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Altered diffusion tensor imaging (DTI) 
parameters in brain parenchyma after traumatic 
brain injury
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Abstract 

Aim of study:  To evaluate the role of diffuse tensor imaging (DTI) in detecting structural alterations following TBI 
with persistent symptoms without findings on conventional structural imaging.

Methods:  This was a prospective study that enrolled a total of 30 individuals (12 females and 18 males), 6 control 
with no history of trauma and 24 with previous history of trauma. All subjects underwent conventional brain MRI 
and DTI. The eigenvalues of the genue and splenium of corpus callosum (CC), superior longitudinal fasciculus (SLF), 
inferior longitudinal fasciculus (ILF), corticospinal tract (CS), arcuate fasciculus (AF) were measured bilaterally in all 
cases using suitable region of interest and the fraction anisotropy (FA), mean diffusivity (MD), were calculated. FA and 
MD values were compared between patients and control subjects. Diagnostic accuracy was calculated for FA, MD and 
combined. Sensitivity and Specificity were determined from the curve and PPV, NPV and accuracy underwent calcula-
tion through cross-tabulation.

Result:  As compared with controls, FA was significantly decreased and MD was significantly increased in genue and 
splenium of CC and CS. For the Combined FA & MD in differentiating cases with trauma there was statistically signifi-
cant difference in SLF, AF, genue, splenium, ILF and CS as p value < 0.05.

Conclusions:  DTI parameters is a promising tool in the detection of subtle brain parenchymal changes in patients 
with TBI who have persistent symptoms and no evident abnormalities on conventional MRI. Furthermore combined 
use of FA and MD shows better diagnostic accuracy in differentiation between control and trauma patient.
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Background
Over 27 million persons are affected by TBI (traumatic 
brain injury) worldwide annually. TBI usually results in 
cognitive and functional impairments, impaired daily life 
activities and poor quality of life [1]. Defects in attention, 
processing speed, memory, language, executive function, 

or other cognitive functions commonly occur as TBI 
sequelae [2].

In TBI patients, CT is often performed as the first 
radiological technique during the acute treatment. CT 
can be done rapidly, and it can detect the pathological 
changes which are essential for the early treatment of 
brain trauma, including hemorrhages, cerebral edema, 
and midline shift [3]. CT, however, has a limited role. 
Numerous studies demonstrated that magnetic reso-
nance imaging (MRI) is better as compared with the CT 
in the detection of intraparenchymal traumatic lesions, 
both in the acute and chronic stages, and irrespective 
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of injury severity, particularly brainstem and traumatic 
axonal injuries are much better visualized using MRI [4].

The pathological changes of DAI (diffuse axonal injury) 
after TBI include by diffuse axonal injury in brainstem, 
parasagittal white matter (WM) of cerebral cortex, and 
CC [5]. The most common DAI sites include CC, mainly 
the splenium, hemispheric WM, brainstem, as well as 
cerebellum. CT and MRI were shown to be associated 
with an underestimation of the extent of DAI after TBI 
[6, 7], thus the utilization of advanced MRI methods, 
like DTI, can detect white matter injury and its related 
symptoms after TBI [8, 9]. Significant evidence does exist 
regarding the susceptibility of WM bundles near the 
midline, including the fornix and cingulum, to shearing 
forces after TBI [10, 11].

DTI can qualitatively and quantitatively detect the 
pathological changes not visualized by other methods 
and is, thus, a significant tool in both the research and 
clinical settings [12], two DTI scalars—MD and FA char-
acterize the degree of water diffusion and anisotropy, 
respectively, for each voxel. Furthermore, axial (parallel 
to long axis of fiber) and radial (perpendicular) diffusivity 
are given by corresponding eigenvector values [13, 14]. 
An alteration of DTI-based parameters in the subacute 
post-injury stage proposes different levels of WM injury 
[15, 16].

Our aim is to assess the role of DTI in the detec-
tion of structural changes following TBI with persistent 
symptoms without findings on conventional structural 
imaging.

Methods
The current study obtained its approval from the local 
ethics committee and an informed consent was taken 
from every participant. A total of 32 subjects were 
enrolled, 26 patients who had past history of head trauma 
and 6 control healthy subjects. The inclusion criteria 
were; (1) patients with past history of head trauma, (2) 
persistent symptoms, (3) no evident white matter abnor-
malities on conventional MRI. We excluded two patients 
from the study because one patient had cerebral contu-
sions and corpus callosum abnormal SI and the other one 
showed multiple abnormal SI in WM. The final patients 
included were 24 patients (9 females and 15 males), and 6 
control with no history of trauma. They were 5–52 years 
old (mean age = 26 years).

MRI technique
Technique was carried out by a 1.5 Tesla scanner 
(Ingenia, Philips). dStream HeadNeck 20 channel coil 
was used.

The next conventional MR sequences were used during 
the imaging:

2D sagittal T1-weighted spin-echo localizer (500/8/1 
[TR/TE/excitations], 90° flip angle, 24_24-cm field 
of view [FOV], 256_256 imaging matrix, 20 sections, 
5-mm section thickness with 1.5-mm skip). 2D axial 
T2-weighted multiplanar prepared gradient-recalled 
acquisition in the steady state (800/25/1, 20° flip angle, 
22_22-cm FOV, 256_256 imaging matrix, 23 sections, 
5-mm section thickness with 2-mm skip).2D axial 
T1-weighted spin-echo (500/8/1, 90° flip angle, 24_24-cm 
FOV, 256_256 imaging matrix, 20 sections, 5-mm section 
thickness with 1.5-mm skip).

DTI was carried out using a modified 2D spin-echo 
sequence, with an echo planar imaging acquisition win-
dow and a pair of diffusion gradients symmetrically 
positioned around the 180° radio-frequency pulse. The 
imaging parameters were 4500/71.8/1, 24_24-cm FOV, 
21 contiguous sections, 3-mm section thickness.

Then images were taken to offline workstation for 
post-processing.

Post‑processing
DICOM images underwent transfer to workstation 
(extended MR Workspace 2.6.3.5, Philips medical sys-
tems Nederland BV). At first, automated registration of 
DTI data was performed to remove eddy-current arti-
facts, after that fiber tracking advanced tools started. 
The eigenvalues (primary, secondary and tertiary) of the 
genue and splenium of CC, SLF, ILF, CS and AF were 
bilaterally measured using the appropriate region of 
interest and FA and MD, underwent calculation.

Statistical analysis
Data were analyzed by IBM SPSS Corp. Released 2013. 
IBM SPSS Statistics for Windows, V 22.0. Armonk, NY: 
IBM Corp. Qualitative data were represented as num-
bers and percents. Quantitative data were represented as 
means and standard deviations for parametric data and 
medians (min. and max.) for nonparametric data follow-
ing testing normality by Kolmogrov–Smirnov test. Sig-
nificance of results was set at the (0.05) level. Student t 
test was utilized for comparing two independent groups 
and Receiver Operating Characteristic (ROC) curve anal-
ysis, diagnostic precision ROC curve analysis is used to 
evaluate a test’s diagnostic performance or its ability to 
accurately distinguish between people with and without 
an illness. Cross-tabulation calculations were used to cal-
culate PPV, NPV and accuracy while the ROC curve was 
used to estimate sensitivity and specificity.

Results
Twenty four patients with head trauma and 6 age- and 
gender-matched normal control subjects were enrolled in 
the study.
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Baseline characteristics
The patient group consisted of 9 females and 15 males 
(median age 26, range 5–52  years) while the control 
group included 3 males and 3 females (median age 
27, range 6–53  years) with no significant difference 
between both groups.

Patients came with history of head trauma from 
3  days to one month. They were subjected for MRI 
brain with diffusion tensor imaging. According to the 
mode of trauma 15 patients (50%) came in road traf-
fic accidents, 6 of them (20%) falling from height and 3 
patients (10%) came in street fight. 30 subjects showed 
GCS (Glasgow Coma Scale) variation from 8 (sever 
traumatic brain injury) to 15 control cases and cases 
with mild trauma.

The conventional MR did not detect any abnormali-
ties in controls. For the trauma group, 15 patients (62.5%) 
showed no abnormalities, while the other 9 cases (37.5%) 
showed abnormalities in the form of: 5 cases showed 
right subdural hemorrhage, subarachnoid hemorrhage 
seen in 3 cases, and one case showed small right parietal 
subgaleal hematoma; however, none of these nine cases 
showed evident white matter abnormalities on conven-
tional MRI.

DTI parameters in TBI patients and control
A significant difference was sound between both 
groups in the measurement of means of FA and MD 
(10−3  mm2/s) in genue, splenium and CS as p value 
< 0.05 as demonstrated in Tables  1 and 2.The mean 

Table 1  Comparison of FA findings between trauma patients & control

Parameters described as mean ± SD

*Statistically significant

FA No trauma n = 6 Trauma n = 24 Student t test p value

SLF Right 0.376 ± 0.029 0.412 ± 0.11 0.753 0.458

Left 0.349 ± 0.191 0.394 ± 0.092 0.836 0.410

AF Right 0.427 ± 0.071 0.420 ± 0.098 0.153 0.879

Left 0.390 ± 0.088 0.458 ± 0.126 1.24 0.226

Genu Right 0.7975 ± 0.07 0.521 ± 0.127 5.07 < 0.001*

Left 0.771 ± 0.091 0.516 ± 0.140 4.20 < 0.001*

Splenium Right 0.863 ± 0.06 0.537 ± 0.151 5.12 < 0.001*

Left 0.858 ± 0.06 0.544 ± 0.168 4.43 < 0.001*

ILF Right 0.484 ± 0.075 0.461 ± 0.081 0.617 0.542

Left 0.477 ± 0.064 0.466 ± 0.068 0.385 0.703

CS Right 0.671 ± 0.07 0.524 ± 0.121 2.87 0.008*

Left 0.699 ± 0.076 0.530 ± 0.116 3.36 0.002*

Table 2  Comparison of MD findings between cases with & without trauma

Parameters described as mean ± SD

*Statistically significant

MD No trauma n = 6 Trauma n = 24 Student t test p value

SLF Right 0.726 ± 0.099 0.798 ± 0.061 2.29 0.03*

Left 0.768 ± 0.17 0.835 ± 0.139 1.03 0.314

AF Right 0.769 ± 0.08 0.806 ± 0.0499 1.39 0.175

Left 0.802 ± 0.085 0.797 ± 0.069 0.153 0.879

Genu Right 0.407 ± 0.267 0.809 ± 0.081 6.53 < 0.001*

Left 0.633 ± 0.07 0.842 ± 0.111 4.35 < 0.001*

Splenium Right 0.677 ± 0.065 0.836 ± 0.075 4.72 < 0.001*

Left 0.630 ± 0.039 0.814 ± 0.082 4.58 < 0.001*

ILF Right 0.835 ± 0.073 0.824 ± 0.079 0.311 0.758

Left 0.805 ± 0.03 0.867 ± 0.083 1.78 0.086

CS Right 0.669 ± 0.07 0.797 ± 0.094 3.14 0.004*

Left 0.639 ± 0.056 0.803 ± 0.097 3.96 < 0.001*
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FA in genue of the trauma patients (0.52 ± 0.127on 
the right) and (0.516 ± 0.140 on the left) was signifi-
cantly lower than the controls (0.7975 ± 0.07 on the 
right) and (0.771 ± 0.091 on the left), while the mean 
MD (0.809 ± 0.081 on the right) and (0.842 ± 0.111 
on the left) was significantly greater compared with 
controls (0.407 ± 0.267 on the right) and (0.633 ± 0.07 
on the left). Mean FA in the splenium of the trauma 
group (0.537 ± 0.151 on the right) and (0.544 ± 0.168 
on the left) was significantly lower than controls 
(0.863 ± 0.06 on the right) and (0.858 ± 0.06 on the 
left) also the mean MD (0.836 ± 0.075 on the right) 
and (0.814 ± 0.082 on the left) was significantly greater 
compared to the control group (0.677 ± 0.065 on the 
right) and (0.630 ± 0.039 on the left). As regard to the 
CS the mean FA was significantly lower in the trauma 
group (0.524 ± 0.121 on the right) and (0.530 ± 0.116 
on the left) than the control (0.671 ± 0.07 on the right) 
and (0.699 ± 0.076 on the left) the mean MD was sig-
nificantly higher in trauma group (0.797 ± 0.094 on the 
right) and (0.803 ± 0.097 on the left) than the control 
group (0.669 ± 0.07on the right) and (0.639 ± 0.056 on 
the left) (Fig. 1).

ROC curve analysis
At ROC curve for genue the AUC (Area under curve) of 
FA values utilized to differentiate trauma cases from con-
trol subjects were (0.944) on right side and (0.896) on left 
side with cutoff point (0.7505) on right side and (0.682) 
on left side. The sensitivity, specificity, PPV and NPV 
were (91.7%, 83.3%, 95.7%, 71.4%), respectively, on right 
side and (87.5%, 83.3%, 95.5%, 62.5%), respectively, on left 
side, as shown in Table 3 (Fig. 2). The AUC of MD values 
used to differentiate trauma cases from control subjects 
were (0.913) on right side and (0.979) on left side with 
cutoff point (0.706) on right side and (0.722) on left side. 
The sensitivity, specificity, PPV and NPV were (91.7%, 
83.3%, 95.7%, 71.4%), respectively, on right side and 
(95.8%, 83.3%, 95.8%, 83.3%), respectively, on left side, as 
shown in Table 4 (Fig. 3).

For the splenium of corpus callosum, at ROC curve, 
the AUC of FA values utilized to differentiate trauma 
cases from control subjects were (0.972) on right side and 
(0.938) on left side with cutoff point (0.8152) on right side 
and (0.820) on left side. The sensitivity, specificity, PPV 
and NPV were (95.8%, 83.3%, 95.8%, 83.3%), respectively, 
on right side and (91.7%, 83.3%, 95.7%, 71.4%), respec-
tively, on left side, as shown in Table 3 (Fig. 2).The AUC 
of MD values utilized to differentiate trauma cases from 

Fig. 1  Male patient aged 25 years old with trauma since 2 weeks came with drowsiness, came with GCS 15. No detected any abnormalities in 
conventional MRI images T2 and FLAIR (A and B). DTI image C of both genue and splenium of corpus callosum show affection of genue on right 
side mean FA less than 0.751 and ADC more than 0.706 and affection right side splenium as FA less than 0.82 and ADC more than 0.743

Table 3  Validity of FA genue, splenium and CS tracts in discriminating trauma cases from controls

*Significance of FA alone, MD alone and combined FA and MD

AUC​—area under curve, PPV—positive predictive value, NPV—negative predictive value

FA AUC (95% CI) P value Cutoff point Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Genue Right 0.944 (0.864–1.0) 0.001* 0.7505 91.7 83.3 95.7 71.4 96.7

Left 0.896 (0.782–1.0) 0.003* 0.682 87.5 83.3 95.5 62.5 86.7

Splenium Right 0.972 (0.919–1.0) < 0.001* 0.8152 95.8 83.3 95.8 83.3 93.3

Left 0.938 (0.851–1.0) 0.001* 0.820 91.7 83.3 95.7 71.4 90.0

CS Right 0.854 (0.721–0.987) 0.008* 0.600 79.2 83.3 95.0 50.0 80.0

Left 0.875 (0.747–1.0) 0.005* 0.646 83.3 66.7 90.9 50.0 80.0
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control subjects were (0.972) on right side and (0.958) on 
left side with cutoff point (0.743) on right side and (0.680) 
on left side. The sensitivity, specificity, PPV and NPV val-
ues were (91.7%, 83.3%, 95.7%, 71.4%), respectively, on 
right side and (91.7%, 83.3%, 71.4%, 90%), respectively, on 
left side, as shown in Table 4 (Fig. 3).

At ROC curve, the AUC of CS tract, the FA values used 
to differentiate trauma cases from controls were (0.854) 
on right side and (0.875) on left side with cutoff point 
(0.600) on right side and (0.646) on left side. The sensi-
tivity, specificity, PPV and NPV were (79.2%, 83.3%, 95%, 
50%), respectively, on right side and (83.3%, 66.7%, 90.9%, 

50%), respectively, on left side, as demonstrated in Table 3 
(Fig. 2). While the AUC of MD values used to differenti-
ate trauma cases from controls were (0.882) on right side 
and (0.938) on left side with cutoff point (0.7065) on right 
side and (0.712) on left side. The sensitivity, specificity, 
PPV and NPV were (91.7%, 66.7%, 91.7%, 66.7%), respec-
tively, on right side and (87.5%, 83.3%, 95.5%, 62.5%), 
respectively, on left side, as shown in Table 4 (Fig. 3).

For combined FA and MD, the AUC of genue and sple-
nium was higher than individual FA and MD alone, while 
in CS combined FA and MD was slightly higher or might 
be near equal the individual FA and MD (Table 5) (Fig. 4).

Fig. 2  ROC curve demonstrating specificity and sensitivity of FA in genue, splenium and CS tract on both sides

Table 4  Validity of MD genue in discriminating trauma cases from control group

*Significance of FA alone, MD alone and combined FA and MD

MD AUC (95% CI) P value Cutoff point Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Genu Right 0.913 (0.774–1.0) < 0.001* 0.706 91.7 83.3 95.7 71.4 90.0

Left .979 (0.936–1.0) < 0.001* 0.722 95.8 83.3 95.8 83.3 93.3

Splenium Right 0.972 (0.919–1.0) < 0.001* 0.743 91.7 83.3 95.7 71.4 90.0

Left 0.958 (0.886–1.0) < 0.001* 0.680 91.7 83.3 71.4 90.0 71.4

CS Right 0.882 (0.758–1.0) 0.004* 0.7065 91.7 66.7 91.7 66.7 86.7

Left 0.938 (0.851–1.0) 0.001* 0.712 87.5 83.3 95.5 62.5 86.7
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Correlations between GCS and DTI parameters in trauma 
patients
There was significant negative association between 
GCS and combined FA and MD values in AF (r-0.434, 
p-value 0.017), ILF (r-0.463, p-value 0.010), as well as 
CS tract (rs-0.492, p-value 0.006). No correlations were 

found for combined FA and MD value with GCS in SLF, 
splenium and genue (Table 6).

Discussion
The key finding of the our study is altered DTI parame-
ters in genue, splenium and CS tract in trauma patients 
and control, furthermore combined use of FA and MD 

Fig. 3  ROC curve demonstrating specificity and sensitivity of MD in genue, splenium and CS tract on both sides

Table 5  Validity of combined FA & MD in differentiating cases with trauma

*Significance of FA alone, MD alone and combined FA and MD

AUC​—area under curve, PPV—positive predictive value, NPV—negative predictive value

Cutoff point for saved probability by regression

Combined FA & MD AUC (95% CI) P value cutoff point by 
probability of 
multivariate

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

SLF 0.799 (0.585–1.0) 0.02* .7541514 87.5 66.7 91.3 57.1 83.3

AF 0.937 (0.849–1.0) 0.001* .8464303 83.3 83.3 95.2 55.6 83.3

Genu 1.0 (1.0–1.0) < 0.001* .500000 100.0 100.0 100.0 100.0 100.0

Splenium 1.0 (1.0–1.0) < 0.001* .500000 100.0 100.0 100.0 100.0 100.0

ILF 0.785 (0.598–0.972) 0.034* .7606485 79.2 66.7 90.5 44.4 76.7

CS 0.951 (0.878–1.0) 0.001* 0.7615 87.5 83.3 95.5 62.5 86.7
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showed better diagnostic accuracy in differentiation 
between trauma patients and control.

DTI is an advanced MRI that came into existence in the 
mid-1980s and is able to provide rich information on the 
brain’s neuroanatomical connectome [17, 18].

In normal brain, the degree of diffusion is restricted by 
the microstructural organization of white matter tracts 
[19]; leading to decreased MD/ADC values. However, 

this could be increased after a TBI because of injury/
changes to the white matter microstructure, which previ-
ously reduced diffusion [15]. This concept was revealed 
in this study, as the mean MD demonstrated a statistically 
significant increase in the cases with TBI as compared 
with control subjects in the following regions; genu, sple-
nium and CS (on both the right and left side) and of the 
SLF on the right side only.

Reduced FA (particularly at the anterior corona 
radiata, cingulum bundle, and e uncinate fasciculus) 
and increased MD values were found among TBI sub-
jects indicating more isotropic (i.e., less limited) diffu-
sion due to white matter injury and enhanced diffusion 
perpendicular to the predominant orientation of axonal 
fibers due to myelin injury [20]. Meanwhile, increased 
FA values and reduced MD values are detected in CC 
and many left-hemisphere tracts in semi-acute mTBI 
(mild traumatic brain injury) cases, in comparison with 
control persons [21]. In this study, the mean FA demon-
strated a statistically significant reduction in the cases 
with TBI in comparison with the control subjects in 
the following regions; genu, splenium and CS (on both 
the right and left side). In agreement with our results, 
in the study by Hanks and his colleagues, not only were 
FA values showed significant reduction in TBI patients 
in comparison with controls across the imaged regions, 
their study also significantly supported the validity of FA 

Fig. 4  ROC curve demonstrating specificity and sensitivity of combined FA and MD in genue, splenium and CS tract on both sides

Table 6  Correlation between GCS and combined FA & MD 
among studied cases

Rs Spearman correlation coefficient

GCS

SLF (combined FA& MD) Rs .012

p-value .951

AF (combined FA& MD) Rs − .434*

p-value .017

Splenium (combined FA& MD) Rs − .338

p-value .067

Genue (combined FA& MD) Rs − .192

p-value .310

ILF (combined FA& MD) Rs − .463**

p-value .010

CS (combined FA& MD) Rs − .492**

p-value .006
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values in the body of CC in relation to clinical outcomes 
after TBI [22]. Also, in accordance with the current find-
ings, a meta-analysis of DTI studies on mTBI subjects 
demonstrated significantly low FA in the CC in com-
parison with control subjects. Furthermore, a subanalysis 
showed a significantly low FA in the splenium, a marginal 
decrease in FA in the midbody and no alterations in FA in 
the genue of CC, while in our study there were changes in 
genue of CC [23].

MRI has now been utilized in investigating the heads 
of injured patients for many years and has been found 
to have high sensitivity compared with CT especially for 
smaller lesions as are often seen in diffuse axonal injury. 
MRI has also been utilized in many smaller series of 
TBI patients [24]. None of our 24 cases showed evident 
white matter abnormalities on conventional MRI stud-
ies but they showed altered DTI parameters (Fig.  1)., 
and this was evidenced by study conducted by Teramaya 
and his colleagues that recovery might be predicted by 
DTI in TBI cases. This is especially relevant to mild TBI 
that causes axonal injury, usually in the context of nor-
mal CT/MRI. The capacity of DTI to detect subclinical 
DAI neuropathologic alterations clarifies the excitement 
regarding such modality [25, 26].

In the current study, by using the ROC curve analysis, 
both FA and MD in the genue, splenium and corticospi-
nal tract showed high validity in differentiating cases with 
TBI in comparison with controls. Also, the validity of 
combined FA & MD in differentiating cases with trauma 
are statistically significance in SLF, AF, genue, splenium, 
ILF and CS.

In addition, Kennedy et  al. [27] found long-term 
(mean = 7  years) reductions in FA and increased MD 
in the centrum semiovale, and the superior and inferior 
frontal WM following severe TBI.

Our results also agreed with [28] who investigated 
Dentatorubrothalamic tract (DRTT) injuries in subjects 
who had post-traumatic tremors in at least one extrem-
ity after mild TBI. Dentatorubrothalamic tract FA values 
showed significant reduction in patient’s limbs as com-
pared to controls (P < 0.05). On the other hand, no sig-
nificant difference existed in ADC of the DRTT between 
patient group and controls (P > 0.05).

On the other hand, Bazarian and his colleagues [29] 
reported high FA of the posterior CC of mTBI patients 
within 3 days after injury and also reduced ADC. Mayer 
and his colleagues [21] also reported increased FA in 
mTBI patients 12.5 ± 5.4 days after injury.

Limitations
The current study has few limitations, as it a single center 
study and enrolled a relatively small sample size of the 
patients. Also, the study didn’t compare the different 

DTI parameters according to the severity of TBI. At last, 
we didn’t report the changes after follow-up which is 
a matter of a debate between studies, but it hadn’t been 
illustrated here. Future study with follow-up MRI is rec-
ommended to evaluate the prognostic role of DTI in early 
detection of WM abnormalities.

Conclusions
DTI parameters is a promising tool in the detection of 
early brain parenchymal changes in TBI patients with 
persistent symptoms and no evident abnormalities on 
conventional MRI. Further more combined use of FA and 
MD shows better diagnostic accuracy in differentiation 
between control and trauma patient.
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