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ABSTRACT

BACKGROUND AND PURPOSE: Extensive white matter damage has been documented in patients with severe traumatic brain injury, yet how
this damage evolves in the long term is not well understood. We used DTI to study white matter changes at 5 years after traumatic brain injury.

MATERIALS AND METHODS: There were 8 healthy control participants and 13 patients with severe traumatic brain injury who were
enrolled in a prospective observational study, which included clinical assessment and brain MR imaging in the acute setting (� 6 weeks) and
2 years and 5 years after injury. Only subjects with mild to moderate disability or no disability at 1 year were included in this analysis. DTI
parameters were measured in 20 different brain regions and were normalized to values obtained in an age-matched control group.

RESULTS: In the acute setting, fractional anisotropy was significantly lower in the genu and body of the corpus callosum and in the
bilateral corona radiata in patients compared with control participants, whereas radial diffusivity was significantly (P � .05) higher in these
tracts. At 2 years, fractional anisotropy in these tracts had further decreased and radial diffusivity had increased. No significant changes
were detected between 2 and 5 years after injury. The baseline radial diffusivity and fractional anisotropy values in the anterior aspect of
the brain stem, genu and body of the corpus callosum, and the right and left corona radiata were significantly (P � .05) associated with
neurocognitive sequelae (including amnesia, aphasia, and dyspraxia) at year 5.

CONCLUSIONS: DTI changes in major white matter tracts persist up to 5 years after severe traumatic brain injury and are most pro-
nounced in the corpus callosum and corona radiata. Limited structural change is noted in the interval between 2 and 5 years.

ABBREVIATIONS: FA � fractional anisotropy; L1 � axial diffusivity; Lt � radial diffusivity; MD � mean diffusivity; TBI � traumatic brain injury

Traumatic brain injury (TBI) represents a significant public

health burden around the globe and is an important cause of

death and lifelong disability.1 Severe TBI accounts for only 10% of

these injuries, but it involves an extended stay in intensive care

units and may cause subsequent long-term functional disability

that needs long-term inpatient and outpatient rehabilitation.2

Beside focal lesions, moderate and severe TBI is associated

with diffuse axonal injuries that manifest with little or no appar-

ent damage in conventional neuroimaging but can be seen post-

mortem on microscopy studies.3 Diffuse axonal injury can lead to

a disconnection of critical cortical and subcortical pathways and

might represent a neural basis for the cognitive dysfunction seen

in the long term after TBI.3 Because conventional diagnostic im-

aging fails to appreciate the burden of microstructural white mat-

ter damage that occurs in TBI, it has limited ability to predict

long-term outcome in a broad range of cognitive behavioral and

functional impairments. DTI is an MR imaging technique that

measures the properties of water diffusion.4,5 The degree of dif-

fusion is characterized by 3 eigenvectors representing the dif-

fusion in each orthogonal direction. Diffusion in white matter

is particularly limited and anisotropic because of physical ob-

stacles to water diffusion imposed by the myelin and axon

membranes.6,7 The diffusion properties are believed to reflect
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many factors, including myelination and axonal attenuation

and integrity.6,7

DTI has shown promising results for depiction of neuropatho-

logic changes in TBI, in which the microarchitecture of white

matter may be altered. Although previous studies have shown the

association of changes in DTI parameters of the white matter with

different types of TBI (mild, moderate, or severe; in acute or

chronic phase) and its outcome,6-15 limited evidence is available

on the pattern of long-term changes in patients with chronic se-

vere TBI. Studies have suggested evidence of active brain remod-

eling and neuroplasticity16 after TBI in children.17 However, the

long-term white matter modifications in adults with TBI need to

be further characterized. Knowledge of the time course and extent

of these changes might yield better approaches for therapy and

rehabilitation.18 Here, we undertook a prospective longitudinal

study to determine the nature of white matter changes in a subset

of patients with severe TBI who had moderate or no gross disabil-

ity 1 year after injury by using DTI imaging. We hypothesized that

microstructural cerebral alterations identified within the first

weeks after the severe TBI would persist 2 and 5 years after injury.

MATERIALS AND METHODS
The institutional review board of Pitié Salpêtrière Hospital approved

this study protocol. Informed consent was obtained from all study

participants (legally authorized representative of the patients during

the acute stage, patients themselves after recovery of consciousness,

and healthy volunteers who served as control participants).

Patients
Patients with severe TBI (Glasgow Coma Scale, 3– 8; posttrau-

matic amnesia � 7 days; and loss of consciousness � 24 hours1)

who were admitted to the intensive care unit were enrolled in this

prospective study between March 2005 and March 2008. Inclu-

sion criteria were 1) adult patients (�18 years) and 2) moderate

or no disability at 1 year (Glasgow Outcome Scale at 4 or 5).

Exclusion criteria were 1) moribund patients (expected sur-

vival � 24 hours); 2) physiologic instability (eg, from hemody-

namic instability, increased intracranial pressure, and/or rapidly

deteriorating respiratory function) that would preclude MR im-

aging; 3) contraindication to the MR imaging; 4) penetrating head

injury; and 5) a central nervous system condition such as stroke,

brain tumor, or a neurodegenerative disease preceding TBI.

Control Participants
Eight age- and sex-matched healthy volunteers (n � 8; mean age,

32 � 8 years; age range, 22– 49 years; men) were enrolled in this

study. They did not have a history of TBI or neurologic disease.

Clinical Data Collection
We collected data by using standardized case report forms including

demographics, Glasgow Coma Scale, and cranial CT scan results.

Head CT scans were performed within 48 hours after admission to

the intensive care unit. A central study monitoring was performed to

ensure data accuracy. The Glasgow Outcome Scale was assessed for

all patients at 1 year post TBI. Baseline MR imaging was acquired as

soon as clinically feasible (within 6 weeks after TBI). The MR imaging

scans were repeated at 2 and 5 years after the TBI.

At 5 years, patients underwent a comprehensive neuropsycho-

logical evaluation. The level of disability on the basis of the Glas-

gow Outcome Scale, the disability rating scale, the extended Glas-

gow Outcome Score, and the modified Rankin Scale were

assessed, the results of which will be reported separately. For the

purposes of this study, patients were classified according to

whether they had moderate cognitive sequelae (including amne-

sia, aphasia, and dyspraxia).

MR Imaging
Control participants underwent MR imaging by use of the same

acquisition protocol as in the patients and underwent subsequent

imaging after 2 years. MR imaging was performed on a 1.5T sys-

tem (Signa; GE Healthcare, Milwaukee, Wisconsin) with the par-

ticipants under sedation and mechanical ventilation for the first

MR imaging and without any sedation for the follow-up MR im-

aging scans. The acquisition protocol included morphologic se-

quences (FLAIR, T2*-weighted gradient-echo, T2-weighted

turbo spin-echo, T1-weighted 3D inversion recovery fast-spoiled

gradient recalled), MR spectroscopy, and DTI. Only DTI results

are presented in this study. DTI was performed by use of the

following parameters: axial plane; 1 volume at b-value, 0 s/mm2;

24 directions; diffusion b-value, 700 s/mm2; section thickness, 5

mm; no gap; 20 sections; field of view, 32 � 32 cm; matrix size,

128 � 128; and 2 averages. The inferior section of the DTI acqui-

sition was positioned at the junction between the pons and the

medulla oblongata. Additional details on the DTI acquisition pro-

tocol are available in our prior study.19

MR Imaging Analysis
DTI images were preprocessed by use of FSL software (http://

www.fmrib.ox.ac.uk/fsl).20 The local diffusion parameters,

namely, fractional anisotropy (FA), mean diffusivity (MD), axial

diffusivity (L1), and radial diffusivity (Lt), were calculated21 for

the entire brain in each patient and control participant. To make

diffusion measures comparable between patients and partici-

pants, the FA, MD, L1, and Lt maps were registered on a 1 � 1�

1 mm3 standard space image (Montreal Neurological Institute

152 space) by use of the tract-based spatial statistics procedure.22

Correction for distortions from eddy currents was performed by

use of the b�0 images. The whole brain, including the pathologic

regions, was registered by use of an automated nonrigid tech-

nique, and individual FA, MD, L1, and Lt values were projected

on an alignment-invariant template for the brain. This procedure

maps all available information to a common brain template and

avoids misalignment among participants. A total of 20 ROIs for

DTI analysis were selected, based on the ICBM-DTI-81 white

matter atlas.23 This atlas consists of 48 white matter tracts. Be-

cause some of these ROIs are very small and are subject to partial

volume effects, we merged the initial 48 white matter tracts into 20

larger regions as published previously19,24 (in posterior fossa: 1-

middle cerebellar peduncle; 2- anterior brain stem; 3- posterior

brain stem; 4- right cerebral peduncle; 5- left cerebral peduncle; in

deep brain: 6- genu of the corpus callosum; 7- body of the corpus

callosum; 8- splenium of the corpus callosum; 9- right side ante-

rior arm of the internal capsule; 10- left side anterior arm of the

internal capsule; 11- right side posterior arm of the internal cap-
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sule; 12- left side posterior arm of the internal capsule; in super-

ficial brain regions: 13- right stratum sagittale; 14- left stratum

sagittale; 15- right superior longitudinal fasciculus; 16- left supe-

rior longitudinal fasciculus; 17- right external capsule; 18- left

external capsule; 19- right corona radiata; 20- left corona radiata).

The regional DTI parameter extraction consisted of 3 steps: a

nonlinear registration of the FA map to a template (provided by FSL),

a projection of FA onto the FA template skeleton representing the

centers of all tracts (also provided by FSL), and averaging of FA mea-

sures within the 20 ROIs restricted to the skeleton. The ROIs are

placed automatically after nonrigid registration on a defined position

on the common brain template. Furthermore, the registered maps

were visually verified and were compared with the template. In total,

the average values of FA, MD, L1, and Lt in these 20 ROIs resulted in

80 DTI biomarkers for each participant.

During the 5 years needed for the study, our MR scanner un-

derwent 2 software updates. The sequence parameters were kept

identical except for the TE, which had to be slightly modified

(initial TE, 81 ms; then 85.9 ms; and finally 84.3 ms). To account

for TE-related variability in raw DTI values and to make our re-

sults are comparable with future studies, we normalized the raw

DTI parameter values for each participant. For this purpose, every

time our scanner undergoes a software, material, or sequence up-

date, we scan several healthy participants for DTI metric normal-

ization. We have constituted a very large dataset of reference val-

ues for our scanner that we use routinely for normalization in our

clinical workflow and in previous studies.19,24 For this study, the

raw FA, MD, L1, and Lt values in each of the 20 preselected ROIs

of both patients and control participants were divided by the

mean values of the corresponding reference group. Further details

of MR image processing and normalization are provided in a pre-

vious publication.19

Statistical Analysis
We performed the statistical analysis by using SPSS software (ver-

sion 16.0; IBM, Armonk, New York). The required sample size to

detect a significant association at � � 0.05 and with a power of

80% was estimated to be 15. Continuous variables are expressed

as mean � standard deviation. Variables had normal distribution

(according to the Kolmogorov-Smirnov test); therefore, para-

metric tests were used. One-way repeated-measures ANOVA was

used to compare different DTI values between baseline and the

follow-up steps, in patients with severe TBI. P values were cor-

rected for multiple testing25 (Bonferroni method), and only the

corrected P values are presented in the study. One-way ANOVA

(with Bonferroni post hoc) was used to compare baseline DTI

values between healthy control participants and patients with TBI

with and without neurocognitive sequelae. An independent sam-

ple t test was used to compare changes (year 2 vs baseline) in DTI

values between patients and control participants. The level of sig-

nificance was set at P � .05.

RESULTS
A total of 15 patients met the inclusion criteria during the study

period. Two patients were dropped because of unwillingness to

undergo the follow-up scans. There was no death or loss to fol-

low-up in the remaining patients. The analysis was done in the 13

patients with severe TBI (Table 1) and in 8 control participants.

There was no significant difference in age between patients and

healthy control participants (patients: mean age, 32 � 9 years; age

range, 18 – 49 years; control participants: mean age, 32 � 8 years;

age range, 22– 49 years). Initial (baseline) scan was obtained at a

mean of 22 � 12 days (range, 12–58 days) after injury. Repeated

scans were performed at a mean of 2.0 years (range, 1.8 –2.1 years)

and 5.0 years (range, 4.7–5.4 years) after TBI. The mean rescan

time for healthy control participants was 2.0 � 0.08 years. The

automatic segmentation software accurately recognized the 20

ROIs in all patients, even in the presence of intracranial patho-

logic features. A typical set of FLAIR and FA images of a patient is

shown in Fig 1.

For healthy control participants, there was no difference in

white matter measurable by DTI between baseline and year 2. In

patients with severe TBI at baseline, FA values were significantly

lower at the genu and body of the corpus callosum and the bilat-

eral corona radiata compared with control participants (Fig 2),

whereas Lt was significantly higher in the same regions. Repeated-

measures ANOVA in patients with TBI (comparing baseline vs

year 2 and year 5) revealed significant changes in FA and Lt (P �

.05) in the anterior aspect of the brain stem, genu and body of the

corpus callosum, and bilateral corona radiata (Fig 2). In a post hoc

analysis, results were significant for baseline vs year 2; however, no

significant difference was observed between year 2 and year 5.

Regarding L1 and MD, no significant difference was observed

between patients and control participants at baseline. Repeated-

measures ANOVA indicated that L1 did not significantly change

during the 5-year observation period, whereas MD increased sig-

nificantly in the genu and body of the corpus callosum and the

bilateral corona radiata from baseline to 2 years (post hoc analysis

Patient characteristics
Range

Age (y) 32.4 (9.0) (18–49)
Men/women, n 13/0 �
GCS at admission, n (SD) 6 (4) (3–8)
ICU stay duration (d) 47.5 (23.1) (10–97)
Assisted ventilation duration (d) 33.1 (16.9) (9–72)
Type of accident, n (%)

MVA 10 (77) �
Assault, fall, other 3 (23) �

Hematoma, n (%)a

Epidural 3 (23) �
Subdural 1 (8) �
Subarachnoid hemorrhage 8 (61) �

Midline shift 3 (23) �
Compressed third ventricle 4 (31) �
Contusion, n (%)b 10 (77) �
Neurosurgical intervention, n (%) 2 (15) �
Neurologic sequelae, n (%)

Amnesia 2 (15) �
Aphasia 1 (8) �
Dyspraxia 2 (15) �

Note:—Variables are presented as mean (standard deviation) or number
(percentage).
GCS indicates Glasgow Coma Scale; ICU, intensive care unit; SD, standard deviation;
MVA, motor-vehicle collision.
a Hematoma was defined as an area spontaneously hyperdense on the first CT scan.
b Contusion was defined as a focal area appearing hypodense or of mixed density on
the CT scan.
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was significant for baseline vs year 2 but was not significant for

year 2 vs year 5).

As presented in Fig 3, there were significant changes (year 2 vs

baseline) in normalized FA (Fig 3A) and Lt (Fig 3B) at the anterior

aspect of the brain stem, genu and body of the corpus callosum,

and the right and left corona radiata in patients with TBI vs

healthy control participants. At 5 years, neurocognitive sequelae

were present in 5 patients (amnesia [n�2], aphasia [n�1], and

dyspraxia [n�2]).

The baseline Lt and FA values at the anterior aspect of the

brain stem, genu and body of the corpus callosum, and right and

left corona radiata were significantly associated (P � .05) with

these neurocognitive sequelae at year 5 (including amnesia, apha-

sia, and dyspraxia) (Fig 4).

DISCUSSION
In this study, we found that FA in the genu and body of the corpus

callosum and in the bilateral corona radiata were significantly

lower in patients with severe TBI compared with control partici-

pants; these measures decreased significantly for the first 2 years

after trauma and remained stable thereafter. The Lt in these

same structures increased in the first 2 years and then remained

stable.

These results indicate widespread white matter damage occur-

ring in the setting of severe TBI and persisting with time, a finding

that has been previously reported.14,26 The changes observed in

FA were driven by alterations in radial (and not axial) diffusivity,

suggesting that the underlying white matter alterations could be

related to changes in myelin rather than axonal injury.6,27 The

absence of changes for more than 2 years after TBI indicates that

the most dynamic structural changes, and the window for thera-

peutic and rehabilitative intervention, may be limited beyond that

time point.28

A pattern suggestive of myelin damage in white matter

rather than axonal injury has been identified by other

groups.8,14,26,29 Ewing-Cobbs et al8 evaluated 41 children at a

FIG 1. MR images of a patient with severe TBI at baseline (A and D), year 2 (B and E), and year 5 (C and F). On the conventional FLAIR images (A–C),
the hyperintensity of the right frontal lobe (arrow) decreases with time with some minimal atrophic changes. The corresponding FA maps (D–F)
are presented. In the acute setting, the normalized FA was slightly reduced in the genu (0.80) and body (0.92) of the corpus callosum and in the
bilateral corona radiata (right: 0.96; left: 0.98) compared with control participants (normalized value � 1). At 2 years, most of the normalized FA
values in these tracts had further decreased: genu (0.81) and body (0.79) of corpus callosum; corona radiata (right: 0.89; left: 0.96). At 5 years, the
values slightly increased: genu (0.82) and body (0.85) of corpus callosum; corona radiata (right: 0.92; left: 0.97).
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mean of 39 months after severe TBI, demonstrating (compared

with a control group) significantly reduced corpus callosum

FA and increased Lt, whereas L1 remained unchanged. This

pattern was also seen in a recent study by Farbota et al29 on 12

patients with severe TBI. In a prospective cohort, Newcombe

et al14 studied 68 patients who underwent MR imaging at a

median of 11.8 months (range, 6.6 months to 3.7 years) after

injury, finding significant decrements in FA in multiple struc-

tures including the corpus callosum, changes which were

associated with increases in Lt and

with clinical outcomes. Sidaros et al26

studied patients with severe TBI at 2

and 12 months after injury, demon-

strating reductions in corpus callosum

FA and increases in Lt. At 1 year, FA

remained decreased and Lt increased

particularly in patients with unfavor-

able outcome. Other authors have had

slightly different results: In a study of

37 patients who underwent MR imag-

ing with DTI at a mean of 8.9 years

after TBI, Kraus et al6 found reduced

FA in conjunction with increases in

both Lt and L1 compared with

matched control participants.

Our results also show that baseline

FA and Lt measures of DTI (at the genu

and body of the corpus callosum, ante-

rior aspect of the brain stem, and right

and left corona radiata) are associated

with long-term cognitive sequelae in pa-

tients with severe TBI. Predicting neu-

robehavioral outcome in TBI is chal-

lenging because patients with similar

clinical and radiologic characteristics in

the acute phase of TBI may have mark-

edly different outcomes ranging from

death to complete recovery.2,13 In a pro-

spective study, decreased regional FA in

4 major white matter tracts at 8 weeks

was predictive of unfavorable outcome

at 12 months.26 Available evidence indi-

cates that damage to critical areas such as

the corpus callosum or brain stem cor-

relate most highly with poor post-TBI

prognosis.26,28,30 In a large multicenter

study, we recently generated and vali-

dated a stringent prognostic model by

integrating a composite DTI score of

white matter tracts with available clini-

cal and CT-scan variables. Furthermore,

DTI metric analysis has not only the po-

tential to be applied clinically in an indi-

vidual patient for prognosis assessment

but also may be used in follow-up to

monitor the response to therapeutic and

rehabilitation measures.

Some limitations should be consid-

ered on interpretation of our results. TBI is biologically and clin-

ically heterogeneous and may have a range of radiologic features.2

First, the results of this study could not be extrapolated to mild or

moderate TBI, in which different temporal changes might occur.

In addition, the heterogeneous spatial distribution of DTI and its

various pathologic sequelae were a real challenge for ROI-based

statistical analysis. In our study, the nonhomogeneous pattern of

white matter injury was obvious in superficial brain regions, and

FIG 2. Normalized FA (A), and Lt (B) values of patients and control participants at baseline and
follow-up steps. The x-axis represents the ROIs (in posterior fossa: 1- MCP: middle cerebellar
peduncle; 2- antBS: anterior brain stem; 3- postBS: posterior brain stem; 4- CP-R: right cerebral
peduncle; 5- CP-L: left cerebral peduncle; in deep brain: 6- g-CC: genu of the corpus callosum; 7-
b-CC: body of the corpus callosum; 8-second-CC: splenium of the corpus callosum; 9- ALIC-R:
right side anterior arm of the internal capsule; 10- ALIC-L: left side anterior arm of the internal
capsule; 11- PLIC-R: right side posterior arm of the internal capsule; 12- PLIC-L: left side posterior
arm of the internal capsule; in superficial brain regions: 13- SS-R: right stratum sagittale; 14- SS-L:
left stratum sagittale; 15- SLF-R: right superior longitudinal fasciculus; 16- SLF-L: left superior
longitudinal fasciculus; 17- EC-R: right external capsule; 18- EC-L: left external capsule; 19- CR-R:
right corona radiata; 20- CR-L: left corona radiata). There were no significant differences in DTI
parameters between baseline and year 2 in the control group and between year 2 and year 5 in the
TBI group. ‡: P � .05; for comparison of baseline values between control participants and patients
(corrected P). *: P � .05; for repeated-measures ANOVA in the patient group between baseline
and follow-up steps. Data are presented as mean and standard error of mean (handles). The
connection lines are for clarity.

AJNR Am J Neuroradiol 35:23–29 Jan 2014 www.ajnr.org 27



the high variability of DTI metrics observed in these regions was

probably the result of the heterogeneous nature of the pathologic

findings in TBI.

Furthermore, because we did not perform imaging between

baseline and 2 years on these patients, we could not precisely

identify at which time point the white matter stops evolving.

Given the small patient sample and the heterogeneity of the con-

ventional MR imaging findings, we did not analyze the conven-

tional morphologic sequences. We reported the results of the DTI

metrics only.

In an ideal setting, brain tissue diffusion measurements should

be independent of the MR imaging scanner and image acquisition

parameters. However, a recent study has indicated variations in

apparent diffusion coefficients and FA values when images are

acquired on different scanners or when different acquisition pro-

tocols are used.19 Therefore, we implemented a normalization

step, which makes our estimates of DTI parameters comparable

with results found in other groups despite slightly different MR

imaging parameters. We believe that this approach helps to over-

come data heterogeneity in quantitative DTI studies and can be an

important step in clinical application of quantitative DTI mea-

sures. This study was designed and conducted based on a prede-

termined sample size of 15 patients to have a power � 80% and

� � 0.05. Although we enrolled 15 patients in this study, 2 were

dropped because of unwillingness to undergo the follow-up scan

at 5 years. Therefore, larger long-term cohorts are needed to pro-

vide a more comprehensive assessment and more thorough sub-

group analysis.

CONCLUSIONS
This study demonstrates significant and durable changes in the

corpus callosum and in the corona radiata in a cohort of patients

with TBI who were observed during a 5-year period. These alter-

ations evolved significantly between the initial assessment and up

to 2 years from the injury, beyond which few additional changes

were seen. These data suggest that therapeutic and rehabilitative

measures after severe TBI may be monitored by DTI during an

initial time window, beyond which the microarchitecture of the

white matter measured by TBI stop evolving.
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