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White matter (WM) disruption is an important determinant of cognitive impairment after mild traumatic brain injury (mTBI), but traditional diffusion tensor imaging (DTI) shows some limitations in assessing WM damage. Diffusion kurtosis imaging (DKI) and neurite orientation dispersion and density imaging (NODDI) show advantages over DTI in this respect. Therefore, we used these three diffusion models to investigate complex WM changes in the acute stage after mTBI. From 32 mTBI patients and 31 age-, sex-, and education-matched healthy controls, we calculated eight diffusion metrics based on DTI (fractional anisotropy, axial diffusivity, radial diffusivity, and mean diffusivity), DKI (mean kurtosis), and NODDI (orientation dispersion index, volume fraction of intracellular water (Vic), and volume fraction of the isotropic diffusion compartment). We used tract-based spatial statistics to identify group differences at the voxel level, and we then assessed the correlation between diffusion metrics and cognitive function. We also performed subgroup comparisons based on loss of consciousness. Patients showed WM abnormalities and cognitive deficit. And these two changes showed positive correlation. The correlation between Vic of the splenium of the corpus callosum and Digit Symbol Substitution Test scores showed the smallest p-value (p = 0.000, r = 0.481). We concluded that WM changes, especially in the splenium of the corpus callosum, correlate to cognitive deficit in this study. Furthermore, the high voxel count of NODDI results and the consistency of mean kurtosis and the volume fraction of intracellular water in previous studies and our study showed the functional complementarity of DKI and NODDI to DTI.
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INTRODUCTION

The considerable rate of mild traumatic brain injury (mTBI) (1) and the high incidence of post-concussion symptoms such as cognitive deficits and behavioral and emotional changes (2, 3) impose a burden on society. Diffuse axonal injury is thought to be the predominant pathological mechanism underlying mTBI (4–7), and increasing evidence has shown that abnormalities in white matter (WM) caused by mTBI can affect post-concussion symptoms (8, 9). As a result, visualization of WM integrity has become a key part of clinical research.

The Gaussian diffusion of water that diffusion tensor imaging (DTI) assumes within a single microstructural compartment is insensitive to the complexity of the WM microstructure (10). Perhaps as a result, there has been controversy over both the direction and the magnitude of diffusion abnormalities in prior studies on WM tracts (11). Although the injury severity, injury type, time since injury, and sample type may cause inconsistencies between studies, the lack of consensus suggests fundamental limitations of DTI for detecting specific damage in mTBI.

Diffusion kurtosis imaging (DKI), (12) an advanced diffusion MRI technique based on the non-Gaussian diffusion of water, is considered to reflect diffusion in biological tissues more effectively than DTI, especially in brain areas with high tissue heterogeneity. Therefore, DKI might be sensitive to complex tissue changes following mTBI that might not be captured by DTI (13, 14). The most common DKI parameter is mean kurtosis (MK), the average of the diffusion kurtosis along all diffusion directions. However, DTI and DKI are both based on the “signal representations” approach, which lacks specificity and remains an indirect characterization of microstructure.

Neurite orientation dispersion and density imaging (NODDI) is a more advanced multi-compartment diffusion model (15, 16); this technique, based on a “tissue model,” allows the estimation of biologically relevant parameters, which has been validated in the histology of animal and human brain and also used in other disease (17, 18). NODDI leverages recent progress in high-performance magnetic field gradients for MRI scanners that can achieve diffusion-weighting factors much higher than the standard b = 800–1,200 s/mm2 for DTI and can therefore probe complex non-Gaussian properties of WM diffusion. NODDI uses seven parameters to measure the properties of three microstructural environments: intracellular, extracellular, and free water. It constrains four diffusivity parameters to stabilize the fitting procedure, such that the following three parameters remain: (1) the orientation dispersion index (ODI) of neurites, which is higher in loosely organized WM and lower in tracts with largely parallel fiber bundles; (2) the volume fraction of intracellular water (Vic), which represents the relaxation-weighted volume fraction of the intracellular compartment within WM and ranges from 0 to 1; and, finally, (3) the volume fraction of the isotropic diffusion compartment (Viso), which represents the free water content within the tissue (15, 16).

To date, a few studies have investigated DKI and NODDI in patients with mTBI (19–25). Some of these studies are based on specific samples (athletes or military personnel) who are prone to repeated injury (21, 22, 24). However, directly recruiting consecutive patients from the emergency room may be the best strategy to obtain a representative sample that best generalizes to the overall population of mTBI patients (26).

Loss of consciousness (LOC) is one of the diagnostic criteria for mTBI patients; LOC and the duration of unconsciousness are issues of clinical concern in the acute management of mTBI patients. Patients with LOC have increased inflammation and pain (27). Furthermore, animal models (28, 29) and clinical studies (30–32) have revealed a correlation between LOC and WM integrity. To date, however, there has been no research on the relation between LOC and WM abnormalities detected by DKI or NODDI.

Therefore, the three primary goals of this study are as follows: (1) to investigate whether there is any WM abnormality after mTBI in the acute stage by using DTI, DKI, and NODDI; (2) to determine whether and to what extent LOC affects changes in WM and cognitive function after injury; and (3) to explore the correlation between WM changes and cognitive function after mTBI.



MATERIALS AND METHODS


Participants

This study included 32 mTBI patients and 31 healthy controls (HCs). mTBI patients were enrolled from the emergency department of the Second Xiangya Hospital, Central South University from June 2019 to December 2019. Approval was granted by the Ethics Committee of the Second Xiangya Hospital, Central South University. All participants provided written informed consent. The inclusion criteria for mTBI patients were based on the World Health Organization's Collaborating Center for Neurotrauma Task Force: (1) a Glasgow Coma Scale score of 13–15; (2) any of the following: (a) confusion or disorientation; (b) LOC ≤ 30 min; (c) posttraumatic amnesia <24 h; (d) transient neurological abnormalities (focal signs or seizure); or (e) intracranial lesion not requiring surgery; and (3) a time frame within 7 days after the onset of mTBI. The exclusion criteria were as follows: (1) age below 18 or above 60 years; (2) presence of severe psychiatric disease, severe somatic disease, or drug abuse; (3) history of complicated mild, moderate, or severe TBI or other diseases associated with brain pathology; (4) structural abnormality on neuroimaging (CT and MRI); and (5) contraindications for MRI. HCs were recruited through WeChat Moments and fulfilled the same exclusion criteria as mTBI patients. HCs were recruited from August 2019 to September 2020.

All subjects were clinically evaluated in detail, and psychiatric evaluations were performed in a face-to-face interview by trained staff. The clinical characteristics included the following: age, sex, education, injury time, cause of injury, postinjury symptoms, injury, and MRI scan interval. In the mTBI group, subjects were divided into two subgroups based on whether LOC occurred. Nine patients had a witnessed period of LOC, and then we matched the patients without LOC one by one as the non-LOC group to do the subgroup comparison. The demographic characteristics are presented in Tables 1, 2.


Table 1. Demographic and clinical characteristics of mTBI patients and HCs.
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Table 2. Demographic and clinical characteristics of mTBI patients and HCs.
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MRI Acquisition

All MRI data were acquired on a 3 T MRI scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) in department of radiology, the Second Xiangya Hospital, Central South University, with a 32-channel head coil. The MRI scanning protocols included T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), fluid-attenuated inversion recovery (FLAIR), magnetization-prepared rapid gradient echo (MPRAGE), susceptibility-weighted imaging (SWI), and diffusion MRI. T1WI, T2WI, FLAIR, MPRAGE, and SWI were reviewed for structural abnormalities by two neuroradiologists who had more than 10 years of neuroimaging experience each. Any disagreement between these two observers was resolved by consensus. Diffusion MRI was acquired with TR/TE = 5,400/92 ms, field of view = 224 × 224 mm, 112 × 112 matrix, 40 slices, 2 × 2 × 3 mm voxels, bandwidth = 1,654 Hz/pixel, b = 1,000/2,000 s/mm2, 64 diffusion-weighting directions at each b value, and 10 b0 scans. All subjects were placed in a supine position with foam padding between their head and the head coil to minimize head motion.



Neuropsychological Tests

All participants completed the following three cognitive tests: (1) The Digit Symbol Substitution Test (DSST). The DSST has been frequently used to assess participants' processing speed, sustained attention and working memory (33, 34). Patients were shown nine numbers and their corresponding symbols, and then the participants were instructed to match the correct symbol to the corresponding number in one and a half min; (2) The Trail Making Test (TMT) A (35). This test was administered as a baseline measure of motor and visual search speed (36, 37). The subjects were instructed to draw lines connecting consecutively numbered points from 1 to 25 as quickly as possible. The score was the number of seconds required to complete the task, where a shorter time indicated better performance. (3) The TMT-B (35). This test used widely as a measure of set shifting and inhibition (38, 39). The participants were asked to switch alternately between 13 numbers (1–13) and 12 letters (A-L) and connect them in ascending order (1-A-2-B…12-L-13) as quickly as possible. All of these tests have been widely used in neuropsychological assessments as indicators of cognitive processing speed and executive functioning (40). The subjects completed these neuropsychological tests on the same day as the MRI scan.



Image Analysis

Image processing included initial preprocessing and diffusion metrics computation. Prior to preprocessing, each subject's diffusion images were visually inspected to verify that the images were free from major artifacts (e.g., head motion). motion, eddy current artifacts, and geometric distortion were corrected using the eddy command provided in the FMRIB Software Library (FSL) (41). Using an in-house MATLAB script, the transformation matrices were used. output from the eddy command were used to rotate the corresponding diffusion-weighting directions to match the rotation of the brain image during the motion correction process and then extract the b0 image, and non-brain voxels were masked out by applying the FSL command bet to the subject b0 image. In addition, then DTI metrics were calculated by the FSL command dtifit, fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity (MD) were been detected. DKI model fitting was performed using Diffusion Kurtosis Estimator (DKE: http://academicdepartments.musc.edu/cbi/dki/dke.html) (version 2.6.0). NODDI parameters were calculated using the open-source tool AMICO (github.com/daducci/AMICO) (42).



Tract-Based Spatial Statistics (TBSS) Analysis

TBSS (43) was performed using the FSL toolbox, TBSS. TBSS extracted a common whole-brain white-matter skeleton in the standard Montreal Neurological Institute (MNI) space to minimize partial volume effects in finite imaging resolution. The WM skeleton included only voxels in the center of WM tracts and excluded edge voxels, which may be contaminated with signals from the nearby anatomical structures. Within the WM skeleton, non-parametric permutation-based statistics were carried out using the FSL randomize command for voxelwise statistical analyses and used age as a covariant in this study. Threshold-free cluster enhancement (44) and 5,000 permutations were utilized to obtain a corrected P-value. WM voxels were considered significant as a corrected P-value <0.05 after being adjusted for multiple comparisons by controlling the familywise error rate.

Post-hoc region-of-interest (ROI) analysis: To produce aggregate results at the subject level, post-hoc ROI analyses were performed. For each subject, the mean of each diffusion metric was computed in the clusters that tested significant in TBSS. For between-group differences, a boxplot was used with subjects' means plotted according to their group membership. The anatomical interpretation of the ROI was based on the “JHU ICBM-DTI-81 White-Matter Labels” provided in FSL after skeletonization.



Statistical Analysis

The demographic characteristics and neuropsychological data were analyzed using IBM SPSS Statistics 24.0 for Windows. Unpaired two-sample t-tests, chi-square tests, and Kruskal-Wallis tests were performed for age, gender, education, and neuropsychological tests. The correlations between the mean values of diffusion parameters and injury and MRI scan interval as well as neuropsychological tests were evaluated by partial correlation, using age and education as covariates at the whole subject level. Spearman correlation was evaluated at the mTBI patient level. Correlations were corrected for multiple comparisons using a familywise error correction. Receiver operating characteristic (ROC) curve analysis was conducted using MedCalc version 19.5.6 (MedCalc Software bvba, Ostend, Belgium) to compare diffusion metrics to discriminate mTBI patients from controls based on the average value of whole-brain WM. The area under each ROC curve was calculated to determine which area under the curve (AUC) was greatest, and then an ROC curve analysis was conducted to identify a threshold value for a significant diffusion metric to discriminate mTBI patients from HCs. The threshold was identified by maximizing the Youden index.




RESULTS


Demographic and Clinical Characteristics

The participant characteristic comparisons are presented in Table 1. The sample included 32 mTBI patients and 31 HCs. There was no statistically significant difference between patients and HCs with regard to sex, age, or education. The median injury and MRI scan interval was 29.25 h. Nine patients had a witnessed period of LOC. The demographic characteristics of the LOC and non-LOC groups are shown in Table 2.



Diffusion Metrics

mTBI vs. HCs: The TBSS analyses revealed higher FA, AD, and MD and lower MK, ODI, Vic and Viso in patients than in controls. FA showed the fewest significant voxels, and Viso showed the most (Table 3). Abnormal diffusion metrics were detected in the following regions: body and splenium of the corpus callosum, internal capsule, external capsule, corona radiata, posterior thalamic radiation and superior longitudinal fasciculus (Figure 1). The abnormality of corpus callosum was only detected by diffusion metrics of NODDI. The results based on ROIs that tested significant in TBSS are shown in Figure 2.


Table 3. Anatomical regions of tract-based spatial statistics results.
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FIGURE 1. Tract-based spatial statistics (TBSS) results of diffusion metrics. The TBSS analyses revealed increased FA, AD, MD, and decreased MK, ODI, Vic, and Viso in patients compared with controls. Green represents White Matter skeleton. Orange-yellow represents areas of significant differences. Orange represents lower FA, AD, MD, higher MK, ODI, Vic, and Viso, and yellow represents higher FA, AD, MD, lower MK, ODI, Vic, and Viso. FA, fractional anisotropy; AD, axial diffusivity; MD, mean diffusivity; MK, mean kurtosis; ODI, orientation dispersion index; Vic, the volume fraction of intra-cellular water; Viso, the volume fraction of the isotropic diffusion compartment.



[image: Figure 2]
FIGURE 2. Post-hoc region-of-interest (ROI) analysis results. Clusters are significant tracts in Tract-based spatial statistics (TBSS). Different boxplot represent different diffusion metrics. Orange box represent healthy controls (HCs), and blue box represent mild traumatic brain injury (mTBI) group. FA, fractional anisotropy; AD, axial diffusivity; MD, mean diffusivity; MK, mean kurtosis; ODI, orientation dispersion index; Vic, the volume fraction of intra-cellular water; Viso, the volume fraction of the isotropic diffusion compartment.




Diffusion Metrics

LOC vs. non-LOC: The TBSS analyses did not reveal any statistically significant differences in DTI, DKI or NODDI metrics between LOC and non-LOC patients.



Neuropsychological Tests Results

TMT-A data were unavailable in 5 mTBI patients because three patients had hand fractures and two patients needed to stay in a reclining position. TMT-B data were unavailable in 10 mTBI patients and seven healthy controls for the same reasons as TMT-A, and five patients and seven controls forgot the order of the alphabet, resulting in an unusually long test time. DSST data were lost in 6 mTBI patients; five of them had the same reasons as before, and the other patient had arm fractures. Compared with healthy controls, the performance of TMT-B and DSST tests was significantly worse in patients with mTBI (Table 1). There was no significant difference between LOC and non-LOC patients.



Correlation Results

At the level of the overall sample, FA in clusters 1 and 2, AD in cluster 1 and 2 and MD in cluster 1 were negatively correlated with DSST scores, and MK in cluster 1, ODI in cluster 1 and Vic in clusters 1 and 2 were positively correlated with DSST scores (Table 4). The correlation between Vic of the splenium of the corpus callosum and DSST scores showed the smallest p-value (p = 0.000, r = 0.481). At the mTBI group level, Vic in cluster 2 was positively correlated with DSST scores (p = 0.002, r = 0.577). Furthermore, diffusion metrics did not correlate with injury or MRI scan interval in either the total sample or the mTBI group. The partial correlation between diffusion metrics and DSST scores is presented in Figure 3. The correlation between Vic and DSST scores in the mTBI group is presented in Figure 4.


Table 4. Partial correlation results between diffusion metrics and cognitive function.
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[image: Figure 3]
FIGURE 3. Partial correlations between diffusion metrics and cognitive function. Clusters are significant tracts in Tract-based spatial statistics (TBSS). FA in cluster 1 and 2, AD in cluster 1 and 2 and MD in cluster 1 correlated negatively with the Digital Symbol Substitution Test (DSST) scores, and MK in cluster 1, ODI in cluster 1 and Vic in cluster 1 and 2 correlated positively with DSST scores. FA, fractional anisotropy; AD, axial diffusivity; MD, mean diffusivity; MK, mean kurtosis; ODI, orientation dispersion index; Vic, the volume fraction of intra-cellular water.



[image: Figure 4]
FIGURE 4. Spearman correlations between Vic and DSST in mTBI group. Vic in cluster 2 correlated positively with DSST scores. Vic, the volume fraction of intra-cellular water.




ROC Results

ODI had the largest area (AUC = 0.728) (Table 5). Although there was no significant difference, the diffusion metrics of NODDI showed larger AUCs than those of DTI and DKI, except for the AUC comparison between FA and ODI (p = 0.0264, Z = 2.221). For ODI, the optimal cutoff value was 0.168, with a sensitivity of 50.0 and a specificity of 90.3%. The ROC curve of ODI is shown in Figure 5.


Table 5. Areas under the ROC curve (AUC) of diffusion metrics.
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[image: Figure 5]
FIGURE 5. Receiver operating characteristic (ROC) curve of orientation dispersion index (ODI). Areas under the ROC curve (AUC) is 0.728. The cut-off value was ODI = 0.168 with a sensitivity of 50.0%, a specificity of 90.3%.





DISCUSSION

mTBI patients showed WM abnormalities and cognitive dificit compared to HCs in the acute stage. DSST is a superior reflection of brain microstructural changes after mTBI, especially its correlation with Vic in the splenium of the corpus callosum.

Long tract fibers (corona radiata, posterior thalamic radiation, and superior longitudinal fasciculus) and commissural fibers (corpus callosum) are most vulnerable to damage (45, 46) because of their long length and high membrane-to-cytoplasmic ratios (47). Our study obtained similar results and corroborated previous findings that the posterior region of the corpus callosum was more vulnerable to injury than the anterior region (48, 49). Only the diffusion metrics of NODDI characterize the abnormality of the corpus callosum, indicating the important role of NODDI to investigate key injury region after mTBI.

Changes in diffusion parameters indicated WM abnormalities in our research. First, increased FA was reported frequently within 2 weeks after injury, (50) which was believed to reflect injury-related cytotoxic edema (51) or reactive astrogliosis (52). Second, increased AD were thought to indicate brain edema. Third, MD increased when WM was disorganized or damaged (53). The result of increased FA, MD, and rather an unchanged RD was supported by Veeramuthu et al. (46) indicate that the supporting cells like astrocytes migrate to the site of injury, and caused the increase of cells density and diffusivity. Fourth, decreased MK was reported in a few studies on mTBI patients, and it was probably associated with degenerative changes and neuronal shrinkage (12, 14, 20, 54–57). Furthermore, decreased ODI indicated that WM fibers tended to be parallel, which is consistent with the FA results in our study. In a longitudinal study (24), ODI increased over time; we are interested in investigating the long-term effect in our future research. Finally, Vic, as a potential proxy for axonal density measurements, may be explained by edema and axonal beading followed by apoptosis (58) in our study. The primary effect on WM after mTBI is increased extra neurite water volume, which may be caused by the mixed effects of intra-neurite and isotropic water volume. This may be the reason for the discrepancy between our study and others (23–25). Combining the changes of three diffusion metrics of FA, ODI, and Vic, we infer that in the acute stage of mTBI, the WM fibers of the subjects tend to be parallel and loose. And the change of FA value reflects that the effect of paralleled WM fiber is greater than the influence of WM porosity. Since the corpus callosum is parallel fibers, and the influence of WM fiber looseness is not enough to cause a significant result, only the metrics of NODDI can detect the change of corpus callosum. As shown in our results, the combination of FA and MD showed changes in the whole brain. The NODDI parameters showed more spatially extensive effects than the DTI or DKI parameters, which was consistent with the ROC results. The aforementioned results indicated that NODDI was more sensitive to the effects of mTBI. Moreover, according to the results of our research and previous studies, MK and Vic were the most stable parameters of mTBI patients in terms of short-term effects, showing the functional complementarity of DKI and NODDI to DTI.

Processing speed is the fundamental cognitive process to support higher cognitive functions (59), such as sustained attention and working memory detected by the DSST. A previous study demonstrated that the external capsule conveys fibers from the cognitive region of the cerebral cortex to the striatum and contributes to cognitive control (60). Furthermore, the superior longitudinal fasciculus and corona radiata are structures critical to working memory (61). The internal capsule is related to disorders of attention (62, 63). Moreover, the corpus callosum, as the commissural fiber that connects the two hemispheres, participates in the process of attention and memory (60). These prior studies corroborate our results showing that WM abnormalities correlate to cognitive decline.

The negative correlation between FA and the DSST showed that the higher the FA was, the worse the cognitive function. Previous studies have found a similar result (50, 61, 64). This suggests that understanding the relationship between DSST and FA is important for patient management, such as addressing cytotoxic edema and reactive astrogliosis. The correlations between AD, MD, MK, and Vic, and DSST scores are supported by others (19, 23, 65). Lower Vic indicates higher axonal density and is accompanied by worse cognitive performance. A lower axonal density indicated a larger interstitial space and a larger buffering effect. At the same time, there are more neuro-supportive cells in the interstitial space (23) that help preserve brain function after TBI (66). There was no correlation between cognitive function and Viso, indicating that the change in free water does not affect cognitive function.

This study has some limitations. First, the moderate sample size, particularly the small sample sizes of the subgroups, may have been the cause of the negative results between the LOC and non-LOC groups. More mTBI patients should be recruited in future studies to test and clarify the results of the present research. Second, DSST and TMT cannot specifically detect a particular aspect of cognitive function. There are many brain regions associated with DSST. We could not provide an exact correlation between brain regions and the particular aspect of cognitive function. Many other tests should be performed to detect these correlations. Third, concomitant injury to other body regions confounded the performance of mTBI patients, although we minimized the inclusion of such patients. One of the future directions of our work will be the inclusion of a trauma control group. Finally, to determine the true predictive utility of these diffusion metrics, longitudinal studies should be performed to assess changes in imaging measures over time.



CONCLUSION

The diffusion parameters of DTI, DKI, and NODDI showed abnormalities in WM and their relationship with changes in cognitive function. The superior voxel count of NODDI and the consistency of MK, and Vic in previous studies and our study showed the functional complementarity of DKI and NODDI to DTI.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of the Second Xiangya Hospital, Central South University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JL: conceptualization, supervision, project administration, and funding acquisition. SH, ML, HZ, and JL: methodology. SH and HZ: software and visualization. SH, CH, ML, and HZ: validation. SH and CH: formal analysis and investigation. SH, CH, and ML: resources and data curation. SH: writing –original draft preparation. SH, CH, ML, HZ, and JL: writing –review and editing. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by the National Natural Science Foundation of China (81671671), the Science and Technology Project of Changsha (kq1801115), the Central South University (2021gfcx05), and Clinical Research Center for Medical Imaging in Hunan Province (2020SK4001).



ACKNOWLEDGMENTS

The authors express their appreciation to their patients and volunteers for participating in this study.



REFERENCES

 1. Taylor CA, Bell JM, Breiding MJ, Xu L. Traumatic brain injury-related emergency department visits, hospitalizations, and deaths - United States, 2007 and 2013. MMWR Surveill Summ. (2017) 66:1–16. doi: 10.15585/mmwr.ss6609a1

 2. Røe C, Sveen U, Alvsåker K, Bautz-Holter E. Post-concussion symptoms after mild traumatic brain injury: influence of demographic factors and injury severity in a 1-year cohort study. Disabil Rehabil. (2009) 31:1235–43. doi: 10.1080/09638280802532720

 3. Meares S, Shores EA, Taylor AJ, Batchelor J, Bryant RA, Baguley IJ, et al. The prospective course of postconcussion syndrome: the role of mild traumatic brain injury. Neuropsychol. (2011) 25:454–65. doi: 10.1037/a0022580

 4. Oppenheimer DR. Microscopic lesions in the brain following head injury. J Neurol Neurosurg Psychiatry. (1968) 31:299–306. doi: 10.1136/jnnp.31.4.299

 5. Clark JM. Distribution of microglial clusters in the brain after head injury. J Neurol Neurosurg Psychiatry. (1974) 37:463–74. doi: 10.1136/jnnp.37.4.463

 6. Benjamini D, Iacono D, Komlosh ME, Perl DP, Brody DL, Basser PJ. Diffuse axonal injury has a characteristic multidimensional MRI signature in the human brain. Brain. (2021) 144:800–16. doi: 10.1093/brain/awaa447

 7. Benjamini Dan BMKM. Multidimensional MRI for characterization of subtle axonal injury accelerated using an adaptive non-local multispectral Filter. Front Phy. (2021) 9:502. doi: 10.3389/fphy.2021.737374 

 8. Grieve SM, Williams LM, Paul RH, Clark CR, Gordon E. Cognitive aging, executive function, and fractional anisotropy: a diffusion tensor MR imaging study. AJNR Am J Neuroradiol. (2007) 28:226–35. doi: 10.1055/s-2006-951799

 9. Levin HS, Diaz-Arrastia RR. Diagnosis, prognosis, and clinical management of mild traumatic brain injury. Lancet Neurol. (2015) 14:506–17. doi: 10.1016/S1474-4422(15)00002-2

 10. Jones DK, Cercignani M. Twenty-five pitfalls in the analysis of diffusion MRI data. NMR Biomed. (2010) 23:803–20. doi: 10.1002/nbm.1543

 11. Eierud C, Craddock RC, Fletcher S, Aulakh M, King-Casas B, Kuehl D, et al. Neuroimaging after mild traumatic brain injury: review and meta-analysis. Neuroimage Clin. (2014) 4:283–94 doi: 10.1016/j.nicl.2013.12.009

 12. Jensen JH, Helpern JA, Ramani A, Lu H, Kaczynski K. Diffusional kurtosis imaging: the quantification of non-gaussian water diffusion by means of magnetic resonance imaging. Magn Reson Med. (2005) 53:1432–440. doi: 10.1002/mrm.20508

 13. Steven AJ, Zhuo J, Melhem ER. Diffusion kurtosis imaging: an emerging technique for evaluating the microstructural environment of the brain. AJR Am J Roentgenol. (2014) 202:W26–33. doi: 10.2214/AJR.13.11365

 14. Wu EX, Cheung MM. MR diffusion kurtosis imaging for neural tissue characterization. NMR Biomed. (2010) 23:836–848. doi: 10.1002/nbm.1506

 15. Zhang H, Hubbard PL, Parker GJ, Alexander DC. Axon diameter mapping in the presence of orientation dispersion with diffusion MRI. Neuroim. (2011) 56:1301–15. doi: 10.1016/j.neuroimage.2011.01.084

 16. Jelescu IO, Budde MD. Design and validation of diffusion MRI models of white matter. Front Phys. (2017) 28:61. doi: 10.3389/fphy.2017.00061

 17. Sepehrband F, Clark KA, Ullmann JF, Kurniawan ND, Leanage G, Reutens DC, et al. Brain tissue compartment density estimated using diffusion-weighted MRI yields tissue parameters consistent with histology. Hum Brain Mapp. (2015) 36:3687–702. doi: 10.1002/hbm.22872

 18. Kamagata K, Zalesky A, Hatano T, Ueda R, Di Biase MA, Okuzumi A, et al. gray matter abnormalities in idiopathic Parkinson's disease: evaluation by diffusional kurtosis imaging and neurite orientation dispersion and density imaging. Hum Brain Mapp. (2017) 38:3704–22. doi: 10.1002/hbm.23628

 19. Grossman EJ, Ge Y, Jensen JH, Babb JS, Miles L, Reaume J, et al. Thalamus and cognitive impairment in mild traumatic brain injury: a diffusional kurtosis imaging study. J Neurotrauma. (2012) 29:2318–27. doi: 10.1089/neu.2011.1763

 20. Stokum JA, Sours C, Zhuo J, Kane R, Shanmuganathan K, Gullapalli RP. A longitudinal evaluation of diffusion kurtosis imaging in patients with mild traumatic brain injury. Brain Inj. (2015) 29:47–57. doi: 10.3109/02699052.2014.947628

 21. Lancaster MA, Olson DV, McCrea MA, Nelson LD, LaRoche AA, Muftuler LT. Acute white matter changes following sport-related concussion: a serial diffusion tensor and diffusion kurtosis tensor imaging study. Hum Brain Mapp. (2016) 37:3821–34. doi: 10.1002/hbm.23278

 22. Lancaster MA, Meier TB, Olson DV, McCrea MA, Nelson LD, Muftuler LT. Chronic differences in white matter integrity following sport-related concussion as measured by diffusion MRI: 6-Month follow-up. Hum Brain Mapp. (2018) 39:4276–89. doi: 10.1002/hbm.24245

 23. Wu YC, Mustafi SM, Harezlak J, Kodiweera C, Flashman LA, McAllister TW. Hybrid diffusion imaging in mild traumatic brain injury. J Neurotrauma. (2018) 35:2377–90. doi: 10.1089/neu.2017.5566

 24. Churchill NW, Caverzasi E, Graham SJ, Hutchison MG, Schweizer TA. White matter during concussion recovery: comparing diffusion tensor imaging (DTI) and neurite orientation dispersion and density imaging (NODDI). Hum Brain Mapp. (2019) 40:1908–18. doi: 10.1002/hbm.24500

 25. Palacios EM, Owen JP, Yuh EL, Wang MB, Vassar MJ, Ferguson AR, et al. The evolution of white matter microstructural changes after mild traumatic brain injury: a longitudinal DTI and NODDI study. Sci Adv. (2020) 6:z6892. doi: 10.1126/sciadv.aaz6892

 26. Mayer AR, Ling J, Mannell MV, Gasparovic C, Phillips JP, Doezema D, et al. A prospective diffusion tensor imaging study in mild traumatic brain injury. Neurol. (2010) 74:643–50. doi: 10.1212/WNL.0b013e3181d0ccdd

 27. Kanefsky R, Motamedi V, Mithani S, Mysliwiec V, Gill JM, Pattinson CL. Mild traumatic brain injuries with loss of consciousness are associated with increased inflammation and pain in military personnel. Psychiatry Res. (2019) 279:34–9. doi: 10.1016/j.psychres.2019.07.001

 28. Browne KD, Chen XH, Meaney DF, Smith DH. Mild traumatic brain injury and diffuse axonal injury in swine. J Neurotrauma. (2011) 28:1747–55. doi: 10.1089/neu.2011.1913

 29. Ommaya AK, Gennarelli TA. Cerebral concussion and traumatic unconsciousness. Correlation of experimental and clinical observations of blunt head injuries. Brain. (1974) 97:633–54. doi: 10.1093/brain/97.1.633

 30. Hayes JP, Miller DR, Lafleche G, Salat DH, Verfaellie M. The nature of white matter abnormalities in blast-related mild traumatic brain injury. Neuroimage Clin. (2015) 8:148–56. doi: 10.1016/j.nicl.2015.04.001

 31. Wilde EA, Li X, Hunter JV, Narayana PA, Hasan K, Biekman B, et al. Loss of Consciousness is related to white matter injury in mild traumatic brain injury. J Neurotrauma. (2016) 33:2000–10. doi: 10.1089/neu.2015.4212

 32. Sorg SF, Delano-Wood L, Luc N, Schiehser DM, Hanson KL, Nation DA, et al. White matter integrity in veterans with mild traumatic brain injury: associations with executive function and loss of consciousness. J Head Trauma Rehabil. (2014) 29:21–32. doi: 10.1097/HTR.0b013e31828a1aa4

 33. Wechsler D. WAIS-III Administration and Scoring Manual: Wechesler Adult Intelligence Scale. San Antonio, TX: Psychological Corporation (1997). 

 34. Qin B, Xun P, Jacobs DJ, Zhu N, Daviglus ML, Reis JP, et al. Intake of niacin, folate, vitamin B-6, and vitamin B-12 through young adulthood and cognitive function in midlife: the coronary artery risk development in young adults (CARDIA) study. Am J Clin Nutr. (2017) 106:1032–40. doi: 10.3945/ajcn.117.157834

 35. Horton AM, Hartlage LC. The halstead-reitun neuropsychological test battery: theory and clinical interpretation. Arch Clin Neuropsych. (1994) 9:289–90. 

 36. Sánchez-Cubillo I, Periáñez JA, Adrover-Roig D, Rodríguez-Sánchez JM, Ríos-Lago M, Tirapu J, et al. Construct validity of the trail making test: role of task-switching, working memory, inhibition/interference control, and visuomotor abilities. J Int Neuropsychol Soc. (2009) 15:438–50. doi: 10.1017/S1355617709090626

 37. Misdraji EL, Gass CS. The trail making test and its neurobehavioral components. J Clin Exp Neuropsychol. (2010) 32:159–63. doi: 10.1080/13803390902881942

 38. Arbuthnott K, Frank J. Trail making test, part B as a measure of executive control: validation using a set-switching paradigm. J Clin Exp Neuropsychol. (2000) 22:518–28. doi: 10.1076/1380-3395(200008)22:4;1–0;FT518

 39. MacPherson SE, Cox SR, Dickie DA, Karama S, Starr JM, Evans AC, et al. Processing speed and the relationship between trail making test-B performance, cortical thinning and white matter microstructure in older adults. Cortex. (2017) 95:92–103. doi: 10.1016/j.cortex.2017.07.021

 40. Asken BM, DeKosky ST, Clugston JR, Jaffee MS, Bauer RM. Diffusion tensor imaging (DTI) findings in adult civilian, military, and sport-related mild traumatic brain injury (mTBI): a systematic critical review. Brain Imaging Behav. (2018) 12:585–612. doi: 10.1007/s11682-017-9708-9

 41. Yamada H, Abe O, Shizukuishi T, Kikuta J, Shinozaki T, Dezawa K, et al. Efficacy of distortion correction on diffusion imaging: comparison of FSL eddy and eddy_correct using 30 and 60 directions diffusion encoding. PLOS ONE. (2014) 9:e112411. doi: 10.1371/journal.pone.0112411

 42. Daducci A, Canales-Rodríguez EJ, Zhang H, Dyrby TB, Alexander DC, Thiran JP. Accelerated microstructure imaging via convex optimization (AMICO) from diffusion MRI data. Neuroim. (2015) 105:32–44. doi: 10.1016/j.neuroimage.2014.10.026

 43. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data. Neuroim. (2006) 31:1487–505. doi: 10.1016/j.neuroimage.2006.02.024

 44. Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing, threshold dependence and localisation in cluster inference. Neuroim. (2009) 44:83–98. doi: 10.1016/j.neuroimage.2008.03.061

 45. Bigler ED, Maxwell WL. Neuropathology of mild traumatic brain injury: relationship to neuroimaging findings. Brain Imaging Behav. (2012) 6:108–36. doi: 10.1007/s11682-011-9145-0

 46. Veeramuthu V, Narayanan V, Kuo TL, Delano-Wood L, Chinna K, Bondi MW, et al. Diffusion tensor imaging parameters in mild traumatic brain injury and its correlation with early neuropsychological impairment: a longitudinal study. J Neurotrauma. (2015) 32:1497–509. doi: 10.1089/neu.2014.3750

 47. McKee AC, Robinson ME. Military-related traumatic brain injury and neurodegeneration. Alzheimers Dement. (2014) 10:S242–53. doi: 10.1016/j.jalz.2014.04.003

 48. Takaoka M, Tabuse H, Kumura E, Nakajima S, Tsuzuki T, Nakamura K, et al. Semiquantitative analysis of corpus callosum injury using magnetic resonance imaging indicates clinical severity in patients with diffuse axonal injury. J Neurol Neurosurg Psychiatry. (2002) 73:289–93. doi: 10.1136/jnnp.73.3.289

 49. Shiramizu H, Masuko A, Ishizaka H, Shibata M, Atsumi H, Imai M, et al. Mechanism of injury to the corpus callosum, with particular reference to the anatomical relationship between site of injury and adjacent brain structures. Neurol Med Chir. (2008) 48:1–7. doi: 10.2176/nmc.48.1

 50. Croall ID, Cowie CJ, He J, Peel A, Wood J, Aribisala BS, et al. White matter correlates of cognitive dysfunction after mild traumatic brain injury. Neurol. (2014) 83:494–501. doi: 10.1212/WNL.0000000000000666

 51. Shenton ME, Hamoda HM, Schneiderman JS, Bouix S, Pasternak O, Rathi Y et al. A review of magnetic resonance imaging and diffusion tensor imaging findings in mild traumatic brain injury. Brain Imaging Behav. (2012) 6:137–92. doi: 10.1007/s11682-012-9156-5

 52. Budde MD, Janes L, Gold E, Turtzo LC, Frank JA. The contribution of gliosis to diffusion tensor anisotropy and tractography following traumatic brain injury: validation in the rat using Fourier analysis of stained tissue sections. Brain. (2011) 134:2248–60. doi: 10.1093/brain/awr161

 53. Assaf Y, Pasternak O. Diffusion tensor imaging (DTI)-based white matter mapping in brain research: a review. J Mol Neurosci. (2008) 34:51–61. doi: 10.1007/s12031-007-0029-0

 54. Jensen JH, Helpern JA. MRI quantification of non-Gaussian water diffusion by kurtosis analysis. NMR Biomed. (2010) 23:698–710. doi: 10.1002/nbm.1518

 55. Lu H, Jensen JH, Ramani A, Helpern JA. Three-dimensional characterization of non-gaussian water diffusion in humans using diffusion kurtosis imaging. NMR Biomed. (2006) 19:236–247. doi: 10.1002/nbm.1020

 56. Grossman E, Jensen J, Babb J, Chen Q, Tabesh A, Fieremans E, et al. Cognitive impairment in mild traumatic brain injury: a longitudinal diffusional kurtosis and perfusion imaging study. AJNR Am J Neuroradiol. (2013) 34:951–53. doi: 10.3174/ajnr.A3358

 57. Stenberg J, Eikenes L, Moen KG, Vik A, Håberg AK, Skandsen T. Acute diffusion tensor and kurtosis imaging and outcome following mild traumatic brain injury. J Neurotrauma. (2021) 38:2560–71. doi: 10.1089/neu.2021.0074

 58. Dikranian K, Cohen R, Mac DC, Pan Y, Brakefield D, Bayly P, et al. Mild traumatic brain injury to the infant mouse causes robust white matter axonal degeneration which precedes apoptotic death of cortical and thalamic neurons. Exp Neurol. (2008) 211:551–60. doi: 10.1016/j.expneurol.2008.03.012

 59. Salthouse TA. When does age-related cognitive decline begin? Neurobiol Aging. (2009) 30:507–14. doi: 10.1016/j.neurobiolaging.2008.09.023

 60. Schmahmann JD, Smith EE, Eichler FS, Filley CM. Cerebral white matter: neuroanatomy, clinical neurology, and neurobehavioral correlates. Ann N Y Acad Sci. (2008) 1142:266–309. doi: 10.1196/annals.1444.017

 61. Chung S, Wang X, Fieremans E, Rath J, Amorapanth P, Foo FY, et al. Altered relationship between working memory and brain microstructure after mild traumatic brain injury. AJNR Am J Neuroradiol. (2019) 40:1438–44. doi: 10.3174/ajnr.A6146

 62. Rao SM. Neuropsychology of multiple sclerosis. Curr Opin Neurol. (1995) 8:216–20. doi: 10.1097/00019052-199506000-00010

 63. Tatemichi TK, Desmond DW, Prohovnik I, Cross DT, Gropen TI, Mohr JP, et al. Confusion and memory loss from capsular genu infarction: a thalamocortical disconnection syndrome? Neurol. (1992) 42:1966–79. doi: 10.1212/wnl.42.10.1966

 64. Zhu J, Ling J, Ding N. Association between diffusion tensor imaging findings and cognitive outcomes following mild traumatic brain injury: a PRISMA-compliant meta-analysis. Acs Chem Neurosci. (2019) 10:4864–9. doi: 10.1021/acschemneuro.9b00584

 65. Kinnunen KM, Greenwood R, Powell JH, Leech R, Hawkins PC, Bonnelle V, et al. White matter damage and cognitive impairment after traumatic brain injury. Brain. (2011) 134:449–63. doi: 10.1093/brain/awq347

 66. Burda JE, Bernstein AM, Sofroniew MV. Astrocyte roles in traumatic brain injury. Exp Neurol. (2016) 275 :305–−15. doi: 10.1016/j.expneurol.2015.03.020

Conflict of Interest: HZ is employed by MR Scientific Marketing, Siemens Healthcare Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Huang, Huang, Li, Zhang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-803066-g005.gif
10m-Specificity





OPS/images/fneur-13-803066-t001.jpg
N

Sex

Age (y)

Education (y)
Cause of injury
Motor vehicle accident
Assault

Fall

Other

Loc

Injury and MRI scan
interval (r)

TMT-A

T™MT-B

DSST

mTBI HCs

32 31
M:17; F:15 M:14; F:17
32.41 £ 13.20 37.77£9.34
12(9; 15.75) 15 (10; 16)
14 (43.75%)
6(18.75%)
7 (21.88%)
5 (15.62%)
9
29.25 (16; 57.5)

136.24 £ 61.24
43.96 + 13.91

wz/c2 p

04 062
-1.86 0.07
-106 03

47.45 (30.32; 68.92) 43.70 (33.97; 54.50) —0.62 0.55
90.16 + 36.08
56.23 + 15.65

3.11 0.004
-3.1 0.003

mTBl, mild traumatic brain injury; HCs, healthy controls; LOC, loss of concussion; TMT,
Trail Making Test; DSST, Digital Symbol Substitution Test.





OPS/images/fneur-13-803066-g003.gif





OPS/images/fneur-13-803066-g004.gif





OPS/images/fneur-13-803066-t004.jpg
FA FA AD

(cluster 1) (cluster 2) (cluster 1)
DSST  r=-0401 r=-0455  r=-0473
p=0.001 p=0000 p=0000

AD MD MK oDl Vic
(cluster 2) (cluster 1) (cluster)  (cluster1) (cluster 1)
r=-0.451 r=-0.437 r=0.410 r=0.441 r=0.403
p=0.001 p=0001 p=0002 p=0001 p=0002

Vic
(cluster 2)

r=0.481
p=0000

FA, fractionl anisotropy; AD, axial diftusivity; MD, mean diffusivity; MK, mean kurtosis; ODI, orientation dispersion indlex; Vic, the volume fraction of intra-celluer water; DSST, Digitel

Symbol Substitution Test.





OPS/images/fneur-13-803066-t002.jpg
Loc

N 9

Sex M:4; F:5
Age 29.44 +14.48
Education 11.33+£2.24
TMT-A 56.02 + 28.26
T™T-B 129.48 £ 69.15
DssT 43.14 £ 16.12

M:5; F:d
28.89 + 14.10
11.22 +£3.35
74.31 +58.05
163.82 + 65.52
41.33 £ 14.05

tIF

-0.08
-0.08
0.81
0.73
-0.25

1
0.94
0.94
0.43
0.48
0.81

mTBl, mild traumatic brin injury; LOC, loss of concussion; TMT, Trail Making Test; DSST,

Digital Symbol Substitution Test.





OPS/images/fneur-13-803066-t003.jpg
AD

MD

MK

oDl

Viso

Cluster
index

(SIS AN

4
5

Anatomical regions

External capsule L, Anterior corona radiata L
Posterior thalamic radiation (include optic radiation) L,
Superior longitudinal fasciculus L

Retrolenticular part of interal capsule L, Posterior corona
radiata L

Posterior thalamic radiation (include optic radiation) R,
External capsule R, Internal capsule R

Posterior thalamic radiation (include optic radiation) L,
External capsule L, Internal capsule L

Superior longitudinal fasciculus R, Superior corona radiata
R, Posterior limb of internal capsule R

Internal capsule R, Superior corona radiata R, External
capsule R

External capsule L

Posterior thalamic radiation (include optic radiation) L & R,
Posterior limb of inteal capsule L &R, External capsule L
&R

Superior corona radiata L, Body of corpus callosum
Anterior corona radiata L

Corona radiata L (Anterior and Superior part)

Superior longitudinal fasciculus R, internal capsule R
Splenium of corpus callosum

Corona radiata R, External capsule R, corpus callosum

Posterior thalamic radiation (include optic radiation) L,
Superior longitudinal fasciculus L, Splenium of corpus
callosum

Anterior limb of internal capsule L, corona radiata
L(Anterior and Superior part)

External capsule L
Superior corona radiata L

Voxels

1,399

927

385

19,661

7,303

13,755

13,982

155

16,658

12249
370
187

17,254
112

17,699

7,011

2,178

68
60

Minp
0019
0.027
0041
0.003
0.007
0.023
002
0,048

0.001

0.027
0.031
0.045
0.012
0.048
0.003
0.027

0.038

0.049
0.049

113
126

118

52

113

62

9%

116

112

108
112
109
65
91
63
131

17

120
115

149
70

95

82

151

94

187
162

129
171
143
12
87

104

146

132
114

76
75

gl

81

90

44

62

69

113
84
104
82

81

97

62
1038

FA, fractional anisotropy; AD, axial diffusivity; MD, mean diffusivity; MK, mean kurtosis; ODI, orientation dlispersion index; Vic, the volume fraction of intra-cellular water; Viso, the volume
fraction of the isotropic diffusion compartment.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		White Matter Abnormalities and Cognitive Deficit After Mild Traumatic Brain Injury: Comparing DTI, DKI, and NODDI



		Introduction



		Materials and Methods



		Participants



		MRI Acquisition



		Neuropsychological Tests



		Image Analysis



		Tract-Based Spatial Statistics (TBSS) Analysis



		Statistical Analysis







		Results



		Demographic and Clinical Characteristics



		Diffusion Metrics



		Diffusion Metrics



		Neuropsychological Tests Results



		Correlation Results



		ROC Results







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

White Matter Abnormalities and
Cognitive Deficit After Mild Traumatic
Brain Injury: Comparing DTI, DKI,
and NODDI





OPS/images/fneur-13-803066-g001.gif





OPS/images/fneur-13-803066-g002.gif





OPS/images/fneur-13-803066-t005.jpg
FA
AD
MD
MK
oDl
viC
VISO

Auc

0.567
0.723
0.636
0.855
0.728
0.67

0.71

SE

0.0747
0.0857
0.0711
0.0897
0.0669
0.0695
0.0674

95% CI

0.436-0.691
0.596-0.829
0.506-0.753
0.525-0.771
0.601-0.832
0.540-0.784
0.5682-0.817

ROC, receiver operating characteristic; SE, standard error; Cl, confidence interval; FA,
fractional anisotropy; AD, axial diffusivity; MD, mean diffusivity; MK, mean kurtosis; ODI,
orientation dispersion index; Vic, the volume fraction of intra-cellular water; Viso, the
volume fraction of the isotropic diffusion compartment.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





