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Abstract  
Background:  Cerebrovascular ischemia results from in-

sufficient blood flow due to the obstruction of blood vessels  
in the brain which leads to rapid cellular necrosis [1] . Depend-
ing on the affected populations of neurons, serious deficits  

can manifest.  

Aim of Study:  To investigate the associationof diffusion  
tensor imaging (DTI) metrics of the corticospinal tract (CST)  
and clinical assessment on motor recovery at 3 months in  
ischemic stroke patients.  

Material and Methods:  23 ischemic stroke patients were  
included in this observational longitudinal study. The patients  
underwent DTI scanning in the acute and subacute stages of  

stroke (Within 2 weeks from the time of the initial impairment  
and after 3 months respectively). Fractional anisotropy ratio  
(rFA) and mean diffusivity ratio (rMD)between the ipsilesional  

and contralesional sides were used as DTI metrics. Standard  
upper extremity Fugl-Meyer assessment (UE-FM) was used  

to estimate the functional motor outcome at the same time  

points of the DTI acquisition. Multipleline arregression  

analysis was used to develop a prediction model in order  

toassociate the motor outcome (UE-FM at 3 months) to DTI  
and initial motor assessment variables.  

Results:  23 stroke patients (mean age 65.70 ±8.86, 26.1%  
females) completed the study. rFA was found to show signif-
icant positive correlation with the motor score (UE-FM) in  

the acute stage ( r=0.486, p=.02) and in the subacute stage  
(r=0.681, p=.002). No significant correlations were found  
between the rMD and the motor score at either of the two  
time points. The multivariate regression model statistically  

significantly predicted the motor score at 3 months with an  
adjusted R2  of .420, p=.004. However, only rFA at the subacute  
stage was independently associated with the motor score in  

this multivariate framework, p=.012.  

Conclusion:  We found that rFA values along the CST in  

the acute and subacute stages of ischemic stroke could help  

predict the outcome of motor impairment in stroke patients.  

These results will be useful in furthering our understanding  

of the motor recovery mechanisms in stroke and will facilitate  

the clinical decision making.  
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Introduction  

CEREBROVASCULAR  ischemia results from  
insufficient blood flow due to the obstruction of  
blood vessels in the brain which leads to rapid  
cellular necrosis [1] . Depending on the affected  
populations of neurons, serious deficits can mani-
fest, the most common being related to the motor  
function [2] . While the brain is capable of repairing  
itself, this process is highly imperfect, leaving  
patients with long-lasting impairments affecting  

their autonomy in everyday life. One of the most  
crucial questions in stroke research is to predict  

the motor outcome. It has been shown thatthe initial  

severity of a certain deficit correlates positively  

to its final severity [3] . Nevertheless, there is a  
poor specificity-sensitivity tradeoff that affects the  

clinical scales which are used to quantify the  
residual neurological function.  

Recent work has shown that the motor outcome  
is affected by structural integrity of the corticospinal  

tract (CST). The CST is the key pathway which  

transmits voluntary movements [4] . This implies  
that the integrity of CST is a potentialeffective  

biomarker to predict the outcome in stroke patients  

[5] . Diffusion tensor imaging (DTI) technique is  

designed specifically to assess the direction as well  
as the integrity of the axons of brain fibers [6] .  
This technique is capable of characterizing the  
diffusion of water in 3D space and provides com-
plementary insights on the integrity of affected  
and unaffected neuronal populations of white matter  

bundles such as the CST [7] . DTI could therefore  
uncover essential biomarkers indicative of the kind  

of motor outcome patients may expect.  
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In addition, there is a technique which is derived  
from DTI that enables three-dimensional visuali-
zation of the CST. This is known as diffusion tensor  
tractography (DTT) which is used to assess the  

integrity of the CST [8] . Effectiveness of DTT of  
CSTs for the prediction of residual motor dysfunc-
tion of stroke has been investigated by different  

studies [9,10] .  

Reliable prediction of the improvement of motor  
function in individual patients after stroke is com-
plex. Acute determination of upper limb Fugl-
Meyer assessment (FMA) has been found to have  
a good predictive value [11] . However, a significant  
category of patients have less improvement than  

predicted. A wide variability also exists when using  
other techniques such as diffusion tensor imaging  

(DTI) [12]  in prediction of motor recovery in some  
stroke patients.  

In this study, we aim to investigate the combined  
influence of DTI measuresand clinical assessment  

on motor recovery in ischemic stroke patients. In  

particular, the question of whether metrics of DTI  

assessment or clinical motor assessment are more  
closely related to motor recovery, and which metric  

is more predictive to the outcome. This will enable  

better understanding of the complexity of prediction  

of motor recovery in stroke and help direct the  

clinicians to the appropriate therapy.  

Material and Methods  

23 patients were recruited from Mansoura Uni-
versity Emergency Hospitals and Neurology De-
partment to this study. All imaging and clinical  

data were obtained in Mansoura University Hospi-
tals from December 2014 to January 2016. The  

study protocol was approved by the Research Ethics  

Committee and Quality Assurance Unit, Faculty  
of Medicine, Mansoura University. Participation  

was entirely voluntary. Informed consent has been  

acquired from study participants through which  

the study participants have confirmed their will-
ingness to participate in the research after being  

informed of the research protocol.  

Eligibility criteria:  
Inclusion criteria included the following:  MRI-

demonstrated or CT- demonstrated ischemic stroke,  

having the first onset within the last 2 weeks prior  

to recruitment, having the first unilateral ischemic  
stroke, and follow-up MRI access at 3 monthspost-
stroke.  

Exclusion criteria included the following:  The  
reoccurrence of stroke before the follow-up at three  

months, and patients with any known contraindi- 

cation to MRI. Vitally unstable patients and those  
with terminal illnesses were also excluded.  

Study design:  
A prospective longitudinal observational study  

design was used in this research in which ischemic  

stroke participants were assessed at two time points:  

TP 1. Within 2 weeks from the time of the initial  
impairment (Acute Stage), and TP2. Follow-up  
after 3 months (Subacute Stage). The assessments  

included MRI scanning and motor assessments  
performed at each time point.  

Clinical evaluation:  
At each of the two time points, a trained clini-

cian did an evaluation of motor function for the  

patients to quantify both the global active move-
ment range and the synergies of proximal and distal  

muscles. The upper extremity Fugl-Meyer (UE-
FM) scale was used [13] . The UE-FM scale contains  
33 items scored from 0 to 2 (range of total scores  
0-66). The higher the scores, the less the impair-
ment. This is a standardised and validatedtest  
andiscommonly used in clinical assessment of  

motor impairment in stroke patients.  

DTI data acquisition:  
Imaging data was acquired on a 1.5 Tesla,  

Ingenia MR system (Philips Healthcare, The Neth-
erlands) with 8-channel head coil using typical  
DWI sequences as well as a DTI protocol. The  

following DWI sequences were used: (1) an aver-
aged 3-direction DWI (b=1000s/mm 2 , TR =  
11700ms, TE=72.3ms, matrix size=256X256, slice  
number=48, voxel size=0.94X0.94X3mm) and (2)  

a 30-direction DWI (2 b=0s/mm2  images followed  
by 30 non-collinear diffusion-encoding gradients  

at b=1000s/mm2 , TR=12000ms, TE=82.3ms, ma-
trix size=256X256, slice number=44, voxelsize =  

1.09X1.09X3mm 3).  

Image analysis:  
FSL software v.5.0.8 (FMRIB software library)  

was used for preprocessing of DTI datasets includ-
ing brain extraction, the removal of eddy current-
induced image distortions and motion artifacts.  

We adopted fractional anisotropy (rFA) ratio and  
mean diffusivity (rMD)ratio as DTT parameters.  
The rFA was determined using a definition of the  

ratio between ipsilesional FA and contralesional  
FA(FAipsilesional/FAcontralesional). Likewise,  

the rMD was defined as the MD value of the af-
fected CST divided by the MD value of the unaf-
fected CST.  

Using DTIFIT tool, MD and FA volumes were  
assessed for every subject. FSL's BedpostX and  
ProbTrackXtools were used with default parame- 
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ters: 2-fiber model per voxel, 5000 probabilistic  

streamlines for each tract with a fixed separation  

distance of 0.5mm between successive points.  

Statistical analysis:  

For descriptive statistics, nominal and categor-
ical variables were presented as absolute numbers  

and percentages, and continuous variables were  

summarised as mean with standard deviation (if  

normally distributed) or as median with range (if  

not normally distributed). The paired t-test (if data  
is normally distributed) or Mann-Whitney U test  

(if data is not normally distributed) was used to  
compare radiological and clinical values in the  

acute stage (TP 1) with values 3 months after stroke  

(TP2). Bivariable correlations between DTI meas-
urements (1 measurement at a time) and UE-FM  

neurological grade were assessed using either-
Pearson or Spearman correlation analysis depending  

on the distribution of the data.  

The primary outcome variable was the UE-FM  

scale at 3 months. Multiple linear regression anal-
ysis was used to test the predictive value and the  

amount of variance (R2) of several variables with  
regard to the 3-month UE-FM score. The regression  

model included the following variables: The UE-
FM score at baseline, rFA at baseline, rMD at  

baseline, rFA at follow-up and rMD at follow-up.  
Age and sex were corrected in the model. p-values  
<0.05 were considered to indicate statistical sig-
nificance. All statistical analyses were performed  

using SPSS (version 25).  

Results  

Characteristics of participants:  

23 stroke patients (mean age 65.70 ±8.86, 26.1%  
females) participated in the study. Demographic  

information and clinical characteristics of the  

participants are detailed in (Table 1).  

MRI evaluation of ischemic lesions:  

14/23 (60.9%) patients exhibited right hemisphere  

lesions and 9/23 (39.1%) exhibited left hemisphere  

lesions. The lesions were broadly distributed within  
the supratentorial part of the CST pathway. At the  

time of admission, the CST integrity was disrupted  

in 19 cases and preserved in 4 cases, while after 3  

months 6 cases revealed intact CST.  

(Table 2) indicates the changes over time in the  

rFA and rMD values. Fig. (1) demonstrates the DTI  
results of CST reconstruction in one of the cases.  

Table (1): Demographics and clinical data of participants.  

N=23  

Age (yrs)  65.70±8.86  
Gender (%, Female)  26.1%  
Lesion side (%, Right)  60.9%  
Handedness (%, Right)  78.3%  
UE-FM - TP1  32.43± 19.79  
UE-FM -- TP2  44.30± 16.81  
Days after stroke - TP 1  4.70± 1.64  
Days after stroke - TP2  73.74±6.39  

Risk factors:  
Hypertension (%)  69.6%  
Coronary artery disease (%)  17.4%  
Diabetes (%)  56.5%  
Smoking (%)  43.5%  

Table (2): rFA and rMD values of the CST in the acute and  

subacute stages.  

Acute stage TP 1 Subacute stage TP2 p 
 

rFA  0.74±0.11  0.90±0.06  <.005  
rMD  1.01 ±0.09  1.17±0.11  .728  

Fig. (1): Results of a representative case from the patients’ dataset. T2WI showsthe largest area of the lesion location. Results  

of CST reconstruction in the acute stage (TP1) and in the subacute stage (TP2) are shown.  
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We examined correlations between rFA and the  

upper extremity motor function 3 months after stroke  
onset at the two time points. The rFA were found to  

show significant positive correlation with the motor  

score in the acute stage TP 1 ( r=0.486, p=.02) and in  
the subacute stage TP-2 ( r=0.681, p=.002). Fig. (2)  
demonstrates correlations of the rFA metric of the  
CST and the motor score. On the other hand, no  

significant correlations were found between the rMD  
and the motor score at either of the two time points.  

significant value in this univariate analysis. The  
significant factors were then fed into the multivariate  
linear regression analysis as predictors. The overall  

model statistically significantly predicted the motor  

score at 3 months with an adjusted R2  of .420, p=.004.  
However, only rFA at the subacute stage (rFA-TP2)  

was independently associated with the motor score  

in this multivariate framework, p=.012 (Table 3).  

Table (3): Multiple regression modelling for predicting 3- 
months UE-FM motor score.  

rFA-TP 1  

rFA-TP 2  

Fig. (2): Correlations between rFA values and the motor  
outcome scores in the acute (A) and subacute (B)  

stages.  

Multiple regression analysis for motor improve-
ment prediction.  

We investigated whether DTI and clinical markers  

were independently predictive of motor function  

(UE-FM) at 3 months while accounting for age and  

gender.  

In the initial univariate analysis, the significant  

factors related to the motor function included rFA at  

the acute stage (TP-1), rFA at the subacute stage (TP-
2) and the UE-FM motor score at the acute stage  
(TP1). rMD at either of the time points did not show  

a. Dependent Variable: UE-FM-TP 2  

Discussion  

Theaim of this study was to provide more details  

of motor prognosis following ischaemic stroke  

using DTI. In this study, we show that a combina-
tion of DTI measures as well as neurological motor  
assessment can be used to predict the outcome of  

motor function at 3 months after stroke. FA ratios  

between the affected and unaffected CST at both  

acute and subacute stages were found to show  
positive correlation with assessments of motor  

outcome. In addition, motor recovery in the upper  

extremity at 3 months after stroke onset was inde-
pendently predicted by the rFA in the subacute  

stage in a multivariate regression model. In contrast,  

rMD values at either of the two time points were  
not found to be independent predictors of the motor  

outcome at 3 months after stroke.  

FA values represent the degree of damage to  

neuronal microstructure and its directionality in a  

neural tract. This damage to theneuronal integrit-
ycan reduce FA value [14]  which explains the ob-
served correlation between FA ratios and motor  
function. The detected correlationdepicts a positive  

association between the motor function on the  

affected side in patients with the degree of CST  

injury. This observation in the findings of our study  
is in agreement with the conclusions of previous  

research [14-16] .  
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We found the strength of the significant pos-
itive correlation between rFA values and the  
motor function assessment in the subacute stage  

to be higher than correlation in the acute stage.  

This observation may suggest that motor recov-
ery in patients with stroke is associated with  

residual ipsilateral CST integrity rather than  
initial impairment.  

Regarding limitations of the present study,  

firstly, the sample size was small. However, the  
longitudinal study design with 2 repeated measures  
may have compensated for this limitation. Secondly,  
no restrictions were appliedon the age of participant  

and thus age-related brain degeneration cannot be  

ruled out in the results. A larger subject-pool with  

categorisation would be essential to providemore  

accurate predictions of prognosis among different  

age groups. Despite the above limitations, our  

results have shown the importance of assessing  

ipsilateral CST integrity for goalsetting during  
stroke rehabilitation.  

Furthermore, we emphasize that the DTI has  

limitations whichhave to be considered when it  

comes to results interepretation [17] . In particular,  
DTI may underestimate fiber tracts as thetechnique  

for fiber tracking is operator- dependent. In addi-
tion, the original DTIsignal-to-noise ratio may  

have affected the data offiber-tracking, if the orig-
inal image had apoor quality and this could have  

undermined the reliability of fiber tracking. 18In  

potential future studies, combining DTI with other  

techniques e.g. functional MRIcan prove to be  

necessary to elucidate the mechanisms of rehabil-
itation neural function further.  

In summary, results of this study demonstrate  

the predictive value of DTI metrics of CST with  

regard to the motor outcome at the subacute stage  

after stroke onset. DTI allows prediction of prog-
nosis by obtaining rFA values via tractography.  

This suggests that early and subacute DTI evalua-
tions for the CST could be useful for prediction of  

motor outcomes of affected extremities in stroke  

patients which will facilitate clinical decision  
making.  

References  

1- WARLOW C., SUDLOW C., DENNIS M., WARDLAW  

J. and SANDERCOCK P.: Stroke. Lancet, 362: 1211- 
1224, 2003.  

2- FEIGIN V.L., NORRVING B. and MENSAH G.A.: Global  
Burden of Stroke. Circ. Res., 120: 439-448, 2017.  

3- PRABHAKARAN S., et al.: Inter-individual variability  
in the capacity for motor recovery after ischemic stroke.  

Neurorehabil. Neural Repair, 22: 64-71, 2008.  

4- DAUBE J.R.: Anatomy. Handb. Clin. Neurophysiol., 8:  

44-76, 2008.  

5- MOURA L.M, et al.: Diffusion Tensor Imaging Biomarkers  

to Predict Motor Outcomes in Stroke: A Narrative Review.  

Front. Neurol., 10: 445, 2019.  

6- PUIG J., et al.: Diffusion tensor imaging as a prognostic  
biomarker for motor recovery and rehabilitation after  

stroke. Neuroradiology, 59: 343-351, 2017.  

7- ZOLKEFLEY M.K.I., et al.: An overview of fractional  
anisotropy as a reliable quantitative measurement for the  

corticospinal tract (CST) integrity in correlation with a  

Fugl-Meyer assessment in stroke rehabilitation. J. Phys.  
Ther. Sci., 33: 75-83, 2021.  

8- KUNIMATSU A., et al.: Utilization of diffusion tensor  
tractography in combination with spatial normalization  
to assess involvement of the corticospinal tract in capsu-
lar/pericapsular stroke: Feasibility and clinical implica-
tions. J. Magn. Reson. Imaging, 26: 1399-1404, 2007.  

9- KWON Y.H., SON S.M., LEE J., BAI D.S. and JANG  

S.H.: Combined study of transcranial magnetic stimulation  
and diffusion tensor tractography for prediction of motor  

outcome in patients with corona radiata infarct. J. Rehabil.  

Med., 43: 430-434, 2011.  

10- PUIG J., et al.: Acute damage to the posterior limb of the  

internal capsule on diffusion tensor tractography as an  

early imaging predictor of motor outcome after stroke.  

AJNR. Am. J. Neuroradiol., 32: 857-863, 2011.  

11-WINTERS C., VAN WEGEN E.E.H., DAFFERTSHOFER  
A. and KWAKKEL G.: Generalizability of the Propor-
tional Recovery Model for the Upper Extremity After an  
Ischemic Stroke. Neurorehabil. Neural Repair, 29: 614- 
622, 2015.  

12- KIM K.H., et al.: Prediction of Motor Recovery Using  
Diffusion Tensor Tractography in Supratentorial Stroke  

Patients With Severe Motor Involvement. Ann. Rehabil.  

Med., 39: 570-576, 2015.  

13-FUGL-MEYER A.R., JÄÄSKÖ L., LEYMAN I., OLSSON  
S. and STEGLIND S.: The post-stroke hemiplegic patient.  

1.a method for evaluation of physical performance. Scand.  

J. Rehabil. Med, 7: 13-31, 1975.  

14- PUIG J., et al.: Wallerian degeneration in the corticospinal  
tract evaluated by diffusion tensor imaging correlates  

with motor deficit 30 days after middle cerebral artery  

ischemic stroke. AJNR. Am. J. Neuroradiol., 31: 1324- 
1330, 2010.  

15- LIU X., et al.: Hyperintensity on diffusion weighted image  

along ipsilateral cortical spinal tract after cerebral ischemic  

stroke: a diffusion tensor analysis. Eur. J. Radiol., 81:  
292-297, 2012.  

16- KIM E.H., LEE J. and JANG S.H.: Motor outcome pre-
diction using diffusion tensor tractography of the corti-
cospinal tract in large middle cerebral artery territory  

infarct. Neuro Rehabilitation, 32: 583-590, 2013.  

17- YAMADA K., SAKAI K., AKAZAWA K., YUEN S. and  

NISHIMURA T.: MR tractography: A review of its clinical  
applications. Magn. Reson. Med. Sci. MRMS an Off. J.  
Japan Soc. Magn. Reson. Med., 8: 165-174, 2009.  

18- MUKHERJEE P., CHUNG S.W., BERMAN J.I., HESS  
C.P. and HENRY R.G.: Diffusion tensor MR imaging and  
fiber tractography: Technical considerations. AJNR. Am.  

J. Neuroradiol., 29: 843-852, 2008.  



624 Tractography for the Effect of Ischemic Stroke on Corticospinal Tract  


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6

