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Diffuse Axonal Injury Associated with Chronic
Traumatic Brain Injury: Evidence from T2*weighted Gradient-echo Imaging at 3 T
Rainer Scheid, Cristoph Preul, Oliver Gruber, Christopher Wiggins, and D. Yves von Cramon

BACKGROUND AND PURPOSE: Diffuse axonal injury is frequently accompanied by tissue
tear hemorrhages. We examined whether high field strength T2*-weighted gradient-echo imaging performed during the chronic stage of traumatic brain injury may have advantages in the
evaluation of diffuse axonal injury as compared with T1- and T2-weighted MR imaging.
METHODS: Prospective MR imaging of 66 patients (age range, 17–57 years) was performed
using a 3-T system 3 to 292 months (median, 23.5 months) after traumatic brain injury. T1-,
T2-, T2*-hypointense and T2-hyperintense foci of 1- to 15-mm diameter were registered in 10
brain regions by two readers separately. Foci that appeared hypointense both on the T1- and
T2- and/or on the T2*-weighted images were defined as traumatic microbleeds.
RESULTS: For 46 (69.7%) of the patients, T2*-weighted gradient-echo imaging revealed
traumatic microbleeds. Hyperintense foci were observed on the T2-weighted images of only 15
(22.7%) patients. T2*-weighted imaging showed significantly more traumatic microbleeds (P ⴝ
.000) than did T1- and T2-weighted imaging. Interobserver agreement was strong ( ⴝ 0.79,  ⴝ
0.749, P ⴝ .000). For 14 (21.2%) of the patients, T2*-weighted gradient-echo imaging revealed
traumatic microbleeds in the corpus callosum, whereas for only two (3%), hyperintense callosal
lesions were seen on the T2-weighted images. Although a significant correlation existed between
the total amount and callosal appearance of traumatic microbleeds and Glasgow Coma Scale
scores (P ⴝ .000), no correlation existed with extended Glasgow Outcome Scale scores.
CONCLUSION: T2*-weighted gradient-echo imaging at high field strength is a useful tool for
the evaluation of diffuse axonal injury during the chronic stage of traumatic brain injury.
Diffuse axonal injury-related brain lesions are mainly hemorrhagic. The relevance of diffuse
axonal injury for long-term clinical outcome is uncertain.
T2*-weighted gradient-echo MR imaging is known to
be highly sensitive for detecting brain hemorrhage
(1–3). Magnetic susceptibility differences resulting
from the presence of paramagnetic blood breakdown
products create local magnetic field inhomogeneities,
which manifest as marked hypointensity on T2*-images (1, 3–5). The T2* signal intensity loss is greater
with higher magnetic field strength (1, 6, 7), which

makes the use of the sequence at 3 T practical. Only
a few reports are presented in the literature in which
T2*-weighted gradient-echo imaging has been used in
the investigation of traumatic brain injury (6, 8, 9).
Yanagawa et al (9) presented what, to our knowledge,
is the only study that directly compares T2- and T2*weighted gradient-echo imaging of traumatic brain
injury. They found T2*-weighted gradient-echo imaging to be useful for evaluating the clinical symptoms
of head injury during the acute stage of the disease.
Information regarding its usefulness during the
chronic stage is lacking.
Diffuse axonal injury is a specific type of primary
traumatic brain injury (10 –19). Although evidence
exists in the neuropathologic literature that diffuse
axonal injury is typically accompanied by small hemorrhages, or so-called tissue tear hemorrhages (10, 11,
13, 19), almost all previous MR imaging studies of
traumatic brain injury state that most diffuse axonal
injury lesions are nonhemorrhagic (6, 8, 20 –24).
However, in the study presented by Yanagawa et al
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(9), a high number of hemorrhagic (ie, T2* hypointense) lesions were reported.
Our aim was to study the usefulness of T2*weighted gradient-echo imaging at high field strength
for the evaluation of diffuse axonal injury during the
chronic stage of traumatic brain injury and to clarify
the neuroradiologic appearance of diffuse axonal injury-related lesions. In clinical circumstances, it is
often asked whether a certain symptom or syndrome
(often neuropsychologic and/or behavioral) might be
due to brain injury if the patient has a history of head
injury. In particular, our hypotheses were as follows:
1) not just during the acute stage but also during the
chronic stage of traumatic brain injury, T2*-weighted
gradient-echo imaging shows more focal traumatic
lesions other than focal cortical contusions than do
T1- and T2-weighted MR imaging; 2) localization and
number of diffuse axonal injury-related lesions correlate with clinical scores of injury severity (Glasgow
Coma Scale [GCS]) (25) and outcome (extended
Glasgow Outcome Scale [GOS]) (26).

Methods
Sixty-six patients (15 women, 51 men) with histories of traumatic brain injury were prospectively studied between September 2000 and September 2001. All patients were in-patients of
the Day Clinic of Cognitive Neurology, University of Leipzig.
Patients’ ages ranged from 17 to 57 years (median, 33 years).
All participants provided written informed consent.
Clinical information was collected to establish the following
parameters: type of head injury (open or closed), multiple
injuries, cause of injury (traffic accident, fall, assault/blow),
history of arterial hypertension, diabetes mellitus, stroke,
chronic alcohol abuse, previous traumatic brain injury, other
chronic medical problems, and time interval between traumatic
brain injury and MR imaging. Injury severity was assessed by
depth of initial coma, by using the reported GCS score. In cases
in which information regarding GCS score was missing (n ⫽
43), specific information from the acute records was used to
calculate GCS scores retrospectively. Because the GCS score is
strictly descriptive, this reconstruction is adequate (27). For
four patients, the GCS score could not be calculated because of
insufficient information. Because of the interference of standard therapeutic interventions, length of coma is not reported.
Overall functional outcome was assessed by using the extended
GOS not before 6 months after traumatic brain injury (26).
MR imaging was performed on a 3-T whole body system
(Medspec 3T/100; Bruker, Ettlingen, Germany). The imaging
protocol consisted of three imaging sessions of the same geometry (20 sections; axial plane; section thickness, 5 mm; section gap, 2 mm): 1) 2D T1-weighted reduced power multisection modified driven equilibrium Fourier transform imaging
(28) (1.3/10 [TR/TE]; field of view, 25.0 ⫻ 25.0 cm; data matrix,
256 ⫻ 256), using non-section-selective inversion pulse and
then a single excitation of each section to reduce the amount of
RF power; 2) 2D T2-weighted fast spin-echo imaging (8.5/21.7;
field of view, 25.0 ⫻ 25.0 cm; data matrix, 512 ⫻ 512); and 3)
2D T2*-weighted gradient-echo imaging (700/15; field of view,
19.2 ⫻ 19.2 cm; data matrix, 256 ⫻ 256; flip angle, 25 degrees).
Any small (1–15 mm) focus without connection to the brain
surface and/or the ventricular system that appeared hypointense on T1- and T2- and/or T2*-weighted gradient-echo MR
images was defined as a traumatic microbleed. Overlap with
vascular structures was avoided. Areas of symmetric hypointensity of the globus pallidus, likely to represent calcification,
were disregarded. To exclude focal cortical contusions and
considering the pathogenesis of diffuse axonal injury, extensive

TABLE 1: Clinical data
Number or Range
n
Age (yr)
Sex
Male
Female
Time interval
TBI–MR imaging (mo)
Type of head injury
Open
Closed
Cause of injury
Traffic accident
Fall
Blow/assault
Multiple injuries
Medical history
Hypertension
Diabetes mellitus
Lacunar stroke
Alcohol abuse
TBI
GCS score (n ⫽ 62)
GOS score

66
17–57

Median
33

51
15
3–292

Percent

77.3
22.7
23.5

17
49

25.8
74.2

45
16
5
9

68.2
24.2
7.6
13.6

1
0
0
3
2
3–15
3–8

1.5
0
0
4.5
3
6
5

Note.—TBI indicates traumatic brain injury; GCS, Glasgow Coma
Scale; GOS, Glasgow Outcome Scale.

foci (⬎15 mm) and foci in contact with the brain surface were
excluded. In addition, every T2-hyperintense signal intensity of
the same size was registered. The total number of lesions was
counted for each sequence and was divided into the following
10 brain regions: frontal lobe, temporal lobe, parietal lobe,
occipital lobe, cerebellum, basal ganglia, thalamus, corpus callosum, midbrain, and brain stem. Additionally, the following
data were collected: focal cortical contusion, extensive traumatic hemorrhage, gliding contusion, ischemic brain lesion,
and residue from brain surgery. The occurrence of brain atrophy and hydrocephalus (which, because of the lack of accepted
common criteria, was evaluated according to the subjective
concordant judgment of two separate investigators) as possible
long-term residues of traumatic brain injury was noted. Because cerebral microangiopathy is known to cause cerebral
microbleeds (5, 29 –34), the readers were aware for signs of
leukoaraiosis and lacunar infarcts.
Images were evaluated independently by two neuroradiology expert readers (R.S., C.P.), one of whom was blinded to the
clinical data. Statistical analysis was conducted by using the
coefficient of agreement of Cohen and nonparametric statistics
(Wilcoxon matched-pairs signed rank test, Kendall rank correlation, Spearman rank correlation, Mann-Whitney U test,
Kruskall-Wallis analysis of variance). After correction for multiple comparisons, values of P ⬍ .01 and P ⬍ .005 were considered significant.

Results
Patients
Patients’ clinical and demographic data are shown
in Table 1. Because of the observation of microbleeds
in participants with vascular risk factors (29, 34), it is
of special importance that only one patient had a
history of chronic arterial hypertension and that none
had a history of diabetes mellitus or stroke, especially
lacunar stroke. Two participants had histories of multiple traumatic brain injuries.
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TABLE 2: Frequency of focal lesions

T1
T2 hypo
T2 hyper
T2*

Total Lesions

Range

Median ⫾ SD

326
168.5
65
608

0–31
0–12
0–10
0–61

2.5 ⫾ 6.8*
1.0 ⫾ 3.6*
0 ⫾ 2.25*
3.75 ⫾ 13.9

Note.—T1 indicates T1-weighted MR imaging; T2 hypo, T2weighted MR imaging hypointensities; T2 hyper, T2-weighted MR
imaging hyperintensities; T2*, T2*-weighted MR imaging.

MR Imaging Results
The MR imaging results are summarized in Table
2. For nine (13.6%) patients, MR imaging was without any pathologic results. With respect to traumatic
microbleeds, for 20 (30.3%) patients, MR imaging
was negative in all sequences. For 22 (33.3%) patients, T1-weighted MR imaging was negative, and for
25 (37.9%) patients, T2-weighted MR imaging was
negative. Traumatic microbleeds most commonly
measured 1- to 5-mm in diameter. The grand total of
lesions found by the two separate readers (across
participants) and the number of lesions per patient
were significantly greater on the T2*-weighted images
(608 total lesions; median, 3.75 lesions; range, 0 – 61
lesions) than on the T1-weighted images (326 total
lesions; median, 2.5 lesions; range, 0 –31 lesions) or
the T2-weighted images (168.5 total lesions; median,
1.0 lesions; range, 0 –12 lesions) (Wilcoxon matchedpairs signed rank test, P ⫽ .0000). Interobserver
agreement regarding the presence of traumatic microbleeds was strong ( ⫽ 0.79) (35, 36). To verify
inter-rater agreement for every participant, the rank
correlation  of Kendall (37) was used, which showed
significant agreement ( ⫽ 0.749, P ⫽ .000). For only
15 (22.7%) patients did T2-weighted imaging show
hyperintense focal lesions, different from focal cortical contusions (61 total lesions; median, 0 lesions;
range, 0 –10 lesions). These foci were most often also
seen as hyperintense signal intensities on the T2*weighted images. Significantly fewer focal T2 hyperintensities than T2* hypointensities were seen (Wilcoxon matched-pairs signed rank test, P ⫽ .0000).
Figure 1 and Table 3 summarize the data concerning the frequency of specific lesion patterns and sites.
Because traumatic microbleeds were more often and
more easily detectable on the T2*-weighted images,
only those data are shown. Isolated traumatic microbleeds were observed in 11 (16.7%) patients. Traumatic microbleeds were located mainly in the frontal
(total microbleeds, 301.5; median, 0.75 microbleeds;
range, 0 –28 microbleeds) and temporal (total microbleeds, 115.5; median, 0 microbleeds; range, 0 –19
microbleeds) lobes. The white matter of the superior
frontal gyrus was most often affected (Fig 2). Furthermore, the traumatic microbleeds were situated mainly
at the gray matter-white matter border (Fig 3). The
traumatic microbleeds were located more often next
to the crowns than close to the base of the gyral stalks.
Lesions (focal cortical contusions and traumatic microbleeds) were situated in only one hemisphere in

FIG 1. Frequency and site of traumatic microbleeds according
to 10 brain areas. Shown is the total number of traumatic microbleeds in each brain area (front, frontal lobe; temp, temporal
lobe; par, parietal lobe; occip, occipital lobe; cereb, cerebellum;
bg, basal ganglia; thal, thalamus; cc, corpus callosum; mes,
mesencephalon; bs, brain stem).
TABLE 3: Frequency of specific lesion patterns and sites

MR imaging-negative
Concerning TMBs
TMBs/DAI
None or nonisolated
Isolated
FCC
Isolated
Side of lesion(s)
Right
Left
Both
Corpus callosum lesion
None
Anterior
Posterior
Diffuse
Brain stem involvement
Other traumatic lesions
(isolated or in combination)
Traumatic hematomas
Gliding contusions
SAB
SDH
EDH
Ischemic lesions
Residues
Atrophy/hydrocephalus

Number

Percent

10
20

15.2
30.3

55
11
37
13

83.3
16.7
56
19.7

5
5
36

7.6
7.6
54.5

52
4
8
2
6

78.8
6.1
12.1
3.0
9.1

2
6
7
6
5
3

3
9
10.6
9
7.6
4.5

7

10.6

Note.—TMBs indicates traumatic microbleeds; DAI, diffuse axonal
injury; FCC, focal cortical contusion; SAB, subarachnoid hemorrhage;
SDH, subdural hematoma; EDH, epidural hematoma.

each of 10 patients (in the right in five, 7.6%; in the
left in five, 7.6%) and in both hemispheres in each of
36 (54.5%). In the corpus callosum in 14 (21.2%)
patients, a total of 32 traumatic microbleeds were
found (median, 0 microbleeds; range, 0 –7.5 microbleeds) (Fig 4). By contrast, in only two (3%) patients, a total of seven T2-hyperintense lesions of the
corpus callosum were seen. Callosal traumatic microbleeds were restricted to the posterior parts (ie,
splenium) in eight patients (12.1% or 57.1% of callosal lesions). In six (9.1%) patients, involvement of
the brain stem was observed, mostly of the superior
cerebellar peduncle (Fig 5). Focal cortical contusions
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FIG 2. Images of a 20-year-old man who was a passenger in a
traffic accident in May 1999; he had not been wearing a seat belt.
Multiple traumatic microbleeds are shown in the white matter of the
right superior frontal gyrus. Left, T2-weighted image; right: T2*weighted image. Axial view sections obtained from the identical
location. Multiple traumatic microbleeds, which are clearly shown
on the T2*-weighted gradient-echo images, are not depicted on the
T2-weighted MR images. Note that no T2-hyperintense foci are
seen. GCS score, 3; GOS score, 5.

FIG 3. Images of a 22-year-old man who was the driver of a car
that collided with a truck in June 1999. Multiple traumatic microbleeds are shown at the gray matter-white matter border.
Left, T2-weighted image; right, T2*-weighted image. Images
were obtained in the same plane. GCS score, 5; GOS score, 4.
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FIG 5. Images of a 39-year-old woman who fell off a horse in
July 1996. Traumatic microbleeds are shown in the left rostral
brain stem (superior cerebellar peduncle), which is a preferential
site for diffuse axonal injury. The nearly symmetrical additional
larger dark areas are artifacts from the petrous bone. Left, T2weighted image; right, T2*-weighted image. GCS score, 14;
GOS score, 6.

FIG 6. Relationships between number and site of traumatic
microbleeds and clinical and imaging parameters. Top left, relationship of number of traumatic microbleeds to site of a callosal lesion (P ⫽ .0001). Top right, relationship of total number of
traumatic microbleeds to the existence of a callosal lesion in
general (P ⫽ .0000). Bottom left, relationship of total number of
traumatic microbleeds to cause of injury (TA, traffic accident;
P ⫽ .0028). Bottom right, relationship of total number of traumatic microbleeds to existence of inner brain atrophy (P ⫽
.0020).

idues of traumatic brain injury, such as brain atrophy
and hydrocephalus, were observed in seven (10.6%)
patients.

Relationships between MR Imaging Findings and
Clinical Parameters
FIG 4. Images of a 42-year-old man who was a passenger in a
traffic accident in September 2000. Traumatic microbleeds are
shown in the posterior corpus callosum. Left, T2-weighted image; right, T2*-weighted image. Note the additional traumatic
microbleeds in the left side of the splenium and at the gray
matter-white matter border of the frontal lobes, which are not
visible on the T2-weighted images. No T2-hyperintense callosal
lesions are seen. GCS score, 3; GOS score, 4.

were observed in 37 patients; in 13 (19.7% or 35.1%
of focal cortical contusions), they were isolated.
Other specified intra- or extra-axial traumatic lesions
were detected in 29 (43.7%) patients. Long-term res-

Figure 6 shows the derived inter-relationships between the main clinical data and the findings on the
T2*-images (for the original data, see also Table 4 on
the journal’s web site at www.ajnr.org). After correction for multiple testing, no correlation was observed
between the time interval from trauma to MR imaging and the total number of traumatic microbleeds
detected by T2*-weighted gradient-echo imaging
(rs ⫽ ⫺0.29, P ⫽ .02). Regarding the cause of traumatic brain injury, a significant gradient was observed
for traffic accident over fall to assault/blow. Most
traumatic microbleeds were observed in victims of
traffic accidents (P ⫽ .0028, Kruskall-Wallis analysis
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TABLE 4: Tested inter-relations between the clinical parameters and
the neuroradiologic data

Relationship Tested
T2* latency (TBI–MR
imaging)
T2* type of TBI
Closed
Open
T2* cause of TBI
Traffic accident
Fall
Blow/assault
T2* multiple injuries
No
Yes
T2* atrophy/hydrocephalus
No
Yes
T2* isolated TMBs
No
Yes
T2* corpus callosum lesion
No
Yes
T2* GCS score (n ⫽ 62)
for total hypo foci
T2* GCS score (n ⫽ 62)
for hypo foci in corpus
callosum
Corpus callosum lesion
GCS score (n ⫽ 62)
No
Yes
T2* GOS score for total
hypo foci
T2* GOS score for hypo
foci in corpus
callosum
Corpus callosum lesion
GOS score
No
Yes
Isolated TMBs GOS score
No
Yes
Isolated FCC GOS score
No
Yes

Median
(Range)

Rs
⫺0.286

P
0.020
0.7211

4.0 (0–61)
2.0 (0–52.5)
0.0028*
5.5 (0–61)
2.5 (0–34)
0 (0–5)
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of a callosal lesion in general (P ⫽ .000/0.000, Spearman rank correlation; P ⫽ .0000, Mann-Whitney U
test). No correlations could be detected between the
morphologic findings on the T2*-images and the
GOS scores. Cross-correlation between the GCS and
the GOS scores showed no significant correlation
(P ⫽ .312, Spearman rank correlation). Regarding
outcome, it made no difference whether focal cortical
contusions and/or traumatic microbleeds occurred in
isolation or in combination with other lesion patterns.
No correlations could be shown between the presence
of T2-hyperintense focal lesions and the parameters
of the GCS and GOS.

0.2481
3.5 (0–52.5)
5.5 (0–61)

Discussion
0.0020*

3.5 (0–45.5)
28 (4–61)
0.1266
3.5 (0–52.5)
4.5 (0.5–61)
0.0000*
2.0 (0–34)
26.0 (1.5–61)
⫺0.427

0.000*

⫺0.428

0.000*

0.002*
6 (3–15)
4 (3–14)
⫺0.062

0.618

⫺0.103

0.408

0.3674
5 (3–8)
5 (3–8)
0.8856
5 (3–8)
5 (4–7)
0.1724
5 (3–8)
4 (3–6)

Note.—Rs indicates Spearman rank correlation coefficient; T2*,
T2*-weighted MR imaging; TBI, traumatic brain injury; TMBs, traumatic microbleeds; GCS, Glasgow Coma Scale; hypo, hypointense;
GOS, Glasgow Outcome Scale; FCC, focal cortical contusion.

of variance). Patients with possible long-term residues of traumatic brain injury (atrophy/hydrocephalus) had significantly more traumatic microbleeds
shown on the T2*-images than those without (P ⫽
.0020, Mann-Whitney U test). The same correlation
was observed for patients with involvement of the
corpus callosum (P ⫽ .0000, Mann-Whitney U test).
Significant correlations were observed between the
GCS score and the total number of traumatic microbleeds in each patient, the number of traumatic
microbleeds in the corpus callosum, and the presence

Our hypotheses can be answered as follows: 1)
T2*-weighted gradient-echo imaging shows more focal traumatic lesions other than focal cortical contusions than do T1- and T2-weighted MR imaging of
patients with chronic traumatic brain injury; 2) a negative interrelation exists between the GCS score as a
parameter of injury severity and the occurrence and
amount of traumatic microbleeds, but neither their
number nor site reflect overall long-term clinical outcome, as measured by the extended GOS.

Previous MR Imaging Studies of Traumatic
Brain Injury in Comparison with Our Study
Most MR imaging studies have reported nonhemorrhagic foci (ie, hyperintense on T2-weighted images) as the neuroradiologic correlates of diffuse axonal injury (6, 21, 24). Gentry et al (21) define these
lesions as mainly T2-hyperintense, diffuse, small
(5–15 mm), focal abnormalities limited to white matter tracts. T2-hyperintense signals are unspecific (39).
Periventricular hyperintensities are reported to be
present in 74% of young normal persons and in 89%
of elderly normal persons. The frequency of subcortical lesions in these two groups is reported to be 6%
and 39%, respectively (40). It is therefore questionable whether all the reported hyperintensities represent sites of axonal shear injury. A size of ⬎5 mm
does not correspond to the existing neuropathologic
descriptions of diffuse axonal injury, with which focal
lesions usually do not measure more than 3 to 5 mm
but extend over an anteroposterior distance of several
centimeters (10, 11, 13, 19). As previously noted by
Yanagawa et al (9), possible asymptomatic cerebral
infarctions may comprise one cause of T2 hyperintensities, especially if elderly patients are included in a
study. During the acute stage of traumatic brain injury, focal edema might be another cause of T2hyperintense signal intensity changes.
Other inconsistencies concerning the results of the
previous studies are now considered in more detail. In
their study of acute traumatic callosal lesions, Gentry
et al (38) found a high incidence of intraventricular
hemorrhage in association with callosal injury, which
is explained by the rich vascularity of the corpus
callosum. Nevertheless, the authors state that the
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FIG 7. Images of a 37-year-old man who was a pedestrian in a
traffic accident in January 1992; he was hit by an automobile
while under the influence of alcohol. Traumatic microbleed is
shown in the left midbrain, adjacent to the red nucleus, 99
months after traumatic brain injury. Left, T2-weighted image;
right, T2*-weighted image. GCS score, 4; GOS score, 4.

callosal lesions themselves were most commonly nonhemorrhagic, which does not seem reasonable. Mittl
et al (6) reported T2-hyperintense foci of shear injury
in three (15%) of 20 patients. A closer review of the
patients’ data reveals two arguments against this view.
All three patients had lost consciousness after assaults. According to the neuropathologic literature
(10, 11), although assaults can cause traumatic brain
injury, they are usually not associated with diffuse
axonal injury. Furthermore, none of the lesions were
located in the corpus callosum, which is a preferential
site of diffuse axonal injury (10, 11, 19).
We found significantly more hypointense foci on
the T2*-weighted images than hyperintense foci on
the T2-weighted images. The appearance of T2*-hypointense foci was correlated with traffic accidents as
the major cause of diffuse axonal injury of the human
brain (10 –12, 18). Most of the lesions were small (1–5
mm), multiple, and bilateral. They were predominantly localized in discrete brain areas—particularly
in the white matter of the superior frontal gyrus, at
the gray matter-white matter border of the frontal
and temporal lobes, and in the corpus callosum—all
of which are preferential sites for neuropathologically
proved diffuse axonal injury. Lesion size corresponds
closely to the neuropathologic characterization of tissue tear hemorrhages (10, 11, 13, 19). Because of the
absence of a significant relationship between the
presence of traumatic microbleeds and the latency of
MR imaging, the visibility of diffuse axonal injuryrelated injury on T2*-images seems to be time independent. Even ⬎90 months after traumatic brain injury, traumatic microbleeds could clearly be shown
(Fig 7). Hematoma resorption can therefore not be
responsible for the discrepancies between the previous studies and ours, especially considering that the
previous studies were conducted of the acute stages of
traumatic brain injury.
Almost all previous MR imaging studies have been
performed at field strengths up to 1.5 T. Our study is
the first that used a 3-T MR imaging system. Because
the T2* signal intensity loss depends on magnetic
field strength (1, 6, 7), the hemorrhagic component of
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diffuse axonal injury might have been underestimated
at 1.5 T and by T2-imaging only. However, it was not
our purpose to prove the superiority of 3 T, which of
course would require a direct comparison with 1.5 T.
We do not assume that the lower incidence of
hyperintense lesions on the T2-weighted images in
our study might have been due to increased susceptibility at 3 T. Although increased susceptibility at 3 T
may cause some additional dephasing that might
mask an otherwise hyperintense focus on the T2weighted images, such dephasing would necessitate a
dephasing in the T2*-weighted images as well. Thus,
although this effect might cause the “masking” of a
focus from the T2-weighted images, such dephasing
must be significant and so is more than likely to cause
the foci to appear as hypointense foci on the T2*weighted image. Such behavior, however, would require that these foci have both a freer water environment (to allow a longer T2 for the hyperintense signal
intensity) and a minor susceptibility component (insufficient to dephase the signal intensity at 1.5 T but
sufficient at 3 T). It seems unlikely that these two
would occur simultaneously, with the correct balance
of effects on the MR signal intensity, over a significant number of lesions.

Other Causes of T2*-Hypointense Signals
The overall incidence of small hypointense lesions
on T2*-weighted gradient-echo images in neurologically healthy adults is reported to be 3.1%, and they
are closely related to arterial hypertension (34). Because of the low prevalence of chronic arterial hypertension (0.66%), diabetes mellitus (0%), or stroke
(0%) in our patient population, the frequency of
incidental T2* hypointensities should not interfere
with our results.
It must be noted that the signal intensity loss on
T2*-weighted images is not specific for hemorrhage
and can be caused by calcifications, ferritin, air in
sinuses or mastoid bone, and paramagnetic contrast
agents (1, 4, 5). Considering that shear injuries are
typically not situated on the cortical surface or at
contusion sites close to the skull base, this nonspecificity is not a main limitation for the evaluation of
diffuse axonal injury. Calcifications are usually located in the basal ganglia, which are the site of basal
ganglia hematomas (41). These seem to be related to
diffuse axonal injury and are characterized by a poor
outcome (10, 11, 39). Diffuse vascular injury is also
distinguishable based on its very poor prognosis. Usually patients die within a short interval after injury
(42). The presence of these conditions among our
patient population is very unlikely. Other causes of
multiple cerebral hemorrhages could be fat embolism
and medical complications after traumatic brain injury, such as hematologic disorders or sepsis or side
effects of medical therapy. Although such complications have not been reported among our patient population, their relevance remains unclear.
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Functional Outcome
It is noteworthy that there is neither a correlation
between the total number of lesions detected by T2*weighted gradient-echo imaging and the GOS nor
between the GOS and any other of the imaging parameters, such as evidence of a callosal lesion or
isolated traumatic microbleeds/diffuse axonal injury.
This is in contrast to the study presented by Yanagawa et al (9), which was conducted of the acute stage
of traumatic brain injury and which does not differentiate between diffuse axonal injury-related lesions
and focal cortical contusions. Another explanation for
this discrepancy might be that in the latter study, data
for the GOS were collected 3 months after traumatic
brain injury. However, the GOS and its extended
version are validated for outcome measurement not
before 6 months after traumatic brain injury (26, 43).
In the study presented by Pierallini et al (8), a significant correlation was shown between clinical scores
(GCS, GOS) and total lesion volume on fluid-attenuated inversion recovery but not T2*-weighted images.
Diffuse axonal injury is usually related to general
poor clinical status (44). Our data indicate that this
seems to be true only for the acute stage of traumatic
brain injury. A strong correlation existed between the
number of traumatic microbleeds and the GCS
scores, which reflects the potential of diffuse axonal
injury to cause severe coma (44, 45). On the other
hand, because of the lack of a correlation with the
GOS scores it seems very likely that diffuse axonal
injury is not inevitably related to poor long-term outcomes. Already, the findings presented by Wilson et
al (45) question the importance of diffuse axonal
injury in determining outcome. The GCS itself is not
a sufficient outcome predictor (27, 45). Because cognitive dysfunction seems to be more responsible for
overall disability after traumatic brain injury than do
motor deficits (26), more detailed neuropsychologic
testing is needed for clarification. The recent studies
presented by Wallesch et al (46, 47) are in line with
our results. The authors state that diffuse axonal
injury causes mainly transient neuropsychologic deficits. A limitation of these studies is the use of cranial
CT for the diagnosis of diffuse axonal injury.

Conclusion
During the chronic stage of traumatic brain injury,
T2*-weighted gradient-echo imaging at high field
strength is superior to T1- and T2-weighted MR imaging in the detection of lesions suspicious of diffuse
axonal injury. Based on the signal intensity characteristics on T2*-weighted gradient-echo images, most of
these lesions are hemorrhagic. Their visibility on T2*weighted gradient-echo images is time independent,
which allows recognition during the chronic stage of
traumatic brain injury. Evidence of diffuse axonal
injury is thought to be of relevance regarding rehabilitative treatment, patient prognosis, and medical
diagnostic certainty; however, the lack of correlation
between number and site of traumatic microbleeds
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and an overall long-term clinical outcome parameter
such as the GOS questions this view. The clinical and
prognostic implications of our findings will therefore
have to be examined further by correlation with the
results of neuropsychologic testing.
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