
of July 30, 2025.
This information is current as

Treatment of Hyperacute Stroke
Diffusion MR Imaging in the Diagnosis and 
Benefits of Perfusion MR Imaging Relative to

M.D. Landis and Warren R. Selman
DennisCharles F. Lanzieri, Osama O. Zaidat, Jose I. Suarez, 

Jeffrey L. Sunshine, Nicholas Bambakidis, Robert W. Tarr,

http://www.ajnr.org/content/22/5/915
2001, 22 (5) 915-921AJNR Am J Neuroradiol 

http://www.ajnr.org/cgi/adclick/?ad=57967&adclick=true&url=https%3A%2F%2Fmrkt.us-marketing.fresenius-kabi.com%2Fajn1872x240_july2025
http://www.ajnr.org/content/22/5/915


915

AJNR Am J Neuroradiol 22:915–921, May 2001

Benefits of Perfusion MR Imaging Relative to Diffusion
MR Imaging in the Diagnosis and Treatment of

Hyperacute Stroke

Jeffrey L. Sunshine, Nicholas Bambakidis, Robert W. Tarr, Charles F. Lanzieri, Osama O. Zaidat, Jose I. Suarez,
Dennis M.D. Landis, and Warren R. Selman

BACKGROUND AND PURPOSE: The development of thrombolytic agents for use with com-
promised cerebral blood flow has made it critical to quickly identify those patients to best treat.
We hypothesized that combined diffusion and perfusion MR imaging adds vital diagnostic value
for patients for whom the greatest potential benefits exist and far exceeds the diagnostic value
of diffusion MR imaging alone.

METHODS: The cases of patients with neurologic symptoms of acute ischemic stroke who
underwent ultra-fast emergent MR imaging within 6 hours were reviewed. In all cases, auto-
matic processing yielded isotropic diffusion images and perfusion time-to-peak maps. Images
with large vessel distribution ischemia and with mismatched perfusion abnormalities were cor-
related with patient records. All follow-up images were reviewed and compared with outcomes
resulting from hyperacute therapies.

RESULTS: For 16 (26%) of 62 patients, hypoperfusion was the best MR imaging evidence
of disease distribution, and for 15 of the 16, hypoperfusion (not abnormal diffusion) comprised
the only imaging evidence for disease involving large vessels. For seven patients, diffusion
imaging findings were entirely normal, and for nine, diffusion imaging delineated abnormal
signal in either small vessel distributions or in a notably smaller cortical branch in one case.
In all cases, perfusion maps were predictive of eventual lesions, as confirmed by angiography,
CT, or subsequent MR imaging.

CONCLUSION: If only diffusion MR imaging is used in assessing patients with hyperacute
stroke, nearly one quarter of the cases may be incorrectly categorized with respect to the
distribution of ischemic at-risk tissue. Addition of perfusion information further enables better
categorizing of vascular distribution to allow the best selection among therapeutic options and
to improve patient outcomes.

In the diagnosis of acute stroke, MR imaging has
been used as an objective measure to identify pa-
tients at risk for cerebral ischemia progressing to
infarction. The development of IV and intraarteri-
ally administered thrombolytic agents for use in the
earliest phases of compromised cerebral blood flow
has made it critically important to quickly identify
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patients for whom such intervention might be most
beneficial. The use of conventional MR sequences
is limited because of their relative insensitivity dur-
ing the initial onset of neurologic deficit (1, 2). Dif-
fusion-weighted MR imaging has been shown to be
an early marker for developing infarction (3). In
animal models, changes on diffusion-weighted im-
ages have become apparent within 1 hour of middle
cerebral artery occlusion (4–6). Several studies
have verified the ability of diffusion-weighted im-
aging to identify areas of cerebral ischemia and in-
farction within hours of presentation, with sensitiv-
ity ranging from 94% to 100% (7–10). Thus,
diffusion-weighted MR imaging would seem an ex-
cellent modality to identify adequately at-risk pa-
tients for cerebral infarction in the hyperacute
stage.

In parallel, perfusion-weighted or hemodynami-
cally weighted MR sequences were developed and
then had application in the evaluation of hyperacute
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stroke (2, 9, 11–13). Further advance occurred
when the two techniques were combined to better
understand acute ischemia and developing cerebral
infarction (14). When the combined techniques
were applied to humans with stroke, it became pos-
sible to begin estimation of cerebral tissue viability
as the spatial difference between abnormal perfu-
sion and abnormal diffusion signals (9, 14, 15).
However, an early tacit assumption remained that
patients with unremarkable diffusion-weighted im-
ages of their brains were suffering no ischemia. Yet
recent isolated reports have identified individual
cases of negative diffusion-weighted imaging in pa-
tients with evolving deficits or even with completed
strokes (8, 9, 16–18). We sought to identify the
prevalence of falsely negative diffusion-weighted
MR images of humans with hyperacute stroke
symptoms. We thus hoped to clarify whether our
perfusion sequence was required in addition to the
diffusion sequence to identify correctly and sensi-
tively all patients with large vessel ischemia when
presenting in the 0- to 6-hour period from symptom
onset, the current window of potential intervention.
Our hypothesis remains that a combination of dif-
fusion and perfusion MR imaging meets emergen-
cy time constraints, adds critical diagnostic value
for patients for whom the greatest potential benefits
of thrombolytic therapy exist, and far exceeds the
diagnostic value of diffusion MR imaging alone.

Methods
The records of all patients who presented at our institution

between January 1997 and December 1999 with onset of neu-
rologic symptoms suspicious for acute ischemic stroke and
who underwent ultra-fast emergent MR imaging within 6
hours were obtained and retrospectively reviewed. MR images
were obtained using a 1.5-T whole body magnet with a 24-
mT/m gradient strength, a 300-ms rise time, and an echo-pla-
nar-capable receiver (Magnetom Vision; Siemens Medical Sys-
tems, Erlangen, Germany). The images included sagittal
T1-weighted scout (15/6 [TR/TE]; matrix, 128 3 256; section
thickness, 8 mm; field of view, 300 mm; one signal acquired),
axial T2-weighted turbo gradient and spin-echo (4480/108;
matrix, 132 3 256; section thickness, 5 mm; field of view, 230
mm; one signal acquired), and axial echo-planar diffusion- and
perfusion-weighted MR images.

The diffusion-weighted images were obtained with a single
shot, gradient-echo, echo-planar pulse sequence with diffusion
gradient b values of 0 and 1000 s/mm2, along all three or-
thogonal axes over 18 axial sections (6000 [TR]; number of
sections, 18; section thickness, 7 mm; no intersection gap; ma-
trix, 96 3 128; field of view, 240 mm; one acquisition). Per-
fusion images were obtained during the first pass of a 0.1
mmol/kg bolus of gadolinium-based contrast material (Omni-
scan, Nycomed, Oslo, Norway; or Magnevist, Berlex Labora-
tories, Wayne, NJ) by using a gradient-echo, echo-planar se-
quence set for a selected 12 of the 18 section positions
measured 30 times sequentially. This resulted in a total per-
fusion imaging time of 1 min and ensured imaging during the
entire duration of the first passage of contrast material. Imaging
parameters included a per-section image acquisition rate of ap-
proximately seven axial images per second, a TR of 1680, 4-
mm-thick sections with a 0.5-mm intersection gap, 64 3 128
matrix, and 300-mm field of view with one acquisition. In all
cases, diffusion-weighted data were automatically processed to
yield trace images (standard isotropic diffusion-weighted im-

ages, not the mathematically specific trace of the diffusion ten-
sor) at each section position from the primary data. The per-
fusion-weighted sequence generated a time-to-peak map for
each section position. The total imaging time for all sequences
was 3 minutes, and the total time for postprocessing was 3
minutes, yielding a total magnet time of 6 minutes.

A board-certified radiologist with added qualifications in
neuroradiology and extensive experience in reading diffusion
and perfusion MR images retrospectively reviewed the ultra-
fast MR data. Specifically, images were categorized as normal,
as having evidence of lacunar disease only, or as showing large
vessel distribution ischemia. The latter group was further di-
vided into those with matched abnormalities on diffusion and
perfusion MR images and those that showed abnormalities on
perfusion MR images only. Imaging information was correlat-
ed with patient records regarding ability to detect ischemic
lesions and accuracy of categorizing ischemic lesions within a
large vessel distribution. Clinical outcome at the time of hos-
pital discharge was recorded and classified as minimal or no
disability (allowing discharge to home), moderate disability
(discharge to rehabilitation facility), severe disability (dis-
charge to nursing home), or death. All follow-up CT scans or
MR images obtained during the hospital course were reviewed
and compared with clinical outcomes.

Results

During the period of time included in the study,
a total of 62 patients underwent ultra-fast MR im-
aging to identify potential hyperacute strokes. For
16 (26%) of these patients, hypoperfusion was the
best evidence of disease distribution, as evidenced
by increased time-to-peak effect on postprocessed
perfusion maps (Table). For 15 of the 16 patients,
the hypoperfusion comprised the only imaging ev-
idence for disease involving large vessel distribu-
tions. For the other patient, the perfusion maps
showed involvement of a larger order vessel than
that revealed by the diffusion study.

For seven of the 16 patients, diffusion imaging
findings were entirely normal (Fig 1A). For the re-
maining nine patients, diffusion imaging delineated
abnormal signal in either small vessel perforator
distributions in eight (Figs 2A and 3A) or in a no-
tably smaller cortical branch in one. Concomitant-
ly, perfusion imaging of the 16 patients uniformly
revealed hypoperfused cortical tissue in large ves-
sel distributions (Figs 1A, 2B, and 3B). In all these
cases, perfusion maps were accurately predictive of
ischemic foci, as confirmed by conventional angi-
ography (13 patients), follow-up CT (two patients)
(Fig 2C), or subsequent MR imaging (one patient).
Intervention was initiated, ranging from supportive
care through intraarterial thrombolysis, for all (Fig
3). Of the 16 patients for whom diffusion-perfusion
mismatches were identified and treatments admin-
istered, six had achieved full recoveries at 90 days,
without significant residual deficit (Barthel 90-day
scores of 95–100), and three were discharged from
the hospital to rehabilitation units with only mild
residual deficits. Two of the 16 sustained large in-
farcts, and one experienced a large parenchymal
hemorrhage while receiving heparin; all three were
discharged to nursing homes with significant defi-
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Clinical patient summary

Patient
#/Init.

Gender/Age
(y)

Diffusion
Abnormality

Perfusion
Abnormality Treatment

Follow-up
and Outcomes

1/PL
2/SD

3/LB

4/FP
5/GR
6/RM
7/JB
8/RB

F/88
F/75

F/73

M/78
F/75
F/84
M/71
F/72

L post thal.
L bg. and cr.

R cr.

None
L cr.
L cr.
L cr.
R cr.

L PCA
L MCA

R MCA

L ICA
L MCA
L MCA
L MCA
R MCA

Heparin
Heparin

IA thrombolysis

IA thrombolysis
IA thrombolysis
IA thrombolysis
IV thrombolysis
IA thrombolysis

Infarct on MR, death
Bleed in bg. on CT,

nursing home
Infarct on MR,

nursing home
Infarct on CT, death
Normal MR, no deficits
Rehab
Normal CT, no deficits
No deficits

9/MR
10/LV
11/EL
12/ED
13/RL

14/MP
15/RM

16/JS

F/80
M/81
F/82
M/75
F/80

M/82
M/66

F/65

L post thal.
None
None
None
None

None
R post MCA

None

L PCA
R post MCA
L ACA
L PCA
R ICA

L ICA
R ICA

B PCA

Supportive, no lysis
IA thrombolysis
IA thrombolysis
IV thrombolysis
Supportive, no lysis

IV thrombolysis
Clot disruption &

heparin
IA thrombolysis

Rehab
No deficits
No deficits
Infarct on CT, death
R infarct clinically,

nursing home
Normal CT, no deficits
RICA dissection, rehab

Basilar occlusion, death

Note.—L, left; R, right; B, bilateral; post, posterior; thal., thalamus; bg., basal ganglia; cr., corona radiata; MCA, middle cerebral artery; PCA,
posterior cerebral artery; ICA, internal carotid artery; ACA, anterior cerebral artery; IA, intraarterial; IV, intravenous.

FIG 1. Images from the case of patient 1, an 88-year-old woman.
A, Isotropic trace diffusion image (5900/159/2 [TR/TE/excitations]) shows normal signal (left). Time-to-peak perfusion map (2199/82/

35) (right) shows hypoperfusion throughout the left posterior cerebral artery territory. Although these images were obtained within a
therapeutic window, no symptoms referable to this distribution were encountered until hours later. The patient was treated ‘‘conserva-
tively’’ in an intensive care unit and received heparin. The results were evident at the 48-hour follow-up examination.

B, Repeat isotropic trace diffusion image shows the progression to infarct rather than ischemia in the left posterior cerebral artery
territory (left). A T2-weighted (3500/96/1) image (right) reveals not only infarct but also hemorrhage, with mass effect presumably from
the combination of infarct and heparin.

cits. The final four died during their initial hospi-
talization (Fig 1B).

Discussion
We reviewed our MR imaging data on patients

presenting with hyperacute stroke symptoms before
potential treatment and identified 15 (24%) of 62
patients for whom the perfusion time-to-peak maps
were the only MR imaging indication of large ves-
sel ischemic disease, even in comparison with iso-
tropic diffusion trace images. For an additional pa-
tient, the perfusion map showed an increased order
of vessel occlusion compared with diffusion im-

ages. These data initially seem to contradict those
presented in previous reports of 88% to 100% sen-
sitivity for diffusion images to detect acute cerebral
infarcts (7, 8, 18–20). Our findings most likely rep-
resent the decreased sensitivity of diffusion imag-
ing during the most hyperacute period when ische-
mia may be present before more advanced cellular
damage or tissue infarction. Recent reports have
previously identified isolated cases of hyperacute
stroke with negative diffusion-weighted images and
abnormal perfusion data (16, 17). Our study con-
firms these observations and, on a larger scale,
shows that if only diffusion imaging is used in as-
sessing hyperacute stroke, nearly one quarter of the
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FIG 2. Images from the case of patient 3, a 71-year-old man.
A, Three sections of isotropic trace diffusion images (5900/159/2) show abnormal increased signal in a contiguous 2-cm region of the

left corona radiata, without any associated signal change in cortical regions.
B, Three time-to-peak perfusion maps (2199/82/35), obtained immediately after the diffusion images and at the same section positions,

show slight hyperperfusion in the distribution of the abnormal diffusion signal shown in A. In addition, they show the otherwise unseen
hypoperfusion throughout the left middle cerebral artery territory.

C, Representative sections from follow-up CT of the head, obtained 5 hours after the IV administration of thrombolytic therapy, show
no infarct and no hemorrhage. The patient had no residual symptoms at the 48-hour follow-up examination.

cases may be incorrectly categorized with respect
to the large vessel distribution of ischemic at-risk
tissue. Furthermore, if therapeutic triage were
based on the diffusion images alone, treatment
would incorrectly be withheld from these patients
who harbor the largest volumes of penumbra or
ischemic brain that may be salvaged from
infarction.

Diagnostic imaging in acute stroke continues to
evolve. Initially, previous work focused on an ap-
parently high sensitivity and specificity of diffu-
sion-weighted MR imaging in diagnosing hyper-
acute stroke. Although this modality has been well

studied during the acute (1–2 days) period (14, 17,
19), experience during the hyperacute stage (0–6
hours), during which time thrombolytic therapy is
thought to be of maximal benefit, is more limited.
Of 11 patients studied by Sorensen et al (9), two
patients had negative diffusion-weighted imaging
findings but resolution of symptoms within 48
hours. Other investigators have reported sensitivi-
ties between 98% and 100% and a 100% specificity
of diffusion MR imaging in cases of hyperacute
stroke. (7, 8, 17, 20). Reviewing data on 151 pa-
tients, Lovblad et al (8) reported an 88% stroke
detection sensitivity using diffusion-weighted im-
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FIG 3. Images from the case of patient 5, a 75-year-old woman.
A, Three sections of isotropic trace diffusion images (5900/159/2) show abnormal hyperintensities limited to the left corona radiata

and deep frontal white matter.
B, Three time-to-peak perfusion maps (2199/82/35), obtained immediately after the diffusion images and at the same section positions,

show marked hypoperfusion in the territory of the posterior division of the left middle cerebral artery.
C, Angiographic frames obtained before (left) and after (right) the intraarterial administration of thrombolytic therapy. Note the wedge

of absent posterior vessels (to the right of the left image) compared with the addition of three large branches after therapy (white arrows).
D, Isotropic trace diffusion images, obtained at the 24-hour follow-up examination, reveal only scattered subcortical white matter

hyperintensities (thin white arrows), without evidence for cortical infarct.
E, Follow-up perfusion maps obtained at the same levels show normal symmetrical time-to-peak effects.

aging within 6 hours, whereas negative findings
were observed for all 14 patients without stroke. In
a review of more than 700 patients with stroke
symptoms evaluated from 0.5 to 38 hours from
symptom onset, Ay et al (19) reported the cases of
27 patients with normal diffusion-weighted imag-
ing results. After further clinical or radiologic fol-
low-up, they thought that 17 of these patients had
cerebral infarction or ischemia. This would repre-
sent an overall false-negative rate for diffusion im-
aging of 17 per 782, or 2%. Most recently, Oppen-
heim et al (21) reported a 6% false-negative rate
for diffusion-weighted images obtained within 48
hours of symptom onset and further noted that the
majority (six of eight) were found in posterior cir-
culation. In comparison, we found seven complete-
ly normal diffusion images despite large areas of
hypoperfusion among our 62 patients and the pre-
ponderance of anterior circulation lesions, an 11%
false-negative rate, again likely reflecting our very
early time of imaging relative to onset of symptoms
(all within 6 hours and within the therapeutic win-
dow for thrombolysis). We encountered no com-
plete false-positive perfusion maps, although for

one patient (patient 7), angiography revealed a dis-
tal carotid embolus with intact collaterals across the
anterior communicating artery. For this patient, ab-
normal diffusion signal was shown in the perforator
territory only.

The use of perfusion data to generate additional
information regarding tissue at risk of ischemia had
been well recognized (22–25). Although potentially
time consuming and requiring the administration of
contrast material, it has been previously shown that
the addition of perfusion data obtained during the
first passage of contrast material using a time-effi-
cient processing algorithm involves an average im-
aging and processing time of only 3 minutes (1).
Accurate categorization in the hyperacute stroke
setting is critical to better triage patients for throm-
bolytic therapy, considering the costs and potential
complications of such therapies (26). Mismatches
between perfusion- and diffusion-weighted images
in cases of hyperacute stroke have been well rec-
ognized, and it has been hypothesized that subtrac-
tion of the area of diffusion abnormality from the
area of perfusion deficit can provide an estimate of
the ischemic penumbra (9, 27). This is consistent
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with observations that the critical threshold of ce-
rebral blood flow in animals below which mem-
brane pump failure and cytotoxic edema occurs is
below the threshold of flow at which EEG sup-
pression is apparent (17, 28–32). Thus, the brain
under hypoperfusion may be symptomatic at the
levels of abnormal cerebral blood flow where EEG
suppression occurs, whereas regions of restricted
diffusion may not appear until the lower thresholds
for edema and pump failure are crossed. Therefore
any ‘‘false-negative’’ diffusion-weighted images
are more likely to be seen early in the disease pro-
cess, as the cerebral blood flow falls but before
entry into the lowest ranges.

The use of perfusion MR imaging in addition to
diffusion MR imaging allowed early accurate de-
piction of a patient population at extreme risk for
whom we were able to intervene to improve out-
comes. Despite the acuity of these patients and de-
spite large areas of hypoperfusion, six patients were
successfully rescued by thrombolysis and were able
to survive without any significant clinical deficit.
An additional three patients sustained relatively
mild deficits after successful thrombolysis in one
and mechanical clot disruption in another. This al-
lowed discharge to rehabilitation centers with ex-
pectation of a reasonable quality of life despite the
initial potential insult. Three other patients sur-
vived but with sufficient deficits to require entry to
nursing homes. This left the final four mortalities,
a rate of 25% despite attempts at revascularization,
among our patients who had normal or near-normal
diffusion imaging findings with large areas of hy-
poperfusion. This shows that large volumes of per-
fusion deficits during the hyperacute period, even
in the absence of diffusion changes, are predictive
of a high risk for poor outcome. Perhaps most strik-
ingly, we have also shown that aggressive early in-
tervention can improve outcomes compared with
the natural history of an 88% mortality rate among
patients with occlusion of distal internal carotid or
proximal middle cerebral arteries (33). In our se-
ries, although we had a more mixed population of
large vessel lesions, our overall mortality rate was
considerably less, and only one of 10 patients pre-
senting with hypoperfusion resulting from internal
carotid or middle cerebral artery occlusions died.

Conclusion

In summary, although abnormal diffusion data in
the setting of hyperacute stroke may provide an es-
timate of the extent of tissue infarction, in our ex-
perience, normal or near-normal diffusion data do
not preclude the presence of a large ischemic pen-
umbra of at-risk tissue. Thus, addition of perfusion
information increases the sensitivity for detecting
ischemic at-risk tissue and categorizing its vascular
distribution to enable the best selection among ther-
apeutic options. Furthermore, accurate early depic-
tion of these potentially devastating lesions can

permit aggressive intervention to significantly im-
prove patient outcomes.

References
1. Sunshine JL, Tarr RW, Lanzieri CF, Landis DM, Selman WR,

Lewin JS. Hyperacute stroke: ultrafast MR imaging to triage
patients prior to therapy. Radiology 1999;212:325–332

2. Yuh WT, Crain MR, Loes DJ, Greene GM, Ryals TJ, Sato Y. MR
imaging of cerebral ischemia: findings in the first 24 hours.
AJNR Am J Neuroradiol 1991;12:621–629

3. Pierpaoli C, Righini A, Linfante I, Tao-Cheng JH, Alger JR, Di
Chiro G. Histopathologic correlates of abnormal water diffu-
sion in cerebral ischemia: diffusion-weighted MR imaging and
light and electron microscopic study. Radiology 1993;189:
439–448

4. Minematsu K, Li L, Fisher M, Sotak CH, Davis MA, Fiandaca
MS. Diffusion-weighted magnetic resonance imaging: rapid
and quantitative detection of focal brain ischemia. Neurology
1992;42:235–240

5. Mintorovitch J, Moseley ME, Chileuitt L, Shimizu H, Cohen Y,
Weinstein PR. Comparison of diffusion- and T2-weighted MRI
for the early detection of cerebral ischemia and reperfusion in
rats. Magn Reson Med 1991;18:39–50

6. Moseley ME, Kucharczyk J, Mintorovitch J, et al. Diffusion-
weighted MR imaging of acute stroke: correlation with T2-
weighted and magnetic susceptibility-enhanced MR imaging in
cats. AJNR Am J Neuroradiol 1990;11:423–429

7. Gonzalez RG, Schaefer PW, Buonanno FS, et al. Diffusion-
weighted MR imaging: diagnostic accuracy in patients imaged
within 6 hours of stroke symptom onset. Radiology 1999;210:
155–162

8. Lovblad K, Laubach H, Baird A, et al. Clinical experience with
diffusion-weighted MR in patients with acute stroke. AJNR Am
J Neuroradiol 1998;19:1061–1066

9. Sorensen AG, Buonanno FS, Gonzalez RG, et al. Hyperacute
stroke: evaluation with combined multisection diffusion-
weighted and hemodynamically weighted echo-planar MR im-
aging. Radiology 1996;199:391–401

10. Warach S, Gaa J, Siewert B, Wielopolski P, Edelman RR. Acute
human stroke studied by whole brain echo planar diffusion-
weighted magnetic resonance imaging. Ann Neurol 1995;37:
231–241

11. Maeda M, Maley JE, Crosby DL, et al. Application of contrast
agents in the evaluation of stroke: conventional MR and echo-
planar MR imaging. J Magn Reson Imaging 1997;7:23–28

12. Rosen BR, Belliveau JW, Vevea JM, Brady TJ. Perfusion imag-
ing with NMR contrast agents. Magn Reson Med 1990;14:
249–265

13. Sorensen AG, Copen WA, Ostergaard L, et al. Hyperacute
stroke: simultaneous measurement of relative cerebral blood
volume, relative cerebral blood flow, and mean tissue transit
time. Radiology 1999;210:519–527

14. Baird AE, Warach S. Magnetic resonance imaging of acute
stroke. [published erratum appears in J Cereb Blood Flow Metab
1998;18:preceding 1047]. J Cereb Blood Flow Metab 1998;18:
583–609

15. Fisher M, Albers GW. Applications of diffusion-perfusion mag-
netic resonance imaging in acute ischemic stroke. Neurology
1999;52:1750–1756

16. Lefkowitz D, LaBenz M, Nudo SR, Steg RE, Bertoni JM. Hy-
peracute ischemic stroke missed by diffusion-weighted imag-
ing. AJNR Am J Neuroradiol 1999;20:1871–1875

17. Wang PY, Barker PB, Wityk RJ, Ulug AM, van Zijl PC, Beau-
champ NJ. Diffusion-negative stroke: a report of two cases.
AJNR Am J Neuroradiol 1999;20:1876–1880

18. Warach S, Dashe JF, Edelman RR. Clinical outcome in ischemic
stroke predicted by early diffusion-weighted and perfusion
magnetic resonance imaging: a preliminary analysis. J Cereb
Blood Flow Metab 1996;16:53–59

19. Ay H, Buonanno FS, Rordorf G, et al. Normal diffusion-weight-
ed MRI during stroke-like deficits. Neurology 1999;52:
1784–1792

20. Tong DC, Yenari MA, Albers GW, O’Brien M, Marks MP, Mose-
ley ME. Correlation of perfusion- and diffusion-weighted MRI
with NIHSS score in acute (,6.5 hour) ischemic stroke. Neu-
rology 1998;50:864–870



AJNR: 22, May 2001 HYPERACUTE STROKE 921

21. Oppenheim C, Stanescu R, Dormont D, et al. False-negative dif-
fusion-weighted MR findings in acute ischemic stroke. AJNR
Am J Neuroradiol 2000;21:1434–1440

22. Edelman RR, Mattle HP, Atkinson DJ, et al. Cerebral blood flow:
assessment with dynamic contrast-enhanced T2*-weighted MR
imaging at 1.5 T. Radiology 1990;176:211–220

23. Fisher M, Sotak CH, Minematsu K, Li L. New magnetic reso-
nance techniques for evaluating cerebrovascular disease. Ann
Neurol 1992;32:115–122

24. Lee C, Dean BL, Kirsch JE, et al. Cerebral infarction: assess-
ment of patterns using ultra-fast MR contrast imaging. AJNR
Am J Neuroradiol 1992;13:277–279

25. Warach S, Li W, Ronthal M, Edelman RR. Acute cerebral ische-
mia: evaluation with dynamic contrast-enhanced MR imaging
and MR angiography. Radiology 1992;182:41–47

26. Beauchamp NJ Jr BR. Acute cerebral ischemic infarction: a
pathophysiologic review and radiologic perspective. AJR Am J
Roentgenol 1998;171:73–84

27. Fisher M, Takano K. The penumbra, therapeutic time window
and acute ischaemic stroke. Baillieres Clin Neurol 1995;4:
279–295

28. Branston NM, Symon L, Crockard HA, Pasztor E. Relationship
between the cortical evoked potential and local cortical blood
flow following acute middle cerebral artery occlusion in the
baboon. Exp Neurol 1974;45:195–208

29. Decanniere C, Eleff S, Davis D, van Zijl PC. Correlation of rap-
id changes in the average water diffusion constant and the
concentrations of lactate and ATP breakdown products during
global ischemia in cat brain. Magn Reson Med 1995;34:343–352

30. Ginsberg MD. The new language of cerebral ischemia. AJNR
Am J Neuroradiol 1997;18:1435–1445

31. Hossmann KA. Viability thresholds and the penumbra of focal
ischemia. Ann Neurol 1994;36:557–565

32. Sharbrough FW, Messick JM, Sundt TM. Correlation of contin-
uous electroencephalograms with cerebral blood flow mea-
surements during carotid endarterectomy. Stroke 1973;4:
674–683

33. Hacke W. ‘Malignant’ middle cerebral artery territory infarc-
tion: clinical course and prognostic signs. Arch Neurol 1996;53:
309–315


