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ORIGINAL RESEARCH
ADULT BRAIN

Longitudinal Microstructural Changes in Traumatic Brain
Injury in Rats: A Diffusional Kurtosis Imaging, Histology, and

Behavior Study
X M.-L. Wang, X M.-M. Yu, X D.-X. Yang, X Y.-L. Liu, X X.-E. Wei, and X W.-B. Li

ABSTRACT

BACKGROUND AND PURPOSE: Traumatic brain injury is a major public health problem worldwide. Accurately evaluating the brain
microstructural changes in traumatic brain injury is crucial for the treatment and prognosis assessment. This study aimed to assess the
longitudinal brain microstructural changes in traumatic brain injury in the rat using diffusional kurtosis imaging.

MATERIALS AND METHODS: Diffusional kurtosis imaging was performed in a group of 5 rats at preinjury and 3, 14, and 28 days after
traumatic brain injury. The diffusional kurtosis imaging parameters were measured in the bilateral cortex, hippocampus, and corpus
callosum. Another 4 groups of 5 rats were used in brain immunohistochemistry analysis of neuron (neuron-specific nuclear protein [NeuN]),
astroglia (glial fibrillary acidic protein [GFAP]), microglia (ionized calcium binding adaptor molecule 1 [Iba-1]), and myelin (myelin basic
protein [MBP]) in the same area as the diffusional kurtosis imaging parameter measurements. Furthermore, 2 groups of 6 rats underwent
a Morris water maze test at 28 days after traumatic brain injury. The diffusional kurtosis imaging parameters, immunohistochemistry results,
and Morris water maze test results were compared longitudinally or between traumatic brain injury and control groups.

RESULTS: Compared with baseline, traumatic brain injury in the rat showed higher mean kurtosis and mean diffusivity values in the
ipsilateral perilesional cortex and hippocampus and lower fractional anisotropy values in the corpus callosum (P � .05). The traumatic brain
injury group showed higher staining of GFAP and Iba-1 and lower immunohistochemistry staining of NeuN and MBP in all ipsilateral ROIs
(P � .05). There was no significant difference in the contralateral ROIs in diffusional kurtosis imaging parameters or immunohistochemistry
results. The Morris water maze test revealed lower platform crossing times in the probe test (P � .05).

CONCLUSIONS: Our study indicated that there were longitudinal changes in diffusional kurtosis imaging parameters, accompanied by
multiple pathologic changes at different time points following traumatic brain injury, and that mean kurtosis is more sensitive to detect
microstructural changes, especially in gray matter, than mean diffusivity and fractional anisotropy.

ABBREVIATIONS: Da � axial diffusion; DKI � diffusional kurtosis imaging; Dr � radial diffusion; FA � fractional anisotropy; GFAP � glial fibrillary acidic protein;
Iba-1 � ionized calcium binding adaptor molecule 1; IHC� immunohistochemistry; Ka � axial kurtosis; Kr � radial kurtosis; MBP � myelin basic protein; MD � mean
diffusivity; MK � mean kurtosis; NeuN � neuron-specific nuclear protein; TBI � traumatic brain injury

Traumatic brain injury (TBI) is one of the most serious public

health problems worldwide. After injury, a significant num-

ber of patients with TBI will experience neurologic and non-neu-

rologic disorders, among which cognitive impairment is most

common.1 Although most patients recover to baseline cognitive

function within 1–3 months, some patients have persistent cog-

nitive impairment.2,3 At present, how TBI could lead to the oc-

currence and persistence of cognitive impairment is poorly un-

derstood. Finding a reliable noninvasive biomarker to accurately

evaluate brain pathologic changes after TBI is crucial for TBI

management and prognosis assessment.

MR imaging, as a noninvasive tool, is increasingly used to

assess the pathologic changes in TBI. Diffusion tensor imaging has

shown great promise in evaluating the brain microstructural
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changes. DTI assumes a Gaussian distribution for the water mol-

ecule in measured tissue and could quantify water molecule di-

rectional diffusion characteristics.4 The DTI parameters, includ-

ing fractional anisotropy (FA) and mean diffusivity (MD) changes,

have been widely used to assess white matter injury in both hu-

man5-8 and animal studies.9-12 However, the actual distribution

of water in brain tissue is usually non-Gaussian, especially for the

largely isotropic gray matter. The DTI technique might not detect

the real microstructural pathologic changes.

Diffusional kurtosis imaging (DKI), using the non-Gaussian

model of water diffusion, could overcome this limitation.13,14

Apart from DTI parameters, it provides additional kurtosis met-

rics, including mean kurtosis (MK), to depict the heterogeneity of

brain microstructure. Previous studies have shown that the MK

value in the thalamus might be useful in the early prediction of

brain damage and cognitive outcome.15,16 As for the underlying

pathologic changes, only reactive astrogliosis has proved to be

directly linked to increased MK values in an acute and subacute

TBI animal study.17

However, apart from reactive astrogliosis, TBI has other

pathologic processes, including but not limited to neuron loss,

axonal damage, demyelination, and microgliosis, which may also

have an effect on diffusional kurtosis.18-20 The MR imaging pa-

rameters should be a summary marker of all the possible TBI

microstructural pathologic changes.21 Figuring out the radiolog-

ic-pathologic relationship and the evolving laws in the process of

TBI will improve the interpretation of DKI parameter changes

and finally promote the application of the DKI sequence in the

clinical diagnosis and assessment of patients with TBI.

In this study, we hypothesized the following: 1) There would

be changes in DKI parameters at different time points following

TBI, and 2) DKI parameters could reflect multiple pathologic

changes in the process of TBI. Our study aimed to investigate the

longitudinal changes of DKI parameters and pathologic changes

in the TBI rat brain. These findings will deepen our knowledge of

longitudinal microstructural pathologic changes of TBI and pro-

mote the use of the DKI sequence in clinical practice.

MATERIALS AND METHODS
Traumatic Brain Injury Rat Model
All work was performed in accordance with the Institutional An-

imal Care and Experiment Committee of Shanghai Jiao Tong

University Affiliated Sixth People’s Hospital. Five adult male

Sprague-Dawley rats (250 –300 g) underwent longitudinal MR

imaging examinations preinjury and 3, 14, and 28 days after TBI.

Another 20 adult male rats were assigned to 4 groups (preinjury and

3, 14, and 28 days after TBI) for histopathologic analysis. Further-

more, 2 groups of adult male rats (TBI group, n � 6 and control

group, n � 6) had a Morris water maze test at 28 days after TBI.

The induction of TBI was done by a controlled cortical impact

device (PinPoint Precision Cortical Impactor PCI3000; Hatteras

Instruments, Cary, North Carolina). First, Sprague-Dawley rats

were anesthetized with ketamine and mounted in a stereotaxic

frame. Second, a Ø4-mm craniotomy was created at 3.5 mm pos-

terior and 4 mm lateral to the bregma, exposing the dura mater.

Third, a 3-mm impactor tip connected to the controlling system

was used to deliver the controlled cortical impact at a deformation

depth of 1.5 mm, a velocity of 2 m/s, and a dwell time of 100 ms.

Rats were excluded if the dura mater integrity was breached. Last,

the cranial opening was sealed with bone wax. Control animals

underwent the same operation without the impact intervention.

MR Imaging Protocol and DKI Data Analysis
MR imaging was performed on a BioSpec 7T 20-cm horizontal

bore scanner (Bruker BioSpin, Rheinstetten, Germany). The rats

were fixed in an MR imaging– compatible rat head stereotaxic

holder with ear and tooth bars. During the imaging time, the rat

was anesthetized with 1%–2% isoflurane anesthesia and 1 L/min

of oxygen administration. An MR imaging– compatible small-an-

imal monitoring system was used to monitor the animal’s respi-

ration rate and body temperature. The rats underwent T2-

weighted and DKI examinations at preinjury and 3, 14, and 28

days after TBI.

T2-weighted images were obtained to observe the general

brain lesion using the following parameters: TR, 4500 ms; TE, 20,

60, 100, 140 ms; FOV, 30 � 30 mm; matrix, 128 � 128; slice

thickness, 1 mm; rare factor, 2. DKI was acquired using a spin-

echo echo-planar imaging diffusion sequence with 2 repetitions,

using 20 different diffusion-encoding directions. Four b-values

(b�0, 650, 1300, 2000 s/mm2) were acquired for each direction.

Other imaging parameters were as follows: TR/TE, 3500/50 ms;

�/�, 5ms/18ms; 19 axial slices; FOV, 30 � 30 mm; matrix, 128 �

128; slice thickness, 1 mm.

Diffusional Kurtosis Estimator software was used to calculate

the DKI parameters (https://www.nitrc.org/projects/dke/).22 The

calculated DKI parameters included MK, axial kurtosis (Ka), and

radial kurtosis (Kr); FA, MD, axial diffusion (Da); and radial dif-

fusion (Dr). Using ITK-SNAP software (www.itksnap.org),23 we

manually drew multiple ROIs, including ipsilateral and contralat-

eral to the injury in the cortex, hippocampus, and corpus callo-

sum (Fig 1) on the b�0 image at around 3– 4 mm posterior to

bregma. These ROIs were selected because they were all possibly

related to cognitive impairment in the TBI animal model.24,25 The

individual drawing the ROI was trained before analysis of the

study data. The ROIs should be sufficiently large but not defined

to the edge of the tissues on the section. A single voxel width was

used for the delineation of corpus callosum. Then, the ROIs were

transferred to identical sites on the FA, MD, Da, Dr, MK, Ka, and

Kr maps in the same rat. The average regional value for each DKI

parameter was recorded from the voxels within each ROI.

Immunohistochemistry Staining and Semiquantitative
Analysis
The rats were deeply anesthetized with ketamine and transcardi-

ally perfused with saline followed by 4% paraformaldehyde. Then

the brains were extracted, and a 5-mm-thick section surrounding

the lesion site of the rat brain was dissected, postfixed further,

dehydrated with alcohols embedded in paraffin, and then cut as

coronal sections at around 3– 4 mm posterior to bregma, similar

to the sections of DKI analysis. Immunohistochemistry (IHC)

staining was performed on these coronal sections, stained with

established markers for neurons (neuron-specific nuclear protein

[NeuN]; 1:100; Wuhan Servicebio Technology, Hubei, China),

astroglia (glial fibrillary acidic protein [GFAP]; 1:400; Wuhan
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Servicebio Technology), microglia (ionized calcium binding

adaptor molecule 1 [Iba-1]; 1:1000; Wuhan Servicebio Technol-

ogy), and myelin (myelin basic protein [MBP]; 1:100; Wuhan

Servicebio Technology).

Brain IHC images were captured using a microscope for cell

counting of NeuN�, GFAP�, and Iba-1� cells and the IHC stain-

ing area of MBP. Three random FOVs of each section at a magni-

fication of �20 were obtained to quantify the IHC result to match

the MR imaging measured area (Fig 1). The mean values were

used to indicate the positive cell numbers or area percentage in

each region. Quantification of positive stained cells or area was

performed manually using a computer-based image analysis

system (Image J 1.51; National Institutes of Health, Bethesda,

Maryland).

Cognitive Assessment
Morris water maze tests were performed to assess spatial learning

and memory at 28 days after TBI.26 The testing paradigm in-

cluded 5 daily training trials and a probe trial.

Another two groups of rats (TBI group, n � 6 and control

group, n � 6) underwent the Morris water maze tests. First, all the

rats underwent a block of 4 trials per day on 5 consecutive days to

locate the hidden platform. The interval between trials was 15

minutes, and the start position was different for each trial. Each

rat was allowed 90 seconds to find the hidden platform and stay on

it for 15 seconds. The latency to locate the platform was recorded

as the escape latency time. If the rat could not find the platform

within 90 seconds, it was guided to the platform and stayed on the

platform for 15 seconds, and the latency time was recorded as 90

seconds.

One day after the last training trial, the platform was removed,

and the rats were placed in the opposite quadrant and allowed to

explore the removed platform in water for 60 seconds. During the

probe trial, 3 parameters, including the number of platform-site

crossovers, the time spent in the target quadrant, and the swim-

ming speed during 60 seconds, were recorded for each rat.

Statistical Analysis
Statistical analysis was performed with the Statistical Package for

Social Sciences (IBM, Armonk, New York) software for Windows,

Version 20.0, and graphs were plotted using GraphPad Prism 6.0

software (GraphPad Software, San Di-

ego, California). The Morris water maze

and IHC data were expressed as the

mean � standard error of the mean.

DKI parameter data were expressed as

mean � SD. The DKI parameters and

the Morris water maze data were com-

pared by repeated-measures ANOVA,

followed by paired t tests. Differences in

IHC qualitative data were analyzed us-

ing 1-way ANOVA, followed by post hoc

LSD (least significant difference) tests.

Statistical significance was set at P � .05.

RESULTS
DKI Parameter Changes in TBI
Representative DKI parameter maps at

all time points from baseline to 28 days after TBI are shown in

On-line Fig 1. Figure 2 shows the longitudinal DKI parameter

changes.

In the ipsilateral perilesional cortex, significant differences

were found in MK (F � 9.703, P � .002) and MD (F � 16.528, P �

.014). Compared with baseline, TBI rats had higher MK at 3 days

(P � .034), 14 days (P � .015), and 28 days (P � .02), reaching the

peak at 14 days and recovering at 28 days after TBI. TBI rats also

had higher MD at 3 days (P � .013). Compared with 3 days after

TBI, higher MD was also found at 14 days (P � .005) and 28 days

(P � .019) after TBI. There was no significant difference in FA

values (P � .05). Furthermore, no significant changes were found

in the contralateral perilesional cortex (P � .05).

There were also significant differences in the ipsilateral hip-

pocampus in MK (F � 13.291, P � .001), MD (F � 3.671, P �

.044), and FA (F � 6.358, P � .008). Compared with baseline,

similar higher MK at 3 days (P � .02), 14 days (P � .013), and 28

days (P � .042) and higher MD at 3 days after TBI (P � .023) were

found. Compared with 28 days after TBI, lower MK was found at

3 days (P � .023) and 14 days (P � .003) after TBI. Furthermore,

higher FA was also found at 3 days (P � .002) and 28 days (P �

.008). No significant changes were found in the contralateral hip-

pocampus either (P � .05).

As for the corpus callosum, significant differences were also

found in MK (F � 6.713, P � .007), MD (F � 4.162, P � .031), FA

(F � 9.255, P � .002), Dr (F � 3.478, P � .05), and Kr (F �

11.828, P � .001). Compared with baseline, TBI rats had higher

MK at 3 days (P � .008), 14 days (P � .009), and 28 days (P �

.014); higher MD at 3 days (P � .005) and 14 days (P � .043);

lower FA at 3 days (P � .005), 14 days (P � .036), and 28 days (P �

.013); higher Dr at 3 days (P � .005) as well as higher Kr at 3 days

(P � .001) and 14 days (P � .014) after TBI. The Kr at 14 days was

also higher (P � .008) than that at 28 days after TBI.

IHC Quantitative Changes in TBI
On-line Fig 2 shows the representative IHC staining of NeuN,

GFAP, Iba-1, and MBP in the ipsilateral perilesional cortex, hip-

pocampus, and corpus callosum at preinjury and 3, 14, and 28

days after TBI. Fig 3 shows the IHC staining changes at each time

point.

FIG 1. Illustration of ROIs on B0 (A–C) and histology (D–F) maps for a representative control and
TBI rat. Regions shown are the bilateral cortex, bilateral hippocampus, and corpus callosum.
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In the ipsilateral perilesional cortex, GFAP� and Iba-1� cells

increased significantly at 3 days (P � .001; P � .001), 14 days (P �

.001; P � .001), and 28 days (P � .001; P � .012) compared with

preinjury, reaching the peak at 3 days after TBI. On the other

hand, NeuN� cells and the IHC staining area of MBP decreased

significantly at 3 days (P � .001; P � .001), 14 days (P � .045; P �

.049), and 28 days (P � .003; P � .001), reaching the lowest point

at 3 days and beginning to recover at 14 days after TBI. There was

no significant difference in the contralateral perilesional cortex

(P � .05).

In the ipsilateral hippocampus, GFAP� cells also increased

significantly at 3 days (P � .012), 14 days (P � .014), and 28 days

(P � .027). Iba-1� cells increased significantly at 3 days (P � .005)

and 14 days (P � .001), reaching the peak at 14 days after TBI.

NeuN� cells and the IHC staining area of MBP decreased signif-

icantly at 3 days (P � .001; P � .001), 14 days (P � .001; P � .001),

and 28 days (P � .001; P � .001). There was also no significant

difference in the contralateral hippocampus (P � .05).

Like the ipsilateral perilesional cortex, GFAP� and Iba-1�

cells increased significantly at 3 days (P � .001; P � .007), 14 days

(P � .034; P � .018), and 28 days (P � .046; P � .048) in the

corpus callosum, reaching a peak at 3 days after TBI. MBP de-

creased significantly at 3 days (P � .001), 14 days (P � .001), and

28 days (P � .001), reaching the lowest point at 3 days and begin-

ning to recover at 14 days after TBI.

Cognitive Changes in TBI
Compared with the control group, the TBI group demonstrated

no significant difference in escape latency time in training trials

(P � .05). In the probe test, the TBI group had lower platform

crossing times (P � .017). Furthermore, there was no statistical

significance in the time in the target quadrant and swimming

speed between the 2 groups (P � .05) (Fig 4).

DISCUSSION
DKI is a useful tool for detecting brain abnormalities. Figuring

out the radiologic-pathologic relationship and the evolving laws

in the process of TBI is important. Our study revealed that there

were longitudinal changes in DKI parameters, which were sugges-

tive of multiple pathologic changes at different time points fol-

lowing TBI. Moreover, MK is more sensitive for detecting micro-

structural changes, especially in gray matter, than MD and FA.

Overall, our findings indicate that DKI could be used to detect

and reflect brain microstructural changes induced by TBI.

In a previous study, Zhuo et al17 investigated the TBI rat brain

microstructural changes using the DKI technique in a mild con-

trolled cortical impact TBI rat model at both acute (2 hours) and

subacute (7 days) stages following injury. Our study further ex-

tended their study stages using 3 time points: 3, 14, and 28 days

after TBI. Compared with baseline, the study of Zhuo et al re-

vealed increased MK values in the ipsilateral perilesional cortex at

FIG 2. Changes in FA, MD, and MK values for the bilateral cortex (ips, con), bilateral hippocampus (ips, con), and corpus callosum and changes in
Da, Dr, Ka, and Kr values for the corpus callosum. The asterisk indicates P � .05, compared with preinjury; hash tag, P � .05, compared with 3 days
after TBI; caret, P � .05, compared with 14 days after TBI; ips, ipsilateral; con, contralateral.
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FIG 3. Changes in NeuN�, GFAP�, and Iba-1� cells and MBP area for the bilateral cortex (ips, con), bilateral hippocampus (ips, con), and corpus
callosum. Asterisk indicates P � .05, compared with preinjury; hash tag, P � .05, compared with 3 days after TBI; caret, P � .05, compared with
14 days after TBI; ips, ipsilateral; con, contralateral.

FIG 4. The Morris water maze tests results. A, Latency to find the platform. B, Platform-crossing times. C, Time spent in target quadrant. D, The
swimming speed. Error bars indicate standard error. Asterisk indicates P � .05.
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2 time points. Because our study also demonstrated higher MK

values in the ipsilateral perilesional cortex at all 3 time points, our

results are relatively consistent with those in their study. Further-

more, significantly higher MD values were only observed at 3 days

after TBI, and no significant difference was found in FA values.

Our study indicates that MK is more sensitive for detecting mi-

crostructural changes in the cortex.

As for the underlying pathologic changes, our study showed

increased GFAP� and Iba-1� cells in the ipsilateral perilesional

cortex, reaching a peak at 3 days after TBI. This finding was con-

sistent with those in previous studies.27,28 With the proliferation

of GFAP� and Iba-1� cells, the perilesional cortex tissue would

become more complex and thus have higher MK values. At pres-

ent, reactive astrogliosis has been proved to be associated with

higher MK values.17 However, the MK values peaked at 14 days

after TBI seemed inconsistent with the peak of GFAP� and Iba-1�

cells. This inconsistency was possible because there would be

other pathologic changes after TBI contributing to the MK peak.

Our study also revealed decreased NeuN� and MBP staining in

the ipsilateral perilesional cortex, reaching the lowest point at 3

days and beginning to recover at 14 days after TBI. This was rela-

tively consistent with previous studies. Wiley et al29 found neuron

loss at 1 day and increased NeuN staining at 7 days after TBI. The

study of Liu et al30 found the lowest MBP expression at 3 days, and

it increased in the ipsilateral perilesional cortex at 14 days after

TBI. Because neuron loss and myelin disruption will cause loose

cellular structure, these pathologic changes might lower the MK

values, which have been found in patients with Alzheimer dis-

ease31 and demyelinating disease.32 Thus, the MK value could

peak at 14 days, not 3 days, after TBI.

Because the obtained voxel diffusion signal is a summation of

all brain microstructural effects, which have different or even sim-

ilar effect on the diffusion signal, the relationship between brain

microstructural changes and diffusion behavior was rather com-

plex.33 Thus, the MK value change in the perilesional cortex could

result from all or only a subset of the investigated pathologic

changes.

In the ipsilateral hippocampus, our study revealed higher MK

values at all 3 time points. This was relatively consistent with

findings in previous studies. Zhuo et al17 found higher MK values

in the ipsilateral hippocampus at 7 days after TBI. Another study

using a blast TBI model also revealed higher MK values at 7, 14,

and 28 days after TBI.34 Our study also found higher MD values

only at 3 days after TBI, and higher FA values at 3 and 28 days after

TBI. Our study indicated that MK is more sensitive to detect mi-

crostructural changes in the hippocampus.

Like the perilesional cortex, the perilesional hippocampus had

increased GFAP� and Iba-1� cells and decreased NeuN� and

MBP staining. These findings were consistent with those in pre-

vious studies.27,30 At present, the reactive astrogliosis has also

been proved to be associated with higher MK values in the hip-

pocampus.17 The FA value was also increased significantly in the

perilesional hippocampus. A previous study indicated that gliosis

contributes to the higher FA values in gray matter.9 Our study

suggests that the DKI parameters in the perilesional hippocampus

could also result from all or only a subset of the investigated

pathologic changes.

In the corpus callosum, higher MK values were found at all 3

time points. The study of Zhuo et al17 also indicated higher MK

values in the corpus callosum at 7 days after TBI. Lower FA values

and higher MD values were found in the corpus callosum, which

was consistent with previous studies.12,35 Furthermore, our study

found higher Dr at 3 days and higher Kr at 3 and 14 days after TBI.

As for the pathologic changes, the corpus callosum showed in-

creased GFAP� and Iba-1� cells and decreased MBP staining,

findings consistent with those in previous studies.10,12,35 After

TBI, primary axonal damage and further Wallerian degeneration

will cause myelin loss. This could cause a decrease in FA and an

increase in MD. MK might mainly result from the proliferation of

astrocyte and microglia cells, which was further confirmed by

higher Kr values. Our study suggests that DKI could provide sup-

plementary information.

In our study, rats in the TBI group had lower platform crossing

times in the probe test at 1 month after TBI, which was suggestive

of cognitive impairment. In fact, previous studies have reported

poorer performance on the Morris water maze tests as early as 2

weeks after TBI.36-38 We speculated that persistent cortex, hip-

pocampus, and corpus callosum abnormalities revealed by the

DKI parameter changes would cause disruption of the brain cog-

nitive network, thus leading to cognitive impairment.

Our study has limitations. First, because the MR imaging, his-

tologic analysis, and neurocognitive tests were performed on dif-

ferent groups of rats, we could not perform a correlational study

between DKI parameters and histologic and neurocognitive data

directly. Second, although we did multiple pathologic analyses of

IHC in our study, other pathologic changes might also exist and

contribute to the DKI parameter changes. Furthermore, we only

investigated the brain histologic cell number. However, the cell

distribution patterns could also influence the DKI parameters.

Third, although the controlled cortical impact model has been

widely used in TBI animal studies, the animal model still has dif-

ferences compared with clinical patients with TBI. Clinical TBI

encompasses diverse injury mechanisms, injury locations, and in-

jury severity.39 One should be careful in the interpretation of DKI

parameters in clinical patients with TBI. Fourth, the sample size

used in this study was relatively small. A future large-sample study

is needed to replicate our results.

CONCLUSIONS
Our study indicated that there were longitudinal changes in DKI

parameters, accompanied by multiple pathologic changes at dif-

ferent time points following TBI. MK is more sensitive for

detecting microstructural changes, especially in gray matter,

than MD and FA. Overall, DKI could be a potentially useful

tool for detecting and reflecting brain microstructural changes

induced by TBI.
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