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Abstract

Background: It was important to develop a non-invasive imaging technique for early evaluation of spinal cord
integrity after injury; MRI was the method of choice for evaluation of any cord abnormalities. However, some
patients have symptoms with no detectable abnormalities by MRI. The purpose of our study was to assess the role
of diffusion tensor MRI in evaluating the integrity of spinal cord fibers in case of spinal trauma.

Results: Out of the studied 30 patients, conventional MRI revealed abnormalities in the spinal cord in 23 patients
(76.67%), diffusion tensor tractography revealed abnormalities in the spinal cord in 27 patients (90%), the mean FA
value at the level of injury (0.326±0.135) was less than the mean FA value (0.532 ± 0.074) in control group (p value
< 0.001), and the mean ADC value at the level of injury (1.319 ± 0.378) was less than the mean ADC value (1.734 ±
0.768) in the control group. FA was sensitive than ADC in the detection of the spinal cord abnormalities with a
sensitivity of 93.33% versus 67.66% respectively.

Conclusion: DTI can be used to detect structural changes of spinal cord white matter fibers in acute spinal cord
injury. A significant decrease of fractional anisotropy and apparent diffusion coefficient has been found at the site
of spinal cord injury.
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Background
Traumatic spinal cord injury (TSCI) is one of the most dis-
tressing injuries in human beings. It is associated with high
mortality and disability, and long-term costly rehabilitation
treatment. The degree of eventual neurological damage and
deficit depends on the level, severity, and extent of injury
that may have a considerable negative influence on the life
rate and efficiency of these patients [1].
In the emergency setting, it is mandatory for the

patients to have instant imaging after elementary resus-
citation. MRI is confined for those patients with post-
traumatic myelopathy (spinal cord dysfunction) or in
patients having symptoms that cannot be explained by

findings on radiographs or CT, or with lack of a credible
neurologic exam [2, 3].
Magnetic resonance imaging (MRI) has a pivotal role

in evaluating spinal trauma as bone marrow, soft-tissue,
and spinal cord abnormalities that may not be evident
by other imaging modalities. Early detection facilitates a
proper instant diagnosis, and urgent management [4].
Magnetic resonance imaging (MRI) has the upper

hand in detecting neural and extraneural injuries; disc
herniations, epidural hematomas, spinal cord edema,
contusion, hemorrhage, and ischemia. This is attributed
to its high-contrast resolution, multiplanar capabilities,
and various pulse sequences that make it an ideal
method for diagnosing spinal trauma [5].
However, conventional MRI is limited in giving

optimum information about the integrity of spinal cord
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tissue itself due to the non-specificity of the signal inten-
sity changes that are not corresponding directly with
erratic physiological changes. This explains the poor cor-
relation of conventional MRI findings with neurological
and functional ailments in different spinal cord patholo-
gies. So, it is important to use the newly developed MRI
sequences for optimum assessment of the injured spine
and spinal cord [5, 6].
Diffusion tensor imaging (DTI) is a magnetic reson-

ance imaging (MRI) technique potentially able to
evaluate the microscopic structural organization of white
matter fibers. DTI depends mainly on diffusion-weighted
imaging (DWI) that is used to evaluate the free diffusion
of the water molecules (Brownian motion) in the
extracellular space of the live tissue. Apparent diffusion
coefficient (ADC) is used as a quantitative measurement
of any diffusion disturbances (restriction or increase).
Fractional anisotropy (FA) is considered a marker of
white matter integrity expressing the preferred direction
of diffusion and its decrease indicates damage and deg-
radation of the white matter tracts [7–9].
Diffusion tensor tractography (DTT) is another appli-

cation of DTI, which provides three –dimensional pres-
entation of white matter’s diffusion in the direction of
fibers (axons) [8].
The aim of this study is to assess the role of MR diffu-

sion tensor imaging (DTI) in the evaluation of spinal
cord injury in the setting of spinal trauma.

Methods
Study population
This prospective study was conducted on 30 patients
with spinal trauma having neurological symptoms. The
age of the selected patients ranged from 15 to 64 years
with a mean of 37.467 years. They were referred from
the neurosurgery department to the MRI unit in the
radio-diagnosis department over a period from January
2019 to June 2020. A control group of 10 subjects was
also included. To avoid bias, the control group age and
sex were matching with those of the patients.
Approval of Research Ethics Committee (REC) and in-

formed consent were obtained from all participants in
this study after explanation of the benefits and risks of
the procedure. Privacy and confidentiality of all patients’
data were guaranteed. All data provisions were moni-
tored and used for scientific purposes only.
The included criteria were all symptomatic patients

with spinal trauma at the acute stage having neurological
deficits by clinical examination (numbness, limb motor,
or sensory deficit). No age or gender predilection.
Exclusion criteria were patients with chronic spinal

trauma, or patients with contraindications to MRI exam-
ination as patients with any metallic prosthesis or artificial

pacemakers or claustrophobic patients or uncooperative
patients with mental and behavioral disorders.

All the included participants were subjected to magnetic
resonance imaging
All MRI scans were performed using a 1.5-T GE (Gen-
eral Electric) machine (closed magnet).

Data collection

� Full medical history, including personal history,
mode, and timing of trauma; onset, course, and
duration of current illness; past history of previous
spinal trauma, spinal disease, or spinal operations.

� Review of all previous investigations or radiological
examination.

Clinical examination
Performed for all the studied patients by a neurosurgeon
at the Neurosurgery Department including general exam-
ination and neurological examination for focal neuro-
logical deficits (motor and sensory) using The American
Spinal Injury Association (ASIA) impairment scale (modi-
fied Frankel classification) as illustrated in Table 1 [10].

Patient preparation

– The patients were instructed to remove all metallic
objects such as hairpins, coins, ear rings, etc.

– The patients were reassured after explanation of the
procedure. They were informed about the length of
the examination and asked to remain motionless.

Patient position
All patients were examined in the neutral supine pos-
ition using a standard body coil.

Table 1 The American Spinal Injury Association (ASIA)
impairment scale (modified Frankel classification) ASIA grade
description [10]

A Complete no sensory or motor function persists in the
sacral segments S4–S5

B Incomplete sensory and not motor function remains
below the neurological level, including the sacral
segments S4–S5

C Incomplete motor function is pertained below the
neurological level. More than half of the key muscles
below the neurological level possess a muscle grade
less than 3

D Incomplete motor function is restored below the
neurological level, and at least half of the key muscles
below the neurological level have muscle grade greater
than or equal to 3

E Normal sensory and motor functions remain normal
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MRI protocol
The following MRI pulse sequences were included:
Routine MRI sequences:

➣ SagittalT2WFSE: TR/TE: 2245/101, FOV: 33 × 33,
4-mm thickness, NEX: 4, and matrix: 320 × 224.
➣ Sagittal T1WFSE: TR/TE: 340-560/9-10, FOV: 33 ×
33, 4 mm thickness, NEX: 4, and matrix: 320 × 224.
➣ Axial T1: TR/TE: 424-524/3-7, FOV: 33 × 33, 4-mm
thickness, NEX: 4, and matrix: 320 × 224.
➣ Axial T2: TR/TE: 2230/101-150, FOV: 33 × 33, 4-
mm thickness, NEX: 4, and matrix: 320 × 224.

Diffusion tensor imaging MRI (DTI MRI):
It was obtained using a single-shot echo planar

imaging (EPI) sequence (b value = 1000 s/mm2) using
(15–20) diffusion encoding directions with scan time of
approximately 10 min. The image was acquired in the
sagittal plane with an image matrix of 128 × 128, slice
thickness of 4 mm with no inter-slice gap, and a field of
view (FOV) of 280 × 280 mm. To enhance the signal-to
noise ratio and reduce the phase fluctuations,
magnitude-constructed images were repeated (averages
= 4) and temporally averaged.

Image analysis

� All MR images of patients and control subjects
were analyzed by two radiologists with 16 and 10
years of MRI experience, blinded to the clinical
data and laboratory indicators, in a standard
clinical Picture Archiving and Diagnostic System
workstation, and final decisions reached by
consensus are reported.

� Conventional MR images were analyzed for
assessment of any cord changes as abnormal signal
intensity, anatomic location of the cord injury, or
presence of edema or hemorrhage.

� Analysis of DTI data was carried out using an offline
separate work station; three ROIs were placed across
the cord (opposite, above, and below the level of the
trauma).

� Quantitative analysis was performed to calculate the
fractional anisotropy (FA) and apparent diffusion
coefficient (ADC) from the ADC and FA maps for
each ROI.

� Fiber Tracking Method: Three-dimensional
white matter fiber tract maps were created. The
data obtained from standard sequences, ADC
map, FA map, and tractography pathway pat-
terns were compared in patients and control
group.

Statistical analysis

� The collected data were coded, processed, and
analyzed using the SPSS (Statistical Package for
Social Sciences) version 20 for Windows® (IBM SPSS
Inc., Chicago, IL, USA).

� Data were tested for normal distribution using
the Shapiro Walk test. Qualitative data were
represented as frequencies and relative
percentages. Chi-square test (χ2) was used to cal-
culate the difference between qualitative variables
as indicated. Quantitative data were expressed as
mean ± SD (Standard deviation) and range. Stu-
dent’s t test was used to compare between two

Table 2 Distribution of the studied cases according to demographic data (n = 40)

Patient Control χ2 p value

No. % No. %

Sex Male 19 63.33 5 50.00 0.556 0.456

Female 11 36.67 5 50.00

Age group < 20 years 3 10.00 1 10.00 1.746 0.782

20 to < 30 years 9 30.00 5 50.00

31 to < 40 years 5 16.67 1 10.00

41 to < 50 years 7 23.33 1 10.00

> 50 Years 6 20.00 2 20.00

T P-value

Age (Years) Range 15-64 18-66 0.482 0.633

Mean ±SD 37.467±14.371 34.900±15.279

p value: probability
χ2: chi-square test
T: Student’s t test
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Fig. 1 a–d A 19 years old healthy male subject. a Sagittal T2-weighted MR image acquired at 1.5 T of a normal dorsal spine with normal osseous
alignment, no abnormal marrow signal or abnormal cord signal. b Fiber tractography image shows intact white matter tract of dorsal spinal cord
with no attenuation or interruption or displacement. c Sagittal color coded ADC map shows ADC values in different levels of the dorsal spine
with no significant difference in between them (average 1.2). d Sagittal color coded FA map shows FA values in different levels of the dorsal
spine with no significant difference in between them (average 0.538)
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independent groups of normally distributed vari-
ables (parametric data).

� Pearson’s correlation (r) was used to test the
relationship between two quantitative, continuous
variables.

� Spearman’s correlation (r) was used to test the
correlation between two variables with non-
parametric quantitative data.

� The receiver operator characteristic (ROC) curve
was tested to calculate the diagnostic ability of
quantitative variables in the prediction of categorical
outcome.

� Probability (p value): p value ˂0.05 was considered
significant, p value ˃0.05 was considered
insignificant, and p value < 0.01 was considered
highly significant.

Fig. 2 a–d A 22-year-old male patient hit forcibly by a blunt object on his back. Neurologically, he was ASIA grade C. a Sagittal T2-weighted MR
image acquired at 1.5 T shows abnormal spinal cord signal at the level of C4-5 (white arrow). b Fiber tractography image shows partially
interrupted white matter tract of cervical spinal cord with attenuated fibers (yellow arrow). c Sagittal color coded ADC map image shows an ADC
value at the injury level (1.31) lower than values above (2.52) and below (2.85) the injury level. d sagittal color coded FA map image shows lower
FA value at the injury level (0.395) than values above (0.751) and below (0.678) the injury level
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Fig. 3 a–d A 23-year-old male patient who fell from height. Neurologically, he was ASIA grade B. a Sagittal T2-weighted MR image acquired at
1.5 T shows wedged fracture at D12 vertebra with edema in the cord seen at the level of the injury (white arrow). b Fiber tractography shows
incomplete interruption of the cord nerve fibers at the level of cord injury with apparently spared fibers (yellow arrow). c Sagittal color coded
ADC map shows an ADC value at the injury level (1.41) higher than values above (1.27) and below (1.10) the injury level. d Sagittal color coded
FA map shows lower FA values at and below the injury level (0.393) and (0.378) respectively than above the injury level (0.460)
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Results
This current prospective study included 2 groups: a con-
trol group of 10 individuals; 5 of them were males (50%)
and 5 were females (50%) with their ages ranged from 18
to 66 years with a mean of 34.90±15.279, and a patients
group including 30 patients with spinal trauma and

neurological deficits; 19 of them were males (63.3%) and
11 were females (36.67%) with their ages ranged from 15
to 64 years with a mean of 37.467±14.371. The majority of
patients were in the age group from 20 to 30 years; 9 pa-
tients representing 30%. Demographic data of both stud-
ied control and patient groups is demonstrated in Table 2.

Fig. 4 a–d A 20-year-old female patient. Neurologically, she was ASIA grade B after a car accident. a Sagittal T2-weighted MR image acquired at
1.5 T shows wedged fracture of L1 vertebra compressing lower end of the spinal cord (white arrow). b Fiber tractography shows complete
interruption in the spinal cord white matter tract (yellow arrow). c Sagittal color coded ADC map shows an ADC value at the injury level (1.61)
lower than values above (2.16) and below (2.23) the injury level. d sagittal color coded FA map shows lower FA value at the injury level (0.232)
than values above (0.477) and below (0.439) the injury level
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According to the etiology of spinal trauma, it was road
traffic accident in 16 patients (53.33%) (12 with motor
vehicle collision and 4 with motorcycle collision), falling
from height in 8 patient (26.67%), sliding on the ground
in 3 patients (10%), hit by a blunt object in 2 patients
(6.67%) and gunshot in 1 patient (3.33%).
After clinical examination according to the ASIA im-

pairment scale, we found 6 patients (20%) with grade A,
3 patients (10%) with grade B, 8 patients (26.66%) with
grade C, and 13 patients (43.33%) with grade D.

All examined patients (n = 30) were at the acute
stage; the time interval between trauma and MRI
examination was between 2 and 48 h with a mean of
10.333±13.817.
After analysis of all MRI studies, 19 patients (63.33%)

had lumbar injuries, 7 patients (13.33%) with dorsal in-
juries, and 4 patients (23.33%) with cervical injuries. In
the control group, the dorsal region was examined in 4
subjects, 3 subjects at the cervical region, and 3 subjects
at the lumbar region (p value = 0.177).

Fig. 5 a–d A 57 year old male patient. Neurologically, he was ASIA grade A after a car accident. a Sagittal T2-weighted MR image acquired at 1.5
T shows C6-7 traumatic disc herniation with abnormal spinal cord signal (white arrow). b Fiber tractography shows complete interruption of the
cord nerve fibers at the level of cord injury(yellow arrow). c Sagittal color coded ADC map shows low ADC value at the injury level (1.28), above
the injury level (0.928) and below the injury level (1.03). d Sagittal color coded FA map shows lower FA value at the injury level (0.388) than
values above (0.730) and below (0.638) the injury level
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Conventional MRI revealed abnormalities in the spinal
cord in 23 patients (76.67%). In the remaining cases
(23.33%), the cord appeared normal, despite the pres-
ence of neurological deficit as determined by the ASIA
impairment scale.
In conventional MRI, out of the 30 patients, 5 patients

(16.6%) had traumatic disc bulge, 24 patients (80%) had
secondary spinal canal stenosis, 23 patients (76.6%) had
cord compression, 23 patients (76.6%) had cord signal
changes, 24 patients (80%) had reduced disc height, and
25 patients (83.3%) had bone marrow edema.
Regarding DTI MR imaging, a qualitative tractographic

analysis was performed in all patients and controls
(DTT). It showed gross normal integrity of white matter
tracts in the cord in all 10 controls (Fig. 1), while in the
patient group, it revealed abnormalities in the spinal
cord in 27 patients (90%) (Figs. 2, 3, 4, and 5). In the
remaining 3 patients (10%), the cord appeared normal,
despite the presence of neurological deficit as deter-
mined by the ASIA impairment scale.
Three patients (10%) had gross normal appearance

of the spinal cord in DTT image, 7 patients (23.33%)
had complete interruption, 7 patients (23.33%) had
just attenuation, 6 patients (20%) had partial interrup-
tion, 4 patients (10%) had displacement, and attenu-
ation and 3 patients (10%) had partial interruption
and attenuation.
In the patient group, the mean FA value at the level of

injury (0.326 ± 0.135) was less than the mean FA value
(0.532 ± 0.074) in the control group, which was statisti-
cally significant (p value < 0.001). However, no signifi-
cant difference was found in the mean FA value above
or below the level of injury in the patient group in com-
parison with the control group with p values of 0.742
and 0.071, respectively, as illustrated in Table 3.

The mean ADC value at the level of injury (1.319 ±
0.378) was less than the mean ADC value (1.734 ±
0.768) in the control group, which was statistically
significant (p value 0.028*). However, no significant
difference was found in the mean ADC value above
the level of injury or below the level of injury in the
patient group in comparison with the control group
with p values of 0.563 and 0.589, respectively, as
shown in Table 4.
According to ROC analysis for detection of sensitiv-

ity and specificity of fractional anisotropy and appar-
ent diffusion coefficient quantitative analysis of DTI
MRI to detect the spinal cord abnormalities between
patients and control group, we noticed that the ROC
for FA gave AUC 0.957 while for ADC, it gave AUC
0.712 with sensitivity and specificity of FA 93.33%
and 100% respectively versus sensitivity and specificity
of ADC 66.67% and 80%, respectively, as shown in
Table 5 and Figs. 6 and 7.
Pearson’s correlation test showed no significant correl-

ation between age (years) and FA at the level of injury
with a p value of 0.436. Also, no significant Pearson cor-
relation was found between time since injury (hours)
and FA at the level of injury with a p value of 0.266, as
shown in Table 6.
Spearman’s correlation test showed statistically signifi-

cant (p value 0.006) negative (r value = − 0.487) correl-
ation between FA values at the level of injury and
clinical grading ASIA impairment scale (A, B, C, D, E) in
order of decreasing sensorimotor deficit), as shown in
Table 7 and Fig. 8.

Discussion
Diffusion tensor imaging (DTI) is a noninvasive MRI
technique that measures the random motion of water
molecules and provides information about the cellular
integrity and pathology of anisotropic tissues. DTI can
provide unique quantitative information on the micro-
structural features of white matter in the central nervous
system [9].
This study was carried out on 30 patients presenting

with spinal trauma and complaining from neurological
symptoms and a control group of 10 subjects.
Fiber tractography (FT) is a valuable parameter of DTI

measurement; it is a technique that uses specialized tra-
cing algorithms to get a three-dimensional reconstruc-
tion of white matter tracts in the central nervous system.
It is commonly used for evaluating fiber directions and
defects in the brain and spinal cord. It can show the
macroscopic orientation of fibers with dramatic repre-
sentation of the disruption of tracts, which can be hardly
seen on conventional MRI, allowing better delineation of
damaged fiber tracts in the injured spinal cord [11, 12].

Table 3 Comparison of FA parameter between patients and
control group

Groups T test

Patient Control t p value

FA value above

Range 0.341–0.751 0.429–0.624 − 0.331 0.742

Mean ± SD 0.521 ± 0.104 0.532 ± 0.074

FA value at site of injury

Range 0.158–0.905 0.429–0.624 − 4.592 < 0.001*

Mean ± SD 0.326 ± 0.135 0.532 ± 0.074

FA value below

Range 0.101–0.678 0.429–0.624 − 1.860 0.071

Mean ± SD 0.435 ± 0.159 0.532 ± 0.074

T: Student’s t test
p value: probability for independent samples t test for association between
patients and control group
*Significant p value (< 0.05)

Alkadeem et al. Egyptian Journal of Radiology and Nuclear Medicine           (2021) 52:70 Page 9 of 13



In this study, diffusion tensor tractography (DTT) in
the injury site was reconstructed in all patients and con-
trols. Normal orientation of white matter tracts in the
cord was visualized in all 10 controls in the form of one
bundle of homogenous orange color suggestive of pres-
ervation of the integrity of white matter tracts. In the 30
patients with spinal trauma, routine MRI scanning could
detect spinal cord signal changes in 23 cases (sensitivity
76.67%), while on tractography, changes in cord integrity
were observed in 27 cases in the form of distortion of
homogenous orange color with or without interruption.
In the remaining 3 patients, the spinal cord appeared
grossly normal on qualitative tractographic analysis
(Sensitivity 90%).
D’souza, et al. [11] also found normal orientation of

white matter tracts in the cord in all 30 controls. In
20 patients, only 10 patients routine had changes in
cord signal intensity (Sensitivity 50%), while tractogra-
phy detected changes in cord integrity in 12 cases in
the form of distortion of the homogenous color de-
noting disruption in cord integrity (Sensitivity 60%).
However, Wang, et al. [9] found that all patients with
abnormalities in DTT had apparent cord abnormal-
ities in cMRI.
In other studies, 3.0-T MR machines were used to

measure the fiber density of selected fiber bundles
depending on the number of fiber projections per
voxel. The study of Wen, et al. [13] was conducted
on 15 healthy adults and 7 myelopathic spinal cord
patients with b values of 0 and 600 s/mm2, they

measured the tract numbers from C1-7. They found
a significant difference in track numbers between the
healthy and myelopathic groups; 3064.40 ± 482.38
and 2282.71 ± 293.80 in healthy and myelopathic
adults, respectively.
Fractional anisotropy (FA) is the value which signifies

the anisotropic part of diffusion as it measures the ten-
dency of water to spread in a preferred direction within
a group of axons. It is a function of the axonal density
and integrity of white matter fibers, as well as of their
degree of myelination [14].
We found that FA values were the most sensitive par-

ameter of DTI for assessment of TSCI (93.33%). The
mean FA values at injury level among patients (0.326 ±
0.135) were significantly lower than in controls (0.532 ±
0.074). This decrease could be attributed to anisotropic
diffusion restriction in traumatized spinal cord. FA
values indirectly measure the extent of myelination, so,
higher FA values indicate the integrity of spinal nerves
[11]. No significant difference was observed in the mean
FA values above or below the injury level in our patients
as compared with controls.
Hassen and El-Kholy [15] demonstrated a decrease in

FA values in TSCI patients similar to our study. Regional
measurements of FA values at 5 cord levels showed a
significant decrease at the level of cord injury.
Czyz, et al. [16] also found that FA values in cases with

TSCI were significantly lower as compared with the con-
trols (0.48 and 0.55, respectively). Similarly, Rao, et al.
[17] found decreased FA values in TSCI patients

Table 5 Analysis of the diagnostic ability of ADC and FA to differentiate between patients and control groups

ROC curve between patient and control

Cutoff Sens. Spec. PPV NPV AUC 95% CI p value

FA value at site of injury ≤ 0.403 93.33% 100.0% 100.0% 83.3% 0.957 84–99.6% < 0.001*

ADC value at site of injury ≤ 1.31 66.67% 80.00% 90.9% 44.4% 0.712 54.7–84.4 0.051*

Sens. sensitivity, spec. specificity, PPV positive predictive value, NPV negative predictive value, AUC area under the curve, CI confidence intervals
p value: probability for independent samples t test for association between patients and control group
*Significant p value (< 0.05)

Table 4 Comparison of ADC parameter between patients and control group

ADC Groups T test

Patient Control T p value

ADC value above Range 0.347–2.91 0.87–3.65 0.584 0.563

Mean ±SD 1.875 ± 0.623 1.734 ± 0.768

ADC value at site of injury Range 0.567–2.75 0.87–3.65 − 2.278 0.028*

Mean ±SD 1.319 ± 0.378 1.734 ± 0.768

ADC value below Range 0.576–3.62 0.87–3.65 0.544 0.589

Mean ±SD 1.870 ± 0.655 1.734 ± 0.768

T: Student’s t test
p value: probability for independent samples t test for association between patients and control group
*Significant p value (< 0.05)
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compared with neurologically intact volunteers (0.220 ±
0.121 and 0.545 to 0.601 respectively).
Our study was also in accordance with the findings of

Shanmuganathan, et al. [18] and Cheran, et al. [19] who
showed reduced FA values in patients with TSCI as
compared with controls.
This study did not reveal any significant difference in

mean FA values above or below the injury level. This
matches with the same findings reported by D'souza,
et al. [11]. However, Kamble, et al. [20] in their study

showed that the FA values in the cord above and below
injury level were considerably reduced. They concluded
that, as a result of trauma, there was resultant descend-
ing as well as ascending Wallerian degeneration, and this
fact leads to altered DTI metrics. Similar findings were
also found by Mohamed, et al. [21] who conducted a
study on DTI in children with spinal trauma.
The reason for the absence of any variation in DTI pa-

rameters above or below the level of injury in our study
could probably be due to the timing of the imaging
which was held soon after trauma in majority of our
cases, whereas other studies have followed up the pa-
tients for a longer period of time sufficient for spread of
axonal degeneration.
Using Spearman’s correlation test between FA and

ASIA impairment scale (A, B, C, D, E), we found that
the lower the FA values, the worse the clinical condition
(r value= − 0.487). In the study of D’souza, et al. [11],
they found a decrease in FA value reflecting axonal in-
jury, and correlation with clinical status has been de-
tected; the lower the FA values, the more severe is the
injury with more serious neurological dysfunction and
worse outcome.
The apparent diffusion coefficient (ADC) value was

another parameter that we used in the current study; it
refers to the overall diffusivity of the tissues whatever
the number of barriers to water motion such as myelin-
ated axons, cellular membranes, and extracellular mole-
cules. It is extremely sensitive to the abnormalities
typically seen in SCI; when combined with fiber tracking,
the damaged areas of the spinal cord can be examined
better than with T2-weighted imaging [22, 23].
We determined that the mean ADC value at the level

of injury among cases (1.319 ± 0.378) was significantly
lower as compared with values in controls (1.734 ±
0.768). No significant difference was observed in mean
ADC values above or below the injury level among the
cases and controls.
Previous studies have also shown a decrease in ADC

values in patients with acute TSCI in accordance with
our study as Shanmuganathan, et al. [18] who reported
that ADC is significantly decreased in patients with
acute TSCI and patients with spinal cord hemorrhage
exhibiting the greatest decrease and Li XH, et al. [24]
who also found that the mean value of ADC was

Table 6 Pearson correlation between age (years), time since
injury (hours), and FA at the level of injury

Age (years) Time since injury (hours)

r p value R p value

FA value at site of injury − 0.148 0.436 − 0.210 0.266

r: Pearson’s correlation
p value: probability for independent samples t test for association between
patients and control group

Fig. 7 ROC curve between patients and control groups according
to ADC

Fig. 6 ROC curve between patients and control groups according
to FA
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significant decrease at 24h and 72 h in the severely in-
jured group (p < 0.05).
Ellingson, et al. [25] have reported lower ADC values

in the cervical cord of patients with TSCI. They sug-
gested that these low ADC values were due to the de-
crease in overall diffusion magnitude occurring away
from the injury site resulting from the restructuring of
the axons and widespread spinal cord degeneration
mainly in chronic cases.
However, some other studies reported that ADC is

non-significantly different at the site of injury and the
control group as the study by Czyz, et al. [16] who
found that the difference was not statistically signifi-
cant (p = 0.28), but suggested that ADC may serve a
potential prognostic factor.
In the present study, due to the significant difference

in the FA and ADC values at the site of trauma among
patients as compared with controls, it is logical to con-
clude that DTI with these 2 parameters is a valuable in-
strument in assessment of the spinal cord following
TSCI. And after analyzing the diagnostic accuracy of
both parameters, we realized that FA is more sensitive

than ADC (93.33% and 66.67% respectively) in diagnos-
ing SCI and differentiating between patients and control
groups.
Facon et al. [26] showed although ADC decreased in

the majority of SCI patients, it was not as sensitive as FA
in the detection of acute SCI. The authors Fiani et al.
[27] and Song, et al. [28] suggested that the use of ADC
should be restricted to chronic spinal cord compression.
However, Shanmuganathan et al. [18] reported that
ADC was the most sensitive marker of acute cervical
cord injury and found it to be uniformly decreased in
patients with cervical spine trauma.
Spinal cord DTI still has many limitations. The main

limitation is its spatial resolution, which is affected by
artifacts emerging from cardiac and respiratory motion
and cerebrospinal fluid pulsation. Also, the technique is
operator dependent especially FT that depends on a
qualitative visual analysis by the radiologist. Further-
more, those patients with acute spinal trauma cannot
bear up extra scan acquisition time in the MRI suite.
The main limitations in the current study are the small

sample size and the difficulty of follow-up of the patients
for assessment of axonal regeneration especially after
treatment.

Conclusion
This study realized that DTI, with its quantitative indi-
ces, is a valuable tool in assessment of the cord injury in
cases of spinal trauma when compared with conven-
tional MRI. FA and ADC values were significantly de-
creased at the level of injury. FA is more sensitive and

Fig. 8 Spearman’s correlation between FA at the level of injury and ASIA impairment scale

Table 7 Spearman’s correlation between FA at the level of
injury and ASIA impairment scale

ASIA Impairment Scale

r p value

FA value at site of injury − 0.487 0.006*

r: Spearman’s correlation
p value: probability for independent samples t test for association between
patients and control group.
*Significant p value (< 0.05)
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accurate in detecting abnormalities mainly at the site of
injury.
We recommend using DTI as a routine investigation

in spinal trauma complementary to cMRI for assessment
of white matter integrity and prediction of functional
outcome to reduce mortality and morbidity and use it in
follow-up after treatment.
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