Ameri Strok
Stroke erican Stroke

A Division of American t’

JoUuRNAL OF THE AMERICAN HEART ASSOCIATION Heart Association

Characterizing Tissue Fate After Transient Cerebral Ischemia of Varying
Duration Using Quantitative Diffusion and Perfusion Imaging
Juergen Bardutzky, Qiang Shen, Nils Henninger, Stefan Schwab, Timothy Q. Duong
and Marc Fisher
Sroke 2007;38;1336-1344; originally published online Feb 22, 2007,

DOI: 10.1161/01.STR.0000259636.26950.3b
Stroke is published by the American Heart Association. 7272 Greenville Avenue, Dallas, TX 72514
Copyright © 2007 American Heart Association. All rights reserved. Print ISSN: 0039-2499. Online
ISSN: 1524-4628

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://stroke.ahajournals.org/cgi/content/full/38/4/1336

Subscriptions: Information about subscribing to Stroke is online at
http://stroke.ahaj ournal s.org/subscriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax:
410-528-8550. E-mail:

journal permissions@I|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints

Downloaded from stroke.ahajournals.org at EMORY UNIV on April 9, 2007


http://stroke.ahajournals.org/cgi/content/full/38/4/1336
http://stroke.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://stroke.ahajournals.org

Characterizing Tissue Fate After Transient Cerebral
Ischemia of Varying Duration Using Quantitative Diffusion
and Perfusion Imaging

Juergen Bardutzky, MD; Qiang Shen, PhD; Nils Henninger, MD; Stefan Schwab, MD;
Timothy Q. Duong, PhD; Marc Fisher, MD

Background and Purpose—The purpose of this study was to investigate the effects of reperfusion on ischemic lesion
evolution and pixel-by-pixel apparent diffusion coefficient—cerebral blood flow (ADC-CBF) dynamics of core and
mismatch tissues after 35, 60, and 95 minutes of transient focal ischemia in rats (n=28).

Methods—Serial diffusion-, perfusion-, and T2-weighted imaging were performed up to 24 hours. The evolution of the
magnetic resonance image-derived lesion volume was investigated and ADC-CBF scatterplots were performed to
prospectively characterize the ADC and CBF dynamics of core and mismatch tissues with different fates. For
comparison, similar analysis was performed on a historical 60-minute transient ischemia and permanent ischemia group.

Results—ADC-derived lesions markedly decreased on reperfusion at 35 minutes to an average of 15*+5% of prereperfusion
lesion size (P<<0.00001). At 24 hours, lesion volume as determined by T2 imaging increased again to 51*=10% of
prereperfusion lesion size. In the 95-minute group, ADC lesions only briefly decreased on reperfusion and then
secondarily enlarged at 180 minutes, almost reaching prereperfusion lesion volume. Pixel-based analysis demonstrated
that >85% of mismatch pixels were salvaged by reperfusion independent of ischemia duration. Recanalization at 35,
60, and 95 minutes resulted in recovery of 46%, 28%, and 9% of core pixels, respectively. Core and mismatch pixels
that were ultimately salvaged had persistently higher (P<<0.001) CBF values during ischemia in all reperfusion groups,

associated with higher (P<<0.05) ADC values.

Conclusion—This study demonstrated substantial salvage of mismatch tissue after reperfusion independent of ischemia
duration and substantial permanent recovery of initial core pixels with early reperfusion. Severity of CBF reduction
during ischemia seems to be the main factor determining tissue fate. (Stroke. 2007;38:1336-1344.)

Key Words: brain ischemia m MRI m reperfusion

Diffusion-weighted and perfusion-weighted imaging are
powerful imaging modalities to noninvasively investi-
gate the evolution of acute cerebral ischemia. Data from
animal stroke models have shown that initially, a central core
with severely compromised cerebral blood flow (CBF) is
surrounded by a rim of moderately ischemic tissue with
diminished CBF but preserved cellular metabolism, com-
monly referred to as the ischemic penumbra.! The region with
perfusion abnormality but without diffusion abnormality,
termed the diffusion/perfusion mismatch, is thought to rep-
resent an approximation of the ischemic penumbra.? The
mismatch region may represent potentially salvageable brain
tissue with timely restoration of blood flow. However, the
effects of reperfusion after varying ischemic periods on the
fate of the ischemic core and penumbra have not been well
characterized during the acute and subacute phases in human

stroke nor in animal models. There is usually a gradual progres-
sion of potentially reversible ischemic injury toward infarction.
The transition from reversible to irreversible cerebral injury is
complex and highly dependent on the duration and the severity
of ischemia.!? Different areas in the penumbra could have
variable outcomes at different time points of reperfusion. Previ-
ous studies using region-of-interest analysis demonstrated that
some portions of acute diffusion-weighted imaging abnormali-
ties are reversible if reperfusion occurs in a timely fashion,
although partial secondary apparent diffusion coefficient (ADC)
declines may occur.>-¢ The underlying mechanisms for perma-
nent and transient ADC reversals, including the role of blood
flow dynamics, are still poorly understood.” Using a pixel-based
analysis approach, recent data from our laboratory indicated that
28% of the core pixels and most of the mismatch pixels were
salvaged by reperfusion at 60 minutes and that the severity of
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reduced ADC and CBF were likely critical.® In contrast, van
Dorsten et al did not observe a clear relationship between blood
flow dynamics and tissue recovery after 60 and 90 minutes of
ischemia.’

In this study, we used quantitative perfusion and diffusion
imaging to investigate the effects of reperfusion after tempo-
rary focal cerebral ischemia of varying duration in rats. The
main goals were (1) to delineate the temporal evolution of the
core and mismatch volume after different reperfusion times,
and (2) to characterize the ADC and CBF pixel-by-pixel
dynamics in core and mismatch pixels that were subsequently
salvaged by reperfusion at distinct time points and those that
subsequently became infarcted.

Methods

Animal Preparations

Male Sprague-Dawley rats (n=22, 280 to 320 g; Taconic Farms,
NY) were anesthetized with chloral hydrate (400 mg/kg intraperito-
neally). Rectal temperature was kept at 37=0.5°C throughout the
entire experiment using a feedback-controlled heating pad. PE-50-
tubing was inserted into the right femoral artery for continuous
monitoring of arterial blood pressure and heart rate and for measur-
ing blood gases at baseline and 3.5 hours after induction of ischemia.
Transient focal cerebral ischemia was produced by suture occlusion
of the right middle cerebral artery (MCAO).!° Once the animal was
in the magnet, anesthesia was switched to 1% isoflurane. Reperfu-
sion was accomplished in the magnet by gently withdrawing the
occluding filament. For the last imaging time point at 24 hours after
MCAO, animals were reanesthetized with 1% isoflurane.

The study consisted of two experimental groups: (1) transient
MCAO for 35 minutes (35-minute group, n=11) and (2) transient
MCAO for 95 minutes (95-minute group, n=11).

An additional group (n=8) of rats were subjected to permanent
MCADO for establishing the T2 threshold at 24 hours after occlusion.
T2 thresholds were systematically lowered (through the Matlab
program; math-Works, Natick, Mass) until the T2-defined lesion
volume at 24 hours equaled the histologically defined (2,3,5-
triphenyltatrazolium chloride [TTC]) infarct volume at 24 hours.
This method set a fixed value above which the pixels within the T2
map were considered ischemic in groups 1 and 2. The T2 threshold
was 77.9%3.6 ms, a 304% increase as compared with the mean of
the normal hemisphere values.

For comparison, similar volumetric and pixel-based analysis was
performed on a permanent ischemia group (n=11) and a 60-minute
transient ischemia group (n=6) previously described in detail.®

MRI

MRI was performed on a Bruker 4.7T/40 cm horizontal magnet
(Billerica, Mass). The average ADC was obtained by averaging three
ADC maps acquired separately with diffusion-sensitive gradients
applied along the three directions as previously described.!! Quan-
titative CBF measurements were carried out using the continuous
arterial spin-labeling technique with 60 pairs of arterial spin-labeling
scans obtained before and 60 pairs after the ADC measurements.'!
T2-weighted images were performed using the fast spin-echo pulse
sequence with identical parameters and two different echo times (53
and 106 ms), echo train length 16, and 16 signal averages.

The postocclusion time quoted was at the middle of the MRI
acquisition at each time point. A complete ADC and CBF data set
was performed at 30, 60, 90, 120, and 180 minutes after occlusion
and immediately after reperfusion. At 24 hours after MCAO, a data
set of perfusion-, diffusion-, and T2-weighted imaging was acquired.

After the final MRI data set 24 hours after occlusion, the brains
were cut into eight 1.5-mm thick coronal slices corresponding to the
MRI slices and stained with TTC. To correct for the effects of brain
edema, a corrected infarct volume was calculated by the following
formula: corrected infarct volume=infarct volume —(ischemic hemi-
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sphere volume—nonischemic hemisphere volume) (ImageJ, http://
rsb.info.nih.gov/ij/).

Data Analysis

MRI measurements were analyzed using the programs Matlab and
STIMULATE. Quantitative CBF, ADC,,, and T2 maps were calcu-
lated as previously described.!!

Calculation of In Vivo Lesion Size

ADC- and CBF-derived lesion volumes were derived using the ADC
and CBF viability thresholds previously established and validated in
our laboratory in a permanent MCAO model.'%!! These thresholds
were identified by adjusting the respective threshold values so that
the ADC- and CBF-derived lesion volumes at 3 hours were equal to
the TTC infarct volume at 24 hours. The 3-hour time point was
chosen because diffusion-weighted imaging-defined lesion volume
was shown to stop growing by 180 minutes in this permanent
occlusion model.!° These thresholds (0.53X10~* mm?*/s for ADC and
0.30 mL/g/min for CBF) were used to identify all pixels with
abnormal ADC or CBF characteristics. Because pseudonormaliza-
tion of the ADC may occur in some infarcted tissue at 24 hours after
occlusion,* we used the T2 viability threshold to distinguish between
viable and infarcted pixels at 24 hours after MCAQ. T2 imaging has
been demonstrated to reliably detect irreversible infarction at this
time point.*

Pixel-by-Pixel Analysis

According to the technique previously described for the 60-minute
ischemia group in our laboratory,? pixel-by-pixel scatterplots of the
CBF and ADC values (or CBF and T2 values at 24 hours) were
analyzed to evaluate the distribution and the ADC and CBF values of
different clusters over time. Only the four anterior slices were
analyzed to minimize the effect of susceptibility distortion around
the ear canals. Coregistration of images obtained during the acute
phase and at 24 hours was performed with an in-house software,
which involved both manual and automatic alignment without spatial
interpolation (http://www.quickvol.com).

Definition of Different Clusters

Core and mismatch pixels were defined at the time point immedi-
ately before reperfusion: the core cluster, in which both ADC and
CBF were below their respective thresholds, and the mismatch
cluster, in which ADC was above but CBF was below their
respective thresholds.

Thirty-Five—Minute Group
Core pixels were further divided into: (1) “no recovery”: ADC
<threshold at 3 hours; T2 >threshold at 24 hours after MCAO; (2)
“transient recovery””: ADC >threshold at 3 hours; T2 >threshold at
24 hours; and (3) “permanent recovery”: ADC >>threshold at 3
hours; T2 <threshold at 24 hours.

Mismatch pixels were further divided into: (1) “recovery”: T2
<threshold at 24 hours; and (2) “no recovery”: T2 >threshold at 24
hours.

Ninety-Five—Minute Group

In the 95-minute group, pixel-by-pixel coregistration of acute and
24-hour images was not feasible as a result of substantial edematous
swelling and midline shift observed at 24 hours in each rat. Hence,
pixel-by-pixel analysis was only performed up to 3 hours after
MCAO. Because there was essentially no change in lesion volume
between the 3- and 24-hour time points (see “Results”), the ADC
value at 3 hours was used to delineate the fate of different core and
mismatch pixels (identified at 90 minutes). “Recovery” was defined
when ADC was above the threshold at 180 minutes, and “no
recovery” was defined when ADC was below the threshold at 180
minutes.

Similar analysis on the migrating pixels was also performed for
the 60-minute and the permanent ischemia group.® Core and mis-
match pixels were defined at 30 minutes for the permanent occlusion
and at 60 minutes for the 60-minute group. Because pixel-based
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coregistration of acute and 24-hour images was not feasible as a result
of substantial midline shift in both groups, the 3-hour time point was
used to define tissue fate, comparable to the 95-minute group.

Statistics

Data are presented as mean*=SD. Continuous variables were ana-
lyzed using analysis of variance with post hoc Fisher least significant
difference method or Dunnett’s test to correct for multiple com-
parisons as appropriate. A two-tailed unpaired ¢ test was used to
compare the parametric values. Linear regression analysis was used to
correlate the MRI-derived lesion volumes with TTC-defined infarct
volumes. A probability value <0.05 was considered significant.

Results

In Vivo Lesion Evolution

Physiological parameters were within the normal range and
did not vary among the groups. Figure 1 shows representative
ADC and CBF maps from an animal subjected to 35 and 95
minutes MCAO, respectively. As illustrated in Figure 2A
through 2D, the MRI-derived lesion evolution differed sub-
stantially among the groups.

Thirty-Five-Minute Group

After reperfusion, the CBF-derived lesion volume markedly
decreased (P<<0.0001) and remained essentially unchanged
up to 180 minutes. The ADC-derived lesion volume also
markedly decreased on reperfusion to an average of 15*=5%
of the prereperfusion lesion (P<<0.0001). At 24 hours, lesion
volume as determined by T2 imaging increased to 51+10%
of the prereperfusion ADC-defined lesion size (P<<0.05
compared with 180 minutes). However, the T2-defined lesion

Figure 1. Representative apparent diffu-
sion coefficient and cerebral blood flow
maps (slice 4) from an animal subjected to
35 and 95 minutes of transient ischemia,
respectively.

0.001 mm?fs
2.5 mL/g/min

volume at 24 hours was still substantially smaller than the
prereperfusion ADC lesion (P<<0.0005). The T2-derived
lesion volume at 24 hours was well correlated with the
TTC-defined infarct volume (correlation coefficient r=0.95).

Sixty-Minute Group
After reperfusion, both the ADC- and CBF-derived lesion

volume decreased significantly (P<<0.01 and P<<0.0001) and
remained relatively stable up to 180 minutes. The TTC-
defined lesion at 24 hours was slightly larger than the
180-minute ADC lesion (115+47 versus 132+33 mm?
P=0.4; r=0.89).

Ninety-Five-Minute Group

After reperfusion at 95 minutes, the CBF lesion declined
significantly (P<<0.0001), whereas the ADC lesion volume only
briefly decreased (P>0.05) and then secondarily enlarged at 120
and 180 minutes, almost reaching the prereperfusion lesion size.
The ADC lesion at 180 minutes (173+48 mm’®) was almost
identical to the T2-defined lesion (17949 mm®, r=0.94) and
TTC-defined lesion (170+41 mm?, r=0.93) at 24 hours. Inter-
estingly, CBF lesion volume had increased again at 24 hours and
was well correlated with the ADC-defined lesion volume at 180
minutes (r=0.92).

Permanent Ischemia Group
The CBF-derived lesion volume remained relatively constant,

whereas the ADC-derived lesion volume gradually increased
over time. By 3 hours, the ADC lesion was almost identical
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Figure 2. Temporal evolution of magnetic resonance image-derived lesion volumes after (A) 35 minutes, (B) 60 minutes, (C) 95 minutes,
and (D) permanent middle cerebral artery occlusion. Cerebral blood flow lesion=open squares; apparent diffusion coefficient
lesion=closed diamonds; T2 lesion at 24 hours=closed circle; 2,3,5-triphenyltatrazolium chloride lesion at 24 hours=closed triangle.
*P<0.0001; **P<0.01 compared with postreperfusion values; #P<0.05, T2 lesion at 24 hours versus apparent diffusion coefficient lesion
at 180 minutes (35-minute group); §P<0.0005, T2 lesion at 24 hours versus apparent diffusion coefficient lesion at 30 minutes (35-

minute group).

to the CBF lesion volume and was well correlated with the
24-hour TTC infarct volume (r=0.92).

Pixel-by-Pixel Apparent Diffusion Coefficient and
Cerebral Blood Flow Dynamics of Different Core
and Mismatch Pixels

Thirty-Five-Minute Group

Core pixels that were ultimately salvaged had significantly
higher CBF values before reperfusion compared with pixels
with no or only transient recovery (P<<0.001; Figure 3A).
After reperfusion, no significant differences in CBF were
observed among the different core clusters up to 180 minutes.
At 24 hours, each core cluster showed significant hyperper-
fusion when compared with the mean left hemisphere values

(P<0.05). However, this hyperperfusion was more pro-
nounced in pixels with no or transient recovery compared
with those with permanent recovery (P<<0.05). The ADC of
core pixels with permanent recovery was significantly higher
during ischemia compared with those of pixels without or
only transient recovery (P<0.05) and rapidly increased to
normal values following reperfusion (Figure 3B).

Mismatch pixels that ultimately recovered at 24 hours
exhibited significantly higher CBF values during ischemia
(P<<0.0001) and on reperfusion at 120 and 180 minutes
(P<0.01) compared with pixels that eventually infarcted
(Figure 3C). Similar to the core pixels, the CBF of each
mismatch cluster at 24 hours exceeded that of the normal left
hemisphere. However, the extent of hyperperfusion was
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Figure 3. Evolution of cerebral blood flow and apparent diffusion coefficient characteristics of (A, B) core and (C, D) mismatch pixels
with different outcomes after 35 minutes middle cerebral artery occlusion. Core pixels with no recovery=closed diamonds; transient
recovery=closed squares; permanent recovery=open triangles; nonischemic left hemisphere (LH)=open squares. Mismatch pixels with
recovery=open triangle; no recovery=closed diamonds. *P<0.05; **P<0.01; **P<0.001; ***P<0.0001, recovery versus transient and

no recovery; #P<0.005, transient recovery versus no recovery.

significantly larger in mismatch pixels that became infarcted
compared with those that were salvaged (P<<0.0001). The
ADC of mismatch pixels that did not recover on reperfusion
was persistently lower at all time points compared with that
of mismatch pixels that did not infarct (P<<0.01; Figure 3D).

Sixty-Minute Group
The CBF of core pixels with recovery was significantly

higher at all time points during ischemia and on recanaliza-
tion at the 180-minute time point compared with those of core
pixels without recovery (>0.2 mL/g/min, P<<0.005) and
reached stable values at subnormal levels during the entire
reperfusion period. The ADC of salvaged core pixels was
significantly higher (P<<0.001) at all time points during
ischemia and recirculation, although pixels without recovery
exhibited a slight, insignificant increase immediately after
reperfusion, but then the ADC continued to gradually de-
crease again.

Mismatch pixels that were salvaged exhibited higher CBF
values throughout when compared with mismatch pixels

without recovery (P<<0.001), similar to the 35-minute group
mismatch pixels.

Ninety-Five—Minute Group

Core Pixels

During ischemia, the CBF of the core pixels that recovered
after reperfusion was persistently higher compared with that
of core pixels without recovery (P<<0.001; Figure 4A),
comparable to the 35-minute and 60-minute groups. In
contrast to the 35-minute group, the CBF of distinct core
clusters differed significantly during the early phase of
reperfusion (P<<0.001) with CBF dynamics similar to the
60-minute group. The ADC of pixels that were salvaged was
significantly higher at all time points, showing a marked and
gradual increase on reperfusion to slightly subnormal values
(Figure 4B).

Mismatch Pixels
The CBF time courses of the different mismatch clusters in

the 95-minute group were comparable to those of the 35-
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Figure 4. Evolution of cerebral blood flow and apparent diffusion coefficient characteristics of (A, B) core and (C, D) mismatch pixels
with different outcomes after 95 minutes middle cerebral artery occlusion. Pixels with recovery=open triangles; pixels without
recovery=closed diamonds; nonischemic left hemisphere (LH)=open squares. *P<0.01; **P<0.001; ***P<0.0001, recovery versus no

recovery.

minute and 60-minute group with the CBF of the salvaged
pixels being constantly higher than the CBF of the pixels
without recovery (Figure 4C). The ADC of mismatch pixels
with recovery was within the normal range throughout the
observational period, whereas the ADC of mismatch pixels
without recovery exhibited significantly lower ADC values at
all time points that declined over time (Figure 4D).

Permanent Ischemia Group
All core pixels proceeded to infarction with CBF values being

persistently below 0.1 mL/g/min and ADC values gradually
decreasing over time. Mismatch pixels that did not progressed
to infarction (8% of the mismatch pixels) showed stable CBF
values (ranging between 0.26 and 0.31 mL/g/min) and normal
ADC values throughout the observational period. Both CBF
and ADC values were significantly higher at all time points
compared with those of mismatch pixels that eventually
infarcted (P<<0.001).

Fate of Core and Mismatch Pixels

The distribution of core and mismatch pixels with different
fates are shown in Figure 5SA and 5B. Most mismatch pixels
were saved by reperfusion independent of time to recanali-
zation (Figure 5B). In contrast, recovery of the core pixels
was strongly dependent on ischemia duration; reperfusion at
35 minutes resulted in ultimate recovery of 46% of the core
pixels, whereas 28% and 9% of core pixels were salvaged
when blood flow was restored at 60 and 95 minutes, respec-
tively (Figure 5A). Without reperfusion, all of the core pixels
and most of the mismatch pixels eventually became infarcted.

Discussion
Previous studies on transient focal ischemia have shown that
reperfusion can salvage substantial amount of hypoperfused
tissue “at risk of infarction.”3-¢1° However, the impact of
varying reperfusion times on the fate of the core and the
mismatch tissues has not been systematically investigated,
and the role of blood flow dynamics on tissue outcome of
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distinct pixel clusters is still not clear. In the present study,
we analyzed short, moderate, long, and permanent ischemic
periods and demonstrated (1) similarly substantial (>85%)
salvage of mismatch pixels independent of reperfusion time;
(2) recovery of different portions of core pixels that mainly
depended on time to reperfusion; and (3) that severity of CBF
reduction during ischemia seems to be crucial for further
tissue fate in both brief and longer transient ischemia.

Evolution of Ischemic Lesion Volume

Previous studies on transient focal ischemia in rats have
shown that recanalization did not reduce the extent of initial
diffusion lesion when it was performed after 90 minutes of
ischemia® but could partially reduce initial diffusion lesions
during the early phase of recirculation after 45 to 60 minutes
of ischemia*'® and could fully revert diffusion lesion within
30 minutes after the onset of ischemia.?> However, secondary
ADC declines frequently occurred several hours after reper-
fusion even after brief periods ischemic periods.** In an
earlier study on 30-minute transient ischemia, we found a
secondary growth in ADC-defined lesion volume to 52% of
the prereperfusion ADC lesion with an ADC lesion of
69 mm’ at 12 hours.® In good agreement with this and
previous findings, the present study showed substantial dif-

no

recovery

recovery

ferences in the evolution of ischemic lesion volume among
the different groups; the final infarct volume was small in the
35-minute group (60 mm?), moderate in the 60-minute group
(132 mm?), large in the 95-minute group (170 mm?), and
largest in the permanent ischemia group (224 mm?). These
findings indicate that even small differences in ischemia
duration of approximately 30 minutes may lead to substantial
differences in tissue survival and strongly support the notice
that restoration of blood flow as early as possible is a major
goal in acute stroke therapy.

Evolution of Core Tissue

Using the previously described pixel-by-pixel analysis ap-
proach,® we demonstrated that a substantial amount of initial
core pixels identified by diffusion abnormalities can recover
if reperfusion occurred rapidly and that the salvage of core
pixels mainly depends on the time to reperfusion, because
only a delay of 25 to 35 minutes leads to substantial dif-
ferences in core tissue recovery; 46% of the core tissue was
eventually salvaged by reperfusion at 35 minutes, 28% by
recanalization at 60 minutes, and only 9% by reperfusion at
95 minutes, whereas all initial core pixels proceeded to
infarction if no reperfusion occurred. Thus, early diffusion
lesions include both irreversibly injured tissue and tissue that
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is at risk of infarction but is still potentially salvageable, ie,
the ischemic penumbra. An important clinical implication of
this modified view of diffusion/perfusion mismatch model is
that even select patients without mismatch may still derive
benefit from recanalization therapy.

Evolution of Mismatch Tissue

Interestingly, reperfusion resulted in recovery of most mis-
match pixels (>85%) after brief, moderate, and longer
ischemic periods, indicating that restoration of blood flow
could prevent substantial amount of mismatch tissue from
developing infarction independent of time to reperfusion.
In contrast, without reperfusion, the majority of mismatch
pixels eventually became infarcted. This finding of time-
independent salvage of mismatch tissue may also be of
clinical importance, because selective patients with stroke
admitted beyond the rigid 3-hour time window for
thrombolytic therapy who still demonstrate significant diffu-
sion/perfusion mismatch on MRI imaging may benefit from
recanalization therapy, because the diffusion lesion eventu-
ally grows into the region of perfusion deficit without
therapeutic intervention.!? Recently, this hypothesis has been
strongly supported by the Desmoteplase in Acute Stroke Trial
demonstrating that thrombolysis with desmoteplase adminis-
tered 3 to 9 hours after acute stroke was associated with a
better clinical outcome in patients selected according to
diffusion/perfusion mismatch.'> Moreover, similar observa-
tions in patients with stroke have been reported by Markus et
al, who found hypoxic tissue survival independent of time up
to 48 hours after stroke onset using a hypoxic marker and
positron emission tomography.!4 Nevertheless, because our
findings that the salvage of mismatch pixels seems to be
independent of time to reperfusion resulted from a single
focal ischemia model in rats, the general transferability on
other animal stroke models or humans remains to be inves-
tigated in further studies.

Apparent Diffusion Coefficient and CBF Dynamics
in Different Core and Mismatch Clusters

During Ischemia

The mean CBF in pixels that fully recovered was signifi-
cantly higher compared with that in pixels without ultimate
recovery for each core and mismatch cluster in all reperfusion
groups with a mean CBF being persistently above 0.2
mL/g/min at all time points of ischemia. As a consequence, in
all pixel clusters without recovery, severe CBF reduction
during ischemia was accompanied by significantly lower
prereperfusion ADC values when compared with pixels with
recovery. This association was common, because it was
observed in both the core and the mismatch populations and
in all reperfusion groups.

During Reperfusion

The current data also demonstrated that the hemodynamics
after reperfusion differed significantly between pixels that
recovered and pixels that did not recover. The main finding
was that all pixel clusters with eventual recovery showed a
stable blood flow at subnormal levels at all time points during
the acute reperfusion phase, whereas a significant gradual
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decline in CBF over time was observed in most pixels that
progressed to infarction. It is noteworthy that this post-
reperfusion CBF decline was not observed in ultimately
infarcted core pixels in the 35-minute group. Nevertheless,
this pattern of a stable reflow was a common finding in pixels
with ultimate recovery, because it was observed in each
salvaged core and mismatch population independent of reper-
fusion time.

Taken these data together, our results suggest that the
degree of CBF reduction during ischemia and stable recircu-
lation in the early phase of reperfusion are crucial for further
tissue survival after both 35, 60, and 95 minutes of focal
ischemia.

Using a similar pixel-by-pixel technique, van Dorsten et al
investigated the evolution of ADC and CBF values in tissue
with ADC recovery (>80% at 4.5 hours) in rats with 60 and
90 minutes MCAQ?; although there was a tendency for lower
CBF during the ischemic period in pixels without recovery,
and pixels with lowest ADC (<70%) during ischemia exhib-
ited the most pronounced delayed hypoperfusion, the overall
CBF dynamics did not significantly differ between pixels
with and without recovery in both groups. However, more
severe hypoperfusion was associated with lower recovery
chance in the 90-minute group comparable to our findings,
whereas (unexpectedly) the 60-minute group appeared to
show the opposite. The reasons for these discrepancies
between this and our study remain unclear. Possibly, the
differences in ADC thresholds (80% versus 70% in our study)
and time points used to define tissue recovery may contribute
to these discrepancies. Another explanation may be the
differences in pixel clusters analyzed; whereas van Dorsten
defined clusters based on different ADC ranges, we analyzed
predefined core and mismatch pixels based on ADC and CBF
thresholds.

Transient and Permanent Apparent Diffusion
Coefficient Recovery After 30-Minute Middle
Cerebral Artery Occlusion

Transient and permanent resolutions of ADC declines were
described 12 to 24 hours after 30 minutes of temporary
ischemia.’-¢ Using a coregistration of acute and 24-hour
images, the present results extend these observations by
providing ADC-CBF dynamics of these distinct core popu-
lations on a pixel basis up to 24 hours. We observed
significantly lower ADC values in pixels with only transient
recovery compared with those of pixels with permanent
recovery during the 35-minute ischemia period as well as at
all time points during recirculation. After reperfusion, the
ADC in pixels with permanent recovery rapidly increased to
a stable level of normal ADC values but reached only
subnormal values (approximately 90% of normal) in pixels
with transient resolution and then declined again at the
24-hour time point. The reasons for this bimodal ADC
evolution are not fully understood, but initial ADC reversal to
subnormal values may indicate only incomplete recovery of
energy metabolism, and secondary ADC decline reflects
secondary energy failure, because ADC values are closely
related to the bioenergetic state.'> Interestingly, CBF values
differed significantly between the 35-minute core pixels with
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permanent and transient recovery during ischemia but were
comparable during the early reperfusion period, suggesting
that the extent of CBF reduction during 30 minutes of
ischemia is the major determinant for permanent or transient
ADC recovery.

For the 60-minute and 95-minute groups, pixel-based
coregistration of acute and 24-hour images was not feasible
as a result of substantial edema development. Thus, we
cannot exclude that some core pixels in the 60-minute group
that showed recovery at 3 hours exhibited secondary ADC
decline thereafter, because TTC-derived infarct volume was
slightly larger than the ADC-defined lesion at 3 hours. In the
95-minute group, secondary ADC decline after the 3-hour
period seems to be unlikely because ADC lesion at 3 hours
was essentially identical with T2- and TTC-derived lesion at
24 hours.

In conclusion, this study demonstrates substantial salvage
of mismatch tissue after reperfusion independent of ischemia
duration. Restoration of blood flow resulted in a time-
dependent recovery of portions of the initial core pixels as
defined by diffusion/perfusion imaging, suggesting that some
tissue with ADC declines likely contains penumbra. Pixel-
based analysis demonstrated that the severity of CBF reduc-
tion during ischemia is the main factor determining tissue fate
after both early and late reperfusion.

Disclosures
None.

References

1. Ginsberg MD. Adventures in the pathophysiology of brain ischemia:
penumbra, gene expression, neuroprotection: the 2002 Thomas Willis
Lecture. Stroke. 2003;34:214-223.

2. Schlaug G, Benfield A, Baird AE, Siewert B, Lovblad KO, Parker RA,
Edelman RR, Warach S. The ischemic penumbra: operationally defined
by diffusion and perfusion MRI. Neurology. 1999;53:1528-1537.

3. van Lookeren Campagne M, Thomas GR, Thibodeaux H, Palmer JT,
Williams SP, Lowe DG, van Bruggen N. Secondary reduction in the
apparent diffusion coefficient of water, increase in cerebral blood volume,

and delayed neuronal death after middle cerebral artery occlusion and
early reperfusion in the rat. J Cereb Blood Flow Metab. 1999;19:
1354-1364.

. Neumann-Haefelin T, Kastrup A, de Crespigny A, Yenari MA, Ringer T,

Sun GH, Moseley ME. Serial MRI after transient focal cerebral ischemia
in rats: dynamics of tissue injury, blood—brain barrier damage, and edema
formation. Stroke. 2000;31:1965-1972.

. LiF, Liu KF, Silva MD, Omae T, Sotak CH, Fenstermacher JD, Fisher M.

Transient and permanent resolution of ischemic lesions on diffusion-
weighted imaging after brief periods of focal ischemia in rats: correlation
with histopathology. Stroke. 2000;31:946-954.

. Li F, Silva MD, Liu KF, Helmer KG, Omae T, Fenstermacher JD, Sotak

CH, Fisher M. Secondary decline in apparent diffusion coefficient and
neurological outcomes after a short period of focal brain ischemia in rats.
Ann Neurol. 2000;48:236-244.

. Marchal G, Young AR, Baron JC. Early postischemic hyperperfusion:

pathophysiologic insights from positron emission tomography. J Cereb
Blood Flow Metab. 1999;19:467-4382.

. Shen Q, Fisher M, Sotak CH, Duong TQ. Effects of reperfusion on ADC

and CBF pixel-by-pixel dynamics in stroke: characterizing tissue fates
using quantitative diffusion and perfusion imaging. J Cereb Blood Flow
Metab. 2004;24:280-290.

. van Dorsten FA, Olah L, Schwindt W, Grune M, Uhlenkuken U,

Pillekamp F, Hossmann KA, Hoehn M. Dynamic changes of ADC,
perfusion, and NMR relaxation parameters in transient focal ischemia of
rat brain. Magn Reson Med. 2002;47:97-104.

. Meng X, Fisher M, Shen Q, Sotak CH, Duong TQ. Characterizing the

diffusion/perfusion mismatch in experimental focal cerebral ischemia.
Ann Neurol. 2004;55:207-212.

. Bardutzky J, Shen Q, Bouley J, Sotak CH, Duong TQ, Fisher M. Per-

fusion and diffusion imaging in acute focal cerebral ischemia: temporal vs
spatial resolution. Brain Res. 2005;1043:155-162.

. Jansen O, Schellinger P, Fiebach J, Hacke W, Sartor K. Early recanal-

isation in acute ischaemic stroke saves tissue at risk defined by MRI.
Lancet. 1999;353:2036-2037.

. Hacke W, Albers G, Al-Rawi Y, Bogousslavsky J, Davalos A, Eliasziw

M, Fischer M, Furlan A, Kaste M, Lees KR, Soehngen M, Warach S;
DIAS Study Group. The Desmoteplase in Acute Ischemic Stroke Trial
(DIAS): a phase II MRI-based 9-hour window acute stroke thrombolysis
trial with intravenous desmoteplase. Stroke. 2005;36:66—73.

. Markus R, Reutens DC, Kazui S, Read S, Wright P, Pearce DC, Tochon-

Danguy HJ, Sachinidis JI, Donnan GA Hypoxic tissue in ischaemic
stroke: persistence and clinical consequences of spontaneous survival.
Brain. 2004;127:1427-1436.

. Busza AL, Allen KL, King MD, van Bruggen N, Williams SR, Gadian

DG. Diffusion-weighted imaging studies of cerebral ischemia in gerbils.
Potential relevance to energy failure. Stroke. 1992;23:1602-1612.

Downloaded from stroke.ahajournals.org at EMORY UNIV on April 9, 2007


http://stroke.ahajournals.org

