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Abstract

Traumatic brain injury (TBI) is a pathologically heterogeneous disease, including injury to both neuronal cell
bodies and axonal processes. Global atrophy of both gray and white matter is common after TBI. This study was
designed to determine the relationship between neuroimaging markers of acute diffuse axonal injury (DAI) and
cerebral atrophy months later. We performed high-resolution magnetic resonance imaging (MRI) at 3 Tesla (T)
in 20 patients who suffered non-penetrating TBI, during the acute (within 1 month after the injury) and chronic
stage (at least 6 months after the injury). Volume of abnormal fluid-attenuated inversion-recovery (FLAIR) signal
seen in white matter in both acute and follow-up scans was quantified. White and gray matter volumes were
also quantified. Functional outcome was measured using the Functional Status Examination (FSE) at the time of
the chronic scan. Change in brain volumes, including whole brain volume (WBV), white matter volume (WMV),
and gray matter volume (GMV), correlates significantly with acute DAI volume (r¼�0.69, �0.59, �0.58, re-
spectively; p < 0.01 for all). Volume of acute FLAIR hyperintensities correlates with volume of decreased FLAIR
signal in the follow-up scans (r¼�0.86, p < 0.001). FSE performance correlates with acute hyperintensity volume
and chronic cerebral atrophy (r¼ 0.53, p¼ 0.02; r¼� 0.45, p¼ 0.03, respectively). Acute axonal lesions measured
by FLAIR imaging are strongly predictive of post-traumatic cerebral atrophy. Our findings suggest that axonal
pathology measured as white matter lesions following TBI can be identified using MRI, and may be a useful
measure for DAI-directed therapies.
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Introduction

Traumatic brain injury (TBI) is a leading cause of
mortality and morbidity in young people. Each year,

approximately 1.5 million Americans suffer from TBI with 1.2
million emergency room (ER) visits and more than 50,000
deaths (Langlois et al., 2004). Severe diffuse axonal injury
(DAI) is clinically associated with loss of consciousness and
extended deep coma after brain injury, and contributes to
disability in approximately 40% of closed head injuries (Buki
et al., 2006; Meythaler et al., 2001). The pathology of DAI is
characterized histologically by Wallerian-type axonal degen-
eration in the parasagital white matter, corpus callosum, and
dorsal upper brainstem (Meythaler et al., 2001; Povlishock

et al., 2005; Adams et al., 1989; Strich, 1956). Current neuroi-
maging techniques are insensitive for detecting DAI (Levine
et al., 2006). Computed tomography (CT), while universally
done for the management of TBI, is not sensitive to DAI le-
sions, and only rarely shows punctate hemorrhages of small
penetrating vessels. Recently, several magnetic resonance
imaging (MRI) techniques have been used to characterize
DAI, and explore the correlation between DAI lesion burden
and long-term neurological outcomes (van der et al., 1999;
Weiss et al., 2007). Pierellini et al. (2000) reported that the total
lesion volume measured 60–90 days after injury using fluid-
attenuated inversion-recovery (FLAIR) scans correlated sig-
nificantly with 1-year Glasgow Outcome Score (GOS), while
volume of shear hemorrhage detected on fast field-echo
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images did not (Pierallini et al., 2000). Our group extended
these findings showing that DAI lesion volume on acute
(within 14 days after injury) FLAIR scans significantly corre-
lated with 6-month Glasgow Outcome Scale–Extended (GOS-
E) (Marquez de la Plata et al., 2007). These data indicate that
the quantification of lesion volume using FLAIR scans is a
useful tool to measure acute DAI lesion burden.

Cerebral atrophy is common after TBI (Bigler et al., 2006;
MacKenzie et al., 2002; Tomaiuolo et al., 2004, 2005; Trivedi
et al., 2007). Blatter et al. (1997) studied cerebral atrophy cross-
sectionally in 123 TBI patients grouped according to time
between injury and MRI scanning. They concluded that there
was a progressive decrease in total brain volume starting 3
weeks after moderate to severe TBI, and reaching significance
at 8–12 months later. Subsequent brain volume loss continued
at a rate greater than that seen with normal aging for up to 3
years after injury. A similar finding was reported in patients
with mild TBI (Hofman et al., 2001). Numerous studies have
focused on the relationship between post-TBI atrophy and
severity of injury (Trivedi et al., 2007; Wilde et al., 2006; Blatter
et al., 1997) or functional outcome (Gale et al., 2005; Himanen
et al., 2005; Hofman et al., 2001; Tomaiuolo et al., 2004, 2005).
Summarizing this extensive literature, global brain volume
loss correlated with several indicators of injury severity,
including admission GCS, duration of coma, and post-
traumatic amnesia. The association between post-traumatic
global atrophy and functional outcome is more complex, but
in general, cerebral atrophy in the chronic phase is better re-
lated to the injury severity than functional outcome (Bigler,
2001). Levine et al. (2008) demonstrated a stepwise, dose-
response relationship between TBI severity and parenchymal
volume loss using Partial Least Squares (PLS) technique (Le-
vine et al., 2008). Although cerebral atrophy has been widely
used as a gross neuropathological hallmark of diffuse injury,
especially in the subacute (>30 days after injury) and chronic
(>6 months later) phases, its relationship with DAI lesion load
defined by abnormal FLAIR signals has not been addressed.

The purpose of the present prospective longitudinal pilot
study is to determine whether global cerebral atrophy is as-
sociated with DAI lesion load in adult patients with TBI, by
performing quantitative analysis of abnormal FLAIR signals
and global brain volumes over time. Additionally, this study
aims to determine whether TBI related cerebral atrophy cor-
relates with long-term functional outcomes.

Methods

Research participants

All TBI patients were referred from the Department of
Neurological Surgery at the University of Texas (UT) South-
western Medical Center at Dallas. The inclusion criteria for
TBI patients included (1) involvement in a non-penetrating
TBI that required hospitalization; (2) age between 16 to 65
years old; (3) victims of high-speed motor vehicle=motorcycle
collision. Exclusion criteria consisted of (1) patients with focal
lesions (including contusion, extraaxial hematoma, and in-
traparenchymal hemorrhages) greater than 10 ml; (2) a prior
history of TBI; (3) other conditions which may result in ab-
normal MRI findings and compromise cognitive functions
(i.e., prior brain tumor, multiple sclerosis, encephalitis=men-
meningitis, Alzheimer’s disease=mild cognitive impairment,
brain abscess, HIV encephalitis, vascular malformation,

stroke, and psychiatric disease); (4) prisoners, homeless pa-
tients, and pregnant women; and (5) patients who were not
medically stable enough to have MRI within a month after the
injury. Twenty age- and gender-matched healthy volunteers
were recruited as controls.

This study was approved by the Institutional Review Board
at UT Southwestern Medical Center at Dallas. Written consent
was obtained from patients (or their legally authorized rep-
resentative) prior to participation in the study.

Magnetic resonance imaging

Structural MRI was performed using either a General
Electric Signa Excite 3.0 Tesla (T) MR scanner (GE, Milwaukee,
WI) or Siemens Trio 3T MR scanner (Siemens AG, Erlangen,
Germany). Each patient was scanned using the same scanner
for both acute and chronic time points to eliminate the influ-
ence of the different slice thickness=interslice gaps on mea-
surements. The scanning parameters for the GE 3T scanner are
as follows: three-dimensional (3D) T1-weighted structural
FSPGR images were obtained with slice thickness 1.3 mm, the
field of view (FOV) 240 mm, TR=TE 8.0=2.4 ms, flip angle 25,
and NEX 2; T2 FLAIR images were acquired in the axial plane
with 3-mm slice thickness, interslice gap of 3.5 mm, FOV 200–
210 mm, and TR=TE=TI 9500=136.6=2500 ms. For the Siemens
3T scanner: 3D T1-weighted MP-RAGE structural images
were obtained with slice thickness 1.0 mm, FOV 240 mm, and
TE=TI=TR 4=900=2250 ms; T2 FLAIR images were acquired in
the axial plane with 2-mm slice thickness, no gap, FOV
210 mm, and TR=TE=TI 9800=78=2500 ms.

Image processing

Diffuse axonal lesion measurements. FLAIR images
were converted from DICOM to ANALYZE format for fur-
ther analysis. They were then analyzed via a semi-automatic
quantification tool developed in our lab on MATLAB (Math
Works, Inc., Natick, MA). The detailed processing steps have
been described previously (Marquez de la Plata et al., 2007).
Briefly, the volume of hyperintense FLAIR signal seen in
white matter was quantified for the acute scans. The hyper-
intensity lesion index was calculated as a ratio of hyperintense
lesion volume to whole brain volume (WBV). Both high and
low FLAIR signal seen in white matter in the follow-up scans
were quantified to create a hyperintensity lesion index and a
hypointensity lesion index, respectively. The volume of total
abnormal FLAIR lesions, including both hyperintense and
hypointense signals, on the follow-up scans were normalized
to the WBV in order to generate total lesion index.

Whole brain volume measurements. Structural Image
Evaluation, using Normalization of Atrophy, Single-Time-
Point Estimation (SIENAX) within the FMRIB Software Li-
brary (FSL) was used for the automated assessment of total
brain volume, and the volume of gray and white matter. The
high-resolution T1 images were converted from ANALYZE to
NIFTI format. SIENAX starts the quantification process by
extracting brain from skull (Smith, 2002; Smith et al., 2002,
2004). The brain image is then affine-registered to MNI 152
space ( Jenkinson et al., 2001, 2002). Next, tissue-type seg-
mentation with partial volume estimation is taken in FMRIB’s
Automated Segmentation Tool (FAST) to calculate total vol-
ume of brain tissue (including separate estimates of volumes
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of gray matter and white matter). The WBV change (WBV %)
was obtained as the ratio of the difference of WBV between
two-time points and the initial WBV. The white matter vol-
ume change (WMV %) and the gray matter volume change
(GMV %) are volume changes as percent of initial WMV and
GMV, respectively.

Functional outcome measure

Functional outcome was determined at the time of the
second scans using GOS-E and Functional Status Examination
(FSE). FSE is a semi-structured interview conducted in person
or via telephone, and typically takes 20 min to complete. The
10-item interview covers a broad range of everyday activities
within physical, social, and psychological domains to deter-
mine the nature and degree of limitations that have occurred
as a result of TBI. For each category, outcome is rated along a
four-point ordinal scale: 1 signifies no change from pre-injury;
2 signifies difficulty performing the activity, but maintains
total independence; 3 signifies dependence upon others to
perform the activity sometimes or a significant decrease in the
frequency of performing the activity; 4 signifies complete
dependence on others or not performing the activity at all.
Total FSE scores range from 10 to 40, with lower scores as-
sociated with better outcome. Score 41 is assigned to subjects
who die before follow-up. Dikmen et al. (2001, 2003) dem-
onstrated that FSE is more sensitive to recovery at 1–6 months
compared to GOS. Our previous study also showed that FSE
and GOS-E scores correlated well with each other (r¼�0.83),
while FSE is a more sensitive outcome measurement (Hudak
et al., 2005).

FSE and GOS-E were administered by clinical research
coordinators who were blinded to circumstances of each pa-
tient’s injury and imaging results. Inter-rater reliability for
scoring FSE was assessed by auditing 20% of the scoring sheet
every 3 months. Reproducibility was >99%. Whenever pos-
sible, the GOS-E and FSE were completed by the survivor,
although completion of the questionnaires by the caregiver
was also acceptable. Published data from our group and
others (Hudak et al., 2005; Dikmen et al., 2001) support the
validity of survivor or caregiver completion of the outcome
instruments.

Statistical analysis

D’Agostino-Pearson omnibus normality test was used to
test the distribution of sample in terms of injury severity, brain

volume, and outcome measurement. Independent group
t-tests were used to compare brain volumes of normal vol-
unteers, patients in the acute phase, and patients in the
chronic phase. Paired t-tests were used to detect the change in
brain volume among patients over the time. Spearman’s
nonparametric correlations were performed to determine the
relationship among DAI lesion volume, the change of brain
volume, and outcome measure. Hierarchical regression
analysis was performed to determine factors of importance in
predicting outcome. Statistical analyses were performed
using SPSS (SPSS Inc., Chicago, IL) and GraphPad Prism
5 (GraphPad software, Inc., La Jolla, CA).

Results

Demographic characteristics

The 20 patients included in this study had a median age of
20 years (range, 16–62 years) and were predominantly male
(65%). Four patients (20%) had complicated-mild TBI, as their
first post-resuscitation GCS was above 13, but they required
hospitalization; four patients (20%) had moderate TBI with
GCS of 9–12; and 12 patients (60%) suffered severe TBI with
GCS lower than 8. Initial MRI was performed in the acute
period (median, 7 days; range, 1–35 days). The follow-up MRI
was performed with a median of 8 months after the injury
(range, 6–11 months). Age- and gender- matched normal
healthy volunteers were scanned one time using the same
protocol based on the assumption that no significant brain
volume change during a period of 1 year in healthy young
adults. Patients’ age, initial GCS, and time to follow-up scan
were normally distributed, while as expected, time to initial
scan was not. Age was normally distributed among the
sample of controls. Demographic information for both the
patient and control groups is summarized in Table 1.

Volumetric study

The median hyperintensity lesion volume for all 20 patients
was 1.3 mm3 (mean� SD, 4.5� 5.5 mm3). Fewer hyperintense
signal lesions were found on follow-up FLAIR scans with a
median volume of 1.2 mm3 (mean� SD, 1.4� 1.3 mm3).
Several areas of hyperintense signal seen on acute FLAIR
scans were identified as areas of decreased attenuation on
follow-up FLAIR scans, and were measured as hypointensity
lesions with a median volume of 0.19 mm3 (mean� SD,
0.66� 1.1 mm3; Fig. 1). There are no hypointense lesions large
enough to measure in the acute scans.

Table 1. Demographic Information

n Median Range Mean SD Normality distribution

Controls
Age, years 20 26 16–60 28 11 Yes
Male (n) 13 — — — — —

Patients
Age, years 20 20 16–62 26 12 Yes
Male (n) 13 — — — — —
Time to initial scan (days) 20 6.5 1–35 11 10 No
Time to follow-up scan (months) 20 8 6–11 8 1 Yes
GCS at ER 20 6 3–15 7 5 Yes
FSE 20 14 12–38 20 10 Yes

Normality test was performed using D’Agostino-Pearson normality test with alpha¼ 0.05.
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The results of the brain volume measurements can be seen
in Table 2. No significant difference was found between acute
scans and normal healthy controls; however, paired t-tests
revealed significant differences between acute and follow-up
scans in terms of WBV, GMV, and WMV. Unpaired com-
parison of brain volume of normal controls with the follow-up
volume of brain injured patients showed a non-significant
trend toward smaller volumes for TBI patients. This is likely
due to limited sample size. Seven of 20 patients (35%) had at
least 5% WBV loss.

Correlations among volumetric measurements
and functional outcomes

Spearman correlations demonstrated that WBV change,
WMV change, and GMV change were all significantly corre-
lated with the acute hyperintensity lesion index (r¼�0.69,
p¼ 0.001; r¼�0.59, p¼ 0.006; r¼�0.58, p¼ 0.008, respec-

tively), such that greater amounts of acute hyperintensity
FLAIR lesions correlate with greater brain volume loss after
injury (Fig. 2).

Acute hyperintensity lesion index was strongly correlated
with chronic hypointensity lesion index and total lesion index
in follow-up FLAIR scans. Additionally, the acute hyper-
intensity index was only moderately correlated with the hy-
perintensity index on follow-up FLAIR scans. Similar results
were noted when FLAIR lesion volume was not normalized to
WBV. These data show that greater amounts of acute DAI
lesions are associated with greater amounts of chronically
abnormal FLAIR signal. Furthermore, the acute hyper-
intensity index was moderately correlated with first post-
resuscitation GCS score in the ER, such that greater amounts
of acute DAI are associated with lower GCS scores (Table 3).

Patients with greater degree of brain volume loss had
poorer FSE performance. Likewise, acute hyperintensity

FIG. 1. Magnetic resonance imaging (MRI) in a case of severe traumatic brain injury (TBI). The patient was a 20-year-old
man involved in a motorcycle collision accident. The first post-resuscitation Glasgow Coma Scale (GCS) score was 8. The first
MRI scan was performed 2 days after his injury: hyperintense fluid-attenuated inversion-recovery (FLAIR) signal lesions
were seen at corpus callosum, fornix, and subcortical white matter. The follow-up scan was performed 6 months later:
decreased attenuation FLAIR lesions were found in corpus callosum and fornix, where hyperintense lesions were noted in the
acute scans. The volume of bright FLAIR lesions in corpus callosum decreased compared to the acute scans. He lost 13% of
whole brain volume in 6 months. Functional Status Examination (FSE) score at the time of his follow-up scan was 32, and
Glasgow Outcome Scale—Extended (GOS-E) score was 5.

Table 2. Brain Volumetric Measurement

Control M (SD)
(�106 mm3)

Acute M (SD)
(�106 mm3)

Follow-up M (SD)
(�106 mm3)

Unpaired p-value
(acute vs. control)

Paired p-value
(acute vs. follow-up)

WBV 1.67 (0.085)a 1.68 (0.093)a 1.63 (0.097)a NS 0.01
GMV 0.89 (0.063)a 0.89 (0.087)a 0.86 (0.080)a NS 0.02
WMV 0.78 (0.043)a 0.79 (0.045)a 0.77 (0.048)a NS 0.02

aPass D’Agostino-Pearson normality test (alpha¼ 0.05).
WBV, white brain volume; GMV, gray matter volume; WMV, white matter volume; M, mean; SD, standard deviation; NS, non-significant

( p $ 0.05).
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lesion volume and chronic total lesion volume were signifi-
cantly correlated with FSE score, while the correlation be-
tween chronic hypointensity lesion and FSE score approached
statistical significance ( p¼ 0.08). Similar correlations were
found when GOS-E was used as the outcome measure. GCS in
the ER and age were not significantly associated with func-
tional outcome (Table 4).

Multiple regression analysis

A hypothesis-driven hierarchical regression analysis was
performed to determine factors of importance in predicting
outcome. Age and first post-resuscitation GCS, which are
commonly used outcome predictors in clinical practice
(Flanagan et al., 2005; Katz et al., 1994; Livingston et al., 2005;
Marquez de la Plata CD et al., 2008; Stuss et al., 2000), were
entered in the first step of this analyses as the base model

with which all subsequent models are compared. This base
model explained 34% of the variance in FSE performance.
Subsequently, three alternative models were created by en-
tering three different variables (i.e., acute DAI lesion volume,
chronic hypointensity lesion, and brain volume change) into
the base model separately to determine whether these vari-
ables account for significant amounts of variance in FSE per-
formance. The three alternative regression models (Table 5)
each added a significant amount of explained variance in
functional outcome after TBI.

Discussion

The present study is the first longitudinal study to directly
demonstrate the association between acute FLAIR hyper-
intensity lesion and post-traumatic atrophy. We excluded
patients who suffered large or medium focal lesions including
contusions, extra- or intra- axial hematomas from the present
study in order to focus on the relationship between diffuse
injury, particularly DAIs, and cerebral atrophy after TBI. DAIs
can be visualized indirectly through shear hemorrhages
caused by tearing lesions of blood vessels (Scheid et al., 2003;
Tong et al., 2003) or more directly by analyzing white matter
hyperintensities on FLAIR MRI (Marquez de la Plata et al.,Table 3. Univariate Correlations with Acute

Hyperintensity Lesions

Acute hyperintensity
lesion index p

ER GCS �0.59 0.01
Hypointensity lesion

index on F=U
0.86 <0.001

Hypointensity lesion
volume on F=U

0.88 <0.001

Hyperintensity lesion
index on F=U

0.46 0.04

Hyperintensity lesion
volume on F=U

0.38 0.09

Total lesion index on F=U 0.72 <0.001
Total lesion volume on F=U 0.66 <0.01

Correlations among acute lesion volumes and chronic lesion
volumes.

Significant correlation in bold.

Table 4. Correlations Among Injury Severity

Indicators and FSE

Follow-up FSE r

Age 0.35 0.13
ER GCS �0.34 0.14
Acute hyperintensity lesion 0.53 0.02
Hypointensity lesion on F=U 0.41 0.08
Hyperintensity lesion on F=U 0.30 0.21
Total lesion on F=U 0.45 0.05
WBV% �0.49 0.03
WMV% �0.45 0.05
GMV% �0.44 0.05

Correlations between potential injury severity indicators and
functional outcome.

Significant correlations in bold.
F=U, follow-up; WBV%, whole brain volume change (%); WMV%,

white matter volume change (%); GMV%, gray matter volume
change (%); total lesion on F=U¼ (Hypointensity lesion on F=Uþ
Hyperintensity lesion on F=U).

Table 5. Hierarchical Regression Model

for Predicting FSE Performance

Models R square R square change Significant F change

Base model 0.34 0.34 0.03
Alt model 1 0.52 0.18 0.03
Alt model 2 0.65 0.31 0.002
Alt model 3 0.50 0.16 0.04

Base Predictors: ER_GCS, AGE.
1 Predictors: ER_GCS, AGE, acute hyperintensity lesion volume.
2 Predictors: ER_GCS, AGE, follow-up hypointensity lesion

volume.
3 Predictors: ER_GCS, AGE, whole brain volume change.
Relative contributions of explained variance in functional out-

come.
Alt, alternative.

FIG. 2. Scatter plot of the association between acute fluid-
attenuated inversion-recovery (FLAIR) hyperintense lesion
volume and 6-month post-traumatic whole brain volume
(WBV) change. The WBV change (%) is a ratio of the differ-
ence of WBV between two time points and the initial WBV.
Hyperintensity lesion index is a ratio of the volume of hy-
perintensity lesion to the WBV. Correlation was performed
using Spearman’s nonparametric correlation coefficient (r).

CEREBRAL ATROPHY AFTER TRAUMATIC WHITE MATTER INJURY 1437



2007; Pierallini et al., 2000; Takaoka et al., 2002). We found
that acute hyperintensity FLAIR lesions are strongly predic-
tive of post-traumatic cerebral atrophy. Although the patho-
physiology of the post-TBI cerebral atrophy remains
unknown, axonal injury and subsequent Wallerian degener-
ation may be a possible mechanism. The current working
hypothesis, based on animal data (Povlishock et al., 2005;
Smith et al., 2003), is that at the acute stage (hours to days after
non-penetrating brain injury), the axons swell due to the local
ionic homeostatic disruption, increased permeability of the
axolemma, with immediate mechanical damage to the axonal
cytoskeleton (primary axotomy) seen in severe cases. Days
to months after the injury, pathological changes of DAI are
believed to consist of progressive disorganization of the ax-
onal cytoskeleton and progressive protein accumulation,
leading to disconnection of axons (secondary axotomy). The
primary and secondary axotomy also triggers the local or
even global metabolic changes which would lead to further
cell death and Wallerian degeneration (Smith et al., 2003). This
pathologic process may lead to cerebral atrophy in the chronic
phase after TBI. Our data is consistent with this working
hypothesis, and also indicates that tracking of macroscopic
lesions visible in FLAIR scans may be a useful method to
monitor progressive tissue pathology associated with DAI.

The current study confirmed our prior finding that acute
hyperintensity FLAIR lesion was an important factor for
predicting functional outcome, though only moderately cor-
related with FSE (Marquez de la Plata et al., 2007). Combined
with GCS in the ER and age, the acute DAI lesion volume
could be used to stratify injury severity when selecting
patients for TBI clinical trials. Our study indicates that the
follow-up MRI, especially on high magnetic field, could offer
useful information on the pathological change of DAI, which
would be potentially useful in DAI-directed therapies.

While FLAIR is a commonly used clinical sequence which
all physicians are familiar with, it may not be the most sen-
sitive MR sequence to detect DAI. Several other MR tech-
niques have been proposed to increase the sensitivity of
detecting DAI in vivo. T2-weighted gradient echo is excellent
in detecting acute small punctuate hemorrhagic lesions. The
number of traumatic microbleeds detected on T2-weighted
gradient echo sequence at chronic stage ($3 months after TBI)
correlated significantly with GCS, but not with long-term
outcome measured by GOS-E (Pierallini et al., 2000; Scheid
et al., 2003). A new high-resolution 3D gradient-echo MR
imaging technique, known as susceptibility-weighted im-
aging (SWI) is much more sensitive than conventional T2-
weighted gradient-echo sequences in detecting hemorrhagic
DAI. Number of traumatic microhemmorhagic lesion de-
tected by SWI correlated better with GOS-E than that detected
by gradient echo (Tong et al., 2003, 2004, 2008). No longitu-
dinal data is available to assess whether SWI lesions correlate
with post-traumatic brain atrophy. Diffusion-weighted im-
aging (DWI) has proven to be highly sensitive for the detec-
tion of early cytotoxic edema in the setting of acute stroke.
DWI has not been widely used in clinical TBI, though the
sensitivity of DWI to identify DAI lesions is similar to that of
FLAIR. It is less sensitive than T2 gradient echo for detecting
hemorrhagic lesions (Huisman, 2002; Huisman et al., 2003;
Kinoshita et al., 2005). The volume of DWI lesions in white
matter is moderately correlated with functional outcome
(Ayala et al., 2008). Unlike conventional DWI, diffusion tensor

imaging (DTI) characterizes the diffusion of water along
white matter tracts. Our group and others are studying DTI in
the hope that it would be more sensitive to axonal pathology
after traumatic injury (Bazarian et al., 2007; Kim et al., 2008;
Sidaros et al., 2008; Wang et al., 2008). DTI is able to visualize
changes that were not seen on conventional scans and
strongly correlated with functional outcome. However the
analysis of DTI data is time-consuming, experience-depen-
dent and may not be ideally suitable for routine clinical
practice. Overall, the combination of FLAIR and other MRI
sequences may provide additional information about injury
severity and correlate with the functional outcome better.

Our findings of reduced WBV, WMV, and GMV at ap-
proximately 8 months after TBI are consistent with previous
volumetric studies (MacKenzie et al., 2002; Trivedi et al.,
2007). This indicated that our method of brain volume mea-
surement is reliable and consistent. In our study, SIENAX, a
fully automated method, has been used to measure atrophy.
This program has been shown to be an accurate approach to
measure cross-sectional normalized brain volume with 0.5–
1% brain volume accuracy for a single-time point. It has
successfully coped with both de-skulling and tissue segmen-
tation, and can be used for the subjects with extreme paren-
chymal loss (Smith et al., 2002). Recently, its reliability has be
demonstrated in other neurological conditions, such as mul-
tiple sclerosis (MS) and Alzheimer’s disease (Anderson et al.,
2006, 2007; Smith et al., 2007). A particular advantage of
SIENAX is that it is relatively insensitive to different scanning
parameters. For MS-related brain atrophy, the inter-center
agreement assessed with the concordance correlation coeffi-
cient was 0.94 between two centers regardless of the differ-
ence of magnetic field strength and scanning parameters
( Jasperse et al., 2007). SIENA is a similar fully automated
program developed to measure longitudinal atrophy rate.
Our finding of cerebral atrophy measured using SIENAX was
commensurate to the results of Trivedi et al. (2007) using
SIENA. The development of SIENA=SIENAX makes it prac-
tical to use atrophy rate=state as an index of disease pro-
gression in clinical studies.

The present investigation was a pilot study, and a larger
scale investigation is under way in our group to confirm these
pilot results. While many initial scans took place within the
first week, many occurred several days after injury. The het-
erogeneity in the interval from injury to first scan may con-
found results, as it is possible that FLAIR lesions increase in
conspicuity over time. In order to establish the utility of MRI
as a biomarker in clinical trials, scans obtained within 24 h of
injury must be studied. Furthermore, neuropathologic studies
are needed to correlate the cellular and tissue abnormalities
with lesions detected by MRI.

The present study provides in vivo evidence of pathological
change of DAI after TBI. It demonstrates a strong association
between post-traumatic cerebral atrophy and DAI. The strategy
presented in this study could be a practical method to monitor
the efficacy of DAI-directed therapies in future clinical trials.
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