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I. INTRODUCTION 

 
Traumatic brain injury (TBI) constitutes a public health problem worldwide, because 
of its high incidence, morbidity and mortality. TBI is a leading cause of death and 
disability in the young, otherwise healthy, employed population that does not only 
mean a personal, or family-wise disaster, but a social burden as well. 
TBI is a very heterogeneous disease and affects the most complex organ of the body. 
The underlying pathomechanisms are still poorly understood. The present 
diagnostic tools might only reveal the “tip of the iceberg”, the proper therapeutic 
methods are equivocal and the protocols largely differ among the TBI centers. 
Hippocrates is said to have remarked in 400 BC that “No head injury is too severe to 
despair of, nor too trivial to ignore”. This statement briefly underscores the 
difficulties regarding the diagnosis and prognosis of TBI. Unfortunately, his words 
are relevant even today. 
Diffuse axonal injury (DAI) is one of the most important pathological components of 
TBI, as a result of traumatic acceleration/deceleration or rotational shear-strain 
forces leading to axonal/myelin stretching or disruption. Previously, DAI has been 
considered a primary-type injury, with the damage occurring at the time of the 
accident. Research has shown that the delayed mechanisms (secondary components 
of DAI) are generally more important. Originally DAI was suggested upon an 
inferential basis, in any patient who demonstrated clinical symptoms 
disproportionate to his or her CT-scan findings. This category was generally 
restricted for comatose patients, whose vast majority (>90%) remained in a 
persistent vegetative state. Recently, however the term DAI (or the synonym 
traumatic axonal injury) has been more widely used, applying to the entire severity 
range of TBI, including a spectrum of axonal damage from a subtle, reversible 
functional disorder to the true disconnection.  
The extent and severity of DAI is highly related to the clinical severity and outcome. 
However, clinical diagnostic tools including conventional imaging (clinical CT, MRI) 
fail to detect DAI due to its microscopic range. The role of the present routine 
imaging in TBI is limited to the recognition of pathologies that require surgical 
intervention (e.g. intracranial bleeding, fractures). 
In contrast, advanced imaging, due to high sensitivity may provide an insight into the 
microstructural and functional pathomechanisms of TBI. These methods may also 
aid the evaluation and prognosis assessment of TBI. 
 
Here we define advanced imaging as quantitative modalities and/or post processing 
methods that are available in research, but yet have not been widely applied in 
clinical environments. In the field of mild TBI, advanced imaging mainly means 
advanced MRI methods, as diffusion tensor imaging (DTI) –for white mater 
microstructure examination, functional MRI (fMRI) – for objective measurement of 
functional abnormalities, volumetric analysis – for the detection of subtle edema or 



atrophy, and susceptibility weighted imaging (SWI) – for the depiction of microscopic 
bleedings. Though a large set of studies have conducted advanced MRI 
investigations in severe TBI as well, their feasibility in severe TBI is clearly limited, 
not merely because of the issues related to patient management (anesthesia, MRI 
safety issues), but also because the major pathologies such as bleedings, fractures 
and distortions constitute MRI artifacts and post-processing challenges. 
In severe TBI, advanced imaging offering novel insights into diagnosis and prognosis 
assessment mainly involves quantitative CT analysis. Presently the CT signs are 
assessed qualitatively, quantitative evaluation (e.g. midline shift) is restricted to the 
use of linear (1 dimensional) measurements. Semi-automated 3-dimensonal, 
volumetric based assessment might enhance the evaluation of traumatic CT signs. 
 

 

II. AIMS 

 
The aim of the present thesis is to test if advanced neuroimaging can provide better 
insights into TBI induced alterations, thus aiding TBI diagnosis. 
Advanced MRI techniques were applied in mild TBI patients where conventional 
imaging completely fails to detect any pathology. Quantitative CT was applied in 
severe TBI patients for whom MRI is often not applicable because of practical 
factors, however objective parameters might provide important additional 
information that may be missed during conventional CT reading. 
 
Specific aims: 
 
1. To clarify if advanced MRI such as DTI, volumetric analysis, fMRI, SWI are able to 
detect any brain alterations in the acute to subacute phase after injury in mild TBI 
patients with completely negative CT and routine MRI (T1W, T2W, FLAIR) scans 
(=”uncomplicated mild TBI” patients). 
 
2.  To develop a quantitative assessment method of lateral ventricle asymmetry and 
test if lateral ventricle volume asymmetry might precede midline shift and so might 
be an earlier marker of hemispherical pressure increase. 
 

 

 

 



III. ADVANCED MRI IN MILD TRAUMATIC BRAIN INJURY 

 
3.1 Subjects and methods 
 
Subjects  
 
Fourteen patients (five females) from the outpatient unit of the department of 
Neurosurgery with mild TBI participated in this study. Patients fulfilled the criteria of 
“uncomplicated” mild TBI. Patients had a Glasgow Coma Scale of 15, loss of 
consciousness for less than one minute, amnesia for less than 30 minutes and 
negative posttraumatic CT. A control group of 14 age- and sex-matched healthy 
volunteers was also involved in the study. All subjects gave a written informed 
consent under a protocol approved by the local ethical committee.  
 
Image acquisition 
 
Initial MRI data of patients were acquired within 72 hours after injury (mean:  ~2 
days, ranging from 12 h to 72 h, referred to as 72h). The second acquisition was 
performed approximately one month later (mean: 35 days ranging from 28 days to 
43 days after injury, referred to as one month). The control group also underwent 
the two time point acquisition with a similar time frame (average 30 days difference 
ranging from 27 to 36). 
Magnetic resonance imaging was carried out on a Siemens Magnetom TIM Trio 3 
Tesla scanner (Enlargen, Germany) with a 12 channel standard head coil. The 
protocol consisted of high resolution T1-weighted scan (MPRAGE) T2-weighted scan, 
FLAIR, DTI and SWI which were applied on all subjects.  
A subset of the subjects (10 patients and 10 control subjects) also underwent fMRI 
at both time points using hometown walking and covert word generation task. 
 
Data processing 
 
Diffusion tensor imaging and Tract-Based Spatial Statistics (TBSS) 
 
Initial diffusion image processing was carried out to generate Tract-Based Spatial 
Statistics (TBSS) input data using the FDT tools (FMRIB’s Diffusion Toolbox), part of 
FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). Diffusion data was then fed 
into DTIFit to calculate the diffusion tensor model for each brain voxel and 
subsequently to compute fractional anisotropy (FA) and mean diffusivity (MD) 
values from the tensor’s three eigenvalues. 
Voxelwise statistical analysis of the FA data was carried out using TBSS, part of FSL. 
TBSS projects all subjects' FA data onto a mean FA tract skeleton in standard space, 
before applying voxelwise cross-timepoint or cross-group statistics. We run TBSS for 



other diffusion-derived data, MD as well. The voxelwise statistics were performed 
on skeletonized data using the permutation-based non-parametric Randomize 
analysis, involved in FSL. The two time point FA and MD data from both mild TBI and 
control groups were compared by non-parametric paired t-test to maximize 
statistical power. We compared the mild TBI to control group by non-parametric 
unpaired t-test, in both first and second time points. Results were considered 
significant for p < 0.05, corrected for multiple comparisons using „threshold-free 
cluster enhancement”. 
 
 
Volumetric analysis 
  
T1-weighted high resolution images were fed into volumetric segmentation that was 
performed with the FreeSurfer image analysis suite (Athinoula A. Martinos Center 
for Biomedical Imaging, 2005). The output volumes of cortex, white matter, corpus 
callosum, ventricles, extracerebral CSF, hippocampus, amygdala, pallidum, caudate 
nucleus, thalamus, and nucleus accumbens were statistically compared between 
first and second time point by simple paired t-test, both in traumatic and control 
groups. Analysis between patient and control groups was carried out using unpaired 
t-test on volumes normalized to intracranial cerebral volume. 
 
Susceptibility weighted imaging 
 
Susceptibility weighted images were searched for hemorrhagic lesions by a board-
certified neuroradiologist. 
 
Functional MRI 
 
Pre-processing and statistical analysis were performed using FEAT (FMRI Expert 
Analysis Tool) Version 5.98, part of FSL. Whole brain general linear model (GLM) 
time-series statistical analyses of individual data sets were carried out using FILM 
(FMRIB's Improved Linear Model) with local autocorrelation correction. To model 
the BOLD response a box-car function with “task” vs. “rest” conditions was 
convolved with the FSL's canonical gamma haemodynamic response function (HRF).  
Single session data sets were registered into standard space using a three-step 
process. The resulting linear and non-linear deformations were combined 
mathematically and applied to the first-level statistical maps to take them into 
standard space. Second-level mixed effects analysis was carried out using the first 
level statistical maps to test for mean group activations within group changes over 
the one-month period and differences between the control and mild TBI groups. To 
calculate group average activation maps (e.g. < 72h acquisition in mild TBI group) 
the “single group average” model was set up. When calculating extraction based 



contrast maps between time points of one group (e.g. < 72h data minus 1 month 
data and vice versa in mild TBI group) the “two groups, paired” design was applied 
(paired t-test). When calculating contrast maps between groups (control group 
minus mild TBI group and vice versa at both < 72h and 1 month) the “two groups, 
unpaired” design was selected (unpaired t-test). Average activation maps for both 
groups at both time points and contrast maps of all possible variations were 
calculated.  
Statistical map thresholds were set using clusters determined by Z > 2.3 and a 
corrected cluster significance of p < 0.05. 
 
 
3.2 Results 
 
Structural images and SWI 
 
T1- and T2-weighted and FLAIR structural images were found to be free of trauma 
related pathology. 
No low-signal foci referring to microhemorrhages were apparent on the SWI in the 
traumatic or in the control group. 
 
Diffusion tensor imaging and Tract-Based Spatial Statistics 
 
Longitudinal analysis: 
 
TBSS analysis between 72h and one month acquisition of traumatic patients showed 
significant difference (corrected p < 0.05) in voxels of anterior corpus callosum, right 
corona radiata and internal capsule for both FA and MD values. FA was lower, while 
MD was higher at 72 h than after one month (see Table 1. for details). No voxels 
appeared to be significant on the opposite contrasts (72h > 1 month for FA, one 
month > 72h for MD). The two time point comparison of control subjects revealed 
no statistical difference regarding MD or FA. 
 
Cross-sectional analysis: imaging within 72h after injury: 
 
Comparison between the mild TBI group’s 72h imaging and the control group’s first 
time point imaging showed FA to be significantly decreased (corrected p < 0.05) and 
MD to be significantly increased (corrected p < 0.05) in the traumatic group diffusely 
in several white matter tracts of both hemispheres (Table 1. for details). The contrast 
of control group MD minus mild TBI group MD, or mild TBI group FA minus control 
group FA yielded no significant voxels.  
 
 



Cross-sectional analysis: imaging at one month: 
 
The comparison of mild TBI group data at one month to control group data at the 
second time point also highlighted significantly (corrected p < 0.05) reduced FA in 
the mild TBI group, but only in the right hemispherium, in much smaller extent (see 
Table 1. for details). The opposite contrast did not reveal any significant results. MD 
values showed changes in the opposite direction as FA values, but without reaching 
statistical significance. 
 

 

 

Volumetric analysis, FreeSurfer volumetric segmentation: 
 
Significant differences (p < 0.05) were detected between the 72h and one month 
volumes of the cortex, ventricles and extracerebral CSF in the mild TBI group (Table 
2). Cortical grey matter volume at 72h was larger than at one month. Ventricular 
(more pronouncedly lateral ventricle) and extracerebral CSF volume was lower at 
72h. No significant volume change over time was found in other investigated 
structures such as white matter, hippocampus, amygdala, pallidum, caudate 
nucleus, nucleus accumbens and thalamus. The average loss of cortical volume over 
one month was 1.02%.  Gain of average ventricular volume over time was 3.4%. 
Volume changes in control group were not significant (Table 2). Cross-sectional 
comparison of any normalized (to ICV) brain structure volumes revealed no 
significant difference between control and traumatic group either at 72h or one 
month, see Table 3. 
 



 

 

 

 

Functional MRI 
 
Cortical patterns during hometown walking task: 
Average activation map of the mild TBI group at <72h: Activation was detected 
bilaterally in the parahippocampal gyri, temporal fusiform cortex, precuneus cortex 
and lateral occipital cortex; details are listed in Table 4. No marked difference 
appeared by visual inspection when comparing the <72h average activation map to 
the activation map at 1 month, or to activation map of the control group at any time 
point. 
Longitudinal analysis, i.e. contrast of <72h and 1 month images of the traumatic 
group revealed significantly (Z > 2.3, p < 0.05) higher BOLD signal at 1 month 
bilaterally in voxels of the parahippocampal gyri and temporal pole. Details are listed 
in table 4. BOLD signal was not significantly higher in any voxels at the <72h 
acquisition.  



In the control group, apart from a subtle cluster (275 voxels) referring to significantly 
(Z > 2.3, p < 0.05) higher BOLD signal at the first acquisition compared to the second 
at the occipital lobe (table 4.), no significant differences were observed between the 
first and second measures. 
The contrast of mild TBI and control data revealed no significant (Z > 2.3, p < 0.05) 
differences in BOLD signal.  

 

 

 



Cortical patterns during covert word generation task: 
 
Covert word generation task related average activation map of the mild TBI group at 
<72h: Activation was detected in the left inferior frontal gyrus triangular and 
opercular part (Broca area), frontal orbital cortex, supplementary motor area, right 
insula and cingulate gyrus, see table 5. Subcortical activations occurred in the 
caudate nucleus, thalamic nuclei, putamen and pallidum bilaterally. No marked 
difference appeared by visual inspection when comparing the <72h average 
activation map to the activation map at 1 month, or to activation map of the control 
group at any time point. 
Contrast of the <72h and 1 month measurements of the traumatic group revealed 
significantly (Z > 2.3, p < 0.05) higher BOLD signal at <72h compared to 1 month 
mainly in the medial prefrontal cortex. Exact locations are presented in table 5. The 
opposite contrast, i.e. 1 month data minus <72h data showed no significant results. 
The contrasts of the two time point data in the control group: First time point minus 
second showed significant (Z > 2.3, p < 0.05) difference in BOLD signal in the right 
frontal opercular cortex and left subcortical areas. Second time point minus first 
showed significant difference in the left anterior hippocampus. Cluster details are 
included in Table 5. The contrast of mild TBI and control data has revealed no 
significant (Z > 2.3, p < 0.05) differences.  
 



  
   

 

 

 

 

 

 



IV. QUANTITATIVE CT IN SEVERE TRAUMATIC BRAIN INJURY 

 
4.1 Subjects and methods 
 
Subjects 
 
This retrospective analysis was performed on data from 84 adults with blunt severe 
TBI (Glasgow Coma Scale ≤ 8) requiring a ventriculostomy presenting to a Level I 
Trauma Center (University of Florida Trauma System, Shands Hospital in Gainesville, 
Florida) from 2007 to 2010. For image analyses, 76 patients were included for whom 
both admission and follow-up CT scans were available (eight patients without follow-
up imaging were excluded from the analyses). This group of patients included 57 
males and 19 females, with an average age of 40 years (SD = 15.1, min = 18, max = 
75). 
To test normal lateral ventricle volume asymmetry, a control group including 74 
random patients from University of Florida Shands Hospital (26 patients) and the 
Department of Neurosurgery, University of Pécs (48 patients) without a history of 
moderate or severe TBI nor any pathological CT alteration were added to the study 
(40 males, average age: 57.27 years, SD = 18.68, min = 18, max = 93). 
Approval from the Institutional Review Board (IRB) of the University of Florida, and 
University of Pécs to conduct this study was received. Written informed consent was 
obtained from all participants (or legally authorized representative) in the study. 
Imaging 
Admission CT scans were performed within three hours in average after injury 
(average = 2.44, min = 1, max = 7, SD = 1.56, hours). An average of three follow-up 
scans within the first 10 days of severe TBI were available. Routine head trauma 
imaging protocol was performed on Toshiba Aquilion One helical CT scanner. Scans 
of same parameters were acquired in the control group. 
 
Image analysis 
 
Lateral Ventricle Volume measurement 
 
Computer assisted manual volumetric measurement was conducted using Osirix™ 
5.8.5 [open source] Imaging Software (http://www.osirix-viewer.com/). Left and 
right lateral ventricles were manually outlined in each slice using “Pencil” (freehand 
region of interest) tool. Based on the outlined areas and slice thickness information 
a three dimensional (3-D) reconstruction and volume estimation of the lateral 
ventricle was performed. Choroid plexus and intraventricular hemorrhage were 
included in ventricle outlines, if present. 
 
 



Lateral ventricle volume ratio (LVR) calculation 
 
Lateral ventricular asymmetry was quantified by dividing the larger lateral ventricle 
volume by the smaller which we term the LVR. For each severe TBI patient’s 
admission scan, the LVR was calculated. Evaluators were blinded to later patient CT 
scans, clinical information and outcomes. 
LVR was also calculated in each control patient, to assess normal lateral ventricular 
asymmetry. 
 
Inter- and intra-rater reliability of LVR measurement 
 
Inter- and intra-rater reliability of LVR measurement was determined using 
Intraclass Correlation Coefficient. I measured LVRs on 10 random traumatic CTs 
twice for intra-rater analysis, and a second rater measured them for inter-rater 
analysis. Two-way model, absolute agreement type was applied, both single and 
average measurement reliability was calculated. Analysis was run in MedCalc 
statistical software. 
 
Midline shift assessment 
 
Midline shift was measured as the distance between skull midline (line between 
anterior and posterior attachment of the falx to the skull) and the septum 
pellucidum at the level of the foramina of Monro. A midline shift greater than 5 mm 
was considered significant. Midline shift was evaluated on all (admission and follow-
up) scans of the severe TBI patients. 
Statistics 
ROC analysis of LVR and midline shift development 
To determine the best admission scan LVR threshold that may be associated with 
the development of midline shift, a Receiver Operating Characteristic (ROC) curve 
analysis was performed using LVR as variable and midline shift development as the 
classification variable as follows:  
Negative group: patients with no significant midline shift on admission or follow-up 
scans. Positive group: patients with no significant midline shift on admission scan, 
but with significant midline shift present on any follow-up scans. Thus, patients with 
significant midline shift on admission scan were excluded from this test.  
Odds ratio and relative risk test for “high LVR” and midline shift development 
The LVR threshold of best sensitivity and specificity yielded by ROC analysis was then 
used to define “high admission LVR” and “low admission LVR” patient groups. Odds 
(OR) and relative risk (RR) ratios were calculated taking “high admission LVR” group 
as exposed group; “low admission LVR” group as control group; patients with no 
midline shift on admission or follow-up scans as good outcome cases, patients with 



no significant midline shift on admission scan, but with significant midline shift on 
any follow-up scans as poor outcome cases using MedCalc statistical software. 
 
 
4.2 Results 
 
The average LVR for all evaluated severe TBI patients (n = 76) on admission scans 
was 2.03 (SD = 1.401), median was 1.51 (min. LVR = 1.01, max. LVR = 9.67). Sixteen 
patients had significant midline shift on admission scans while 60 did not. Of these 
60 patients, 15 (25%) patients developed significant (>5mm) midline shift on follow-
up scans. 
In the control group (n = 74), average LVR was 1.14 (SD = 0.11), median was 1.11 
(min. LVR = 1.00, max. LVR = 1.44). 
 
Inter- and intra-rater reliability of LVV ratio measurement 
 
Intra-rater intraclass correlation was 0.9445 for single measures (95% confidence 
interval = 0.8018 - 0.9858) and 0.9715 for average measures (95% confidence 
interval = 0.8900 - 0.9928). Inter-rater intraclass correlation was 0.9061 for single 
measures (95% confidence interval = 0.6840 - 0.9755) and 0.9508 for average 
measures (95% confidence interval = 0.8124 - 0.9876). 
 
ROC analysis of LVR and midline shift development 
 
Admission LVR of >1.67 was shown to have a sensitivity of 73.3% and a specificity of 
73.3% for subsequent midline shift development (AUC = 0.782, standard error = 
0.0659, 95% confidence interval = 0.657 to 0.878, z statistic = 4.28, Significance level 
p (area = 0.5) <0.0001). ROC curve is shown in Fig 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

  

Figure 1. ROC curve analysis of Lateral Ventricle Volume Ratio (LVR) on predicting 

subsequent midline shift development. 

 

Odds ratio and relative risk test 

When using LVR of >1.67 as criterion for “high admission LVR”, 23 patients out of 60 

were included in the “high admission LVR” group without significant midline shift on 

admission scans. Eleven of these patients (47.8%) developed midline shift on follow-

up scans. In the “low admission LVR” group (n = 37), 4 patients developed midline 

shift on follow-up scans (10.8%). This yielded an OR of 7.56 (95% CI = 2.0173 - 

28.3502, p = 0.0027), and a RR of 4.42 (95 % CI = 1.5965 to 12.2586, p = 0.0042). 

 

 

 



V. NOVEL FINDINGS AND CONCLUSION 

 

Ad. Aim 1.: 
 
Even in uncomplicated mild TBI, in which by definition, conventional imaging (CT, 
T1w-, T2w-, FLAIR MRI) is negative, both structural and functional alterations can be 
detected by advanced MRI acutely after the injury: 
 
a. High resolution volumetric analysis revealed significant brain volume changes 
indicative of the presence of edema in the hyperacute phase, or accelerated 
degenerative process in the subacute phase. 
 
b. DTI showed a widespread diffusivity alteration in the white matter suggesting 
axonal disintegration acutely, which did not fully recover in a month. 
 
c. Functional MRI has shown that both activation and deactivation rate might be 
reduced in the acute phase that is indicative of an overall reduced flexibility in the 
brain blood flow redistribution. 
 
d. SWI allows the dichotomization of DAI into hemorrhagic and non-hemorrhagic 
forms based on the presence of microbleeds. Uncomplicated mild TBI was 
associated with non-hemorrhagic DAI in our studies. 
 
Though the majority of these alterations appeared to recover over time, a portion 
of them still exists over a month, in the sub-acute phase. These findings suggest that 
organic pathology might be just as important as the psychogenic factors in the 
development of the persistent post-traumatic disorders. These and similar findings 
by other groups should induce a paradigm shift in the understanding of mild TBI. The 
possible long-term consequences of the mild head injuries including sports 
concussions should not be overlooked, a referral to these cases as “mild” appears to 
be an understatement.  Legal regulations regarding mild TBI and concussion should 
be re-stated since mild TBI, or a significant portion of the mild TBI cases do not seem 
to be a disease that recovers within 8 days.  
MRI may become a unique tool to recognize mild TBI patients with significant 
underlying microstructural pathologies. These patients should be selected for a 
timely neurorehabilitation, which is known to lead to better outcome. Advanced MRI 
might also help specifying the safe return-to-activities time point after injury. 
 
 
 
 



Ad aim 2.: 
 
The three dimensional volumetric analysis allowed an objective assessment of the 
ventricle deformation and asymmetry that may follow severe TBI due to space 
occupying pathologies as bleedings and edema. We have shown that lateral ventricle 
asymmetry is not just linked to, but generally precedes midline shift, which is known 
to be a prognostic factor of poor outcome and might indicate a need of surgical 
intervention. The recognition of ventricular asymmetry might therefore have a 
similar clinical significance as midline shift has, however it indicates pathologies 
having a mass effect earlier than midline shift itself. 
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