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Abstract Background and purpose: Early evaluation of the pyramidal tract is a prerequisite in

patients with ischemic stroke in order to decide the optimal treatment or to assess appropriate reha-

bilitation. The aim of this study was to predict motor outcome using quantitative and qualitative

diffusion tensor parameters and their correlations with severity of stroke as defined by the National

Institutes of Health Stroke Scale (NIHSS).

Materials and methods: Twenty-one patients presenting with ischemic stroke were studied with

DTI. All patients had diffusion measurements such as FA values of the affected and unaffected

regions and the FA ratio between them. Color FA maps of the pyramidal tract were constructed

and the degree of infarctions was classified into groups according to the involvements of the pyra-

midal tracts. The motor performance of the upper and lower extremities was assessed using the

NIHSS on the day of patients’ admission and discharge. The motor outcomes were correlated with

the FA values of the pyramidal tract.

Results: The FA values of the affected pyramidal tracts were significantly lower as compared

with the unaffected side (p-value <0.01). The reduction in the FA values of the affected side

was significantly correlated (r = 0.41 and p-value <0.001) with the degree of pyramidal tract

involvements that were significantly correlated with the motor outcome on patients’ discharge

day.
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Conclusions: Quantitative (FA values) and qualitative (the diffusion tensor tractography) diffu-

sion parameters have potential to predict motor outcome in patients with ischemic stroke.

� 2011 Egyptian Society of Radiology and Nuclear Medicine. Production and hosting by Elsevier B.V.

Open access under CC BY-NC-ND license.
1. Introduction

Stroke is one of the leading causes of death worldwide, espe-
cially in the elderly population. As a broad clinical term, it in-
cludes patients with arterial ischemic infarcts, intracranial
hemorrhage, subarachnoid hemorrhage, and venous infarc-

tion. Many recent research and clinical studies have focused
on the application of the newer magnetic resonance (MR)
techniques of diffusion weighted imaging (DWI) and perfusion

imaging in acute stroke to identify the areas at risk for infarc-
tion (1,2).

The corticospinal tract (CST) is the most important motor

pathway that functions in human motor control. The preserva-
tion or recovery of the CST is mandatory for good recovery of
impaired motor function in patients with brain injury. The
accurate estimation of the CST state after brain injury would

enable us to predict the sequelae of motor weakness or to set
up a scientific management strategy. This information also
could be useful in accurate surgical planning for patients with

brain tumor or vascular anomaly (3,4).
Few studies have however addressed the problem of apply-

ing MR techniques to study the outcome of this group of pa-

tients (1,5). Conventional MR imaging cannot provide reliable
information about the integrity of white matter tracts, thereby
limiting the ability to predict clinical outcome. However, with

DTI, the microstructural organization of white matter tracts
can be obtained and provides important information about
their integrity as well as orientation (1,6).

The information provided by DTI acquisitions allows

the quantification of various metrics as well as the generation
of 3-dimensional (3D) white matter fiber tractography;
these measures provide unique information about central

nervous system tissue microstructure. Diffusion tensor imaging
and fiber tractography may prove useful in clinical neuroradi-
ology practice, with application to several categories of

disease (7).
The aim of this studywas to predict the neuromotor outcome

of patients with ischemic stroke by using DTI with its two tools
which are the metric FA values and DTT and correlate their

findings with the stroke outcome to show if it can affect thera-
peutic decision-making and eventually patient outcome.
2. Materials and methods

2.1. Patient selection

In total, 21 patients were recruited for this study (14 men and 7

women), their age ranged from 41 to 76 years. The study was
done in a private hospital, in Cairo, Egypt in the period from
June 2010 to April 2011. The inclusion criteria were as follows:

(1) ischemic stroke diagnosed by conventional MRI and DWI;
(2) motor deficit on admission; (3) no previous history of
stroke or brain injury on MR imaging, or of other neurologic
disease. An informed consent was provided by all patients.
2.2. Clinical assessment

The motor performances of the upper and lower extremities
were assessed using the NIHSS for all patients at the first

day of admission either in the acute phase or early sub acute
phase (<3 days after the onset of symptoms) and were evalu-
ated again on day of discharge of the patients from hospital

(motor outcome: within 1 month of onset of symptoms). The
estimated values of the NIHSS for all patients at admission
and discharge day (the range is 15–30 days after onset of symp-
toms with the average is 20 day and SD 0.57) were summed as

seen in Table 1.
NIHSS is awidely used scale to evaluate neurological impair-

ment in a patient experiencing an acute stroke. NIHSS is calcu-

lated by examining 11 parts, with 13 specific tests. The NIHSS
examines 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 min. 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. However, since acute

ischemic stroke causes unilateral paralysis and blindness, the
maximum score actually is 31 for a stroke patient with complete
hemiparesis, hemianopia, hemineglect, and aphasia (8).

2.3. DTI

DTI was conducted using a 1.5 T whole-body scanner (Philips,
Achivia R 2.5) and 16 multichannel head coil (sense 8). The
DTI sequence consisted of single-shot spin echo-planar imag-

ing with the following parameters: acquisition matrix
112 · 110, reconstruction matrix is 128 · 128; field of view
224 mm for the anteroposterior and from right to left while
it is 120 mm for the craniocaudal direction; slice thickness

2 mm; number of slices 60; TR 10,000 ms; TE 80 ms; b-value
1000 s mm�2 and the gradient directions were 16 (encoding
gradient). Scan time was 9.47 min.

2.4. Data processing and post processing

The DTI data sets were transferred to a workstation (Philips
Achivia R 2.5 Version: 1 Level: 1) for processing. Small regions
of interest (ROI) were manually drawn in the stroke area on
the affected side as well as the corresponding area on the unaf-

fected side on the DTT color image. The average values of the
FA were compared in the affected and unaffected sides. Addi-
tionally, the ratio of the FA (rFA) between the affected side

and the unaffected side was calculated (rFA = FAaffected side/
FAunaffected side). The lower limit for FA is 0.3 (scale is from
0 to 1) and the angle for reconstruction is above 60 if below

the reconstruction will stop.
Fiber tracking using the two ROI DTT methods was per-

formed on the basis of the DWI following the anatomical

location of the pyramidal tract and especially the corticospinal
tract according to the anatomical atlas by (9), two- and three-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1 Summary of the clinical and radiological data of the 21 patients included in the study.

Pt. No. Sex Age Side Site of

the infarction

Degree of

involvement

of the

pyramidal tract

NIHSS

score on

admission

NIHSS score

at discharge

(15–30 days after

onset of symptom)

Time to DTT

MRI in days

Motor

outcome

1 M 57 RT Corona radiata Partially 9 6 2 Good

2 M 76 RT Internal capsule Totally 17 11 3 Poor

3 M 43 RT Centrum semi-ovale Intact 0.5 0 1.2 Good

4 M 51 RT Corona radiata Partially 7 4 2 Good

5 F 49 RT Internal capsule Intact 3 0.5 1.7 Good

6 M 63 RT Corona radiata Totally 19 9.5 3 Poor

7 M 62 RT Subcortical Intact 2 0 0.8 Good

8 F 45 LT Temporo-parietal Intact 3 0 1 Good

9 F 46 LT Internal capsule Partially 11 7 2 Good

10 M 60 LT Centrum semi-ovale Totally 19 8 3 Poor

11 M 57 LT Corona radiata Partially 9 4 2 Good

12 M 47 RT Temporo-occipital Totally 23 18 3 Poor

13 F 50 RT Subcortical Intact 2 0 1.7 Good

14 M 41 RT Thalamus Intact 0.5 0 1 Good

15 F 56 LT Corona radiata Totally 16 11 3 Poor

16 F 64 LT Subcortical Intact 3 0.5 0.9 Good

17 M 61 RT Thalamus Intact 5 1 1.8 Good

18 M 51 RT Corona radiata Intact 1 0 1 Good

19 M 51 RT Centrum semi-ovale Partially 10 6 1.8 Good

20 M 57 LT Pons Totally 19 13 3 Poor

21 F 64 RT Corona radiata Partially 13 7 2 Good
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dimensional tractographic images were then created to localize
the infarction in relation to the CST. By analyzing the lesion
location with regard to the CST on the tractographic images,
the infarctions were visually classified into three subgroups

based on the extent of pyramidal tract involvement by the in-
farct: in Group 1 lesions the CST was in close proximity to the
infarction but did not pass through it, in Group 2 lesions the

pyramidal tract partly passed through the lesion (CST partial
involvement), and in Group 3 lesions the long lesions were
centered in the pyramidal tract or involved a whole part of it.

2.5. Statistical analysis

A group comparison was made by using the Wilcoxon rank

sum test. The comparison of the FA ratio and the clinical
scores and between the three groups of patients according to
pyramidal tract involvement on DTT image and the motor

outcome as calculated by NIHSS score was also done.

3. Results

The clinical features of the included 21 patients, the anatomical
sites of the ischemic areas as seen on the DWI and

conventional MRI images, the time in days from onset of
symptoms to the day of DTT study, and the NIHSS for all
stroke patients on admission and discharge days as well as

their motor outcomes as evaluated by the neurologist are all
shown in Table 1.

The locations of lesions were in the corona radiata in 7
patients, the thalamus in 2 patients, internal capsule in 3

patients (Fig. 1), centrum semi-ovale in 3 patients, pons in 1
patient (Fig. 2), temporo-occipital in 1 patient (Fig. 3), temp-
oro-parietal in 1 patient and subcortex in 3 patients (Fig. 4).
The FA values in affected areas were significantly decreased
(p< 0.01) in comparison to the unaffected areas as their mean
value was 0.427 ± 0.133 while in the unaffected side, the mean
value was 0.557 ± 0.168. Also the FA ratio (FAaffected side/

FAunaffected side) was calculated and their mean was 0.766 ±
0.183.

It was found that in all patients in whom the FA ratio was

under 0.8 at the admission day, motor function showed poor
recovery at day of discharge. When FA ratio was over 0.8,
the motor function at discharge day (within 1 month of onset

of symptoms) showed good recovery.
Significant correlation between the reduction in the FA val-

ues and the degree of pyramidal tract involvement was found
(r= 0.41 and p-value <0.001) as the patients with intact tract

had within normal FA values in comparison to the healthy
contralateral side while those with interruption of the normal
course of the tract showed variable degrees of reduction of

the FA values.
DTT of the pyramidal tract was successful in all 21patients.

The patients were classified according to the degree of pyrami-

dal tract involvement into three groups as seen in Table 2:
Group 1 infarctions (intact type), in which the pyramidal tract
was in close proximity to the infarction but did not pass

through it, included 9 patients (Fig. 4), Group 2 (partial
involvement type), in which the pyramidal tract partly passed
through the infarction, included 6 patients (Fig. 3), and Group
3 (whole involvement type), in which long lesions were

centered in the pyramidal tract or involved a whole part of
the pyramidal that, included 6 patients (Figs. 1 and 2).

The NIHSS at discharge day of patients of Group 1 were sig-

nificantly lower than those of Group 2 (U= �5.447, p< 0.01),
and those of Group 2 were significantly lower than those of
Group 3 (U= �6.083, p < 0.01). Therefore, the NIHSS scores



Fig. 1 Patient # 2 presented with left sided weakness. (A and B) Axial T2 weighted and DWI image displaying a hyperintense zone of an

early subacute infarction in the posterior limb of the right internal capsule. (C and D) The DTT colored images superimposed on the

coronal DWI showing total disruption of the pyramidal tract fibers of the affected right side in comparison to the contralateral healthy

side associated with poor motor outcome of this patient.

Fig. 2 Patient # 20. (A and B) The T2 weighted axial image and the corresponding FLAIR image showed hyperintense region of

subacute infarction in the left side of the pons. (C) The DTT colored image based on DWI showed near total disintegration of the

corticobulbar tract fibers on left side in comparison with the right sided tract associated with poor outcome of this patient.
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Fig. 3 Patient # 12 admitted with left sided weakness. (A) The axial T2 weighted image showed a wide hyperintense area of ischemic

infarction is seen involving the right parieto-occipital region. (B and C) The diffusion directional colored image and the tractography

colored image superimposed on the DWI showed thinning out of the inferior parieto-occipital fasiculus fibers on the affected right side in

comparison to the left side. This patient had poor outcome with left sided hemiparesis on discharge.

Fig. 4 Patient # 13 admitted with left sided heaviness. (A) The T2 weighted image of a patient with subacute ischemic infarction showed

a right sided parietal subcortical hyperintense area which is seen as hypointense area on the T1 weighted image. (C and D) The axial

directional colored image and the coronal tractography colored image based on DWI show intact pyramidal tracts as they are of the same

caliber on both sides. The patient had good outcome on discharge.
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of Group 3 at the time of discharge (outcome) were significantly

higher than those of both Groups 1 and 2 (Table 2).
The NIHSS scores of each group gradually decreased from

admission to the discharge day. Neurological improvement
was statistically different among the three groups (H = 17.5,

p < 0.01; H = 24.9, p< 0.01; H = 33.5, p< 0.01). All mem-
bers of Group 1 showed a good recovery, members of Group 2
also showed a good recovery but sometimes kept some mild
motor dysfunction, and members of Group 3 always showed

minor improvement and had marked deficits (Table 2).

4. Discussion

Cerebral infarction and recovery of patients with stroke have
been a topic of intense research recently. The recovery from
stroke early in the disease has been implicated to the resolution



Table 2 The mean values of NIHSS scores in the three groups

of patients.

Patients Group 1 Group 2 Group 3

Number of patients 9 6 6

NIHSS score on admission 2.222 9.833 18.833

NIHSS score on discharge (outcome) 0.22 5.667 11.75
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of tissue edema and mass effect associated with infarction and
hemorrhage. However, for long-term recovery, relative preser-
vation of the integrity and anisotropy of the white matter

tracts (CST particularly) plays an important role and indicates
a better clinical outcome (5,6).

In previous studies (3,10–12), the neuromotor outcome was

found to correlate with conventional neuroimaging findings
such as the size, the volume, and the extent of the infarction.
Conventional imaging, however, does not give data about

the microstructural organization of the white matter fiber
tracts, which can be obtained from DTT. The information so
obtained may prove more sensitive to assess tract damage than
the volume estimation of signal abnormality on conventional

imaging (3,10,11).
Diffusion anisotropy mirrors the fiber integrity and the

degree of the fiber organization in the white matter tract

(10,11). Axonal loss, gliosis, and an accompanying increase
in the extracellular matrix have been generally considered to
be the determinants of the decrease in diffusion anisotropy

in wallerian degeneration (13). Diagnosing wallerian degener-
ation requires at least 4–5 weeks after the stroke when using
T2 weighted images, the apparent diffusion coefficient, or

other conventional MR imaging parameters, whereas the FA
is more sensitive than these conventional MR imaging param-
eters for detecting wallerian degeneration (10,13).

In our study, we use both tools of the DTI which are the

quantitative one represented by measuring the FA and rFA
values in both the affected and unaffected sides of ischemic
stroke and the other qualitative one by evaluating the anatom-

ical location and the extent of pyramidal tract involvement
within the infarcts as seen by DTT colored images superim-
posed on DWI.

The pyramidal tract usually represents both the corticospi-
nal tract and the corticobulbar tract (14). The corticospinal
tract is a large and highly anisotropic tract; on the other hand,
the corticobulbar tract is easily affected by other fibers running

in the anteroposterior projection (15). Moreover, the pyrami-
dal tract does not run precisely perpendicular to the axial
plane. Therefore, the FA in the cerebral peduncle may not

exactly reflect the pyramidal tract. Diffusion spectrum imaging
(16) or Q-ball imaging (17), which have recently been
proposed, might overcome this issue (18) but are still far from

clinical use because of their long acquisition times and data
analyses (19). So in this study we depend mainly on measuring
the FA ratio between the affected and unaffected sides more

than the absolute value of the FA to reduce effect of this cross-
ing-fiber problem.

This study revealed statistically significant reduction in the
FA values on the affected sides compared with the unaffected

sides with significant correlation between the FA ratio
(FAaffected side/FAunaffected side) and the motor outcome of the
ischemic stroke patients these results were in agreement with
other studies (20–22); however, they follow-up the FA values

and the FA ratio in the affected sides several times after stroke
insult and up to 3 months while in our study we make the cor-
relation between the FA values that were measured on day of
admission of the patient and the motor outcome at patient dis-

charge (the range is 15–30 days from onset of symptoms and
the average is 20 day and SD .057).

We defined the cutoff point of the rFA that classified the

motor outcome as good and poor to be 0.8. This number
was in agreement with that given in the previous study by
Maeda et al. Measuring the FA in the very early phase of an

ischemic stroke would be beneficial for patients to determine
the best therapy or to design a suitable rehabilitation program.

With regard to the pyramidal tract involvement, all infarc-

tion lesions were divided into three subgroups, and the degree
of pyramidal tract involvement was correlated with the severity
of the patients’ motor deficits outcome according to NIHSS
scores and also with FA values and ratios. There was a good

correlation between the location of the lesion, the degree of
pyramidal tract involvement and the patient’s motor deficit
on day of discharge and correlated also with the FA values

where significant reduction correlated well with pyramidal
tract interruption and loss of anatomical continuity on the
DTT colored images. These results also were in agreement with

other results given by previous studies (20–23) but in this
study, it was the first time to study both DTI tools which are
the FA values and ratio as well as the degree of involvement
of pyramidal tract on DTT.

DTT exquisitely depicts these changes in the involved white
matter tracts. Our DTT results showed good correlation with
the clinical outcome within one month of onset of symptoms.

The predictability of our diffusion tensor tractography results
compares favorably with the recent reports by other studies
(20–24).

Our experience suggest that it is technically feasible to
incorporate such a DTI sequence into the routine imaging
protocol for stroke patients and that the relative preservation

of white matter tracts results in subsequent good clinical
recovery and could potentially be used as clinical markers.
The advantage of DTT lies in the fact that it gives direct and
superior visualization of the involved white matter tracts

in vivo, which is currently not possible by conventional imag-
ing and DWI.

There are however a few limitations in our study. First is

the relatively small group of patients studied by this novel
technique. Additionally, our current diffusion tensor tractog-
raphy tool requires a good knowledge of the anatomical

location of various white matter tracts, and operator (radiolo-
gist) selection of the ROI is required. Future availability of an
automated algorithm for fiber tractography of the major tracts

would greatly reduce operator dependence and the relatively
time intensive and manually intensive nature of the procedure.
Furthermore, future availability of standardized tractography
maps in normative space, should allow direct comparison of

results between groups.
In conclusion, our findings suggest that DTT can be

performed within a relatively short time and can visualize

and quantify the changes in the integrity and orientation of
the white matter tracts that are transected by focal ischemic
lesions, which are otherwise not shown on conventional MR

imaging or even DWI scans. DTT can visualize the white
matter tracts as being either displaced or disrupted due to
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edema or infarction, and offers a potential tool for clinical-

imaging correlation of the involved white matter tracts and
patients’ clinical recovery.
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