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Diffusion-Weighted Imaging in the Setting of
Diffuse Cortical Laminar Necrosis and Hypoxic-

Ischemic Encephalopathy

Alexander M. McKinney, Mehmet Teksam, Ross Felice, Sean O. Casey, Ronald Cranford,
Charles L. Truwit, and Stephen Kieffer

BACKGROUND AND PURPOSE: As is the case for CT scans, MR images may occasionally
appear deceptively normal unless proper windowing is used. We sought to illustrate the
necessity for proper windowing and for assessing the gray–white matter differentiation on
diffusion-weighted (DW) images in the setting of hypoxic-ischemic encephalopathy.

METHODS: Six comatose patients (age range, 34–56 years) underwent MR imaging in the
early phase (range, 1–5 days) after severe anoxic insult. T2-weighted, turbo fluid-attenuated
inversion-recovery, and DW images were obtained in all six patients, with contrast-enhanced
T1-weighted images obtained in four and apparent diffusion coefficient (ADC) maps in five of
the six patients.

RESULTS: At presentation, each of the six patients had symmetric, uniform hyperintensity in
the cortex (mean ADC, 0.35 � 10�3 mm2/s) relative to the white matter (mean ADC, 0.91 � 10�3

mm2/s) on DW images. Each also had a poor outcome: brain death in four patients and a
permanent vegetative state in two patients.

CONCLUSION: The appearance of the MR images in the setting of diffuse cortical laminar
necrosis can be deceptive to the unwary radiologist. The key to correct interpretation is proper
windowing and the marked gray–white matter differentiation on spin-echo images but best seen
on properly windowed DW images in the early subacute phase. This appearance also implies an
extremely poor outcome, either a permanent vegetative state or brain death.

Hypoxic-ischemic encephalopathy (HIE) results from
a global insult, either due to ischemia from hypoper-
fusion or hypoxia in the setting of sufficient perfusion
(1). Although there are a multitude of causes of HIE,
the most common in the adult are cardiac arrest and
respiratory failure. Neuroimaging can serve an impor-
tant role early in the postanoxic state, since MR
imaging with diffusion-weighted (DW) imaging is
considered an accurate predictor of the extent of
infarction (2) and has shown utility in revealing acute
or early subacute findings associated with global ce-
rebral anoxia (3). In the setting of nontraumatic coma
due to HIE, generally the outcome is poor with only

a minority of patients recovering independent func-
tion, particularly if there are ominous signs on neu-
rologic examination (4). In the six patients described
herein (all of whom were in a coma at presentation),
clinical concern existed as to the extent of brain in-
jury, and the prognostic implications of the neuroim-
aging were of importance to the neurologists and
intensivists to discuss with the patients’ families the
potential withdrawing of medical treatment. We eval-
uated a potentially deceptive imaging appearance of
diffuse cortical laminar necrosis on DW images.

Methods
Six patients (four male, two female; age range, 34–56 years)

were comatose at presentation and underwent MR imaging,
including DW imaging. All patients had experienced anoxic
events (cardiopulmonary arrest in four, attempted suicide by
hanging in one, and hypoperfusion–hypovolemia from gastro-
intestinal hemorrhage in one) and had undergone MR imaging
to aid in determining the neurologic prognosis (Table 1). All
patients were unresponsive and considered comatose by the
neurologists at the time of the MR imaging study. In five of the
six patients, MR imaging was performed within 3 days of the
anoxic episode, and in one patient the examination was per-
formed 5 days after the anoxic event (range, 24 hours to 5 days
after anoxic episode). None of these individuals was examined

Received December 18, 2003; accepted after revision March 22,
2004.

From the Department of Radiology (A.M.M., M.T., R.F.,
S.O.C., R.C., C.L.T., S.K.), University of Minnesota Medical
School, and Hennepin County Medical Center, Minneapolis, MN.

Presented at the 41st annual meeting of the American Society of
Neuroradiology, Washington, DC, April 27–May 2, 2003.

Address reprint requests to Alexander McKinney, MD, Univer-
sity of Minnesota Medical School, Department of Radiology, Box
292, 420 Delaware St SE, Minneapolis, MN 55455.

© American Society of Neuroradiology

AJNR Am J Neuroradiol 25:1659–1665, November/December 2004

1659



with MR imaging in the first 24 hours. Follow-up or repeat MR
imaging examinations were not performed in any patient.

Four of the six studies were conducted by using a 1.5-T
system (Siemens, Erlangen, Germany) with echo-planar capa-
bility. These studies included the following sequences: axial fast
spin-echo T2-weighted (3300–3500/90/2 [TR/TE/NEX] with
5-mm section thickness and echo train length of 7), axial turbo
fluid-attenuated inversion-recovery (FLAIR) (9000/110/2000/1
[TR/TE/TI/NEX], 5-mm section thickness), and axial DW
(4000/100 [TR/TE], 5-mm section thickness, and b � 1000
s/mm2). The fifth patient was examined with a 1.5-T system
(Philips, Best, the Netherlands) with echo-planar capability,
with the following sequences: axial fast spin-echo T2-weighted
(4213/70/3, 5-mm section thickness, echo train length of 15),
turboFLAIR (6500/105/2100/2, 5-mm section thickness), and
axial DW (4524/95, 5-mm section thickness, b � 1000 s/mm2).
MR imaging in the sixth patient was performed with a 3T
system (Philips) with echo-planar capability, with the following
sequences: axial turbo spin-echo T2-weighted (3000/80/1, 5-mm
section thickness, echo train length of 15), turboFLAIR
(11,000/120/2800/1, 4-mm section thickness), and axial DW
(2904/72, 5-mm section thickness, b � 1000 s/mm2). Axial DW
images on all three MR units were obtained at a slightly more
oblique orientation than the spin-echo images to minimize
susceptibility artifact caused by air in the sphenoid sinus.

Axial DW images were reviewed at a consistent window/
level of 250/150. T2-weighted images were reviewed at 700/500,
and turboFLAIR images were reviewed at 650/400. Apparent
diffusion coefficient (ADC) mapping and values were obtained
in five of the six cases (measured in the precentral cortex,
centrum semiovale, and caudate nuclei). Coronal T1-weighted
images were also obtained in four of the six cases after intra-
venous administration of a gadolinium-based contrast agent
(Gadopentetate dimeglumine; Magnerist, Schering, AG,
Germany).

Three neuroradiologists jointly reviewed each case retro-
spectively without blinding, although none disagreed with the
initial neuroradiologist’s interpretation.

Results
In four patients, CT was performed initially (before

MR imaging), and the scans were interpreted as nor-
mal in three (patients 1, 5, and 6). The CT scan in the
other patient was interpreted as having only a small
amount of traumatic subarachnoid hemorrhage, with
normal gray–white matter differentiation of the cere-
bral hemispheres (patient 3).

In each of the six MR imaging studies, only mild
abnormality was considered present on the T2-
weighted and turboFLAIR images, with mild accen-
tuation of the gray–white matter differentiation of the
cerebral hemispheres and variable degrees of gyral
swelling. In each of the six studies, however, the
diffuse cortical abnormalities were more apparent on
properly windowed images, particularly on DW
images.

Patient 1 had experienced an anoxic episode during
surgery and underwent cardiopulmonary resuscita-
tion. This patient’s initial cranial CT (Fig 1A) was
interpreted as normal 4–5 hours after surgery. At MR
imaging (obtained at 3 days after surgery), the T2-
weighted and turboFLAIR images (Figs 1B and 1C,
respectively) demonstrated mildly pronounced gray–
white matter differentiation and mild diffuse swelling
of the gyri. Initially, the DW images were improperly
windowed at 1000/400 (Fig 1D) by the technologist
and sent to the neuroradiologist for review; these
images appeared deceptively symmetric without focal
hyperintense abnormality. However, the images were
windowed again at a window/level of 250/150 (Fig
1E); these properly windowed DW images demon-
strated diffusely abnormal hyperintense cortical sig-
nal that was shown to be restricted on the ADC map

TABLE 1: History, CT (or other imaging) timing/findings, DW MR timing, and outcome

Age/
Gender Brief history

Time of EEG after
insult and findings

Time of CT/other
imaging after inciting

event and finding

Time of
DW MR

(days)

Outcome
after support

withdrawn

#1
52/M

Apneic episode during
surgery, resuscitated.

1 day: burst suppression
3 days: low voltage with
diffuse slowing
4 days: electrocerebral
silence

CT: 4–5 hours, No
significant abnormality.

3 days BD

#2
44/F

Cardiac arrest, hypokalemia,
resuscitated.

2 days: electrocerebral
silence

None performed. 1.5 days BD

#3
34/F

Presumed head trauma &
cardiac arrest, resuscitated

None performed CT: less than 2 hours,
Small amount of SAH
in sylvian fissure
NMBF: 4 days, no
intracranial perfusion

1.5 days BD

#4
56/M

Acute intestinal bleed,
hypovolemia, apnea,
asystole, resuscitated

None performed None performed 5 days PVS

#5
41/M

Hanging/suicide with
cerebral hypoperfusion

7 days: slow spike &
periodic burst
suppression

CT: within 2 hours, no
significant abnormality

2 days PVS

#6
40/M

Cardiac arrest, resuscitated 3 days: electrocerebral
silence

CT: within 4 hours, no
significant abnormality

3 days BD

Note.—DW indicates diffusion-weighted; NMBF, nuclear medicine blood flow study; SAH, subarachnoid hemorrhage; BD, Brain Death; PVS,
permanent vegetative state.
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(Fig 1F). Further review of Fig 1D illustrates that,
although improperly windowed, the gray–white mat-
ter differentiation in this patient is pronounced and
gyral swelling is present. Similar findings were present
in patients 2–6.

Figure 2 illustrates the findings of a properly win-
dowed DW image in another patient (patient 5) with
diffuse cortical laminar necrosis (Fig 2A) versus an
improperly windowed DW image in the same patient
(Fig 2B with window/level of 850/400); these two
images are compared with the appearance of a prop-
erly windowed DW image in a neurologically normal
40-year-old man (Fig 2C, window/level of 250/150).
Figure 2C demonstrates that there is usually only
minimal gray–white matter differentiation on DW
images in a neurologically normal patient.

Figure 3 (patient 6) reflects the findings at MR
imaging (performed with the 3T MR system) in a

patient presenting after cardiac arrest; the initial CT
scan (obtained � 4 hours after arrest) was interpreted
as normal. Figures 3A and 3B illustrate the mild gyral
swelling and mildly pronounced gray–white matter
differentiation of the cerebral hemispheres on T2-
weighted and turboFLAIR images, respectively, and
Fig 3C is an improperly windowed (window/level
1150/650) DW image. The cortical restricted diffusion
is more apparent on Figs 3D (properly windowed DW
image at window level of 250/150) and 3E (ADC
map).

In each of the six cases, markedly pronounced ce-
rebral gray–white matter differentiation was seen on
the DW images. Severely restricted diffusion was
demonstrated throughout the cerebral cortex in the
five patients in whom ADC was measured (mean
ADC, 0.35 � 10�3 mm2/s), compared with the re-
ported normal ADC value (0.78–1.09 � 10�3 mm2/s)

FIG 1. Patient 1. A 54-year-old comatose man experienced an episode of apnea and hypoxia during surgery, with subsequent
cardiopulmonary arrest and resuscitation.

A, CT scan obtained 4–5 hours after surgery does not show any significant abnormalities and was interpreted as normal.
B, T2-weighted MR image (windowed at 700/500) obtained 48–72 hours after the hypoxic-ischemic episode illustrates mildly

pronounced gray–white matter differentiation of the cerebral hemispheres and gyral swelling.
C, TurboFLAIR image (windowed at 650/400) demonstrates similar findings as those on the T2-weighted image, with mildly

pronounced gray–white matter differentiation.
D, DW image with initial window/level (improper window/level of 1000/400) that is not in keeping with our usual window/level (250/150)

shows that the diffuse cortical abnormality is obscured. Although improperly windowed, there is pronounced gray–white matter
differentiation, not usually present on DW images (see Fig 2).

E, The abnormality is more distinct on this properly windowed DW image (windowed at 250/150), which shows diffuse uniform cortical
and caudate hyperintensity with accentuation of the gray–white matter interface.

F, ADC map demonstrates severe, uniform, cortical restricted diffusion (mean ADC value, 0.31 � 10�3 mm2/s as measured in the
perirolandic cortex in this patient) that was interpreted as cortical laminar necrosis. Electroencephalogram obtained the next day (3 days
after cardiorespiratory arrest) was interpreted as electrocerebral silence, and support was withdrawn per request of the patient’s family.
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in cortical gray matter (5). In these five studies (Table
2), the deep gray nuclei demonstrated variable mildly
restricted diffusion (mean ADC, 0.76 � 10�3 mm2/s
in the caudate nucleus) that was not as severe as in
the cerebral cortical gray matter. Abnormal hyperin-
tensity on DW images was also noted in the cerebellar
gray matter in patients 1–3 but not in patients 4–6.
ADC values were also measured in the white matter
of the centrum semiovale in five of the six patients
(mean ADC, 0.91 � 10�3 mm2/s) and were actually
upper limits of normal or slightly elevated compared
with the reported normal white matter values of 0.62–
0.79 � 10�3 mm2/s (5). No significant abnormal con-
trast enhancement was noted in any of the four pa-
tients in whom gadolinium-enhanced T1-weighted
images were obtained.

In four of the patients (patients 1–3 and patient 6),
the outcome was brain death and withdrawing of
medical support (Table 1). Two patients (patients 4
and 5) were deeply comatose at presentation for MR
imaging, and the eventual outcome was permanent
vegetative state.

Discussion
HIE results from a global rather than a focal isch-

emic insult to the cerebrum and implies either a
profound loss of cerebral blood supply or hypoxia
despite adequate perfusion. Most commonly, this is
due to cardiac or respiratory arrest (6). Rarely, the
patient may recover from such an insult, but more
often it results in devastating and severe neurologic
deficits, including severe memory loss, personality
changes, permanent vegetative state, or death. Other
causes include hypoxia resulting from pulmonary dis-
ease, anemic HIE (classically resulting from carbon
monoxide poisoning), hypoglycemia, overdose, toxins,
strangulation, near drowning, status epilepticus, or
electrocution (1).

The clinical diagnosis of HIE is primarily made by
history and physical examination, although electroen-
cephalographic activity and somatosensory evoked
potentials can be used as supporting evidence. Neu-
roimaging has been used, including CT, single photon
emission CT, positron emission tomography, and MR
imaging (1).

More recently, DW imaging has proved to be an
accurate and a relatively quick method for early di-
agnosis of both focal and global cerebral infarction,
with the hyperintensity on DW images resulting from
cytotoxic edema and restricted diffusion of free water.
In experimental animal studies, DW imaging has
been well studied to detect infarction within 1 hour of
occlusion (7). Areas of hyperintensity on DW images
have been repeatedly shown to correlate anatomically
with areas of infarction at histologic examination (6,
8, 9). Microvacuolation (as seen on light microscopy)
is one of the earliest histologic findings of infarction
(10) that can be seen within 1 hour after HIE due to
cardiac arrest (11), and it can progress to necrosis or
apoptosis on histologic examination (9). Within 3
days after global anoxic insult, the regions of micro-
vacuolation have been demonstrated to correlate with
the appearance of restricted diffusion in the hip-
pocampi of rats in which global cerebral ischemia was
simulated by four-vessel occlusion (9). In humans,
therefore, the early ischemic changes in the cortex
may represent microvacuolation in the early subacute
phase in survivors of cardiac arrest after cardiopul-
monary resuscitation (9).

HIE often results in diffuse cortical injury. One
particular pattern of ischemic injury to neurons in the
cortex is known as “cortical laminar necrosis,” named
because a band of necrosis is seen in the cortex on
histologic examination (3, 12–15). Within the cortex,
the third layer is the most vulnerable, followed by the
fifth or sixth, with the second and fourth being rela-
tively more resistant to ischemic necrosis from hypo-

FIG 2. Patient 5. Improper versus properly windowed DW images in a patient with HIE versus a properly windowed DW image in a
neurologically normal 41-year-old man; all images were obtained with the same MR system. The 41-year-old patient underwent MR
imaging approximately 48 hours after a global hypoperfusion-hypoxic event secondary to attempted suicide by hanging. CT scan (not
shown) obtained 2 hours after the injury was interpreted as normal.

A and B, Properly windowed (250/150) DW image (A) versus an improperly windowed (850/400) DW image (B) in patient 5. Note the
prominent gray–white matter differentiation even on the improperly windowed DW image in B.

C, Properly windowed DW image in a neurologically normal 40-year-old man for comparison shows that the gray–white matter
differentiation is usually not so accentuated on DW images in a neurologically normal patient.
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perfusion (11). ADC values in white matter decrease
at a much slower rate than those in cortical gray
matter since the white matter is intrinsically more
resistant to ischemia than is gray matter (16). Hence,
it may be possible to detect with DW imaging this
type of diffuse injury in the acute or early subacute
stage. The appearance on DW images of abnormal
hyperintensity in gray matter relative to white matter
in the acute or earlier portion of the subacute phase
after HIE has also been described in several other
studies (9, 17, 18). For example, patients who have
experienced global cerebral ischemia as a result of
cardiac arrest may demonstrate abnormal cerebellar,
cortical, and basal ganglia hyperintensity on DW im-

FIG 3. Patient 6. A 40-year-old comatose man underwent MR imaging (performed with the 3.0-T magnet) approximately 3 days after
cardiac arrest to aid in determining neurologic prognosis. CT scan (not shown) obtained within 4 hours after the arrest and anoxic insult
was interpreted as normal.

A, T2-weighted image (windowed at 700/500) illustrates mildly pronounced gray–white matter differentiation of the cerebral hemi-
spheres and gyral swelling.

B, TurboFLAIR image (windowed at 650/400) demonstrates similar findings as those on the T2-weighted image, with mildly
pronounced gray–white matter differentiation.

C, Improper window/level (1150/650) obscures the diffuse cortical abnormality on this DW image. Although improperly windowed,
there is accentuated gray–white matter differentiation, not usually present on DW images (as in Figs 1 and 2).

D, DW image with proper window/level of 250/150 shows that the cortical abnormality is more evident. The caudate nucleus (although
slightly hyperintense) did not demonstrate as severely restricted diffusion as that in patient 1.

E, ADC map further illustrates the symmetric and uniform cortical restricted diffusion, with less prominent diffusion abnormality in the
deep gray nuclei.

TABLE 2: ADC values in six patients with HIE

Patient No.

Right
Precentral

Cortex

Left
Precentral

Cortex
Caudate
Nucleus

Centrum
Semiovale

1 0.29 0.31 0.69 0.80
2 0.42 0.42 0.63 0.85
3 NA NA NA NA
4 0.31 0.37 0.72 0.85
5 0.27 0.20 0.80 1.05
6 0.48 0.48 0.97 1.02
Mean ADC 0.35 0.36 0.76 0.91

Note:—NA indicates not available. ADC values are in 1 � 10�3

mm2/s.
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ages in the acute phase (� 24 hours) and in the earlier
portion of the subacute phase, whereas there may not
be white matter abnormalities on DW images until
later in the subacute phase (14–20 days) (3).

Similar cortical abnormalities and outcomes were
described in a study of patients soon after cardiac
resuscitation who were comatose at presentation (17).
In that study, nearly all of the patients who were
imaged 1–15 days after anoxic insult and demon-
strated multiple foci of diffusion abnormalities in the
cortex or basal ganglia eventually progressed to either
a permanent vegetative state or brain death. Kawa-
hara et al (9) also described three patients after car-
diac resuscitation who had diffuse patchy cortical hy-
perintensity on DW images that were obtained 3 days
after the insult; each of these patients progressed to a
permanent vegetative state.

Previous reports of MR imaging in patients with
anoxic or hypoxic encephalopathy describe the ap-
pearance of a laminar hyperintensity in the cortex on
T2-weighted and FLAIR images (variably seen as
early as 1 day after injury) and T1-weighted images
(in the late subacute phase, usually at least 14 days
after injury) that is thought to represent cortical lam-
inar necrosis (12, 13, 18–20). However, an interesting
imaging appearance analogous to that in the six cases
presented herein has been described at spin-echo MR
imaging in global cerebral ischemia in a report of five
patients with clinically proved brain death (21); it is
termed a “supernormal” appearance. On both proton
density- and T2-weighted images, the gray–white mat-
ter differentiation of the cerebral hemispheres was
preserved, although the T2 signal intensity in both the
gray and white matter was increased and there was
effacement of the subarachnoid spaces presumably
due to cortical edema. DW imaging findings and
ADC values were not described in that study, but the
imaging features on the routine spin-echo T2-
weighted image appear to correspond to those seen
on the T2-weighted and turboFLAIR images in the
cases of the current study.

Theoretically, the differential appearance of the
gray and white matter on DW images in the cases
presented herein may be related to infarction of cor-
tical gray matter out of proportion to that of the white
matter. However, if the patient is imaged in the early
subacute phase, the spin-echo T2-weighted images
may reveal only subtle abnormality (3, 9), and DW
imaging and ADC mapping may be of greater diag-
nostic utility. In experimental animal studies, ADC
was reported to begin to decline 2–4 minutes after
induced cardiac arrest (22). It has also been suggested
that if successful cardiac resuscitation is performed
within 15 minutes after the induction of global cere-
bral ischemia (in animal models), normalization of
the ADC within 30 minutes after cardiac arrest may
be a reliable indicator of cerebral recovery after re-
suscitation (23). Hence, there may be a reversible
component of ADC values in the setting of cortical
laminar necrosis and HIE in the hyperacute phase;
however, patients are rarely imaged this early.

Pathologic correlation of the six cases in this study

was not available since all six families refused autop-
sies. However, the studies cited above have shown
that diffuse cortical hyperintensity on MR images
correlates with cortical laminar necrosis (1, 13, 19,
20), and this appearance typically results in either
permanent vegetative state or brain death when dif-
fuse (9, 17). Therefore, we surmised that the six pa-
tients in this study progressed in a similar clinical
fashion and would further corroborate the neurora-
diologists’ interpretations of the cases presented in
this study.

In these six patients, the appearance demonstrated
on DW images is analogous to the “superscan” in the
nuclear medicine literature that describes an appear-
ance of diffuse skeletal metastases on a radionuclide
bone scan where the skeletal signal is prominent
when compared with the soft tissue and kidney up-
take (24). Conceptually, this imaging appearance is
similar to the cases presented in this study, in which
global cerebral ischemia causes diffuse injury to the
cerebral cortex, and the cortical gray–white matter
differentiation is accentuated on the T2-weighted and
FLAIR images (in the early subacute phase), but is
much more visually apparent on properly windowed
DW images. Hence, the brain can appear deceptively
normal to the unaware observer on improperly win-
dowed DW images (due to the uniform and symmet-
ric cortical hyperintensity); although even in the sce-
nario of improper windowing, the observer should
note that the gray–white matter differentiation is ab-
normally accentuated. Arbelaez et al (3) previously
speculated that this potential imaging pitfall could
occur in the transition between the late acute and
subacute stages. In particular, in the early subacute
phase after the anoxic event (likely around 24–72
hours, based on the current study), there may be a
paucity of findings on CT scans or even on other MR
images, and the DW imaging appearance described
herein may be predictive of diffuse cortical laminar
necrosis in the setting of HIE and, hence, predictive
of the clinical outcome of either permanent vegeta-
tive state or brain death.

The patients reported on in this study were not
imaged later than 5 days after the anoxic insult, after
which “pseudonormalization” of the ADC values may
occur (17), and high signal intensity may not be seen
within the cortex on DW images.

Conclusion

DW imaging can be useful in demonstrating the
early signs of HIE and cortical laminar necrosis. In
the cases of HIE illustrated here, there is a potential
windowing pitfall, with an MR imaging appearance
that carries an extremely poor prognosis (either per-
manent vegetative state or brain death).

References
1. Commichau C. Hypoxic-ischemic encephalopathy. In: Noseworthy

J, ed. Neurological Therapeutics: Principles and Practice. New York,
Martin Dunitz, Ltd, 2003: 470–480

1664 MCKINNEY AJNR: 25, November/December 2004



2. van Everdingen KJ, van der Grond J, Kappelle LJ, Ramos LMP,
Mali WPTM. Diffusion-weighted magnetic resonance imaging in
acute stroke. Stroke 1998;29:1783–1790

3. Arbelaez A, Castillo M, Mukherji SK. Diffusion-weighted MR im-
aging of global cerebral anoxia. AJNR Am J Neuroradiol
1999;20:999–1007

4. Levy DE, Caronna JJ, Singer BH, Lapinski RH, Frydman H, Plum
F. Predicting outcome from hypoxic-ischemic coma. JAMA
1985;253:1420–1426

5. Helenius J, Soinne L, Perkio J, et al. Diffusion-weighted MR im-
aging in normal human brains in various age groups. AJNR Am J
Neuroradiol 2002;23:194–199

6. Hossmann KA, Hoehn-Berlage M. Diffusion and perfusion MR
imaging of cerebral ischemia. Cerebrovasc Brain Metab Rev
1995;7:187–217

7. Moseley ME, Cohen Y, Mintorovich J, et al. Early detection of
regional cerebral ischemia in cats: comparison of diffusion- and
T2-weighted MRI and spectroscopy. Magn Reson Med 1990;14:
330–346

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

9. Kawahara H, Takeda Y, Tanaka A, Nagano O, Katayama H,
Hirakawa M, Hiraki Y. Does diffusion-weighted magnetic reso-
nance imaging enable detection of early ischemic change following
transient cerebral ischemia? J Neurol Sci 2000;181:73–81

10. Brown AW, Brierley JB. Anoxic-ischaemic cell change in rat brain:
light microscopic and fine-structural observations. J Neurol Sci
1972;16:59–84

11. Brierley JB, Graham DI. Hypoxia and vascular disorders of the
central nervous system. In: Adams H, Corsellis JA, Duchen LW,
eds. Greenfield’s Neuropathology. 4th ed. New York: Wiley-Medical,
1984:125–207

12. Siskas N, Lefkopoulos A, Ioannidis I, Charitandi A, Dimitriadis AS.
Cortical laminar necrosis in brain infarcts: serial MRI. Neurora-
diology 2003;45:283–288

13. Takahashi S, Higano S, Ishii K, et al. Hypoxic brain damage:

cortical laminar necrosis and delayed changes in white matter at
sequential MR imaging. Radiology 1993;189:449–456

14. Auer RN, Benveniste H. Hypoxia and related conditions. In: Gra-
ham DT, Lantos PL, eds. Greenfields’s Neuropathology. 6th ed.
London: Arnold, 1997:263–314

15. Cole G, Cowie VA. Long survival after cardiac arrest: case
report and neuropathological findings. Clin Neuropathol 1987;
6:104 –109

16. Pierpaoli C, Alger JR, Righini A, et al. High temporal resolution
diffusion MRI of global cerebral ischemia and reperfusion. J Cereb
Blood Flow Metab 1996;16:892–905

17. Wijdicks EF, Campeau NG, Miller GM. MR imaging in comatose
survivors of cardiac resuscitation. AJNR Am J Neuroradiol 2001;22:
1561–1565

18. Goto Y, Wataya T, Arakawa Y, et al. Magnetic resonance imaging
findings of postresuscitation encephalopathy: sequential change
and correlation with clinical outcome. No To Shinkei 2001;53:
535–540

19. Komiyama M, Nakajima H, Nishikawa M, Yasui T. Serial MR
observation of cortical laminar necrosis caused by brain infarction.
Neuroradiology 1998;40:771–777

20. Sawada H, Udaka F, Seriu N, Shindou K, Kameyama M, Tsujimura
M. MRI demonstration of cortical laminar necrosis and delayed
white matter injury in anoxic encephalopathy. Neuroradiology
1990;32:319–321

21. Lee DH, Nathanson JA, Fox AJ, Pelz DM, Lownie SP. Magnetic
resonance imaging of brain death. Can Assoc Radiol J 1995;46:
174–178

22. Davis D, Ulatowski J, Eleff S, et al. Rapid monitoring of changes in
water diffusion coefficients during reversible ischemia in cat and
rat brain. Magn Reson Med 1994;31:454–460

23. Fischer M, Bockhorst K, Hoehn-Berlage M, Schmitz B, Hossmann
KA. Imaging of the apparent diffusion coefficient for the evalua-
tion of cerebral metabolic recovery after cardiac arrest. Magn
Reson Imaging 1995;13:781–790

24. Constable AR, Cranage RW. Recognition of the superscan in
prostatic bone scintigraphy. Br J Radiol 1981;54:122–125

AJNR: 25, November/December 2004 HYPOXIC-ISCHEMIC ENCEPHALOPATHY 1665


