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Introduction: 
The purpose of the research effort was to test two advanced MRI methods, DTI and resting-state fMRI, in 
active-duty military blast-related TBI patients acutely after injury and correlate findings with TBI-related 
clinical outcomes 6-12 months later. The goal was to determine whether these methods may add clinically 
useful predictive information following traumatic brain injury that could be of assistance in standardizing 
diagnostic criteria for TBI, making return-to-duty triage decisions, guiding post-injury rehabilitation, and 
developing novel therapeutics. The overarching hypothesis guiding this project is that traumatic axonal injury is 
a principal cause of impaired brain function following blast-related TBI. 
 
Body:  
Overall the study was successful from a logistical and scientific perspective.  
The major technical and logistical accomplishments were as follows: 

1) We obtained all required IRB approvals. 
2) We enrolled a total of 104 US military personnel with blast-related TBI and 21 controls with other 

injuries and illness at Landstuhl regional medical center. Prior to starting the study, there were concerns 
raised about whether US military personnel would be willing to participate. These proved unfounded. 

3) We performed all scans at 1.5T safely an average of 14 days after injury with no adverse clinical events. 
Prior to starting the study, there were concerns raised regarding the safety of MRI in subjects with 
combat exposure and potential metal shrapnel. We screened for MRI safety contraindications 
successfully using clinical history, exam, and a hand-held ferromagnetic detector. These methods have 
subsequently been implemented in Afghanistan. 

4) We initially did all of the work ourselves at LRMC, but later trained clinical coordinators and MRI 
technologists at Landstuhl regional medical center to enroll subjects and perform scans.  

5) We performed telephone-based monthly clinical assessments, and began scheduling in-person follow-up 
evaluations in St Louis.  

6) We successfully worked with 4 different site principle investigators at LRMC: Dr Steve Flaherty, Dr. 
Ray Fang, Dr. John Oh, and Dr. David Zonies. This went smoothly.   

7) We performed annual site visits to LRMC to audit performance. No concerns were raised.  
8) We successfully arranged base leave and travel to St Louis for the purposes of performing in-person 

clinical follow-up assessments and repeat scans on 78 subjects with TBI and 18 controls. 
9) We extensively analyzed DTI, resting-state fMRI, and clinical data.  

 
The major scientific findings were as follows: 

1) No abnormalities attributable to TBI were detected using CT or conventional MRI in these “mild” TBI 
subjects. 

2) There were DTI abnormalities in US military personnel with blast-related TBI consistent with traumatic 
axonal injury in several brain regions not typically affected by civilian TBI.  

a. Specifically, the middle cerebellar peduncle, the orbitofrontal white matter, and the cingulum 
were the most commonly affected regions in blast-related TBI, whereas there were few 
abnormalities in regions such as the corpus callosum that are commonly injured in civilian TBI. 

b. In this initial cohort, 18/63 blast-related TBI subjects had DTI abnormalities in 2 or more brain 
regions.   

c. However, most blast-related TBI subjects had normal DTI scans. Thus lack of abnormalities on 
DTI cannot exclude TBI, and TBI remains a clinical diagnosis.  

d. DTI abnormalities were still present 6-12 months after injury, though their signal characteristics 
had evolved.   

3) A manuscript describing these findings was published in The New England Journal of Medicine last 
year. It received widespread attention in the scientific and popular press.  This manuscript and the 
supplementary appendix were attached to the annual report in 2011.  

4) Resting-state fMRI did not strongly distinguish between TBI and control subjects. A substantial number 
(22/63) of resting-state fMRI scans in TBI subjects were degraded by motion artifact and therefore 
difficult to interpret. Resting-state fMRI may be less robust than DTI in this setting.  
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5) Overall outcomes using the Glasgow Outcome Scale –Extended, were worse in the subjects with blast-
related TBI compared to controls, but both groups had relatively poor overall outcomes. 

6) There were no abnormalities in cognitive performance in the subjects with blast-related TBI compared 
to controls or age-matched norms.  

7) There were no focal neurological deficits in the subjects with blast-related TBI. 
8) PTSD and depression severity were worse in the subjects with blast-related TBI compared to controls.  
9) While initial analyses suggested that at early times after injury specific DTI and resting state fMRI 

abnormalities predict the severity of later PTSD, an attempt to validate these predictions in an additional 
cohort of subjects was unsuccessful. This may have been due to overfitting of the data, or to changes in 
the clinical features of the subjects from the first cohort (2008-2009) to the additional cohort (2010-
2011).  While this result was disappointing, our approach employed a very high standard of scientific 
rigor. By not publishing the results without validation using and independent cohort, we likely avoided 
confusion in the literature and premature scientific conclusions.  

10) Because the cognitive performance and neurological function was generally normal, we did not attempt 
to perform clinical –radiological correlations for these parameters as they would be of limited clinical 
utility. 
 

Supporting Data, Organized by SOW 
Task 1) to obtain DTI, resting-state fMRI and conventional MRI scans acutely after injury at Landstuhl 
Regional Medical Center (LRMC) on a total of 100 military personnel, 80 who have sustained blast-related 
TBI and 20 who have sustained other injuries, but have no evidence of TBI. 
 
Result: We obtained good quality scans in 124 US military personnel at LRMC: 64 with acute blast-related TBI 
and 21 controls with blast exposure and other injuries or illnesses but no TBI in the first phase, then 40 
additional subjects with blast-related TBI in the second phase.  
Please see the attached manuscripts for details:  
Mac Donald et al NEJM 2011  
Han et al  2013 In preparation   
 
 
Task 2) to collect detailed clinical information on TBI-related outcomes 6-12 months after injury on the same 
participants recruited for Task 1. This will include global outcome assessments, neuropsychological 
testing for memory, attention and executive function deficits, motor performance measures, and 
clinician administered rating scales for depression and post-traumatic stress disorder. Repeat DTI, 
resting-state fMRI and conventional MRI will be performed to track the evolution of the injuries. 
 
Result: We obtained complete follow-up data in 97 subjects 6-18 months after injury: 47 with blast-related TBI 
and 18 controls from the first phase and 31 with blast-related TBI in the second phase. Loss to follow-up was 
22%. 
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122 Service Members Identified at 
Landstuhl Regional Medical Center 

Landstuhl, Germany

84 Enrolled and 
completed Scan 1

21 Controls 63 Blast-related TBI

18 Controls 
Follow-up at 
Washington 
University

47 TBI Subjects 
Follow-up at 
Washington 
University

38 Excluded

17 With Contraindications to MRI 
8 Ferromagnetic Metal Fragments
5 Medically unstable   
2 Claustrophobic    
2 Other Ferromagnetic Metal 

6 Eligible But Did Not Consent
5 Unable to Follow-up: Protection of

Identity (i.e. Special Forces)
4 MRI Would Have Interfered with

Clinical Care
4 TBI Not Associated with Blast
1 Prior Significant TBI
1 Incidental Brain Tumor Discovered

 
Figure 1: Screening, enrollment, and exclusion characteristics of the study participants. 
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Table 1. Characteristics of Study Participants  

Characteristic  Control 
(n=21) 

Control 
Follow-up 

(n=18) 
TBI (n=63) TBI Follow-up 

(n=47) 
Age in years: median (range)  32 (19-53) 32 (21-53) 25 (19-58) 25 (19-58) 

Education in years: median (range) N/A 12.5 (11-17.5) N/A 12 (8-17) 

Race/ethnicity* - no (%)   
 

 
 

White  17 (80.9%) 15 (83.3%) 48 (76.2%) 34 (72.3%) 
African American  3 (14.2%) 2 (11.1%) 7 (11.1%) 5 (10.6%) 

Hispanic/Latino  1 (4.7%) 1 (5.5%) 9 (14.3%) 6 (12.7%) 
Asian  0 0 2 (3.2%) 2 (4.3%) 

Branch of Service - no (%)   
 

 
 

US Army  18 (85.7%) 15 (83.3%) 56 (88.9%) 42 (89.3%) 

US Air Force  2 (9.5%) 2 (11.1%) 0 0 

US Marine Corps  1 (4.8%) 1 (4.5%) 7 (11.1%) 5 (10.7%) 

US Navy  0 0 0 0 

Military Rank - no (%)  
 

 

 
 

Enlisted  19 (90.5%) 16 (88.9%) 60 (95.2) 44 (93.6) 
Officer  2 (9.5%) 2 (11.1%) 3 (4.7) 3 (6.4) 

Theatre of Operation - no (%)  
 

 

 
 

Iraq  15 (71.4%) 12 (66.7%) 25 (39.7%) 21 (44.7%) 
Afghanistan  6 (28.6%) 6 (33.3%) 38 (60.3%) 26 (55.3%) 

 
N/A: not assessed in subjects that did not follow-up.  
* Self-reported. Subjects were not limited to one choice.  
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Neuropsychological test results: Timed walk is reported in seconds. All other test results have been converted to Z-scores 
with higher scores representing better performance in all cases. The mean Z-scores for the US age and education-matched general 
male population are 0 and standard deviations are 1. All assessors were blinded to clinical and radiological information. GOSE: 
Glasgow Outcome Scale-Extended. Scores of 7-8 represent good overall outcome and scores <7 represent moderate to severe 
overall disability.  

PTSD: Post-traumatic stress disorder. PTSD was defined as meeting all criteria on the Clinician Administered PTSD Scale for 
DSM -IV.  Note that many subjects in the “TBI no PTSD” group still have a substantial burden of PTSD symptoms, but did not meet all 
criteria for a categorical diagnosis of PTSD. 

P-values represent results of 1-sided t-tests (t) or 1-sided Mann-Whitney U-tests (U); the prespecified hypotheses were that 
TBI patients would perform worse than controls, subjects with poor overall outcome would perform worse than those with good 
overall outcome, and subjects with TBI+PTSD would perform worse than those with TBI and no PTSD. Results have not been 
corrected for multiple comparisons.  None were significant after Bonferroni correction for 17 variables.  

 

Table 2: Neuropsychological Test Performance  

Test 
Control 
(n=18) 

TBI  
(n=47) P-value 

TBI 
GOS-E 7-8 
(n=6) 

TBI 
GOS-E <7 
(n=41) P-value 

TBI  
No PTSD 
(n=18) 

TBI+ 
PTSD 
(n=29) P-value 

25-Foot Walk (seconds) 
(Motor Strength, Balance, Coordination) 5.2±2.1 4.7±1.0 0.37 (U) 4.2±1.2 4.8±1.0 0.18 (U) 4.6±0.9 4.7±1.0 0.41 (t) 

Conners’ Continuous Performance Test II          
Omission Errors:  
(Attention Lapses) -0.45±2.1 -0.14±1.3 0.47 (U) 0.36±0.4 -0.21±1.3 0.15 (t) 0.32±0.6 -0.42±1.5 0.04 (U) 

Commission Errors:  
(Impulsivity) -0.1±1.1 -0.17±1.0 0.38 (t) -0.09±1.0 -0.19±1.0 0.41 (t) 0.11±0.9 -0.35±1.0 0.06 (t) 

Hit Rate:  
(Reaction Time) 0.06±1.1 0.23±0.9 0.26 (t) 0.10±1.4 0.25±0.8 0.36 (t) -0.06±0.9 0.41±0.9 0.04 (t) 

Hit Rate Block Change:  
(Sustained Vigilance) -0.26±1.0 -0.22±1.1 0.33 (U) 0.06±0.5 -0.26±1.1 0.34 (U) -0.12±1.1 -0.28±1.1 0.20 (U) 

Wisconsin Card Sorting Test: Total Errors   
     (Concept Formation, Mental Flexibility) 0.58±0.8 0.66±0.9 0.38 (t) 0.62±0.6 0.66±1.0 0.46 (t) 0.63±0.7 0.67±1.1 0.43 (t) 

Rey-Osterrieth Complex Figure Test: 
      Delayed Recall (Visual Memory) 0.03±1.3 -0.55±1.7 0.10 (t) -0.32±1.5 -0.58±1.7 0.36 (t) -0.84±2.0 -0.37±1.5 0.18 (t) 

Wechsler Test of Adult Reading 
(Estimate of Pre-injury Verbal Intelligence)  -0.24±1.3 -0.18±1.2 0.40 (U) 0.07±1.4 -0.22±1.1 0.27 (t) -0.36±1.5 -0.07±0.9 0.26 (U) 

California Verbal Learning Test II          
Long-Delay Free Recall  
(Verbal Memory) 0.0±0.9 -0.13±0.9 0.35 (U) -0.7±1.0 -0.05±0.9 0.13 (U) -0.11±0.9 -0.14±1.0 0.46 (t) 

Total Intrusions 
(Falsely Recalled Items) -0.44±1.5 -0.15±1.0 0.31 (U) -0.42±0.5 -0.11±1.1 0.15 (U) 0.00±0.8 -0.24±1.1 0.32 (U) 

List B vs. Trial 1 List A  
(Proactive Memory Interference) 0.11±1.1 -0.34±1.1 0.07 (t) -0.08±0.9 -0.39±1.1 0.26 (t) -0.36±1.0 -0.33±1.2 0.46 (t) 

Grooved Pegboard 
(Motor Speed & Coordination)           

Dominant Hand Time -1.4±0.6 -1.1±0.8 0.10 (t) -1.35±0.5 -1.06±0.9 0.22 (t) -1.27±0.7 -0.99±0.9 0.13 (U) 
Non-Dominant Hand Time -1.3±0.8 -1.0±0.8 0.16 (t) -0.68±0.6 -1.07±0.8 0.15 (t) -1.12±0.8 -0.96±0.8 0.26 (t) 

Trail Making Test           
Trails A time 
(Visual Scanning, Coordination) -0.09±0.9 -0.29±1.1 0.25 (t) -0.02±1.3 -0.33±1.0 0.25 (t) -0.01±1.1 -0.46±1.0 0.08 (t) 

Trails B time 
(Trails A + Mental Flexibility) 0.02±0.9 -0.23±1.1 0.20 (t) -0.02±0.9 -0.26±1.1 0.30 (t) 0.00±1.13 -0.38±1.0 0.12 (t) 

Symbol Digit Modalities Test  
( Working Memory) 0.14±1.0 -0.22±0.8 0.04 (U) 0.08±0.5 -0.27±0.8 0.24 (U) -0.17±0.7 -0.26±0.9 0.46 (U) 

Controlled Oral Word Association 
Total Score: (Verbal Fluency) -1.08±0.7 -0.80±0.9 0.12 (t) -0.75±1.0 -0.81±0.9 0.44 (t) -0.77±0.9 -0.82±1.0 0.42 (t) 
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Table 3: Neurobehavioral Rating Scale results. The Neurobehavioral Rating Scale score is based on a structured interview and 

neurological exam followed by clinician ratings across 29 domains. Each domain is rated 0 (no abnormalities) through 3 (severe, 

disabling abnormalities). The total score is the sum of the ratings across all 29 domains. The 5 sub-scores are based on previously 

published principal component analyses from a large group of civilian TBI patients.[21] Each sub-score is the sum of scores from 4-8 

domains. The “worst single domain score” was also assessed because the total scores are not necessarily ordinal, i.e. a single high score 

(2 or 3) in one domain can represent impairing or disabling symptoms and deficits, while several scores of 1 in multiple domains may 

not represent as much overall impairment. P-values represent results of 1-sided Mann-Whitney U tests, not corrected for multiple 

comparisons.  

Table 3: Neurobehavioral Rating Scale Results 

Rating 
Control 
(n=18) 

TBI  
(n=47) P 

TBI 
GOSE 7-8 
(n=6) 

TBI 
GOSE <7 
(n=41) P 

TBI  
No PTSD 
(n=18) 

TBI+ 
PTSD 
(n=29) P 

Total Score (Max 87, Higher Scores Worse) 7.9±6.8 11.6±7.3 0.03 8.7±5.5 12.0±7.5 0.18 7.8±4.3 13.9±7.8 0.10 
Executive/Cognitive Dysfunction (Max. 24) 3.1±2.6 3.8±2.8 0.23 2.5±1.8 4.0±2.9 0.11 3.1±1.9 4.3±3.2 0.10 
Positive Symptoms (Max 21) 1.1±1.8 1.4±1.6 0.11 0.8±0.4 1.5±1.7 0.31 0.6±0.7 2.0±1.8 0.005 
Negative Symptoms (Max 12) 0.8±1.0 1.1±1.3 0.23 1.3±1.6 1.1±1.2 0.43 0.8±0.9 1.4±1.4 0.09 
Mood/Affect Abnormalities  (Max 15) 2.1±2.2 3.4±2.6 0.03 3.2±1.9 3.5±2.7 0.46 2.3±1.7 4.1±2.9 0.02 
Oral/Motor Dysfunction (Max 12) 0.1±0.3 0.7±1.0 0.02 0.5±0.5 0.7±1.0 0.50 0.4±0.6 0.8±1.1 0.13 

Worst Single Domain Score (Max 3) 1.4±0.8 1.8±0.6 0.04 1.7±0.5 1.9±0.6 0.25 1.7±0.5 1.9±0.7 0.18 
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Table 4. Characteristics of TBI Study Participants With and Without PTSD   

Characteristic  TBI No PTSD 
(n=18) 

TBI + PTSD 
(n=29) P-value 

Age in years: median (range)  23.5 (21-58) 27 (19-45) 0.44 (U) 

Education in years: median (range) 13 (10-17) 12 (8-17) 0.25 (U) 

Race/ethnicity* - no (%)   
 0.49 (C) 

White  12 (66.7%) 22 (75.9%)  

African American  3 (16.6%) 2 (6.9%)  

Hispanic/Latino  2 (11.1%) 4 (13.8%)  

Asian  1 (5.6%) 1 (3.4%)  

Branch of Service - no (%)   
 0.04 (C) 

US Army  14 (77.8%) 28 (95.6%)  

US Air Force  0 0  

US Marine Corps  4 (22.2%) 1 (3.4%)  

US Navy  0 0  

Military Rank - no (%)  
 

 0.30 (C) 

Enlisted  16 (88.9) 28 (95.6)  

Officer  2 (11.1) 1 (3.4)  

Theatre of Operation - no (%)  
 

 0.98 (C) 

Iraq  8 (44.4%) 13 (44.9%)  

Afghanistan  10 (55.5%) 16 (55.1%)  

(U): Mann-Whitney U-test. (C) Chi square. For Race/ethnicity this comparison was for white vs. other. 
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Figure 2: Military Acute Concussion Evaluation (MACE) scores in TBI subjects 1-90 days after injury at LRMC. Maximum score is 30. 

Higher scores indicate better performance. A cutoff of below 25 (blue dashed line) is considered to represent poor performance 

[17]. 
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Figure 3: Global clinical outcomes assessed using the Glasgow Outcome Scale-Extended (GOS-E) scores 6-12 months after 

enrollment.  * indicates 1-tailed Mann-Whitney U test. 
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Figure 4: Post-traumatic stress disorder (PTSD) severity, based on the clinician administered PTSD scale (CAPS). Higher scores 

represent more severe PTSD, maximum score is 132. ** indicates 2-sided Student’s t-test. 
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 Figure 5: PTSD severity assessed using CAPS subscales. TBI subjects had significantly more severe PTSD symptoms in all 3 sub-

domains.  The sub-domains were based on the DSM-IV criteria for PTSD. The maximum scores are CAPS B: 40, CAPS C: 56, CAPS D: 

40. Bars represent mean and standard deviation. * and ** indicate 1-sided Student’s t-tests, not corrected for multiple comparisons. 
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 Figure 6: Depression severity assessed based on the Montgomery-Asberg Rating Scale structured interview. Dashed blue line 

indicated cutoff score of 19: >19 reflects moderate to severe depression.  * indicates 1-sided Mann-Whitney U test. 
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Figure 7: Inverse correlation between self-reported years of formal education and PSTD severity.   
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Figure 8: Correlations between self-reported sleep deprivation and test performance.   A. Positive correlation with Neurobehavioral 

Rating Scale total score, where higher scores indicate worse performance. B. Negative correlation with visual memory performance 

on the delayed recall portion of the Rey-Osterrieth Complex Figure Test, where lower Z-scores indicate worse performance. C. 

Negative correlation with verbal memory performance on the long delay free recall portion of the California Verbal Learning Test, 

where again lower Z-scores indicate worse performance. D. Negative correlation with sustained vigilance, assessed using the hit rate 

block change measure from the Connors' Continuous Performance Test,  where similarly lower Z-scores indicate worse performance. 
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Task 3) to extensively analyze the acute imaging predictors and correlates of 6-12 month clinical outcomes. 
Several prespecified hypotheses based on known brain anatomical-clinical correlations will be tested. 
Also, exploratory approaches will be used as the structural bases for many post-traumatic deficits and 
disorders are not well understood.  
 
Result: We found initially promising scan-based early predictors of PTSD severity, as described fully in the 
attached poster presented at ATACCC in 2011.  These early predictors unfortunately were not replicated in the 
second phase 31 blast-related TBI subjects. 
It is not clear why this failure to replicate occurred.  This may have been due to overfitting of the data, or to 
changes in the clinical features of the subjects from the first cohort (2008-2009) to the additional cohort (2010-
2011).   
 
Phase 1:  prediction of PTSD severity (CAPS total score) 

 
 
 
Phase 2: validation set with a locked model (no free parameters) 
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Prediction of hyperarousal (CAPS subscore) 

 
 
 
Phase 2: validation set with a locked model (no free parameters) 
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Reportable Outcomes:  
Papers:  
C.L. Mac Donald, A.M. Johnson, D. Cooper, E. C. Nelson, N. J. Werner, J. S. Shimony, A. Z. Snyder,  M. E. 
Raichle, J. R. Witherow, R. Fang, S. F. Flaherty, and D. L. Brody “Detection of Blast-Related Traumatic Brain 
Injury in US Military Personnel”  New England Journal of Medicine 2011: 364: 2091-2100.  
 
Abstracts and Presentations:  
The PI and Dr. Mac Donald presented aspects of the results at several meetings and seminars: 

1. 2012 Seminars at Baylor, Loma Linda, The University of Pennsylvania, Wayne State, and the University 
of Vancouver 

2. 2012 National Neurotrauma Symposium 
3. 2011 Society for Neuroscience Meeting 
4. 2011 ATACCC 
5. 2011 Research Seminar at The Ospedale Maggiore Policlinico, University of Milan, Italy 
6. 2011 International Society for Magnetic Resonance in Medicine (ISMRM) meeting. 
7. 2011 International Neurotrauma Society Meeting 
8. 2011 Safar Symposium, University of Pittsburgh 
9. 2011 MIT Blast-injury Modeling Symposium 
10. 2011 Presentations during Gray Team III site visit to Afghanistan 
11. 2010 Army Vice Chief of Staff Blue Ribbon Symposium on TBI and PTSD 
12. 2010 Society for Neuroscience Meeting 
13. 2010 ATACCC 
14. 2009 Military Health Research Forum (MHRF), 
15. 2009 LRMC Surgery Grand Rounds  
16. 2009 National Neurotrauma Society meeting,  

 
 
Personnel Supported: 
David L Brody 
Christine Mac Donald 
Elliott Nelson 
Ann M. Johnson 
Nicole Schwarze Werner 
Vera Bonsi 
Justin Hampton,  
Leslie Schart  
Eric Shumaker 
Elaine Tamez 
 
Conclusions: Diffusion tensor imaging, an advanced MRI method, revealed abnormalities in some US military 
personnel with blast-related TBI that were not apparent using conventional MRI or CT. However, many 
subjects had normal DTI scans at 1.5T, and DTI using this approach cannot be recommended as a diagnostic 
tool at this time due to low sensitivity. Furthermore, DTI cannot yet predict the most important adverse clinical 
outcomes, and so cannot be recommended at this time for use in triage, return-to-duty, or guiding post-injury 
rehabilitation. It remains to be seen whether DTI will be a useful pharmacodynamic biomarker for therapeutics 
targeting traumatic axonal injury. Resting-state fMRI proved not to be sufficiently robust for individual subject 
use due to motion artifacts. Improvements in imaging acquisition and analysis, more focused clinical 
evaluations, and the addition of genetic resiliency factor assessments may improve clinical predictions.  
 The data generated during this New Investigator Award have seeded two additional research grants from 
CDMRP, both of which are ongoing.   
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Appendixes 
1) Mac Donald et al NEJM 2011 published paper 
2) Han et al 2013 manuscript in preparation  
3) Mac Donald et al Military Health Research Forum  2009  poster 
4) Mac Donald et al International Neurotrauma Society 2009 poster 
5) Brody et al  ATACCC 2010 abstract 
6) Brody et al Society for Neuroscience 2010  poster 
7) Brody et al ATACCC 2011 poster 
8) Brody et al National Neurotrauma Society 2011 Abstract 
9) Brody et al International Society for Magnetic Resonance in Medicine 2011 syllabus  
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Background
Blast-related traumatic brain injuries have been common in the Iraq and Afghanistan 
wars, but fundamental questions about the nature of these injuries remain unanswered.

Methods
We tested the hypothesis that blast-related traumatic brain injury causes traumatic 
axonal injury, using diffusion tensor imaging (DTI), an advanced form of magnetic 
resonance imaging that is sensitive to axonal injury. The subjects were 63 U.S. mili-
tary personnel who had a clinical diagnosis of mild, uncomplicated traumatic brain 
injury. They were evacuated from the field to the Landstuhl Regional Medical Center 
in Landstuhl, Germany, where they underwent DTI scanning within 90 days after the 
injury. All the subjects had primary blast exposure plus another, blast-related mecha-
nism of injury (e.g., being struck by a blunt object or injured in a fall or motor vehicle 
crash). Controls consisted of 21 military personnel who had blast exposure and other 
injuries but no clinical diagnosis of traumatic brain injury.

Results
Abnormalities revealed on DTI were consistent with traumatic axonal injury in many 
of the subjects with traumatic brain injury. None had detectible intracranial injury on 
computed tomography. As compared with DTI scans in controls, the scans in the 
subjects with traumatic brain injury showed marked abnormalities in the middle 
cerebellar peduncles (P<0.001), in cingulum bundles (P = 0.002), and in the right 
orbitofrontal white matter (P = 0.007). In 18 of the 63 subjects with traumatic brain 
injury, a significantly greater number of abnormalities were found on DTI than would 
be expected by chance (P<0.001). Follow-up DTI scans in 47 subjects with traumatic 
brain injury 6 to 12 months after enrollment showed persistent abnormalities that 
were consistent with evolving injuries.

Conclusions
DTI findings in U.S. military personnel support the hypothesis that blast-related mild 
traumatic brain injury can involve axonal injury. However, the contribution of pri-
mary blast exposure as compared with that of other types of injury could not be 
determined directly, since none of the subjects with traumatic brain injury had iso-
lated primary blast injury. Furthermore, many of these subjects did not have abnor-
malities on DTI. Thus, traumatic brain injury remains a clinical diagnosis. (Funded by 
the Congressionally Directed Medical Research Program and the National Institutes 
of Health; ClinicalTrials.gov number, NCT00785304.)
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In the current wars in iraq and af-
ghanistan, the number of blast-related trau-
matic brain injuries may be as high as 320,000.1 

Most of these injuries are categorized as uncom-
plicated “mild” or “concussive” traumatic brain 
injury on the basis of clinical criteria and the ab-
sence of intracranial abnormalities on computed 
tomography (CT) or conventional magnetic reso-
nance imaging (MRI).2 However, little is known 
about the nature of these “mild” injuries, and the 
relationship between traumatic brain injury and 
outcomes remains controversial.3,4 No human au-
topsy studies conducted with the use of current 
immunohistochemical methods5,6 have been pub-
lished.7,8 Computer simulations of the effects of 
blast-induced pressure waves on the brain suggest 
that coup and contrecoup regions may be subject 
to high stresses.9,10 Simulations also suggest that 
the orbitofrontal regions and the posterior fossa 
(cerebellum and brain stem) may sustain intense 
stresses independently of the subject’s head orien-
tation relative to the blast.10 Findings that are con-
sistent with this view include a positron-emission 
tomographic study showing reduced cerebellar bas-
al glucose metabolism11 and a case report docu-
menting a lesion in cerebellar white matter on MRI 
after blast injury.12 In a swine model of experimen-
tal blast injury, traumatic axonal injury in several 
regions, including cerebellar tracts, was detected.13

We therefore hypothesized that traumatic axo-
nal injury is a primary feature of human blast-
related traumatic brain injury. To test this hy-
pothesis noninvasively, we used an advanced MRI 
method called diffusion tensor imaging (DTI), 
which can be performed quickly on most clinical 
scanners.14 DTI involves the measurement of wa-
ter diffusion in multiple directions. In the white 
matter of the brain, water diffuses faster along the 
predominant fiber direction and more slowly in 
perpendicular directions (see Fig. S1 and S2 in the 
Supplementary Appendix, available with the full 
text of this article at NEJM.org). The resulting 
anisotropy (directional asymmetry) of water dif-
fusion is high in intact axons and reduced after 
axonal injury.15-17 The use of reduced anisotropy 
on DTI as a marker of traumatic axonal injury has 
been directly validated by means of comparison 
with immunohistochemical indicators of axonal 
injury in an animal model of traumatic brain in-
jury, even when the findings on conventional MRI 
are normal.16,17 We explicitly assessed major orbi-
tofrontal and posterior fossa white-matter tracts, 

along with other regions commonly affected by 
traumatic brain injury.

Me thods

Subjects

U.S. military personnel with positive results on 
screening for traumatic brain injury, performed at 
the Landstuhl Regional Medical Center (LRMC), 
were eligible for inclusion in the study. Screening 
was based on U.S. military clinical criteria for trau-
matic brain injury18: loss of consciousness, amne-
sia for the event, or another change in neurologic 
status, such as feeling “dazed” or “confused” or 
“seeing stars” immediately after the trauma. Addi-
tional criteria for inclusion in the study were in-
jury from a blast, defined as primary injury from 
blast exposure with or without additional mecha-
nisms of injury, within 90 days before study en-
rollment; membership in the U.S. military; the 
ability to provide informed consent in person; no 
contraindications to MRI, such as retained metal-
lic fragments; no history of major traumatic brain 
injury or psychiatric disorder; and agreement to 
communicate by telephone or e-mail monthly for 
6 to 12 months after enrollment and to travel to 
Washington University in St. Louis for follow-up. 
Inclusion criteria for controls were the same except 
that negative results of screening for traumatic 
brain injury were required. All subjects provided 
written informed consent before enrollment.

DTI and Conventional MRI Assessments

The initial MRI scans obtained at the LRMC were 
acquired with the use of a 1.5-tesla MRI scanner 
(Magnetom Avanto, Siemens), without the admin-
istration of sedation or medication beyond that 
being administered as part of routine clinical 
care. The DTI protocol involved the acquisition of 
two scans at a resolution of 2.5 mm by 2.5 mm 
by 2.5 mm with 23 diffusion directions. The con-
ventional MRI scans obtained included T1-weighted 
and T2-weighted sequences, fluid-attenuated inver-
sion recovery (FLAIR) sequences, and T2*-weighted 
sequences. Performance of the protocol required 
21 minutes per subject (Table S1 in the Supple-
mentary Appendix). (Further information on the 
image processing can be found in the Methods 
section in the Supplementary Appendix.) Subjects 
traveled to Washington University 6 to 12 months 
after enrollment for follow-up scans and in-per-
son clinical assessments. The follow-up scans 
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were obtained on another 1.5-tesla MRI scanner 
(Magnetom Avanto) at Washington University in 
accordance with the same protocol.

Region-of-Interest Analysis

Analysts who were unaware of the clinical assess-
ments of the subjects manually traced 17 regions 
of interest on each scan. Each region of interest 
consisted of multiple brain slices fully covering 
three-dimensional anatomical structures (Fig. 1). 
The anatomical structures were defined in accor-
dance with definitions provided in a standard DTI 
atlas.19 Analyze software, version 6.1 (Mayo Foun-
dation), was used to extract quantitative DTI pa-
rameters, including relative anisotropy, axial dif-
fusivity, radial diffusivity, and mean diffusivity for 
each region of interest. (The definitions of these 
parameters are provided in the Supplementary Ap-
pendix.) Intrarater reliability (two analyses were 
performed, 2 weeks apart) was 96% or higher, and 
interrater reliability was 90% or higher. Therefore, 
each region of interest was traced by a single ana-
lyst to optimize consistency.

Statistical Analyses

All data were analyzed with the use of Statistica 
software, version 6.0 (StatSoft). The relationship 
between measures of relative anisotropy in the re-
gions of interest was assessed by examining scatter 
plots and performing correlation analyses of rel-
ative anisotropy in the 21 controls. When signifi-
cant positive correlations were detected between 
relative anisotropy values in pairs of regions, the 
correlated regions of interest were combined. The 
combined regions of interest included the genu and 
splenium of the corpus callosum, the right and left 
middle cerebellar peduncles, the right and left ce-
rebral peduncles, the right and left uncinate fas-
ciculi, and the right and left cingulum bundles. 
This approach reduced the number of DTI regions 
of interest from 17 to 12. There were no signifi-
cant correlations between relative anisotropy val-
ues among these 12 regions. We grouped these 
regions into two prespecified categories: 4 poste-
rior fossa and orbitofrontal regions predicted to be 
vulnerable to primary blast injury, and 8 other re-
gions commonly affected by traumatic brain injury.

The normal distribution of each continuous 
variable was assessed with the use of the Shapiro–
Wilk test. All DTI data sets were found to be 
normally distributed. Hotelling’s T2-tests were 
used to assess overall differences in groups across 

the 12 regions of interest. Unpaired Student’s t-tests 
were then used to assess individual variables. For 
age, the only non-normally distributed continu-
ous variable, the Mann–Whitney U test was used. 
Chi-square analyses were used to assess the rela-
tionships between categorical variables. One-sided 
tests were used when hypotheses were prespeci-
fied, and two-sided tests were used otherwise. 
Reported P values have not been corrected for 
multiple comparisons, but a P value of less than 
0.05 was considered to be significant only after 
Bonferroni’s correction for multiple comparisons 
(e.g., P<0.0125 [0.05÷4] for each of the four pre-
specified orbitofrontal and posterior fossa DTI 
regions of interest and P<0.00625 [0.05 ÷ 8] for 
each of the eight other regions of interest).

For DTI assessments in individual subjects, the 
abnormalities consistent with traumatic axonal 
injury were defined as values for relative anisot-
ropy that were more than 2 SD below the mean of 
the values for controls. To estimate the number 
of DTI abnormalities expected to occur by chance 
in each subject, a binomial distribution was used, 
with p = 0.02275 (the probability of each abnor-
mality arising by chance) for 12 regions of inter-
est in each subject. (In this instance, p denotes the 
parameter in the binomial distribution that indi-
cates the probability of each event.) This estimate 
is based on the assumption that the regions of 
interest were statistically independent (see the Ad-
ditional Statistical Methods section in the Supple-
mentary Appendix).

R esult s

Characteristics of the Subjects

We enrolled 63 subjects with traumatic brain in-
jury and 21 controls over the course of 5 noncon-
tiguous months between November 2008 and Oc-
tober 2009 (Table 1 and Fig. 2). The median time 
from injury to enrollment was 14 days (range, 1 to 
90). All available clinical histories for the subjects 
with traumatic brain injury indicated primary blast 
exposure plus another mechanism of head injury, 
such as being injured in a fall or motor-vehicle 
crash or being struck by a blunt object. None of the 
subjects had isolated primary blast injury.

Inclusion in the group of subjects with trau-
matic brain injury was typically based on self-
report of blast exposure, with immediate altera-
tion of neurologic function meeting the standard 
criteria for traumatic brain injury used at the 
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LRMC.18 All clinical histories were reviewed by 
study personnel, who also performed additional 
history taking and examined medical records. 
Medical documentation from the theater of opera-
tions regarding the duration of loss of conscious-
ness and post-traumatic amnesia was often not 
available or not reliable. All available clinical his-
tories indicated a change in level of consciousness 
or loss of consciousness for a few minutes and 
post-traumatic amnesia for less than 24 hours. 
Although the study had no restriction on the se-
verity of injury, the requirement for in-person in-
formed consent typically made patients with mod-
erate-to-severe traumatic brain injury ineligible, 
and such patients were not enrolled. No intracra-
nial abnormalities were detected on CT of the head 
without the administration of contrast material. 
Thus, all subjects with traumatic brain injury 

Figure 1. Brain Regions of Interest for Diffusion Tensor 
Imaging.

The scans in the left and center columns were ob-
tained with conventional (T1-weighted) MRI and are 
shown for the purpose of anatomical localization. The 
scans in the right column are relative anisotropy maps 
obtained with diffusion tensor imaging (DTI). The ver-
tical and horizontal red bars indicate the anatomical 
localization of the images in the right column. The 
white bars indicate the locations and orientation of the 
slices analyzed for multislice regions of interest. Red, 
green, and blue indicate the principal directions of dif-
fusion, with red denoting right to left, green anterior to 
posterior, and blue dorsal to ventral. Panel A shows a 
sagittal section through the cingulum bundle, anterior–
posterior, dorsal to the corpus callosum, and Panel B 
shows a coronal section through the middle cerebellar 
peduncle, anterior–posterior, in the dorsal brain stem 
and cerebellum. Panels C through F are sagittal sec-
tions, with Panel C showing orbitofrontal white matter, 
anterior–posterior, in the ventral frontal lobe, Panel D 
showing the body of the corpus callosum, right–left, 
between the lateral ventricles, Panel E showing the 
genu of the corpus callosum, right–left, anterior to the 
lateral ventricles, and Panel F showing the splenium of 
the corpus callosum, right–left, posterior to the lateral 
ventricles. Panels G and H are coronal sections, with 
Panel G showing the anterior limb of the internal cap-
sule, anterior–posterior and right–left, between the 
caudate and putamen, and Panel H showing the poste-
rior limb of the internal capsule, dorsal–ventral and 
right–left, between the putamen and thalamus. Panel I 
shows a sagittal section of the uncinate fasciculus, an-
terior–posterior, in the anterior frontal lobe, and dorsal 
and anterior to the orbitofrontal white-matter region of 
interest. Panel J shows a coronal section through the 
cerebral peduncle, dorsal–ventral in the midbrain and 
pons, medial to the middle cerebellar peduncle.
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met the criteria from the Department of Defense 
for mild, uncomplicated traumatic brain injury.2 
(These criteria are provided in the Methods sec-
tion in the Supplementary Appendix.)

All controls had been exposed to blasts, but 
none had sustained traumatic brain injury accord-
ing to the results of clinical screening.18 Specifi-
cally, most controls were evacuated to the LRMC 
for orthopedic or soft-tissue injuries to the arms 
or legs. Some controls also had gastrointestinal 
conditions. Many of these injuries occurred inde-
pendently of blast exposure. None of the subjects 
in either group had other conditions that are 
known to or could reasonably be expected to 
affect DTI signal characteristics. Specifically, no 
subject in either group was known to have cerebro-
vascular disease, hypoxic or ischemic brain injury, 
central nervous system infection, sepsis, infection 
with the human immunodeficiency virus, severe 
electrolyte disturbance, liver failure, renal fail-
ure, heart failure, a history of alcohol abuse, or a 
long-standing psychiatric condition.

Findings on DTI and Conventional MRI

Initial DTI scanning performed at LRMC revealed 
abnormalities that were consistent with traumatic 
axonal injury. Reductions in relative anisotropy 
were apparent in several brain regions (Fig. 3). The 
results of conventional MRI were normal even 
when abnormalities were present on DTI (Fig. S3 
in the Supplementary Appendix). An abnormality 
related to traumatic brain injury was detected 
with the use of conventional MRI in only one 
subject; the review was performed by a board-
certified neuroradiologist, who found a small oc-
cipital contusion.

Quantitative analyses indicated significant re-
ductions in relative anisotropy in the group of 
subjects with traumatic brain injury as compared 
with the control group (P<0.02 according to Hotel-
ling’s T2-test). Among the brain regions com-
monly affected in civilian cases of mild traumatic 
brain injury,15,20-26 abnormalities were most fre-
quently found in the cingulum bundle (Fig. 3A), 
uncinate fasciculus, and anterior limb of the in-
ternal capsule (Fig. S4 in the Supplementary Ap-
pendix). However, there were few abnormalities 
in the corpus callosum or the posterior limb of the 
internal capsule; notably, abnormalities were more 
frequent in the middle cerebellar peduncles and 
orbitofrontal white matter (Fig. 3A), both of which 
are among the regions predicted to sustain the 

most intense stresses and therefore predicted to 
be vulnerable to primary blast injury.10

At an individual level, 18 of the 63 subjects with 
traumatic brain injury (29%) had abnormalities 
on DTI that were consistent with multifocal trau-
matic axonal injury. Specifically, relative anisotro-
py was reduced in two or more brain regions in 
each of these 18 subjects (Fig. 3B). Abnormalities 
detected on DTI were defined as relative anisot-
ropy reductions of at least 2 SD below the mean 
for the 21 controls. On the basis of chance alone, 
no more than 2 of 63 healthy subjects would be 
expected to have two or more such abnormalities 
in 12 statistically independent regions of the brain 
(P<0.001 by chi-square analysis). An additional 20 
subjects (32%) with traumatic brain injury had one 
abnormality detected on DTI and 25 (40%) had no 
abnormalities according to the aforementioned 
definitions.

There were imbalances in age and theater of 
operation between the subjects with traumatic 

Table 1. Characteristics of the Study Participants.

Characteristic
Controls 
(N = 21)

Subjects with TBI* 
(N = 63) P Value†

Age — yr 0.03‡

Median 31 24

Range 19–49 19–58

Male sex — no. (%) 21 (100) 63 (100) 1.0

Race — no. (%)§ 0.87

White 17 (81) 48 (76)

Other 4 (19) 18 (29)

Branch of service — no. (%) 0.92

Army 18 (86) 56 (89)

Air Force 2 (10) 0

Marine Corps 1 (5) 7 (11)

Navy 0 0

Rank — no. (%) 0.46

Officer 2 (10) 3 (5)

Enlisted 19 (90) 60 (95)

Theater of operation — no. (%) 0.01

Iraq 15 (71) 25 (40)

Afghanistan 6 (29) 38 (60)

* TBI denotes traumatic brain injury.
† P values were calculated with the use of the chi-square test unless noted otherwise.
‡ The P value was calculated with the use of a two-tailed Mann–Whitney U test.
§ Race was self-reported, and subjects could select more than one category.
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brain injury and the controls (Table 1), but these 
differences were unlikely to account for the pri-
mary results. Specifically, there were no correla-
tions between age and relative anisotropy in this 
cohort (Fig. S5 in the Supplementary Appendix). 
Likewise, there were no significant differences 
between controls or subjects with traumatic brain 
injury who were injured in Iraq and those injured 
in Afghanistan (Fig. S6 in the Supplementary Ap-
pendix). The differences between subjects with 
traumatic brain injury and controls were robust 
after adjustments for propensity score (Tables S2 
and S3 in the Supplementary Appendix). Post hoc 
subgroup analyses indicated that these differences 
were unlikely to have resulted from effects re-
stricted to any specific subgroup of subjects (Table 
S4 in the Supplementary Appendix).

Evolution of DTI Signal Abnormalities

Relative anisotropy, the DTI parameter assessed in 
previous analyses, has been shown to be persis-
tently reduced at several time points after traumat-
ic brain injury in an animal model; however, other 
DTI parameters have been shown to change over 
time as the injuries evolve.16 We therefore analyzed 
these other DTI parameters and found clear evi-
dence of changes in the DTI signal abnormalities 
over time in this cohort. Specifically, mean dif-
fusivity and radial diffusivity were higher in sub-
jects with traumatic brain injury than in controls 
on the initial scans (Fig. 4A) but normalized on 
follow-up scans (Fig. 4B). Axial diffusivity did not 
differ significantly between groups on the initial 
scans (Fig. 4A) but was lower in the subjects with 
traumatic brain injury than in controls on follow-
up scans (Fig. 4B). These findings are consistent 
with an evolution of injury (Fig. 4C).

On the basis of the results of analyses in indi-
vidual subjects, the sensitivity of DTI did not de-
cline substantially over time. Of the 47 subjects 
with traumatic brain injury who underwent scan-
ning twice, 12 (26%) had two or more abnormal 
regions of interest on the initial scans and 11 
(23%) had two or more abnormal regions of in-
terest on follow-up scans (Fig. 4D). These propor-
tions were both greater than would be expected 
by chance (P = 0.004 and P = 0.007, respectively, by 
chi-square analysis). There were no significant 
differences in initial relative anisotropy between 
the 47 subjects with traumatic brain injury who 
underwent follow-up scanning and the 16 who did 
not (Fig. S7 in the Supplementary Appendix). This 
finding indicated that subjects available for follow-
up DTI scanning were representative of the en-
tire cohort.

Discussion

With the use of DTI, we found abnormalities con-
sistent with traumatic axonal injury in U.S. military 
personnel with blast-related mild traumatic brain 
injury. Substantial numbers of abnormalities were 
found in regions of the brain not known to be 
commonly injured in civilian cases of mild trau-
matic brain injury but predicted to be vulnerable to 
blast on the basis of computational simulations.10 
Abnormalities were also found in some brain re-
gions that are commonly affected in civilian cases 
of mild traumatic brain injury.15,20-26 Other re-
gions, such as the corpus callosum,5,15,20,23,25-27 
were generally spared. Overall, the distribution of 

84 Were enrolled and underwent scanning

122 Service members were identified
for screening

38 Were excluded
17 Had contraindications to MRI

8 Had ferromagnetic metal 
shrapnel

5 Were medically unstable
2 Were claustrophobic
2 Had nonshrapnel ferro- 

magnetic metal
6 Were eligible but did not

give consent
5 Were unable to attend follow-

up owing to protection of 
identity (i.e., special forces)

4 Could not have MRI owing to
interference with clinical care

4 Had TBI not associated with
blast

1 Had previous significant TBI
1 Was discovered to have

 incidental brain tumor

21 Were in control group 63 Had blast-related TBI

18 Were included in follow-up 47 Were included in follow-up

Figure 2. Screening and Enrollment of Study Subjects.

TBI denotes traumatic brain injury.
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abnormalities can best be accounted for as a com-
bination of traumatic axonal injuries in brain re-
gions vulnerable to primary blast and in regions 
of the brain vulnerable to other mechanisms of 
injury. This explanation fits well with the clinical 
descriptions of the injuries, which in all cases in-
cluded both primary blast exposure and another 
mechanism of injury, such as a fall, a motor-vehicle 
crash, or a blow to the head by a blunt object. How-
ever, it is also possible that injuries to the orbito-
frontal white matter and cerebellar peduncles are 
more common in civilian cases of mild traumatic 
brain injury than currently recognized. Certainly, 
these and adjacent regions can be affected in more 
severe instances of civilian traumatic brain in-
jury.28-31 Likewise, primary blast injury could sen-
sitize these regions to subsequent insults. Thus, 
the exact contributions of primary blast exposure 
and other types of injury cannot be determined 
with certainty.

The characteristics of the abnormal DTI signals 
changed between initial scanning and follow-up 
scanning in a fashion that was consistent with the 
evolution of relatively acute injuries. The pattern of 
abnormalities on the initial scans was most consis-
tent with axonal injury plus a cellular inflamma-
tory response and edema (Fig. 4C, and Fig. S8 in 
the Supplementary Appendix). Axial diffusivity has 
been shown to be decreased with axonal injury 
but concomitantly increased with edema and cel-
lular inflammation. Thus, axial diffusivity can be 
pseudo normalized in complex injuries.16 On the 
follow-up scans, the pattern of abnormalities was 
most consistent with persistent axonal injury plus 
resolution of the edema and cellular inflammation 
(Fig. 4C, and Fig. S8 in the Supplementary Appen-
dix). This evolution over time also confirms that 
the DTI abnormalities were unlikely to have been 
preexisting.

The limitations of this study include a moder-
ate sample size, an all-male study population, a 
finite number of prespecified regions of interest 
for DTI analysis, and the lack of a direct com-
parison with identically assessed subjects who had 
traumatic brain injury that was not blast-related. 
Another limitation, despite our best efforts at cir-
cumvention, is the possibility that some unchar-
acterized differences between the subjects and the 
controls, in addition to that of brain injury, af-
fected the DTI signals in such as way as to pro-
duce the observed results. Additional research with 
independent cohorts will be required to validate 
these findings.
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Figure 3. Abnormalities Detected on Diffusion Tensor Imaging in Subjects 
with Blast-Related Traumatic Brain Injury.

Panel A shows scatter plots of relative anisotropy in four regions of interest. 
P values were calculated with the use of one-sided Student’s t-tests, since the 
prespecified hypothesis was that relative anisotropy would be lower in subjects 
with traumatic brain injury (TBI) than in controls. The solid horizontal lines in-
dicate means, and the Ι bars indicate standard deviations; the dashed horizon-
tal lines are positioned 2 SD below the mean for the control group (solid trian-
gles represent values in subjects with TBIs that are 2 SD below this level); the 
numbers in parentheses indicate the number of subjects with TBI for whom 
relative anisotropy was below this cut-off point. The formula for calculating rel-
ative anisotropy is available in Figure S1 in the Supplementary Appendix. Panel 
B shows the number of abnormalities detected on DTI as compared with 
the number that would be expected by chance in the 63 subjects with TBI. The 
dotted box indicates the group of subjects with two or more abnormal regions 
of interest. The P value was calculated with the use of the chi-square test.
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B Follow-up Scan

C Changes in Parameters and Interpretations

A Initial Scan
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Figure 4. Evolution of Abnormalities over Time as Assessed with Diffusion Tensor Imaging.

All data in Panels A through D are from the 18 controls and 47 subjects with traumatic brain injury (TBI) who underwent both initial and fol-
low-up diffusion tensor imaging (DTI). The formulas for calculating relative anisotropy, axial diffusivity, radial diffusivity, and mean diffusivi-
ty are available in Figure S1 and S8 in the Supplementary Appendix. In Panels A and B, the longer horizontal lines indicate the means and 
the Ι bars indicate standard deviations. Panel A shows the results of the initial scans (obtained within 90 days after injury) in the cingulum 
bundles, with reduced relative anisotropy, increased radial diffusivity, and increased mean diffusivity in the subjects with TBI as compared 
with the controls. Panel B shows the follow-up scans (obtained 6 to 12 months after study enrollment) in the cingulum bundles, with re-
duced relative anisotropy and reduced axial diffusivity. Panel C shows the changes in DTI parameters between initial and follow-up scanning 
in subjects with TBI as compared with controls and the interpretation of these changes (see also Fig. S4 in the Supplementary Appendix). 
The double arrows indicate more exten sive reduction in relative anisotropy; the ≈ symbol indicates that there was no significant difference 
between subjects with TBI and controls. Panel D shows differences in observed versus expected DTI abnormalities on initial and follow-up 
scans in the 47 subjects with TBI. The dotted box indicates the group of subjects with two or more abnormal regions of interest. 
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We have not been able to address questions 
regarding isolated primary blast-related traumatic 
brain injury. All our subjects had primary blast 
exposure plus another blast-related mechanism of 
injury, indicating that the incidence of isolated 
primary blast-related traumatic brain injury may 
be low (see the Discussion section in the Supple-
mentary Appendix).

Our cohort consisted of active-duty U.S. mili-
tary personnel with injuries or medical conditions 
severe enough to prompt commanding officers 
and medical personnel to at least temporarily re-
move them from duty. It is not known whether 
these subjects are representative of all U.S. military 
personnel with mild traumatic brain injury sus-
tained in Iraq or Afghanistan. Military personnel 
were brought to the LRMC for a variety of reasons, 
the most common of which was to obtain specific 
types of medical care that were not available in 
Iraq or Afghanistan. Examples include consulta-
tions with specialists, certain surgical procedures, 
and radiologic studies such as MRI. It is possible 
that many of the subjects with the most mild in-
juries were returned to duty without being sent to 
the LRMC.32 Thus, there is a possibility of selec-
tion bias toward more seriously injured patients in 
our cohort. The LRMC serves as a central triage 
point for the wars in Iraq and Afghanistan; it is 
not yet possible to perform MRI-based studies in 
Iraq and Afghanistan because functioning scan-
ners are not currently available to the U.S. military 
medical system in those countries.

Because DTI can be performed relatively quick-
ly on the MRI scanners at U.S. military facilities 
and civilian hospitals, DTI-based assessments may 
be useful in diagnosis, triage, and treatment plan-
ning in clinical practice. The analytic methods 
used here allowed assessment of individual pa-
tients with traumatic brain injury, just as it would 
in a clinical setting. However, it must be empha-
sized that only 18 of the 63 subjects with trau-
matic brain injury had definitively abnormal scans 

when the scans were analyzed individually. For 
now, mild traumatic brain injury remains primar-
ily a clinical diagnosis. Normal findings on a DTI 
scan do not rule out traumatic brain injury, nor are 
DTI findings in isolation sufficient to make this 
diagnosis with certainty (see the Discussion sec-
tion in the Supplementary Appendix).

The relationship between DTI abnormalities 
and clinical outcomes in U.S. military personnel 
has yet to be determined. A great deal of research 
along these lines has been conducted in civilians 
with traumatic brain injury.20,21,31,33-38 However, 
unique aspects of traumatic brain injury sustained 
by military personnel include blast injuries and the 
high rate of post-traumatic stress disorder.3,39-43 
The relationships among blast-related traumatic 
brain injury, axonal injury, and outcomes that in-
clude post-traumatic stress disorder are topics of 
active research. DTI and other advanced MRI tech-
niques are tools that may be useful in probing 
these relationships.
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Figure S1: Diffusion Tensor Imaging (DTI) involves measurement of water diffusion in multiple 

directions and assessment of anisotropy (directional asymmetry) of water diffusion. Anisotropy 

is high in intact white matter and reduced when axons are injured.1-4  A common parameter used 

for DTI analysis is relative anisotropy, defined as the standard deviation of the 3 principal 

eigenvalues (λ1,  λ2  and λ3 ) of the diffusion tensor normalized by their mean.  
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Figure S2: DTI relative anisotropy maps from a control subject. Colors indicate principal 

diffusion directions: red = right-left, green = anterior-posterior, blue = dorsal-ventral. Brighter 

colors indicate higher relative anisotropy. A. Axial. B. Sagittal. C.  Coronal.   

All images displayed in radiological convention, with the subject’s right side on the left and left 

side on the right.  



Mac Donald et al.  2010     DTI in Blast-related TBI- Supplemental Appendix           
 

4 
 

 

Table S1: MRI acquisition protocols performed on Siemens Avanto 1.5T MRI scanners at LRMC and 

Washington University.  

MP-RAGE: Magnetization Prepared RApid Gradient Echo 

BLADE is not an acronym, but refers to a Siemens radial k-space filling scheme that is less sensitive to 

motion artifacts. 

FLAIR: FLuid Attenuated Inversion Recovery  

Table S1:  MRI Scan Acquisition Protocol 
Scan In-Plane Resolution (mm) Slice Thickness (mm) TE (ms) TR (ms) Time (min) 

Scout Image 1 x 1 7 4 8.6 0:13 
T1-Weighted (MP-RAGE) 1 x 1 1 2.92 2000 4:40 
T2-Weighted (BLADE) 0.7 x 0.7 2.5 99 4000 2:32 
Diffusion Tensor Imaging 2.5 x 2.5 2.5 102 10200 4:25 
Diffusion Tensor Imaging 2.5 x 2.5 2.5 102 10200 4:25 
FLAIR 0.8 x 0.8 5 77 9000 4:32 
T2* 1.7 x 1.7 5 63 2780 0:03 

  Total Time (min) 20:50 
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 Figure S3: DTI 

reveals 

abnormalities after 

blast-related TBI 

that are not apparent 

on conventional 

MRI. Top panels: 

DTI relative 

anisotropy maps. 

Arrows indicate 

regions with 

abnormally low 

relative anisotropy 

(less bright green) 

on DTI in the TBI 

subjects compared 

with controls. 

Bottom panels: 

conventional T2-

weighted MRI showing no detectible abnormalities at the same locations in the same subjects. (Small 

differences in the appearance of the T2 weighted images are due to normal subject-to-subject 

variability.) A. Cingulum bundles. B. Middle cerebellar peduncles. C. Orbitofrontal white matter. The 

color intensity scales in the anisotropy maps are all identical; the panels have not been manipulated 
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individually in any way. Images from 3 individual TBI subjects and 3 individual controls. D-F. Line 

profiles of relative anisotropy as a function of distance along the white lines displayed in panels A-C. 

MCP: middle cerebellar peduncle. 
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Figure S4: Additional 

DTI abnormalities in 

blast-related TBI subjects. 

Column scatter plots of 

relative anisotropy in 8 

additional regions of 

interest. P-values indicate 

1-sided Student t-tests, as 

the prespecified 

hypothesis was that 

relative anisotropy would 

be lower in TBI subjects 

than controls. Bars 

indicated means and 

standard deviations. 

Dashed lines indicate 2 

standard deviations below 

the mean of the control 

group. Numbers in 

parentheses indicate the 

number TBI subjects with 

relative anisotropy below 

this cutoff.  
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Figure S5: No correlation 

between age and relative 

anisotropy in either control or 

TBI subjects. A. Bilateral 

cingulum bundles. Spearman r= 

0.17, p= 0.22 for control 

subjects, r= 0.10, p= 0.21 for 

TBI subjects. B. Bilateral middle 

cerebellar peduncles. Spearman 

r= -0.28, p= 0.11 for control 

subjects, r= 0.09, p= 0.23 for 

TBI subjects. C. Right 

orbitofrontal white matter. 

Spearman r= -0.38, p= 0.04 for 

control subjects (considered not 

significant after Bonferroni 

correction for multiple 

comparisons), r= -0.12, p= 0.17 

for TBI subjects. 
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Figure S6: No significant 

differences in DTI between 

subjects enrolled following 

injury in Iraq vs. Afghanistan. 

A-B. No statistically significant 

differences in relative anisotropy 

in either the controls or TBI 

groups. (p <  0.67 Hotelling’s 

T2-test)  C. No significant 

difference in the number of 

abnormal regions of interest on 

DTI  (p=0.07, Chi Square).  
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Table S2. Propensity Adjusted Analyses       

 
Age, Theater, Time to 

Enrollment 
 Age, Theater, Time to Enrollment, 

Army vs. Other Branch 

Relative Anisotropy CTL 
(n=21)

TBI 
(n=63)

p  CTL 
(n=21)

TBI 
(n=63)

p  

Bilat. Cingulum 0.39 
(0.01) 

0.36 
(0.01) 

0.001  
0.39 

(0.02) 
0.37 

(0.01) 
0.001  

Bilat. Middle  
Cerebellar Peduncle

0.37 
(0.01) 

0.34 
(0.008) 

0.0003  
0.36 

(0.01) 
0.34 

(0.008) 
0.0003  

Left Orbitofrontal  
White Matter

0.28 
(0.01) 

0.27 
(0.007) 

0.038  
0.28 

(0.01) 
0.27 

(0.007) 
0.038  

Right Orbitofrontal 
White Matter

0.29 
(0.01) 

0.27 
(0.007) 

0.008  
0.29 

(0.01) 
0.27 

(0.007) 
0.008  

Body 
Corpus Callosum

0.59 
(0.02) 

0.57 
(0.01) 

0.133  
0.59 

(0.01) 
0.57 

(0.01) 
0.133  

Genu-Splenium  
Corpus Callosum

0.59 
(0.02) 

0.59 
(0.009) 

0.445  
0.59 

(0.01) 
0.59 

(0.009) 
0.445  

Left Anterior Internal 
Capsule

0.37 
(0.01) 

0.36 
(0.008) 

0.021  
0.37 

(0.01) 
0.36 

(0.008) 
0.020  

Right Anterior Internal 
Capsule 

0.37 
(0.01) 

0.36 
(0.008) 

0.069  
0.37 

(0.01) 
0.36 

(0.008) 
0.068  

Left Posterior Internal 
Capsule

0.45 
(0.01) 

0.44 
(0.008) 

0.126  
0.45 

(0.01) 
0.44 

(0.008) 
0.126  

Right Posterior Internal 
Capsule 

0.47 
(0.01) 

0.47 
(0.006) 

0.051  
0.47 

(0.01) 
0.47 

(0.006) 
0.050  

Bilat. Uncinate 
Fasciculus

0.34 
(0.02) 

0.31 
(0.01) 

0.022  
0.34 

(0.02) 
0.31 

(0.01) 
0.023  

Bilat. Cerebral Peduncle 0.34 
(0.02) 

0.33 
(0.01) 

0.38  
0.33 

(0.01) 
0.33 

(0.008) 
0.384  

Table S2: Relative Anisotropy values: Means and 95% confidence intervals computed for 

covariate propensity score at its mean.  

P-values: 1-sided Bonferroni post-hoc tests.  
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Table S3: Relative Anisotropy values: 

Mean and Standard Deviations.  

P-values for relative anisotropy and 

propensity score: 1-sided Student t-tests.  

P-values for age and time to scan 1: 

Mann-Whitney U test.  

P-value for Iraq vs. Afghanistan: Chi 

Square.  

Table S3. Propensity Analysis Matching Subset 

Relative Anisotropy CTL 
(n=19)

TBI 
(n=19)

p 

Bilat. Cingulum 0.40 
(0.03) 

0.37 
(0.04) 

0.01 

Bilat. Middle  
Cerebellar Peduncle

0.37 
(0.03) 

0.35 
(0.04) 

0.02 

Left Orbitofrontal  
White Matter

0.28 
(0.02) 

0.28 
(0.03) 

0.26 

Right Orbitofrontal  
White Matter

0.29 
(0.02) 

0.28 
(0.03) 

0.13 

Body 
Corpus Callosum

0.59 
(0.04) 

0.58 
(0.04) 

0.24 

Genu & Splenium  
Corpus Callosum

0.59 
(0.03) 

0.59 
(0.05) 

0.28 

Left Anterior  
Internal Capsule

0.38 
(0.03) 

0.37 
(0.03) 

0.30 

Right Anterior  
Internal Capsule 

0.37 
(0.03) 

0.37 
(0.03) 

0.48 

Left Posterior  
Internal Capsule

0.45 
(0.03) 

0.44 
(0.04) 

0.30 

Right Posterior  
Internal Capsule 

0.48 
(0.02) 

0.47 
(0.03) 

0.25 

Bilat. Uncinate 
Fasciculus

0.34 
(0.03) 

0.31 
(0.05) 

0.05 

Bilat. Cerebral Peduncle 0.34 
(0.03) 

0.32 
(0.02) 

0.07 

Age (years) 
30.6 
(9.4) 

31.2 
(9.5) 

0.86 

Time to Scan 1 (days) 
24.5 

(26.7) 
31.6 

(31.3) 
0.46 

Iraq / Afghanistan 13 / 6  13 / 6 0.97 

Propensity Score 
0.68 

(0.16) 
0.68 

(0.15) 
0.99 
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Table S4.  Post-Hoc Subgroup Analyses        

Army Only  Enlisted Only White/Caucasian Only 

Relative 
Anisotropy

CTL 
(n=18) 

TBI 
(n=56)

p CTL 
(n=19)

TBI 
(n=60)

p CTL 
(n=17)

TBI 
(n=45)

p 

Bilat. Cingulum 0.39 
(0.03) 

0.36 
(0.04)

*0.0025
0.39 

(0.03)
0.36 

(0.04) 
*0.0024 

0.39 
(0.03) 

0.36 
(0.04) 

*0.0009

Bilat. Middle 
Cerebellar Peduncle

0.36 
(0.02) 

0.34 
(0.03) 

*0.002 
0.37 

(0.03) 
0.34 

(0.03) 
*0.0009 

0.37 
(0.02) 

0.34 
(0.03) 

*0.0002

Left Orbitofrontal 
White Matter

0.28 
(0.02) 

0.27 
(0.03) 

*0.025 
0.28 

(0.02) 
0.27 

(0.03) 
*0.025 

0.28 
(0.02) 

0.27 
(0.03) 

0.08 

Right Orbitofrontal 
White Matter

0.29 
(0.02) 

0.27 
(0.03) 

*0.007 
0.29 

(0.02) 
0.27 

(0.03) 
*0.01 

0.29 
(0.02) 

0.27 
(0.03) 

*0.02 

Body  
Corpus Callosum

0.56 
(0.04) 

0.57 
(0.05) 

0.14 
0.59 

(0.04) 
0.57 

(0.05) 
0.08 

0.59 
(0.04) 

0.57 
(0.05) 

0.10 

Genu-Splenium 
Corpus Callosum

0.59 
(0.03) 

0.59 
(0.04) 

0.43 
 

0.59 
(0.03) 

0.59 
(0.04) 

0.47 
0.59 

(0.03) 
0.60 

(0.03) 
0.21 

Left Anterior  
Internal Capsule

0.37 
(0.03) 

0.36 
(0.03) 

0.05 
0.37 

(0.03) 
0.36 

(0.03) 
0.04 

0.38 
(0.03) 

0.36 
(0.03) 

*0.001 

Right Anterior 
Internal Capsule 

0.36 
(0.03) 

0.36 
(0.03) 

0.12 
0.37 

(0.03) 
0.36 

(0.03) 
0.08 

0.37 
(0.03) 

0.36 
(0.03) 

*0.03 

Left Posterior 
Internal Capsule

0.45 
(0.03) 

0.43 
(0.03) 

*0.03 
0.45 

(0.03) 
0.43 

(0.03) 
0.08 

0.45 
(0.03) 

0.43 
(0.03) 

0.08 

Right Posterior 
Internal Capsule 

0.48 
(0.02) 

0.46 
(0.03) 

0.04 
0.47 

(0.02) 
0.47 

(0.03) 
0.14 

0.47 
(0.02) 

0.46 
(0.02) 

0.06 

Bilat. Uncinate 
Fasciculus

0.33 
(0.03) 

0.31 
(0.04) 

0.04 
0.33 

(0.03) 
0.31 

(0.04) 
0.02 

0.34 
(0.03) 

0.32 
(0.04) 

*0.03 

Bilat. Cerebral 
Peduncle

0.33 
(0.03) 

0.33 
(0.03) 

0.45 
0.33 

(0.03) 
0.33 

(0.03) 
0.44 

0.34 
(0.03) 

0.33 
(0.03) 

0.17 

# of Abnormal 
Regions of Interest

 
20 0.0001  20 0.0001 

 
17 0.0001

Table S4: Relative Anisotropy values: Mean and Standard Deviations.  

P-values for relative anisotropy: 1-sided Student t-tests,  

* significant after Bonferroni correction for multiple comparisons.  

P-values for # of Abnormal Regions of Interest: Chi square vs. # expected by chance. 
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Figure S7: No differences in the initial DTI scans of TBI subjects that completed follow up 

compared to those that did not. A. No significant differences in relative anisotropy across the 

regions of interest.  (p<0.24, Hotelling T2-test) B. No significant differences in the number of 

subjects with 2 or more abnormal regions of interest (p=0.50, Chi-square).
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Figure S8: Interpretation of the evolution of DTI parameter abnormalities.  

Axial Diffusivity = 1λ ,  Radial Diffusivity   2/21 λλ  ,   Mean Diffusivity = 

  3/321 λλλD  .  Experimental TBI studies have shown that reduced axial diffusivity 

correlates histologically with relatively pure axonal injury whereas increased radial and mean 

diffusivity plus near-normal axial diffusivity correlates histologically with axonal injury plus 

edema and cellular inflammatory response (i.e. microgliosis).1   
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Figure S9: No correlation between the numbers of abnormal brain regions of interest on DTI 

and time after injury.  A. Number of abnormalities vs. number of days from injury to initial scan. 

(Spearman r=0.14, p=0.28) B. Number of abnormalities vs. number of days from injury to follow 

up scan. (Spearman r= -0.27, p=0.07)   
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Table S5. DTI Anisotropy Results      

Relative Anisotropy (RA)  Fractional Anisotropy (FA) 

Region of Interest CTL 
(n=21)

TBI 
(n=63)

p  CTL 
(n=21)

TBI 
(n=63)

p  

Bilat. Cingulum 0.39 
(0.03) 

0.36 
(0.04) 

*0.0015  
0.55 

(0.04) 
0.53 

(0.05) 
0.01  

Bilat. Middle  
Cerebellar Peduncle

0.37 
(0.03)  

0.34 
(0.03) 

*0.0003  
0.57 

(0.03) 
0.53 

(0.04) 
*0.0007  

Left Orbitofrontal  
White Matter

0.28 
(0.02) 

0.27 
(0.03) 

0.04  
0.47 

(0.03) 
0.45 

(0.04) 
0.09  

Right Orbitofrontal  
White Matter

0.29 
(0.02) 

0.27 
(0.03) 

*0.007  
0.44 

(0.03) 
0.42 

(0.04) 
0.02  

Body 
Corpus Callosum

0.59 
(0.04) 

0.57 
(0.05) 

0.13  
0.76 

(0.02) 
0.74 

(0.06) 
0.09  

Genu-Splenium  
Corpus Callosum

0.59 
(0.03) 

0.59 
(0.04) 

0.45  
0.76 

(0.01) 
0.74 

(0.08) 
0.11  

Left Anterior  
Internal Capsule

0.37 
(0.03) 

0.36 
(0.03) 

0.02  
0.54 

(0.04) 
0.53 

(0.05) 
0.19  

Right Anterior  
Internal Capsule 

0.37 
(0.03) 

0.36 
(0.03) 

0.07  
0.59 

(0.03) 
0.57 

(0.06) 
0.04  

Left Posterior  
Internal Capsule

0.45 
(0.03) 

0.44 
(0.03) 

0.12  
0.65 

(0.02) 
0.64 

(0.05) 
0.26  

Right Posterior  
Internal Capsule 

0.48 
(0.02) 

0.47 
(0.03) 

0.05  
0.65 

(0.02) 
0.64 

(0.05) 
0.39  

Bilat. Uncinate 
Fasciculus

0.33 
(0.03) 

0.31 
(0.04) 

0.02  
0.51 

(0.04) 
0.48 

(0.06) 
0.04  

Bilat. Cerebral Peduncle
0.33 

(0.03) 
0.33 

(0.03) 
0.39  

0.52 
(0.04) 

0.52 
(0.05) 

0.37  

Table S5:  DTI Anisotropy values: Mean and Standard Deviations.  

P-values: 1-sided Student t-tests,  

* significant after Bonferroni correction for multiple comparisons 
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SUPPLEMENTAL METHODS  

 
Regulatory Review: The research protocol was approved by the Human Research Protection 

Office at Washington University, the Institutional Review Board for LRMC at Brooke Army 

Medical Center, and the Clinical Investigation Regulatory and Human Research Protection 

Offices of the U.S. Army Medical Research and Materiel Command. The study was registered at 

clinicaltrials.gov (NCT00785304). 

Written informed consent was obtained in person from all subjects in person at LRMC; 

no surrogate consent was allowed by the funding agency. Competence to provide informed 

consent was assessed in a standardized fashion based on responses to questions regarding the 

purpose of the study, expected requirements for participation, and potential risks. Additional 

written consent was obtained from the subjects who came for follow-up at Washington 

University in St Louis. Subjects were assigned a random 4 digit code number to protect 

confidentiality and all research data were identified by code number only.  Active duty military 

subjects were not paid for participation, though travel expenses to St Louis were covered. 

Subjects not on active duty subjects at the time of follow-up in St Louis were paid $240 plus 

travel expenses for participation.  

Definition of Uncomplicated “Mild” TBI: The Department of Defense has defined TBI as 
follows5:  

A traumatically induced structural injury and/or physiological disruption of brain 
function as a result of an external force that is indicated by new onset or worsening of at 
least one of the following clinical signs immediately following the event: 

1) Any period of loss of or a decreased level of consciousness 

2) Any loss of memory for events immediately before or after the injury 

3) An alteration of mental state at the time of the injury (confusion, disorientation, slowed 
thinking, etc.) 
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4) Neurological deficits (weakness, loss of balance, change in vision, praxis, 
paresis/plegia, sensory loss, aphasia, etc,) that may or may not be transient. 

5) Intracranial lesion.  

 For a TBI to be categorized as “mild” all of the following must be true: 

1) Normal structural imaging (CT or conventional MRI) 

2) Loss of consciousness for 0-30 minutes 

3) Alteration of consciousness or mental state for a moment up to 24 hours 

4) Post-traumatic amnesia for 0-1 day.   

If any one of these criteria is exceeded, the TBI is categorized as more than “mild”.  

 

Safety and Data Monitoring:  Subjects were screened using a hand-held metal detector for 

objects such as shrapnel that would contraindicate MRI scanning. All x-rays and CT scans 

acquired for clinical purposes were also reviewed for metallic objects. A standard clinical 

checklist for MRI contraindications was filled out by each subject prior to each scan. The 

subjects tolerated MRI scans well with no safety concerns arising. 

For MRI scans, quality control for movement artifacts or other technical issues was 

performed immediately and scans were repeated if technically indicated. All conventional scans 

were read within 24 hours by a board-certified neuroradiologist at Landstuhl Regional Medical 

Center for initial scans (J. Witherow) and at Washington University for follow-up scans  (J. 

Shimony).  Abnormalities detected in Landstuhl requiring clinical action included a Chiari 1 

malformation and an unsuspected intraparenchymal contusion. These two subjects were referred 

to their treating physicians at LRMC for clinical evaluation. Their imaging data were included in 

the analyses as the abnormalities were not located near any of the regions of interest.   
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Differences in absolute DTI parameter values (Fig. 4) may be due to subtle differences in 

hardware between nominally identical Siemens Avanto 1.5T scanners. 

Analysis of Imaging Data: DTI data were preprocessed and transformed into standardized 

Tailarach atlas space.6,7  Briefly, co-registration of each image set was performed using vector 

gradient measure (VGM) maximization.8 The first acquired, unsensitized (b = ~0 s/mm2; I0) DTI 

volume was registered to the T2 image; stretch and shear were enabled (9-parameter affine 

transform) to partially compensate for subject motion and eddy current distortion. T2 was then 

co-registered similarly to T1. Finally, atlas transformation was computed via the T1 weighted 

image, which itself was registered to an atlas representative target. The target atlas was produced 

by mutual coregistration of T1 images from a separate group of 12 normal young adults and 

conformed to the Talairach system.9  

Additional Statistical Methods: To estimate the number of DTI abnormalities expected to 

occur by chance in each subject, the binomial distribution was used with p=0.02275 and n=12 

regions of interest assumed to be statistically independent. This p-value corresponds to the 

fractional area under the normal distribution 2 or more standard deviations below the mean.  

Specifically, the expected probability of m abnormalities was calculated as follows:  

 

Where   (“n choose m”) is the number of possible ways a set of m items can be chosen from a 

group of n items: 
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The expected numbers of abnormalities are based on the assumption that the regions of interest 

are statistically independent. We found no evidence for correlation between the regions of 

interest, but acknowledge there could be changes in the expected number of abnormalities if 

there were undetected correlations.  

 We generated propensity scores10 for membership in the TBI vs. control groups using 

logistic regression. The following variables were initially entered into the full model: age, theater 

(Iraq vs. Afghanistan), race (white/caucasian vs. other), branch (army vs. other), rank (enlisted 

vs. officer), time to enrollment (days). The full model and several sub-models failed to converge 

because of sparse cell counts. Two sub-models did converge and were used to generate 

propensity scores. The first sub-model included age, theater, and time to enrollment. The second 

sub-model included age, theater, time to enrollment and branch. The propensity scores were then 

used as covariates in generalized linear models analyses, addressing the question of whether 

relative anisotropy on the initial scans (the primary DTI variable of interest) in TBI subjects 

differed from controls. In addition, we analyzed the relative anisotropy data from subgroups of 

subjects with closely matched propensity scores using the first sub-model. To create the matched 

subgroups, the nearest neighbor approach was used: For each control subject, the subject from 

the TBI cohort with the closest matched propensity score was selected. Two control subjects did 

not have close matches, so a subgroup of 19 controls and their 19 best matched TBI subjects was 

selected. These subgroups did not differ in propensity score, age, theater, or time to initial scan 

(Supplementary Table S3). 
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SUPPLEMENTAL RESULTS 

 We used relative anisotropy (RA) as the primary outcome measure for DTI analyses. For 

comparison with other studies using fractional anisotropy (FA), we have also calculated 

fractional anisotropy for each of the regions of interest (Supplementary Appendix, Table S5). 

This indicated that the choice of relative anisotropy (RA) vs. fractional anisotropy (FA) analysis 

did not affect any of the central results of the study, though for some regions of interest, the 

difference between groups was more statistically significant for RA (e.g. cingulum bundles, right 

orbitofrontal white matter)  

 We tested the possibility that some TBI patients would have elevated RA rather than 

reduced RA.11 12 Of the 63 TBI subjects enrolled, 4 subjects had one region of abnormally high 

RA on the initial MRI scan and one subject had 2 regions of abnormally high RA.  Abnormally 

high RA was defined as RA greater than two standard deviations above the mean RA in the 

control group for each region. These subjects were scanned 3 days, 3 days, 30 days, 43 days, and 

50 days after injury. The number of subjects with abnormally high RA is not more than would be 

expected by chance (20 subjects with one abnormally high RA region and 2 subjects with 2 

abnormally high RA regions.) Furthermore, there was no indication that increased RA was 

specifically associated with initial scans at early times after TBI.  

 Follow-up scans at Washington University were obtained 6-12 months after enrollment in 

47/63 TBI subjects and 18/21 controls (Fig. 2). Reasons for inability of 19 subjects (3 controls 

and 16 with TBI) to follow-up included inability or unwillingness to travel to St. Louis (10 

subjects), withdrawal of consent (4 subjects), inability to maintain telephone or email contact (2 
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subjects), severe psychiatric illness (1 subject), redeployment overseas (1 subject), and other 

severe illness (1 subject). 

 There was no detectible correlation between the time interval from injury to initial scan 

and the number of abnormalities detected (Supplementary Appendix, Fig. S9A). Likewise, the 

interval between injury and follow-up scan had a modest, non-significant correlation with the 

number of abnormalities detected (r= -0.27, p=0.07, Supplementary Appendix, Fig. S9B). 

   

SUPPLEMENTAL DISCUSSION 

There are several possible explanations for the pattern of white matter abnormalities seen 

in our cohort of subjects. Based on animal studies, computer simulations, PET scan data, and a 

case report with MRI data, we formulated the hypothesis that cerebellar and other posterior fossa 

tracts would be especially vulnerable to primary blast injuries. Based on this hypothesis, the 

distribution of abnormalities can best be accounted for as an admixture of traumatic axonal 

injury in brain regions vulnerable to primary blast and regions vulnerable to other mechanism of 

brain injury. However, we cannot rule out the possibility that primary blast injuries sensitized the 

posterior fossa white matter to the effects of additional injuries. Pure primary blast-related TBI 

seems to be quite rare, so it will be challenging to address this directly from clinical data. 

However, this ‘sensitization’ hypothesis could be tested experimentally in animal models. 

A limitation of this study is that primary blast injury was not studied in isolation. 

However, the consequent limitation of generalizability is likely to be minor. We have re-

reviewed the relevant literature on the topic of blast-related TBI. Warden et al described a patient 

with concussive symptoms and cerebellar abnormalities on MRI following exposure to several 
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explosions, but without any secondary, tertiary or additional mechanisms of injury.13 They 

stated, “This is the first case known to us of CNS intraparenchymal injury following primary 

blast concussion.” Murray et al. reported 41 head injuries due to IED/mortar attacks, but did not 

state whether these caused TBI, nor whether they were isolated primary blast vs. additional 

mechanisms.14  The two case reports by Okie did not indicate whether there was isolated blast 

injury vs. additional mechanisms.15 Warden, in her 2006 review16, stated that, “because of the 

nature of blasts in a war environment, most casualties have experienced some mechanical injury 

(secondary or tertiary blast) as well as any contribution from the primary blast wave.”  Xydakis 

et al. did not describe whether blast exposures causing loss of consciousness were associated 

with other mechanisms of injury.17 The RAND Report survey did not collect information on 

mechanism of injury.18  Hoge et al. did not report whether their blast-injured subjects had 

isolated primary blast injury vs. additional mechanisms.19 Likewise, Peskind et al. did not 

specify whether their blast injury exposed subjects had isolated primary blast injury vs. 

additional mechanisms.20 Similarly neither Levin et al nor Belanger et al. specified whether their 

blast-injured subjects had isolated primary blast injury vs. additional mechanisms.21,22 Belanger 

et al stated that “TBI that is exclusively due to blast may be unusual. The force of the blast may 

propel the individual or nearby objects, thereby increasing the likelihood of secondary injuries 

(that are due to blunt force trauma rather than the pressure wave).”  The recently released report 

by Luethcke et al. describes an attempt to assess injury mechanism by detailed clinical 

interview.23 They state, “In cases in which participants were exposed to primary and other 

mechanisms of blast injury, participants were categorized based on whether primary blast injury 

was the most proximal cause of injury. For example, if a blast overturned a service member’s 

vehicle, two potential head injury mechanisms could exist (i.e., blast and MVA). If no evidence 
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for a nonblast mechanism was reported or could be identified, the injury was coded as a blast 

injury. If, however, a nonblast mechanism was clearly related to the injury (e.g., the service 

member remained conscious up until the point of striking his head against the door frame), the 

mechanism of injury was coded as a nonblast injury.” They do not specifically report whether 

there were any cases of isolated primary blast injury in their cohort, vs. cases where the primary 

blast injury was the most proximal cause of injury but other injury mechanisms occurred as well. 

Thus, at present we are aware of only 1 well-documented case of isolated primary blast TBI in 

the literature.  

Our study found statistically significant DTI abnormalities, whereas a previous study of 

chronic mild blast-related TBI subjects did not.22 Our study involved earlier DTI scans, a larger 

and potentially more representative cohort of participants, and a different and potentially more 

sensitive analytical approach. The differences in the timing of the scans relative to the injury did 

not seem to be the main factor accounting for our results; initial and follow-up scans in our study 

had comparable overall sensitivity to abnormalities at the individual subject level (Fig. 4C). 

However, group differences in DTI parameters appeared to be greater at initial scans than at 

follow-up 6-12 months later (Fig. 4A-B). 

As a clinical diagnostic, our criterion for a definitively abnormal scan (2 or more DTI 

abnormalities in 12 brain regions) would have a sensitivity of 29% and an expected specificity of 

97%. While modest, this is a substantial improvement over CT and conventional MRI which had 

1.5% sensitivity in this cohort. This sensitivity estimate is based on the assumption that all of the 

subjects with a clinical diagnosis of TBI had structural injury to the brain. This assumption may 

not be correct: some may have structural injury, some may have injury-related physiological 

derangements20,24, and some may have had other responses to injury that could not be 
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distinguished clinically from TBI.25  Likewise, it is possible that some of the control subjects had 

unreported TBI related to blast or other events. This would also have reduced the sensitivity of 

our approach.  

The sensitivity of DTI could potentially be improved in several ways. Pre-deployment 

imaging in military personnel or others at high risk of sustaining blast-related TBI could be 

especially helpful. There was moderate variability between subjects’ DTI values in the control 

group. This may have obscured some abnormalities when a threshold at 2 standard deviations 

below the mean of the control group was applied. Differences between post-injury scans and pre-

injury scans in individual patients would be expected to be more sensitive than comparisons of 

single scans with a normal control group. Improved DTI signal-to-noise, more advanced 

analytical methods, and possibly the assessment of additional brain regions could improve the 

sensitivity as well.  

An alternative explanation for the specific pattern of DTI abnormalities observed on the 

initial scans is that demyelination primarily underlies the increase in radial and mean 

diffusivity.26,27  This would suggest that is that these changes on the follow-up scans were due to 

resolution of earlier demyelination plus markedly delayed axonal injury. This alternative is less 

biologically plausible. Furthermore, we cannot definitively distinguish between vasogenic and 

cytotoxic edema without direct histological validation.  Previous reports have considered a 

reduction in mean diffusivity an indication of cytotoxic edema12,28 while increases in ADC have 

been reported in experimental animal models of TBI to be attributed to vasogenic edema.29  We 

observed an increase in mean diffusivity in our study which is more likely due to vasogenic 

edema.  The exact interpretation of DTI signal abnormalities is still an area of active 
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investigation, and direct radiological-pathological correlations in the human brain will be 

required to definitively address this issue. 

 There has been debate in the literature about the relative merits of RA vs. FA. Both are 

valid measures of diffusion anisotropy, and both are likely to be sensitive to disruption of normal 

white matter integrity. They differ in the way that the variability between the 3 eigenvalues is 

quantified:  
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It is agreed that RA varies linearly with the eigenvalues and that FA does not30 thus providing 

more desirable characteristics when performing signal to noise (SNR) analysis.  Some have 

reported that FA has higher SNR31, others claim they are essentially equivalent32, while a more 

recent report suggests benefits of RA.33 Our own internal data demonstrate no SNR differences. 

We have published RA values for many years1,2,6,7 so our preference is to continue doing so, 

although ours may be a minority opinion.   

We have used the term ‘traumatic axonal injury’ to refer to damage to brain white matter 

tracts. We prefer the term ‘traumatic axonal injury’ over the term ‘diffuse axonal injury’ because 

it is clear that axonal injury is not diffusely distributed throughout the brain in our mild TBI 

patients nor in many more severely injured patients.34-41 In fact, ‘focal traumatic axonal injury’ or 
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‘multifocal traumatic axonal injury’ are more accurate descriptors, though the term ‘diffuse 

axonal injury’ is still used to describe patients with >3 regions of signal abnormality.42,43 
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ABSTRACT 
 
Blast-related traumatic brain injury (TBI) has been one of the “signature injuries” of the wars in 

Iraq and Afghanistan. However, neuroimaging studies in concussive ‘mild’ blast-related TBI 

have been challenging due to the absence of abnormalities in computed tomography or 

conventional magnetic resonance imaging (MRI) and the heterogeneity of the blast-related injury 

mechanisms. The goal of this study was to address these challenges utilizing single-subject, 

module-based graph theoretic analysis of resting-state functional MRI (fMRI) data. We acquired 

20 minutes of resting-state fMRI in 63 U.S. military personnel clinically diagnosed with 

concussive blast-related TBI and 21 U.S. military controls who had blast exposures but no 

diagnosis of TBI. All subjects underwent an initial scan within 90 days post-injury and 65 

subjects underwent a follow-up scan 6 to 12 months later. A second independent cohort of 40 

U.S. military personnel with concussive blast-related TBI patients served as a validation dataset. 

The second independent cohort underwent an initial scan within 30 days post-injury. 75% of 

scans were of good quality, with exclusions primarily due to excessive subject motion. Network 

analysis of the subset of these subjects in the first cohort with good quality scans revealed 

spatially localized reductions in participation coefficient, a measure of between-module 

connectivity in the TBI patients relative to the controls at the time of the initial scan. These 

reductions were less prominent on the follow-up scans. The 15 brain areas with the most 

prominent reductions in participation coefficient were next used as regions of interest (ROIs) for 

single-subject analyses. In the first TBI cohort, more subjects than would be expected by chance 

(27/47 versus 2/47 expected, p < 0.0001) had 3 or more brain regions with abnormally low 

between-module connectivity relative to the controls on the initial scans. On the follow-up scans, 

more subjects than expected by chance (5/37, p = 0.044) but fewer subjects than on the initial 
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scans had 3 or more brain regions with abnormally low between-module connectivity. Analysis 

of the second TBI cohort validation dataset with no free parameters provided a partial 

replication; again more subjects than expected by chance (8/31, p = 0.006) had 3 or more brain 

regions with abnormally low between-module connectivity on the initial scans, but the numbers 

were not significant (2/27, p = 0.276) on the follow-up scans. A single-subject, multivariate 

analysis on the identified ROIs, showed that both TBI cohorts had TBI patients with relatively 

‘abnormal’ between-module connectivity in a fairly consistent manner. Taken together, these 

results indicate that single-subject, module-based graph theoretic analysis of resting-state fMRI 

provides potentially useful information for concussive blast-related TBI if high quality scans can 

be obtained. The underlying biological mechanisms and consequences of disrupted between-

module connectivity are unknown, thus further studies are required. 

 
Key words: functional connectivity; traumatic brain injury; graph theory; modularity; functional 

magnetic resonance imaging (fMRI); blast injury
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INTRODUCTION 

 

Traumatic brain injury (TBI) has been called a “signature injury” in the wars of Iraq and 

Afghanistan (Okie, 2006). As of the first quarter of 2012, the total incidence of TBI in U.S. 

military personnel since 2000 is 244,217 with 76.8% of these incidents are concussive or ‘mild’ 

TBI (Defense Medical Surveillance System and Theater Medical Data 

Store, http://www.health.mil/Libraries/TBI-Numbers-Current-Reports/dod-tbi-worldwide-2000-

2012Q1-as-of-120516.pdf). Concussive or ‘mild’ TBI is characterized by loss of consciousness 

up to 30 minutes, altered consciousness and mental state up to 24 hours, post-traumatic amnesia 

up to 24 hours and the absence of abnormalities in computed tomography or conventional 

magnetic resonance imaging (MRI) (Casscells, 2007). However, utilizing advanced 

neuroimaging techniques such as functional magnetic resonance imaging (fMRI), diffusion 

tensor imaging (DTI), magnetoencephalography and electroencephalography, reports have 

described abnormalities in concussive TBI subjects (e.g., fMRI: Scheibel et al. (2012), 

Slobounov et al. (2011), Tang et al. (2011); DTI: Levin et al. (2010), Mac Donald et al. (2011), 

Niogi et al. (2008, 2010), Shenton et al. (2012); fMRI and DTI: Mayer et al. (2011); 

magnetoencephalography:  Castellanos et al. (2010, 2011); electroencephalography and DTI: 

Sponheim et al. (2011)). 

 

Most of these previous functional neuroimaging studies in TBI have focused on group 

comparisons and have adopted hypothesis-driven approaches with predefined regions of interest, 

seed, or networks of interests.  However, high individual variability of functional topology (van 

Essen and Dierker, 2007) is major source of variability in group analysis in healthy normal 
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subjects. In TBI populations, the heterogeneity of injury types and locations (Doppenberg and 

Bullock, 1997; Saatman et al., 2008) further increases between-subject variability. In blast-

related TBI (bTBI), the heterogeneity is further increased by the variety of blast-related injury 

mechanisms. Blast-related injuries may occur by (1) blast overpressure inducing mechanical 

damage to the brain, (2) having the head struck by debris or other objects set in motion by the 

blast (3) being thrown to the ground or against another stationary object or (4) inhaling toxic 

fumes, smoke or dust (Finkel, 2006; Warden, 2006). Different combinations of these injury types 

and other variables such as direction, distance and open field versus enclosed space associated 

with the blast exposures may make group analysis insufficient for the assessment of bTBI. The 

aforementioned heterogeneity of concussive bTBI also increases the chance for hypothesis-

driven approaches with predefined regions or networks of interest to miss regions or networks 

with alterations of functional connectivity in concussive bTBI patients. Thus, single-subject 

based, data-driven approaches would be more meaningful in these heterogeneous concussive 

bTBI populations. 

 

Recently, graph theory has become increasingly popular in neuroimaging research (see Rubinov 

and Sporns (2010) and Bullmore and Sporns (2009) for review), offering new insights into the 

understanding of the brain as a complex network. Several studies (Achard et al., 2006; He et al., 

2007; Salvador et al., 2005; van den Heuvel et al., 2008) have found that the brain network has 

economical ‘small world’ properties having high levels of clustering and short path length for 

efficient global and local communications (Latora and Marchiori, 2001; Watts and Strogatz, 

1998). Early studies of graph theoretic analysis in clinical populations have demonstrated 

disrupted ‘small world’ properties in patients with dementia of the Alzheimer’s type (Stam et al., 
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2006), schizophrenia (Micheloyannis et al., 2006) and epilepsy (Ponten et al., 2007). Taking 

advantage of the ‘small world’ properties of the brain network, subsequent studies (Chen et al., 

2008; Hagmann et al., 2008; He et al., 2009; Power et al., 2011; Valencia et al., 2009; Yeo et al., 

2011) have identified modular or community structure of the normal, healthy human brain. With 

regard to clinical populations, Valencia et al. (2009) raised the possibility that characterizing the 

modular structure of the brain may be important to understand the brain organization during 

different pathological or cognitive states. Indeed, graph theoretic analysis of 

magnetoencephalography data has revealed disrupted modular structure in patients with 

dementia of the Alzheimer’s type (de Haan et al., 2012). 

 

Another advantage of graph theoretic analyses over simple network approaches is that they do 

not require assumptions regarding hypothesized (thus predefined) seed regions or networks of 

interest. Thus, in this regard, graph theoretic analyses are useful in heterogeneous populations. 

With this advantage in heterogeneous populations over simple network approaches, recent 

studies (Caeyenberghs et al., 2012; Castellanos et al., 2011; Nakamura et al., 2009) have utilized 

graph theoretic analyses to provide more comprehensive understanding of abnormal functional 

connectivity in TBI patients. In particular, Nakamura et al. (2009) demonstrated disrupted ‘small 

worldness’, defined as the level of clustering relative to path length, of functional networks in 

patients with moderate to severe TBI. To our knowledge, there are no previous studies that have 

investigated modular structure in resting-state functional connectivity MRI in patients with bTBI 

or any other concussive ‘mild’ TBI populations. 
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In this study, we posited that module-based connectivity in patients with concussive bTBI may 

be disrupted. In our previous report (Mac Donald et al., 2011), we demonstrated DTI 

‘abnormalities’ in white matter integrity of active duty U.S. military personnel with concussive 

bTBI relative to controls who had blast exposure but no diagnosis of TBI. At the time of the DTI 

and structural MRI collections in each of these subjects, resting-state blood oxygenation level 

dependent (BOLD) fMRI scans were also acquired. Here, we assessed modular organization of 

these active duty U.S. military personnel with concussive bTBI, utilizing whole brain, module-

based graph theoretic analysis of these resting-state BOLD fMRI scans. Because of the 

heterogeneity of the concussive bTBI patients, we investigated module-based resting-state 

network properties at both the group and single-subject levels. 
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MATERIALS AND METHODS 

 

2.1 Subjects 

Three groups (controls and two TBI cohorts) of active duty U.S. military personnel deployed to   

the wars in Iraq and Afghanistan participated in this study. All of them had been exposed to 

blasts in a combat environment. The two TBI cohorts had sustained clinically diagnosed bTBI. 

The 21 controls (20 males; 19-49 years old with median = 29; 11-17.5 years of education with 

median = 12.5) had other injuries but screened negative for TBI (Dempsey et al., 2009). The first 

TBI cohort (TBI I cohort) consisted of a subset of the subjects about which we have reported 

previously (Mac Donald et al., 2011). Screening, enrollment, and initial scans were performed at 

the Landstuhl Regional Medical Center (LRMC), a U.S. Military hospital in Landstuhl, Germany. 

63 TBI patients (all males; 19-57 years old with median = 25; 8-17 years of education with 

median = 12) were diagnosed with mild, uncomplicated traumatic brain injury based on the 

criteria from the Department of Defense (Casscells, 2007), marked by less than 30 minutes of 

loss of consciousness and the absence of abnormalities in conventional MRI and CT. Post blast 

exposure time on the initial scans at LRMC were within 90 days (median = 14). After 6-12 

months from their initial scans, 65 out of these subjects traveled to Washington University in St. 

Louis for follow-up scans. More details and demographics of this cohort are in Mac Donald et al. 

(2011). 

The same screening criteria as on the TBI I cohort and controls allowed the second TBI 

cohort (TBI II cohort) to comprise 40 additional concussive bTBI patients (37 males; 19-44 years 

old with median = 23; 9-16 years of education with median = 12). The TBI II cohort underwent 

the initial scans within 30 days (median = 7) after the blast exposure. After 6-12 months from 
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their initial scans, 32 out of these subjects underwent follow-up scans at Washington University 

in St. Louis. The first cohort underwent initial scans in 2008-2009 whereas the second cohort 

was scanned in 2010-2011. 

 

All subjects participated in this study after obtaining written informed consent and this study was 

approved by the Human Research Protection Office at Washington University, the Institutional 

Review Board for LRMC at Brooke Army Medical Center, and the Clinical Investigation 

Regulatory and Human Research Protection Offices of the U.S. Army Medical Research and 

Materiel Command. This study was also registered at clinicaltrials.gov (NCT00785304). 

 

2.2 MRI data acquisition 

Both initial scans at LRMC and follow-up scans in St. Louis were acquired using Siemens 

Magnetom Avanto 1.5 Tesla MRI scanners (Siemens, Germany) with identical imaging 

protocols. In each imaging session, three 412.5-second runs (total 1237.5 seconds) of resting-

state BOLD fMRI were acquired using a 12-channel phase-arrayed head coil supplied by the 

manufacturer with T2
*-weighted blipped EPI sequence (TR/TE = 2500/50 msec; flip angle (FA) 

= 90°; field of view (FOV) = 25.6 × 25.6 cm; matrix = 64 × 64) to obtain 165 images of each of 

30 axial slices (4.0 mm thick) of the whole cerebrum. During resting-state fMRI acquisition, the 

subjects were asked to remain still during the scan, but no specific requests were made regarding 

eyes open versus eyes closed and no specific attempts were made to keep subjects awake. In the 

setting of acute injury, this was not feasible as some subjects had orbital injuries and extracranial 

injuries and analgesic medications after enrollment. See the discussion for the relevant 

limitations of the study findings due to these constraints. 
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For surface reconstruction and alignment to resting-state BOLD fMRI of each subject, the same 

head coil was used with one high resolution T1-weighted sagittal magnetization prepared rapid 

acquisition gradient echo (MPRAGE) image of the whole brain (TR/TE = 2000/2.92 msec; FA = 

8°; FOV = 25.6 × 25.6 cm; matrix = 256 × 256; 176 slices, 1.0 mm thick). 

 

2.3 MRI preprocessing 

Briefly, our analyses consisted of cortical surface reconstruction of structural MRI, 

preprocessing of resting-state BOLD fMRI, projection of BOLD fMRI onto the reconstructed 

cortical surface, network construction and finally graph theoretic analysis (see Fig. 1). We used 

Freesurfer (Dale et al., 1999; Fischl et al., 1999a, 2002) for cortical surface reconstruction of 

structural MRI, AFNI (Cox, 1996) for fMRI preprocessing and SUMA (Saad et al., 2004) for 

surface mapping and surface-based analysis of fMRI time series. fMRI data were preprocessed in 

the three dimensional subject-native space of each participant.   

 

[Fig. 1 goes here] 

 

2.3.1 Surface reconstruction of structural imaging 

Cortical surface reconstruction (Fig. 1 (a) to (b)) was performed with the Freesurfer image 

analysis suite (version 5.1.0), online documented and freely available for download 

(http://surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are described in 

previous publications (Dale et al., 1999; Dale and Sereno, 1993; Fischl et al., 1999a, 1999b, 2001, 

2002, 2004a, 2004b; Jovicich et al., 2006; Segonne et al., 2004). Cortical surface reconstruction 
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results for each image of the subjects were visually inspected to ensure the accuracy of skull 

stripping, Talairach transformation, gray/white matter boundary (white surface), gray 

matter/cerebrospinal fluid boundary (pial surface) and cerebral cortex label. When necessary, 

manual intervention was performed in order for Freesurfer to correctly reconstruct the cortical 

surface. The surface reconstruction was performed unblinded to group membership. See the 

discussion for the limitation of this study related to manual intervention and unblindness to group 

membership. 

 

2.3.2 fMRI preprocessing 

Volumetric BOLD fMRI data were preprocessed (Fig. 1(c) to (d)) with standard methods using a 

modified version of a shell script generated by afni_proc.py 

(http://afni.nimh.nih.gov/pub/dist/doc/program_help/afni_proc.py.html) from AFNI (Cox, 1996). 

Each subject’s whole-brain structural images were first skull-stripped and coregistered (affine 

transform with 12 parameters) to the fifth time point of the first fMRI run. For each fMRI run, 

the initial four time points were discarded to allow T1 magnetization saturation. Standard 

preprocessing methods were then used, including despiking, slice timing correction, motion 

correction, normalization to whole brain mode of 1000, linear regression and band-pass filtering 

(0.009 < f < 0.08 Hz). At the motion correction stage, the 6 rigid body motion profiles were 

obtained for the linear regression. After the motion correction, subject masks indicating voxels 

that have fMRI signal were obtained for each of the subjects. In the linear regression, several 

sources of signal fluctuation unlikely to be of neuronal origin were regressed out as the nuisance 

variables: (1) six parameters for the rigid body head motion acquired from the motion correction 

(Johnstone et al., 2006), (2) the signal averaged over the lateral ventricles, (3) the signal 
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averaged over a region centered in the deep cerebral white matter, (4) the signal averaged over 

the whole brain (Fox et al., 2005; see the control analyses and their results for the effects of 

global signal regression on graph theoretic analysis) and (5) the first temporal derivatives of 

aforementioned parameters. After the band-pass filtering, motion ‘scrubbing’ (Power et al., 

2012) was performed with frame-to-frame head movement rate of 0.12 mm/s and standardized 

DVARS (http://www2.warwick.ac.uk/fac/sci/statistics/staff/academic-

research/nichols/scripts/fsl/DVARS.sh) of 1.49 to prevent potential motion artifacts (Power et al., 

2012; Satterthwaite et al., 2012; van Dijk et al., 2012). To prevent the introduction of artificial 

correlations in the fMRI signal between voxels (1) adjacent to each other in space distant in 

terms of cortical surface topology (e.g., voxels on opposite sides of the midline) or (2) that were 

located near the boundary of functional subdivisions unrelated to each other in functional 

connectivity (e.g., primary motor versus primary somatosensory cortex), spatial smoothing was 

not applied at this preprocessing step (van den Heuvel et al., 2008). 

 

2.3.3 Inter-subject alignment and surface mapping of volumetric fMRI 

The total number of mesh nodes in the reconstructed cortical surface by Freesurfer varies across 

subjects. To allow for cross-subject analysis while preserving geometry of sulcal and gyral 

patterns in the original surface of each individual and minimizing unnecessary interpolation 

artifacts (Argall et al., 2006), we used SUMA (Saad et al., 2004) to standardize surface meshes 

(i.e., coordinates) of each individual (i.e., the total number of mesh nodes is same across subjects 

and each mesh node corresponds to same anatomical location in each surface of the subjects). 

When calculating new coordinates, SUMA allowed us to set the total number of mesh nodes in 

the standard mesh surface of each subject (Fig. 1(e)) to be 11,524 so that the average distance 
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between two nodes (3.7 mm) is close to the spatial resolution of original volumetric fMRI data (4 

mm isotropic) while maintaining topology shown in the original high resolution (1 mm isotropic) 

structural MRI. 

 

Volumetric functional time series were then projected onto these standard mesh surfaces of each 

subject by interpolating the time series located along the line between two matching nodes of the 

white and pial surfaces. For each mesh node, five equally-spaced coordinates were sampled 

between corresponding white and pial surfaces. At each time point, functional data were 

projected by averaging across the unique 3D voxels belonging to these coordinates. 

Consequently, surface-based functional time series (Fig. 1(f)) contained signal only from voxels 

within the cortical gray matter. In the same way, the voxel-based subject masks were converted 

to surface-based subject masks. For more technical details of the surface mapping procedure, 

readers are referred to Saad et al. (2004). Due to susceptibility artifacts (Ojemann et al., 1997) 

and inclusion of only cortical areas of surface (i.e., exclusion of the surface areas of the 

amygdala, putamen, hippocampus, caudate, ventricles and corpus callosum), not all nodes had 

fMRI signal, and surface-based subject masks indicating existence of fMRI signal on mesh nodes 

were different across the subjects. Thus, to make a comparison across subjects, further analyses 

on network measures considered only the mesh nodes (8,977 nodes) having fMRI signal across 

all subjects. This was performed by obtaining a subject-intersection mask and subsequently 

applying the intersection mask to surface-based functional time series of each of the subjects. 

 

2.3.4 Quality assurance 
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We restricted our analysis to the subjects whose data quality was reliable within tolerable range. 

In the cortical surface reconstruction step, the quality of T1 images was visually inspected to 

determine if surface reconstruction was feasible. In fMRI preprocessing, the quality of 

preprocessed data was visually inspected at each step. After visual inspection, a subset of 

subjects’ data were excluded for following reasons: (1) a superior part of the functional images 

did not fall within the prescribed FOV due to substantial run-to-run change of head position, (2) 

intensity variation artifacts of low spatial frequency presumably due to constant oscillating head 

movement in a certain direction, (3) substantial susceptibility artifacts (Ojemann et al., 1997) in 

inferior frontal and inferior temporal regions, (4) motion correction failure due to large amount 

of abrupt motion and (5) lack of fMRI frames due to subject’s refusal to stay in the scanner. 

After motion ‘scrubbing’, additional subjects’ data were excluded if total length of remaining 

volumes after the ‘scrubbing’ was less than 4 minutes, the length minimum length required to 

reliably estimate functional connectivity (van Dijk et al., 2010). See Table I for the details of the 

number of datasets excluded by this quality assurance procedure. 

 

Visual inspection on each module of the subjects identified by the Louvain algorithm allowed us 

to verify that, in 1 control, 4 TBI I and 2 TBI II subjects on the initial scans and 1 control and 1 

TBI II subjects on the follow-up scans, a substantial portions of nodes were trivial modules or 

module assignments were severely scattered yielding failure to identify major modules shown in 

group module assignment maps (Fig. 2). Thus, we conservatively excluded datasets with 

fragmented modules in subsequent analyses as we were not sure whether these module 

assignments were results of subjects’ condition or merely failures of the module identification 

algorithm (Table I). 



 15 

 

After quality assurance exclusion, we analyzed functional images of 12/21 control subjects on 

the initial scans, 12/18 controls subjects on the follow-up scans, 47/63 TBI I subjects on the 

initial scans, 37/47 TBI I subjects on the follow-up scans, 31/40 TBI II subjects on the initial 

scans and 27/32 TBI II subjects on the follow-up scans for the subsequent network analyses. 

Thus, 75% of all subjects’ data acquired as described above were of sufficient quality for further 

analyses. 

 

2.4 Network analysis 

 

2.4.1 Network construction 

Weighted and undirected networks were constructed (Fig. 1(g)–(i)) for module-based graph 

theoretic analysis. For the network analysis, a node, a basic element of graph theoretic analysis, 

was defined as a mesh node in the cortical surface. An edge of the graph was defined from 

correlation matrix (Fig. 1(g)) whose components are Pearson correlation coefficients of time 

series at each pair of the mesh nodes in the brain. In other words, the weights of the edges were 

the correlation coefficients. Correlation coefficients between time series at short-distance nodes 

(20 mm in Euclidean distance), presumably associated with non-biological origins such as 

increased correlation by preprocessing and subject motion, were excluded in selecting edges of 

the graph (Power et al., 2011). The remaining correlation coefficients were thresholded at 3% tie 

density, i.e., density of the retained strongest correlations, to define edges of the graph (a colored 

dot and a yellow line in Fig. 1(h) and (i), respectively). Here, only positive correlation 

coefficients were considered for the network connections, as there is ongoing debate about the 



 16 

meaning of negative correlations assessed after global signal regression (Anderson et al., 2011; 

Chai et al., 2012; Chang and Glover, 2009; Fox et al., 2009; Murphy et al., 2009; Saad et al., 

2012). 

 

2.4.2 Module identification and module-based network properties 

With the constructed binary and undirected brain networks, module-based graph theoretic 

analysis was performed using brain connectivity toolbox in MATLAB (Rubinov and Sporns, 

2010) freely available online (http://www.brain-connectivity-toolbox.net) after applying the 

previously described subject-intersection mask for the nodes having functional times series 

across all subjects. First, the modules were identified (Fig. 1(j)). After module identification, 

global and node-specific module-based network properties were obtained. 

 

Identification of modules is a complex and computationally demanding problem. For the module 

identification, modularity of a weighted and undirected network, w
MQ , was defined: 

∑ −
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where M is the number of modules, ls is the sum of the weights of all within-module connections 

in module s, L is the total sum of all weights in the network ds is the sum of the strength at each 

node in the module s and strength of a node is sum of the weights of all edges associated with the 

given node (Newman, 2004; Guimera and Amaral, 2005). In theory, w
MQ  is bounded between 0 

and 1 (Newman, 2004; Guimera and Amaral, 2005). w
MQ  = 0 when nodes are randomly 

partitioned or all nodes belong to the same module. Thus, higher modularity means deviations 

from random networks with no community structure. In practice, modularity of typical networks 
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with strong modular structure ranges from 0.3 to 0.7, and higher values are rare (Newman and 

Girvan, 2004). Assuming the brain network has modular structure (i.e., many within-module 

connections whereas few between-module connections), a module identification algorithm 

optimizes the total number of modules and the associated module membership of nodes for 

maximum modularity. For the implementation of our analysis, we used the Louvain algorithm 

(Blondel et al., 2008), a fast and relatively accurate algorithm, suitable for large networks. Due to 

“heuristic” nature of this algorithm (i.e., a ‘good enough’ approximation of the exact solution is 

implemented, resulting in faster execution time), the module identification algorithm was 

executed ten times. Then, we selected single module identification result from among the 10 

executions that yielded the highest modularity to report modularity and assess subsequent 

module-based network measures. Overall, the variation of modularity over the executions was 

negligible, as in Blondel et al. (2008). For comparison, we additionally indentified modules 

using the Infomap algorithm (Rosvall and Bergstrom, 2008), another module identification 

algorithm (See Supplemental Figs S2, S3). 

 

Given the identified modules, weighted within-module degree z-score (Fig. 1(k); Guimera and 

Amaral, 2005) and weighted participation coefficient (Fig. 1(l); Guimera and Amaral, 2005) 

were measured at each node of the individual brain network. In calculating within-module degree 

z-scores and participation coefficients, we excluded trivial and severely fragmented modules 

whose size is less than 1% of the total number of nodes. 

Briefly, weighted within-module degree z-score of node i, w
iz , measures normalized 

strength of connections from a node within the corresponding module s. zi can be written as: 
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where si is the module containing node i, )( i
w
i sk , within-module strength, is the total sum of 

weights of edges connecting node i and all other nodes within si, )( i
w sk and 

)( isk wσ are the 

respective mean and standard deviation of the )( i
w
j sk  for all nodes isj∈ . So, high weighted 

within-module degree z-score of a node means the node has a larger than expected strength 

within its own module. 

Weighted participation coefficient of node i, w
iPC , is defined as: 
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where )(sk w
i  is the total sum of weights of edges connecting node i and all other nodes in 

module s and w
ik ,strength of node i, is the total sum of weights of edges connecting between 

node i and all other nodes in the entire network. Weighted participation coefficient shows how 

well a node communicates with other modules. Weighted participation coefficient is close to 1 if 

the distribution of connections at a node across modules is uniform. Weighted participation 

coefficient becomes 0 if there is no inter-module connection. A high value of weighted 

participation coefficient means nodes’ inter-module connections are ‘well-distributed’ over 

multiple modules, thus are likely to span more modules. 

 

Each node-specific measure was then spatially smoothed (10 mm full-width-at-half-maximum 

(FWHM)) on the cortical surface of each individual. To identify ‘abnormal’ regions in the TBI 

patients, we counted the number of patients whose network measures were outside two standard 

deviations from the mean of the controls. 
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2.5 Region of interest analysis 

In the region of interest (ROI) analysis, the TBI I cohort served as an exploratory dataset to 

identify functional ROIs exhibiting noticeable difference in node-specific network measures 

between the controls and TBI patients from the TBI I cohort. The TBI II cohort served as a 

validation dataset with no free parameters with regard to ROI selection. Surface-based ROIs 

were selected on the standard mesh template in reference to Destrieux surface atlas (Destrieux et 

al., 2010) using SUMA (Saad et al., 2004) to define the center of each ROI. Similar to the 

method described in Hagler et al. (2006), we slid a threshold level between puncorr = 0.05 and 

0.01 from the group comparison map for participation coefficients to identify functional ROIs. 

We first identified ROI candidates with cluster area (white matter surface) greater than 150 mm2 

at puncorr = 0.05. Then we subdivided large clusters in reference to the Destrieux atlas (Destrieux 

et al., 2010) and slid the threshold level up to puncorr = 0.01. With peaks that survived at puncorr = 

0.01, we selected ROIs comprising nodes within 15 mm geodesic distance (along the white 

matter surface) from the peaks and whose puncorr < 0.05. If nodes within 15 mm geodesic 

distance from the peaks of these preliminary ROIs were part of 2 neighboring ROIs such that 

there was overlap, the boundaries of these ROIs were determined by sliding the threshold down 

from puncorr = 0.01 towards 0.05 allowing the clusters to grow until the ROIs reached the edge of 

the neighboring clusters. With these identified ROIs from the first dataset (i.e., the controls 

versus TBI I cohort), we performed ROI analysis on the second dataset (i.e., the controls versus 

TBI II cohort). For each ROI, we defined that a TBI patient had an ‘abnormal’ network measure 

relative to the controls in the ROI if the average network measure of the patient in the ROI was 

outside the mean plus or minus two-standard deviation band of the controls group. This 
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procedure to identify TBI patients with ‘abnormal’ network measure in ROIs was carried out 

after the normality test of the controls’ ROI-specific network measures. 

 

2.6 Multivariate Region of interest analysis 

A multivariate approach was then used to decide which TBI patients had ‘abnormal’ measures 

relative to the controls over all ROIs by aggregating average node-specific measures within each 

of the ROIs. After confirming that controls’ network measure at each ROI passed the normality 

test, multivariate Gaussian distribution of the network measures for the controls was estimated. 

Since the sample size of the controls after the module identification was small compared to the 

number of ROIs, estimating covariance structure was challenging. In order to circumvent this 

‘curse of dimensionality’ issue (Duda et al., 2001), the vector dimension was reduced using 

probabilistic principal component analysis (PPCA; Minka, 2000). PPCA automatically estimates 

the number of reduced components preserving the variability of the original high dimensional 

vector while eliminating spurious and noisy components. Based on reduced components of ROI-

based network measures via PPCA, we defined relatively ‘abnormal’ TBI patients whose 

components were located within the lower and upper tails (less than the 2.5th percentile and 

greater than the 97.5th percentile) of the estimated multivariate normal distribution from the 

controls. 

 

2.7 Statistical analyses 

All statistical analyses were assessed in MATLAB. First, we performed the Shapiro-Wilk test at 

α = 0.05 to assess the normality of distributions of each group’s demographics (age, years of 

education and post-injury time at the initial scan) and each network measure. The 
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aforementioned demographics did not pass the Shapiro-Wilk normality test. Thus, the Mann-

Whitney U test was used to compare the demographics between each pair of groups: (1) the 

controls versus TBI I cohort, (2) control versus TBI II cohort and (3) TBI I cohort versus TBI II 

cohort. Chi-square tests were used to compare the gender distributions between each pair of 

groups. 

 

All network measures for the control group passed the Shapiro-Wilk normality test, but some 

measures for the TBI groups did not. Thus, for group comparison of the network measures, two 

sided hypothesis tests were taken using permutation tests (10,000 permutations; Nichols and 

Holmes, 2001) on group means of each measure by permuting group membership. For global 

and region-specific network properties, permutation tests were performed on the t-statistics. 

 

We performed the one-sided z-test (TBI > control) to compare the distributions of the number of 

TBI patients with more than two relatively ‘abnormal’ regions versus those expected, 

respectively. To calculate the expected number of TBI patients with relatively ‘abnormal’ 

regions, the binomial distribution was used with the probability that a region is relatively 

‘abnormal.’ This probability was calculated from both upper and lower tails (i.e., two-standard 

deviations ± mean) of the normal distribution. 

 

2.8 Control analyses 

To assess effects of motions on module-based graph theoretic measures obtained from our 

cohorts, each subject’s average frame-to-frame head movement after censoring was calculated 

and compared between cohorts. We also assessed the effect of thresholds on our findings by 
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applying two different threshold levels at 2% and 1.5% tie densities to the correlation matrices 

and subsequently performing group and ROI analyses of participation coefficients. To assess the 

effect of global signal regression on our results, we additionally preprocessed our data without 

global signal regression and constructed a correlation and connectivity matrix. ROI analyses 

after group comparisons were then performed for participation coefficients. Lastly, we selected a 

different version of ROIs comprising nodes within 20 mm geodesic distance from the peaks, and 

we repeated the ROI analyses to verify effects of different size of ROIs on our results.
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RESULTS 

 

3.1 Demographics comparisons between the groups 

There were no statistically significant differences in age, education, gender, or post-injury time 

between the subjects whose scans were included in graph theoretical analyses and their 

respective whole cohorts (Table II). The whole cohorts did not show statistically significant 

differences in age, education and post-injury time comparing the control vs. TBI I, control vs. 

TBI II, and TBI I vs. TBI II cohorts. There were differences in gender that were significant only 

between the two TBI cohorts (p = 0.03; chi-square test) as only the TBI II cohort had females 

(Table II). For the subjects whose scans (initial or follow-up scans) were included in graph 

theoretical analyses, there were no statistically significant differences in the demographics 

between each cohort except gender between the two TBI cohorts (p = 0.04; chi-square test). 

 

3.2. Seed-based approach results for the default mode network  

To ensure that the preprocessed resting-state BOLD fMRI had acceptable data quality for the 

further network analyses, we obtained the seed-based correlation maps from the left posterior 

cingulate cortex (-7, -55, 27) per each subject dataset that passed the quality assurance procedure 

prior to checking module assignment results. Group statistic maps (Fig. S1) for the seed-based 

correlation maps of each control and TBI I group on both scans showed the default mode 

network (See Fig. S1 legend for the detailed methods for the seed-based approach we used). 

 

3.3. Module identification results 
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Color maps for identified modules from group averaged correlation matrix (Fig. 2) allowed us to 

compare major modules (comprising more than 1% of the total number of nodes) between 

groups at each tie density. In the control group, there were typically 4 major modules identified 

(except at 1.5% tie density on the follow-up scans, where there were 5). The identified 4 major 

modules in the control group corresponded to the default mode (Greicius et al., 2002; Raichle et 

al., 2001), executive control (Seeley et al., 2007; Vincent et al., 2008), visual (Lowe et al., 1998) 

and somatosensory-motor (Biswal et al., 1995) networks.  In contrast, the TBI I cohort generally 

had more than 4 modules (except at 3% tie density on the follow-up scans). These module 

identification results were consistent with modular organization maps from young healthy 

subjects reported elsewhere (Liang et al., 2013) using the same module identification algorithm. 

At 3% tie density, subdivided modules (light green and yellow modules) in the TBI I cohort on 

the initial scans reorganized (merged to other modules) on the follow-up scans and their module 

assignments became similar to modular structures of the control groups. At 2% and 1.5% tie 

densities, modules of the TBI I cohort on the initial scans were fragmented in lateral prefrontal 

cortex and anterior cingulate cortex (white circles) and less fragmented on the follow-up scans.  

An alternative module identification algorithm (Infomap) also demonstrated fragmented 

modules and increased total number of modules in the TBI I cohort on the initial scans (Fig. S2). 

Note that we did not further compare Louvain algorithm results with those obtained by the 

Infomap algorithm as the Infomap algorithm did not reliably identify modules in some of our 

cohorts at the single-subject level (e.g., see Fig. S3). 

 

3.4 Global network properties 
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Group differences in modularity (Fig. 3a) and averaged participation coefficient (Fig. 3b), a 

measure of between-module connectivity, were statistically significant at α = 0.05 on the initial 

scans, but not on the follow-up scans. The TBI I cohort had higher modularity and lower 

participation coefficient on the initial scans than the controls. All these global measures in both 

groups passed the Shapiro-Wilk normality test. Modularity of the controls ranged from 0.3 to 

0.55 (Fig. 3b). This range is slightly low, especially on the initial scans, but the range is 

comparable to the modularity range (0.4 to 0.6) previously described in healthy normal subjects 

(Meunier et al., 2009a, 2009b; Valencia et al., 2009). At the single subject level, 14 TBI patients 

on the initial scans had ‘abnormally’ high modularity and 2 had ‘abnormally’ low modularity 

(Fig. 3a). 7 TBI patients on the initial scans had ‘abnormally’ low participation coefficient (Fig. 

3b). Note that by chance only 2 subjects out of 47 (4.8%) would be expected to be outside of the 

2-standard deviation range; 1 above and 1 below. 

 

When the global network properties were compared across the initial and follow-up scans at each 

group, the global network properties were apparently changed in the controls whereas they 

appeared to remain stable on average in the TBI I cohort. Therefore, we performed additional, 

direct comparisons between the initial and follow-up scans with subjects who underwent both 

scans at the single-subject level (See Fig. S4 and supplemental results for further details). Single 

subject analyses demonstrated a wide variety of changes (both increases and decreases) in 

modularity and participation coefficient over time in both controls and the TBI I cohort. 

 

3.5 Node-specific network properties 
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Node-specific analysis allowed us to identify localized patterns of module-based network 

measures that differed between TBI and control subjects (Figs. 4, 5). Overall, the spatial pattern 

of group comparisons (Fig. 4) and the number of TBI patients with ‘abnormal’ network measures 

relative to the controls (Fig. 5) were clear on the initial scans but less prominent on the follow-up 

scans. On the initial scans, the TBI I cohort had small areas of increased and decreased within-

module connectivity relative to the controls (Fig. 4a). On the contrary, the TBI subjects had 

extensive and more markedly decreased participation coefficient (Fig. 4b) compared with the 

controls. Maps for count of the TBI patients with ‘abnormal’ node-specific measures relative to 

the controls were similar to the corresponding group comparison maps (Fig. 5). 

 

3.5.1 Group comparisons 

The spatial pattern of group differences in within-module connectivity changed over time. At the 

time of the initial scan, within-module connectivity in the TBI I cohort was slightly elevated, on 

average, compared with the controls in the right precentral gyrus, right medial superior frontal 

gyrus, and right dorsomedial superior frontal gyrus (R G_precentral, R G_front_sup-medial and 

R G_front_sup-dorsomedial in Fig. 4a left panel). Subtle decreases in within-module 

connectivity of the TBI patients compared with the controls were also observed in the right 

supramarginal gyrus and right opercular part of the inferior frontal gyrus (R G_pariet_inf-

Supramar and R G_front_inf-Opercular in Fig. 4a left panel). Though there were trends in group 

differences on the initial scans, none of the group differences were statistically significant at 

qFDR < 0.05 (FDR: false discovery rate (Genovese et al., 2002)). At the time of the follow-up 

scan, such disturbances in within-module connectivity resolved (Figure 4a, right panel). 
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In contrast to the scattered subtle increases and decreases in the within-module connectivity, the 

group comparison maps for participation coefficient (Fig. 4b left panel) exhibited more 

widespread decreases in the TBI I cohort compared with the controls. At the time of the initial 

scan, such patterns were localized over the central sulcus, left anterior transverse temporal gyrus, 

right long insular gyrus and central sulcus of the insula, superior frontal gyrus and sulcus, 

anterior part of the cingulate gyrus and sulcus, right superior part of the precentral sulcus, right 

superior temporal sulcus, right orbital gyri, posterior-ventral part of the cingulate gyrus near the 

calcarine sulcus, lingual gyrus, right parieto-occipital sulcus and left cuneus. These differences 

on the initial scans were significant based on uncorrected p-values. However, such group 

differences on the initial scans did not survive after correction for multiple comparisons at qFDR 

< 0.05. At the time of the second scan, the widespread decrease in participation coefficient 

mostly resolved. (Fig 4b, right panel) 

 

3.5.2 Counts of the numbers of TBI patients with relatively ‘abnormal’ node-specific network 

measures 

Color maps for the number of TBI patients with ‘abnormal’ network measures relative to the 

controls in each of the nodes (Fig. 5) allowed us to identify regions where functional 

connectivity appeared most vulnerable to bTBI. Here, ‘abnormal’ was defined if a network 

measure of a patient was outside two standard deviations from the mean of the controls. Though 

abnormalities revealed on group comparison maps did not survive at qFDR < 0.05, the 

‘abnormality’ maps demonstrated that substantial portions of the TBI patients (up to 25%) had 

‘abnormally’ low participation coefficient relative to the controls (Fig. 5c). None had 

‘abnormally’ high participation coefficient. These findings are notable in that by chance 2.4% of 
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the TBI I cohort would be expected to be lower than the mean of the controls minus the 2-

standard deviations. 

 

3.6 ROI analysis results 

Since participation coefficient was the most prominent among the module-based network 

measures in the group-wide node-specific analysis, we focused on participation coefficient in 

further analyses. From the group comparison map in participation coefficient (Fig. 4b), we 

identified 15 regions (Fig. 6) for ROI analysis using the Destrieux atlas (Destrieux et al., 2010). 

These identified ROIs were (1) central sulcus (S_central), (2) left anterior transverse temporal 

gyrus (L G_temp_sup-G_T_transv), (3) right long insular gyrus and central sulcus of the insula 

(R G_Ins_lg_and_S_cent_ins), (4) superior frontal sulcus (S_front_sup), (5) the medial portion 

of the superior frontal gyrus (G_front_sup-medial), (6) the anterior portion of the superior frontal 

gyrus (G_front_sup-anterior), (7) deep anterior part of the cingulate gyrus and sulcus 

(G_and_S_cingul-Ant-deep), (8) superficial anterior part of the cingulate gyrus and sulcus 

(G_and_S_cingul-Ant-superficial), (9) right superior part of the precentral sulcus (R 

S_precentral-sup-part), (10) right superior temporal sulcus (R S_temporal_sup), (11) right orbital 

gyri (R G_orbital), (12) posterior-ventral part of the cingulate gyrus (G_cingul-Post-ventral) near 

the calcarine sulcus, (13) lingual gyrus (G_oc-temp_med-Lingual), (14) right parieto-occipital 

sulcus (R S_parieto_occipital) and (15) left cuneus (L G_cuneus). For detailed locations and 

surface area of these ROIs, see Fig. 6 and Table III. 

 

Scatter plots were made (Fig. 7) to examine the distributions of average participation coefficient 

of each subject in three ROIs (G_and_S_cingul-Ant-superficial (left: (-8, 56, 3), right: (9, 55, 2)), 
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G_cingul-Post-ventral (left: (-8, -52, 3), right: (12, -53, 5)) and R S_parieto_occipital (18, -81, 

38)). These three ROIs were representative of all 15 ROIs analyzed (see table IV for the 

complete list of the ROI analysis results). Similar to the trends observed in global and node-

specific network measures, the TBI I cohort, on average, had lower participation coefficients 

(puncorr< 0.05) than the controls on the initial scans, yielding up to 15 (36.6%) relatively 

‘abnormal’ TBI patients. (Fig. 7a-c left panel). Such group differences resolved at the time of the 

follow-up scans (Fig. 7a-c right panel). In the TBI I cohort, 8 of the 15 ROIs had statistically 

significant group differences after Bonferroni correction for multiple comparisons (p < 0.0033). 

Subsequently, without free parameters with regard to ROI selection, we used the TBI II 

cohort as a validation dataset to test the hypotheses generated with the TBI I cohort. On the 

initial scans, in the three ROIs, relative ‘abnormality’ patterns in the TBI II cohort were less 

striking than those in the TBI I cohort, yielding up to 3 (9.6%) TBI patients with relatively 

‘abnormal’ participation coefficients (Fig. 7d-f left panels). Table IV indicates that the number of 

TBI patients from the TBI II cohort with relatively ‘abnormal’ ROI-specific participation 

coefficients on the initial scans was greater than the expected number by chance (0 above and 0 

below). Relatively abnormal participation coefficient on the initial scans in TBI patients from the 

TBI II cohort were identified in all ROIs except in the G_front_sup-medial  and L G_cuneus. 

However, there were fewer TBI patients with relatively abnormal participation coefficient over 

the ROIs in the TBI II cohort compared with the TBI I cohort (Fig. 7 and Table IV). None of the 

ROIs in the TBI II cohort showed statistically significant group differences at α = 0.05 on either 

initial or follow-up scans. 
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Turning to multiple ROI single-subject analyses, we counted the number of relatively ‘abnormal’ 

ROIs in each individual TBI patient and tested if this observed distribution of ‘abnormal’ ROIs 

differed from the distribution expected by chance (Fig. 8). On the initial scans, the observed 

numbers of TBI patients with more than two ‘abnormal’ ROIs were markedly different from 

those expected by chance, and these differences were statistically significant at α < 0.05 in both 

datasets (27/47 observed versus 2/47 expected in the TBI I cohort, p < 0.0001, one-sided z-test; 

8/31 observed versus 1/31 expected in the TBI II cohort, p = 0.006, one-sided z-test). As 

expected considering the nature of these analyses, the proportion of TBI patients from the TBI II 

cohort with more than two relatively ‘abnormal’ ROIs was lower than those from the TBI I 

cohort: 44.9% reduction from the TBI I cohort to TBI II cohort on the initial scans (i.e., 57.4% = 

27/47 versus 25.8% = 8/31). 

On the follow-up scans, the proportion of patients in the TBI I cohort with more than two 

‘abnormal’ ROIs was marginally statistically significantly different than expected by chance (p = 

0.044). The proportion of patients in the TBI II cohort with more than two ‘abnormal’ ROIs on 

follow-up scans was not statistically significant (p = 0.276). 

 

Multivariate analysis aggregating all 15 ROIs after dimensionality reduction via probabilistic 

principal component analysis (Fig. 9) demonstrated a similar reduction in the proportion of the 

TBI patients with relatively ‘abnormal’ ROIs from the TBI I cohort to the TBI II cohort. 

Specifically, 31/47 (66.0%) of the patients from the TBI I cohort (Fig. 9a) and 9/31 (29.0%) of 

the patients from the TBI II cohort (Fig. 9b) were deemed to be relatively ‘abnormal’ across the 

15 ROIs on the initial scans. On the follow-up scans, 4/37 (10.8%) of the patients from the TBI I 
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cohort (Fig 8c) and 1/27 (3.7%) of the patients from the TBI II cohort (Fig 9d) were found to be 

‘abnormal’ using this multivariate analysis.  

 

3.7 Control analysis results 

3.7.1 Assessment of the effects of subtle head motion 

Recently, the effects of subtle motion have been found to substantially influence resting-state 

functional connectivity MRI findings (Power et al., 2012; Satterthwaite et al., 2012; van Dijk et 

al., 2012). Our motion analysis (Fig. S5) revealed that there were not statistically significant 

group differences in average frame-to-frame movement in the analyzed data, after censoring and 

exclusion of scans with excessive motion (table I). There were no associations between average 

participation coefficient and head motion (Fig. S6) in any of the groups. Furthermore, there was 

no relationship between the number of ‘abnormal’ ROIs and head motion (Fig. S7). 

 

3.7.2 Assessment of the effects of network connectivity thresholds 

The differences between TBI subjects and controls in the number of regions on interest with 

‘abnormal’ participation coefficient were replicated at 2 additional threshold levels for 

connectivity matrices (Figs. S8, S9 for 2% and 1.5% tie densities, respectively). 

 

3.7.3 Effects of global signal regression 

Analyses of the number of regions of interest with abnormal participation coefficient in TBI 

patients vs. controls based on connectivity matrices created without global signal regression (Fig. 

S10) essentially replicated the results with global signal regression (Fig. 8). The only exception 
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was that the number of TBI I patients with relatively ‘abnormal’ ROI values on the follow-up 

scans was not quite statistically significant at α = 0.05. 

 

3.7.4 Effects of region of interest size 

To explore the effect of ROI size, we re-analyzed the data using all nodes within 20 mm rather 

than 15 mm geodesic distance of the local peaks of participation coefficient difference between 

groups as the ROIs (Fig. S11).  The analysis of the number of regions of interest with abnormal 

participation coefficient in TBI patients versus controls using 20 mm geodesic distance ROIs 

(Fig. S12) again essentially replicate the results with 15 mm geodesic distance ROIs (Fig. 8). 
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DISCUSSION 

 

In summary, we found disrupted community organization of resting-state functional connectivity 

in a subset of U.S. military personnel following concussive bTBI using module-based graph 

theoretic analysis. Of the module-based graph theoretical measures studied, participation 

coefficient, a measure of between-module connectivity, showed the most pronounced disruptions 

in the TBI patients relative to the controls. There were spatially localized ‘abnormalities’ over 

multiple brain regions in the TBI patients. Importantly, these abnormalities were detected in 

comparison with US military controls that had blast-exposures but no clinical diagnosis of TBI. 

At the time of the initial scans, the distribution of the number of the ‘abnormal’ regions was 

different from the expected distribution by chance.  Multivariate analysis aggregating the 15 ROI 

values of between-module connectivity consistently demonstrated the substantial portion of TBI 

patients had relatively ‘abnormal’ between-module connectivity. Abnormalities had largely 

resolved at the time of the follow-up scans. In an independent group of concussive bTBI patients, 

we were able to partially replicate these results with no free parameters. 

 

4.1 Technological innovations effectively analyze heterogeneous concussive bTBI patients at the 

single subject level.  

The single-subject analyses performed in this study were useful to effectively analyze a 

heterogeneous group of bTBI patients in this report. Scatter plots (Figs. 3, 7) illustrate skewed 

distribution of the network measures in the TBI patients. The distributions of the TBI patients 

with multiple ‘abnormal’ regions (Fig. 8) were consistently different from those expected by 

chance. The multivariate analysis (Fig. 9) also consistently revealed the TBI patients with 
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relatively ‘abnormal’ regions over the two independent cohorts. Thus, we suggest that single-

subject analysis should be considered along with group analysis for the identification of 

‘abnormalities’ in heterogeneous subject populations such as concussive bTBI patients. 

Obviously, single-subject analyses have greater potential clinical applicability than group 

analyses. 

 

We adopted a surface-based approach to reduce between-subject variability arising from brain 

anatomy. An advantage of the surface-based approach is an increase in sensitivity by (1) 

matching sulcus-to-sulcus and gyrus-to-gyrus of cortical surface across subjects to circumvent 

the issues of improper registration and (2) utilizing spatial smoothing on the cortical surface 

rather than the voxel space (Jo et al., 2007, 2008; Tucholka et al., 2012). On the other hand, a 

disadvantage of the surface-based approach is that it does not represent the whole brain. The 

surface based approach does not assess cerebellum and subcortical regions such as basal ganglia 

and thalamus due to technical limitations.  

 

Complex network analysis using the graph theory is advantageous in bTBI populations with 

heterogeneous injury mechanisms since it does not make assumptions regarding networks or 

regions of interest. Thus, our data-driven approach may provide more ‘comprehensive’ view than 

hypothesis-driven approaches do in the studies of heterogeneous TBI populations. Disrupted 

between-module connectivity in the TBI patients over multiple regions (Figs. 4b, 5c, 7-9, Table 

IV) indicates that multiple regions or networks should be included to detect ‘abnormalities’ in 

TBI patients if hypothesis-driven approaches are adopted. 
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In contrast to other graph theoretic analyses on TBI populations (Castellanos et al., 2011; 

Nakamura et al., 2009), we exploited the spatial resolution of fMRI by defining each vertex of 

the cortical surface as a node. Network analyses with higher spatial resolution of nodes are 

beneficial over region-based network analyses in identifying network properties of interests with 

greater sensitivity and specificity and visualizing spatially localized network properties of 

interest (Hayasaka and Laurienti, 2010). Thus, we attempted to use a vertex as a node 

considering that the spatial extent of ‘abnormalities’ in concussive bTBI populations measured 

by the graph theoretic analysis in fMRI was unknown. Indeed, the utilization of high spatial 

resolution of fMRI allowed us to identify localized ‘abnormalities’ in the TBI patients in greater 

detail, which would be missed if a node was defined from coarse parcellations. However, a 

vertex itself is arguably less biologically meaningful than a functional brain region in the context 

of graph theoretic analysis (Wig et al., 2011). Unfortunately our currently understanding of the 

functional subdivisions of the human brain is not yet sufficient for optimal prespecified ROI 

analyses. 

 

4.2 Findings in relation to prior literature 

4.2.1 Multiple regions with disrupted between-module connectivity as potential candidates for 

hypothesis-driven network-specific approaches 

Previous functional connectivity studies in fMRI on civilian TBI patients (Arenivas et al., 2012; 

Bonnelle et al., 2011; Caeyenberghs et al., 2012; Kasahara et al., 2010; Marquez de la Plata et al., 

2011; Mayer et al., 2011; Sharp et al., 2011; Slobounov et al., 2011; Tang et al., 2011) used 

hypothesis-driven approaches within the default mode (Greicius et al., 2002; Raichle et al., 2001), 

executive control (Seeley et al., 2007; Vincent et al., 2008), motor (Biswal et al., 1995), thalamic  
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(Zhang et al., 2008) and hippocampal (Rombouts et al., 2003) networks. However, to our 

knowledge, there are no current fMRI studies of resting-state functional connectivity in 

concussive bTBI patients using these networks. In this regard, future work based on the 

identified ‘abnormal’ regions in Figs. 4-7 could involve assessment of within-network and 

between-network connectivity in these specific resting-state networks. 

 

4.2.2 Transient change of module-based organizations following concussive bTBI 

A prevailing view on the plasticity of TBI patients based on functional neuroimaging studies 

(Castellanos et al., 2010, 2011; Mayer et al., 2011; Nakamura et al., 2009; Sponheim et al., 2011) 

is that the recovery of functional network at the chronic stage is incomplete. Even after 7 to 12 

months of active rehabilitation treatments, it has been reported that many TBI patients had  

incomplete recovery of the graph-theory measures, associated with the incomplete 

reestablishment of cognitive function (Castellanos et al., 2011). Furthermore, concussive bTBI 

patients with 32 months of mean post-injury time demonstrated relatively reduced inter-

hemispheric connectivity in lateral frontal lobe despite no observed deficits in 

neuropsychological measures (Sponheim et al., 2011). 

In contrast, in our study at the global and node- and region-specific levels (Figs. 3-5, 7-9), 

most of the relative alterations in module-based connectivity of the TBI patients observed on the 

initial scans had resolved at the follow-up scan 6-12 months later. This transient change in 

module-based connectivity supports the utility of early scanning (if feasible) on bTBI patients to 

identify localized modular disruptions in brain networks. However, resolved alterations in 

between-module connectivity of the TBI patients at the follow-ups do not necessarily mean 

complete restoration of their network architectures to baseline.  
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4.2.3 Marginally perturbed within-module connectivity, but markedly unbalanced between-

module connectivity with increased modularity 

Node-specific analysis of the module-based network measures (Figs. 4, 5) demonstrates that the 

TBI patients had disrupted between-module connectivity with marginal change in within-module 

connectivity relative to the controls. Disrupted between-module connectivity in the TBI patients 

indicate that the blast-related injuries may interfere with integration across functional brain 

networks, as between-module connectivity may be necessary for complex tasks spanning 

multiple modules. In healthy normal subjects, modules in the spontaneous brain network are 

closely associated with auditory, visual, somatosensory/motor, attention, sub-cortical and default 

mode networks (He et al., 2009). Though we did not directly assess in this study, traumatic 

axonal injuries in long range fibers mediating connections with multiple modules may lead to 

disruptions in between-module connectivity. In TBI patients, disrupted white matter integrity in 

the splenium of the corpus callosum has been correlated with PCC functional connectivity in the 

default mode network (Sharp et al., 2011). Our previous DTI study showed disrupted white 

matter integrity in the TBI I cohort relative to the controls (Mac Donald et al., 2011). However, it 

is too early to interpret the association of altered white matter integrity reported in Mac Donald 

et al. (2011) with disrupted between-module functional connectivity following bTBI without 

direct investigation of structural white matter connectivity at a subject by subject level. Since 

strong functional connectivity between regions is often maintained without monosynaptic 

connections between these regions (Honey et al. 2009), direct comparisons of functional and 

structural connectivity are not straightforward. Therefore, further studies on the association 

between structural and functional connectivity on these concussive bTBI patients are needed to 
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understand the underlying mechanisms of disrupted between-module connectivity following 

bTBI. This will require further investigations that are beyond the scope of the current manuscript. 

 

4.3 Technical Limitations  

The present study has several limitations due to data quality. First, our analysis results were from 

a subset (75% of all subjects’ data; 62%, 76%, 81% of the controls, TBI I cohort and TBI II 

cohort, respectively) of the subjects’ data to ensure data quality. Our study results may be more 

representative if more subjects’ data had passed the quality assurance procedure. The exclusion 

of a part of the subjects’ data for data quality assurance may not be surprising to neuroimaging 

researchers, particularly in fMRI, considering difference in subjects’ conditions between clinical 

populations and healthy subjects. However, this is an important consideration clinically as it may 

not be feasible to collect reliable data from every patient to be used as early indicators of injury, 

disease, or for non-invasive monitoring of rehabilitation progress. 

Second, moderate data quality of the T1-weight MRI due to subject motion was not 

sufficient for Freesurfer to reconstruct cortical surfaces in fully automated fashion. Thus, 

following the well-documented instructions, a substantial amount of time was required for 

manual intervention during cortical surface reconstruction to compensate MRI data quality of our 

study. Cortical surface reconstruction would be more reliable (and require less manual 

intervention) if we increased signal-to-noise ratio of the T1-weighted MRI by acquiring two or 

more images as the Freesurfer instructions suggest. However, a practical limitation of studies of 

relatively acutely injured subjects is that time in the scanner must be kept relatively short for 

patient comfort and safety. 
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Third, we were not able to include much of the orbitofrontal cortex and inferior temporal 

cortex in our analysis due to signal loss by fMRI susceptibility artifacts (Ojemann et al., 1997) 

and low signal to noise due to distance from the MR receiver coils. Particularly, orbitofrontal 

cortex was of interest based on a previous simulation study on the effect of blasts on the brain 

(Taylor and Ford, 2009) and our previous DTI study (Mac Donald et al., 2011) involving the TBI 

I cohort. An optimized pulse sequence to account for susceptibility artifacts (Domsch et al., 

2012) would be beneficial in this regard for future studies. 

Finally, we did not make direct comparison of the initial and follow-up scans even 

though we acquired MRI data at two time points. Instead, we performed only a cross-sectional 

study at two time points and observed change of modular organization of the TBI patients 

relative to the controls at each time point. Lack of quantification on the effects of the two 

different MRI scanners, medications between the time of the initial and follow-up scans and 

sleep deprivation at the time of the initial scans prevented us from directly analyzing our data in 

a subject-by-subject longitudinal fashion. 

 

4.4 Interpretations 

The underlying biological mechanisms and consequences of the findings in this study are not yet 

clear. Possible explanations for the relatively disrupted between-module functional connectivity 

in the TBI cohorts on initial scans may be related to white matter injury. This hypothesis is based 

on previous combined DTI and fMRI connectivity studies on TBI populations (Bonnelle et al., 

2012; Mayer et al., 2011; Sharp et al., 2011). Another possibility is unmeasured pathophysiology 

following TBI in the gray matter, for example, changes in cerebral blood flow (hypo- and 

hyperperfusion), impairment of cerebrovascular autoregulation, imbalance of cerebral 



 40 

oxygenation and/or cerebral metabolic dysfunction (see Werner and Engelhard, (2007) for 

review).  

The biological mechanisms for apparent resolution of between-module functional 

connectivity in the TBI patients on the follow-up scans are not known. One possibility is that the 

TBI patients could have been subjected to more sleep deprivation at the time of initial scans; 

sleep deprivation has been shown to affect BOLD signal (Gujar et al., 2010). Medications used 

by TBI patients at the acute stage and during rehabilitation could also be partially accountable.  

 

There are several alternative explanations for our findings: 

1) It is possible that some of these results may have occurred by chance as group 

differences at the node- and region-specific level were not statistically significant after correction 

for multiple comparisons (qFDR < 0.05). We do not think that this is likely to be the case for all of 

our results since the analysis of the TBI II cohort was performed with no free parameters after 

we obtained the analysis results of the TBI I cohort. In other words, the TBI II cohort served as a 

validation dataset. Thus, the single-subject analyses of the initial scan (Figs. 7-9) should be 

regarded as the most solid. 

2) Unmeasured systematic differences in the time spent in the scanner with eyes open 

versus closed or awake versus asleep could also be confounding factors. It has been reported that 

functional connectivity strength in the default mode network and attention network with eyes 

closed is decreased over network connectivity with eyes opened (van Dijk et al., 2010). 

Functional connectivity in the default mode, attention, executive control, motor, visual and 

auditory network is retained (Larson-Prior et al., 2009) during light sleep, but functional 

connectivity in the default mode network is partially changed during deep sleep (Horovitz et al., 
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2009). We were not able to control the extent of eyes-open vs. eyes closed time, nor assess sleep 

in the scanner due to the logistical challenges of obtaining scans in acutely injured US military 

personnel.  

3) The effects of analgesic medications could be another confounding factor. To our 

knowledge, immediate effects of analgesics on resting-state functional connectivity in fMRI are 

unknown, but alterations in regional synchrony of resting-state functional connectivity in fMRI 

in the right anterior cingulate cortex and left precentral frontal gyrus in chronic ketamine users 

has been reported (Liao et al., 2012). 

4) Other, unmeasured differences in pre- and post-injury characteristics among three 

groups could also provide alternative explanations for our findings. The initial scan data of the 

controls and TBI I cohort were acquired in 2008-2009 while the TBI II cohort in 2010-2011. 

During this period, the pace of the wars was changed and rehabilitation strategies and treatments 

may have improved (See van Wingen et al. (2012) for the effects of combat stress on functional 

connectivity). All these characteristics were unmeasured. Thus, it is unclear whether reduction in 

the proportion of TBI patients with relatively ‘abnormal’ participation coefficient across ROIs 

(Figs. 7-9) from the TBI I cohort to the TBI II cohort was solely due to different detection 

performance of the multivariate analysis over the two datasets or due to intrinsic difference 

between the subjects in the 2 TBI cohorts. 

5) Biases due to incomplete blinding during the manual portions of the Freesurfer 

analysis could also affect our results though the associated effects are not likely to be substantial 

considering the difference in spatial resolutions: 43 mm3 in fMRI versus 1 mm3 in structural MRI. 

6) Test-retest reliability of our findings is still unknown. Two previous reports, one 

indicating moderately good reliability (Braun et al., 2012) and another indicating relatively low 



 42 

test-retest reliability for many graph theoretical measures (Wang et al., 2011) used coarser 

parcellation and less aggressive motion scrubbing than the current work.  

 

4.4 Future Directions 

The most important future direction for this line of investigation is an assessment of the 

relationship between these graph-theoretically derived neuroimaging variables and clinical 

outcomes in these cohorts. This will be the topic of future communications. Further studies will 

be required to address the technical concerns discussed above and assess the mechanisms 

underlying these observed network properties. 

 

CONCLUSIONS 

 
In conclusion, we demonstrated disrupted modular organization of resting-state cortical 

functional network in U.S. military personnel with concussive bTBI. Module-based graph 

theoretic analysis revealed altered between-module connectivity in the TBI patients relative to 

the controls who had blast exposures without a diagnosis of TBI. Single-subject multivariate 

analysis fairly consistently detected the TBI patients with relatively ‘abnormal’ ROIs over two 

independent cohorts. Our single-subject analysis approach may be useful for heterogeneous 

populations and potentially complement hypothesis-driven approaches for these populations in 

future resting-state fMRI studies. Further studies are required to explain the underlying 

mechanisms and consequences of these phenomena.
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Figures and Legends 
 
Figure 1. An illustration of the analysis procedure. For each subject, with volumetric 
structural MRI data (a), cortical surface (b) was reconstructed. Subsequently, the surface 
underwent the inter-subject alignment and spatial resampling close to the spatial resolution of 
resting-state BOLD fMRI (c) to allow surface-based, node-by-node cross-subject analyses. The 
preprocessed resting-state BOLD fMRI data (d) were converted to surface-based BOLD signal 
data (f) aligned to the individual cortical surface (e). BOLD fluctuation correlation coefficients 
between every pair of nodes in the brain (e.g., the gray square from red and cyan nodes in (e)) 
were obtained to yield a correlation matrix (g). A connectivity matrix (h) was derived by 
thresholding the correlation matrix, and a brain network (i) was constructed. In this illustration, 
yellow lines indicate connection between nodes. With the identified modules (three modules 
delineated by dashed lines in this example) in (j), modularity, within-module degree z-score (e.g., 
five magenta lines for the red-colored node in (k)) and participation coefficient (e.g., the 
distribution of magenta, cyan and olive lines for the red-colored node in (l)) were obtained for 
each node. 
 
Figure 2. Group module assignments of each of the controls and the first TBI (TBI I) 
cohort. The identified modules from group averaged correlation matrices were color-coded as a 
function of tie densities (densities of the retained strongest correlations): 3% (a), 2% (b) and 
1.5% (c). Only modules of size greater than 1% of total number of nodes were displayed. 
 
Figure 3. Global network properties of the controls and the first TBI (TBI I) cohort. Scatter 
plots for modularity (a) and average participation coefficients over all nodes (b). Each symbol 
represents a single individual’s averaged measure across brain regions. The I bars indicate the 
means and standard deviation for the control, the dotted horizontal bar is two standard deviations 
from the mean of the control and the solid horizontal bar in the TBI I cohort is the mean of the 
TBI I cohort. Filled triangles represent TBI patients with relatively ‘abnormal’ measures, located 
outside of the dotted horizontal bars. The number of relatively ‘abnormal’ TBI patients for each 
measure was labeled in parentheses, and the p-values were obtained from permutation tests 
(10,000 permutations) on group mean difference. 
 
Figure 4. Node-specific network properties of the controls and TBI I cohort. Group mean 
comparison maps (puncorr < 0.05) of within-module degree z-score (a) and participation 
coefficient (b), respectively. All color maps were superimposed on the averaged cortical surface 
from all participants in dataset I. R G_precentral: right precentral gyrus, R G_pariet_inf-
Supramar: right supramarginal gyrus, R G_front_inf-Opercular: right opercular part of the 
inferior frontal gyrus, R G_front_sup-medial: right medial superior frontal gyrus, R 
G_front_sup-dorsomedial: right dorsomedial superior frontal gyrus. 
 
Figure 5. Count of the TBI patients from the TBI I cohort with ‘abnormal’ node-specific 
network properties relative to the controls. Color maps of the number of TBI patients whose 
measures (within-module degree z-score and participation coefficient, respectively) were outside 
two standard deviations from the mean of the control. All color maps were superimposed on the 
averaged cortical surface from all participants in the controls and TBI I cohort.  
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Figure 6. Regions of interest (ROIs) for participation coefficient. 15 ROIs are colored and 
labeled (1: central sulcus, 2: left anterior transverse temporal gyrus, 3: right long insular gyrus 
and central sulcus of the insula, 4: superior frontal sulcus, 5: medial superior frontal gyrus, 6: 
anterior superior frontal gyrus, 7: deep anterior part of the cingulate gyrus and sulcus, 8: 
superficial anterior part of the cingulate gyrus and sulcus, 9: right superior part of the precentral 
sulcus, 10: right superior temporal sulcus, 11: right orbital gyri, 12: posterior-ventral part of the 
cingulate gyrus, 13: lingual gyrus, 14: right parieto-occipital sulcus and 15: left cuneus). See 
Table III for the coordinates and areas of these ROIs. 
 
Figure 7. ROI analysis of participation coefficient of the controls and patients with TBI. 
Scatter plots for averaged participation coefficients within each of three selected ROIs. See Fig. 
3 for the details of the scatter plots, Table III for abbreviations and Table IV for results from all 
ROIs. 
 
Figure 8. Bar graphs for observed and expected ‘abnormal’ ROIs in the patients with TBI 
relative to the controls. The distribution of expected relatively ‘abnormal’ ROIs was calculated 
from the binomial distribution with the probability that one region deems ‘abnormal’ by chance 
(0.0455; the probability that participation coefficient for a TBI patient falls outside two standard 
deviations from the mean of the controls). The p-values were obtained by the one-sided z-test 
(TBI I > controls in the number of ‘abnormal’ ROIs). 
 
Figure 9. Scatter plots for multivariate analysis of participation coefficients within the 
ROIs after dimensionality reduction by probabilistic principal component analysis. Solid 
triangles represent relatively ‘abnormal’ TBI patients whose values are locating within the lower 
and upper tail, accounting for 2.5% in each tail, of the estimated multivariate normal distribution 
from the control. The label in each panel indicates the number of relatively ‘abnormal’ TBI 
patients and the number of TBI patients on the corresponding scan. 
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Tables 
 
Table I. Excluded datasets after the quality assurance procedure. 

 
Criteria 

Ctrl TBI I TBI II Total 
Initial Follow-up Initial Follow-up Initial Follow-up  

Poor T1 image quality 0 0 1 0 0 0 1 
Brain outside FOV 1 0 1 0 3 1 6 
Motion correction failure 1 0 1 0 0 0 2 
Lack of frames 0 0 1 0 0 0 1 
Intensity distortion 0 0 1 0 0 0 1 
Susceptibility artifacts 1 1 0 1 0 0 3 
<4 minutes of data after 
motion scrubbing 

5 4 7 9 4 3 32 

Fragmented modules 1 1 4 0 2 1 9 
Total 9 6 16 10 9 5 55 

 
Note: FOV, field of view; Ctrl, Control; TBI I, TBI I cohort; TBI II, TBI II cohort.
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Table II. Demographics of the controls, TBI I cohort and TBI II cohort. 
 

 Ctrl, all 
(N=21) 

Ctrl, subsetb 
(N=14) 

 TBI I, all 
(N=63)  

TBI I, subsetb 
(N=54) 

TBI II, all 
(N=40) 

TBI II, subsetb 
(N=38) Demographicsa 

Age (years)c 19-49, 29 20-49, 29 19-57, 25 19-44, 24 19-44, 23 19-44, 23 
Gender (males, females) 21,0 14,0 63,0 54,0 37,3e 35,3f 
Education (years)c 11-17.5, 12.5 11-16, 12 8-17, 12 8-17, 12 9-16, 12 9-16, 12 
Post-injury time (days)c,d N/A N/A 0-90, 14 0-90, 14 0-30, 7 0-30, 7 
 

aDemographics of the controls and TBI I cohort were reproduced from Table I in Mac Donald et 
al. (2011). 
bSubsets of subjects that were included in graph theoretical analyses of either the initial scans, 
the follow-up scans, or both.  
cRange and median values were reported. 
dPost-injury time on the day of the initial scan. 
ep < 0.05 (chi-square) vs. TBI II, all.  
fp < 0.05 (chi-square) vs. TBI II, included subset.  
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Table III. Regions-of-interest (ROI) for participation coefficient analyses. 
 

  MNI coordinates (x,y,z) of 
centerb 

Surface area (mm2)c 

Indexa ROI name Left Right Left Right 
1(45) S_central ( -51, -11,  28 ) (  51, -11,  30 ) 531.5 616.5 
2(33) L G_temp_sup-G_T_transv ( -41, -20,    4 )  419.0  
3(17) R G_Ins_lg_and_S_cent_ins  (  39, -15,  10 )  560.4 
4(54) S_front_sup ( -21,  25,  46 ) (  28,  27,  41 ) 281.0 310.5 
5(16) G_front_sup-medial (   -5,  39,  31 ) (    9,  41,  22 ) 409.3 411.5 
6(16) G_front_sup-anterior (   -8,  63,  25 ) (  13,  57,  29 ) 490.9 473.2 
7(  6) G_and_S_cingul-Ant-deep (   -4,  37,   -8 ) (    7,  38,   -7 ) 262.3 356.0 
8(  6) G_and_S_cingul-Ant-superficial (   -8,  56,    3 ) (    9,  55,    2 ) 203.8 338.7 
9(69) R S_precentral-sup-part  (  23, -13,  61 )  260.7 

10(73) R S_temporal_sup  (  55, -20, -12 )  291.8 
11(24) R G_orbital  (  41,  28, -16 )  237.3 
12(10) G_cingul-Post-ventral (   -8, -52,   3 ) (  12, -53,    5 ) 300.0 199.5 
13(22) G_oc-temp_med-Lingual ( -14, -60,   1 ) (  29, -41, -11 ) 441.9 381.2 
14(65) R S_parieto_occipital  (  18, -81,  38 )  302.2 
15(11) L G_cuneus (   -2, -85, 14 )  465.1  

 
aInitial index numbers indicate regions of interest labeled in Figure 6. Numbers in parentheses 
refer to the  corresponding index numbers in Destrieux et al. (2010). 
bMNI coordinates correspond to a mid point between pial surface and white matter surface. 
cSurface area of white matter surface 
Note: S_central, central sulcus (Rolando's fissure); L G_temp_sup-G_T_transv, left anterior 
transverse temporal gyrus (of Heschl); R G_Ins_lg_and_S_cent_ins, right long insular gyrus and 
central sulcus of the insula, S_front_sup, superior frontal sulcus; G_front_sup-medial, medial 
superior frontal gyrus (F1); G_front_sup-anterior, anterior superior frontal gyrus (F1); 
G_and_S_cingul-Ant-deep, deep anterior part of the cingulate gyrus and sulcus; 
G_and_S_cingul-Ant-superficial, superficial anterior part of the cingulate gyrus and sulcus; R 
S_precentral-sup-part, right superior part of the precentral sulcus; R S_temporal_sup, right 
superior temporal sulcus (parallel sulcus); R G_orbital, right orbital gyri; G_cingul-Post-ventral, 
posterior-ventral part of the cingulate gyrus (vPCC, isthmus of the cingulate gyrus); G_oc-
temp_med-Lingual, lingual gyrus, ligual part of the medial occipito-temporal gyrus (O5); R 
S_parieto_occipital, right parieto-occipital sulcus (or fissure); L G_cuneus, left cuneus (O6); 
MNI, Montreal Neurological Institute (Evans et al., 1993) 
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Table IV. ROI analysis results of participation coefficients. 
 

  TBI I vs. Control TBI II vs. Control 
  Initial Follow-up Initial Follow-up 
Index ROI name p-value ‘Abnormal’ 

TBIa  
p-value ‘Abnormal’ 

TBIa 
p-value ‘Abnormal’ 

TBIa 
p-value ‘Abnormal’ 

TBIa 
1(45) S_central 0.0008 13/0 0.9662 3/0 0.1307 1/0 0.7192 1/1 
2(33) L G_temp_sup-G_T_transv 0.0103 12/1 0.7192 4/0 0.8152 2/1 0.3153 4/0 
3(17) R G_Ins_lg_and_S_cent_ins 0.0056 10/1 0.8592 4/3 0.3969 1/1 0.6634 2/1 
4(54) S_front_sup 0.0055 10/0 0.6465 2/1 0.6172 1/0 0.2664 0/1 
5(16) G_front_sup-medial 0.0032 11/0 0.594 1/1 0.4542 0/0 0.3939 0/1 
6(16) G_front_sup-anterior 0.0028 14/0 0.2659 1/3 0.4114 2/0 0.1762 0/1 
7(  6) G_and_S_cingul-Ant-deep 0.0042 12/0 0.5598 1/2 0.1805 3/0 0.3045 0/1 
8(  6) G_and_S_cingul-Ant-superficial 0.0024 13/0 0.1512 0/2 0.1235 3/0 0.0896 0/1 
9(69) R S_precentral-sup-part 0.0152 11/0 0.9521 1/0 0.2991 1/0 0.8342 1/1 

10(73) R S_temporal_sup 0.0056 13/0 0.6993 2/0 0.3637 3/0 0.8812 1/0 
11(24) R G_orbital 0.0012 15/0 0.5254 2/1 0.3905 1/0 0.4276 0/0 
12(10) G_cingul-Post-ventral 0.0005 13/0 0.1326 1/1 0.0952 3/0 0.0725 0/1 
13(22) G_oc-temp_med-Lingual 0.0002 15/0 0.909 2/0 0.2482 3/1 0.7578 0/1 
14(65) R S_parieto_occipital 0.0021 15/0 0.5216 1/0 0.1133 3/0 0.6265 0/1 
15(11) L G_cuneus 0.0046 8/0 0.6474 2/0 0.2018 0/0 0.6863 0/1 
 
aThe number of TBI patients with ‘abnormally’ low participation coefficients / the number of 
TBI patients with ‘abnormally’ high participation coefficients. 
Note: See Table III for the abbreviations of ROI names. 
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Supplemental Materials 
 
Supplemental Results 

1.1 Direction comparisons between the initial scans and the follow-up scans 

Additional, direct comparisons between the initial and follow-up scans with subjects who 

underwent both scans at the single-subject level (Fig. S4a, b) demonstrated large amount of 

change (both increases and decreases) over time (See discussion for the limitations of this study 

relevant to this observation). Further, notable group differences in longitudinal changes in these 

measures were mainly due to ‘abnormal’ TBI patients in terms of the global network properties 

(Fig. S4a, b 4th column). Without these ‘abnormal’ TBI patients, group differences in 

longitudinal changes were not statistically significant at α = 0.05. 

 

Supplemental Discussion 

4.2.4 Modularity  

Higher modularity in the TBI I cohort than in the controls on the initial scans may at first seem 

counterintuitive. However, higher modularity in the TBI I cohort on the initial may be explained 

by decreases or losses of functional connectivity from blast injuries over multiple regions in a 

heterogeneous fashion. By definition, modular organizations are marked by many within-module 

connections and fewer between-module connections. Thus, losses of the few between-module 

connections may have more marked impact on modular organizations than losses of many 

within-module connections. These losses of between-module connections might make the brain 

network appear more modular. Indeed, modularity of young healthy subjects increases at sparser 

network density (Braun et al., 2012; He et al., 2009). 
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Supplementary Figures and Legends 
 
Figure S1. Group statistic maps for seed-based Fisher-Z transformed correlations of the 
controls and the TBI I cohort. With each subject’ data that passed the quality assurance 
procedure before checking the module assignment results, the seed was placed at the left 
posterior cingulate cortex (PCC; -7, -55, 27, red spot) including nodes within 6 mm Euclidean 
distance from the PCC. The colors represent statistical significance of the group means of Fisher-
Z transformed correlation coefficients. After ensuring that the Fisher-Z transformed correlations 
across subjects within each group passed the Shapiro-Wilk test at α = 0.05, the t-test on the group 
means were performed, thresholded (puncorr < 0.001) and converted to z-score. 
 
Figure S2. Group module assignments of each of the controls and TBI I cohort using the 
Infomap algorithm. See Fig. 2 for the details of labels. 
 
Figure S3. Single subject comparisons of module assignments between the Louvain and 
Infomap algorithm at 3% tie density. 
 
Figure S4. Longitudinal changes in modularity (a) and average participation coefficient (b). 
The first and second columns are scatter plots for the global measures of subjects who had 
acceptable data quality for both the initial and follow-up scans. Changes in these global measures 
at each subject are on the third column. Scatter plots on the fourth column are symmetrized 
percent change, i.e., (follow-up scans – initial scans)/average of initial and follow-up scans. 
Filled triangles on the third and fourth columns are relatively ‘abnormal’ TBI patients on the 
initial scans. Dotted magenta horizontal bars on the TBI I in the fourth column represent the 
group average values of the TBI patients without these ‘abnormal’ TBI patients. See Fig. 3 for 
the other details of the scatter plots. 
 
Figure S5. Average frame-to-frame head movement rate of each subject after censoring. 
The p-values were obtained from permutation tests (10,000 permutations) on group mean 
difference. See Fig. 3 for the details of the scatter plots. 
 
Figure S6. Average frame-to-frame head movement rate of each TBI patient after 
censoring versus average participation coefficient. The ρ-values are the Spearman correlation 
coefficients. 
 
Figure S7. Number of ‘abnormal’ ROIs in the TBI I cohort as a function of average frame-
to-frame head movement rate. 
 
Figure S8. Bar graphs for observed and expected ‘abnormal’ ROIs in the patients with TBI 
relative to the controls at 2% tie density. See Fig. 8 for the details of the bar graphs. 
 
Figure S9. Bar graphs for observed and expected ‘abnormal’ ROIs in the patients with TBI 
relative to the controls at 1.5% tie density. See Fig. 8 for the details of the bar graphs. 
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Figure S10. Bar graphs for observed and expected ‘abnormal’ ROIs in the patients with 
TBI relative to the controls without global signal regression. See Fig. 8 for the details of the 
bar graphs. 
 
Figure S11. Larger sized regions of interest (ROIs) for participation coefficient. Regions are 
nodes within 20 mm geodesic distance from the local peaks. See Fig. 6 for the details of labels. 
 
Figure S12. Bar graphs for observed and expected ‘abnormal’ ROIs in the patients with 
TBI relative to the controls with ROIs of nodes within 20 mm geodesic distance from the 
local peaks. See Fig. 8 for the details of the bar graphs. 
 



Traumatic Brain Injury (TBI) is currently a common injury experienced by US military personnel in 
Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF). Recent reports estimate 78% 
of all combat causalities in Iraq and Afghanistan have occurred because of blast injury (Belanger et 
al, 2009).  Like civilian TBI patients, many service members are left functionally impaired following 
the incident, though the contribution of brain-injury per se vs. PTSD and depression has not been 
definitively resolved.  Furthermore, the structural basis of blast-related TBI itself is unknown.  Based 
on animal studies, we hypothesize that a substantial portion of blast-related TBI is due to axonal 
injury. Diffusion tensor imaging (DTI) has been shown to be more sensitive to traumatic axonal injury 
than conventional MRI, which is in turn more sensitive than CT. Therefore,  to better explore the 
possible traumatic axonal injury occurring in the brain following blast-related TBI, we performed DTI  
in 43 US service members MEDEVAC’d to Landstuhl Region Medical Center in Landstuhl, Germany 
acutely following blast-related TBI . High resolution conventional MRI was performed for comparison. 

 

P28-2 Advanced Magnetic Resonance Imaging in Blast‐related Traumatic Brain Injury 
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We greatly appreciate the service and dedication of the men and women in our Armed Forces and kindly 
thank the MRI Clinic at Landstuhl Region Medical Center for allowing us to scan service members enrolled 

in this study.  Without their support this project would not have been possible.                                      
Funding: Grant  W81XWH-08-2-0061 (D. Brody) & the Washington University NeuroImaging Lab.  
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1) Blast-related, concussive TBI primarily causes traumatic axonal injury. 
2) Quantitative signal abnormalities in injured white matter tracts will be detected on 

Diffusion Tensor Imaging (DTI) acutely following blast-related TBI.  
3) These abnormalities may not be detectible with conventional MRI. 

 
 

   

Introduction Hypotheses 
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Conclusions, Future Directions, and Impact 

1) An advanced MRI cohort study of US military personnel with acute blast-related TBI is feasible. 
2) In a subset of subjects, DTI reveals quantitative abnormalities in white matter tracts which are not 

readily detectible using conventional MRI.  
3) Most blast-related TBI subjects, however, have quantitatively normal DTI on these analyses.  
4) The key question will be whether the acute imaging findings acutely predict 6-12 month 

clinical status. Follow-up clinical evaluations 6-12 months after injury are ongoing.  
5) If so, these methods may be useful in assisting triage decisions and guiding rehabilitation. 

Results:  Diffusion Tensor Imaging ROI Analysis 

                                                  Mac Donald, C.L.1, Cooper, D.1, Witherow, J.2, Snyder, A.3, Shimony, J.3, Raichle, M.1,3, Flaherty, S.2, Brody, D.L.1 

1. Dept. of Neurology, Washington University 
2. Landstuhl Regional Medical Center, Landstuhl, Germany 
3. Mallinckrodt Inst. of Radiology, Washington Univeristy 

Results: DTI – Comparison with Conventional MR Imaging 

Methods 
1) 43 blast-related TBI patients and 20 control subjects were enrolled at Landstuhl Region Medical Center (LRMC) Landstuhl, 

Germany. LRMC is the central triage point for  OIF and OEF, and nearly 100% of evacuated patients are screened for TBI.   
2) Blast-TBI patients were all male, 19-49 year-old active-duty US military personnel who sustained blast-related loss of 

consciousness, amnesia and/or change in mental status in either OIF or OEF 
3) Control subjects were also all male, active duty service members who reported exposure to blast but had no signs or 

symptoms of brain injury and were MEDEVAC’d to LRMC for other injuries, typically to extremities.  
4) All subjects were required to provide their own written, informed consent for this study, thus no severe TBI patients 

were enrolled, and all injuries were considered ‘concussive’ or ‘mild-moderate’ by clinical criteria.   
5) Subjects were scanned with a 1.5 T Avanto MRI scanner (Siemens, Erlangen, Germany) at LRMC.  
6) Conventional structural imaging included a high-resolution (1x1x1.25 mm) T1 sagittal magnetization-prepared rapid gradient-

echo (MP-RAGE), a T2-weighted sagittal fast spin echo, and an axial fluid attenuated inversion recovery (FLAIR) scan.  A 
T2* image was also acquired to rule out the presence of microhemorrhage. 

7) Diffusion Tensor Imaging was acquired using diffusion weighted images which were sensitized in 25 directions using a 
locally modified echo planar imaging (EPI) sequence (TR=6400 ms, TE=87 ms, 2 x 2 x 2 mm voxels).  DTI was repeated 2x.  

8) Total scan time was approximately 1 hour/subject.  All conventional images were read by a board certified clinical radiologist 
on site at LRMC within 24 hours of the MRI scan. 

9) Data was analyzed offline with custom written scripts (Shimony et al, Cereb Cor. 2006; Fox et al, PNAS, 2005) . 
10) All image sets were re-aligned to a standard atlas using affine transforms and image registration with the T1 image.  The 

standard atlas was previously created from a group of 25 control subjects of the same age range  
11) Regions of interest (ROI’s) were manually traced using Analyze 6.1 (Mayo Foundation, Rochester, Minn) on individual 

subject relative anisotropy (RA) images while simultaneously viewing the co-registered MP-RAGE.  Thus, the ROIs 
generated on anatomical images were resampled in register with the DTI data.  

12) ROI’s were also re-sampled onto each additional DTI image data set including ADC, Axial Diffusivity (AD) and Radial 
Diffusivity (RD) as well as onto each conventional imaging set for comparison. 

DTI Regions of Interest. Regions of interest included the following 11 white matter tracts: genu of the 
corpus callosum (1),  splenium of the corpus callosum (2), left (3) and right (4) anterior limb of the internal 
capsule, left (5) and right (6) posterior limb of the internal capsule, body of the corpus callosum (7), left (8) 
and right (9) cingulum bundle, and left (10) and right (11) uncinate fasciculus. Relative anisotropy RGB 
images are displayed from 1 control subject. Single slices within each multi-slice ROIs shown for clarity.   
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figure typically utilized 30-40 slices. For each multi-slice ROI, a single 
anisotropy value was computed using a weighted sum taking into account 
the intensity of the signal and the number of voxels within each slice. Thus, 
sampling was performed through out the entire white matter tract of interest. 
This methods, though labor intensive, avoids many of the pitfalls associated 
with single slice ROI analysis and tractography based analysis. Intra-rated 
reliability was >90% for all ROI’s performed by a single blinded observer 
(DC). The same ROI’s were used for all image data sets; all images were 
transformed into the same standardized space. Axial Diffusivity (AD), Radial 
Diffusivity (RD), and the Apparent Diffusion Coefficient (ADC) 
representative of the diffusion-weighted image were analyzed quantitatively. 
.    

3-Dimensional, 
Multi-slice Region 
of Interest Analysis. 
Each ROI consisted 
of 9-40 manually 
traced slices 
depending on 
specific white matter 
tract.  The cingulum 
bundle shown in the 
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Anisotropy in the Uncinate 
Fasciculus.  Following multi-slice ROI 
analysis, the anisotropy within the each 
region was evaluated for each service 
member in comparison to control.  Note 
the number of service members who 
fall below two standard deviations (blue 
dotted line) from the control mean.  All 
participants were found to have no 
abnormalities within these regions on 
conventional images acquired during 
the same imaging session , as read by 
a board certified radiologist (JW). 

2 StDev Below Control 2 StDev Above Control 

Diffusion Tensor Imaging Comparison with 
Conventional Imaging. Conventional Image 
sets consisting of a diffusion weighted image 
(DWI-ADC), magnetization prepared rapid 
gradient echo (MPRAGE), T2-BLADE, fluid 
attenuated inversion recovery (FLAIR) were 
acquire at the time for the DTI scan.  Figure A 
shows the comparison of the cingulum bundle in 
a blast-TBI service member with control for each 
image set acquired.  The subjects cingulum 
bundles appeared to be of much lower signal 
intensity indicative of injury on the DTI images 
however there is no visual evidence of 
abnormality on the same slice evaluated on the 
conventional images.  This patient endorsed 
difficulty with short term memory and scored a 
23/30 on his MACE (military assessment of 
concussion exam) missing 1 for attention, 2 for 
concentration, and 4 for delayed recall/short term 
memory suggesting that this possible disruption 
noted with DTI could have functional 
consequences.   

RA = Relative Anisotropy           
AD = Axial Diffusivity                  
RD = Radial Diffusivity              
ADC = Apparent Diff. Coefficient   
Red Line = # Expected by Chance 

Number of DTI Abnormalities in Each Region of Interest. 
Each chart graphically displays the number of  subjects with 
abnormalities that are two standard deviations above or 
below values for the control subjects.  The largest number of 
abnormalities were detected in the uncinate fasciculus.  
Reduced anisotropy in this region has been correlated with 
impaired verbal memory in civilian TBI patients (Niogi, 
Mukherjee, et al Brain 2008).  There also were frequent 
abnormalities suggestive of traumatic axonal injury in the 
cingulum and internal capsule. 

Not Able to Follow Up: 5 
Protection of Identity 

(Special Forces, Navy Seals) 

Total Excluded: 36 

TBI non-blast: 4 

Eligible but did not consent: 5 

Prior Significant TBI: 1 

Existing brain tumor: 1 

Contraindicated to MRI: 17 

Metallic Shrapnel: 8 

Other Metal: 2 

Claustrophobia: 2 

Medically Unstable: 5 

Interference with Clinical Care: 3 

Total Enrolled: 63 

Age Range: 19-49 
Mean: 28  Median: 25 

Time Since Injury (days): 1-90 
Mean: 26  Median: 17 

Blast Device 

IED : 28 
Improvised Explosive Device 

EOD: 9 
Explosive Ordinance Detonation 

RPG/EFP: 7 
Rocket Propelled Grenade - Explosive Forced Propulsive 

HME: 3 
Home Made Explosive 600-2000lb 

VBIED/SVBIED : 6 
Vehicle Born IED - Suicide Vehicle Born IED 

Rocket: 6 

Grenade: 4 

1 

2 

3 4 
5 6 

7 
8 

10 11 
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43 Subjects Total 



TBI has been called the signature injury of both Operation Iraqi Freedom (OIF) and Operation 
Enduring Freedom (OEF) and it is currently a common injury experienced by US soldiers.  
Improvised explosive devices (IEDs) are becoming a heavily used weaponry tactic in both OIF and 
OEF theatres.  Recent reports estimate 78% of all combat causalities in Iraq and Afghanistan have 
occurred because of blast injury (Belanger et al, 2009).  Like civilian TBI patients, many service 
members are left functionally impaired following the incident, though the contribution of brain-injury 
per se vs. PTSD and depression has not been definitively resolved.  Furthermore, the structural basis 
of blast-related TBI itself is unknown.  Based on animal studies, we hypothesize that a substantial 
portion of blast-related TBI is due to axonal injury.  To better explore the possible microstructural 
changes occurring in the brain following blast-related TBI, diffusion tensor imaging (DTI) was 
performed in 63 US service members MEDEVAC’d to Landstuhl Region Medical Center in Landstuhl, 
Germany acutely following injury.  High quality conventional MRI was performed for comparison. 

 

ADVANCED MR IMAGING OF ACTIVE DUTY MILITARY PERSONNEL FOLLOWING ACUTE BLAST-RELATED TBI 
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We greatly appreciate the service and dedication of the men and women in our Armed Forces and kindly 
thank the MRI Clinic at Landstuhl Region Medical Center for allowing us to scan service members enrolled 

in this study.  Without their support this project would not have been possible.                                      
Funding: Department of Defense grant PT075299 (D. Brody) & the Washington University NeuroImaging Lab.  
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1) Blast-related, concussive TBI primarily causes traumatic axonal injury. 
2) Quantitative signal abnormalities in injured white matter tracts will be detected on 

Diffusion Tensor Imaging (DTI) acutely following blast-related TBI.  
3) These abnormalities may not be detectible with conventional MRI. 
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Conclusions and Future Directions 

1) An advanced MRI study of US military personnel with acute blast-related TBI is feasible. 
2) In a subset of subjects, DTI reveals quantitative abnormalities in white matter tracts which 

are not readily detectible using conventional MRI.  
3) Most blast-related TBI subjects, however, have quantitatively normal DTI on these analyses.  
4) Follow-up clinical evaluations 6-12 months after injury are ongoing. The key question will be 

whether the acute imaging findings acutely predict 6-12 month clinical status. 
5) If so, these methods may be useful in assisting triage decisions and guiding rehabilitation. 

Results:  Diffusion Tensor Imaging ROI Analysis 

                                                  Mac Donald, C.L.1, Cooper, D.1, Witherow, J.2, Snyder, A.3, Shimony, J.3, Raichle, M.1,3, Flaherty, S.2, Brody, D.L.1 

1. Dept. of Neurology, Washington University 
2. Landstuhl Regional Medical Center, Landstuhl, Germany 
3. Mallinckrodt Inst. of Radiology, Washington Univeristy 

Results: DTI – Comparison with Conventional MR Imaging 

Methods 
1) 43 blast-related TBI patients and 20 control subjects were enrolled at Landstuhl Region Medical Center (LRMC) Landstuhl, 

Germany. LRMC is the central triage point for  OIF and OEF, and nearly 100% of evacuated patients are screened for TBI.   
2) Blast-TBI patients were all male, 19-49 year-old active-duty US military personnel who sustained blast-related loss of 

consciousness, amnesia and/or change in mental status in either OIF or OEF 
3) Control subjects were also all male, active duty service members who reported exposure to blast but had no signs or 

symptoms of brain injury and were MEDEVAC’d to LRMC for other injuries, typically to extremities.  
4) All subjects were required to provide their own written, informed consent for this study, thus no severe TBI patients were 

enrolled, and all injuries were considered ‘concussive’ or ‘mild-moderate’ by clinical criteria.   
5) Subjects were scanned with a 1.5 T Avanto MRI scanner (Siemens, Erlangen, Germany) at LRMC.  
6) Conventional structural imaging included a high-resolution (1x1x1.25 mm) T1 sagittal magnetization-prepared rapid gradient-

echo (MP-RAGE), a T2-weighted sagittal fast spin echo, and an axial fluid attenuated inversion recovery (FLAIR) scan.  A 
T2* image was also acquired to rule out the presence of microhemorrhage. 

7) Diffusion Tensor Imaging was acquired using diffusion weighted images which were sensitized in 25 directions using a 
locally modified echo planar imaging (EPI) sequence (TR=6400 ms, TE=87 ms, 2 x 2 x 2 mm voxels).  DTI was repeated 2x.  

8) Total scan time was approximately 1 hour/subject.  All conventional images were read by a board certified clinical radiologist 
on site at LRMC within 24 hours of the MRI scan. 

9) Data was analyzed offline with custom written scripts (Shimony et al, Cereb Cor. 2006; Fox et al, PNAS, 2005) . 
10) All image sets were re-aligned to a standard atlas using affine transforms and image registration with the T1 image.  The 

standard atlas was previously created from a group of 25 control subjects of the same age range  
11) Regions of interest (ROI’s) were manually traced using Analyze 6.1 (Mayo Foundation, Rochester, Minn) on individual 

subject relative anisotropy (RA) images while simultaneously viewing the co-registered MP-RAGE.  Thus, the ROIs 
generated on anatomical images were resampled in register with the DTI data.  

12) ROI’s were also re-sampled onto each additional DTI image data set including ADC, Axial Diffusivity and Radial Diffusivity as 
well as onto each conventional imaging set for comparison. 

 

DTI Regions of Interest. Regions of interest included the following 11 white matter tracts: genu of the 
corpus callosum (1),  splenium of the corpus callosum (2), left (3) and right (4) anterior limb of the internal 
capsule, left (5) and right (6) posterior limb of the internal capsule, body of the corpus callosum (7), left (8) 
and right (9) cingulum bundle, and left (10) and right (11) uncinate fasciculus. Relative anisotropy RGB 
images are displayed from 1 control subject. Single slices within each multi-slice ROIs shown for clarity.   
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utilized 30-40 slices. For each multi-slice ROI, a single anisotropy value 
was computed using a weighted sum taking into account the intensity of 
the signal and the number of voxels within each slice. Thus, sampling was 
performed through out the entire white matter tract of interest. This 
methods, though labor intensive, avoids many of the pitfalls associated 
with single slice ROI analysis and tractography based analysis. Intra-rated 
reliability was >90% for all ROI’s. The same ROI’s were used for all image 
data sets; all images were transformed into the same standardized space. 
Axial Diffusivity (AD), Radial Diffusivity (RD), and the Apparent Diffusion 
Coefficient (ADC) representative of the diffusion-weighted image were 
analyzed quantitatively .    

3-Dimensional, 
Multi-slice Region 
of Interest Analysis. 
Each ROI consisted 
of 9-40 manually 
traced slices 
depending on 
specific white matter 
tract.  The cingulum 
bundle shown in the 
figure typically 
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Anisotropy in the Uncinate 
Fasciculus.  Following multi-slice ROI 
analysis, the anisotropy within the each 
region was evaluated for each service 
member in comparison to control.  Note 
the number of service members who 
fall below two standard deviations (blue 
dotted line) from the control mean.  All 
participants were found to have no 
abnormalities within these regions on 
conventional images acquired during 
the same imaging session , as read by 
a board certified radiologist (JW). 

2 StDev Below Control 2 StDev Above Control 

Diffusion Tensor Imaging Comparison with 
Conventional Imaging. Conventional Image 
sets consisting of a diffusion weighted image 
(DWI-ADC), magnetization prepared rapid 
gradient echo (MPRAGE), T2-BLADE, fluid 
attenuated inversion recovery (FLAIR) were 
acquire at the time for the DTI scan.  Figure A 
shows the comparison of the cingulum bundle in 
a blast-TBI service member with control for each 
image set acquired.  The subjects cingulum 
bundles appeared to be of much lower signal 
intensity indicative of injury on the DTI images 
however there is no visual evidence of 
abnormality on the same slice evaluated on the 
conventional images.  This patient endorsed 
difficulty with short term memory and scored a 
23/30 on his MACE (military assessment of 
concussion exam) missing 1 for attention, 2 for 
concentration, and 4 for delayed recall/short term 
memory suggesting that this possible disruption 
noted with DTI could have functional 
consequences.   

RA = Relative Anisotropy           
AD = Axial Diffusivity                  
RD = Radial Diffusivity              
ADC = Apparent Diff. Coefficient   
Red Line = # Expected by Chance 

Number of DTI Abnormalities in Each Region of Interest. 
Each chart graphically displays the number of  subjects with 
abnormalities that are two standard deviations above or 
below values for the control subjects.  The largest number of 
abnormalities were detected in the uncinate fasciculus.  
Reduced anisotropy in this region has been correlated with 
impaired verbal memory in civilian TBI patients (Niogi, 
Mukherjee, et al Brain 2008).  There also were frequent 
abnormalities suggestive of traumatic axonal injury in the 
cingulum and internal capsule. 

Not Able to Follow Up: 5 
Protection of Identity 

(Special Forces, Navy Seals) 

Total Excluded: 36 

TBI non-blast: 4 

Eligible but did not consent: 5 

Prior Significant TBI: 1 

Existing brain tumor: 1 

Contraindicated to MRI: 17 

Metallic Shrapnel: 8 

Other Metal: 2 

Claustrophobia: 2 

Medically Unstable: 5 

Interference with Clinical Care: 3 

Total Enrolled: 63 

Age Range: 19-49 
Mean: 28  Median: 25 

Time Since Injury (days): 1-90 
Mean: 26  Median: 17 

Blast Device 

IED : 28 
Improvised Explosive Device 

EOD: 9 
Explosive Ordinance Detonation 

RPG/EFP: 7 
Rocket Propelled Grenade - Explosive Forced Propulsive 

HME: 3 
Home Made Explosive 600-2000lb 

VBIED/SVBIED : 6 
Vehicle Born IED - Suicide Vehicle Born IED 

Rocket: 6 

Grenade: 4 

1 

2 

3 4 
5 6 

7 
8 

10 11 

9 

43 Subjects Total 
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OBJECTIVE:  To assess the potential of Diffusion Tensor Imaging (DTI), an advanced magnetic resonance imaging (MRI) method, 
to assess mild traumatic brain injury (mTBI) in combat casualties. 
 
BACKGROUND:  Blast-related traumatic brain injury (TBI) is a common cause of morbidity for combat casualties injured in support 
of Operations IRAQI and ENDURING FREEDOM (OIF/OEF).  These injuries are most commonly “concussive” or “mild” and do 
not reveal intracranial pathology on computed tomography (CT) or conventional MRI (cMRI) of the brain.  We hypothesized that 
traumatic axonal injury is a primary pathological process underlying blast-related TBI.  DTI is a sensitive technique to detect 
traumatic axonal injury in brain white matter compared to other neuroimaging modalities and thus may aid in the diagnosis and 
assessment of blast-related TBI. 
 
METHODS:  This prospective study was reviewed and approved by Institutional Review Boards at both involved institutions.  The 
study group was enrolled from casualties evacuated to Landstuhl Regional Medical Center (LRMC) with signs and/or symptoms of 
blast-related TBI.  The control group consisted of personnel evacuated with blast-exposure but injuries other than TBI.  All subjects 
provided signed informed consent prior to participation.  None had detectible intracranial pathology on CT.  All participants 
underwent cMRI/DTI imaging on a Siemens Avanto 1.5T scanner.  In each subject, 14 distinct brain regions were assessed and 9 of 
these 14 regions that were statistically independent of each other in this cohort were analyzed in detail.  Patients were scheduled for 
follow-up 6-12 months after injury. 
 
RESULTS:  Sixty three patients were enrolled in the study group and 21 in the control group.  The mean age was 28 years (range 19-
49).  All patients were male. All available clinical histories in study group participants indicated blast injury plus another mechanism 
of head injury such as a fall, motor vehicle indecent, or being struck by a blunt object. The median time from TBI occurrence to study 
enrollment was 14 days (range 1-90 days).  Forty-eight percent were injured in Iraq and 52% in Afghanistan.  94% were enlisted and 
6% were officers.  Scan time for cMRI/DTI required 21 minutes per patient.   

Seventeen of 63 mTBI patients (27%) showed white matter abnormalities on DTI consistent with traumatic axonal injury.  
Specifically, relative anisotropy, a DTI marker of white matter integrity, was abnormal in 2 or more brain regions in each of these 17 
subjects.  Relative anisotropy abnormalities were defined as values more than 2 standard deviations below the control group mean. By 
chance, no more than 1 of 63 normal subjects would be expected to have 2 or more such abnormalities in 9 independent regions 
(p<0.0001, Chi-Squared). None had detectible intracranial TBI-related pathology on cMRI.  

As a group, statistically significant DTI abnormalities consistent with traumatic axonal injury were found in the study group 
as compared to the control group in 5 of the 9 statistically independent brain regions analyzed: the bilateral cingulum bundles 
(p=0.0015, t-test), bilateral uncinate fasciculi (p=0.02), bilateral middle cerebellar peduncles (p=0.0003), left anterior limb of the 
internal capsule (p=0.02), and right posterior limb of the internal capsule (p=0.05).  The middle cerebellar peduncles are not 
commonly injured in civilian mTBI.  However, recent computer simulation models predict especially high mechanical stresses in this 
area of the brain independent of the orientation of the head relative to the blast. 

Follow-up patient assessments are ongoing.  To date, 77% (43/56) of patients report impairments their professional and/or 
personal lives.  While neuropsychological testing has not detected substantial deficits, 48% have met Clinician-Administered PTSD 
Scale (CAPS) criteria for post-traumatic stress disorder (PTSD) and 48% have met Montgomery-Asberg Rating Scale criteria for 
moderate to severe depression.  None had pre-existing major psychiatric disorders.  While the prevalence of PTSD and depression did 
not differ between the study and control groups, the severity of PTSD was greater in the study group (p=0.007, Mann Whitney U-test). 
 
CONCLUSIONS:  Statistically significant differences in relative anisotropy existed between the study and control groups.  We 
interpret this difference as evidence that traumatic axonal injury plays a role in blast-related mTBI.  Thus, DTI may offer improved 
diagnostic sensitivity in blast-exposed US military personnel for mTBI.  Additional research is required using independent cohorts to 
validate these findings and to prospectively evaluate the clinical utility of DTI-based assessments and management for mTBI. 
 
 

Control Blast-related TBI

Diffusion Tensor Imaging: Relative Anisotropy Conventional MRI: T2/FLAIR

Control Blast-related TBI

A B C D

 
Figure 1: DTI reveals abnormalities after blast-related TBI that are not apparent on conventional MRI. A-B DTI from a control 
subject (A) and a blast-related TBI patient (B). Middle cerebellar peduncles indicated by arrows; note the reduced intensity of yellow-
green regions. C-D. Conventional MRI from an anatomically matched regions in the same two subjects: no abnormalities detected. 



  

Blast-related TBI Subjects: A  cross-sectional cohort of 63 active-duty US military personnel who 
presented to Landstuhl Regional Medical Center (LRMC) with signs and/or symptoms of 
blast-related TBI from 2008-2009.  All provided written informed consent.  

Controls : 21 US military personnel presenting to LRMC with blast exposure and other injuries but 
no TBI based on clinical criteria.  

Scans: Subjects were scanned at LRMC in the first 90 days after injury on a 1.5T Siemens Avanto 
MRI scanner. DTI protocol comprised two acquisitions at 2.5 x 2.5 x 2.5 mm resolution with 
23 diffusion directions. Scans were repeated 6-12 months later at Washington University. 

 

Advanced MRI Detection of Blast-Related Traumatic Brain Injury in Active Duty US Military Personnel  

• We hypothesized that traumatic axonal injury, detectable with DTI but 
not apparent with conventional neuroimaging, is a primary 
pathophysiological process underlying blast-related TBI. 

• We hypothesized that major orbitofrontal and posterior fossa white matter 
tracts would be affected prominently in blast-related TBI. 
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•In the current wars in Iraq and Afghanistan, as many as  320,000 US military 
personnel have sustained blast-related  traumatic brain injury (TBI). 
•Most of these injuries are categorized as uncomplicated “mild” or “concussive” 
TBI based on clinical criteria and the absence of intracranial pathology on CT or 
conventional MRI 
•.However, little is known about these “mild” injuries and the relationship 
between TBI and outcomes remains controversial. 
• Diffusion Tensor Imaging (DTI) is an advanced MRI method that has been 
shown to be more sensitive to traumatic axonal injury than conventional MRI.  
•In civilian TBI, DTI has shown many abnormalities not apparent on  CT or 
conventional MRI.  
•However, no DTI studies of acute blast-related TBI have been  published, and 
the role of axonal injury in blast-related TBI is not known. 
•Computer simulations of the effects of blast-induced pressure waves on the 
brain suggest that the orbitofrontal regions and the posterior fossa (cerebellum 
and brainstem) may sustain intense stresses independently of the subject’s head 
orientation relative to the blast. 

122 Service Members Identified at 
Landstuhl Regional Medical Center 

Landstuhl, Germany

84 Enrolled and 
completed Scan 1

21 Controls 63 Blast-related TBI

18 Controls 
Follow-up at 
Washington 
University

47 TBI Subjects 
Follow-up at 
Washington 
University

38 Excluded

17 With Contraindications to MRI 
8 Ferromagnetic Metal Shrapnel       
5 Medically unstable   
2 Claustrophobic    
2 Other Ferromagnetic Metal 

6 Eligible But Did Not Consent
5 Unable to Follow-up: Protection of

Identity (i.e. Special Forces)
4 MRI Would Have Interfered with

Clinical Care
4 TBI Not Associated with Blast
1 Prior Significant TBI
1 Incidental Brain Tumor Discovered
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•DTI findings in US military personnel support the hypothesis that blast-related 
mild TBI can involve axonal injury which is not detected on conventional  MRI.  
•The distribution of affected brain regions suggested an admixture of blast effects 
and other mechanisms.  
•However, many TBI subjects did not have DTI abnormalities, and TBI remains a 
clinical diagnosis  
•The relationship between specific DTI abnormalities and post-traumatic stress 
disorder severity is intriguing and will require validation in an independent cohort.  
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Fig.6:  Post-traumatic 
stress disorder (PTSD). 
A. Subjects meeting all 
DSM-IV criteria for PTSD.  
B. Severity of PTSD. 
C. Initial scan DTI 
predictors of PTSD 
severity. 4 regions of 
interest: R orbitofrontal, R 
cingulum, R & L posterior 
limb of the internal 
capsule.  
D. Multivariate predictive 
model of PTSD severity. 
based on early DTI and 
clinical data. (βDTI= -0.28, 
p=0.016).   
E. Split sample validation 
of the multivariate model.  

Fig.5: Evolution of 
DTI parameter 
abnormalities over 
time. Data shown for 
bilateral cingulum 
bundles.  
A. Initial scans 1-90 
days after injury. Data 
from 18 controls and 
47 TBI subjects with 
both initial and 
follow-up scans.  
B. Follow-up scans in 
the same subjects 6-12 
mo. after enrollment. 
C. Summary and 
interpretation. 
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TBIControl

Cingulum

Middle Cerebellar Peduncle

Orbitofrontal White Matter

Fig. 2 DTI abnormalities in 
blast-related TBI subjects. 
A. Brain regions 
commonly injured in 
civilian TBI. 
1-sided t-tests. Bars 
indicate means and 
standard deviations. 
Dashed lines indicate 2 
standard deviations below 
the mean of control group.  
B. Brain regions predicted 
to be vulnerable to blast, 
but not commonly affected 
in civilian TBI.  
C. Individual subject 
analyses. Expected 
numbers based on binomial 
calculations. 

Fig. 1: Enrollment 
and exclusion 
characteristics of 
the study 
participants.  

Fig. 3 DTI reveals abnormalities after blast-related TBI 
that are not apparent on conventional MRI. Top panels: 
DTI relative anisotropy maps. Colors indicate principal 
diffusion directions: red = right-left, green = anterior-
posterior, blue = dorsal-ventral. Brighter colors 
indicate higher relative anisotropy. Arrows indicate 
regions with abnormally low relative anisotropy (less 
bright green) on DTI in the TBI subjects compared 
with controls. Bottom panels: conventional T2-
weighted MRI showing no detectible abnormalities at 
the same locations in the same subjects. (Small 
differences in the appearance of the T2 weighted 
images are due to normal subject-to-subject 
variability.) A. Cingulum bundles. B. Middle cerebellar 
peduncles. C. Orbitofrontal white matter. Images from 
3 individual TBI subjects and 3 individual controls.  
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Fig. 4: Diffusion Tensor Imaging.  



  

Blast-related TBI Subjects: A  cross-sectional cohort of 63 active-duty US military personnel who 
presented to Landstuhl Regional Medical Center (LRMC) with signs and/or symptoms of 
blast-related TBI from 2008-2009.  All provided written informed consent.  

Controls : 21 US military personnel presenting to LRMC with  other illnesses or injuries and a 
history of blast exposure  but no TBI based on clinical criteria.  

Scans: Subjects were scanned at LRMC in the first 90 days after injury on a 1.5T Siemens Avanto 
MRI scanner. DTI protocol comprised two acquisitions at 2.5 x 2.5 x 2.5 mm resolution with 
23 diffusion directions.  Resting state functional connectivity  MRI (fcMRI)  protocol 
consisted of three7 minute blood oxygen level dependent (BOLD) runs with 1 whole brain 
acquisition every 2 seconds and 4 x 4 x 4 mm spatial resolution.  

Clinical Assessments: Blinded raters performed Clinician Administered PTSD Scale (CAPS) 
ratings on 47 TBI  subjects and 18 controls who came to follow-up 6-12 months after injury. 

 

Early Prediction of Post-traumatic Stress Disorder Severity Following Blast-related Traumatic Brain Injury Using Advanced MRI-based Methods 

• We hypothesized that  injuries to specific brain regions predispose US 
military personnel to develop PTSD symptoms of greater severity.  

• Operationally, we hypothesized that advanced MRI results using methods 
sensitive to mild TBI would allow early prediction of the severity of 
PTSD as assessed 6-12 months after injury.  
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•In the current wars in Iraq and Afghanistan, as many as 320,000 US military 
personnel have sustained blast-related  traumatic brain injury (TBI). 
•Most of these injuries are categorized as uncomplicated “mild” or “concussive” 
TBI based on clinical criteria and the absence of intracranial pathology on CT or 
conventional MRI 
•.However, little is known about these “mild” injuries and the relationship 
between TBI and Post-traumatic Stress Disorder (PTSD) remains controversial. 
•We recently reported that Diffusion Tensor Imaging (DTI), an advanced MRI-
based method,  reveals abnormalities consistent with traumatic axonal injury in 
a subset of US military personnel with blast-related mild TBI. (Mac Donald et al  
NEJM 2011) 
•Abnormalities were found prominently in orbitofrontal cortex, a brain region 
hypothesized to be involved in emotional regulation and extinction of fearful 
memories in animal models of PTSD. This led to the hypotheses tested here.    

122 Service Members Identified at 
Landstuhl Regional Medical Center 

Landstuhl, Germany

84 Enrolled and 
completed Scan 1

21 Controls 63 Blast-related TBI

18 Controls 
Follow-up at 
Washington 
University

47 TBI Subjects 
Follow-up at 
Washington 
University

38 Excluded

17 With Contraindications to MRI 
8 Ferromagnetic Metal Shrapnel       
5 Medically unstable   
2 Claustrophobic    
2 Other Ferromagnetic Metal 

6 Eligible But Did Not Consent
5 Unable to Follow-up: Protection of

Identity (i.e. Special Forces)
4 MRI Would Have Interfered with

Clinical Care
4 TBI Not Associated with Blast
1 Prior Significant TBI
1 Incidental Brain Tumor Discovered

•PTSD was more common and more severe in TBI subjects than controls.  
•DTI and fcMRI abnormalities contributed to early prediction of PTSD severity. 
•Hyperarousal could be more strongly predicted than overall PTSD severity.  There 
may be multiple components of PTSD with separable biological substrates.  
•Brain regions with abnormalities that predicted PTSD severity were consistent 
with known emotional regulation circuitry in animals. Failure to extinguish fearful 
memories due to medial frontal network dysfunction may be involved.  
•Prediction of PTSD severity was moderate; a great deal of the variance in PTSD 
severity was not explained by any of the imaging or clinical factors assessed. 
Genetic factors, early life experiences, combat intensity and  other comorbid 
conditions may play important roles but were not addressed in this study.   
•Validation in an independent cohort of US military personnel is ongoing.  

Fig. 5: Hyperarousal component of PTSD: Advanced MRI and clinical predictors.   
A. Multivariate predictive model of hyperarousal severity, based on early DTI and clinical data  
(βDTI= -0.41,  p=0.00026).  DTI regions of interest included 5 regions: right orbitofrontal, left and right 
posterior limbs of the internal capsule, bilateral uncinate fasciculus, and left anterior limb of the internal 
capsule. B. Multivariate model as in Fig. 5A with added fcMRI predictive index. (βDTI= -0.43,  
p=0.000074), (βfcMRI= 0.29,  p=0.005).  

Fig. 2  Post-traumatic Stress Disorder (PTSD): DTI and clinical predictors 
A. Subjects meeting all DSM-IV criteria for PTSD. B. Severity of PTSD. 
C. Initial scan DTI predictors of PTSD severity. 4 regions of interest: right orbitofrontal, right 
cingulum, right & left posterior limb of the internal capsule.  
D. Multivariate predictive model of PTSD severity based on early DTI and clinical data.  
(βDTI= -0.28, p=0.016).  E. Split sample validation of the multivariate model.  

Fig. 1: Enrollment 
and exclusion 
characteristics of 
the study 
participants.  
(Mac Donald et al 
NEJM 2011) 

Fig. 3 PTSD: 
fcMRI predictors 
A. Early fcMRI 
predictor based on 
correlations of left 
temporal cortex 
with bilateral 
frontal cortex. 
B. Multivariate 
model as in Fig 2D 
with added fcMRI 
predictive index 

Results 

Contro
l

TBI
0

20

40

60

80

5/18

29/47

* p=0.014

%
 o

f S
ub

je
ct

s
M

ee
tin

g 
Al

l C
rit

er
ia

 fo
r P

TS
D

Contro
l

TBI
0

20

40

60

80

100

120
** p=0.004

PT
SD

 S
ev

er
ity

:
C

AP
S 

To
ta

l S
co

re

0.34 0.36 0.38 0.40 0.42
0

20

40

60

80

100

120
TBI
Control

r = -0.39, p=0.001

DTI: Relative Anisotropy
Averaged Across 4 Regions of Interest

PT
SD

 S
ev

er
ity

:
C

AP
S 

To
ta

l S
co

re

0 20 40 60 80 100 120
0

20

40

60

80

100

120
r =0.55, p=0.0002

Control
TBI

FULL SAMPLE

Predicted PTSD Severity:
Multivariate Model

(DTI, Education, MACE, TBI vs. Control)

O
bs

er
ve

d 
PT

SD
 S

ev
er

ity
:

C
AP

S 
To

ta
l S

co
re

0 20 40 60 80 100 120
0

20

40

60

80

100

120
r =0.62, p=0.007

SPLIT SAMPLE: TRAINING SET

O
bs

er
ve

d 
PT

SD
 S

ev
er

ity
:

C
AP

S 
To

ta
l S

co
re

0 20 40 60 80 100 120
0

20

40

60

80

100

120
r =0.48, p=0.005

Control
TBI

TEST SET, No Free Parameters

BA C

D E

Predicted PTSD Severity:
Multivariate Model

(DTI, Education, MACE, TBI vs. Control)

Fig. 4 fcMRI predictors 
Below. Left temporal cortex seed 
region. Right: Bilateral frontal 
cortex regions. Darker blue 
indicates regions where impaired 
functional connectivity with left 
temporal cortex most strongly 
predicts PTSD severity.   

Baseline 

Acute Stress Response 

Compensation & 
Recovery 

PTSD 

Stressor 
(Combat etc.)  

 

Fear Reinforcement  
    & Consolidation 

Fear Extinction Learning 
& Habituation 

 

Injury to Medial Frontal Circuits 

(Injury to Amygdala Circuits) 

Fig. 6: Hypothesized 
role of  injury to 
medial frontal brain 
circuits leading to 
increased PTSD 
severity. (Myers & 
Davis, Molecular 
Psychiatry 2007). 
Possible role of 
amygdala injury 
based on severe TBI 
(Koenigs et al, Nat. 
Neurosci 2008.) 
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ABSTRACT  

Background: Blast-related traumatic brain injury (TBI) has been common in the wars in Iraq and 
Afghanistan, but fundamental questions about these injuries remain unanswered. 

Methods: We tested the hypothesis that blast-related TBI causes traumatic axonal injury using Diffusion 
Tensor Imaging (DTI), an advanced MRI method sensitive to axonal injury. Participants were 63 US 
military personnel evacuated to Landstuhl Regional Medical Center, clinically diagnosed with mild 
uncomplicated TBI, and scanned 1-90 days after injury. All had primary blast exposure plus another 
blast-related mechanism of injury (e.g. struck by a blunt object, fall, motor vehicle crash). Controls were 
21 similar personnel with blast exposure and other injuries but no clinical diagnosis of TBI.  

Results: DTI revealed abnormalities consistent with traumatic axonal injury in many TBI subjects. None 
had detectible intracranial injury on CT. DTI was markedly abnormal in the middle cerebellar peduncles 
(p=<0.001), cingulum bundles (p=0.002), and right orbitofrontal white matter (p=0.007).  In 18/63 
individual TBI subjects, there were significantly more DTI abnormalities than expected by chance 
(p<0.001). Follow-up scans performed 6-12 months later in 47 TBI subjects demonstrated persistent DTI 
abnormalities consistent with evolving injuries.  

Conclusions: DTI findings in US military personnel support the hypothesis that blast-related mild TBI can 
involve axonal injury. However, the contributions of primary blast exposure vs. other types of injury 
could not be resolved directly, as no subject had isolated primary blast injury. Furthermore, many TBI 
subjects did not have DTI abnormalities, and TBI remains a clinical diagnosis. 
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Overview: The goal of this presentation is to demonstrate the use of several MRI methods in Blast-
related traumatic brain injury. The focus will be on both clinical and logistical aspects of our experiences.  

Background:  

• In the current wars in Iraq and Afghanistan, as many as 320,000 US military personnel have 
sustained blast-related traumatic brain injury (TBI). 

• Most of these injuries are categorized as uncomplicated “mild” or “concussive” TBI based on 
clinical criteria and the absence of intracranial pathology on CT or conventional MRI 

• .However, little is known about these “mild” injuries and the relationship between TBI and 
outcomes remains controversial. 

•  Diffusion Tensor Imaging (DTI) is an advanced MRI method that has been shown to be more 
sensitive to traumatic axonal injury than conventional MRI.  

 

• In civilian TBI, DTI has shown many abnormalities not apparent on CT or conventional MRI.  
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• However, no DTI studies of acute blast-related TBI have been published, and the role of axonal 
injury in blast-related TBI is not known. 

 

• Computer simulations of the effects of blast-induced pressure waves on the brain suggest that 
the orbitofrontal regions and the posterior fossa (cerebellum and brainstem) may sustain 
intense stresses independently of the subject’s head orientation relative to the blast. 

  

 



Methods:  

Blast-related TBI Subjects: A cross-sectional cohort of 63 active-duty US military personnel who 
presented to Landstuhl Regional Medical Center (LRMC) with signs and/or symptoms of blast-related TBI 
from 2008-2009.  All provided written informed consent.  Subjects were scanned 1-90 days after injury. 
All had blast exposure plus another mechanism of injury (e.g. fall, motor vehicle crash, struck by a blunt 
object). 

Controls : 21 US military personnel presenting to LRMC with blast exposure and other injuries but no TBI 
based on clinical criteria.  

Scans: Subjects were scanned at LRMC in the first 90 days after injury on a 1.5T Siemens Avanto MRI 
scanner. DTI protocol comprised two acquisitions at 2.5 x 2.5 x 2.5 mm resolution with 23 diffusion 
directions. Scans were repeated 6-12 months later at Washington University. 

Safety and Data Monitoring:  Subjects were screened using a hand-held metal detector for objects such 
as shrapnel that would contraindicate MRI scanning. All x-rays and CT scans acquired for clinical 
purposes were also reviewed for metallic objects. A standard clinical checklist for MRI contraindications 
was filled out by each subject prior to each scan. The subjects tolerated MRI scans well with no safety 
concerns arising. 

 

 

  

122 Service Members Identified at 
Landstuhl Regional Medical Center 

Landstuhl, Germany

84 Enrolled and 
completed Scan 1

21 Controls 63 Blast-related TBI

18 Controls 
Follow-up at 
Washington 
University

47 TBI Subjects 
Follow-up at 
Washington 
University

38 Excluded

17 With Contraindications to MRI 
8 Ferromagnetic Metal Shrapnel       
5 Medically unstable   
2 Claustrophobic    
2 Other Ferromagnetic Metal 

6 Eligible But Did Not Consent
5 Unable to Follow-up: Protection of

Identity (i.e. Special Forces)
4 MRI Would Have Interfered with

Clinical Care
4 TBI Not Associated with Blast
1 Prior Significant TBI
1 Incidental Brain Tumor Discovered



3-D Region of Interest Analysis  Brain 
regions of interest for DTI analysis. Left 
and center panels: conventional (T1 
weighted) MRI for anatomical localization. 
Right panels: DTI relative anisotropy maps. 
White bars indicate locations and 
orientation of slices analyzed for multi-
slice regions of interest. A. Body of the 
corpus callosum DTI on a sagittal section, 
running right-left between the lateral 
ventricles. B. Genu of the corpus callosum 
DTI on a sagittal section, running right-left 
anterior to the lateral ventricles. C. 
Splenium of the corpus callosum DTI on a 
sagittal section, running right-left posterior 
to the lateral ventricles. D.  Posterior limb 
of the internal capsule DTI on a coronal 
section, running dorsal-ventral and right-
left between the putamen and thalamus. 
E. Cingulum bundle DTI on a sagittal 
section, running anterior-posterior dorsal 
to the corpus callosum. F. Uncinate 
fasciculus DTI on a sagittal section, running 
anterior-posterior in the anterior frontal 
lobe. G. Anterior limb of the internal 
capsule DTI on a coronal section, running 
anterior-posterior and right-left between 
the caudate and putamen. H. Middle 
cerebellar peduncle DTI on a coronal 
section, running anterior-posterior in the 
dorsal brainstem and cerebellum. I. 
Orbitofrontal white matter DTI on a 
sagittal section, running anterior-posterior 
in the ventral frontal lobe, ventral and 
posterior to the uncinate fasciculus.  J. 
Cerebral peduncle DTI on a coronal 
section, running dorsal-ventral in the 
midbrain and pons, medial to the middle 
cerebellar peduncle. 
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Results: DTI revealed abnormalities consistent with traumatic axonal injury in many TBI subjects. None 
had detectible intracranial injury on CT. DTI was markedly abnormal in the middle cerebellar peduncles 
and orbitofrontal white matter– regions predicted to be especially vulnerable to blast but not typically 
affected in mild civilian TBI. Several regions frequently affected in civilian TBI were also abnormal. In 
18/63 individual TBI subjects, there were significantly more DTI abnormalities than expected by chance 
(p=0.0001). Follow-up scans performed 6-12 months later in 47 TBI subjects demonstrated persistent 
DTI abnormalities consistent with evolving injuries.  

Conclusions: DTI findings in US military personnel support the hypothesis that blast-related mild TBI can 
involve axonal injury. The distribution of affected brain regions suggested an admixture of blast effects 
and other mechanisms. However, many TBI subjects did not have DTI abnormalities, and TBI remains a 
clinical diagnosis.  
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