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S. Remollo
G. Laguillo
A.M. Quiles
E. Gómez
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Wallerian Degeneration in the Corticospinal Tract
Evaluated by Diffusion Tensor Imaging Correlates
with Motor Deficit 30 Days after Middle Cerebral
Artery Ischemic Stroke
BACKGROUND AND PURPOSE: The quantification and clinical significance of WD in CSTs following
supratentorial stroke are not well understood. We evaluated the anisotropy by using DTI and signalintensity changes on conventional MR imaging in the CST to determine whether these findings are
correlated with limb motor deficit in patients with MCA ischemic stroke.
MATERIALS AND METHODS: We studied 60 patients within 12 hours of stroke onset. At admission, day

3, and day 30 of evolution, patients underwent multimodal MR imaging, including DTI sequences. We
assessed the severity of limb weakness by using the motor subindex scores (5a, 5b, 6a, 6b) of the
m-NIHSS and established 3 groups: I (m-NIHSS scores of 0), II (m-NIHSS, 1– 4), and III (m-NIHSS, 5– 8).
FA values and rFAs were measured on the affected and the unaffected CSTs in the pons.
RESULTS: FA values for the CST were significantly lower on the affected side compared with the
unaffected side only at day 30 (P ⬍ .001), and the rFA was significantly correlated with the motor deficit
at day 30 (P ⬍ .001; r ⫽ ⫺0.793). The sensitivity, specificity, and positive and negative predictive values
for motor deficit by rFA ⬍ 0.925 were 95.2%, 94.9%, 90.9%, and 97.4%, respectively.
CONCLUSIONS: WD in the CST revealed by DTI correlates with motor deficit 30 days after MCA
ischemic stroke. This study highlights the utility of imaging follow-up at 30 days and the potential of DTI
as a surrogate marker in clinical trials.
ABBREVIATIONS: ANOVA ⫽ one-way analysis of variance; CST ⫽ corticospinal tract; DTI ⫽ diffusion tensor imaging; DWI ⫽ diffusion-weighted imaging; EPI ⫽ echo-planar imaging; FA ⫽ fractional anisotropy; FLAIR ⫽ fluid-attenuated inversion recovery; ICC ⫽ intraclass correlation coefficient; IQ ⫽ interquartile; MCA ⫽ middle cerebral artery; NIHSS ⫽ National Institutes of Health
Stroke Scale; m-NIHSS ⫽ motor subindex scores of the NIHSS; PWI ⫽ perfusion-weighted
imaging; rFA ⫽ FA ratio; ROC ⫽ receiver operating characteristic; rtPA ⫽ recombinant tissue
plasminogen activator; SENSE ⫽ sensitivity-encoding; WD ⫽ wallerian degeneration

M

otor deficit is one of the most common sequelae of ischemic stroke, and its severity correlates with functional
disability and reduced quality of life.1 The CST is the most
important motor pathway.2 The extent of WD in the CST is
one of the major determinants of motor deficit.3 WD consists
of the anterograde degeneration of axons and their myelin
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ous causes, including stroke, and has been demonstrated
through experiments, postmortem studies, transcranial magnetic stimulation, and conventional imaging.4-8 Many studies
have reported hyperintense signals regarded as WD along the
affected CST on T2-weighted or diffusion-weighted imaging
weeks or months after stroke, and this finding correlates well
with persistent functional disability.9-12 However, on conventional MR imaging, these findings are usually subtle and can be
difficult to detect in the first few weeks; moreover, the extent of
WD is difficult to quantify on conventional MR imaging and is
not consistent in all patients with motor deficit.
Recently, much interest has focused on the potential of DTI
for in vivo quantification of microstructural damage to cerebral white matter following stroke. DTI provides information
on the predominant direction and degree of tissue water diffusion.13,14 In the white matter, water diffuses quickly lengthwise along the fibers and slowly perpendicular to fibers, resulting in anisotropic diffusion.15 The degree of anisotropy
depends on the level of organization and integrity of the white
matter tract and on the degree of freedom of water diffusion
movements by oriented axonal membranes and myelin
sheaths.16 Reduced anisotropy along the CST remote from a
cerebral infarct has been interpreted as WD, even when these
areas appeared normal on conventional MR imaging.17,18
Cross-sectional studies found that lower FA values in the af-

fected CST were associated with greater motor deficit 1–2
weeks after stroke onset and a worse motor recovery at 3
months.19-25 However, the few studies of WD of the CST determined by DTI after supratentorial stroke were performed in
small heterogeneous samples months to years after stroke onset. To our knowledge, no prospective controlled studies have
assessed WD in the CST immediately following MCA ischemic
stroke. Therefore, we investigated the value of FA as a potential
biomarker of motor deficit in relation to well-established clinical scores after MCA territory ischemic stroke.
Materials and Methods
Patients
We studied 60 consecutive patients with acute MCA hemispheric infarction within 12 hours of symptom onset. We excluded patients
with cerebral hemorrhage, significant preexisting nonischemic neurologic deficit, or a history of prior stroke. The study was approved by
the local ethics committee. All patients or their relatives provided
written informed consent.

Clinical Assessment
Patients underwent neurologic examination, including NIHSS score,
by a certified neurologist at admission, day 3, and day 30 after stroke
onset. On the basis of the m-NIHSS (5a, 5b, 6a, 6b), the severity of
limb weakness was categorized into grade I (total m-NIHSS score of
0), grade II (m-NIHSS, 1– 4), and grade III (m-NIHSS, 5– 8). All
m-NIHSS assessments were administered without knowledge of the
MR imaging findings.

Data are presented as mean (⫾ SD) values for each group. The statistical evaluation of the results was based on ANOVA with the Bonferroni correction. Levene and Bartlett tests were used to determine
whether the samples had equal variances, and then ANOVA tests were
applied to examine the relationship of the mean FA values on the
affected side of the CST and of rFA with the clinical scores at admission, at day 3, and at day 30. To determine the association between
mean FA, motor deficit at day 3 and at day 30, and signal-intensity
change in affected CST, we used the ANOVA test. The Pearson rank
correlation coefficient was calculated to compare the FA and rFA
values with clinical scores and infarct volumes. To calculate the FA
and rFA cutoff points to discriminate subjects with motor deficit at
day 30 from those without, we used the ROC curves. For these tests,
P ⬍ .05 was considered to indicate a statistically significant difference.
To compare first and second measurements of the observer number 1 (intraobserver reliability) and to compare the measurements of
2 independent observers (interobserver reliability), we used the ICC.
The level of intra- and interobserver consistency was classified as fair
(ICC ⫽ 0.5– 0.7), good (0.7– 0.9), or almost perfect (⬎0.90). All statistical evaluations were performed by using Minitab, Version
15.1.0.0 (Minitab, State College, Pennsylvania).

Data Processing

Results

DTI data were transferred to an off-line workstation for postprocessing and visually checked for quality. Diffusion-encoded FA-weighted
images were elaborated by using the calculation scheme proposed by
Pajevic and Pierpaoli.26 Color FA maps were generated following the
standard convention (red, left-right; green, anteroposterior; and blue,
superior-inferior). Quantitative values of FA were obtained by manually placing regions of interest on the entire CST area at the level of
the rostral pons on axial sections (left and right sides) on the basis of
the T2-weighted image and anatomic knowledge, by using our image
display software (DTIWeb, Version 2.0, http://trueta.udg.edu/DTI/
index.html).27,28 FA values for each region of interest were obtained
by averaging all voxels within the region of interest on the sides af-

Subjects
Sixty consecutive patients with nonlacunar MCA ischemic
stroke (38 men, 22 women; mean age, 68 ⫾ 13 years) were
included in the study between May 2006 and December 2007.
One patient missed the admission MR imaging study but completed the day 3 and day 30 studies. Two patients missed the
day 3 imaging study. All patients underwent MR imaging and
clinical assessment at day 30. Two patients had small slightly
hyperintense areas in the periventricular white matter; none
had previous strokes. The modified Rankin Scale score before
the infarct was 0 in all patients.
AJNR Am J Neuroradiol 31:1324 –30 兩 Aug 2010 兩 www.ajnr.org
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All patients underwent MR imaging examination on a 1.5T Intera
scanner (Philips Healthcare, Best, the Netherlands). The protocol included axial trace DWI, FLAIR, gradient-echo T2*-weighted, PWI,
time-of-flight angiography, and DTI sequences. DTI data were acquired by using single-shot EPI sequences with the SENSE parallelimaging scheme (acceleration factor 2) after contrast agent administration. DTI with SENSE helped reduce scanning time and minimize
the susceptibility and distortion artifacts typically associated with EPI
sequences. Diffusion-sensitized gradients were applied along 15 noncollinear directions with a b-value of 1000 s/mm2. Diffusionweighted B0 images were also obtained. Other acquisition parameters
were the following: TR/TE, 6795/72 ms; FOV, 23 ⫻ 23 cm; and matrix
size, 112 ⫻ 112. Forty-five contiguous 3-mm axial sections covering
the entire brain and brain stem were acquired parallel to the anteroposterior line. DTI scanning time was 3 minutes 10 seconds.

Statistical Analysis

BRAIN

MR Imaging

fected and unaffected by the infarct. In each patient, the FA of the CST
was derived from the mean value of 3 contiguous sections. The ipsilateral-to-contralateral CST rFAs were calculated (rFA ⫽
FAaffected side / FAunaffected side). FA measurements were repeated by 1
rater (J.P.) on the first 30 patients on the affected and unaffected sides
(a total of 180 measurements) on 2 separate occasions 1 month apart
and were performed once by 2 raters (J.P., G.B.). The presented FA
values are based on the average of the mean values obtained by the 2
raters. Statistical analysis (intrarater and interrater comparisons) was
performed for the mean FA values. Unaffected CSTs at the level of the
rostral pons were used as internal controls for the assessment of WDrelated changes because no significant differences in anisotropic diffusion are found between tracts on the left and right sides in normal
subjects.15,16 Signal-intensity abnormalities on the affected side of the
CST were also determined on diffusion-weighted b⫽1000, T2weighted, and FLAIR images. Finally, for infarct volumes, 2 raters
(J.P., G.B.) manually outlined the areas of abnormal hyperintensity
on each section of DWIs. Surfaces of areas of abnormal hyperintensity
were summed and multiplied by section thickness (6 mm) and intersection gap (1 mm) to calculate infarct volumes. The results of the 2
raters were averaged.

Table 1: Summary of the demographics, diffusion tensor findings, and clinical scores
Mean age
Male (%)
Left-sided infarct (%)
Regions involved within infarct
Striatocapsular infarction (%)
Peripheral MCA territory (%)
Both (%)
Infarct volume, median (IQ range) (mL)
NIHSS score (mean)
Motor score (%) (mean)
m-NIHSS-Ia
m-NIHSS-II
m-NIHSS-III
P value
FA of CST (mean): affected, unaffected side
m-NIHSS-I
m-NIHSS-II
m-NIHSS-III
P value
rFA of CST: affected, unaffected side
m-NIHSS-I
m-NIHSS-II
m-NIHSS-III
P value
a

⬍12 Hours (n ⫽ 59)

Day 3 (n ⫽ 58)
68.18 ⫾ 13.59
61
58

Day 30

12
55
34
11.20 (7.26–98.61)
11.65 ⫾ 6.03

6.7
45
48
14.24 (7.25–164.04)
6.62 ⫾ 6.13

6.7
48
27
11.51 (9.34–120.55)
4.37 ⫾ 5.03

21.7, 0 ⫾ 0
31.7, 2 ⫾ 1
46.7, 7.29 ⫾ 0.98
⬍.001

53.3, 0 ⫾ 0
25.0, 2.73 ⫾ 1.11
21.7, 7.38 ⫾ 1.04
⬍.001

66.7, 0 (0)
15.0, 2.78 ⫾ 1.20
18.3, 7.27 ⫾ 0.90
⬍.001

0.578 ⫾ 0.08, 0.597 ⫾ 0.06
0.460 ⫾ 0.08, 0.574 ⫾ 0.07
0.590 ⫾ 0.07, 0.582 ⫾ 0.07
.103, .014

0.616 ⫾ 0.07, 0.612 ⫾ 0.06
0.615 ⫾ 0.06, 0.607 ⫾ 0.06
0.591 ⫾ 0.07, 0.576 ⫾ 0.07
.582, .262

0.606 ⫾ 0.07, 0.600 ⫾ 0.06
0.632 ⫾ 0.06, 0.648 ⫾ 0.08
0.421 ⫾ 0.11, 0.600 ⫾ 0.09
⬍.001, .378

0.967 ⫾ 0.10
0.980 ⫾ 0.06
1.020 ⫾ 0.10
.176

1.00 ⫾ 0.049
1.017 ⫾ 0.09
1.028 ⫾ 0.06
.641

1.016 ⫾ 0.08
0.838 ⫾ 0.13
0.697 ⫾ 0.11
⬍.001

m-NIHSS indicates motor scores 5a, 5b, 6a, 6b.

Table 2: Motor scores, signal intensity on conventional MR imaging, and FA in the affected CST in patients with motor deficits at day 30

MCA Territory
Peripheral and striatocapsular

Infarct Volume
(mL)
52.185

NIHSS Score
(0–8)
4

m-NIHSS
Category
(I-III)
II

83
67
47

Peripheral and striatocapsular
Peripheral
Peripheral and striatocapsular

75.247
11.320
8.071

8
1
4

III
II
II

0.313
0.559
0.385

0.634
0.611
0.526

0.493
0.914
0.731

5, M

85

Peripheral and striatocapsular

11.602

3

II

0.338

0.453

0.746

6, M
7, M
8, F

73
76
73

Peripheral
Peripheral
Striatocapsular

116.460
34.090
12.934

4
3
7

II
II
III

0.480
0.580
0.453

0.698
0.627
0.671

0.687
0.925
0.675

9, M
10, M
11, F
12, M
13, M
14, F
15, M
16, M
17, M
18, F
19, M
20, M
21, M

80
68
67
45
67
80
51
67
67
73
73
68
64

Peripheral
Peripheral
Striatocapsular
Peripheral and striatocapsular
Striatocapsular
Peripheral and striatocapsular
Striatocapsular
Peripheral
Peripheral
Peripheral and striatocapsular
Peripheral and striatocapsular
Striatocapsular
Peripheral and striatocapsular

58.758
120.551
59.456
37.221
32.269
116.925
50.290
65.331
78.055
75.623
35.135
11.967
92.026

4
8
7
3
8
8
5
8
2
7
7
3
8

II
III
III
II
III
III
III
III
II
III
III
II
III

0.427
0.620
0.396
0.393
0.416
0.369
0.385
0.310
0.555
0.311
0.400
0.504
0.452

0.648
0.726
0.663
0.427
0.663
0.482
0.648
0.485
0.555
0.481
0.536
0.621
0.644

0.658
0.853
0.597
0.920
0.627
0.765
0.594
0.639
1.000
0.646
0.746
0.811
0.701

Patient,
Sex
1, F

Age
(Yr)
83

2, M
3, F
4, M

Clinical and Neuroimaging Characteristics
Table 1 shows the mean clinical scores and anisotropic indexes
at baseline, day 3, and day 30. At day 30, mean NIHSS and
m-NIHSS scores had improved compared with baseline values. At day 30, 21 patients had some motor deficit (mNIHSS-II or m-NIHSS-III categories) (Table 2) and all patients had started physiotherapy within 2 weeks after the
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Puig 兩 AJNR 31 兩 Aug 2010 兩 www.ajnr.org

FA
Affected Unaffected
0.579
0.640

rFA
0.904

Hypointensity
CST
DWI, T2, and
FLAIR
None
None
DWI, T2, and
FLAIR
DWI, T2, and
FLAIR
None
None
DWI, T2, and
FLAIR
None
DWI
DWI
None
DWI
None
None
None
None
T2 and FLAIR
None
DWI
None

stroke. Infarct volumes on DWI ranged from 0.72 to 164.04
mL, and there were significant differences between the mean
infarct volumes at admission, day 3, and day 30 (P ⫽ .213).
The MCA territories most frequently involved were the peripheral and/or striatocapsular territories. Thirty-one patients
(51.67%) received intravenous rtPA. There were no significant differences in rtPA treatment at admission among the

Fig 1. Evolution of mean FA values and rFAs between the affected and unaffected sides in the region of interest in the descending CST at the level of the rostral pons in the function
of m-NIHSS categories at admission, day 3, and day 30. Boxplots show median values (horizontal line inside the box), quartiles (box boundaries), and the largest and smallest observed
values (lines extending from the box) of FA and rFA. Anisotropy values are clearly lower in patients with motor deficits at 30 days; no differences were found between patients in the
m-NIHSS-II and m-NHISS-III groups.

m-NIHSS groups at day 30. No significant differences were
found among the mean FA values in the unaffected CST in the
entire group of patients at admission, day 3, and day 30 (0.609,
0.598, and 0.591, respectively) (P ⫽ .531). The estimated interobserver consistency showed good agreement for FA measurements (ICC ⫽ 0.809). The estimated intraobserver consistency was also good (ICC ⫽ 0.881).
Correlations Between DTI, Conventional MR Imaging
Findings, and Clinical Scores
The FA and rFA cutoff points that best discriminated the presence of motor deficit at day 30 were 0.556 and 0.925, respectively. The sensitivity, specificity, and positive and negative
predictive values for motor deficit by FA ⬍ 0.556 were 76.2%,
76.9%, 64%, and 85.7%, respectively. For FA at the pons ipsilateral to the infarct at day 30, the area under the ROC curve
was equal to 0.897 with an error of 0.043. The sensitivity, specificity, and positive and negative predictive values for motor
deficit by rFA ⬍ 0.925 were 95.2%, 94.9%, 90.9%, and 97.4%,
respectively. The area under the ROC curve was equal to 0.937
with an error of 0.037.
Mean FA values on the affected side of the CST were significantly different from those on the normal contralateral
side only at day 30 (P ⬍ .001), and mean FA values on the
affected side at 30 days were lower than those at admission and
at day 3 (Table 1). Likewise, rFA values in patients with motor
deficits (m-NHISS-II and m-NHISS-III) were lower only at 30
days (P ⬍.001). In 20 of 21 patients with motor deficits at 30
days (95.2%), FA in the affected CST was below the mean
value of the group of patients without motor deficit, and FA
was lower on the affected side than on the unaffected side in
the group of patients with motor deficits (Table 2). FA decreased 17% in the m-NIHSS-II and 32% in NIHSS-III
groups, and the decrease in mean FA and rFA values correlated
negatively with the degree of motor deficit at 30 days (Figs 1
and 2). However, there were no significant differences in mean

FA and rFA values between patients with NIHSS-II and
NIHSS-III at 30 days.
Correlations of FA measurements in the CST at day 30 with
clinical scores and infarct volumes in patients with MCA infarction are reported in Table 3. None of the clinical scores or
infarct volumes measured within 12 hours correlated with FA
indexes in the CST at day 30. However, clinical severity at day
3 correlated with FA indexes at day 30, and the strongest correlation was between rFA and m-NIHSS score. Moreover, no
significant differences in FA values were found between affected and unaffected CST at admission or at day 3, and these
FA indexes were not correlated with motor status at 30 days (P
⫽.292, r ⫽ 0.321; P ⫽ .231, r ⫽ 0.372, respectively). On the
other hand, there was no significant correlation between acute
infarct volume and the NIHSS and m-NIHSS scores at day 30
(P ⫽ .103, r ⫽ 0.472; P ⫽ .176, r ⫽ 0.485, respectively).
Signal-intensity abnormalities on conventional MR imaging (hyperintensities) were detected in only 40% and 45.4% of
affected CSTs in patients with m-NIHSS-II and m-NHISS-III
at day 30, respectively (Fig 3). Changes in signal intensity were
also associated with decreased FA and rFA values (P ⬍ .001).
Subjects without motor deficit had no significant signal-intensity abnormalities.
Discussion
This prospective study in a relatively large cohort of patients
with territorial MCA infarction found significant correlations
between DTI-measured WD in the CST and m-NIHSS-measured limb motor deficit 30 days after stroke onset. Decreased
anisotropy distal to the infarct on the affected side of the CST,
expressed as FA values measured at the rostral pons, correlated
significantly with limb motor deficit at day 30.
As far as we know, no DTI data focused on a cutoff value for
WD 30 days after stroke onset have been published. Care is
needed when applying cutoff anisotropic values because
changes in diffusion after WD depend strongly on the preexAJNR Am J Neuroradiol 31:1324 –30 兩 Aug 2010 兩 www.ajnr.org
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Fig 2. A 67-year-old man with acute right-sided striatocapsular infarction (upper left corner) who presented with severe hemiparesis (m-NIHSS, 8). Marked hyperintensity in the right
descending CST on DWI at day 30 correlates with a decreased FA value and reduced brightness in the affected side, regarded as WD. Arrows indicate the affected right motor pathways
at the level of the rostral pons.

Table 3: Correlations of affected side FA and rFA at day 30 of CST with clinical severity and infarct volume in patients with MCA strokea
⬍12 Hours

FA
P
rFA
P
a
b

NIHSS
⫺0.311
⬍.079
⫺0.308
⬍.067

mNIHSS
⫺0.328
⬍.082
⫺0.384
⬍.052

Infarct
Volume
⫺0.221b
.009b
⫺0.232b
⬍.001b

Day 3
FA
0.382b
.003b
0.034
.534

rFA
0.332
.213
0.027
.838

NIHSS
⫺0.552b
⬍.002b
⫺0.682b
⬍.001b

mNIHSS
⫺0.670b
⬍.001b
⫺0.761b
⬍.001b

Infarct
Volume
⫺0.359b
.005b
⫺0.484b
⬍.001b

Day 30
FA
0.441b
.003b
0.027
.871

rFA
0.081
.503
0.005
.973

NIHSS
⫺0.655b
⬍.001b
⫺0.752b
⬍.001b

mNIHSS
⫺0.685b
⬍.001b
⫺0.793b
⬍.001b

Infarct
Volume
⫺0.434b
⬍.001b
⫺0.537b
⬍.001b

Pearson rank correlation coefficient was used for all comparisons.
Parameters with P ⬍ .05.

Fig 3. rFAs between the affected and unaffected CSTs are lower in patients with motor
deficits at 30 days; however, fewer than half presented with abnormal signal intensities on
conventional MR imaging. The line parallel to the x-axis represents the prespecified cutoff
point that discriminates patients with motor deficits on the basis of rFA. The graph shows
medians and quartiles.

isting architecture of the white matter.15 Experimental studies
suggest that the orientation of membranes continues to be the
major determinant of anisotropy after WD. In fact, changes in
diffusion observed in the rostral pons, where the CST intersects the transverse pontine fibers, differ substantially from
changes observed in the cerebral peduncle or in the posterior
limb of the internal capsule, where the CST consists of isolated
and well-defined bundles of parallel fibers.16 Consequently,
after white matter damage, cutoff anisotropic values at different points along the CST might differ, and further studies need
to clarify this point.
1328
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We propose an rFA cutoff point that discriminates a high
proportion of patients with normal motor function from
those with motor deficit. We found that the rFA cutoff point
discriminates these patients better than the FA cutoff point.
Intraindividual evaluation by using rFA can detect damage to
the CST ipsilateral to the infarct in patients with high baseline
FA (patient 10, Table 2). On the other hand, the trajectory of
the transverse pontine fibers can introduce error in calculating
CST anisotropy measured at the rostral pons, and using rFA
values minimizes this error. Finally, rFA is more applicable
across centers and operators than absolute FA.
In the clinical setting, DTI enables evaluation of microstructural changes in the CST better than conventional MR
imaging, quantifying the amount of damage specifically
within the motor system after stroke. Although WD is associated with motor deficit, motor deficit is determined by loss of
function of the motor neurons and/or axons, which may or
may not be accompanied by WD.
Our study shows that imaging-based regional markers correlate with motor deficits in MCA stroke. By correlating DTI
findings and clinical data, we found that motor deficits 30 days
after stroke increased with decreased anisotropy in the pons.
The decrease in the FA values in the affected CST becomes
progressively smaller during the subacute-to-chronic stages of
stroke, and previous studies have demonstrated worse outcome in patients with evident WD on conventional MR imaging techniques.8-12 Signal-intensity abnormalities related to
WD are generally not detected until 4 weeks after stroke, when
the main finding is a hyperintensity along the affected tracts on

DWI and T2-weighted images. After assessing WD changes
qualitatively on conventional images and quantitatively by using DTI, we found differences in anisotropy in patients with
motor deficits who had no signal-intensity abnormalities on
conventional MR imaging. Most important, most patients
with motor deficits at 30 days who presented decreased FA
values had no signal-intensity abnormalities on the affected
side of the CST; more specifically, fewer than half presented
hyperintensities on FLAIR and/or restricted diffusion on
DWI. The signal-intensity change in the affected CST was
strongly associated with lower FA indexes. These findings suggest that DTI is more sensitive in detecting tissue changes regarded as WD than conventional MR imaging and DWI.
In an experimental model after unilateral MCA occlusion
in rats, signs of WD in the CST were detected in the brain stem
in histologic stains as early as 2–7 days after the stroke.4 Within
the second stage, WD decreased gradually up to 6 weeks. Other
recent studies have demonstrated early signs of WD in patients
with stroke within 2–3 weeks of onset by using DTI.16,24
Greater FA reduction along the CST on the affected side after
cerebral infarction is associated with greater early motor deficit and worse motor recovery at 3 months.19-22 In our study,
we found significant correlations between FA indexes and motor deficit only at 30 days, and the reductions in mean FA, 17%
and 32% in patients with m-NIHSS-II and m-NIHSS-III respectively, are similar to other published values measured at
the pons.15,18 Thomalla et al.17 found a 13% decrease in FA
measured at the cerebral peduncle 2– 6 months and 2–16 days
after stroke.
Severe WD in the CST distal to a supratentorial infarct in
the acute stage has been regarded as a predictor of worse motor
outcome.17-25 Liang et al24 conducted a similar longitudinal
controlled study by using serial DTI to assess both antegrade
and retrograde WD in 12 patients with subcortical ischemic
infarctions involving the posterior limb of the internal capsule. They found progressive decrease in FA with time starting
from the first week in the region just proximal and distal to the
internal capsule lesion. On the other hand, Wanatabe et al25
used serial DTI evaluations to assess WD in the CST of 16
patients with stroke (6 ischemic, 10 hemorrhagic). They found
that the good recovery group had no significant change in
anisotropy in the rostral pons between 2 and 3 weeks, whereas
the poor recovery group had a significant decrease in anisotropy during that time. Although not specifically calculated, Fig
4 of their study shows that the 0.9 ratio is the approximate
anisotropy cutoff for distinguishing the separate recovery
groups 3 weeks after onset.
Recently, Kusano et al29 reported that FA indexes measured
in the cerebral peduncles within 2 days after intracerebral
hemorrhage onset may predict functional motor outcome. In
this study, a region of interest⫺based analysis of the FA of the
CST in the cerebral peduncles showed that FA measured in the
affected side decreased by 11% compared with the unaffected
cerebral peduncle. The cutoff point of the rFA for the good
(m-NIHSS, 0 –2) and poor (m-NIHSS scores ⱖ 3) outcomes
was 0.85. Despite the differences in the study design, disease,
and time of evolution when the cutoff point was determined,
our cutoff point of 0.925 at 30 days is very similar to theirs.
We found no earlier changes in DTI that predicted motor
outcome. The 3-day follow-up included in our protocol failed

to show changes in anisotropy at a point in the CST far from
the infarct, specifically at the rostral pons. Placing the region of
interest nearer to the infarct might find changes in FA values at
day 3 that could predict poor motor outcome.
A valid surrogate functional outcome measure for stroke is
needed. Clinical variables such as age and initial stroke severity
measured with a neurologic deficit scale such as the NIHSS
have consistently been associated with functional outcome after ischemic stroke.30 However, previous studies have demonstrated that infarct volume on conventional MR imaging correlates only modestly with functional outcome.31 We found
that stroke severity at day 3 correlated negatively with rFA at
day 30; however, this correlation was not found during the
first 12 hours after onset. In the acute phase (⬍12 hours after
onset), three-quarters of our patients had motor deficits, and
they were moderate or severe (m-NIHSS-III) in nearly half of
these patients. However, at day 3, only half of our patients had
motor deficits and only 20% of these deficits were moderate or
severe. These differences in motor deficits between the acute
phase and day 3 are probably due to the ischemic penumbra
(not evaluated in our study).
On the other hand, stroke volume measured on conventional MR imaging at day 3 and at day 30 correlated weakly
with FA indexes at day 30. Volume measures do not take into
account the location of the lesion or the functional pathways
involved, and 2 different infarcts of the same size in different
locations could have very different functional expression.
Thus, rather than total stroke lesion volume, it seems much
more reliable to use DTI to evaluate the extent of damage
specifically within the CST to determine motor deficit and
axonal injury. However, we found no evidence that stroke severity at day 3 was expressed as WD. Placing the region of
interest in a region of the CST closer to the infarct might make
it possible to detect changes in FA indexes earlier and to predict which patients will have worse outcomes in the chronic
phase so that rehabilitation interventions can be adjusted to
each patient’s need from the earliest stages to use health care
resources more efficiently.
One new research line aims to improve neurologic outcome through stem cell⫺based treatment of chronic stroke.32
Although the study of the mechanisms underlying stem
cell⫺based treatment has focused on angiogenesis and neurogenesis, white matter reorganization may contribute to functional recovery after stroke. The earliest stem cell transplantations were carried out 4 –9 weeks from onset,33 and 4 weeks
was also the time when our study demonstrated CST damage
in the patients with motor deficits. DTI may also be useful in
determining the real state of the CST before treatment, quantifying the amount of damage specifically within the motor
system after stroke, and FA indexes could be an alternative way
of monitoring the changes in cerebral tissue that lead to improved outcome.
Several potential limitations to our study merit comment.
First, manual region-of-interest placement is subject to operator bias, especially at day 30, when CST damage is present,
and this may result in variability in location, size, and shape.
Ideally, all the descending motor pathway areas should have
been included to avoid underestimating the degree of DTI
change and thus the degree of WD. Further studies by using
automated region-of-interest analysis or voxel-based analysis
AJNR Am J Neuroradiol 31:1324 –30 兩 Aug 2010 兩 www.ajnr.org
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may resolve this issue. Using m-NIHSS categorization does
not diminish the significance of the association between decreased FA and motor deficit, though dedicated neuromotor
test batteries like the Medical Research Council Scale or
Motricity Index might find significant anisotropic differences
between different grades of motor deficits. On the other hand,
it could be interesting to determine other anisotropic parameters, like mean diffusivity or diffusion tensor eigenvalues, and
to analyze whether changes in the affected tract can be detected earlier to enable better and earlier prognosis. Finally,
the small number of patients with motor deficits at 30 days
could be a limitation; however, our sample size seems sufficient given that the profile of patients defined by the inclusion
criteria is similar, the variability in the findings for the unaffected side among all patients is low, and the normal unaffected side served as an internal control that minimized the
potential variability among patients. Nevertheless, a larger
sample would have increased the power of our findings.
Conclusions
In summary, the current study shows that DTI is more sensitive than conventional MR imaging in detecting WD and provides further evidence that FA could potentially be used as an
imaging surrogate marker for motor deficit. To our knowledge, this is the first study to determine an anisotropic cutoff
point in the evaluation of WD in patients with motor deficits
30 days after stroke. Identifying imaging biomarkers of WD
represents a real challenge and could have implications for
clinical decision-making. Evaluation of CST integrity by using
anisotropic parameters can be useful for setting therapeutic
goals and for selecting and monitoring patients with stroke for
individual rehabilitation strategies.
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