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A Comparison of Fast Spin-Echo, Fluid-Attenuated
| nver sion-Recovery, and Diffusion-Weighted MR Imaging

in the First 10 Days after Cerebral Infarction

Peter E. Ricci, Jonathan H. Burdette, Allen D. Elster, and David M. Reboussin

BACKGROUND AND PURPOSE: Echo-planar diffusion-weighted and fluid-attenuated in-
version-recovery (FLAIR) imaging have both proved valuable for detecting acute ischemic
infarcts, but little is known about the value of diffusion-weighted imaging beyond the acute
infarct period. Furthermore, no direct comparison of the techniques has been published. We
compared the diagnostic utility of diffusion-weighted, FLAIR, and T2-weighted fast spin-echo
(FSE) imaging for detecting cerebral infarctions up to 10 days old.

METHODS: FSE, FLAIR, and diffusion-weighted MR sequences wer e obtained prospectively
over a 6-month period in 212 patients with suspected cerebral infarctions. Seventy patients
with nonhemorrhagic ischemic infarcts less than 10 days old whose symptoms lasted longer
than 48 hours were identified. The three sequences were compared for detectability and con-
spicuity of abnormalities that correlated with the neurologic deficit.

RESULTS: Seventy-two symptomatic infarctswerefound in the 70 patients. Diffusion-weight-
ed imaging detected 70 (97%), FLAIR, 69 (96%), and FSE, 64 (89%) of the 72 lesions. Only
the difference between diffusion-weighted and FSE imaging approached statistical significance.
There was no difference in the number of lesions detected in the patients imaged 48 hours or
more after infarction. Lesion conspicuity on diffusion-weighted images was judged superior to
that on FSE and FLAIR images in 55 (77%) and 47 (67%) of the cases, respectively. FLAIR
images were judged superior to FSE in 34 (48%) of the cases.

CONCLUSION: Diffusion-weighted images showed more infarcts than FLAIR and FSE im-
ages, and FLAIR images showed more than FSE images, but the differences were not statis-
tically significant. Lesion conspicuity, however, was consistently better on diffusion-weighted
images than on either FLAIR or FSE images throughout the 10-day period. Acquisition of
diffusion-weighted images in the late acute and subacute periods after ischemic cerebral in-

farction appears to be beneficial.

Cerebrovascular disease is a maor heath care
problem, with approximately 750,000 new or re-
current strokes affecting the U.S. population each
year (1). CT and MR imaging continue to be the
mainstays for imaging cerebrovascular disease,
with the superiority of MR imaging for infarct de-
tection now firmly established (2, 3). However, not
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al MR techniques appear equally adept at identi-
fying infarcts. Comparisons of commonly available
MR pulse sequences have generally shown that
conventional spin-echo (CSE) imaging is superior
to fast spin-echo (FSE) imaging, while fluid-atten-
uated inversion-recovery (FLAIR) imaging is more
sensitive than both CSE and FSE imaging for in-
farct detection (4—7). The development of diffu-
sion-weighted MR imaging has added yet another
means of imaging cerebrovascular disease (8). Dif-
fusion-weighted imaging has proved particularly
sensitive for the detection of hyperacute infarcts in
humans and animals, and has been shown to be
superior to CSE and FSE imaging during that time
period (9-15).

Although Noguchi et al (7) have suggested that
FLAIR imaging can detect 2- to 3-hour-old infarc-
tions (and thereby compete with diffusion-weighted
imaging in the diagnosis of hyperacute cerebral in-
farction), we are unaware of any published com-
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parison between the two techniques. Furthermore,
the literature comparing FSE imaging with either
diffusion-weighted or FLAIR imaging in patients
with cerebral infarctions outside the acute/hyper-
acute period is limited. Because patients are fre-
quently referred for imaging in the subacute infarct
period, a comparison of diffusion-weighted,
FLAIR, and FSE imaging in this period is impor-
tant. We therefore set out to compare the detect-
ability and conspicuity of ischemic infarcts within
the first 10 days of clinical ictus on diffusion-
weighted, FLAIR, and FSE imaging sequences.
The hypothesis to be tested was that lesion detec-
tion and conspicuity in both the acute and subacute
periods were superior on diffusion-weighted im-

aging sequences.

M ethods

MR imaging was performed prospectively in 212 consecutive
patients referred for suspected acute or subacute cerebral infarc-
tion over a 6-month period. All images were obtained using a
commercialy available MR unit operating at 1.5 T. T2-weighted
FSE, fast-FLAIR, and echo-planar diffusion-weighted sequences
were performed in al patients, forming the basis for comparison.
The FSE sequences were obtained in the axial plane with pa-
rameters of 4000/80/1 (TR/TEg/excitations), a section thickness
of 5 mm with a 2-mm gap, an echo train length of 8, an ac-
quisition matrix of 256 times; 256, and a field of view of 22
cm. FLAIR images were obtained in the corona plane using
parameters of 10,000/97/1 (TR/TEg/excitations), an inversion
time (TIl) of 2200, a section thickness of 4 mm with a 2-mm
gap, an echo train length of 8, an acquisition matrix of 192
times; 256, and a field of view of 22 cm.

Diffusion-weighted imaging was performed in single-shot
echo-planar mode in the axia plane with parameters of 10,000/
97/1 (TR/TE/excitations), a section thickness of 5 mm with a
2.5-mm gap, afield of view of 30 cm, and an acquisition matrix
of 128 times; 128. Diffusion gradients with corresponding b
values of 1 and 1000 Ymm? were sequentially activated in the
X-, y-, and z-planes. This technique generated 20 axial aniso-
tropic diffuson-weighted images sensitive to water motion
along each of the three principal anatomic axes in 40 seconds.
In approximately half the cases, isotropic trace images were gen-
erated by calculating the average signd intensity of each pixel
from the three sets of diffusion images on a pixel-by-pixel basis.

Clinical data on each patient were acquired prospectively
from the patient at the time of the imaging examination and
supplemented where needed by chart review and/or consulta-
tion with the referring physician. Relevant information includ-
ed the nature of the neurologic deficit(s), date and time of
clinical ictus, history of prior neurologic events, and resolution
or persistence of clinical symptoms. From the initial group of
212 patients scanned, 70 met strict criteria for inclusion in this
study: 1) final clinical diagnosis of nonhemorrhagic ischemic
cerebral infarction, 2) age of infarction less than or equa to
10 days, and 3) persistence of symptoms longer than 48 hours
after ictus. The 10-day criterion was arbitrarily chosen on the
basis of published literature suggesting that the apparent dif-
fusion coefficients (ADCs) of infarcts typically return to nor-
mal during this time frame (16-18). The resulting cohort of
70 patients selected for inclusion in our project included 39
males and 31 females, ranging in age from 10 to 90 years
(average age, 69 years).

Two experienced neuroradiologists with complete knowl-
edge of the patients' clinical histories independently reviewed
al studies. Diffusion-weighted, FLAIR, and FSE images were
inspected simultaneously for areas of abnormal signal. A se-
quence was considered positive for infarction if abnormal sig-
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TABLE 1: Data summary

No. (%) of 72 Lesions

Detection Conspicuity
>Diffusion-
Sequence (+) Scans >FSE >FLAIR Weighted
FSE 64 (89) s 23 3(4)
FLAIR 69 (96) 34 (48) s 23
Diffusion-Weighted 70 (97) 55 (77) 47 (67)

Note—FSE indicates fast spin-echo; FLAIR, fluid-attenuated inver-
sion recovery.

TABLE 2: Lesions detected

Days after Infarct

Totals

Sequence 1 2 3 45 6 7 8 9 10 No. (%)

FSE 10 16 12 7 7 1 4 2 3 2 64(89

FLAIR 12 19 12 7 7 1 4 2 3 2 69(9%)

Diffusion-Weighted 13 19 12 7 7 1 4 2 3 2 70(97)
Total lesions 13 21 12 7 7 1 4 2 3 2 72

Note—FSE indicates fast spin-echo; FLAIR, fluid-attenuated inver-
sion recovery.

nal was present in a location consistent with the patient’s re-
corded neurologic deficit. Images with no abnormal signal or
with areas of abnormal signal located in regions that could not
reasonably explain the patient’s symptoms were considered
negative for infarction. For the diffusion-weighted sequences,
anisotropic images sensitive to water motion in the x-, y-, and
z-axes were evauated in each case. Even when isotropic trace
images were available, the anisotropic source images were still
reviewed. Using a consensus method, the readers made pair-
wise comparisons of lesion intensity relative to adjacent brain
for each sequence, thereby ranking sequences in terms of con-
spicuity. For each infarct, comparisons were made between
FSE, FLAIR, and diffusion-weighted images, judging lesions
to be more, less, or equally conspicuous. In the cases in which
a disagreement between the two readers occurred, the inter-
pretation of a third neuroradiologist served as the tiebreaker.

Statistical analyses of the pairwise comparisons were made
by using McNemar’s and exact binomial tests (19). All hy-
potheses were two-sided and a Bonferroni correction was used
for multiple comparisons. Both the patient and the lesion were
considered as the unit of analysis, but inferences were the same
regardless of which was used.

Results

MR abnormalities were identified in 69 (99%) of
the 70 patients who met the inclusion criteria out-
lined above. Because four patients were scanned on
two separate occasions (one for follow-up, three for
new events), 72 distinct infarcts were analyzed,
ranging in age from 10 hours to 10 days. Lesion
distribution was as follows. 43 were located in the
cortex/subcortical white matter, four in the periven-
tricular white matter, 15 in the basal ganglia/thal-
amus, three in the cerebellum, and six in the brain
stem. The results are summarized in Tables 1 to 3.
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TABLE 3: Lesion conspicuity
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Days after Infarct

Sequence 1 2 3 4 5 6 7 8 9 10 Tota No. (%)
FLAIR > FSE 6 12 3 3 2 0 2 2 3 1 34 (48)
FLAIR = FSE 7 7 9 4 5 0 2 0 0 1 35 (49)
FLAIR < FSE 0 1 0 0 0 1 0 0 0 0 23
DW > FSE 8 16 10 5 6 1 2 2 3 2 55 (77)
DW = FSE 4 2 2 2 1 0 2 0 0 0 13 (18)
DW < FSE 1 2 0 0 0 0 0 0 0 0 3(4)
DW > FLAIR 7 14 9 5 6 1 2 1 1 1 47 (67)
DW = FLAIR 5 4 3 2 1 0 2 1 2 1 21 (30)
DW < FLAIR 1 1 0 0 0 0 0 0 0 0 2(3)

Note—FLAIR indicates fluid-attenuated inversion recovery; FSE, fast spin-echo.

Lesion Detection

Overall, diffusion-weighted imaging detected
97% (70/72) of the infarcts; FLAIR, 96% (69/72);
and FSE, 89% (64/72). Only the difference in the
number of lesions detected between the diffusion-
weighted and FSE sequences approached statistical
significance (P = .07). Notably, all the lesions that
were undetected by one or more of the pulse se-
guences were imaged within 48 hours of symptom
onset. All 38 lesions imaged between days 3 and
10 were identified on all three sequences.

Differences in lesion detection among the three
techniques can be appreciated when considering the
34 infarcts less than 2 days old. Diffusion-weighted
imaging detected 32 infarcts; FLAIR, 31; and FSE,
26 (Table 2). Figure 1 shows the single instance in
which diffusion-weighted imaging detected alesion
not visible with FLAIR; that right cerebellar lesion
was aso inapparent on FSE images. During the
second day after ictus, both FLAIR and diffusion-
weighted images missed two small brain stem in-
farcts, most likely a result of their small size and
the susceptibility artifacts at the skull base (Figs 2
and 3). One of those lesions was detected on FSE
images (Fig 3A). FSE imaging proved inferior to
both diffusion-weighted and FLAIR during the first
48 hours, missing eight (24%) of 34 lesions (Table
2). Six of the lesions missed on FSE images bor-
dered the CSF: five were cortical/subcortical in lo-
cation and one was located in the periventricular
white matter.

Lesion Conspicuity

FLAIR images were judged superior to FSE im-
ages in 48% (34/72) of the cases, equal in 49% (35/
72), and inferior in 3% (2/72) (Table 3). In the 36
scans in which there was a difference in infarct
conspicuity between FLAIR and FSE imaging, the
lesions were judged more conspicuous on FLAIR
images in 34 (94%) (P < .001). On 58 scans (56
patients), there was a difference in conspicuity be-
tween diffusion-weighted and FSE imaging; diffu-
sion-weighted sequences were rated superior in 55
(95%) (P < .001). Similarly, there were 49 scans

(44 patients) in which there was a difference in
conspicuity between diffusion-weighted and
FLAIR imaging, and the diffusion-weighted images
were rated superior in 47 (96%) (P < .001) (Fig
4, 5). The differences in lesion conspicuity between
the three sequences remained significant at the P
< .001 level for infarcts 3 to 10 days old, even
though there was no difference in the number of
lesions detected. It is notable that only three in-
farcts were judged to be less conspicuous on dif-
fusion-weighted images than on FLAIR and/or FSE
images; all three lesions were less than 48 hours
old. Figure 6 illustrates one of those cases.

Discussion

The benefit of diffusion-weighted MR imaging
for detecting hyperacute and acute cerebral infarcts
in humans and animals, and its superiority to CSE
and FSE imaging during those periods, has now
been firmly established (8-15). It has been sug-
gested that MR imaging using fluid-attenuated in-
version recovery sequences can detect 2- to 3-hour-
old infarctions (7). If true, FLAIR sequences might
be able to compete with diffusion-weighted imag-
ing in the diagnosis of hyperacute cerebral infarc-
tion. While there have been numerous studies eval-
uating the sensitivities of diffusion-weighted, CSE,
and FSE MR imaging for the detection of hyper-
acute/acute infarcts, two important issues have not
been addressed: there has been no published com-
parison of diffusion-weighted and FLAIR imaging,
and the potential benefit of diffusion-weighted im-
aging outside the hyperacute/acute infarct period
has not been well evaluated. Both these issues were
addressed in this study.

Our findings can be summarized as follows:. 1)
Although FLAIR imaging identified more infarcts
than FSE imaging (69 versus 64), the difference
was not statistically significant. Lesion conspicuity
on FLAIR images, however, was judged superior
to that on FSE images more often than FSE images
were judged superior to FLAIR. 2) Diffusion-
weighted images identified more infarcts than FSE
images, although the difference did not reach sta-
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Fic 1. 74-year old patient scanned 14 hours after onset of vertigo.

A, FSE T2-weighted image reveals an old left cerebellar lacuna (arrow).

B, FLAIR image shows no cerebellar signal abnormality.

C, Diffusion-weighted image sensitive to water motion in the craniocaudal direction reveals an acute infarct in the right cerebellar
hemisphere (arrow).

Fic 2. 85-year old woman scanned on the second day after onset of right-sided limb weakness and vertigo.

A-C, Axial FSE image (A), coronal FLAIR image (B), and axial diffusion-weighted image sensitive to water motion in the craniocaudal
direction (C) are normal.

D-F, Repeat study performed 24 hours later because of persistent symptoms reveals a pontine signal abnormality on FSE image
(arrow, D), while FLAIR image (E) is still normal. Trace diffusion-weighted image shows a clear pontine infarct (arrow, F). In the repeat
study, lesion conspicuity was rated superior on the diffusion-weighted image.

tistical significance at the P = .05 level. Lesion and FLAIR imaging; however, infarct conspicuity
conspicuity on diffusion-weighted images was on diffusion-weighted images was judged to be su-
judged superior than on FSE images. 3) There was perior. 4) After 48 hours, all three pulse sequences
no significant difference in the number of lesions identified the same 38 infarcts; however, infarcts
detected (70 versus 69) between diffusion-weighted were still considered to be more conspicuous on
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Fic 3. 56-year old man scanned on day 2 after acute onset of vertigo and an intranuclear ophthalmoplegia, suggestive of a midbrain

infarct.

A, FSE image reveals a tiny focus of abnormal signal in the right periaqueductal gray matter (arrow).
B and C, FLAIR image (B) and diffusion-weighted image sensitive to flow in the anteroposterior direction (C) are normal. The patient
was discharged with a clinical diagnosis of a midbrain infarct and has not had follow-up imaging.

4

Fic 4. 89-year old woman scanned 1 day after sudden onset of aphasia.
A-C, FSE (A), FLAIR (B), and trace diffusion-weighted (C) images all reveal abnormal signal in the left temporal lobe and insula
(arrows). Conspicuity on the diffusion-weighted image was judged superior to that on the other two sequences.

diffusion-weighted imaging than on either FLAIR
or FSE imaging.

FLAIR versus FSE Imaging

Prior studies comparing conventional or fast spin-
echo imaging with the FLAIR technique have
shown enhanced lesion detection and conspicuity
with FLAIR imaging. In a study of 36 patients with
cerebral infarcts, Brant-Zawadzki et a (5) identified
five infarcts with FLAIR imaging that were missed
with fast or turbo spin-echo techniques. Two of the
missed lesions were hyperacute (ie, < 6 hours old).
Noguchi et a (7) identified 22 of 23 infarcts less
than 8 hours old with FLAIR imaging and only 17
of these with FSE T2-weighted imaging. The only

ischemic lesion missed by FLAIR was a 2-hour-old
basal ganglia infarct. As in those studies, FLAIR
imaging identified more total infarcts than FSE im-
aging in our series, athough the difference was not
significant. Furthermore, both techniques identified
al infarcts more than 48 hours old. On the other
hand, infarct conspicuity on FLAIR images was
equal to or better than that on FSE images in 97%
of cases. This improved conspicuity persisted on
days 3 through 10 even though the number of le-
sions detected was the same. Therefore, it appears
that the major advantage of CSF signal suppression
in the clinical setting of stroke is to increase lesion
conspicuity, particularly for lesions in cortical/sub-
cortical or periventricular locations. The improve-
ment in infarct conspicuity we noted with FLAIR
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Fic 5. 79-year old man scanned 1 day
after sudden onset of left arm and hand
weakness.

A-C, FSE (A) and FLAIR (B, C) images
reveal separate regions of signal abnor-
mality consistent with acute infarction in
the anterior (closed arrows) and posterior
(open arrows) portions of the left frontal
lobe. Conspicuity of both infarcts was
judged to be superior on the FLAIR
sequence.

D, Diffusion-weighted image sensitive to
water motion in the transverse direction
shows both infarctions better.

imaging is less dramatic than results previously re-
ported by Alexander et a (6). These investigators
studied 45 infarcts and concluded that FLAIR im-
aging increased the conspicuity of 96% of lacunar
infarcts and 80% of cortical/subcortical infarcts. We
found lesions on FLAIR images to be more con-
spicuous than on FSE images in 47% of the cases
and equal to FSE images in 49%. This difference
may be related to technical differences in the pulse
sequences used (TR, TE, and Tl were al dightly
different) or differences in the age of the infarcts.
Because the ages of the infarcts were not specified
in the study by Alexander et al, direct comparison
with our results is not possible.

Diffusion-Weighted versus FLAIR and FSE
Imaging

Diffusion-weighted imaging has had a major im-
pact on the imaging of cerebral vascular disease.
The addition of balanced diffusion gradients to
echo-planar pulse sequences makes diffusion-
welghted imaging uniquely sensitive to the detection
of restricted water motion, such as that seen with
cytotoxic edema in the setting of cerebral infarction
(9, 20, 21). Cytotoxic edema occurs within minutes
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once cerebral blood flow has been significantly com-
promised, even though the accompanying change in
total brain water content is minimal (22—24). Be-
cause CT and conventional MR imaging techniques
generdly require large shifts in water content to
identify lesions, they are frequently normal in the
setting of cytotoxic edema. In contrast to cytotoxic
edema, vasogenic edema occurs when cellular integ-
rity is lost and the blood-brain barrier is disrupted.
The resulting shifts in fluid and macromolecules are
much larger and more readily detectable with con-
ventional imaging. Unfortunately, vasogenic edema
may not develop for 4 to 6 hours after cerebral blood
flow is interrupted (23, 24). For those reasons, dif-
fusion-weighted imaging is better able to identify
hyperacute infarcts than are more traditional MR
techniques, which rely on the development of va
sogenic edema (11-14). Although our results con-
firm that diffusion-weighted imaging is superior to
FSE imaging for identifying hyperacute/acute in-
farcts, this enhanced infarct detection is temporary.
After 48 hours, both pulse sequences identified all
38 infarcts. Lutsep et a (15) reported a similar ad-
vantage to diffusion-weighted imaging within the
first 48 hours of cerebral infarction. We found no
significant difference in the number of lesions de-
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Fic 6. 84-year old man scanned 2 days after sudden onset of limb weakness.

A-C, FSE (A) and FLAIR (B) images reveal a distinct right lateral medullary infarct (arrows). Conspicuity was judged superior on the
FLAIR image. Although the trace diffusion-weighted image (C) also shows signal abnormality in the same location (arrow), conspicuity
was judged inferior to that on both FSE and FLAIR images.

tected between diffusion-weighted and FLAIR im-
aging at any time period. In fact, FLAIR imaging
missed only a single lesion identified by diffusion-
weighted imaging. Overall lesion conspicuity on dif-
fusion-weighted images was superior to that on both
FLAIR and FSE images, even dfter the initia
48-hour period when there was no difference in the
number of detected lesions. Therefore, diffusion-
weighted imaging remains beneficial outside the hy-
peracute/acute period. While not addressed directly
by the experimental design, we suspect this im-
proved conspicuity is due to a higher lesion-to-back-
ground signal intensity ratio, which results from
suppression of signal from freely mobile water
protons.

It is worth emphasizing that diffusion-weighted
imaging is not infallible, even in the acute setting.
In our series, diffusion-weighted imaging failed to
identify brain stem lesions in two patients scanned
in the 48- to 72-hour period after symptom onset.
Follow-up imaging 24 hours later in one of those
patients clearly showed a pontine infarct (Fig 2).
Two additional brain stem lesions identified by dif-
fusion-weighted imaging were judged more con-
spicuous on FSE and FLAIR techniques. These re-
sults raise the possibility that some brain stem
lesions may be either too small to be resolved by
our technique or they may be obscured by suscep-
tibility artifacts at the skull base.

Note, also, that we used diffusion-weighted im-
ages for this comparison, not ADC maps. As are-
sult, contrast on our diffusion images was deter-
mined by some combination of diffusion, T2, and
spin-density effects. Severa studies have shown
that ADC values return to normal or become ele-
vated 7 to 10 days after infarction (16-18). There-
fore, T2 and spin-density effects probably had a
significant impact on the contrast of our diffusion-
weighted images. Nevertheless, the ability of dif-
fusion-weighted imaging to suppress background
signal from regions with unrestricted water motion
led to improved infarct conspicuity regardless of

the underlying contribution to final lesion signal.
This increased conspicuity alone makes diffusion-
weighted imaging a valuable diagnostic tool for in-
farct evaluation.

Despite the benefits demonstrated, this study
most likely underestimates the true value of diffu-
sion-weighted imaging for several reasons. First,
only three patients were scanned within 12 hours
of symptom onset, and none was scanned within
the initial 3- to 6-hour hyperacute period, during
which diffusion imaging is likely to be most ben-
eficia. Second, the diffusion-weighted, FLAIR,
and FSE sequences in each patient were interpreted
simultaneoudly. It is therefore possible that infarct
detection on one pulse sequence affected the inter-
pretation of the other two sequences. In all likeli-
hood, the availability of diffusion-weighted images,
with their superior lesion conspicuity, improved the
detection rate of the other two sequences. A third
potential limitation of our methodology was the use
of adifferent scan plane for the FLAIR images. We
acquire the FLAIR images coronally so that lesions
can be evaluated in an additional plane. While this
may be clinically useful, methodologically it intro-
duces the possibility that the differences in lesion
detection between diffusion-weighted and FLAIR
imaging and between FLAIR and FSE imaging
could have been related to the scan plane. Even if
true, however, the effect of the scan plane on lesion
conspicuity is most likely negligible.

Conclusion

Diffusion-weighted imaging holds considerable
advantage over FLAIR and FSE imaging for iden-
tifying cerebral infarcts in the hyperacute and acute
periods. This advantage disappears after 48 hours.
While diffusion-weighted, FLAIR, and FSE images
al showed signal abnormalities within ischemic in-
farcts between 3 and 10 days of age, experienced
observers typically judged the lesions to be most
conspicuous on the diffusion-weighted images. On
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the basis of this improved conspicuity, we think
that acquisition of diffusion-weighted imagesin the
late acute and subacute periods after ischemic ce-
rebral infarction is still beneficial.

10.
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