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Abstract
Objectives: Diffuse axonal injury is a common consequence of traumatic brain injury that
frequently involves the parasagittal white matter, corpus callosum, and brain stem. This study
examined the potential of diffusion tensor tractography in detecting diffuse axonal injury at the
acute stage and predicting long-term functional outcome. Design: Tract-derived fiber parameters
were analyzed to distinguish patients from controls and to determine their relationship to
outcome. Setting: Inpatient traumatic brain injury unit. Patientsor other participants: 12
patients were scanned approximately 7 days after injury; 12 age- and gender-matched controls
were also scanned. Main outcome measur e: Six fiber parameters of the corpus callosum,
fornix, and peduncular projections were obtained. Glasgow outcome scale-extended was
assessed approximately 9 months post-injury in 11/12 patients. Results: At least one fiber
parameter of each region showed diffuse axonal injury-associated alterations. At least one fiber
parameter of the anterior body and splenium of the corpus callosum correlated significantly with
the Glasgow outcome scale-extended scores. The predicted outcome scores correlated
significantly with actual scores in a mixed effects model. Conclusions: Diffusion Tensor
Tractography-based quantitative analysis of acute MRI scans has the potential to serve as a

valuable biomarker of diffuse axonal injury and predict long-term outcome.
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Introduction
Traumatic brain injury (TBI) is a major cause of mortality and disability. In the United States
alone, more than 1.4 million cases are reported annually along with 235,000 hospitalizations and
50,000 deaths.! Diffuse axonal injury (DAI) is the predominant mechanism of the injury in 40-
50% of TBI cases that require hospitalization® and is likely a factor in most cases resulting from
high-speed motor vehicle collisions. DAI is a consequence of sustained
acceleration/deceleration forces that can shear axons and produce microscopic changes in the
brain. In humans, the primary cytoskeleton disorganization can be observed through histological
examinations between 4-6 hours post-injury. Secondary axotomy normally starts from 12 hours
post-injury,’ peaks between 1-3 days, and may last for years.*> DAI is a multifocal injury

primarily affecting the parasagittal WM, corpus callosum (CC), and brain stem.>*°

Fluid Attenuation and Inversion Recovery (FLAIR) imaging can be useful in identifying DAL
We reported that FLAIR lesion volume acquired within two weeks of the injury correlated
moderately with long-term functional outcome, Glasgow Outcome Scale-Extended (GOSE).
Susceptibility-weighted imaging (SWI) is more sensitive than T2-weighted gradient-echo images

in detecting hemorrhagic DAT ¥

and the quantity and volume of SWI hemorrhages examined at
the acute stage correlated well with dichotomized long-term outcome in pediatric TBI patients."!
A novel MRI technique, diffusion tensor imaging (DTI), permits the examination of WM
integrity in vivo through observing the amount of water diffusion within biological tissues.'® 2

A direct comparison between DTI-detected WM integrity changes and histological findings in an

animal model of axonal injury'’ suggests that DTI may become a valuable imaging tool for

detecting DAL
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Two diffusion parameters have been used'* for characterizing WM integrity, namely fractional
anisotropy (FA), a ratio from 0-1 that represents the degree of alignment of the underlying fibers
in a voxel, and mean diffusivity (MD) that represents the presence of overall restrictions to water
diffusion. Two studies'> '® have applied DTI-based regions of interest (ROI) analyses in
assessing DAI during the acute stage and found loss of structural integrity in CC, internal and
external capsules, and centrum semiovale. Diffusion tensor tractography (DTT)-based
quantification may have advantages over ROI-based DTI analysis.'” In DTT, the whole length
of WM structures of interest can be three-dimensionally (3D) reconstructed through fiber
propagation algorithms and associated fiber measurements can be obtained. DTT-based
quantification has been applied in group analyses in chronic adult'® and pediatric TBI patients'
and revealed loss of structural integrity in CC. However, an association between DTI
measurements and long-term outcome was only found in chronic TBI patients using either

ROT*- or DTT""-based approach.

The goal of the current study was to evaluate DTT as a tool for detecting DAI at an early
pathological stage when the injury process was still ongoing and potentially reversible by
therapeutic intervention and identify measures associated with long-term functional outcome.
We hypothesized that fiber parameters of three commonly affected WM tracts (CC, fornix, and
peduncular projections (PP)) would correlate better with outcome than standard measures of

injury severity and FLAIR-based measurement of white matter hyperintensity volume (WMH).
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Methods
Subjects
Twelve TBI patients were recruited from Parkland Memorial Hospital, Dallas, Texas. Inclusion
criteria required that patients: 1) sustained severe closed-head traumatic brain injury; 2) injury
mechanism was consistent with DAI; 3) had ability to provide consent or consent was provided
by legal guardian; 4) had at least an 8" grade education; and 5) were at least 16 years old.
Patients with preexisting neurologic disorders or previous brain injury were excluded from the
study. One patient was lost to follow up. Eleven age- and gender-matched normal controls with

good general health and no known neurocognitive disorders were also recruited.

Functional Outcome Measure

Functional outcomes were determined at least 6 months post-injury using the GOSE.*' The
GOSE is a commonly used questionnaire that assesses functional abilities in multiple domains
following a head injury and has shown to be a reliable outcome measure.”> All outcome
interviews and scoring of the GOSE were conducted by one of three study coordinators, who
were blind to the imaging results. Each rater had at least a bachelor’s level education and at least
I-month experience in working with TBI patients. Each was trained by a neurologist (RD-A) by
observing in-person administration of at least five subjects, as well as by over-the-telephone
administration for five subjects. A structured questionnaire was used during the follow-up
interviews.”' Each subject was interviewed only once. Inter-rater reliability for scoring the
GOSE was assessed by auditing 20% of the scoring sheets every three months. Reproducibility

has been > 99%. Questionnaires were answered by patients, although in case of death or other
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severe disability, completion by a caregiver was accepted. Total GOSE scores range from one to

eight, with higher scores indicating better outcome.

Image Acquisition and Processing

DTI, T1-weighted, and FLAIR images were acquired on a GE Signa Excite 3T MRI scanner.
The DTI sequences were obtained using a single-shot spin-echo, echo-planar imaging sequence
with FOV 240 mm, slice thickness/gap 3/0 mm, ~45 slices, TR/TE 12,000/75.5 ms, flip angle 90,
NEX 2, matrix 128%128. The diffusion sensitizing gradients were applied at a b-value of 1,000
s/mm?/axis with 19 noncollinear directions and 3 b0 images. The acquisition time was 9
minutes. Voxel size was 2x2%3 mm? interpolated (by default at the scanner) to 1x1x3 mm?3. The
T1-weighted structural images were acquired using fast spoiled GRASS sequence with FOV 240
mm, slice thickness/gap 1.3/0 mm, ~130 slices, TE 2.4 ms, flip angle 25, NEX 2, matrix 256x92,
acquisition time 6 minutes. The FLAIR images were acquired at the axial plane using tailored
RF and fast spin echo sequence with FOV 200-210 mm, slice thickness/gap 3.0/0.5mm, ~ 28
slices, TR/TE/TI 9500/136.6/2500 ms, flip angle 90, NEX 1, matrix 320%224, acquisition time 4

minutes.

Preprocessing steps for the DTI images included realignment using DTI Studio (Johns Hopkins

Medical Institute, http://Ibam.med.jhmi.edu/) and brain extraction and eddy-current correction

using FSL (http://www.fmrib.ox.ac.uk/fsl/). Intracranial volumes for normalizing fiber

parameters were calculated based on T1-weighted structural images using FSL. Diffusion map
generation, fiber tractography and quantification were performed in DTI Studio using a fiber

tracking threshold of FA 0.25 and angle 60°.
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Image Analyses

Three WM structures susceptible to TBI were included in the analysis.'> >

Fiber tracking
adopted a multiple ROIs approach'”? to increase accuracy and inter-rater reliability.
Anatomical landmarks for slice selections were defined rigorously to reduce subjectivity in fiber
tracking. Because CC and PP are large fiber bundles connecting multiple brain regions, they
were parcellated into sub-tracts for detecting DAI that might affect only a part of the tracts. CC
was parcellated into four equal areas, CC1-4, corresponding to the genu, anterior and posterior
body, and splenium of the CC. The parcellation of PP to ventral frontal (PVF), dorsal frontal
(PDF), parietal (PPar) and occipital cortices (POcc) followed general guidelines of the CC

parcellation.”® The fornix body and left and right crura were tracked separately.”” Figure 1

shows representative fornix body ROIs of a control and a patient.

Each WM structure was tracked independently by two raters from a pool of five raters. Fiber
parameters including mean FA, tensor trace (total diffusivity or 3 X mean diffusivity), fiber
count, mean length, fiber volume, and fiber density index (FDI, fiber count/voxel) were
recorded. Inter-rater reliabilities were measured with Pearson correlation coefficients and were
above 96% for all fiber parameters except for those of fornix crus, which were above 87%. Fiber

count and fiber volume were normalized using intracranial volume.

FLAIR image analysis followed previously published methods.” WMH volumes were estimated

using in-house software and normalized with whole brain volume to create DAI index.
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Satistical Analyses

We conducted non-parametric rank order analysis (ROA) to find group differences in the fiber
measurements. To find the correlation of GOSE with fiber parameters, FLAIR DAI index, and
factors such as age, initial GCS, and trauma coma databank (TCDB) CT classification, we
performed Spearman correlation. The correlation analysis of GOSE and the categorical variable,
gender, utilized Mann Whitney’s test. A p <0.05 was considered a significant trend and p <

0.005 as statistically significant after correction for multiple comparisons.

To predict GOSE from overall amount of injury in the three WM tracts, we first calculated fiber
composite indices using STATIS,™ a generalization of principal component analysis for data
compression and integration, and then conducted partial least square (PLS) regression analysis
for predicting GOSE in a mixed effects model.*** We conducted two analyses in a mixed
effects model: the fixed and random effects model analyses. The fixed effects model predicted
individual GOSE scores based on information from the whole patient group. In the random
effects model (or jackknife, n-1 approach), each patient was taken out sequentially and the
patient’s GOSE score was predicted based on the remaining patients. Finally, the PLS GOSE
factor that predicted GOSE best was correlated with the original DTI data to identify fiber

parameters highly associated with the outcome.

Results
Twelve TBI patients were included in the study (8 males). Demographics, injury severity, MRI
timing, and outcome assessments are summarized in Table 1. TCDB scores were 2 (diffuse

injury) for 10 patients. One patient was rated 1 (normal) and one rated 3 (diffuse injury with
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swell). Followup information was not obtained from one (8%) of the patients. Although all
patients suffered severe TBI as rated by the initial GCS (range 1-8), the long-term functional

outcome was more varied, ranging from good recovery (GOSE = 8) to death (GOSE = 1).

The 3D reconstructions of CC, fornix, and PP (figure 2) were consistent with previous
publications.”*! Only fiber parameters showing p < 0.005 group differences are discussed. At
least one fiber parameter of whole CC, all sub-areas of CC and PP, and fornix body were
significantly different between the patients and controls with patients showing worse measures (p

<0.005, Tables 2).

Spearman correlation revealed that at least one fiber parameter of whole CC, CC2 and CC4 had
strong positive correlations with GOSE scores (Spearman’s p> 0.76, p < 0.005, Table 3). The
Spearman’s correlation between PLS regression predicted and actual GOSE was 0.91 (p <.001)
in the fixed effects model, and 0.63 (p = 0.04) in the random effects model. Table 3 also shows
Spearman’s p between fiber parameters of all WM tracts and the 1*' factor of the PLS regression.
In comparison, the two statistical methods found primarily similar results, although PLS
regression detected more fiber parameters that were useful in predicting GOSE including the
fiber count of CC2 and fiber volume of PVF. Figure 3 shows scatter plots of the mean FA of
CC4 (left), and predicted GOSE in fixed (middle) and random (right) effects models against the

GOSE.

All patients had at least one WMH on their FLAIR images. The DAI index correlated

marginally with the GOSE (Spearman’s p =-0.53, p=0.10). Age showed a significant
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correlation with the GOSE (Spearman’s p =-0.61, p < 0.05). Gender, initial GCS, and TCBD

scores did not correlate with the outcome in this small sample.

Discussion
In the present study, we explored techniques to obtain reliable and objective fiber measurements
by refining fiber tracking methods. We performed 3D reconstruction of CC, fornix and PP using
a multiple-ROI approach to increase inter-rater reliability.'”* To reduce subjectivity in slice
selections, we utilized various anatomic landmarks for finding ROI slices. Our inter-rater

reliability has reached 96% and above for all fiber measurements except for fornix crus (>89%).

Except for one quantitative study in chronic pediatric population,'® previous DTI tractography
studies have concentrated on visualizing fiber trajectory changes associated with TBL.'®?% 33
Additionally, among DTI studies using either ROI or DTI tractography approach, only one
pediatric'® and one adult TBI study”” found an association between DTI measures obtained at the
chronic stage of injury and outcome. In this pilot study, we tested whether tractography-based
quantification of three WM structures vulnerable to DAI could detect lesions at an early stage
after TBI and were associated with long-term outcome. Our results extended previous reports
suggesting that DT might detect loss of WM integrity due to DAI even at the beginning of the
injury process and the acute DTI measurements were highly associated with long-term functional
outcome. We found that at least one fiber parameter of the fornix body and all sub-regions of
CC and PP were significantly worse in the patient than the control group. Despite a small
number of patients with available GOSE scores (N = 11), associations between the DTI

measurements and GOSE were robust. Fiber measurements of the whole CC, CC2, and CC4 in
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acute MRI scans were highly correlated with the GOSE scores. The correlation between the PLS
predicted and actual GOSE scores was 0.91 (p < 0.001) in fixed effects model and 0.63 (p =
0.04) in random effects model when incorporating all fiber measurements of the three tracts.
Moreover, the fiber parameters that made significant contribution to the PLS regression
corresponded to the fiber parameters with significantly high Spearman correlation coefficients

with the GOSE. Figure 4 shows the WM regions found to be highly associated with the GOSE.

In comparison, the correlation between the FLAIR DAI index and the GOSE only approached
significance, and was similar to our previous findings in a larger data set.” Thus tractography-
based quantification may be more useful than FLAIR lesion volume analysis and factors such as
age, gender, initial GCS, TCDB CT classification in prognosis. The correlation between the
GOSE and age was significant (Spearman’s p =-0.61, p= 0.046) but not as strong as the

correlation between the GOSE and DTI measurements.

The detection of DAI in the CC, fornix body, and PP are consistent with previous DTI studies.
Reduced FA values have been found in CC, internal and external capsules, and centrum
semiovale at the acute stage of mild TBI'>'® and in fornix chronically.** The lack of DAI
associated changes in fornix crura in the current study may be a technical limitation resulting

from limited DTI image resolution.”’

One must exercise caution when interpreting fiber tracking results. The technique is relatively
new and the FACT tracking algorithm employed in DTI Studio has limitations, particularly in

the areas of crossing fibers. Failure or early termination in fiber propagation or fiber jumping
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onto another tract may exist. The relatively small number of gradient encoding directions (19)
that was state of the art at the time when scans were acquired might affect accuracy in tensor
calculation. However, our findings suggest that the measurements from these DTI images had
adequate signal-to-noise ratio for DAI diagnosis and prognosis. Other limitations are small
sample size and the inclusion of only a subset of WM structures at risk. Investigations to address

these limitations are underway.

The present study demonstrated that when implementing carefully designed fiber tracking
methods, DTI tractography-based quantification may be useful for detecting DAI and predicting
outcome. Our results also indicate that all six fiber parameters made unique contributions to the

analyses.

Supported by: NIDRR H133 A020526, NIH R01 HD48179, NIH U01 HD42652 (to RD-A).
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Figure 1. Fornix body reconstruction of a representative control (A, B) and patient (C, D). The
first ROI was placed on an axial slice 6mm superior to the anterior commissure (A, C). The
second ROI was place on the most posterior coronal slice in which the fornix remained as one

bundle (B, D). The ROI operation used was CUT.

Figure 2. Representative fiber tractography results from a control (left) and patient (right). CC
(top) is parcellated into areas 1-4 as shown by the corresponding colors yellow, orange, green, or
blue. Fornix body and inferior crura are colored in yellow (middle). PP (bottom) is parcellated
into PVF (yellow), PDF (orange), PPar (green), and POcc (blue). The patient did not have

cortical contusions on CT scanning, but some shear hemorrhages were noted.

Figure 3. Plots of the mean FA of CC4 (left), and the predicted GOSE in fixed (middle) and

random (right) effects models against the GOSE.

Figure 4. Overlay of fiber tracts highly associated with the GOSE on a representative FA map of

a normal control. CC2 and CC4 are in orange. PVF is in blue.
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Table 1. Patient demographic information.

Mean SD Median Range
Age (years) 26 8.1 25 16-37
GCS 4.4 21 3 3-8
GOSE 4.4 2.2 4 1-8
Time to scan (days) 6.7 4.2 6.5 0-15
Time to followup (months) 8.2 1.6 9 6-11

DTT of DAI 18

GCS = Glasgow Coma Scale; GOSE = Glasgow Outcome Scale-Extended; SD = Standard

Deviation.
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Table 2. Group comparisons (patients vs. controls) of fiber measurements.
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Fiber Parameters Controls Patients p Value Controls Patients p Value
Mean £ SD Mean £ SD of ROA Mean+SD Mean = SD of ROA
cc PVF
Mean FA 059+0.02 056+0.02 <0.001 052+0.02 0.51+0.02 -
Tensor Trace (pm?*/ms) 2.18+0.07 2.22+0.12 - 2.07+0.07 220+0.09 <0.001
Fiber Count (1,000) 12+1.8 88+16 <0.001 232 +190 182 + 172 -
Mean Length (mm) 94 +5 89+6 0.01 114 + 14 107 +12 -
Fiber Volume (1,000 voxels) 26+3.8 21+3.4 <0.001 23+11 1.8+1.2 -
FDI (fiber count/voxel) 43+3.7 40+ 3.4 0.01 10+5.4 8.7+4.3 -
CC: Genu PDF
Mean FA 0.58+0.02 0.54 +0.03 0.003 0.55+0.02 0.52+0.04 0.002
Tensor Trace (um?/ms) 2.20+0.07 2.29+0.19 0.004 2.03+0.07 2.12+0.07 0.002
Fiber Count (1,000) 3.9+0.6 3.2+0.7 0.02 1084 +392 575+ 355 0.002
Mean Length (mm) 90 +8 87+6 - 118 +8 112 +11 -
Fiber Volume (1,000 voxels) 76+1.2 6.7+1.3 - 52+15 31+1.4 0.001
FDI (fiber count/voxel) 51+4.8 46 +5.1 0.01 17+3.8 12+5.0 0.01
CC: Anterior Body PPar
Mean FA 0.54+0.02 0.52+0.04 - 0.55+0.02 0.52+0.03 0.002
Tensor Trace (um?*ms) 2214011 2.22+0.17 - 2.05+0.07 215+0.08 0.002
Fiber Count (1,000) 1.3+04 1.0+04 0.01 713+440 500 + 426 -
Mean Length (mm) 65+ 11 59 + 13 - 115+ 9 1129 -
Fiber Volume (1,000 voxels) 3.7+1.0 27+1.0 0.0048 45+18 29+18 0.02
FDI (fiber count/voxel) 21+45 19+ 4.0 - 14+3.3 13+5.3 -
CC: Posterior Body POcc
Mean FA 0.53+0.04 0.49 0.06 0.02 0.56 +0.02  0.52 +0.03 0.001
Tensor Trace (um?*ms) 2.29+017 2.28+0.24 - 2.12+0.08 2.17+0.08 0.048
Fiber Count (1,000) 1.4+0.6 0.9+0.4 0.01 134+131  164+131 -
Mean Length (mm) 75+ 15 73+ 19 - 116 + 15 107 +11 -
Fiber Volume (1,000 voxels) 40+1.4 29+12 0.003 17+1.0 1.8+0.8 -
FDI (fiber count/voxel) 24+6.2 21+6.7 - 7.3+35 8.6+3.4 -
CC: Splenium Fornix Body
Mean FA 0.62+0.02 057+0.03 <0.001 058003 0.52+0.09 0.01
Tensor Trace (um?/ms) 217+0.09 217+0.15 - 3.38+0.31 3.27+0.35 -
Fiber Count (1,000) 48+0.9 3.6+0.6 <0.001 107 + 43 55 + 32 <0.001
Mean Length (mm) 110+ 7 101+9 0.01 25+5 22+4 0.03
Fiber Volume (1,000 voxels) 121 +23 9.1+15 <0.001 172 +44 120 + 39 <0.001
FDI (fiber count/voxel) 46 +4.6 43+4.4 0.02 16 +4.9 9.4+38 0.001

Bold fonts, p <.005; -, p>.05.
CC = Corpus callosum; PVF = Peduncular projections to ventral frontal cortex; PDF =

Peduncular projections to dorsal frontal cortex; PPar = Peduncular projections to parietal cortex;

POcc = Peduncular projections to occipital cortex; FA = Fractional anisotropy; FDI = Fiber
density index; ROA = Rank order analysis; GOSE = Glasgow outcome scale-extended; PLS =
Partial least square; SD = Standard deviation.



DTT of DAI 20

411 Table 3. Correlation of fiber measurements with GOSE and PLS factor 1.

Spearman's p

Spearman's p

Spearman's p Spearman's p

Fiber Parameters with GOSE v'\:lith PLS with GOSE with PLS
actor 1 Factor 1
CcC PVF
Mean FA 0.86 0.92 - -
Tensor Trace - - - -
Fiber Count 0.80 0.73 - 0.77
Mean Length - - - -
Fiber Volume 0.72 - - 0.79
FDI 0.63 0.67 - 0.66
CC: Genu PDF
Mean FA - - - -
Tensor Trace - - - -
Fiber Count - - - -
Mean Length - - - -
Fiber Volume - - - -
FDI - 0.76 - -
CC: Anterior Body PPar
Mean FA - - - -
Tensor Trace - - - -
Fiber Count 0.74 0.81 - -
Mean Length 0.91 0.93 - 0.62
Fiber Volume 0.73 0.76 - -
FDI 0.84 0.86 - -
CC: Posterior Body POcc
Mean FA 0.64 0.66 0.69 0.67
Tensor Trace R R R R
Fiber Count R R R R
Mean Length 0.61 - 0.73 -
Fiber Volume - R R -
FDI - - 0.66 -
CC: Splenium Fornix Body
Mean FA 0.92 0.86 - -
Tensor Trace - R R -
Fiber Count - - - 0.62

Mean Length - - - -
Fiber Volume R R R R

FDI 0.71 - - 0.66
412  Bold fonts, p<.005; -, p>.05.
413  CC = Corpus callosum; PVF = Peduncular projections to ventral frontal cortex; PDF =
414  Peduncular projections to dorsal frontal cortex; PPar = Peduncular projections to parietal cortex;
415  POcc = Peduncular projections to occipital cortex; FA = Fractional anisotropy; FDI = Fiber
416  density index; ROA = Rank order analysis; GOSE = Glasgow outcome scale-extended; PLS =
417  Partial least square; SD = Standard deviation.
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