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Diffusion-Weighted MR Imaging of
Global Cerebral Anoxia

Andres Arbelaez, Mauricio Castillo, and Suresh K. Mukherji

BACKGROUND AND PURPOSE: Diffuse cerebral anoxia isa devastating event, and itsacute
findings, as revealed by conventional MR imaging and CT scanning, may be subtle. We ana-
lyzed diffusion-weighted and conventional MR images of patients with diffuse cerebral anoxia
to determine their usefulness in establishing the diagnosis during the acute period and in de-
termining the age of insult.

METHODS: We reviewed 11 MR imaging studies of 10 patients who had experienced pro-
longed cardiac arrest. All of the patients underwent echo-planar diffusion-weighted imaging
with low- and high-strength B values and multiplanar unenhanced MR imaging. We considered
bright areas on the high-strength diffusion-weighted images to be abnormal when compared
with low-strength images. Special attention was given to the cortex, basal ganglia, thalami,
hippocampi, cerebellum, and white matter. Conventional MR studies also were reviewed, and
abnormalities noted. The medical records of all of the patients were reviewed.

RESULTS: Four patients who underwent imaging during the acute period (<24 hours) had
bright basal ganglia (n = 2), bright cerebellum (n = 3), and bright cortex (n = 1) shown on
their diffusion-weighted images. For these patients, conventional MR images showed question-
able increased T2-weighted signal intensity in the basal ganglia (n = 1), and the results of two
studies were judged to be normal. During the early subacute period (24 hours-13 days), four
patients were studied, and were determined to have an abnormal cortex (n = 3) and basal
ganglia (n = 2). For two of these patients, conventional MR images showed similar abnor-
malities, and the results of one study were normal. For two patients who underwent imaging
during the late subacute period (14-20 days), diffusion-weighted images showed abnormalities
mostly confined to white matter. Two patients who underwent imaging during the chronic
phase (>21 days) had normal results of their diffusion-weighted imaging and one had evidence
of laminar necrosis revealed by conventional MR imaging.

CONCLUSION: During the acute period, high-strength diffusion-weighted images showed
the abnormal basal ganglia, cerebellum, and cortex to a better extent than did conventional
MR images. During the early subacute period, gray matter abnormalities were seen on diffu-
sion-weighted images. During the late subacute period, diffusion-weighted images showed most-
ly white matter abnormalities. During the chronic stage, the results of diffusion-weighted im-
aging were normal. Our findings suggest that diffusion-weighted images are helpful for
evaluating and dating diffuse cerebral anoxia, and therefore aid in the deter mination of prog-
nosis and management of these patients.

During the acute period after diffuse cerebral an-
oxia, the results of conventional MR imaging and
CT scanning may be normal, or the images and
scans may show only subtle abnormalities. The im-
aging findings of diffuse cerebral anoxia include
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obscured gray-white matter junctions, abnormal ap-
pearance of deep gray matter nuclei, infarctions in
regions between magjor arterial territories, and lam-
inar necrosis (1-7). Because of its poor prognosis,
a method that rapidly aids in the identification of
diffuse cerebral anoxia is desirable. Positron emis-
sion tomography and single-photon emission to-
mography may be helpful in the diagnosis of dif-
fuse cerebral anoxia, but may be difficult to
perform in this group of sick patients. The use of
diffusion-weighted MR imaging for the diagnosis
of acute cerebral infarction has been described, but
this imaging technique has not been used to ex-
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TABLE 1: Findings on conventional MR imaging and diffusion-weighted imaging in patients with global cerebral anoxia.

Acute Early Subacute Late Subacute Chronic
(<24 hours) (24 hrs-13 days) (14-20 days) (>21 days)
TiWI None Abn. cerebellum None Laminar necrosis
T2WI Abn. basal ganglia Abn. basal ganglia, None Abn. basal ganglia
cortex,
& cerebellum
DwI Abn. cerebellum, basal Abn. cortex & basal Abn. white matter None

ganglia, & cortex ganglia

Note—T1WI, T1-weighted images; T2WI, T2-weighted images; DWI, diffusion-weighted images; Abn, abnormal appearing.

amine patients with diffuse cerebral anoxia (4, 8—
12). We analyzed diffusion-weighted and conven-
tional MR images of patients with diffuse cerebral
anoxia to determine which method best showed the
changes of cerebral anoxia, and which best deter-
mined the age of the insult.

M ethods

Ten patients (11 MR imaging studies) with histories of pro-
longed cardiac arrest (>6 minutes), who subsequently devel-
oped encephal opathy, were studied using conventional MR and
diffusion-weighted imaging. Four studies (four patients) were
obtained within 24 hours of initial insult (acute period), five
studies (four patients) during the subacute period (24 hours—
20 days), and two studies (two patients) during the chronic
period (>21 days). All studies were conducted using a 1.5-T
unit with echo-planar capabilities. Conventional unenhanced
sagittal T1-weighted imaging was performed with 500—600/
12-14/2 (TR range/TE range/excitations), a 5-mm section
thickness, and axial and coronal proton density. Conventional
fast spin-echo T2-weighted imaging was performed with
3000—4500/15, 93-105/1, 4-mm section thickness, echo train
length of 7, and interecho spacing of 15 milliseconds. Diffu-
sion-weighted imaging was performed in the axial projection
with 0.8/123 (TR/TE), 6-mm section thickness, low-strength
gradient (B: 30 ¥mm3), and high-strength diffusion gradient
(B: 1100 secondsymm?) for acquisition times of 4.6 seconds
per study. The low B vaue images served as a baseline for
comparison with the high B value images. With our equipment,
application of the diffusion gradient is restricted to the z axis
(section selection).

Two neuroradiologists retrospectively, jointly, and without
blinding reviewed both diffusion-weighted images and con-
ventional MR studies. By consensus, they labeled as abnormal
those areas in which the signal intensity was increased and
was significantly different in the high-strength diffusion im-
ages when compared with the low-strength diffusion images.
Specia attention was given to the signa characteristics of the
cortex, basal ganglia, thalami, hippocampi, cerebellum, and
white matter. The abnormalities identified on the conventional
MR images also were recorded and compared with those seen
on the diffusion-weighted images. We aso reviewed the pa-
tients medica records to assess causes of hypoxic insult as
well as their outcomes.

Results

We studied male patients only (age range, 2—63
years), and had experienced documented prolonged
cardiac arrest (>6 minutes) that subsequently re-
sulted in coma. Death occurred in six patients, and
four remained in a vegetative state. The causes for
the cardiac arrests were myocardia infarction (n =

6), sepsis (n = 2), cocaine overdose (n = 1), and
electrocution (n = 1). A summary of the findings
is provided in Table 1.

Acute Period

The acute period is less than 24 hours after in-
sult. Four patients underwent imaging during the
acute period. Three of them underwent imaging
within 3 hours of cardiac arrest. For two of the
three patients, the results of conventional MR stud-
ies were considered to be normal, but the diffusion-
weighted images showed that the cerebellum was
diffusely brighter than the cerebral hemispheres
(Fig 1A and B). For one of these two patients, fol-
low-up conventional MR images showed a diffuse-
ly swollen cerebellum, supratentorial cortex, and
basal ganglia (Fig 1C and D). For the second pa-
tient with an abnormal cerebellum, a follow-up
study was not conducted. For the third patient of
this group, who also underwent imaging within 3
hours of cardiac arrest, the results of the conven-
tional MR study were considered to be normal and
the high-strength diffusion- weighted images
showed increased signal intensity in the basal gan-
glia (Fig 2A). The fourth patient of this group un-
derwent imaging 20 hours after insult, and a con-
ventional MR study showed questionable increased
signal intensity in the basal ganglia on proton den-
sity- and T2-weighted images (Fig 3A). The dif-
fusion-weighted images confirmed this abnormali-
ty, and also showed abnormal hyperintensity in the
perirolandic and occipital cortices, basal ganglia,
and cerebellum (Fig 3B-E).

Subacute Period

The subacute period is from 24 hours through 20
days. Four patients underwent imaging during the
subacute period, which is divided into early (24
hours-13 days) and late (14—20 days) stages. Three
MR studies were conducted between 3 and 6 days
after insult. For one of these patients, the results of
the conventional MR study initially were judged to
be normal, and the diffusion-weighted images
showed abnormal hyperintensity, mostly in the ce-
rebral cortex (Fig 4A and B). For the second patient
in this group, the conventional MR study showed
increased signal intensity in basal ganglia, thalami,
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Fic 1. Bright cerebellum on diffusion-weighted images as the initial finding after cerebral anoxia.
A, Axial T2-weighted image, 3300/105/1 (TR/TE/excitations), obtained within 3 hours of cardiac arrest, shows the cerebellum to be

of normal appearance.

B, Corresponding high-strength diffusion-weighted image, 0.8/123/1100 (TR/TE/B value), shows that the cerebellum (c) is diffusely

bright when compared with the left occipital lobe (0).

C, Follow-up image obtained 3 days after anoxic episode. Midsagittal T1-weighted image (570/15/1) shows swollen cerebellum with
upward transtentorial and downward transforaminal herniations. The forth ventricle and brain stem are compressed.

D, Axial T2-weighted image (3500/93/1), obtained at same time as the image shown in C, shows swollen and bright cortex, effaced
cortical sulci, and bright basal ganglia. Because of technical problems, diffusion-weighted images were not obtained as part of the follow-

up study. This patient died.

hippocampi, and cortices on proton density- and
T2-weighted images. For this patient, the deep gray
matter structures and the cerebral cortex were also
abnormally bright on the diffusion-weighted im-
ages. For the third patient in this group (who also
underwent imaging during the acute period), the
conventional MR study conducted 3 days after in-
sult showed a bright basal ganglia and cerebral cor-
tex (Fig 2B and C). The corresponding high-
strength diffusion-weighted images confirmed these
findings, revealed them better, and showed them to
be more extensive than did the conventional MR
images. This patient underwent a third follow-up
study 14 days after cardiac arrest. This follow-up
study showed no significant abnormality on the
conventional MR images, but did revea diffusely
increased signal intensity in the white matter of the
centra semiovale and posterior limbs of the internal
capsules. Decreasing brightness in gray matter
structures was also present on the high-strength dif-

fusion-weighted images (Fig 2E-G). The fourth pa-
tient in this group underwent imaging 20 days after
insult, and the results of the conventional MR study
were interpreted to be normal (Fig 5A). The high-
strength diffusion-weighted images showed abnor-
mal brightness in the centra semiovale and no def-
inite abnormality in the gray matter (Fig 5B).

Chronic Period

The chronic period is 21 days and more. Two
patients underwent imaging during the chronic pe-
riod. For one patient, the results of the diffusion-
weighted imaging performed 21 days after insult
were judged to be normal. The conventional MR
images showed residual increased T2-weighted sig-
nal intensity in the basal ganglia. For another pa-
tient, who underwent imaging 22 days after cardiac
arrest, the conventional MR images showed linear
hyperintensities in the cortex on T1-weighted im-



1002 ARBELAEZ AJINR: 20, June/duly 1999

Fic 2. Sequential diffusion-weighted images show bright basal ganglia as the initial finding after anoxia.

A, Axial high-strength diffusion-weighted image (0.8/123/1100), obtained less than 3 hours after cardiac arrest (because of electro-
cution), shows abnormal brightness in lentiform nuclei (arrows). Brightness in splenium of corpus callosum is normal because transverse
white matter fibers are perpendicular to the plane (z) in which the diffusion gradient was applied.

B, Axial T2-weighted image (4200/105/1), obtained 3 days after insult, shows increased signal intensity in basal ganglia and possibly
in occipital cortices.

C, High-strength diffusion-weighted image (0.8/123/1100), obtained at same time as the image shown in B, reveals abnormally bright
basal ganglia and cortex in frontal, posterior temporal, and occipital lobes.

D, High-strength diffusion-weighted image (0.8/123/1100), obtained at same time as the image shown in B, shows that the cortex in
the frontal and parietal regions is abnormally bright.

E, High-strength diffusion-weighted image (0.8/123/1100), obtained 14 days after insult and corresponding to the image shown in C,
reveals decreasing signal intensity from gray matter structures and abnormal brightness in posterior limb of internal capsules.
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Fic 3. Bright basal ganglia and cortex on diffusion-weighted images obtained during the acute period (20 hours after insult).
A, Axial T2-weighted image (4500/105/1) shows questionable increased signal intensity in basal ganglia.
B, Corresponding low-strength diffusion-weighted image (0.8/123/30) shows no abnormality.
C, Corresponding high-strength diffusion-weighted image (0.8/123/1100) shows abnormally bright basal ganglia, thalami, and cortex

(particularly in medial-occipital regions).

D, More cephalad axial low-strength diffusion-weighted image (0.8/123/30) shows no abnormality.
E, Corresponding high-strength diffusion-weighted image (0.8/123/1100) shows abnormally bright cortex surrounding the central sulci.

This patient survived.

ages that were considered to represent laminar ne-
crosis (Fig 6A). The reaults of proton density-, T2-,
and diffusion-weighted imaging were judged to be
normal (Fig 6B).

Discussion
Diffusion-weighted echo-planar MR imaging
may show cerebral infarctions as early as 1 hour
after occurrence (4, 8-10). In the normal brain, the
extracellular compartment permits water molecules
to move in a disorganized and random fashion
(Brownian motion), resulting in phase shift loss and

relatively low signal intensity on high-strength dif-
fusion-weighted images. Cytotoxic edema, as in
early anoxic encephalopathy, leads to restriction of
Brownian motion, producing high signal intensity
on diffusion-weighted images. Whole-brain diffu-
sion-weighted MR imaging is performed rapidly,
and may be used in the evaluation of sick patients
in whom the duration of conventional MR imaging
leads to motion-related image degradation.

With our MR imaging units, we are able to per-
form whole-brain diffusion-weighted imaging in
slightly longer than 4 seconds per study. Images
are obtained with a low-diffusion value (B = 30 &/

F, Axial high-strength diffusion-weighted image (0.8/123/1100), obtained at the same time as the image shown in E and at same level
as the image shown in D, reveals decreasing signal intensity from the cortex and abnormal brightness in the centra semiovale.
G, Corresponding conventional T2-weighted image (4500/105/1) shows normal results. This patient survived.
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Fic 4. Abnormally bright cortex in the early subacute period.

A, Axial T2-weighted image (4500/105/1) initially was interpreted as normal. A careful retrospective analysis raised the possibility of
increased signal intensity and thickening of the cortex.

B, Corresponding high-strength diffusion-weighted image (0.8/123/1100) shows abnormal brightness preferentially involving the cortex.
Fic 5. Images of abnormal white matter obtained during the late subacute period (15-20 days).

A, Axial T2-weighted image (3300/105/1) shows no definite abnormalities. There is subtle and nonspecific increased signal intensity
in the white matter.

B, Corresponding high-strength diffusion-weighted image (0.8/123/1100) shows abnormally bright white matter in centra semiovale
and no definite cortical abnormalities.
Fic 6. Images of laminar necrosis obtained during the chronic period.

A, Axial T1-weighted image (550/15/1) shows linear brightness along the superior frontal, pre-central, and central gyri corresponding
to the sequelae of laminar necrosis 22 days after cardiac arrest.

B, Axial high-strength diffusion-weighted image (0.8/123/1100), obtained inferior to the image shown in A (convexity diffusion images

were degraded by magnetic susceptibility artifacts), shows normal results.

mmZ2) and with a high-diffusion value (B = 1100
second/mm?). We use the low B value images as a
baseline for comparison with the high B value im-
ages. Areas of increased signa in the high B value
images, when compared with the low B value im-
ages, may be considered abnormal.

A lack of cerebral oxygenation leads to hypoxia
and hypercapnia, resulting in increased blood flow
as a compensatory mechanism (1, 13-19). Ade-
quate levels of adenosine triphosphate and phos-
phocreatine may be maintained even with a 5% to
7% reduction in inhaled oxygen. Cerebral ischemia
may be focal or global, and the latter is generally
secondary to an abnormal cardiac function. After a

short period of ischemia, immediate cerebra re-
perfusion may prevent necrosis (1, 15, 16). Longer
periods of ischemia (anoxia) lead to a decrease in
adenosine triphosphate and phosphocreatine and an
elevation of lactate, resulting in global cerebral in-
jury (20—24). Factors that determine the degree of
injury in cases of global cerebral ischemia include
the duration of insult, degree of blood flow, tem-
perature, and serum glucose levels (15, 16, 25-27).
In adults, diffuse cerebral anoxia is generdly
caused by cardiac arrest, severe hypotension or hy-
pertension, trauma, or venous sinus occlusion (2,
3, 13-15). In children, dehydration, neonatal an-
oxia, and child abuse are the most common causes.
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Ischemic and anoxic encephal opathies have a poor
prognosis.

The principle of ‘‘selective vulnerability” at-
tempts to explain why different brain regions are
affected in the presence of a diffuse insult such as
generalized ischemia/anoxia (2, 15, 28). Predomi-
nantly gray matter damage is termed ‘‘selective
neuronal necrosis’ (2, 15, 29). An injury to neu-
rons, glia, and blood vessels is termed *‘ pan cere-
bral necrosis’ (2, 15, 30). The capillary network is
greater in gray matter than in white matter, reflect-
ing their metabolism (1). Cerebral activity deter-
mines oxygenation, glucose metabolism, and blood
flow by the mechanism of “‘local autoregulation’
(15). The mechanism responsible for the coupling
between local autoregulation and metabolism is not
known, but the presence of hydrogen ions, adeno-
sine, and nitric oxide may play arole (15, 31-33).

All of our patients suffered diffuse cerebral an-
oxia caused by prolonged cardiac arrests. For four
of the patients, diffusion-weighted images obtained
during the acute period (<24 hours after insult)
showed increased signal intensity in the cortex
(particularly perirolandic and occipital) (n = 1), ba-
sal ganglia (n = 2), and cerebellum (n = 3). For
two of these patients, the results of conventional
MR imaging were judged to be normal, and for two
of the patients, the basal ganglia showed question-
ably increased proton density- and T2-weighted
signal intensity. Prior investigations have shown
that the regions affected in hypoxic patients are in-
jured during acute global cerebral ischemia (15,
28). Layers 3, 4, and 5 of the cortex are sensitive
to ischemia, and may become necrotic (*‘laminar
necrosis’) (2, 3, 5, 15, 28). Additionally, the wa-
tershed zones and the hippocampi (particularly the
cornu Ammonis 1 zone) also are prone to damage
from global ischemia (1, 4, 6, 7, 28). The vulner-
ability of these gray matter regions can be attrib-
uted to a combination of abnormal blood flow, ba-
sal metabolic rate, and presence of receptors for
excitatory amino acids. Overstimulation by excit-
atory substances, such as glutamate, also may help
to explain selective neuronal necrosis (1, 6, 7, 11,
15, 29, 34-37). Ischemia leads to the release of
glutamate, and because most receptors for this sub-
stance are located in the dendrites, the gray matter
is affected first and more severely. Glutamate leads
to alterations in ionic homeostasis and results in
cytotoxic edema (1, 15, 16, 38). In turn, cytotoxic
edema leads to restriction of extracellular water
motion and increased signal intensity in high-
strength diffusion-weighted images, as seen in the
cases of our patients. Therefore, the abnormalities
seen in our patients during the acute period corre-
late well with the regions that prior investigators
have shown to be affected initialy. The abnormal-
ities were seen earlier and to a better extent on
diffusion-weighted than on conventional MR im-
ages. It is possible that before cytotoxic edema
reaches the degree needed to become visible on
conventional MR images, there is microscopic re-
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striction of extracellular water motion leading to
increased signal intensity on diffusion-weighted
images. This would explain why some areas are
abnormally bright on diffusion-weighted images
but normal or nearly normal on conventional MR
images.

Four patients underwent imaging during the sub-
acute period (24 hours-20 days). Diffusion-weight-
ed images obtained during the early subacute pe-
riod (24 hours-13 days) showed a bright cortex and
basal ganglia, findings that may be explained by
similar mechanisms to those seen during the acute
period. The findings also were shown by two of the
conventional MR studies. During the subacute pe-
riod, there is reperfusion of ischemic brain regions.
Unfortunately, this mechanism is generaly hetero-
geneous and insufficient for the reestablishment of
normal cerebral blood flow because of underlying
edema and increased viscosity of red blood cells
(1, 39—-43). This type of insufficient reperfusion is
thought to increase cytotoxic edema in the affected
areas (24, 44-47), and thus, in combination with
the presence of vasogenic edema, it could further
compromise extracellular water motion. The com-
bination of increased cytotoxic and vasogenic ede-
ma leading to a restriction of Brownian motion re-
sultsin increased signal intensity in the gray matter,
as seen on conventional and diffusion-weighted im-
ages, respectively, during the subacute period. In
addition, the phenomenon of *‘late neuronal death”
(7, 11, 15, 37, 48), which predominantly affectsthe
neocortex, hippocampi, and basal ganglia, also may
contribute to the abnormalities present on conven-
tional T2-weighted and diffusion-weighted images
during the subacute period.

Two patients underwent imaging during the late
subacute period (14—-20 days). The diffusion-
weighted images showed diffusely bright white
matter, a finding that was not as obvious on the
conventional MR images. Several mechanisms may
explain this finding. With pancerebral necrosis,
there is an alteration in the pH vaue, which con-
tributes to the damage of glial cells (10, 16, 49,
50). This decreased pH value is caused by an in-
creased production of lactate acid and to liberation
of protons from hydrolysis of adenosine triphos-
phate (33). In a similar fashion to the mechanism
of injury for gray matter already addressed, white
matter may be injured by the release of excitatory
substances resulting from global ischemia. Gluta-
mate migrates via synaptic clefts in the gray matter
to reach receptors located in glial cells (30, 51, 52).
Other mechanisms that injure white matter as a re-
sult of anoxia include abnormal axoplasmic trans-
port, abnormal action potentials, alteration of the
sodium-potassium pump, and a process similar to
Wallerian degeneration (Wallerian-like degenera-
tion) (30, 53-55). Wallerian-like degeneration re-
sults in edema of neurofilaments, and also may
contribute to limiting Brownian motion and lead to
an increased signal intensity on high-strength dif-
fusion-weighted images. One of our patients pre-
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sented us with the unique opportunity to evaluate
seria findings after global anoxia. Acutely, he had
basal ganglia abnormality that 2 days later pro-
gressed to involve the cortex and that 14 days after
insult involved the white matter (Fig 2). Because
these abnormalities occur mostly at a cellular level,
the findings are more evident on diffusion-weighted
images than on conventional MR images.

For two patients studied during the chronic pe-
riod (at 21 and 22 days), the results of the diffu-
sion-weighted imaging were normal. One patient
had evidence of laminar necrosis shown by con-
ventional MR imaging. For the second patient, the
results of conventiona MR imaging were unre-
markable. During the chronic period, cellular death
and destruction of axons occur (2, 15, 54-57). This
may lead to an increase in extracellular space, cav-
itation, and a greater freedom of Brownian motion,
thus resulting in decreased signal intensity in the
high B value diffusion-weighted images.

A potentia pitfall in the interpretation of the re-
sults of diffusion-weighted MR imaging of patients
with diffuse cerebral abnormalities caused by an-
oxia is related to the filming of the studies. If the
cortex and basal ganglia are abnormally bright, it
is conceivable that a technologist may set the win-
dow levels to compensate for this, and the results
of the study may appear normal. This could occur
with patients during the transition between the
acute and subacute stages. A caveat in our study
refers to the diffusion-weighted imaging sequence
used. In our studies, because of intrinsic equipment
limitations, the diffusion-weighted imaging was
performed using a diffusion gradient only in the z-
axis direction. It is possible that better character-
ization of infarcts may be obtained using multi-
planar diffusion-weighted images and construction
of apparent diffusion coefficient maps. For practi-
cal purposes, water motion during infarction is ran-
dom and without vector, and should be visible re-
gardless of the direction in which the diffusion
gradient was applied.

Conclusion

For our patients, diffusion-weighted images
showed earlier and more extensive abnormalities
than did conventional MR images after global ce-
rebral anoxia. In addition, cerebral abnormalities,
as seen on diffusion-weighted images, followed se-
quential changes, with predominantly gray matter
abnormalities during the acute and early subacute
periods, white matter abnormalities during the late
subacute period, and a return to normal during the
chronic stage. This sequence of events is in accor-
dance with that recently described for lobar infarc-
tions seen on diffusion-weighted images (58). The
diffusion abnormalities correlate well with known
histologic abnormalities and underlying pathologic
mechanisms occurring with global cerebral anoxia.
We suggest that, in the presence of global cerebral
anoxia, diffusion MR imaging should be the initial
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imaging study used, and it is helpful in establishing
the diagnosis, prognosis, and management of these
patients.
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