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Aim of the Study  To predict motor recovery after stroke by detection of diffusion 
tensor imaging (DTI) fractional anisotropy (FA) changes of corticospinal tract (CST) 
and correlate findings with clinical scores to provide more effective treatment and 
rehabilitation. 
Subjects and Methods  Thirty patients with cerebral stroke were enrolled and 
underwent conventional magnetic resonance imaging and DTI at admission and 
1 month after stroke. Mean diffusivity (MD), FA, FA ratio (rFA), and fiber number 
(FN) values of CST were calculated at the pons at admission and after 1 month of 
stroke. Three-dimensional reconstruction of bilateral CST and the structural changes 
of fibrous bands were observed. Severity of limb weakness was assessed by using 
the motor sub-index scores of the National Institutes of Health Stroke Scale (NIHSS) 
at admission, and after 1, 6, and 9 months for severity of limb weakness. 
Results  The mean age of our patients was 61.32 ± 4.34 years, 17/30 (56.6%) were 
females, and 13/30 (43.4%) were males. In our study, 18/30 (60%) were hypertensive, 
19/30 (63.3%) were diabetic, and 12/30 (40%) were smokers. A significant negative 
correlation was found between rFA and FN in the ipsilateral CST of the cerebral infarc-
tion at the rostral part of pons after 1 month of infarction and NIHSS score at 6 months 
( r  = 0.377,  p  = 0.04 and  r  = 0.237,  p  = 0.02, respectively). However, a positive insignif-
icant correlation was found between MD and NIHSS ( r  = 0.345,  p  = 0.635). The initial 
NIHSS score at the time of injury was 19.2 ± 4.3, which changed to 7.9 ± 2.4, 4.6 ± 1.9, 
and 3.3 ± 1.4 at 1, 6, and 9 months, respectively. 
Conclusion  DTI is a sensitive tool for early detection of Wallerian degeneration in the 
CST after stroke, and can predict motor performance to provide effective treatment 
and rehabilitation to improve quality of life. 
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Introduction
Ischemic cerebrovascular stroke is the second largest cause 
of death worldwide, and is defined as an episode of neuro-
logical dysfunction caused by focal cerebral, spinal, or retinal 
infarction.1,2

Motor deficit is one of the most common squeals of isch-
emic stroke, and its severity correlates with functional debil-
ity and reduced quality of life, and key for management and 
rehabilitation is its precise prediction.3,4

The integrity of the motor fibers of the corticospinal tract 
(CST), which is the main pathway that transmits voluntary 
movements, mainly affects motor outcome.5,6

Wallerian degeneration (WD) is a phenomenon reflect-
ing severe fiber tract damage of descending fiber tracts after 
ischemic stroke, which consists of the anterograde degenera-
tion of axons and their myelin sheaths.7-9

It can occur as early as the first week postcerebral infarc-
tion, and presents as distal axonal swelling, rupture, collapse, 
and myelin relaxation at 1 week after onset. At 2 weeks after 
injury, myelin swelling, thickening, bending, and dissociation 
into free lipid and neutral fat were visible.10

WD represented as a change in signal intensities months 
or weeks after stroke along the affected CST on T2-weighted 
or diffusion-weighted imaging, and this correlates well with 
persistent functional disability.11,12

In the first few weeks after stroke, a conventional mag-
netic resonance imaging (MRI) will not show these subtle 
findings;13 however, diffusion tensor imaging (DTI) can pro-
vide information on the predominant direction and degree 
of tissue water diffusion.14,15 It assesses the microstructural 
status of white matter objectively and quantitatively.16

DTI is a MRI sequence that specifically evaluates the direc-
tionality and integrity of brain axonal fibers and network 
strength in case of neuronal injury due to various etiologies 
including stroke.14

The integrity and the degree of organization of the fiber 
tracts within the brain are represented by the degree of 
anisotropy of diffusion.17

Reduced anisotropy along the CST remote from a cerebral 
infarction has been interpreted as WD, although these areas 
appeared normal on conventional MRI.18,19

DTI studies have established fractional anisotropy (FA) 
values as surrogate markers of motor deficit after stroke: 
worse motor function usually relates to lower values in 
affected CST.13,20,21

The aim of this study was to predict motor recovery after 
stroke by detection of DTI FA changes of CST and correlate 
findings with clinical scores to provide more effective treat-
ment and rehabilitation.

Subjects and Methods
Prospectively a total number of 30 patients referred to the 
Radiology Department from the Neurovascular Unit, inten-
sive care units of the Neurology Department, and the Center 
of Neurology and Psychiatry, Tanta University Hospitals, with 

variable degrees of neurological manifestations from July 
2017 to April 2018 were included in our study.

The study’s protocol was approved by the Research Ethics 
Committee and Quality Assurance Unit, Faculty of Medicine, 
Tanta University. Participations were voluntary, and informed 
consents were obtained from all included patients and the 
possible risks were clarified.

Exclusion Criteria
Exclusion criteria were contraindications for MRI, infra-

tentorial lesions, recurrence of infarction during 9 months 
of follow-up, other causes of limb weakness, and neurode-
generative diseases. Vitally unstable patients and those with 
advanced renal, hepatic, chest, or cardiac diseases were also 
excluded.

Clinical Assessment
Patients were submitted to history taking, complete neuro-
logical examination, and stroke severity assessment using the 
National Institutes of Health Stroke Scale (NIHSS) by a certi-
fied neurologist at admission, and after 1, 6, and 9 months 
after stroke onset. The neurologists evaluated the NIHSS by 
examining 11 parts, with 13 specific tests. The NIHSS exam-
ines for level of consciousness, vision and gaze, facial palsy 
and extremity weakness, limb ataxia, sensory loss, language 
and dysarthria, and neglect. It is designed to be conducted 
over 7 minutes.

A patient with a completely normal neurological exam 
and normal mental status will have an NIHSS of 0. The 
maximum recordable NIHSS score is 42: 0–15 mild stroke, 
15–22 moderate stroke, and 22–42 severe stroke.22

Brain MRI was done at admission and 1 month after stroke 
to all our included patients at the MRI unit at the Radio 
Diagnosis and Medical Imaging Department, Tanta University 
Hospital using GE Healthcare, Milwaukee, Wisconsin, United 
States. The images were attained by a 1.5-Tesla, General 
Electric Scanner (GE Medical Systems, Milwaukee, United 
States) with quadrature 8-channel head coil included with 
axial T1- and T2-weighted fast spin-echo, three-dimensional 
(3D) FLAIR, and diffusion-weighted images using strong gra-
dient strength [high b-values = 1,000 s/mm2] with estimation 
of the associated apparent diffusion coefficient value.

Corticospinal diffusion tensor tractography was done at 
the time of admission and 1 month after onset of stroke to 
measure the FA, mean diffusivity (MD), and fiber number 
(FN) in the region of abnormality compared with the contra-
lateral hemisphere.

The DTI sequence consisted of single-shot spin echo-planar 
imaging with the following parameters: TR = 8,830 ms; TE = 
80 ms; acquisition matrix = 112 × 110 mm; acquisition voxel 
= 2.00/2.03/2.00 mm; FOV: right–left = 224 mm, anteropos-
terior = 224 mm, feet–head = 120 mm; voxel size: right–left 
= 2 mm, anteroposterior = 2 mm, slice thickness = 2 mm, 
reconstruction voxel size = 1.75 mm, gradient direction = 32, 
b-value = 800 mm/s, and number of slices = 60. Total scan 
time was 9:51 minutes.
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The DTIs were transferred to the work station (advantage 
window 4.7), where they were converted to color-coded map 
images, 3D tract reconstruction, FA map, and MD map.

Patients continued a follow-up schedule for 1, 6, and 
9 months for severity of limb weakness assessed by using the 
motor sub-index scores of the NIHSS.

Statistical analysis of the present study was conducted 
using the mean and standard deviation by SPSS V.16. Analysis 
of variance (ANOVA) tests and Tukey’s test were used to 
determine the significance between two groups, according 
to the computer program SPSS for Windows. The ANOVA test 
was used for comparison among different times in the same 
group in quantitative data. A p-value <0.05 was considered 
significant.

Correlations were made among MD, FA, rFA and FN, and 
NIHSS scores by using the Spearman rank correlation test.

Results
Thirty consecutive patients with supratentorial ischemic 
stroke were included in the study. The baseline evaluation 
of the included 30 patients showed that their mean age 
was 61.32 ± 4.34 years, 17/30 (56.6%) were females and 13/30 
(43.4%) were males.

In our study, 18/30 (60%) were hypertensive, 19/30 (63.3%) 
were diabetic, and 12/30 (40%) were smokers.

The result of the present study showed that right-sided 
brain infraction was seen in 19 patients (63%), while left-sided 
infarction was seen in 11 patients (27%). The regions involved 
with infarct were as follows: temporal infraction: 11 cases 
(37%), striatocapsular infarction: 7 cases (23%), parietal 
infarction: 5 (17%), tempro-parieto-occipital infarction: 
2 cases (1%), and thalamic infarction: 5 cases (17%).

At the time of admission the CST integrity was disrupted 
in 26 cases and preserved in 4 cases, while after 1 month 
6 cases revealed intact CST (►Table 1).

The result showed that mean FA values of the ipsilateral 
CST at the pons were significantly different from those on the 
normal contralateral side only after 1 month (p < 0.001), with 
decreased mean FA values on the affected side after 1 month 
compared with those at admission time (►Table  2 and 
►Figs. 1–3).

A significant negative correlation was found in moderate 
and severe motor deficit between rFA and FN in the ipsilat-
eral CST at the rostral part of pons after 1 month of infarction 
and NIHSS score at 6 months, r = 0.377 (p = 0.04) and r = 0.237 
(p = 0.02), respectively, while an insignificant correlation was 
found in mild motor deficit (►Table 2).

Table 1   Different locations of CST damage and infarction 
volume

At admission After 1 
month

> 12 h (n = 30) (n = 30)

Location of CST damage

Motor cortex 4 3

Premotor cortex 8 9

Corona radiate 5 2

PLIC 5 5

Centrum semiovale 4 5

Infarction volume (mm3) 
(mean + SD)

17 ± 2.7 16 ± 1.9

Abbreviations: CST, corticospinal tract; PLIC, posterior limb of the inter-
nal capsule; SD, standard deviation.

Table 2   Relation between grades of motor score (NIHSS) and different DTI parameters

NIHSS 
grade

FA rFA MD (103) FN

At 
admission

After 1 
month

At 
admission

After 1 
month

At 
admission

After 1 
month

At 
admission

After 1 month

Mild Ipsilateral Ipsilateral 0.9 + 0.08 0.8 + 0.07 Ipsilateral Ipsilateral Ipsilateral Ipsilateral

0.62 ± 0.08 0.59 + 0.04 0.74 ± 0.04 0.77 ± 0.03 150 ± 20 142 ± 14

Contralateral Contralateral Contralateral Contralateral Contralateral Contralateral

0.65 ± 0.07 0.64 ± 0.08 0.84 ± 0.08 0.84 ± 0.07 152 ± 26 151 ± 24

Moderate Ipsilateral Ipsilateral 0.9 + 0.06 0.77 + 0.05 Ipsilateral Ipsilateral Ipsilateral Ipsilateral

0.59 ± 0.07 0.52 ± 0.04 0.73 ± 0.06 0.78 ± 0.07 148 ± 23 131 ± 10

Contralateral Contralateral Contralateral Contralateral Contralateral Contralateral

0.64 + 0.06 0.64 + 0.08 0.88 ± 0.08 0.88 ± 0.06 152 ± 24 148 ± 27

Severe Ipsilateral Ipsilateral 0.8 + 0.09 0.72 + 0.02 Ipsilateral Ipsilateral Ipsilateral Ipsilateral

0.59 ± 0.04 0.48 ± 0.03 0.74 ± 0.03 0.81 ± 0.06 148 ± 21 122 ± 18

Contralateral Contralateral Contralateral Contralateral Contralateral Contralateral

0.61 + 0.08 0.58 + 0.06 0.83 ± 0.07 0.86 ± 0.09 152 ± 21 147 ± 19

Abbreviations: FA, fractional anisotropy; FN, fiber number; MD, mean diffusivity; NIHSS, National Institute of Health Stroke Scale; rFA, fractional anisot-
ropy ratio.
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Fig. 1  (A–E) Case 1: A 65-year-old male presented with right hemiparesis (NIHSS, 9). Imaging at 16 hours of stroke: (A) diffusion-weighted 
image reveals acute left thalamic acute infarction (PCA territory). (B and C) 3D reconstruction of corticospinal tract reveals mild attenuation 
of the left CST with decreased fiber number, minimal compression, and shifting. Imaging at 30 days of stroke: (D) axial T2-weighted image 
reveals a decrease in the size and intensity of infarction. (E) Axial FA map at the pons reveals decreased FA at the left side (rFA: 0.94) denoting 
Wallerian degeneration. CST, corticospinal tract; FA, fractional anisotropy; NIHSS, National Institute of Health Stroke Scale; rFA, fractional 
anisotropy ratio.

Fig. 2  (A–F) Case 2: A 53-year-old female presented with left hemiparesis (NIHSS,4). Imaging at 8 hours of stroke: (A) diffusion-weighted image 
reveals acute infarction at right posterior limb of internal capsule. (B and C) 3D reconstruction of corticospinal tract reveals minimal attenua-
tion of the right CST with decreased fiber number. Imaging at 30 days of stroke: (D) axial FLAIR-weighted image reveals a decrease in the size and 
intensity of infarction. (E) Axial FA map at the pons reveals normal FA on both sides (rFA: 1.01) denoting no obvious Wallerian degeneration. 
(F) Color-coded map at the pons reveals normal both CST at the rostral part. CST, corticospinal tract; FA, fractional anisotropy; NIHSS, National 
Institute of Health Stroke Scale; rFA, fractional anisotropy ratio.
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A positive insignificant correlation was found between 
MD and NIHSS (r = 0.345, p = 0.635).

The initial NIHSS score at the time of injury was 19.2 ± 4.3, 
which changed to 7.9 ± 2.4, 4.6 ± 1.9, and 3.3 ± 1.4 at 1, 6, and 
9 months, respectively (►Table 3).

Discussion
Poststroke motor deficit has a huge influence on quality of 
life.23,24 Precise early anticipation of motor functional out-
come in the early stage of stroke is crucial in management 
and rehabilitation.25 Tissue edema and mass effect may be 
responsible for increased motor deficit in early poststroke 
period which makes reliability on clinically based biomarkers 
imprecise and needs additional neuroimaging tools to assess 
corticospinal, neurophysiological, and structural integrity.26

Regarding patients’ age, in our study the mean age of 
our patients was 61.32 ± 4.34 years, these results are in 
accordance with the work of Torrealba-Acosta et al,27 who 
found that an advanced age is a nonmodifiable risk factor 
for ischemic stroke associated with higher morbidity and 
mortality rates. On the other hand, these results are not 
in harmony with the work of Cai et al,28 who concluded 
that the age per se is not a bad prognostic factor, but the 
age-related vascular risks including hypertension, diabetes, 
and cardiovascular diseases are the cause of poor functional 
outcome after stroke.

In our study, we tried to determine whether the detection 
of WD of CST after 1 month of stroke can predict motor per-
formance of the patient and if it can be used as prognostic 

markers for the course of the disease aiming to enhance qual-
ity of care and life.

DTI is a new MRI technique that enables quantitative esti-
mation of tissue microstructure based on diffusivity prop-
erties of Brownian water molecule motions, which makes it 
able to reconstruct a 3D macroscopic orientation and to visu-
alize the integrity of white matter tracts at the infarcted area 
and so anticipate the degree of motor recovery.29

The acuteness of motor impairments correlates with func-
tional disability and patient quality of life and there is high 
interindividual variability in recovery for patients with ini-
tially moderate-to-severe impairment. From our study, the 
merit of DTI in stroke patients is accurate early prediction of 
recovery, which would help rationalize rehabilitation goals 
and improve the design of trial-testing strategies to facilitate 
recovery.

Results of our study that are confirmed by other stud-
ies7,9,18 show that imaging-based regional markers associate 
with motor deficits in stroke patients and when we were 
correlating DTI findings with clinical data, we found that 

Fig. 3  (A–G) Case 3: A 64-year-old male with left-sided hemiplegia (NIHSS19). Imaging at 10 hours of stroke: (A) diffusion-weighted image 
reveals right temporal acute infarction. (B and C) 3D reconstruction of corticospinal tract reveals displacement, mild attenuation, interruption 
at the motor cortex and corona radiata, decreased fiber number of ipsilateral CST. Imaging at 30 days of stroke: (D) axial T2 WI reveals a decrease 
in the size and intensity of infarction. (E) Axial FA map at the pons reveals a marked decrease in FA on the right side (rFA: 0.83) denoting 
Wallerian degeneration. (F) Color-coded map at the pons reveals distortion of right CST. (G) 3D reconstruction of both CSTs reveals attenuation 
and a decreased number of fiber of CST at the pons denoting Wallerian degeneration. CST, corticospinal tract; FA, fractional anisotropy; NIHSS, 
National Institute of Health Stroke Scale; rFA, fractional anisotropy ratio; WI, weighted image.

Table 3   Changes over time of NIHSS score

Time NIHSS (mean + SD)

At admission 19.2 ± 4.3

After 1 month 7.9 ± 2.4

After 6 months 4.6 ± 1.9

After 9 months 3.3 ± 1.4

Abbreviations: NIHSS, National Institute of Health Stroke Scale; SD, stan-
dard deviation.
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motor deficits 30 days after stroke enlarged with reduced 
anisotropy in the pons, and the decrease in the FA values in 
the affected CST becomes progressively minute during the 
subacute-to-chronic stages of stroke.

In our study, we found that the signal strength altered 
in the affected CST was strongly associated with lower FA 
indexes. These findings advocate that DTI is more receptive 
in detecting tissue changes regarded as WD.

Some authors reported that greater FA reduction along the 
CST on the injured side postcerebral infarction is associated 
with greater early motor deficit and worse motor recovery at 
3 months.20,30

We found significant correlations between FA indexes and 
motor deficit only at 30 days, and the reductions in mean FA 
is approximately 11%, which are similar to other published 
values measured at the pons.19,31

Combining clinical scores with information about CST 
integrity can improve prediction about motor outcome. The 
extent of CST damage on DTI and/or overlap between the CST 
and a lesion are key prognostic factors that determine motor 
performance and outcome.

Limitations of our study include the following: first, the 
small number of patients with motor deficits at 30 days; 
second, manual region-of-interest placement is subject to 
operator bias, especially after 1 month, when CST damage is 
present, and this may result in variability in location, size, 
and shape.

Further studies with larger samples and using automated 
region-of-interest analysis or voxel-based analysis will 
increase the power of our findings.

Recommendation
We recommend adding the quantitative DTI to the other rou-
tine sequences for diagnosis and follow-up of stroke patients. 
We also recommend other long-standing studies for evalua-
tion of using DTI for monitoring treatment response.

Conclusion
Diffusion tensor imaging is a sensitive tool for early detec-
tion of Wallerian degeneration in the corticospinal tract after 
stroke, and can predict motor performance and outcome 
to provide more effective treatment and rehabilitation and 
improve quality of life.

From our study we conclude that the decrease of corti-
cospinal tract fractional anisotropy after 1 month correlates 
positively with the motor deficit 1 and 6 months after stroke.
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