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Abstract

Impaired white matter integrity in traumatic brain injury (TBI) can lead to deficits in various 

neurological functions. Differentiation of the underlying pathological processes, e.g. edema, 

demyelination, axonal damage to name a few, is of key clinical interest for assessing white matter 

injury. In this study, a combination of T2, diffusion and susceptibility MRI were used to study the 

spatiotemporal changes in white matter at 1 hour, 3 hours, 1, 2, 7, and 14 days following TBI, 

using a rat controlled cortical impact (CCI) model. Based on radial diffusivity (RD), the rats were 

divided into two groups: group 1 showed widespread increases of RD along the corpus callosum 

of the ipsilesional hemisphere at day 2, and group 2 showed normal RD. Based on this group 

separation, group 1 also showed similar widespread changes of fractional anisotropy (FA) and T2 

at day 2, and group 2 showed normal FA and T2. The widespread changes in RD and T2 in group 1 

on day 2 were apparently dominated by edema, which obscured possible myelin and axonal 

damage. In contrast, the susceptibility of group 1 showed more localized increases near the impact 

site on day 2, and otherwise similar contrast to the contralesional hemisphere. The localized 

susceptibility increase is likely due to demyelination and axonal injury. The extent of brain 

damage between the two groups revealed by MRI was consistent with behavioral results where the 

first group showed significantly increased forelimb asymmetry and increased forelimb foot fault 

deficits. Our results suggest that the combination of T2, diffusion and susceptibility MRI may 

provide an opportunity for differential assessment of edema and axonal damage in TBI.
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T2, diffusion and susceptibility MRI were used to study the spatiotemporal changes in white 

matter following traumatic brain injury, using a rat controlled cortical impact model. Two groups 

of animals were differentiated: group 1 showed widespread changes in T2 and diffusion in the 

ipsilesional hemisphere at day 2, and group 2 showed no changes. The widespread changes in T2 

and diffusion in group 1 were dominated by edema. The localized susceptibility increase was 

likely due to myelin and axonal damages.
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Introduction

Traumatic brain injury (TBI) is one of the most common causes of death and disability in 

young people (1). An estimated 1.7 million people suffer from TBI annually in the United 

States (2). TBI is a complex injury with a broad spectrum of symptoms and cognitive 

impairments, e.g. headache, dizziness, fatigue, depression, etc. (3). A TBI patient’s cognitive 

impairment is often inadequately explained by the location and extent of the injury (4). One 

of the reasons may be due to diffuse white matter damage that disrupts neuronal 

communication along important cortical-subcortical pathways and leads to widespread 

cognitive dysfunction (5,6). The extent of white matter damage has been suggested as an 

important predictor of brain injury severity and long-term clinical outcome (7,8). White 

matter damage can be caused by the primary insult or by the cascade of secondary injuries 

due to electrolyte imbalances, energy failure, and inflammation, among others (9,10). 

Various methods have been proposed to attenuate white matter injury as a treatment for TBI 

(11,12). The knowledge of the spatiotemporal changes in white matter following TBI is 

crucial for improving diagnosis of TBI, and for evaluating treatment effects.

Neuroimaging methods, e.g. T2-weighted MRI and diffusion tensor imaging (Strother, 

#2927) (6), have provided powerful tools for the study of white matter in TBI (6,13). T2-
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weighted signal changes are sensitive to edema formation. DTI parameters, e.g. fractional 

anisotropy (FA), mean diffusivity (MD) and radial diffusivity (RD), are sensitive to 

demyelination, axonal damage and edema. The impact of demyelination and further axonal 

damage can cause permanent and severe neurological deficits. However, the assessment of 

myelination and axonal integrity by DTI FA and mean diffusivity can be significantly 

confounded by cerebral edema. Over the past few years, a novel MRI method, quantitative 

susceptibility mapping (QSM) (14–22), has shown a unique sensitivity to white matter 

damage (23–26), in addition to deoxygenated and degraded blood (27,28). A previous study 

reported that white matter dysmyelination led to an almost complete absence of phase and 

susceptibility contrast between gray and white matter in a transgenic Shiverer mouse model, 

which was compared to only moderately altered DTI contrasts (23). Subsequent studies 

showed that the susceptibility contrast between gray and white matter was directly related to 

myelin lipid content, along with orientation factors (29). These studies suggest that magnetic 

susceptibility could provide a potentially useful marker to study myelin or axonal damage in 

TBI.

In this study, we evaluated the spatiotemporal changes in diffusion, T2 and magnetic 

susceptibility of the corpus callosum, one of the major white matter fiber tracks, at 1 hour, 3 

hours, 1, 2, 7, and 14 days following TBI, using an established rat controlled cortical impact 

(CCI) model. The diffusion, T2 and susceptibility changes of the corpus callosum at 

different time points were evaluated by projecting the maximum or minimum values of RD, 

FA, T2 and magnetic susceptibility along the corpus callosum. Based on RD images, the 

animals were easily divided into two groups. These two groups showed dramatically 

different diffusion, T2 and susceptibility changes, which, taken together, provide novel 

insights into the evolution of edema, myelin or axonal damage in white matter during the 

acute and sub-acute phases of TBI.

Materials and Methods

Controlled cortical impact (CCI) model of mild TBI

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of the University of Texas Health Science Center at San Antonio. Experimental TBI was 

done as previously described (30,31). Briefly, male Sprague Dawley rats (250–350g, n=18) 

were anesthetized initially with 5% isoflurane mixed with room air and maintained at 1.2% 

isoflurane throughout all surgical and imaging procedures. The animal was secured in a 

stereotaxic frame and a surgical incision was made posterior to the impact site (at the level 

of the cerebellum) and the periosteum was removed over the impact site. A ∅5mm 

craniotomy was created over the left forelimb primary somatosensory cortex (S1FL: 

+0.25mm anterior and 3.5mm lateral to bregma), exposing the dura matter. The intact dura 

matter was impacted using a pneumatic controlled cortical impactor (Precision Systems and 

Instrumentation, LLC, Fairfax Station, Virginia) fitted with a ∅3mm tip (5.0m/s, 250µs 

dwell time, 1mm depth) to mimic a mild focal TBI. Following the impact the cranial 

opening was sealed with bone wax, the scalp sutured closed and antibiotic ointment applied. 

Saline was injected between the scalp and the skull to minimize artifacts during MRI 

acquisition.
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MRI

The rats were scanned using a Bruker 7T scanner 1hr, 3hrs, 2, 7 and 14 days after TBI. The 

heart rate and blood-oxygen saturation level were also monitored using a MouseOx system 

(STARR Life Science, Oakmont, PA, USA).

Diffusion Tensor imaging (3.5 min): DTI images were acquired using a single-shot spin-

echo echo-planar imaging sequence with partial Fourier (5/8). A single low b-value image of 

10 s/mm2 and 30 gradient directions with a b-value of 1200 s/mm2 were acquired using the 

following parameters: seven 1.0-mm coronal images, Field of view (FOV) = 2.56 × 2.56 cm, 

matrix 96 × 96 and reconstructed to 128 × 128, TR = 3 s, TE = 32 ms, and 2 averages.

T2 mapping (9.5 min): T2-weighted images were acquired using a fast spin-echo sequence 

with TR = 3 s (90° flip angle), effective TE = 18, 54, 90 and 126 ms, 4 echo train length. 

Other parameters were: seven 1.0-mm coronal images, FOV = 2.56 × 2.56 cm, matrix 96 × 

96 and reconstructed to 128 × 128 and 8 averages. T2 map was obtained by linear fitting of 

the natural logarithm of the signal intensity versus TE.

Quantitative susceptibility mapping (11.5 min): QSM data were acquired using a 3D multi-

gradient echo sequence with the following parameters: FOV=2.56×2.56×2.56cm3, data 

matrix=256×192×128, TE1=4.4ms, Echo spacing=6.1ms, 4 echoes, and TR=28ms. The raw 

data was saved and exported for further offline analysis.

Data Analysis

DTI data was analyzed as previously described (32). The RD was calculated as the mean 

radial diffusivity. QSM was performed using a software package for QSM and susceptibility 

tensor imaging (STI), which is called “STI Suite” (33). Briefly, the brain image was 

reconstructed with 3D Fast Fourier transform. The complex data was separated into 

magnitude and phase. The magnitude image from the third echo was used for the extraction 

of the brain tissue. The phase images from the four different echoes were unwrapped using 

Laplacian-based unwrapping (16) and summed. The background phase was removed as 

described in reference (21). The tissue susceptibility was determined as described in 

reference (16). The resulting magnetic susceptibility values were directly used for 

comparison (34).

To evaluate MRI contrast along the white matter tracts and to eliminate the subjectivity of 

manual region of interest selection, we projected the maximum values of RD, T2 and 

magnetic susceptibility, and the minimum values of FA along the corpus callosum. The 

choice of the minimum values for FA was because of the hypointensity of FA associated 

with the white matter damage. The choice of RD over MD was due to its better 

differentiation between white matter water and cerebrospinal fluid (CSF). RD is calculated 

as the mean of two radial diffusivities, both of which are much smaller than the diffusivity of 

CSF. As such, RD provides excellent differentiation between white matter and CSF, which is 

a prerequisite for the projection analysis approach used in this study. In contrast, the axial 

diffusivity (AD) in white matter is not much different from that of the CSF, therefore is 

incompatible with this type of analysis. Since MD also contains contributions of AD (MD = 

2/3 RD +1/3 AD), it was also not selected for analysis. Figure 1A shows an example of the 
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analysis of RD, in which the maximum values of RD along the short blue lines were 

projected along the center of the corpus callosum (the red line). The resulting profile of RD 

along the corpus callosum is shown in Figure 1B. Such an approach was used to minimize 

the potential partial volume effect due to the small fraction of white matter in the rodent 

brain. The projected values were compared across different time points. All the programs for 

data analysis were written using Matlab R2011b (Mathworks, Natick, MA), using a desktop 

computer with an Intel Core i7-4700 ™ CPU and 32GB RAM.

The objective of this study was to differentiate white matter edema and axonal injury in TBI 

using MRI. From Figure 1B, RD showed either widespread increases along the corpus 

callosum or no change at all. While the normal RD indicates intact white matter, the 

widespread RD increases can reflect a combination of edema and axonal injury. We 

hypothesized that susceptibility MRI may provide useful information to separate axonal 

injury from widespread edema. To evaluate this hypothesis, the animals were separated into 

two groups based on RD profiles shown in Figure 1B: group 1 showed widespread increases 

in RD along the corpus callosum (red solid lines, n=6), and group 2 showed normal RD 

(gray solid lines, n=12). The RD profiles of the two groups were so different that there was 

no ambiguity in the separation of the groups. Since RD was used as the sole criteria, the 

group separation did not impact with the analysis of T2 and susceptibility.

Behavioral assessment

Sensorimotor function was assessed using the asymmetry forelimb placement (cylinder) test 

and foot-fault test, which have been shown to have appropriate sensitivity for this injury 

model (30). Testing was conducted 1–3 days prior to TBI and again 1, 2, 7, and 14 days post 

TBI. The forelimb asymmetry placement test was performed to assess the use of the 

forelimbs during exploration of the cylinder. The rat was placed in a transparent cylinder 

(20cm diameter, 30cm height) and videotaped for five minutes or until 30 placements were 

made. The behavior was scored by counting the number of left right individual forelimb 

placements and the number of simultaneous left and right forelimb placements onto the wall 

of the cylinder during rearing. The forelimb asymmetry index was calculated as (the number 

of forelimb placements for each individual limb) + 0.5 × (number of both placements) 

divided by the total number of placements. The forelimb foot fault test was performed to 

assess forelimb misplacement during locomotion. The rat was placed on an elevated grid 

floor (size 18×11 inches with grid openings of 1.56 × 1.00 inches) and videotaped for five 

minutes or until 50 steps were taken with one (non-affected) forelimb. The rat was allowed 

to move freely on the grid and the total number of steps and the number of times each limb 

fell below the grid opening were counted. The percentage of foot faults for each limb were 

calculated as the number of right or left forelimb foot faults divided by the total number of 

steps taken.

Black Gold II histology

Black Gold II (Histo-Chem Inc. Jefferson, Arkansas, USA) was utilized to assess damage to 

myelin in the central nervous system in an additional 4 animals. Black Gold II stain is a 

gold-based salt that has been shown to specifically stain myelin. This dye was chosen based 

on its ease of use and higher contrast and resolution of staining compared to lipid soluble 
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dyes and antibodies directed towards myelin (35). Anesthetized rats were perfused with ice-

cold heparinized phosphate buffered saline, followed by ice-cold 4% buffered 

paraformaldehyde on day 14 post-TBI. Brains were removed and fixed for 2–5hrs at 4°C and 

subsequently cryopreserved in 30% sucrose for 48 hours. Coronal sections 25-µm thick) 

were cut on a cryostat and affixed to gelatin coated slides and dried overnight at 37°C. 

Sections were selected based on susceptibility maps. The selected sections were rehydrated 

in distilled water and then transferred to a heated 0.3% Black Gold II (Milipore) solution 

prepared in 0.9% NaCl. The sections were placed in an oven at 65 °C for 12 minutes (or 

until sufficient staining was achieved). The slides were then washed with distilled Milli-Q 

water and then transferred to 1% sodium thiosulfate for three minutes. The slides were then 

rinsed for 15 minutes in running tap water. The slides were then dehydrated using graduated 

alcoholic solutions and finally immersed in histoclear for 2 minutes a cover slipped with 

DPX mounting media. Images were acquired on an Olympus BX60F microscope equipped 

with an Olympus DP70 camera. A 10× objective was utilized to acquire images for mosaic 

full brain images assimilated using Microsoft ICE software.

Statistical analysis

Values are presented as mean ± standard derivation. Standard unpaired t-tests were used to 

compare T2, radial diffusivity, and FA between the two groups and between the ipsi- and 

contra-lesional sides. Bonferroni correction was used to correct for the effect of multiple 

comparisons. p<0.05 between group 1 and group 2, and between group 1 ipsilesional and 

contralateral were highlighted as statistically significant changes.

Results

Widespread diffusion/T2 alterations vs localized magnetic susceptibility increases

Figure 2 shows the representative RD, FA, T2 and susceptibility maps of white matter 2 days 

after TBI. Consistent with increased RD, group 1 also showed increased T2, increased 

susceptibility and decreased FA in the corpus callosum. In contrast, group 2 showed normal 

T2, susceptibility and FA throughout the corpus callosum. The observed different patterns of 

T2, FA and susceptibility between the two groups further confirmed the validity of group 

separation.

Figure 3 showed the spatiotemporal profiles of RD, FA, T2, and susceptibility along the 

corpus callosum. For this TBI model, the RD, FA and T2 were normal at 1 hour, 3 hour, day 

7 and day 14, except that the corpus callosum of group 1 showed a local T2 increase in a 

very small region on day 7. On day 2, the corpus callosum of group 1 showed widespread 

increases in RD and T2, and widespread decreases in FA. In particular, the RD increase was 

almost across the entire ipsilesional side of the corpus callosum. For group 1, the magnetic 

susceptibility of the ipsilesional side of the corpus callosum showed a localized increase at 

2.6 mm from the center of corpus callosum (bottom row of Figure 3). The magnetic 

susceptibility at other locations along the corpus callosum was similar to the contralesional 

side. For group 2, the RD, FA, T2 and magnetic susceptibility of the corpus callosum all 

remained the same when compared to that of the contralesional side.
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Behavioral studies of the two groups

As shown in Figure 4, overall, TBI led to increased front limb asymmetry and an increase in 

the number of forelimb foot faults that recovered to nearly normal on day 14 for both 

groups. Between the groups, group 1 showed significantly increased front limb asymmetry 

at day 2 and day 7, and significantly more forelimb foot faults at day 2, day 7 and day 14 

compared to group 2.

Comparison between QSM and histology

Figure 5 shows the comparison between susceptibility maps and white matter staining using 

Black Gold II in two TBI rats on day 2 post-injury. There was a decrease in the magnetic 

susceptibility contrast in the impacted hemisphere most notably in the corpus callosum 

directly below the impact site as shown in Figure 5A and B and noted by yellow arrows as a 

loss of intensity. Corresponding sections stained with Black Gold II are illustrated in Figure 

5C and D. In these images it is clear that the impacted corpus callosum had a loss of staining 

and suggested a loss of myelin associated with white matter damage. Magnified images also 

demonstrated the loss of staining particularly within the corpus callosum (shown by the 

yellow arrows) when compared to the contralesional corpus callosum (shown by the green 

arrows) (Figure 5 E and F). The data illustrates that QSM can detect loss of white matter 

staining and corresponds to the same regions where myelin loss was evident in Black Gold II 

stained tissue.

Discussion

In this study, we separated the mild TBI rats into two groups based on the profiles of RD 

along the corpus callosum, and compared the spatiotemporal changes in diffusion, T2 and 

magnetic susceptibility between the two groups. Group 1 showed widespread changes in 

RD, FA and T2 on day 2, and localized increases in magnetic susceptibility on the 

ipsilesional side of the corpus callosum; group 2 showed normal contrasts throughout all 

time points. These MRI data suggested that the group 1 has more damage to the brain white 

matter than group 2, which agrees with increased forelimb asymmetry and increased 

forelimb faults of group 1 animals than group 2.

Diffusion and T2 changes in corpus callosum

From RD and the T2 images, it was apparent that the widespread changes in RD, FA, and T2 

in group 1 were dominated by cerebral edema. It can be also seen that white matter edema 

can propagate much easier into the gray matter. This can be explained by structural 

differences between the gray and white matter. The white matter axonal fibers are much 

more loosely packed than the neuronal bodies and dendrites in the gray matter. If the injury 

is limited to the gray matter, edema will be restricted to a smaller region. If the injury 

penetrates the gray matter and reaches the white matter, the edema will be spread through a 

much larger region. Similar to the gray matter edema, the white matter edema also peaked at 

day 2, and was gradually absorbed (30). Knowledge of edema formation is useful for 

predicting the increase of intracranial pressure. However, it will also obscure the detection of 

myelin and axonal damage. To obtain the myelin and axon information in the presence of 

widespread edema, advanced diffusion methods, such as higher order diffusion tensors (36) 
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and diffusion basis spectrum imaging (37), will be required. However, such methods will 

take significantly longer scan times, and sophisticated post-processing methods.

Susceptibility changes in white matter

The aforementioned shiverer mice study suggested that susceptibility MRI may provide 

higher sensitivity and specificity to changes in myelin compared to DTI (23). These could be 

attributed to the fact that diffusion and susceptibility contrasts are related to different aspects 

of white matter structures. DTI FA and ADC are related to the hindered diffusion of water 

molecules due to the cellular barriers (38). The relationship between FA/ADC and myelin 

content can be highly nonlinear, so that a very low myelin content in shiverer mice only lead 

to moderate changes in FA and ADC (23). In contrast, the susceptibility of white matter is 

linearly related to the myelin lipid fraction, along with orientation factors (29,39,40). Due to 

this linear relationship, much more dramatic reduction of phase and susceptibility contrast 

between gray and white matter were observed in shiverer mice (23). Different sensitivities of 

susceptibility, FA and ADC to myelin has also been reported in a study of the developing 

mouse brain (26). Based on these previous studies, the local increase in susceptibility 

observed in this study is likely attributable to a corresponding reduction in myelin, which 

was further supported by myelin staining using Black Gold II. Since the white matter 

damage in this model was caused by mechanical impact, it is unlikely that only myelin was 

affected and axonal structure was intact, and it is more likely that the observed susceptibility 

increases could reflect damage to both myelin and axons.

In addition to myelin, edema is also expected to alter the susceptibility of white matter, since 

it reduces the fraction of the diamagnetic myelin. Previously, it has been reported that water 

content increases by 12% and 42% in vasogenic and osmotic edema of the white matter due 

to cold induced injury (41). This can lead to increased magnetic susceptibility of white 

matter, since myelin is more diamagnetic relative to water. However, in most of the white 

matter regions with increased RD and T2, no such increases were observed. It is possible 

that edema-related susceptibility changes are smaller compared to physiological variations. 

This also suggested that the localized susceptibility increase at day 2 corresponds to 

significant myelin and axonal damage. Previous studies of mouse models of multiple 

sclerosis suggested that demyelination and remyelination are slower processes compared to 

edema formation and absorption, and can take a few days to even weeks to complete (42). 

While susceptibility and diffusion changes are only observed on day 2 in our model, some 

degree of myelin and axonal damage could also exist at other time points. Further 

histological studies at other time points will be needed to establish the degree of white 

matter damage detectable by MRI.

Although the current results suggest that the combination of T2, diffusion and susceptibility 

MRI may have the potential to disentangle the effects of edema and myelin damage, a few 

limitations of QSM processing should be noted. Firstly, QSM required removal of 

background phase, which eliminates the reference for calculating the absolute tissue 

frequency shift and magnetic susceptibility. Currently, there is still no gold standard to select 

the susceptibility reference, therefore, the susceptibility values after QSM are directly used 

for comparisons. This method essentially sets the susceptibility reference to the mean 
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susceptibility value of the whole brain tissue (34). Secondly, the magnetic susceptibility of 

white matter is also dependent on the sine square of the fiber angle with respect to the main 

magnetic field (29,40,43). However, measurement of the full susceptibility tensor requires 

the rotation of the brain inside the scanner (40,43,44), which is difficult to perform. In the 

current experimental setup, the selected corpus callosum regions were nearly perpendicular 

to the main magnetic field with the maximum contrast between gray and white matter. Third, 

phase and susceptibility are also dependent on all image acquisition parameters (45), due to 

the differential frequency and T1 and T2 relaxations between different water compartments 

of the white matter (46,47). This multi-compartment can also introduce orientation 

dependent effects on top of susceptibility anisotropy (48). Another limitation is that 

histology was performed in a small subgroup of only 4 animals.

Correlation with behavioral analyses

Forelimb asymmetry and forelimb foot fault behavioral tests were used as a means of 

detecting functional outcomes of this TBI model. The T2, diffusion, and magnetic 

susceptibility changes in group 1 were in agreement with the significantly increased 

forelimb asymmetry and increased number of forelimb foot faults when compared to group 

2. These results could suggest a link between white matter damage and functional outcomes. 

However, this finding should be considered in light of other confounding factors. 

Particularly, this study focused on the white matter, while the degree of gray matter damage 

was not examined. It is also possible that group 1 has more severe gray matter damage as 

well. Finally, the sensitivity of these behavioral tests may not be high enough to detect more 

subtle fine motor function deficits. Further assessment of the impact of white matter injury 

on functional outcome would require the inclusion of a significantly larger number of 

animals, increased sensitivity of behavioral outcome measures, and robust statistical analysis 

to control for the degree of gray matter damage.

Conclusions

Based on RD, two groups of animals could be separated: group 1 that showed widespread 

changes in RD at day 2, and group 2 showed normal RD at all the time points. FA and T2 

showed similar widespread (group 1) or no (group 2) changes similar to RD. These 

widespread changes were attributable to the dominance of white matter edema, which 

obscured the contrast of other pathological processes. In contrast, susceptibility of group 1 

showed localized increases at day 2, which is likely due to the myelin and axonal injury. 

Behaviorally, the white matter damage in group 1 agreed with the increased deficits seen 

with forelimb asymmetry and forelimb fault functional outcome measures. Collectively, our 

results suggest that T2, diffusion and susceptibility provide a combination to differentiate 

edema and myelin or axonal damage in TBI.
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List of abbreviations

CCI controlled cortical impact

DTI diffusion tensor imaging

FA fractional anisotropy

FOV field of view

MD mean diffusivity

QSM quantitative susceptibility mapping

RD radial diffusivity

TBI traumatic brain injury
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Figure 1. 
The projection of white matter contrast along the corpus callosum. A: a representative 

projection for diffusion RD. The maximum RD value along the short blue lines was used as 

the RD value along the center of corpus callosum as outlined by the red line. The center of 

corpus callosum is labeled as the yellow dot. B: the profile of RD along corpus callosum 

based on the distance from the center of the corpus callosum in mm. Red solid lines: group 1 

(n=6). Gray solid lines: Group 2 (n=12).
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Figure 2. 
Representative diffusion, T2 and susceptibility images of the TBI rats for group 1 (n=6, 

upper row) and group 2 (n=12, lower row). The white arrow pointed to the increased RD, T2, 

decreased FA and increased magnetic susceptibility. The yellow arrow pointed out the white 

matter abnormalities in group 1.
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Figure 3. 
Spatiotemporal changes in RD, FA, T2 and susceptibility values at 1 hour, 3 hours, 2 days, 7 

days and 14 days based on the distance from the center of the corpus callosum in mm.. 

*p<0.05 between group 1 (n=6) and group 2 (n=12) ipsilesional values, and between group 1 

ipsilesional and contralateral hemispheres.
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Figure 4. 
Comparison of behavior performance between the two groups prior to the induction of TBI 

and at 2 days, 7 days and 14 days post-TBI. *p<0.05 and **P<0.01 between groups 1 (n=6) 

and group 2 (n=12). Data are represented as mean ± standard deviation. All behavioral 

scores after TBI were significantly different from those of pre-TBI in both groups except the 

asymmetry at day 14 for both groups and day 7 in group 2, and foot fault on day 14 of group 

2.
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Figure 5. 
Comparison of magnetic susceptibility with white matter histology. A and B: magnetic 

susceptibility for two different rat brains. C and D: myelin staining using Black Gold II of 

the same rat brains as A and B. E and F: Zoom in images of the ipsilesional and 

contralesional images of the histology shown in D. Yellow arrow: ipsilesional. Green arrow: 

contralesional. The red arrow pointed to hemorrhages resulted from the controlled cortical 

impact.

Li et al. Page 17

NMR Biomed. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Controlled cortical impact (CCI) model of mild TBI
	MRI
	Data Analysis
	Behavioral assessment
	Black Gold II histology
	Statistical analysis

	Results
	Widespread diffusion/T2 alterations vs localized magnetic susceptibility increases
	Behavioral studies of the two groups
	Comparison between QSM and histology

	Discussion
	Diffusion and T2 changes in corpus callosum
	Susceptibility changes in white matter
	Correlation with behavioral analyses

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

