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Objective: We wanted to differentiate between transient ischemic attack (TIA) and minor stroke using fractional anisotropy
and three-dimensional (3D) fiber tractography.

Materials and Methods: The clinical data, conventional magnetic resonance imaging (MRI), diffusion weighted imaging
(DWI) and diffusion tensor imaging (DTI) were obtained for 45 TIA patients and 33 minor stroke patients. The fractional
anisotrophy ratio (rFA) between the lesion and the mirrored corresponding contralateral normal tissue was calculated and
analyzed. The spatial relationship between the lesion and the corticospinal tract (CST) was analyzed and the lesion sizes in
the minor stroke patients and TIA patients were compared.

Results: Twenty-two of the 45 TIA patients (49%) revealed focal abnormalities following DWI. The rFA was significantly
lower (p < 0.05) in the stroke patients (0.71 + 0.29) compared to that of the TIA patients (1.05 + 0.37). The CST was
involved in almost all stroke lesions, but it was not involved in 68% of the TIA lesions. The TIA patients had significantly
lower CST injury scores (3.25 + 1.75) than did the stroke patients (8.80 + 2.39) (p = 0.004).

Conclusion: Our data indicate that TIA and minor stroke can be identified by analyzing the rFA and the degree of CST

involvement, and this may also allow more accurate prediction of a patient’s long-term recovery or disability.
Index terms: Magnetic resonance imaging; Diffusion tensor imaging; Transient ischemic attack; Stroke

INTRODUCTION

Much interest has recently been given to the potential
usage of diffusion tensor imaging (DTI) for the in vivo
quantification of microstructural damage to the cerebral
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white matter following stroke. DTI provides information
about the predominant direction and degree of water
diffusion in tissues (1, 2). In the white matter, water
diffuses quickly lengthwise along the fibers and slowly
perpendicular to fibers, resulting in anisotropic diffusion
(3). The degree of anisotropy depends on the level of
organization and the integrity of the white matter tract
and on the degree of freedom of water diffusion movement
caused by the oriented axonal membranes and myelin
sheaths (4). Reduced anisotropy along the corticospinal
tract (CST) remote from a cerebral infarct has been
interpreted as Wallerian degeneration (WD) (5, 6). DTI can
quantify the fractional anisotropy (FA) values to evaluate
the pathology change of the cerebral white matter, and the
FA values are valuable for detecting WD and evaluating the
prognosis.

Diffusion-weighted imaging (DWI) revealed that focal
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abnormalities existed not only in stroke patients, but also in
up to 67% of the patients with a clinical transient ischemic
attack (TIA) (7-13). Winbeck et al. (14) indicated that
within six hours after symptom onset, TIA and stroke could
be differentiated by analyzing the DWI signal intensity

of the lesions. However, to the best of our knowledge, a
controlled study concerning differentiating TIA from stroke
by using FA values is yet to be conducted. Therefore, we
have investigated the possibility of differentiating TIA from
minor stroke by analyzing the FA values and the DTI within
24 hours after symptom onset.

MATERIALS AND METHODS

Study Population

The study groups were 78 patients who were admitted
to Huashan hospital from June 2006 to July 2007 and who
were clinically diagnosed as suffering a TIA or minor stroke
by neurologists and according to follow-up MRI. TIA was
defined as an acute transient focal neurological deficit
caused by vascular disease and the deficit was completely
reversed within 24 hours. Minor stroke was defined as a
National Institutes of Health Stroke Scale (NIHSS) score <
5. The relevant criteria (for this sub-study) were as follows.
1) The exact onset of symptoms was available for all cases.
2) The TIA patients whose clinical symptoms were most
likely referable to one of the cerebral hemispheres were
included (the patients with clinical symptoms referable to
the posterior fossa were excluded). Minor stroke patients
with brain stem or cerebellar infarction were excluded.
3) The DWI and DTI sequences were performed within 24
hours after symptom onset. 4) The clinical and demographic
variables, as well as information regarding age, gender,
the symptom duration and the cardiovascular risk factors
(e.g., coronary artery disease, hypertension, diabetes,
hypercholesterolemia and atrial fibrillation) were gathered
from the chart of every patient. 5) None of the patients had
treatment with thrombolysis (intravenous or intraarterial),
percutaneous angioplasty, mechanical disruption of the
occluding thrombus or induced hypertension before MRI. 6)
Acute DWT lesions were present on one cerebral hemisphere
while the other hemisphere was normal. 7) The patients
had no other cerebral diseases (e.g., hemorrhage, tumor,
etc.) or a history of cerebral operations. 8) There were no
constructed defects on the DTI images caused by head
motion.
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Image Acquisition

The MRI scans were acquired using the 3.0T GE Signa
Horizon scanner (Signa Horizon, GE Medical Systems,
Milwaukee, WI) with equipped with an enhanced gradient
system. For this study the following sequences were
evaluated: conventional T1, axial fast-spin-echo T2-
weighted and axial fluid-attenuated inversion-recovery
(FLAIR). DWI was performed using a single shot-spin echo-
planar imaging sequence with a repetition time (TR)/echo
time (TE): 4800/min ms, a slice thickness of 6 mm, a 128
x 128 matrix and a 240 mm field of view, which involved
a b value of 1000 s/mm? in each of the three orthogonal
directions; DTI was performed using a single shot-spin echo-
echo planar imaging sequence with a TR/TE: 10,000/112
min ms, a slice thickness of 5 mm, a 128 x 128 matrix and
a 220 mm field of view, which involved b values of 0 and
1000 s/mm’ in each of the 21 orthogonal directions. The
study was approved by the Medical Ethics Committee of
Huashan Hospital, Fudan University, and each participant
signed the informed consent form.

Data Processing

The original DTI images were transferred to a SUN ADW 2.0
work station to rebuild the FA images and the white matter
tracts using Functool 2 software. The ratio of the lesion
to the corresponding normal contralateral tissue average
signal intensity (rAI) on b = 1000 images (rAL, _ 1400) Was
calculated. The quantitative FA values of the corresponding
hypointense or hyperintense lesions and the values of the
corresponding normal contralateral tissue were analyzed. To
control the differences in absolute FA values at any given
scan and thereby permit more meaningful comparisons
between groups, we used the FA ratio (rFA) of the lesion
to the mirrored contralateral normal tissue. If multiple
lesions or noncontiguous abnormalities were noted, then
the ratio was calculated by summing the individual average
intensities of all the abnormal lesions and dividing the
results by the average intensity of the corresponding
mirrored contralateral normal brain areas.

Three seeds were used to reconstruct the CST. 2D FA
maps and colorized directional encoded color (DEC) maps
were acquired simultaneously through this process. The
first region of interest (ROI) was placed on the cerebral
peduncle, the second on the posterior limb of the internal
capsule and the third on the anterior central gyrus and part
of the paracentral lobule. The conditions for fiber tracking
were 0.18 < FA value < 1.00, 0.00 < apparent diffusion
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coefficient (ADC) value < 0.01 and 0.00 < S, < 1000.0.

The time for constructing both sides of the CST was 10-15
minutes. The spatial relationship between the DWI lesion
and the CST was analyzed in multiple angles by combining
the 3D CST with the FA and DEC maps to reveal the degree
of CST injury. Scores that were arrived at according to the
following criteria were used to evaluate the degree of CST
injury: 1) in cases where the DWI lesion was completely
located outside the CST, the CST injury was scored 0 (i.e.,
integrated CST), 2) when the DWI lesion was partially
located inside the CST (i.e., the CST was partially involved),
the CST injury was scored 1 denoting CST injury < 1/3, the
CST injury was scored 2 indicating 1/3 < CST injury < 2/3
and it was scored 3 indicating 2/3 < CST injury < 1 and 3)
a (ST injury score of 4 indicated that the DWI lesion was
entirely located inside the CST (i.e., the CST was completely
involved). When the scores for each and every slice were
known, the exact degree of CST injury could be identified.

Diffusion Tensor Imaging for Differentiating TIA and Stroke

Note: the lesion volume was measured by adding the DWI
lesion area according to the following formula: ¥ (slice
thickness + interval thickness).

Statistical Analysis

Al the values are given as a mean and the 95% confidence
interval (CI). Between-group comparisons were performed
with X* and Student’s t tests for the normally distributed
data. P values < 0.05 were considered significant. Receiver
operating characteristic (ROC) curves were constructed
and the optimum cutoff values with the best combination
of sensitivity and specificity were calculated. The overall
accuracy of the diagnosis was expressed by the area under
the curve, and this ranged from 0.5 to 1. A value of one
implied perfect sensitivity and specificity, whereas a value
of 0.5 implied that the model’s accuracy was no better than
chance (15). Generally, a value > 0.7 could be interpreted
as reasonable and a value > 0.8 indicated good accuracy

Fig. 1. Diffusion weighted imaging

(A) and fractional anisotrophy (B)
measurement in patient with transient
ischemic attack (64-year-old man with
transient right extremity weakness. Yet
neurologic deficits were completely
resolved in 6 h). Diffusion weighted
imaging (C) and fractional anisotrophy (D)
measurement in patient with stroke (50-
year-old man with dysarthria and right
extremity weakness). In transient ischemic
attack patient, rAI, _ o Was 1.58 and

rFA was 0.89. In stroke patient, rAI, _ g0
was 2.25 and rFA was 0.57. rAL, _ 40 Was
significantly lower in transient ischemic
attack patients compared with that of
stroke patients, while rFA was significantly
higher in transient ischemic attack patients
compared with that of stroke patients.

rAl = average signal intensity, rFA =
fractional anisotrophy ratio
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(16). The statistical analysis was performed using SPSS
13.0.

RESULTS

Forty-five TIA patients (M:F = 35:12; average age, 59.6)
and 33 stroke patients (M:F = 16:17; average age, 65.2)
were enrolled. Twenty-two out of the 45 TIA patients
(49%) revealed focal abnormalities following DWI. The
signal intensity was significantly higher (p = 0.008) in
the minor stroke patients (n = 33, rAI,_ ;o = 1.96) when
compared with that of the TIA patients with DWI lesions
(n =22, rAL,_ 00 = 1.46), while the rFA was significantly
lower (p = 0.002) in the minor stroke patients (n = 33, rFA
= 0.71) when compared with that of the TIA patients with
DWI lesions (n = 22, rFA = 1.05) (Fig. 1) (Table 1). Among
the 22 TIA patients with DWI lesions, 12 (55%) showed
increased FA values and the mean rFA value was 1.21 + 0.16.

Diffusion tensor imaging was performed for three groups
of patients after different lengths of time of symptom
onset: first on 16 (36%) TIA and 17 (52%) stroke patients
within six hours after symptom onset, then on nine (20%)
TIA and nine (27%) stroke patients between six and 12
hours after symptom onset and finally on 20 (44%) TIA and
seven (21%) stroke patients between 12 and 24 hours after
symptom onset. Eight TIA patients in the first group (50%),
five in the second group (56%) and nine in the third group
(45%) showed DWI abnormalities. At all the time intervals,
the rAL, _ o and rFA were significantly different for the
stroke patients when compared with those values of the TIA
patients (Fig. 2). Six TIA patients in the first group (50%),
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four in the second group (33%) and two in the third group
(17%) showed increased FA values.

Receiver operating characteristic curve analysis revealed
a good value for the area under the curve (0.86 for the rFA)
(Fig. 3). For an rFA > 0.9, the sensitivity for TIAs was 75%,
with a specificity of 73% and a positive predictive value of
72%. For the patient group in which the DTI was performed
within six hours after symptom onset (8 TIA patients and
17 stroke patients), the area under the curve was 0.77 (95%
(CI: 0.78, 1.25; p = 0.03) for the rFA. The sensitivity and
specificity of the rFA were 70% and 65%, respectively.

The spatial relationship between the ischemic lesion and

Table 1. Comparison of DWI Lesions in TIA Patients and
Stroke Patients

TIA Stroke P Values

Variables 22 33
Age, mean

(<) 61.5 + 11.9 65.2+9.5  0.362
Gender

(malefemale) 19/3 16/17 0.005
fAL, - 1000 1.46+0.25  1.96+0.47  0.008
IFA 1.05+0.37  0.71+0.29  0.002
Lesion volume ; 53\ 4 o8 em® 5.63 + 5.46 cm®  0.455

(cm’)
(ST injury 3.254+1.75  8.80+2.39  0.004

score

Note.— (ST = corticospinal tract, DWI = diffusion weighted
imaging, rAl = average signal intensity, rFA = fractional
anisotrophy ratio, SD = standard deviation, TIA = transient
ischemic attack

2.20 —
| stroke

2.00 — H TIA

1.80 — j —
% 1.60 —

1.40 —

1.20 H

T T T
< 6th 6-12 h 12-24 h
time

m stroke
1.20 = TIA
1.00
T
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0.60 —

T T
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time

T
< 6th

A

Fig. 2. Percentile rank map of rAI, _,4, (A) and rFA (B) between transient ischemic attack and stroke patients at different time intervals. At
all time intervals, rAL _ 40 and rFA were significantly different in stroke patients as compared with those values in transient ischemic attack
patients. rAl = average signal intensity, rFA = fractional anisotrophy ratio, TIA = transient ischemic attack
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Fig. 3. Receiver operating characteristic curve analysis for rFA
of transient ischemic attack and stroke patients.

Area under curve shows good accuracy (0.86) for discriminating
transient ischemic attack from stroke using rAI measurement on
fractional anisotrophy maps. rAl = average signal intensity, rFA

= fractional anisotrophy ratio, ROC curve = receiver operating
characteristic curve, TIA = transient ischemic attack

Diffusion Tensor Imaging for Differentiating TIA and Stroke

the CST can be categorized into three types: integrated
(ST, partially involved CST and completely involved CST. For
the 22 TIA patients with DWI lesions, 68% (15 of 22) had
an integrated CST, 32% (7 of 22) had a partially involved
CST and none had a completely involved CST, whereas for
33 stroke patients, none had an integrated CST, 46% (15

of 33) had a partially involved CST and 55% (18 of 33)

had a completely involved CST. The TIA patients (3.25 *
1.75) had significantly lower CST injury scores than those
of the stroke patients (8.80 + 2.39) (p = 0.004). In the TIA
patients, 91% (20 of 22) of the lesions were detected in the
centrum ovale, corona radiate, thalamus and cortex, while
88% (29 of 33) of the lesions were detected in the internal
capsule of the stroke patients. There was no difference in
lesion volume between the TIA patients (5.23 + 4.28 cm’)
and stroke patients (5.63 + 5.46 cm’) (p = 0.455) (Figs.
4-6) (Table 1).
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Fig. 4. Diffusion weighted imaging

and diffusion tensor imaging scans

from transient ischemic attack patient
(53-year-old man with transient

right hemisensory loss, weakness and
dysarthria. Yet neurologic deficits
completely resolved in 2-4 hours.)

A. Axial diffusion weighted imaging showed
small hyperintense lesion near left cornu
posterius ventriculi lateralis. B, C. Lesion
volume was 2.87 cm’. Fiber tracts reconstructed
in 3-dimensional space were superimposed on
fractional anisotrophy map (B) and directional
encoded color map (C). D, E. Fiber tract results
showed corticospinal tract (orange) of affected
cerebral hemisphere appeared near lesion, but
it was not running through it.
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DISCUSSION

This study has demonstrated that patients with minor
stroke or TIA can be differentiated by analyzing the FA value
following DTI. The DWI signal intensity was significantly
higher in the minor stroke patients when compared with
that of the TIA patients with DWI lesions, which agrees
with the data from Winbeck et al. (14). To the best of our
knowledge, this is the first study reporting differences
in intensities on the FA maps of stroke patients when
compared with that of TIA patients with DWI abnormalities.
In addition, we were able to differentiate between TIA and
stroke using the DTI data and the rFA cutoff values. In our
opinion, the results of our study will be valuable for clinical
practice given the timeliness of differentiating TIA from a
stroke. We have shown that TIA can be distinguished from
stroke by analyzing the value of the average intensity on
the FA images within six hours of symptom onset. Another

critical finding of our study is the accuracy by which TIA
can be discriminated from stroke by measuring the rFA.
Furthermore, the area under the ROC curve was > 0.8 and

kjronline.org
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this revealed its high predictive capability. In addition,
further studies are required to verify the discrimination
power discovered in this study and empower its further
implications.

Our study found that the FA values in some TIA patients
were increased and became higher than the FA values of
the undamaged side within 24 hours of symptom onset. The
shorter the length of symptom onset to DTI, the higher the
incidence of an increased FA value. Generally, the increase
of anisotropy indicates water content flowing into cells
from the outside without cell membrane destruction, or
said a different way, the increase of diffusion anisotropy
in turn indicates the integrity and continuity of the
structure (17, 18). A previous study has shown that after
the recovery of diffusion hyperintensity, the increased
diffusion anisotropy disappeared (19). Thus, the increase or
invariability of diffusion anisotropy always indicated light
or early ischemic injury, which was most probably reversible
and there was a high chance these patients had a good
prognosis after therapy, whereas a decrease of anisotropy
indicated irreversible ischemia and destruction of cell

C

Fig. 5. Diffusion weighted imaging and
diffusion tensor imaging scans from
stroke patient (62-year-old man with
right extremity weakness).

A, B. Axial diffusion weighted imaging (A)
and apparent diffusion coefficient (B) showed
small hyperintense lesion on left thalamus
and internal capsule. Lesion volume was

3.12 cm’. C, D. Fiber tracts reconstructed in
3-dimensional space were superimposed on
fractional anisotrophy map (C) and directional
encoded color map (D). E. Fiber tract results
showed left corticospinal tract (orange) was
only partially involved.
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integrity. The relative increase of ecto-cellular free water
caused by vascular edema and cell membrane destruction
would mainly cause the decrease of diffusion anisotropy.
Thus, the early decrease of diffusion anisotropy indicated
irreversible ischemia and these patients had a poor
prognosis after therapy even within six hours after symptom
onset. In our study, the rFA of the ischemic lesions was
significantly higher in the TIA patients compared with
that of the stroke patients, which to some extent reflected
the pathophysiological change of ischemic lesion in TIA
patients, and this rFA value was different from that of
stroke patients.

We also found that the degree of CST involvement in TIA
patients with DWI lesions was significantly different from
that of stroke patients. The lesions in stroke patients were
always located in the center of the CST, while the lesions
in TIA patients were always located on the side of the CST,
though we found no difference in lesion volume between
the TIA patients and the stroke patients. Two different
infarcts of the same size in different locations could

Diffusion Tensor Imaging for Differentiating TIA and Stroke

have very different functional expressions. Thus, rather
than using the total stroke lesion volume, it seems much
more reliable to use DTI to evaluate the extent of damage
within the CST to determine the axonal injury. The tiny
lesions located in the center of the CST were mostly stroke
lesions, whereas the lesions near the CST, in spite of their
volume, were mostly associated with TIAs. The lesions in
TIA patients are almost always located in the centrum oval,
corona radiate, thalamus and cortex, while the lesions in
stroke patients are mostly located in the internal capsule.
After performing research on 14 micro-infarction lesions
involving the supratentorial white matter by employing
fiber tractography, which has a sensitivity of 100% and a
specificity of 77% for making the diagnosis of sensation and
motion symptoms, Yamada et al. (20) found that infarction
symptoms were highly correlated to the lesion location.
However, they did not quantify the degree of involvement
of the sensation and motion pathway.

In summary, TIA and minor stroke may be differentiated
by analyzing the rFA value of the lesions and the degree

C

Fig. 6. Diffusion weighted imaging and
diffusion tensor imaging scans from
stroke patient (66-year-old man with left
extremity weakness).

A, B. Axial diffusion weighted imaging (A)
and apparent diffusion coefficient (B) showed
small hyperintense lesion on right thalamus
and internal capsule. Lesion volume was

2.86 cm’. C, D. Fiber tracts reconstructed in
3-dimensional space were superimposed on
fractional anisotrophy map (C) and directional
encoded color map (D). E. Fiber tract results
revealed lesion was fully involved in right
corticospinal tract (orange).
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of CST involvement, and this may allow a more accurate
prediction of the prognosis. A fiber tracking technique that
can directly display the CST will provide a new direction

for WD research after cerebral ischemia. The quality of our
fiber tractography was satisfactory and the time taken for
data collection and processing was acceptable, although
many technical problems still need to be resolved. Several
potential limitations of our study merit comment. First,
this study was performed from 2006 to 2007 and at that
time the current definition of TIA, which defines TIA as a
transient episode of neurological dysfunction caused by
focal brain, spinal cord or retinal ischemia, and without
acute infarction (21), had not been published. Our
definition of TIA at that time is reasonably sound, and we
found that the DWI lesions in some patients were reversible
in our study (22). In the future, more studies should be
carried out to compare the TIA patients with reversible
DWI lesions to minor stroke patients with bearing in mind
this modification of the TIA definition. Second, it would be
interesting to determine other anisotropic parameters, such
as the mean diffusivity or the diffusion tensor eigenvalues,
and to analyze the difference between minor stroke and
TIA patients. On the other hand, all the ischemic lesions
were small because the small infarction lesions had a clear
spatial relation with the CST. Finally, the small number of
patients could be another limitation. A larger sample size
would increase the accuracy of our findings.
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