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Diffusion Tensor Imaging Reliably Detects Experimental
Traumatic Axonal Injury and Indicates Approximate Time of
Injury
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Traumatic axonal injury (TAI) may contribute greatly to neurological impairments after traumatic brain injury, but it is difficult to assess
with conventional imaging. We quantitatively compared diffusion tensor imaging (DTI) signal abnormalities with histological and
electron microscopic characteristics of pericontusional TAI in a mouse model. Two DTI parameters, relative anisotropy and axial
diffusivity, were significantly reduced 6 h to 4 d after trauma, corresponding to relatively isolated axonal injury. One to 4 weeks after
trauma, relative anisotropy remained decreased, whereas axial diffusivity “pseudo-normalized” and radial diffusivity increased. These
changes corresponded to demyelination, edema, and persistent axonal injury. At every time point, DTI was more sensitive to injury than
conventional magnetic resonance imaging, and relative anisotropy distinguished injured from control mice with no overlap between
groups. Remarkably, DTI changes strongly predicted the approximate time since trauma. These results provide an important validation
of DTI for pericontusional TAI and suggest novel clinical and forensic applications.
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Introduction
Traumatic axonal injury may be a major contributor to cognitive
dysfunction in patients after traumatic brain injury (TBI) (Strich,
1956, 1961; Nevin, 1967; Oppenheimer, 1968; Adams et al., 1982;
Gennarelli et al., 1982; Pilz, 1983; Povlishock et al., 1992; Smith et
al., 2003; King et al., 2005). Current clinical imaging modalities,
including computed tomography and conventional magnetic
resonance imaging (MRI), have been optimized for evaluating
hemorrhage, edema, and ischemia but are inadequate for direct
assessment of injured axons (Silver et al., 2005). Diffusion tensor
imaging (DTI) has been proposed as a noninvasive method to
directly detect and characterize axonal injury (Werring et al.,
1998; Rugg-Gunn et al., 2001; Arfanakis et al., 2002; Ptak et al.,
2003; Song et al., 2003; Huisman et al., 2004; Naganawa et al.,
2004; Inglese et al., 2005; Nakayama et al., 2006; Voss et al., 2006;
Wilde et al., 2006). DTI measures water diffusion in many inde-
pendent directions. Because of its highly organized structure, wa-
ter diffusion in normal white matter is highly anisotropic (direc-

tionally asymmetric); water diffuses more readily parallel to the
predominant local orientation of axons than it does perpendicu-
lar to this predominant direction. When axons are injured, water
diffusion may change such that anisotropy decreases dramati-
cally, whereas overall diffusivity changes very little. Encourag-
ingly, DTI studies in TBI patients have shown white matter signal
abnormalities not observed with conventional MRI (Rugg-Gunn
et al., 2001; Arfanakis et al., 2002; Huisman et al., 2004; Inglese et
al., 2005). However, this technique has not been fully validated, in
that few direct comparisons with histologically verified axonal
injury have been performed.

Our initial studies in a mouse model indicated that DTI is, in
fact, sensitive to histologically verified axonal injury in regions
where conventional imaging methods were not (Mac Donald et
al., 2007). These studies were performed at only a single time
point, 24 h after injury. It is unknown whether there are changes
in the sensitivity of DTI over time, because only very limited
clinical studies (Arfanakis et al., 2002; Naganawa et al., 2004; Voss
et al., 2006) and none of the previous experimental animal studies
(Hanstock et al., 1994; Kochanek et al., 1995; Alsop et al., 1996;
Assaf et al., 1997; Albensi et al., 2000; Duhaime et al., 2003; Van
Putten et al., 2005), to our knowledge, have performed DTI at
multiple time points. For optimal clinical utility, a method
should be robust across a variety of time points, given that it is
rarely possible to scan patients at a fixed time point after injury.

Here we show that DTI is highly sensitive to experimental
pericontusional white matter injury throughout the full range of
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time points studied and, in fact, is consis-
tently more sensitive than conventional
MRI. Surprisingly, we also found that DTI
signal changes could distinguish the ap-
proximate time since injury. If similar in
human TBI, this could allow novel foren-
sic applications.

Materials and Methods
Experimental design. For these experiments, a
total of 30 male and female 8- to 10-week-old
B6SJL F1 mice (The Jackson Laboratory, Bar
Harbor, ME) were used. One mouse died dur-
ing imaging, and 29 mice were included in the
analyses. Five separate parallel groups of four to
five mice per group were injured and imaged at
4 – 6 h, 24 h, 4 d, 1 week, or 1 month after injury.
Mice in each group were killed for histology
immediately after the scan. A control group of
six mice was imaged and killed for histology but
not injured. All procedures involving animals
were approved by the Washington University
Animal Studies Committee and were consistent
with National Institutes of Health guidelines for
the care and use of animals.

Experimental TBI: controlled cortical impact.
The experimental TBI methods used for this
study have been described previously (Brody et
al., 2007; Mac Donald et al., 2007). Briefly, mice
were anesthetized with isoflurane and placed in
a stereotaxic frame (MyNeuroLab, St. Louis,
MO). Using sterile technique, a midline inci-
sion was made, and the scalp was reflected to
expose the skull. A 5 mm left lateral craniotomy
was performed using a motorized drill
mounted to the stereotactic arm. A controlled
cortical impact injury was produced with an
electromagnetic impact device mounted on a
stereotaxic arm (Brody et al., 2007). The impact
was centered at 2.7 mm lateral from midline
and 3 mm anterior from lambda. The impact depth was set at 2.5 mm
using the stereotaxic device. The impactor was then driven at a velocity of
5 m/s with a dwell time of 100 ms. This produces a moderately severe
contusion in the left sensorimotor cortex and underlying hippocampus
with pronounced behavioral deficits but virtually no mortality (Brody et
al., 2007). After injury, a plastic skull cap was secured over the impact site,
the skin incision was sutured closed, and the animals were allowed to
fully recover.

Image acquisition. DTI images were acquired as described previously
using a 4.7T scanner [Oxford Instruments (Oxfordshire, UK) 200/330]
under isoflurane anesthesia. Identical anatomical markers were used for
all imaging sessions to obtain anatomically matched coronal images at
each time point. A multislice, spin-echo imaging sequence, modified to
include the Stejskal-Tanner diffusion sensitizing gradient pair, was used
to acquire the diffusion-weighted images (Song et al., 2004). These im-
ages were acquired with a repetition period (TR) of 3 s, a spin-echo time
(TE) of 43 ms, a time between application of gradient pulses (�) of 25 ms,
a diffusion gradient duration (�) of 10 ms, a slice thickness of 0.5 mm, a
field of view of 2.0 cm, a data matrix of 128 � 128, and zero filled to 256 �
256. This resulted in a voxel size of 78 �m � 78 �m � 0.5 mm after zero
fill. This voxel size was chosen because it allowed clear visualization of the
boundaries between gray and white matter on coronal slices (see Fig. 4).
Diffusion sensitizing gradients were then applied along six directions:
[Gx, Gy, Gz] � [1, 1, 0], [1, 0, 1], [0, 1, 1], [�1, 1, 0], [0, �1, 1], and [1,
0, �1]. The two diffusion sensitizing factors or b values used for acqui-
sition of the diffusion-weighted series were 0 and 764 s/mm 2. The total
imaging time was �3 h per scan.

Definition of a region of interest containing axonal injury in corpus cal-
losum and external capsule. The anatomical extent of axonal injury in the
corpus callosum and external capsule was described based on the amy-
loid precursor protein (APP)-stained histological slides, as detailed pre-
viously (Mac Donald et al., 2007). In the most rostral regions displaying
a complete corpus callosum (bregma, �1.10 to �0.34 mm) (Franklin
and Paxinos, 1997), the boundaries were the midline and the lateral edge
of the cingulum. Moving more caudally (bregma, �0.34 to �1.06 mm),
the region of interest (ROI) included the corpus callosum and external
capsule from midline to a boundary defined by a horizontal line extend-
ing laterally from the bottom of the fimbria until it intersected with the
external capsule (see Fig. 4). The ROI in the most caudal slices (bregma,
�1.06 to �3.08 mm) included the corpus callosum and external capsule
from midline to a boundary defined by a similar horizontal line extend-
ing laterally from the lateral-inferior edge of the hippocampus. All cho-
sen anatomical landmarks were clearly visible on MR images.

Analysis of DTI images using anatomically defined ROIs. Analysis was
performed with NIH ImageJ software. The ROI was traced on both the
ipsilateral and contralateral sides through nine coronal slices for each
control and post-TBI T2-weighted image set. The ImageJ software bind-
ing feature allowed for the simultaneous replication of the traced ROI to
the other image sets. These included relative anisotropy (RA), axial dif-
fusivity (AD), radial diffusivity (RD), and mean diffusivity or apparent
diffusion coefficient (ADC) as defined previously (Mac Donald et al.,
2007). At the epicenter of the injury, there was disruption of cortex, white
matter tracts, and hippocampus; signal abnormality was apparent on all
of the imaging modalities. The epicenter was omitted from the ROI, and
only the remaining pericontusional white matter was traced. The ImageJ

Figure 1. Pericontusional white matter histopathology after experimental controlled cortical impact TBI in mice. APP (A–C),
neurofilament light chain (NF-L; D–F ), GFAP (G–I ), and myelin basic protein (MBP; J–L) immunohistochemistry is shown. A, D,
G, Uninjured white matter shows no APP, NF-L, or GFAP staining in the corpus callosum and external capsule. B, E, Acutely after
injury (24 h), there were numerous APP- or neurofilament-stained axonal varicosities. C, F, At a subacute time point (7 d), both
APP- and neurofilament-stained axonal varicosities were still detectible, although there were fewer visible than at acute time
points. H, I, GFAP-immunoreactive astrocytes were present at both time points, although there was a marked increase in the
number of these cells and intensity of staining at 7 d. J, MBP immunoreactivity was uniform throughout the uninjured white
matter. K, Acutely after injury, MBP immunoreactivity appeared similar to control. L, Subacutely, MBP immunoreactivity was still
strongly present, although there were changes in the character of the staining; specifically, small spheroidal, immunoreactive
structures (white arrows) appeared within otherwise apparently unremarkable white matter.
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program then returned the average signal intensity for each traced sub-
region of interest on each slice. The average signal intensity for the com-
plete ROI was obtained by calculating the average across all slices
weighted by the fraction of total voxels in each slice.

Stereological quantification of histological features of injury. After imag-
ing, mice were killed, and brains were removed, fixed, equilibrated in
sucrose, sliced, and stained as described previously (Mac Donald et al.,
2007). For these experiments, the following antibodies were used for
immunohistochemistry: polyclonal rabbit anti-�-APP (Invitrogen,
Carlsbad, CA) in a 1:500 dilution; monoclonal mouse anti-
neurofilament 68 clone NR4 (Sigma, St. Louis, MO) in a 1:500 dilution;
polyclonal chicken anti-glial fibrillary acidic protein (GFAP) (Chemicon,
Temecula, CA) in a 1:1000 dilution; or monoclonal rat anti-myelin basic
protein (Chemicon) in a 1:500 dilution. All were incubated overnight at
4°C. Secondary antibodies (Vector Laboratories, Burlingame, CA) used
were biotinylated goat anti-rabbit antibody (�-APP), goat anti-mouse
IgG antibody (neurofilament), donkey anti-chicken antibody (GFAP),
or goat anti-rat antibody (myelin basic protein). All secondary antibodies
were incubated in a 1:1000 dilution for 1 h at room temperature, and the
slides were developed with 3,3�-diaminobenzidine tablets (Sigma).

Stereological methods were used to quantify the numbers of APP- or
neurofilament-stained axonal varicosities and GFAP-stained immuno-
reactive astrocytes per cubic millimeter in the ROIs (Sterio, 1984). This
analysis was performed using StereoInvestigator 6.0 (MicroBrightField,
Williston, VT) and a Nikon (Tokyo, Japan) Eclipse E800 microscope.
The Gunderson coefficient of error (m � 1) was maintained below 0.05
for each set. Counts were performed by a blinded observer. The optical
fractionator technique was used to count a systematic random sample of
positively stained axonal varicosities or astrocytes over the entire rostral
to caudal extent of the ROIs. For each coronal slice from each animal, the
ROI was outlined at low power (4�) followed by systematic counts of
objects of interests at high power (60�, oil immersion) over sites within
the ROI randomly chosen by the StereoInvestigator software. A 40 � 40
�m counting frame was used, and a 15-�m-deep region was sampled.
Injured axons were defined by the presence of APP- or neurofilament-
stained varicosities that were �6 �m in diameter and were in focus
within the 15-�m-deep counting region, beyond the 2.5 �m guard zone.
Red blood cells and other nonaxonal-stained structures were not
counted. GFAP-immunoreactive astrocytes were counted if their cell
bodies were within the counting frame and in focus in the counting
region.

The volumes of the complete ROIs were calculated using the Cavalieri
principle; the area of the ROI in each sampled slice was multiplied by the
distance between sampled slices, and the resultant volumes were
summed. The total volume of the sampled regions was calculated by
multiplying the area of each counting frame (1600 �m 2) by the thickness
of the sampled region (15 �m) and then multiplying by the number of
counting frames sampled, which varied from animal to animal. To esti-

mate the total number of axonal varicosities or immunoreactive astro-
cytes within the complete ROI, the number of each entity counted was
multiplied by the volume of the ROI and divided by the volume sampled.
To estimate the number of axonal varicosities per cubic millimeter or
astrocytes per cubic millimeter, the estimated total counts of each object
were divided by the volumes of the sampled regions.

Electron microscopy. For electron microscopy studies, animals were
anesthetized and perfused transcardially with a fixative composed of
1.5% glutaraldehyde and 1% paraformaldehyde in cacodylate buffer, pH
7.4. The brains were sliced coronally into 1 mm slabs. These slabs were
osmicated overnight (1% osmium tetroxide) at room temperature, de-
hydrated in graded ethanols, cleared in toluene, and embedded flat in
Araldite resin. Thin sections, 1 �m thick, were cut at selected rostrocau-
dal levels of the brain, using glass knives (1/2 inch wide) and an MT-2B
Sorval ultramicrotome. These sections were heat dried on glass slides and
stained with methylene blue azure II for evaluation of areas of special
interest by light microscopy. For electron microscopy, the tissue around
the areas of special interest was trimmed, ultrathin (75– 85 nm) sections
were cut using a Leica (Nussloch, Germany) Ultracut E microtome, and
sections were mounted on formvar-coated grids. Grids were then stained
with uranyl acetate and lead citrate. Ultrastructural observation was per-
formed using a Jeol (Tokyo, Japan) 100C transmission electron
microscope.

Statistical methods. All data were analyzed using Statistica 6.0 (StatSoft,
Tulsa, OK). Quantitative results from corresponding ROIs were com-
pared between the control and posttrauma histological and imaging data
sets. Unpaired t tests were used because there was no evidence for devi-
ation from the normal distribution (Shapiro-Wilks W test) for any of the
parameters. Prespecified hypotheses were that the numbers of histolog-
ical markers of injury (APP, neurofilament, GFAP) would increase after
TBI and the DTI parameters RA and AD would decrease after TBI, so
one-sided t tests were used for these comparisons. For the MRI parame-
ters RD, ADC, and T2, there were no prespecified hypotheses about the
direction of change, so two-sided t tests were used. For comparisons
between acute (0 – 4 d) and subacute (1 week to 1 month) groups, the
data from the groups imaged at 4 – 6 h, 24 h, and 4 d were pooled, and the
data from groups imaged at 1 week and 1 month were pooled. These two
pooled sets were then compared with each other using two-sided t tests
because there were no prespecified hypotheses about the direction of
changes. The threshold for statistical significance was set to p � 0.05
without correction for multiple comparisons.

Results
Histological and EM analysis of pericontusional traumatic
axonal injury in a mouse model
Moderately severe controlled cortical impact TBI in adult mice
produced a central contusion in cortex and hippocampus, and

Figure 2. Stereological quantification of axonal injury and gliosis after TBI. A, Estimated numbers of APP-stained axonal varicosities per cubic millimeter as a function of time after injury. There
was a statistically significant increase in APP-stained axonal varicosities indicative of axonal injury at all time points after trauma, with the greatest increases at the acute time points (4 – 6 h, 24 h,
and 4 d). B, Estimated numbers of neurofilament light chain (NR4 antibody)-stained axonal varicosities per cubic millimeter as a function of time after injury. Again, there was a statistically significant
increase in neurofilament light chain-stained immunoreactive axonal varicosities at all time points after injury, and these changes were more marked at the acute time points than at the subacute
time points. C, Estimated numbers of GFAP-stained immunoreactive astrocytes per cubic millimeter as a function time after injury. Compared with control, there was a significant elevation at all time
points after injury; the numbers of immunoreactive astrocytes rose markedly at 4 d after injury and remained elevated at 7 d and 1 month. Error bars represent SDs. n � 4 – 6 mice per group.
Statistical significance was determined with a Student’s t test for independent samples compared with control.
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extensive pericontusional injury in the corpus callosum and ex-
ternal capsule. We characterized the time course of histological
changes in this pericontusional white matter injury to generate
hypotheses about the expected DTI imaging features at each time.
Importantly, axonal injury was detected in the corpus callosum
and external capsule at all time points after injury (Fig. 1). Greater
numbers of APP- or neurofilament-stained, injured axonal vari-
cosities were present at the acute time points (0 – 4 d) than at the
subacute (7–30 d) time points (Fig. 1A–F). Immunoreactive as-
trocytes were also observed in the corpus callosum and external
capsule at all time points, but with greater numbers at the sub-
acute time points (Fig. 1G–I). There was no staining for either
marker of axonal injury, and there were few immunoreactive
astrocytes in uninjured mice. Myelin basic protein immunohis-
tochemistry revealed relatively uniform staining in the injured
white matter at acute time points that was similar to control (Fig.
1 J,K). At the subacute time points, the myelin staining appeared
“clumpy,” and spheroidal structures were noted (Fig. 1L, white
arrows). Frank myelin pallor was not consistently observed at any
time point. No staining was observed when the primary antibod-
ies were omitted (data not shown).

These histological results were quantified using stereological
techniques (Fig. 2). ROIs defining the pericontusional white mat-
ter injury (see Materials and Methods) were outlined, and ran-
dom sampling was performed to allow unbiased estimation of the
numbers of each immunohistochemically stained structure. A
significant increase in the numbers of APP- or neurofilament-
stained axonal varicosities was observed at all time points after
injury (Fig. 2A,B). More APP- or neurofilament-stained axonal
varicosities were apparent at the acute time points compared with
the subacute time points. The two markers of axonal injury, APP
and neurofilament, revealed similar temporal trends (Fig. 2A,B).
Numbers of GFAP-immunoreactive astrocytes (Fig. 2C) were
also significantly elevated. However, the time course was differ-
ent from that of axonal injury; relatively modest numbers of
GFAP-stained astrocytes were present at 4 – 6 and 24 h, then their
numbers increased dramatically starting 4 d after injury.

Electron micrographs confirmed the presence of axonal injury
and gave further insight into the differences in pathology between
the acute and subacute stages (Fig. 3). At acute time points, APP-
stained semithin sections counterstained with methylene blue/
azur allowed localization of regions containing injured axonal
varicosities within the corpus callosum (Fig. 3A). Electron micro-
graphs of these regions revealed organelle compaction within
myelinated axonal varicosities (Fig. 3B), small regions of focal
myelin loss (Fig. 3B,C), neurofilament compaction (Fig. 3B,C),
and cytoskeletal abnormalities including disruption of microtu-
bules (Fig. 3D,E). There was distortion of mitochondria (Fig.
3E), and in some regions, severe intracellular and extracellular
edema was observed (Fig. 3F).

At the subacute time points, the white matter of the corpus
callosum and external capsule was invaded by phagocytic cells
(Fig. 3G). Electron micrographs revealed that the cells were mac-
rophages, some of which had phagocytosed damaged axons,
many still myelinated (Fig. 3H). A higher-magnification electron
micrograph (Fig. 3I) taken of a phagocytosed, myelinated axon
shows the swollen rings of myelin surrounding the axoplasm and
intra-axonal mitochondrial damage. This finding sheds light
onto the “clumpy,” spheroidal structures noted at the subacute
time points with myelin staining (Fig. 1L); these are likely to be
macrophages that have ingested degenerating myelinated axons.
Advanced stages of axoplasmic degeneration were seen in deteri-
orating axons (Fig. 3J) along with myelin thinning and marked

intracellular edema. Additional electron micrographs are shown
in supplemental Figs. 1 and 2 (available at www.jneurosci.org as
supplemental material). Intra-axonal disruption with little loss of
myelin sheaths was consistently observed 24 h after injury (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). At 7 d after trauma, myelin thinning and marked
edema were widespread (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).

Thus, there were three distinct temporal phases of injury in

Figure 3. Ultrastructural changes at acute (A–F ) and subacute (G–J ) time points after TBI.
A, APP immunohistochemistry in a semithin section counterstained with methylene blue/azur.
Regions containing APP-stained axonal varicosities (white arrows) were used to guide EM anal-
ysis. B, Nodal segment of an injured axon in the corpus callosum demonstrating organelle
compaction (white arrow) within a varicosity. Note the generally preserved myelin sheathes. An
area of focal myelin loss with damaged axonal cytoskeletal structures (black arrow) adjacent to
the varicosity is shown. C, Axonal segment with neurofilament compaction and focal myelin loss
(black arrow). D, Longitudinal section through a swollen segment of a myelinated axon in the
external capsule, rostral to the epicenter of injury, with breakdown of cytoskeletal filaments and
lack of microtubules (asterisks). E, Two connected varicosities with distorted mitochondria
(arrowheads) and disrupted cytoskeletal structures (asterisk) in a myelinated axon. Note an
adjacent segment of an intact unmyelinated axon (black arrow). F, Cross section of a myelinated
axon from a severely injured region deformed by edema (asterisks). G, Semithin section stained
with methylene blue/azur from a region of the subacutely injured corpus callosum invaded by
phagocytic cells (white arrows). H, Macrophage in the corpus callosum showing intracytoplas-
mic vacuoles (asterisks) and a degenerating phagocytosed segment of a markedly swollen,
myelinated axon (white arrow). I, High-magnification image of the degenerating axon phago-
cytosed by the macrophage in H (white arrow). J, Advanced stage of axoplasmic degeneration
(arrowheads) in a myelinated axon in the external capsule showing myelin thinning (black
arrows) and marked intracellular edema (asterisk).
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pericontusional white matter that can be characterized as follows:
in the first 24 h, the predominant pathology was relatively pure
axonal injury without gliosis or demyelination. In the later acute
stage (4 d), axonal injury was still marked, but gliosis became
pronounced. In the subacute stage (7 d to 1 month), axonal in-
jury became less apparent, myelin thinning along with active de-
myelination by macrophages was prevalent, and gliosis remained
prominent.

DTI of traumatic axonal injury
Based on these histological and EM results, we hypothesized that
DTI at 4 – 6 h, 24 h, and 4 d would show a decrease in AD attrib-
utable to extensive axonal injury (axonal injury would be ex-
pected to cause a reduction in diffusion parallel to the predomi-
nant fiber direction of the axons). This would, in turn, cause a
marked reduction in RA and a modest reduction in mean diffu-
sivity or ADC. Our previous results at 24 h after TBI are consis-
tent with this hypothesis (Mac Donald et al., 2007). At the sub-
acute time points, we hypothesized that there would be an
increase in RD attributable to demyelination, which would be
expected to reduce barriers of diffusion perpendicular to the pre-
dominant fiber direction of the axons. We also predicted con-
comitant mild reductions in AD, as a result of persistent axonal
injury. These changes would be expected to cause a continued
reduction in RA and a modest net increase in mean diffusivity.

We used the same anatomical landmarks used to describe the
ROIs for histological analysis to localize the regions of axonal
injury on the MR images (Fig. 4, outlined in red). In control
images, normal white matter was observed to have high AD (Fig.

4A), low RD (Fig. 4D), and high RA (Fig.
4G), as expected for a highly organized tis-
sue. Acutely after injury, AD decreased rel-
ative to control (Fig. 4B). Surprisingly, this
was not the case at the subacute time
points; AD instead appeared to be compa-
rable to control (Fig. 4C). In contrast, RD
appeared normal acutely (Fig. 4E) and was
increased subacutely (Fig. 4F). A reduc-
tion in RA within the ROI was noted at all
time points after injury (Fig. 4H, I).

For quantitative analyses, the average
signal intensities through the complete
rostrocaudal ROI spanning nine coronal
slices were calculated and compared be-
tween groups (Fig. 5). There was a statisti-
cally significant reduction in AD at each of
the acute time points after injury com-
pared with control (Fig. 5A). Subacutely,
AD was not significantly different from
control. This may represent a pseudo-
normalization given the axonal pathology
still apparent at these time points (Figs. 1,
2). As a group, the subacute time points
differed significantly from the pooled
acute time points.

RD remained unchanged acutely and
then became significantly elevated sub-
acutely (Fig. 5B). A highly significant re-
duction in RA was noted at all time points
after injury (Fig. 5C). The mean diffusivity
overall was variably reduced or unchanged
acutely, whereas it was variably elevated or
unchanged subacutely (Fig. 5D). There

were highly significant differences between pooled acute injury
groups and pooled subacute injury groups in terms of RD and
mean diffusivity but not RA.

DTI accurately categorizes individual mice into uninjured,
acute injury, and subacute injury groups
In a clinical setting, significant differences between groups are
insufficient for the assessment of an individual patient. Each scan
must be correctly evaluated in isolation, so there should ideally be
no overlap between diagnostic categories of interest. Of the im-
aging parameters evaluated (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material); only RA permitted
a complete separation between injured and uninjured mice. In a
scatter plot of the data from each mouse, there was no overlap
between the RA values of the control and TBI groups (Fig. 6A);
RA in the ROI was reduced in 100% of injured animals at all time
points.

In addition, the acute and subacute injured groups could be
reliably separated from each other using mean diffusivity (Fig.
6A), AD (supplemental Fig. 4A, available at www.jneurosci.org
as supplemental material), or RD (supplemental Fig. 4B, avail-
able at www.jneurosci.org as supplemental material). Mean dif-
fusivity, RD, and AD were all consistently lower in acutely injured
mice than in mice with subacute injuries. Twenty-one of 23
(91%) injured mice could be correctly categorized into acute or
subacute injury, and 27 of 29 (93%) mice overall could be cor-
rectly categorized into uninjured, acute injury, or subacute in-
jury. Thus, DTI was not only able to distinguish injured from

Figure 4. DTI signal characteristics at acute and subacute time points after TBI. The ROI is outlined in red, and the anatomical
boundaries used to define the ROI are marked in blue. At this level, the medial boundary was the midline, bisecting the ventral
hippocampal commissure (vhc), and the inferolateral boundary was defined by a horizontal line through the inferior edge of the
fimbria (fi). Lighter grayscale shading indicates increased anisotropy or greater diffusivity. A, AD was elevated in the uninjured
corpus callosum and external capsule compared with surrounding cortical and subcortical gray matter. B, Acutely after TBI, AD was
reduced within the white matter. Shown is a pericontusional region rostral to the epicenter of the injury [bregma, �0.46 mm
(Franklin and Paxinos, 1997)]. C, Subacutely, AD appeared to normalize, although parts of the overlying cortex had an elevated
signal. D, RD was reduced in the uninjured white matter relative to gray matter. Ventricles and periventricular regions appear
bright on this image. E, Acutely after TBI, RD was little changed in the white matter. F, Subacutely, RD was markedly elevated in
the white matter, and portions of the overlying cortex also showed high signal. G, RA was markedly elevated in uninjured white
matter relative to gray matter. H, After acute injury, RA in white matter was diminished dramatically. I, Subacutely, RA was still
strongly reduced. Gray matter regions showed low RA in control and at all time points after injury. Examples are shown for
illustrative purposes and are not necessarily from the same mouse.
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uninjured white matter but also yielded reliable information
about the approximate timing of injury.

We next asked whether the extent of DTI signal changes cor-
related with the severity of histologically visualized axonal injury,
as assessed using quantitative stereology. There were statistically
significant correlations of moderate strength between both APP-
and neurofilament-stained axonal varicosity counts and several
DTI parameters (supplemental Figs. 5, 6, available at www.
jneurosci.org as supplemental material). There were no significant
correlations between the numbers of GFAP-immunoreactive astro-
cytes and any of the MR imaging parameters (supplemental Fig. 7,
available at www.jneurosci.org as supplemental material). This, and
the finding that GFAP-immunoreactive astrocytes increased dra-
matically from 1 to 4 d after injury without a clear corresponding
MRI change, allowed us to infer that the signal abnormalities ob-
served with DTI were not indicative of gliosis.

Discussion
In summary, we have demonstrated that DTI is capable of detect-
ing pericontusional white matter injury in a mouse model of TBI
at a range of acute to subacute time points. DTI appears more
sensitive than conventional MRI for this purpose at all of the time
points studied. Furthermore, DTI offers information on the tim-
ing of injury such that subacute injuries (7 d to 1 month old) can
be differentiated from acute injuries (�4 d old) with a high de-
gree of accuracy at the level of the individual scan. This differen-
tiation was possible because of the stereotypical evolution of the
injury: predominantly axonal injury at acute time points and

primarily demyelination and edema at subacute time points
(Fig. 6 B).

Critical next steps will be to determine the extent to which the
time course of signal abnormalities seen in this mouse model of
relatively severe, pericontusional white matter injury applies to
milder injuries, diffuse injures not adjacent to a contusion, and
white matter injuries in human TBI patients. Encouragingly, the
evolution of the injury over time as assessed with immunohisto-
chemistry and electron microscopy in our mouse model is similar
to that observed in autopsy series from human TBI patients. In
humans, axonal injury with similar histological features has been
reported days to months after trauma, with the highest preva-
lence around 24 h after injury (Adams et al., 1977, 1982, 1989;
Vanezis et al., 1987; Christman et al., 1994; Graham et al., 1995;
Geddes et al., 1997, 2000; Oehmichen et al., 1999). Reactive as-
trocytes can be seen as early as 1 d after TBI, but their numbers
and GFAP immunoreactivity increase markedly during the first
week (Vanezis et al., 1987; Geddes et al., 1997; Geddes et al., 2000;
Hausmann et al., 2000). Infiltration of macrophages occurs at
3–5 d after trauma and is most marked 1–2 weeks after injury
(Adams et al., 1977; Geddes et al., 1997; Oehmichen et al., 1999).
Other strengths and limitations of this mouse model and the
specific histological techniques used have previously been ad-
dressed (Mac Donald et al., 2007).

However, there are areas in which the human literature does
not provide clear information on the evolution of these injuries.
One example involves the timing of demyelination in human TBI

Figure 5. Quantitative analysis of DTI parameters after TBI. A, Changes in average AD over
time across the complete ROI. AD was significantly reduced at the acute time points (4 – 6 h,
24 h, 4 d) after injury and increased (pseudo-normalized) at the subacute time points (1 week,
1 month). Values at pooled acute time points were significantly different from those at pooled
subacute times. B, Changes in average RD over time. RD remained within the normal range until
1 week after TBI, when it became significantly elevated. Again, the values at subacute time
points were significantly different from those at the acute time points. C, Changes in RA over
time. Highly significant reductions in RA were noted at all acute and subacute time points. D,
Changes in mean diffusivity over time. Although there were not consistent changes with respect
to control, acute and subacute injuries differed markedly from each other. n � 4 – 6 mice per
group. Statistical significance was determined with a Student’s t test for independent samples.
Error bars represent SDs.

Figure 6. Discriminative value of DTI. A, Scatterplot of RA versus mean diffusivity for control,
acute, and subacute time points. There was no overlap between the control and injured groups
in terms of RA, and there was very little overlap between the acute and subacute injury groups
in terms of mean diffusivity. B, Schematic of changes after traumatic axonal injury over time and
the corresponding DTI characteristics. During the early acute phase after TBI (4 – 6 h, 24 h),
axonal injury is present histologically, and AD is reduced. This in turn causes a reduction in RA
and a slight reduction in mean diffusivity. By 4 d after injury, reactive gliosis is present histolog-
ically, but there are no accompanying DTI changes. At 1 week to 1 month after injury, there is
significant macrophage infiltration, demyelination, and edema. These changes lead to an ele-
vation in both axial diffusivity and RD, which in turn causes a reduction in RA and an increase in
mean diffusivity.
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(Strich, 1956, 1961; Nevin, 1967; Oehmichen et al., 2003). An-
other issue is whether pericontusional axonal injury (Strich,
1961; Cervos-Navarro and Lafuente, 1991; Hausmann and Betz,
2000; Hausmann et al., 2000) differs fundamentally from diffuse
axonal injury not associated with contusion (Adams et al., 1977,
1982; Vanezis et al., 1987; Graham et al., 1995; Geddes et al.,
1997). The controlled cortical impact model used in this study
produces a central contusion and surrounding pericontusional
axonal injury. This potentially differs from diffuse axonal injury
that occurs in a scattered, multifocal distribution. Whether such
differences are important remains an open question and have
been discussed in detail previously (Mac Donald et al., 2007).
Again encouragingly, DTI findings similar to ours have been re-
ported in an animal model of diffuse, as opposed to pericontu-
sional axonal injury at a single acute time point (Zakaria et al.,
2007). It is likely that diffuse and pericontusional axonal injury
will have similar features at acute time points before substantial
Wallerian degeneration has occurred. At subacute time points,
pericontusional Wallerian degeneration secondary to cell loss
within the contusion itself may affect the DTI signals, and so the
time course of DTI signal change in models of diffuse axonal
injury without Wallerian degeneration is an important topic for
future investigation.

It was interesting that AD in our model appeared to undergo a
pseudo-normalization, returning to normal values despite the
continued presence of axonal injury 1 week to 1 month after
injury. An increase in overall diffusivity attributable to edema or
other factors appears to be responsible for this trend. Conven-
tional diffusion-weighted imaging (DWI) studies have shown the
sensitivity of this MRI sequence for the detection of cerebral in-
farction varies as a function of time after injury because of a
similar pseudo-normalization. At early stages, DWI is more sen-
sitive than T2, but at subacute stages, T2 becomes more sensitive
than DWI as the diffusion-weighted images undergo pseudo-
normalization (Schlaug et al., 1997; Copen et al., 2001; Schaefer et
al., 2005). Similar changes in DWI signal characteristics over time
after TBI have been observed in rats (Alsop et al., 1996; Albensi et
al., 2000; Van Putten et al., 2005), pigs (Duhaime et al., 2003), and
humans (Pasco et al., 2006). However, these studies did not use
DTI and did not focus on white matter injury.

In contrast to AD, RA was markedly abnormal at all of the
time points studied and did not undergo pseudo-normalization.
This measure appears to be very sensitive overall to the presence
of white matter injury. Although RA varies considerably under
control condition from region to region within white matter,
abnormalities within specific regions can still be detected reliably
by comparison with normal values for each region (Mac Donald
et al., 2007). In contrast, mean diffusivity is more homogeneous
across white matter regions but was found in this model to be less
sensitive than RA, especially at acute time points, to pericontu-
sional traumatic axonal injury.

For practical use as a diagnostic indicator, measures of anisot-
ropy such as RA and fractional anisotropy would need to be
compared with normal values for specific white matter regions.
As this technique becomes widely used, clinical radiologists will
likely become expert at distinguishing normal from abnormal
anisotropy on a region-by-region basis, just as they are at distin-
guishing normal from abnormal T1 and T2 signals. If the injury is
primarily unilateral, comparison with uninjured contralateral re-
gions could be performed (Mac Donald et al., 2007), although
caution should be used in applying this method to midline white
matter structures. Alternatively, off-line postprocessing anatom-
ical coregistration with age-matched normal controls could be

performed, and a resultant statistical map of anisotropy abnor-
malities could be displayed (Wieshmann et al., 1999).

If the evolution of DTI signal changes over time occurs in
human TBI patients in a stereotypical manner similar to that
described here in our mouse model, the ability to assess the ex-
pected changes in the signal characteristics of the lesions over
time could add further utility. As noted above, many further
detailed studies in experimental and clinical settings will be re-
quired to establish this, but several motivating examples are
worth noting. For therapeutic trials, the effect of an investiga-
tional agent on the severity of axonal injury could be determined
by comparing the observed DTI signal characteristics after treat-
ment with the expected evolution of DTI signal changes. Using
DTI as a biomarker for axonal injury could markedly improve the
efficiency of such trials. In a forensic investigation, the approxi-
mate age of a pericontusional traumatic white matter lesion could
be assessed to either confirm or call into question the reports of
witnesses or other evidence (Case et al., 2001; Oehmichen et al.,
2003). A growing body of forensic imaging literature supports
this possibility (Kahana and Hiss, 1999; Thali et al., 2007).

Thus, DTI has tremendous potential as a clinical tool in the
assessment of TBI, as well as many other illnesses affecting white
matter such as multiple sclerosis, ischemic stroke, HIV/AIDS de-
mentia, Alzheimer’s disease, amyotropic lateral sclerosis, trau-
matic spinal cord injury, and inherited leukoencephalopathies.
However, many aspects of this technique still require validation.
Our work is significant because it provides one such validation: a
direct, quantitative comparison of DTI with pathologically veri-
fied pericontusional axonal injury at multiple time points after
trauma.
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