Role of Vasogenic Edema and Tissue Cavitation in Ischemic Evolution
on Diffusion-weighted Imaging: Comparison with Multiparameter MR

and Immunohistochemistry
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PURPOSE: To examine the mechanisms of further evolution that occurs from the early to late
phase after initial changes in diffusion-weighted imaging after cerebral ischemia. METHODS:
Sprague-Dawley rats were subjected to middle cerebral artery occlusion. Diffusion-, proton den-
sity—, T1- and T2-weighted imaging were performed on days 0, 2, and 6. Histologic examination
(IgG, glial fibrillary acidic protein, and cresyl violet staining) was done after scanning. RESULTS:
Apparent diffusion coefficients (ADCs) in the ischemic hemisphere were significantly decreased on
day 0. Thereafter, ADCs increased over time and became significantly higher than the contralateral
side by day 6. Changes in basal ganglia occurred more rapidly than in cortex. Proton density—, T1-,
and T2-weighted scans showed maximal changes on day 2. From day O to day 2, there are
significant correlations between changes in ADC and changes in T1-weighted signals and T2-
weighted signals. Histologic exam showed early neuronal injury on day 0, intense gliotic activity
and protein leakage associated with infarction and edema on day 2, and cavitation in severely
infarcted areas on day 6. CONCLUSION: After initial reduction of ADC, the subsequent increase in
ADC values on day 2 may be associated with vasogenic edema and cell lysis. Later elevations in
ADC may be related to cavitation of infarcted tissue.
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Diffusion-weighted imaging allows one to as-
sess the early stages of cerebral ischemia by
detecting decreased water diffusion that may be
related to cytotoxic edema caused by energy
depletion (1-4). However, from the intermedi-
ate to late stage, diffusion-weighted imaging
shows complex temporal profiles (5-11). The
mechanisms that underly these temporal pro-
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files remain unclear but most likely reflect the
cascade of ischemic evolution after the initial
insult. The process of ischemic evolution in-
cludes cell swelling (1-4, 8), blood-brain barrier
damage and vasogenic edema (6, 12), disrup-
tion of cell membrane integrity (9, 10), and,
finally, tissue cavitation in severely damaged
areas (8, 12).

To clarify the relationship between changes
in diffusion-weighted images and ischemic
brain damage, we compared diffusion-weighted
with conventional spin-echo magnetic reso-
nance (MR) images from the acute to late stage
after middle cerebral artery occlusion (MCAOQO)
in rats. To confirm the pathologic condition in
each stage, we performed histologic examina-
tion including immunohistochemistry. Cresyl
violet staining was used to assess parenchymal
injury. Anti-IgG and anti-glial fibrillary acidic
protein (GFAP) immunohistochemical analyses
were performed to assess blood-brain barrier
disruption and glial activation (13-15). By
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mapping the spatial and temporal profile of
ischemic injury with these methods, we exam-
ined the mechanisms of diffusion-weighted im-
aging changes from the acute to late stage after
MCAO, especially those related to vasogenic
edema, infarction, and tissue cavitation.

Materials and Methods

Animal Model and Experimental Design

All experimental protocols followed National Institutes
of Health guidelines for the care and use of laboratory
animals and were approved by the subcommittee on re-
search animal care of the hospital. Male Sprague-Dawley
rats (250 to 350 g, n = 11) were anesthetized with 1.0% to
1.5% halothane mixed with 95% air and 5% oxygen under
spontaneous respiration. Catheters were placed in the
femoral artery for monitoring arterial pressure, pH, and
gases. MCAO was performed under a surgical microscope
using the subtemporal approach (16). Briefly, after inci-
sion of the skin and the temporal muscle, the zygomatic
arch was removed, and the temporal skull base was drilled
1 mm anterior to the foramen ovale. The dura and arach-
noid were cut using a 25-gauge needle. The middle cere-
bral artery was occluded using a microbipolar coagulator,
and the coagulated arteries were cut and removed. Coag-
ulation was performed all the way between 2 mm proximal
to the olfactory tract and the distal portion of the middle
cerebral artery to induce severe ischemia reproducibly
(17).

Approximately 40 minutes after occlusion, MR scan-
ning was started. Rats were classified into three groups. In
all rats, diffusion-, proton density—, T2-, and T1-weighted
imaging were performed on the first day (day 0). Diffusion-
weighted images with larger gradient pulses (8.06 G/cm)
were obtained at 50, 70, 90, and 130 minutes after MCAO,
to map the evolution of injury during the acute phase.
Diffusion-weighted images with smaller gradient pulses
(3.66 G/cm) were obtained at 110 minutes after MCAO to
calculate apparent diffusion coefficients (ADCs). Proton
density—, T2-, and T1-weighted imaging were performed
at 150, 170, and 180 minutes after MCAO, respectively.
On day 2 and day 6 after MCAO, the rats were reanesthe-
tized, and diffusion-, proton density-, T2-, and TI1-
weighted images were obtained. In group 1 (n = 5) and
group 2 (n = 3), the rats were killed immediately after MR
scanning on day 6 and day 2, respectively; in group 3 (n =
3), the rats were killed after MR scanning on day 0. All the
rats were perfusion fixed for subsequent histologic exam-
ination after the final MR scanning in each group.

MR Imaging

All measurements were performed on an imager/spec-
trometer system (SISCO, Fremont, Calif) equipped with a
2.0-T superconducting magnet (Nalorac, Martines, Calif)
(proton frequency, 84 to 142 MHz) and a set of self-
shielded gradient coils (Oxford Instruments, Oxford,
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United Kingdom). Images were acquired using a 6-cm-
inner-diameter bird cage coil. To get the images reproduc-
ible, T1-weighted midsagittal scouts were taken, and
seven consecutive coronal sections were selected poste-
rior to the rhinal fissure. Four scans were averaged for
each one of the 128 phase-encoding steps. The section
thickness was 2 mm with a 4-cm field of view. Diffusion-
weighted spin-echo images were obtained by applying
square-shaped diffusion-sensitive gradient pulses (dura-
tion, 10 milliseconds; separation, 30 milliseconds) on ei-
ther side of the 180 pulse with 1800/45/4 (repetition time/
echo time/excitations). For calculation of ADC, two
different amplitudes of diffusion gradients, 3.66 and 8.06
(G/cm) corresponding to b values of 256 and 1239 (s/
mm?), were applied. We calculated ADC and b values
using the following formulas: ADC (mm?2/s) = In (S1/S2)/
(b2 — bl) where Sx is signal intensity at b = bx; b =
g°G28%(A — §/3) where g is the gyromagnetic ratio; G is
the amplitude of the diffusion gradient pulse; 8 is the du-
ration of the diffusion gradient pulse; and A is the separa-
tion time between the beginning of the two diffusion gra-
dient pulses. Pilot studies showed that ADC values
calculated from two b values were the same as ADC values
calculated using regression analysis from four (0, 256,
558, and 1239) b values. The mean difference between
these ADC values was only 0.93 += 0.28% (n = 8). T2-
weighted (80/2000/4), proton density-weighted, (20/
2000/4), and T1-weighted (20/400/4) images were also
obtained for the same section locations, section thickness,
and field of view. Data from these scans were calculated as
signal intensity ratios, that is, signal intensity in the isch-
emic brain divided by signal intensity from contralateral
normal brain. Quantitative analysis of MR data was per-
formed on one section centered at the optic chiasm (4 mm
posterior to the rhinal fissure). This section was selected
because it represented the location of maximal ischemia
for the rat MCAO model used in the present study (18).
Four regions of interest were analyzed: (a) basal ganglia in
ischemic hemisphere; (b) basal ganglia in contralateral
hemisphere; (c) cortex in ischemic hemisphere; and (d)
cortex in contralateral hemisphere (Fig 1A).

Histologic Examination

After scanning on day O, day 2, and day 6 after occlu-
sion, brains were perfusion fixed with 200 mL of saline
solution (0.9%) and 200 mL of paraformaldehyde (4%) in
0.1 M phosphate buffer from the left ventricle of the heart.
Brains were postfixed in the same fixatives for 24 hours
and placed in 20% glycerol and 2% dimethylsulfoxide in
0.1 M phosphate buffer for 48 hours, then were sectioned
at 50 um on a freezing microtome. Sections were incu-
bated with 0.3% hydrogen peroxidase diluted with metha-
nol for 30 minutes, followed by 10-minute washes in
phosphate-buffered saline. For GFAP immunostaining,
sections were incubated with 10% normal goat serum for 1
hour. Then these sections were incubated with primary
antibody for GFAP (mouse antirat IgG, Boehringer Mann-
heim, Indianapolis, Ind) diluted with 2% normal goat serum
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Fig 1. a, Regions of interest in the rat
brain section used for quantitative MR anal-
ysis: 1, basal ganglia in ischemic side, 2,
basal ganglia in contralateral side, 3, cortex
in ischemic side; and 4, cortex in contralat-
eral side. The shaded area represents the
typical distribution of ischemia for this
model.

b, Square region of interest indicates the
area that is depicted in the histologic images
(Fig 7). The area involves both ischemic
basal ganglia and ischemic cortex.

and 0.5% sodium azide (1:200) overnight. After washing
with phosphate-buffered saline, sections were placed in
goat antimouse IgG conjugated with peroxidase (Boehr-
inger Mannheim) diluted 1:300 in phosphate buffer and 2%
goat serum for 3 hours. After washing with phosphate-
buffered saline sections were developed by 3,3'-diamino-
benzidine tetrahydrochloride and 0.03% hydrogenperoxi-
dase in 50 mM Tris-hydrochloric acid buffer. For IgG
immunostaining, sections were incubated with mouse an-
tirat IgG antibody (Boehringer Mannheim) diluted 1:300 in
phosphate buffer and 2% goat serum for 3 hours instead of
incubation with first and second antibodies for GFAP stain-
ing. The sections were then developed with 3,3'-diamino-
benzidine tetrochloride. Histologic examinations on the
ischemic and contralateral hemisphere were also per-
formed on the section centered at the optic chiasm
(Fig 1B).

Statistical Analysis

For evaluation of temporal changes in each parameter,
repeated-measures analysis of variance was used and
then a Scheffe F test was applied to individual sets. For
comparison between lesion and contralateral hemisphere
or between basal ganglia and cortex for ADC and signal
intensity ratio calculations, paired ¢ tests were used. Cor-
relations between various parameters were assessed with
standard linear regression analysis. All data are expressed
as mean * SEM. Differences were considered to be signif-
icant at P < .05.

Measurements during the experiment

Results
Physiologic Variables

Systemic parameters were within normal lim-
its (Table). Body temperatures were well con-
trolled throughout the experiments including
MR scanning on days 2 and 6 after MCAO.

MR Measurements

Diffusion-weighted scans on day O for all
three groups showed increased signal intensity
in the ischemic regions, primarily in the lateral
basal ganglia and overlying cortex. Figure 2
shows changes in signal intensity ratio of diffu-
sion-weighted images during early ischemic
evolution (50 to 130 minutes after occlusion,
group 1). Significant elevations in signal inten-
sity ratio were present by 50 minutes after
MCAO in basal ganglia (P < .05) and 70 min-
utes after MCAO in cortex (P < .05). Signal
intensity ratio increased slightly over time and
reached values of 1.43 (basal ganglia) and 1.28
(cortex) by 130 minutes after MCAO. Signal
intensity ratios in basal ganglia were higher than
those in cortex at every time point.

Mean Arterial Blood Pressure,

Body Temperature,

Time mm Hg °C pH Paco,, mm Hg Pao,, mm Hg

Day O (n = 11)

During surgery 86.27 = 2.39 37.69 = 0.21 7.39 = 0.01 38.15+1.83 126.59 = 5.03

Before MR 101.75 = 7.74 37.16 = 0.29 7.34 +0.01 45.77 + 1.46 153.40 *= 14.70

During MR 107.13 = 4.90 37.29 = 0.16

After MR 100.34 = 4.51 37.12 = 0.16 7.32 = 0.01 44.67 + 2.28 148.22 = 12.64
Day 2 (n = 8)

During MR 37.70 = 0.19
Day 6 (n = 5)

During MR 37.02 £ 0.32

Note.—Values are mean = SEM.
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Fig 2. Temporal changes in signal intensity ratio of diffusion-
weighted images from 50 to 130 minutes after MCAO. Data are
shown as mean = SEM.

* P<.05.

** P < .01 compared with contralateral side.

Diffusion-weighted images in the acute stage
(2 hours after MCAO) showed high intensity in
the ipsilateral hemisphere. After the early stage,
signal intensities tended to decrease, returning
to close to normal range during the intermediate
stage (day 2). By day 6, diffusion-weighted
scans showed well-demarcated regions of de-
creased intensity within the core of the ischemic
lesion. A representative profile is shown in Fig-
ure 3. Quantitative analysis of the diffusion-
weighted signal changes showed that by 2
hours after MCAO, ADC values were signifi-
cantly lower than normal levels in the contralat-
eral hemisphere (P < .01): 3.0 to 3.5 x 10~¢
mm?/s (ischemic) versus 5.7 to 5.9 x 104
mm?/s (contralateral) (Fig 4). After this acute
phase, ADC values in the ischemic brain began
to increase; on day 2, ADC values in the isch-

Fig 3. Temporal profiles of diffusion-
weighted (upper row) and T2-weighted (lower
row) imaging on day 0 (2 to 2.5 hours), day 2,
and day 6 after MCAO.
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emic lesion were indistinguishable from con-
tralateral values; by day 6, ADC in ischemic
brain became significantly increased compared
with the contralateral side (P < .05), especially
in basal ganglia (Fig 4).

A different temporal profile was present on
conventional scans. Conventional MR images
showed most significant changes on day 2. A
typical temporal profile of T2-weighted scans is
shown in Figure 3. In general, inconsistent
changes were present on day 0, except for T2-
weighted scans, in which signal intensity ratio
was significantly increased in the basal ganglia
(P<.01) (Fig 5). On T2-weighted scans, signal
intensity was maximally increased by 30% to
60% above contralateral values on day 2.
Changes on T1- and proton density—-weighted
scans were more modest (Fig 5). By day 6,
some resolution of these signal changes had
occurred, although on T2-weighted scans, sig-
nal intensity ratios were still significantly ele-
vated (Fig 5).

From the acute to intermediate stage, in-
creasing ADC values (Fig 4) seemed to track
the evolution in T1- and T2-weighted signals
(Fig 5), that is, the larger the subsequent
change in T1- and T2-weighted signal intensity
ratios on day 2, the more the ADC increased
from day O to day 2. Linear regression analysis
showed that increases in ADC values from
day O to day 2 were significantly correlated
with further changes of T1- and T2-weighted
signal intensity ratios (Fig 6). However, there
were no significant correlations between ADC
change and changes in other MR parameters
from intermediate (day 2) to late (day 6)
stage: ADC change versus T1-weighted signal
intensity ratio change (r = .27; P = .45), T2-
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Fig 4. Temporal changes in apparent
diffusion coefficients after MCAO in rats.
Data are shown as mean = SEM.

* P<.05.
** P < .01 compared with contralat-
% eral side.
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weighted signal intensity ratio change (r =
.04; P = .90) and proton density-weighted
signal intensity ratio change (r = .05, P =
.90).

Immunohistochemistry

Immunohistochemical results are shown in
Figure 7. Cresyl violet staining showed that
damage in basal ganglia tended to be more
severe than that in cortex. At 4 hours after
MCAQO, the morphologic characteristics of early
infarction (shrinkage and triangulation of cellu-
lar nuclei) were present in lateral basal ganglia.

Although no extensive leakage of serum protein
had occurred, there seemed to be some gather-
ing of IgG within and around a few blood vessels
in the ischemic areas. No increased GFAP
staining was present. On day 2 after MCAO,
clear infarction was present in lateral basal gan-
glia and ventral cortex. Reactive cells, presum-
ably inflammatory cells and glial cells, were in-
creased in number around the infarcted area.
Intense IgG staining was seen extending from
the ischemic core within the basal ganglia to the
overlying cortex. GFAP staining showed intense
gliotic activity around the border of the infarc-
tion. On day 6, the ischemic basal ganglia be-
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Fig 5. Temporal changes in signal in-
tensity ratios of T2-weighted imaging
(T2WI), proton density—weighted imaging

(PWI), and T1-weighted imaging (T1WI) af-
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+ SEM.
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Fig 6. Correlations between changes in ADC from day O to
day 2 and changes in signal intensity (SI) ratios of T1-weighted
(T1W), T2-weighted (T2W), and proton density—weighted (PW)
imaging from day O to day 2 after MCAO in the rat.
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came totally necrotic and tended to be cystic
with evidence of tissue cavitation. The adjacent
cortex showed disruption of normal laminar
structure as a result of neuronal degeneration.
IgG-stained areas became widespread in the
overlying cortex. GFAP staining slightly de-
creased around the border of the necrotic area
but showed some spreading into the parietal
cortex. Changes in the contralateral hemisphere
in every staining were subtle compared with the
ipsilateral hemisphere.

There was good correspondence between
late (day 6) diffusion-weighted images and his-
tologic damage; that is, core areas with tissue
cavitation resulted in very high ADC values,
whereas the hypercellular peripheral zone sur-
rounding the cavitated core resulted in a bound-
ary of low ADC values (Figs 7 and 8).

Discussion

Diffusion-weighted imaging allows the detec-
tion of acute ischemic brain injury as early as 30
minutes after onset, before lesions are seen on
conventional spin-echo MR images (19). Diffu-
sion-weighted imaging primarily reflects differ-
ences in the translational motion of water mol-
ecules (20, 21). The most likely explanation for
the reduction of ADC in the early stages of isch-
emia is the migration of extracellular water into
intracellular space as a result of reduced Na"-
K" -adenosine triphosphatase activity (1-4).
After this acute reduction in ADC, a complex
process of ischemic evolution occurs, and ADC
values tend to increase and recover toward nor-
mal levels (5-11). In the present study, we
found that ADC values in ischemic brain were
significantly reduced in the acute stage (2 to 3
hours), recovered back to normal range in the
intermediate stage (day 2), and were signifi-
cantly elevated by the late stage (day 6). In
dgeneral, changes were more severe and rapid in
the basal ganglia than in the cortex, reflecting
the fact that the basal ganglia represents the
ischemic core in this rat model of permanent
focal ischemia.

Our results suggest that two distinct phases
of ADC evolution occur after the initial acute
stage of ischemia. In the first phase, a rapid
renormalization of ADC values occurs over 48
hours after occlusion (from day O to day 2).
ADC evolution from the acute to intermediate
stage was quantitatively correlated with the de-
velopment of signal intensity changes on con-
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Fig 7. Immunohistochemical results on day 0, day 2, and day 6 after MCAO in the rat. Cresyl violet (CV) stainings (upper row) show
subtle nuclear shrinkage in the basal ganglia on day 0, neuronal necrosis in the basal ganglia and the ventral cortex on day 2, and tissue
cavitation (asterisk) with surrounding inflammatory cell infiltration on day 6. IgG stainings (middle row) show no remarkable leakage on
day 0 and widespread leakage into the overlying cortex on days 2 and 6. GFAP stainings (lower row) show activated GFAP stainings in
the cortex on days 2 and 6 compared with day 0. Each picture shows both ipsilateral cortex and basal ganglia and the lateral part of

corpus callosum (see Fig 1B). Bars indicate 100 pwm.

ventional spin-echo MR (T1- and T2-weighted
images). It has been proposed that increased
water content in the brain tissue after ischemia,
which is caused by vasogenic edema, may
greatly affect T1 and T2 relaxation times (22,
23). Our histologic data confirmed that, during

this intermediate stage when maximal changes
in signal intensity ratio were present on T2- and
T1-weighted images, extensive infarction with
leakage of serum proteins and GFAP activation
was present. It has been shown using other
models of experimental brain injury that serum

Fig 8. Comparison between ADC map
and histologic image (cresyl violet staining)
on day 6 after MCAO in rats. In the histologic
section, the cystic core (asterisk), consisting
of loose necrotic tissue with partial cavita-
tion, corresponds with the area of increased
ADC. The hypercellular peripheral zone (ar-
row) corresponds to a decreased ADC rim.

Histology
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protein leakage and GFAP activation are mark-
ers of vasogenic edema (13-15). Therefore, the
renormalization of ADC from the early to inter-
mediate stage is most likely caused by the de-
velopment of vasogenic edema. Increased tis-
sue water content and higher extracellular
volume fractions will result in higher diffusion
coefficients (24). Other studies have shown
that, for this rat model of ischemia, maximal
elevations in brain tissue water content occur at
2 to 3 days after occlusion (25), which agrees
well with the present results. In vasogenic
edema, elevations in water content on the order
of 3% to 4% can result in changes in ADC of 2.5
to 3.0 X 107% mm?/s (22, 24). Additionally,
parenchymal infarction during this intermediate
stage may also lead to higher ADC values, be-
cause cell lysis will cause membrane fragmen-
tation (10), dilution of proteins and cytoplasmic
organelles into extracellular space, and ulti-
mately loss of diffusive barriers (26).

The second phase of ADC evolution takes
place over a longer period of time, from the
intermediate (day 2) to the late (day 6) stage.
This second phase is characterized by an ele-
vation of ADC values above normal levels.
However, there were no significant correlations
between the further elevation of ADC values and
the changes of T1- and T2-weighted signal in-
tensity ratios. Histologic results in the late stage
revealed widespread pannecrosis with cavita-
tion in the core regions of the basal ganglia and
selective neuronal degeneration in the overlying
cortex. GFAP and IgG staining remained, dem-
onstrating that gliotic activation and continued
serum protein leakage via the damaged blood-
brain barrier were still ongoing. These histologic
findings can explain the significantly elevated
ADC values in this stage. Cavitation is likely to
increase ADC because of increased water mo-
bility in the fluid-rich cystic regions. The hyper-
cellular peripheral zone surrounding the cavi-
tated core is visible as a rim of decreased
ADC values. These results show that diffusion-
weighted images can provide useful depictions
of tissue characteristics (infarction, cavitation,
and encapsulation) during the late stage of
cerebral ischemia. Several other studies of
stroke models have also shown increases
of ADC as injury evolves from early to late
stages (8, 12).

There are several limitations in the present
study. First, we did not quantitatively correlate
our MR data with histologic outcomes. It is very
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difficult to derive quantitative measures of isch-
emic severity from cellular histology. However,
other studies have shown that semiquantitative
grading of ischemic tissue injury is well corre-
lated with ADC values (27). Second, although
our results suggest that two phases of ADC
evolution (acute-to-intermediate and intermedi-
ate-to-late) occur, we cannot provide quantita-
tive data on precise rates of change in these MR
parameters, because we did not map ADC evo-
lution on a daily basis. The evolution of ADC
changes may be highly nonlinear. Third, we
could not obtain significant correlations be-
tween ADC evolution and proton density—
weighted signal intensity ratio. This is probably
because our proton density-weighted sequence
used repetition times (2000 milliseconds) that
were not long enough so that proton density—
weighted signal were governed by both proton
density and T1 relaxation (28). Finally, we did
not measure cerebral blood flow in this study, so
we were unable to obtain correlations between
ADC alterations and the perfusion deficits
present in our model.

In conclusion, the major findings of this study
were: (a) after permanent focal ischemia in rats,
a rapid renormalization of ADC occurs from the
acute to intermediate stage that is highly corre-
lated with the development of signal intensity
changes on conventional spin-echo MR; (b) the
renormalization of ADC is most likely caused by
the development of vasogenic edema and cell
lysis; and (c) further elevation of ADC values
above normal during the late stage is related to
the development of cavitation in severely in-
farcted tissue. Understanding these mecha-
nisms of diffusion-weighted imaging changes
can provide valuable pathophysiologic informa-
tion on the course of ischemic stroke evolution.
Determination of reversible and irreversible
damage in the early stage and knowledge of
intermediate and chronic outcomes in these
corresponding regions will be crucial for clinical
stroke treatment. It has already been shown that
acute alterations in diffusion are reversible with
reperfusion (29) or pharmacologic intervention
(30). Further studies are now needed to follow
noninvasively the effects of neuroprotective
therapy over longer periods of time to see how
early end points map onto later outcomes using
quantitative MR techniques and analyses de-
scribed in the present investigation.
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