tomography 

 1974 – Teasdale & Jennett, Glasgow Coma Scale 

 1980 – National Head Injury Foundation (later BIAA) 

 1980s – CARF: standards of care for TBI rehabilitation 

 1996 – Guidelines for the management of Severe head Injury - Brain 
Trauma Foundation 

 TBI act of 1996:  
 CDC – surveillance/prevention 

 NIH basic and applied research 

 HRSA grant program to the states 

 1998 -NIH Consensus Conference:  
 “…should have access to rehabilitation services through the entire course of 

recovery…which may last many years” 

 



Development of research for TBI – 

highlights (key completed multicenter studies) 

 1970s - International Data Bank – Severe head injury (Jennett, 

Teasdale, Braakman, Minderhoud et al., - Scotland, Netherlands, US)  

 1980s - North American Traumatic Coma Data Bank 

 1987-present – NIDRR  TBI Model Systems Projects 

 1990s - TINT and TIUS: tirilazad for neuroprotection – 2,286 

enrolled (negative study) 

 1999-2004 - CRASH study: methylprednisilone 10,008 

enrolled, 239 centers (now contraindicated) 

 2003-2012 – Amantadine trial: severe TBI in rehab, 8 centers 

 

 



Development of research for TBI – 

highlights – current multicenter studies 

 2006 – RESCUE – decompressive craniectomy  

 2007-2013 – hypothermia in children after trauma 

 2000s - IMPACT project database (NIH) – dataset of several 

clinical trials and epidemiologic studies (40K) – prognostic 

models; rec’s for common data elements and design 

 2012 – NeuroSTAT (cyclosporine) – European clinical trial 

 2010 – SyNAPSe – progesterone – 1,180 patients 

 2011- Biomarkers of mild and moderate TBI – 10 centers 



Neuropathology of TBI 
 Example – diffuse axonal injury / traumatic axonal injury 

(DAI/TAI) 
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Diffuse Axonal Injury - LM 



Diffuse Axonal Injury - EM 

RS = reactive axonal swelling 
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DAI studies: John Povlishock - 

VCU 



C 

•Axonal swelling 

•Delayed axotomy 
(within 24-48 hours) 

B 

•protease dependent 

cytoskeletal destruction 

•blockage axonal transport 

A 

•axolemmal damage 

•Ca++ influx 

•induces calpains 

DAI: delayed axotomy  



Sequence of proteolytic events of 

DAI 

Fluorescent protein labeling 



Greer et al, J Neurosci, 2011 

DAI: Neuron survives but atrophies; 

also early regenerative response 

1d 

3d 

C-Jun: in cell body 

- regulator of 

axonal 

regeneration  

(can also trigger 

apoptosis) 

Reactive sprouting & 

axonal elongation 

(arrows) 

Disconnected 

distal axon 



John Povlishock - VCU 



Beauchamp et al., Pharmacology of Traumatic Brain Injury,  Mol Med.2008; 14: 731-740  



Future – treatment? prevention? 

Ethylene Glycol – sealing membranes to prevent Ca++ 

influx and cascades leading to cytoskeletal damage 
 Smucker et al., Neurosurgery, 2009 

FK-506, cyclosporine-A – inhibitors of calcineuron 

mediated mitochondrial permeability transition & calpain 

protease destruction of spectrin reducing cytoskeletal 

damage Staal et al., Dev Neurobiol, 2007 

 (NeuroSTAT: cyclosporine – multicenter European trial – 2012 - ) 

 



Imaging 
 Examples – DTI, fMRI 



Challenge of Clinical Diagnosis of 

DAI –  

finding imaging and other 

biomarkers 
 Clinical characteristics: 

 acceleration/deceleration mechanism 

 immediate LOC (no lucid interval) 

 supportive findings on CT/MR (petechial white matter 

hemorrhages, subarachnoid or intraventricular hemorrhage 

diffuse swelling) 



17yo  Severe TBI in MVA 

AF 

DAI: 

Gradient 

echo/ 

Susceptibility 

Weighted 

MRI 

demonstrates 

petechial 

hemorrhages 

In parasagittal 

subcortical 

WM, temporal 

WM, corpus 

callosum, dlat. 

Midbrain, R 

int. capsule, et 

al. 



Potential markers of diffuse injury 
Biomarkers of proteolytic damage – protein 

fragments in CSF (e.g., S-100B, neuron specific 
enolase, alpha II spectrin breakdown products,) 

Magnetic resonance spectroscopy (MRS) – 

elevated choline, reduced N-acetylaspartate, 
increased creatine 

Diffusion tensor imaging (DTI) – white matter 
pathways 



Diffusion Tensor Imaging 

Courtesy of Erin Bigler, PhD, Brigham Young Univ. 



Diffusion Tensor Imaging 



Diffusion Tensor Imaging 

Cortical- 

spinal 

tracts  

Lazar et al., 2003 

Bigler, 2006 



TBI control 



DTI for mild TBI 
 Over 45 studies to date 

 Varying anatomic involvement; often corpus callosum, 

anterior coronal radiata, internal capsule and other large 

bundles 

 Clinical-anatomic correlation: reduced FA: attentional 

functioning – L ant. Corona radiata; memory – uncinate 

fasciculus (Niogi et al. 2008) 

  Varying results chronic patients: some +, a few – 

 One study: < 3mos abnormal FA in CC; > 3 mos normal (Rutgers 

et al. 2008); abnormal in more moderate;  

 



DTI for mild TBI 
 Most cross sectional; few longitudinal studies 

 DTI abnormalities not specific to mTBI; seen in other 

disorders that overlap with mTBI 

 ADHD 

 Depression 

 Substance abuse 

 Learning disability 

 22 with blast-related mTBI: 11 with major depression had 

lower FA in SLF, CC and CR than 11 without depression 

(Matthews et al., Neuroimage, 2011 



DTI changes and strain measures 
Mcallister et al, Ann Biochem Engineering, 2012 

 Pilot study 10 football and hockey players with concussion 

 Predictions regional strain – Finite element biomechanical 

simulations of strain and strain rates using helmut sensors 

and MRI 

 Pre-injury and post-injury MRI with DTI 

Subject specific strain mesh 



Peak strain map - maximal in & 

around CC 
Mcallister et al, Ann Biochem Engineering, 2012 

Example: 18yo concussed college football player 



Significant correlation strain rate 

with FA changes on DTI – pre- vs. 

post- concussion 
Mcallister et al, Ann Biochem Engineering, 2012 

Example: 18yo concussed college footbal player 



Future directions -DTI 
 Multimodal assessments – DTI, fMRI, MRS  

 DTI free-water measures: tissue damage vs. extracellular 

edema 

 Diffusion Kurtosis Imaging (DKI): more sensitive to cell 

damage 

 Tractography with improved fiber tracking – e.g., multi-tensor 

model 

Single Tensor model 

Two Tensor model 

CC pathways 



DTI: Z-Score map using normative atlas: pt 

with chronic mTBI – abnormal FA and MD 

compared to normal controls 

Shenton et al., Brain Imaging and Behavior, 2012 



Imaging: fMRI, cognition and 

communication  

(very severe TBI with disorders of 

consciousness) 



1973, 1994 

2002 

PVS 

MCS 



 

Using fMRI to probe thinking & intent 

(active fMRI paradigm) 

23yo F with TBI  5 mos. p MVA 

‘Imagine 

hitting a 

tennis 

ball.’ 

‘Imagine 

moving 

through 

your 

house.’ 



fMRI findings – multiple choice active 

paradigm Bardin et al., Brain, 2011 

Control: activated 
SMA accurately for 
chosen card, Ace of 
Diamonds 

SMA activates when 
imagining activity 
(e.g., rock climbing; 
swimming) to indicate 
choice 

Pt M: activated 
correct or incorrect 
next choice for chosen 
card, Ace of Spades 
 
Suggests accurate but 
delayed response  
(Occurred 1 of 2 days of testing.) 

PtM: pons, midbrain 

& medial thalamic 

lesions;  

VS vs. functionally 

locked-in) 



Willful Modulation of Brain 

Activity in Disorders of 

Consciousness (DOC) Monti et al. NEJM 

2010 

 54 pts (TBI and nonTBI) – VS 23, MCS 31, Ctrls 16 

  5 of 54 patients (all TBI) able to modulate brain activity on fMRI – 

motor (tennis) or spatial (moving around house) 

  4/5 were admitted in VS and 2/5 remained VS on behavioral 

exams 

 Most MCS patients could not modulate fMRI  

 



Using Modulation of Brain 

Activity to communicate in DOC 
Monti et al. NEJM 2010 

 1 pt (VS) indicated yes/no responses accurately linked to fMRI 

pattern: e.g., yes = motor imagery; no= spatial imagery pattern 

 



Patient (MCS on behavior exam) Control 

Yes =  

Motor imagery 

No = 

Spatial imagery 

Monti et al., NEJM 2010 



Electrophysiologic evaluation of 

consciousness 
D. Cruse et al. Lancet, 2011 

 EEG paradigm: response to imagine moving hand and toes 

 16 patients in VS and 12 healthy controls 

 2/5 TBI and 1/11 non-TBI in VS showed command following by 

EEG response but not on behavioral evaluation (CRS-R) 



Brain-Computer Interfacing in disorders 

of consciousness & LIS 

 EEG-based: P3 potential, 

sensorimotor rhythms, 

steady state oscillations and slow 

cortical potentials 

 Lule et al. Clin Neurophysiol. 2012: 

mixed results 4-choice auditory 

oddball EEG-BCI paradigm 

 13/18 healthy, 1 LIS were able to 

communicate; 1 MCS patients 

followed commands. 

 

Faugeras et al. Neurology 2011 

 

http://www.ncbi.nlm.nih.gov.ezproxy.bu.edu/pubmed/22920562
http://www.ncbi.nlm.nih.gov.ezproxy.bu.edu/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=3136052_znl0271189190001.jpg
http://www.ncbi.nlm.nih.gov.ezproxy.bu.edu/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=3136052_znl0271189190001.jpg


Brain Computer Interface – 

BrainGate  - L. Hochberg, JP 

Donoghue (MGH/Brown U.) 

Cathy Hutchinson 



Future directions 
 More elaborate and more accessible brain computer 

interfaces to probe consciousness and allow communication 

and environmental interactions in patients with profound 

impairments. 



Outcome 
 Example: very severe TBI 



Prognosis Vegetative State: 

Probability of recovering 

consciousness Multisoc. Task Force, NEJM, 1994 

 Patients with TBI unconscious 1 month: 

 33% by 3 mos; 46% by 6 mos; 52% by 1 year; very few additional 

after 1 year 

 Patients with nonTBI unconscious 1 month: 

 11% by 3 mos; 15% by 6 months; no additional recovery after 6 

months 

MSTF suggested term “permanent vegetative state” 

for 1 year post-TBI and 3 mos post-nonTBI 
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Late recovery from VS and MCS  
 Estraneo et al., Neurology, 2010 

 50 patients with prolonged VS followed with DRS and CRS-R up 

to 4+ years (mean 25.7 mos) 

 10 patients (20%) recovered to MCS after 1 year (6 TBI; 4 

nonTBI [¾  anoxia]) 

 6 patients (12%) recovered full consciousness (2 with nonTBI 

[anoxia] ) 

 Luauté et al., Neurology, 2010 

 51 patients in VS or MCS at one year assessed over 5 years 

 0/12 in VS improved but 13/39 in MCS recovered to full 

consciousness (severe disability level) 



Recovery after severe DOC:  

1-4 year outcome (n=36) 

 72% emerged from MCS (TBI 77%)  

 58% cleared CS/PTA (TBI 77%)  

  if failed to clear by 1-4 yrs.: nonTBI or VS>8wks 

 followed >1year  

 43% achieved household independence (TBI 53%) 

 22% returned to work or school (11% at or near premorbid level) 

Katz et al., Progress in Brain Res., 2009 



Outcome Disorders of Consciousness: 

admitted to rehabilitation 

 Nakase-Richardson et al., J Neurotruama, 2011: 

 N=396 from NIDRR Model Systems followed during rehab. 

admission, 1,2, 5 years 

 By  rehab. D/C - 68% regained consciousness and 23% cleared 

PTA 

 By latest f/u 21% of survivors  (n=309) could be independent at 

home and 20% could be employed. 



Future directions 
 Larger prospective studies to develop more accurate 

outcome predictors for patients with very severe TBI & DOC 

 Identify patients who may benefit from longer term active 

rehabilitative efforts 



Treatment 
 Example - very severe TBI  and DOC 



Giacino et al., NEJM, 2012 



Effects of medications on recovery of 

consciousness 

Arch Phys Med Rehabil 2005; 86: 453-62 



Patient MS 40yoF TBI, severe DAI, prolonged DOC 

Recovery of consciousness 
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A Multicenter Randomized Controlled Trial of the 

Effectiveness of Amantadine Hydrochloride (AH) in 

Promoting Recovery of Function Following Severe 

TBI 
Project Staff 

 Director:  
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Primary Aims 

 Determine whether AH, given in a dose of 200 – 400 mg/day 

improves functional recovery from post-traumatic VS and MCS (4-16 

weeks post-injury). 

 Determine whether AH-related gains in function persist following drug 

discontinuation 



Methods: 

  
  

  

Screening 
and 
Consent 

  
  

  
 

Randomization 
and Baseline 
Assessment 

  
  

  

4 week 
treatment 
AH or 
Placebo 

  
  

  
  
 

2 week 
wash-out 

end study 



Patients who received AH had significantly faster functional recovery over 4 weeks 

of treatment (difference in DRS slope -0.24 points/wk; p=0.007) 



Functional gains were maintained during washout but recovery of the AH group 

slowed with respect to the placebo group (p=.02). 



MCS 

VS 

AH improved recovery whether dx of VS or MCS at enrollment. 



AH improved recovery in pts. treated early (4-10wks) or late (10-16wks) 

post-injury.. 



% of patients in VS or extreme VS 

(DRS 22-29) after 4 weeks treatment 
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Behavioral Benchmarks CRS-R (week 4):  
Patients treated with AH had higher % of cognitive behaviors associated with 

full consciousness 



Deep Brain Stimulation and Spinal 

Cord Stimulation in VS and MCS 

 Implanted in spinal cord, brain stem or 
thalamus 

Over 240 cases reported: improved arousal,  
emotional expressiveness,  command 
following and communication (Kanno et al., 1987; 
Tsubokawa et al., 1990; Yamamoto and Katayama , 2005; Kanno et al., 
2009; Yamamoto et al. 2012) 

 Inconclusive b/o methodologic flaws – 
uncontrolled designs; crude assessment and 
outcome measures 



Deep Brain Stimulation and Spinal 

Cord Stimulation in VS and MCS 
 Yamamoto et al., World Neurosurg, 2012 

 DBS in midbrain RF or CM nucleus thalamus; SCS & DBS (pts in 

MCS) 

 21 pts in VS > 3mos post-TBI – 8 recovered command following 

 21 pts in MCS – improved functional recovery 



Behavioural improvements with thalamic stimulation after severe traumatic 

brain injury  

N. D. Schiff, J. T. Giacino, K. Kalmar, J. D. Victor, K. Baker, M. Gerber, B. Fritz, B. 

Eisenberg, J. O?Connor, E. J. Kobylarz, S. Farris, A. Machado, C. McCagg, F. 

Plum, J. J. Fins, A. R. Rezai 

SUMMARY:  ...in a 6-month double-blind alternating crossover study, we show that 

bilateral deep brain electrical stimulation (DBS) of the central thalamus modulates 

behavioural responsiveness in a patient who remained in MCS for 6 yr following...  

 

Nature 448, 600 - 603 (02 Aug 2007) Letter  



ILN DBS Patient 



Functioning with DBS on or off 
Schiff et al. Nature, 2007 

Better 

with 

DBS on 

DBS off 

better than 

pre-DBS 



Inhibition 

Excitation 

 Parietal/Occipital/Temporal 

Cortex 

Dopamine 

(L-Dopa, 

Amantadine) 

Striatum 

(MSN) 

 Frontal Cortex 

Central 

Thalamus 

Schematic ‘mesocircuit’ model linking central thalamic DBS and 

pharmacologic activation in severe brain injuries 

Zolpidem? 

(Ambien)  
---Schiff and Posner (2007) 

 Annals of Neurology 62:5-7 

Schiff ND (2010) Recovery of consciousness after brain injury: a mesocircuit hypothesis. 

Trends in Neuroscience 33:1-9 

DBS  

TMS  



Future Directions: 

Reverse engineering the human brain 

 Human Connectome Project – structural and functional 

connectivity of the brain (NIH funded: UCLA/MGH; Wash U/U 

Minn) 

 Blue Brain Project – building a virtual brain in a 

supercomputer (Henry Makram, École Polytechnique 

Fédérale De Lausanne / IBM Blue Gene/L supercomputer) 

 Google – neural networks software to learn (speech and 

image recognition) 





Future of TBI Neurorehabilitation? 
 In the context of “exponential” advances in neuroscience, 

technology, artificial intelligence, genetics, diagnosis, 

therapeutics, etc. 


