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Summary: The effects of reperfusion on the spatiotemporal
dynamics of transient (60 minutes) focal ischemic brain injury
in rats were evaluated on a pixel-by-pixel basis using quanti-
tative cerebral blood flow (CBF) and apparent diffusion coef-
ficient (ADC) measurements every 30 minutes for 3 hours and
compared to post-mortem histology at 24 hours. Four biologi-
cally relevant clusters were classified based on ADC (0.53 +
0.02 x 10~*mm?/s, SD) and CBF (0.30 + 0.09ml/g/min) viabil-
ity thresholds, namely: (1) the “normal” cluster with ADC and
CBF > thresholds; (2) the “mismatch” cluster with ADC >
threshold but CBF < threshold; (3) the “core” cluster with ADC
and CBF < thresholds; and (4) “non-nourishing reperfusion
zone” where ADC < threshold but CBF > threshold. The spa-
tio-temporal progression of tissue volumes, ADC and CBF of
each cluster were evaluated. Pixels of each cluster on the CBF-
ADC space were mapped onto the image space. Following
reperfusion, 28% of the “core” pixels and 90% of the “mis-

match” (defined at 60 minutes) pixels were salvaged at 180
minutes, which correlated with histology. The ADC and CBF
of subsequently salvaged tissues were significantly higher than
those became infarcted. Salvaging “core” pixels indicated that
reduced ADC was not synonymous with irreversible injury;
duration of exposure and severity of reduced ADC and CBF
were likely critical. Projection profiles showed a bimodal ADC,
but uni-modal CBF, distributions. The ADC bimodal minima,
obtained without histological correlation, were similar to the
histology-derived ADC and CBF viability thresholds, and
could have potential clinical applications. This study demon-
strated a simple but powerful approach to evaluate, on a pixel-
by-pixel basis, the spatio-temporal evolution of ischemic brain
injury, and a potential for statistical prediction of tissue fate.
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INTRODUCTION

Spin-density, T,, and T, imaging abnormalities appear
to indicate predominantly irreversible ischemic brain in-
jury (Moseley et al., 1990; Fisher and Albers, 1999).
Magnetic resonance diffusion-weighted imaging (DWI)
is capable of mapping reversible and irreversible injury
and is widely recognized as a powerful tool for early
detection and evaluation of stroke in both animal models
and humans (Moseley et al., 1990; Fisher and Albers,
1999). Hyperintense regions on DWI correspond to tis-
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sues with reduced apparent diffusion coefficient (ADC)
of water. Similarly, magnetic resonance perfusion-
weighted images (PWI), which provide an index of
cerebral blood flow (CBF), are useful in detecting per-
fusion deficits associated with ischemic injury. Quanti-
tative perfusion and diffusion imaging could yield a finer
discrimination of tissue status based on their intrinsic
diffusion and perfusion characteristics, potentially offer-
ing a means for statistical prediction of tissue fate (Zhao
et al., 1997; Franke et al., 2000; Wu et al., 2001).

Data from experimental stroke models and stroke pa-
tients have demonstrated that there is usually a gradual
progression of potentially reversible cerebral ischemic
injury towards infarction. A central core with severely
compromised CBF is surrounded by a rim of moderately
ischemic tissue with diminished CBF and impaired elec-
trical activity but preserved cellular metabolism, com-
monly known as the “ischemic penumbra” (Astrup et al.,
1981). The penumbra is the region at risk of eventual
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infarction and is of most interest for potential therapy. It
has been postulated that the “perfusion-diffusion mis-
match” seen initially after stroke onset approximates the
“ischemic penumbra.” Lesion volumes based on PWI are
generally larger than those based on DWI at early time
points and this mismatch becomes smaller over time
(Baird et al., 1997; Karonen et al., 1999; Neumann et al.,
1999). Although a strict definition of the ischemic pen-
umbra requires correlation with energy metabolism
(Back et al., 1994; Hoehn-Berlage et al., 1995; Kohno et
al., 1995) and such correlation is not feasible in humans,
the “ischemic penumbra” has been operationally defined
using DWI, PWI or equivalent modalities (Kaufmann et
al., 1999; Schlaug et al., 1999). Furthermore, studies in
humans (Baird et al., 1997; Karonen et al., 1999; Neu-
mann et al., 1999) have shown that part of the ischemic
lesions could be salvaged by therapeutic intervention.
For example, thrombolytic therapy has been shown to be
effective in salvaging some tissues within 3 hours after
stroke onset (Kidwell et al., 2000). To help expand the
time window for thrombolytic therapy and identify pa-
tient candidates for treatment, it would be beneficial to
have the means to identify “tissue signature” and a
“clock window” in order to achieve maximum benefit
and avoid devastating intraparenchymal hemorrhage (Al-
bers, 1999).

Although the “perfusion-diffusion mismatch” is
widely observed in acute human stroke (Albers, 1999;
Schlaug et al., 1999; Rohl et al., 2001), similar observa-
tions in animal stroke models (Lythgoe et al., 1999;
Carano et al., 2000) have been limited and the temporal
evolution of the perfusion-diffusion mismatch in ani-
mal models has yet to be systematically investigated.
Further, most studies used region-of-interest analysis, in-
stead of pixel-by-pixel analysis to resolve tissue fates in
the acute phase as they evolved in the image and CBF-
ADC spaces.

In this study, we utilized quantitative perfusion and
diffusion imaging at reasonably high spatiotemporal
resolution to investigate, on a pixel-by-pixel basis, the
effects of reperfusion in transient focal ischemia in rats
during the acute phase. The main goals were: (1) to
evaluate the pixel-by-pixel temporal and spatial dynam-
ics of the ADC- and CBF-derived lesion volumes in
transient ischemic injury; (2) to map different pixel clus-
ters on the CBF-ADC space to the image space; and (3)
to characterize the ADC and CBF values of pixels that
were subsequently salvaged by reperfusion and those
that subsequently became infarcted.

MATERIALS AND METHODS

Animal preparations

Stroke surgery and the anesthetic protocol were identical to
those of Li et al. (Li et al., 1999) and are briefly described
below. Six male Sprague-Dawley rats (300 to 350g, Taconic

Farms, NY, USA) were initially anesthetized with choral hy-
drate (400 mg/kg, i.p., Sigma, St. Louis, USA). The right femo-
ral artery was catheterized for blood-gas sampling, continuous
blood-pressure and heart-rate monitoring. Transient focal brain
ischemia of the right hemisphere was induced using the intra-
luminal middle cerebral artery occlusion (MCAO) method;
reperfusion was performed at 60 minutes post-occlusion by
remotely withdrawing the occluder while the animals were in
the magnet (the occluder stayed in the internal carotid artery
close to the external carotid artery bifurcation after reperfu-
sion). Rectal temperature was maintained at 36.5 to 37.5° C
throughout. Blood pressure, heart rate and respiration rate
(derived via the slower modulation on top of the cardiac
waveforms) were recorded continuously onto a PC via the
Biopac system (Santa Barbara, CA, USA). Anesthesia was
switched to 1% isoflurane once the animal was in the magnet
and during imaging. MRI data were acquired at 30, 60, imme-
diately after reperfusion (labeled as 70 minute), 90, 120, 180
minutes, and 24 hours post-occlusion, followed immediately
by TTC (2,3,5-triphenyltetrazolium chloride) staining. Brief
comparisons were also made with a group of permanent oc-
clusion animals described previously (n = 11) (Shen et al.,
2003). Stroke surgery, experimental conditions, imaging ex-
periments, and data analysis were the same as those of the
reperfusion group.

Histology

TTC staining was performed at 24 hours post-ischemia.
Seven 1.5-mm slices corresponding to the MRI slices were
carefully sectioned coronally and incubated in 2% solution of
TTC at 37° C for 30 minutes and fixed in 10% buffered for-
malin solution. Brain slices were photographed using a CCD
camera and analyzed using image-analysis software (BioScan
OPTIMAS, Edmonds, WA, USA). The stained regions were
defined as normal and the unstained regions were defined as
infracted lesions. To compensate for edema, a swelling factor
was determined by subtracting the total volume of the normal
hemisphere from the ischemic hemisphere (Tatlisumak et al.,
1998). The edema-corrected lesion volume was obtained by
subtracting the swelling volume from the ischemic volume.

MR experiments

MRI was performed on a Bruker 4.7-T/40-cm (Billerica,
MA, USA) and a 20-G/cm gradient insert (ID = 12 cm, 120-ps
rise time). The animal was placed into a stereotaxic headset
and onto an animal holder, which consisted of an actively-
decoupled surface coil (2.3-cm ID) for brain imaging and
a neck coil for CBF labeling. Coil-to-coil interaction was ac-
tively decoupled.

ADC,, was obtained by averaging three ADC maps acquired
separately with diffusion-sensitive gradients applied along the
X, y or z direction (Stejskal and Tanner, 1965). ADC,, was used
because it yielded a single ADC value, which minimized struc-
tural anisotropy (Lythgoe et al., 1997). Single-shot, spin-echo,
echo-planar images (EPI) were acquired with TR = 2 seconds
(90° flip angle), matrix = 64 x 64, FOV = 2.5cm x 1.9 cm,
seven 1.5-mm slices, TE = 43 milliseconds, b = 10 and 1504
s/mm?, A = 20 milliseconds, 8 = 6.5 milliseconds, and 16
averages (total time = 128 seconds).

Quantitative CBF was measured using the continuous arte-
rial spin-labeling technique (Williams et al., 1992; Silva et al.,
1999) with single-shot, gradient-echo EPI. Paired images were
acquired alternately—one with arterial spin-labeling and the
other without spin-labeling (control) preparation. The MRI pa-
rameters were: TE = 15 milliseconds, TR = 2 seconds (90°
flip angle), matrix = 64 x 64, FOV = 2.5 cm x 1.9 cm, and
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seven 1.5-mm slices. The continuous arterial spin labeling em-
ployed a 1.78-second square radiofrequency pulse to the label-
ing coil in the presence of 1.0 G/cm gradient. The sign of the
frequency offset was switched for non-labeled images. For each
set of CBF measurement, 100 pairs of images were acquired for
signal averaging (total times = 6.7 minutes) — with 50 pairs
were acquired before and 50 pairs after the ADC,, measure-
ment. Although differences in dephasing effects between spin-
echo and gradient-echo EPI could cause pixel misalignment at
the skull-brain interface, it was minimized by using a short
gradient echo time, similar EPI readout time, and careful shim-
ming. Further, a conservative ROI avoiding the brain-skull in-
terface was used for data analysis.

Data analysis

MR data analysis employed code written in Matlab (Math-
Works, Natick, MA, USA) and STIMULATE software
(Strupp, 1996). Analysis was performed on conservative ROIs,
which were carefully drawn to avoid the edge of the brain-skull
interface based on CBF maps with reference to ADC maps to
verify alignment.

Calculation of ADC and CBF maps
ADC maps with intensity in unit of mm?/s were calculated
pixel-by-pixel by using (Stejskal and Tanner, 1965),

ADC =—In(S/S,)/(b, — b,).

where b, = y* G;> 8% (A — 8/3), In is the natural logarithm, S,
is the signal intensity obtained with b,, and S, is the signal
intensity obtained with b,. The b-value is proportional to the
gradient strength (G), magnetogyric ratio (), duration of each
gradient pulse (8), and the time between application of the two
gradient pulses (A).

CBF images (Scgp) With intensity in units of ml per gram
tissue per minute (ml/g/min) were calculated pixel-by-pixel us-
ing (Silva et al., 1997b),

Scer=MT| X (Sc =S /(S + Ca— 1)Se).

where S and S; are signal intensities of the control and labeled
images, respectively. N is the water brain-blood partition coef-
ficient, T, is the water spin-lattice relaxation time of tissue, and
« is the arterial spin-labeling efficiency. Tissue T, of 1.5 sec-
onds and o of 0.75 were measured using the method described
elsewhere (Silva et al., 1995).

Lesion-volume determination

Lesion volumes (LV’s) were derived using the CBF (57 +
11% reduction, 0.30 £ 0.09 mL/g/min, n = 5, permanent oc-
clusion) and the ADC (30 + 2% reduction, 0.53 + 0.03 x 1073
mm?/s) viability thresholds established previously (Shen et al.,
2003). These thresholds were derived by setting a fixed value
below which the lesion volumes of ADC or CBF maps at
3-hour were equal to the TTC infarct volume in the perma-
nent occlusion group (Shen et al., 2003). In this study, previ-
ously determined percent-change reduction (not quantitative)
thresholds were used to derive the ADC or CBF LV’S at each
time points.

Pixel-by-Pixel analysis

For pixel-by-pixel analysis, only four anterior slices were
used to minimize the effect of susceptibility distortion around
the ear canals. Pixel-by-pixel CBF-ADC scatterplots were ana-
lyzed at each time point. Four quadrants on the CBF-ADC
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scatterplots were operationally defined using the TTC-derived
ADC and CBF thresholds determined previously (Shen et al.,
2003): (1) the “normal” cluster, where both ADC and CBF
were above their respective thresholds; (2) the “mismatch”
cluster, where ADC was above but CBF was below their re-
spective thresholds; (3) the “core” cluster, where both ADC and
CBF were below their respective thresholds; and (4) “non-
nourishing reperfusion zone” (also referred to as “zone 47),
where ADC was below but CBF was above their respective
thresholds. For group averaging, the ADC and CBF of the left
hemisphere (LH) at 60 minutes were normalized to a zero mean
for each animal and the ADC and CBF of the right hemisphere
(RH) were computed relative to the LH at each time point.
Projection profiles of the ADC and CBF distributions were also
analyzed. Tissue volumes, ADC and CBF of each cluster were
evaluated at each time point.

Tissue volume, ADC and CBF of pixels that
migrated to different zones

The effects of reperfusion on pixel dynamics in the CBF-
ADC and image spaces were investigated. The 60-minute time
point before reperfusion was used as a reference. The temporal
evolution of the “core” and “mismatch” pixels, defined at 60
minutes before reperfusion, was evaluated as they migrated to
different zones. Pixels that subsequently migrated into the nor-
mal zone, mismatch zone, core zone, or ‘“non-nourishing reper-
fusion zone” were color-coded as green, yellow, red, or blue,
respectively. These color pixels were mapped onto the image
spaces for each time point. Tissue volumes, ADC and CBF
values of the “mismatch”, “core”, and “non-nourishing reper-
fusion zone” pixels were quantified at 60 minutes and at 180
minutes for the same pixels. For comparison, similar analysis
on the migrating pixels was performed on the permanent oc-
clusion group (n = 11) (Shen et al., 2003).

Statistical analysis

A two-tail paired t-test was used for statistical comparison
for all parametric values. A p value < 0.05 was considered
statistically significant. All data in text were reported as mean
+ SD and all error bars on graphs as standard errors of the
means (SEM).

RESULTS

Blood gases, measured once during surgery as well at
approximately one and three hours after occlusion, were
not statistically different from each other and were
grouped together. All blood gases (pH = 7.37 + 0.03,
pCO, = 39 + 6 mmHg, pO, = 83 = 6 mmHg, O,
saturation = 95 + 2%), heart rate (370 = 20 bpm), mean
arterial blood pressure (102 + 9 mmHg), rectal tempera-
ture (37.0 £ 0.5°C) were within normal physiological
ranges.

Evolution of ischemic volume following
60-minute MCAO

Figure la-c shows a representative data set from an
animal subjected to transient MCAOQO. The group-average
CBF LV’s at 30 minutes (250 = 30 mm?®, mean + SD,
n = 6) and 60 minutes (240 + 40 mm?®) were large and
constant, whereas the ADC LV’s grew slightly from 30
minutes (140 = 20 mm?>) to 60 minutes (170 = 20 mm?>).
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FIG. 1. Representative (a) ADC and (b) CBF maps from one animal. Four of seven multislice ADC,, and CBF maps are shown at 30,
60, immediately after reperfusion (labeled as REP at 70 minutes), 90, 120, and 180 minutes post-ischemia. The TTC infarct volume at
24 hours for this animal was 141 mm?3. The grayscale bar indicates ADC ranges from 0 to 0.001 mm?/s and CBF ranges from - 1 to 2
mL/g/min. (c) Temporal progression of ADC- and CBF-defined lesion volumes determined by using the group-average viability thresholds
(57% and 30% reduction for CBF and ADC thresholds, respectively), as previously determined (Shen et al., 2003).

ADC LV’s were statistically different from the CBF
LV’s at 30 and 60 minutes (P < 0.05). Following reper-
fusion, CBF LV’s markedly decreased as most of the
hypoperfused regions returned to normal although some
pixels remained hypoperfused. ADC LV’s also de-
creased immediately after reperfusion (104 + 35 mm?)
and then increased slightly over time (110 = 50 mm® at
3 hours), but did not reach the CBF-derived LV’s at
60 minutes (P < 0.05). The mean TTC infract volume
at 24 hours was 140 = 30 mm?, slightly higher than,
but not statistically different from, the mean ADC LV’s
at 3 hours.

Pixel-by-pixel analysis of ischemic progression

Dynamics of ischemia progression in the CBF-ADC
space and image space were analyzed on a pixel-by-pixel
basis. Figure 2 shows representative CBF-ADC scatter-
plots from one animal subdivided into four quadrants, the
boundaries of which were defined by the CBF (57 = 11%
reduction) and ADC (30 + 2% reduction) thresholds es-
tablished previously (Shen et al., 2003). In the normal
LH, there was a single cluster residing primarily in the
normal zone. In the ischemic RH, pixels were distributed
in multiple distinct zones (i.e., normal, mismatch, core
and “zone 4”) and they evolved dynamically with time.
There was a large pixel population in the “mismatch”
zone at 60 minutes prior to reperfusion that largely dis-
appeared at 180 minutes (Fig. 2a).

To evaluate the effect of reperfusion in the spatial
domain, evolution of different pixel populations in the
CBF-ADF space were mapped onto the image space.
The results from a representative animal are shown in
Fig. 2b-c. After reperfusion, a substantial number of pix-
els in the core (red) zone at 60 minutes migrated to the
normal (green) and the mismatch (yellow) zone, while
some remained in the core zone (red) or moved to the

non-nourishing reperfusion zone (blue) (Fig. 2b). Simi-
larly, after reperfusion, a substantial number of mismatch
(yellow) pixels at 60 minutes migrated to the normal
zone, while some remained in the mismatch zone, but
essentially none (<1%) migrated to the core or “non-
nourishing reperfusion” zone (Fig. 2c).

The normalized group-average (n = 6) scatterplots for
all time points and the temporal evolution of the tissue
volumes of the four zones defined using the TTC-derived
thresholds are shown in Fig. 3. For the group-average
data, the appearance of the scatterplots for the normal left
hemisphere, 60 minutes post MCAO, and 180 minutes
post MCAO parallelled those of the corresponding plots
shown in Fig. 2. Interestingly, upon reperfusion (i.e., at
70 minutes post MCAOQO), a transient hyperemic effect
was apparent in the scatterplot, where a significant num-
ber of pixels with reduced ADC and CBF (i.e., in the
core region) at 60 minutes of occlusion migrate into the
“zone 4” region at 70 minutes. As time progressed
from 90 to 180 minutes post-MCAO, the mean value of
the CBF pixel population in the core and “zone 4” quad-
rants declined relative to that observed immediately upon
reperfusion at 70 minutes post MCAO. The hyperemic
effect is also apparent in the temporal evolution of the
tissue volumes of the “zone 4” and core volumes in the
graph. Notice the transient increase in the “zone 47
volume immediately upon reperfusion, which then de-
clined over the ensuing 90 and 120 minutes time points
(with a concomitant increase in core volume) as the hy-
peremia subsided.

Projection-profile analysis

Projection profiles of the group-average ADC and
CBF distributions were analyzed (Fig. 4). The contralat-
eral normal LH ADC had a uni-modal distribution with
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FIG. 2. (a) CBF-ADC scatterplots of the contralateral normal left hemisphere and ipsilateral ischemic right hemisphere at 60 and 180
minutes. The dotted red lines indicate the group-average CBF and ADC viability thresholds (57 + 11% reduction and 30 + 2% reduction,
respectively, as previously determined (Shen et al., 2003)), which divide the scatterplots into four zones, namely: the normal, mismatch,
core zone and “non-nourishing reperfusion zone” (or “zone” 4). CBF axis range: - 0.4 to 2 mL/g/min; ADC axis range: 2 to 12 x 10~* mm?/s.
The spatial evolution of (b) “core” and (c) “mismatch” pixels defined at 60 minutes from a representative animal. The 60-minute time point
before reperfusion was used as a reference to evaluate the effect of reperfusion. Pixels that migrated into different zones after reperfusion
were color-coded and mapped onto the image spaces. Pixels that belonged to the normal zone are displayed in green, mismatch zone
in yellow, core zone in red, and “non-nourishing reperfusion zone” in blue.

a mean of 0.75 + 0.08 x 10~ mm?s. The ipsilateral
ischemic RH ADC distribution was bimodal with a dis-
tinct separation (a minimum) (Fig. 4a). The ADC bimo-
dal minima (ADC,;,,,,qa)) Were statistically different at 30
and 60 minutes before reperfusion (at — 21% percent-
ADC-reduction, 0.59 = 0.01 x 10~ mm?s) and after
reperfusion (at — 34% percent-ADC-reduction, 0.50 +
0.02 x 10-* mm?/s). The corresponding CBFApc pimodal
was obtained from the pixels that was within one stan-
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dard deviation of the ADC;,,,4.q and its value was 0.30
+ 0.01 mL/g/min before reperfusion.

The contralateral normal LH CBF had a distribu-
tion with a mean of 0.7 + 0.2 mL/g/min. Unlike the
ipsilateral ischemic RH ADC distributions, the CBF dis-
tributions of the RH were uni-modal (Fig. 4b). The mean
RH CBF were markedly lower than the normal LH CBF
before reperfusion and became similar after reperfusion,
as expected.
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FIG. 3. Normalized pixel-by-pixel CBF-ADC scatterplots from all animals (n = 6). Scatterplots were obtained from the normal left
hemisphere (for all time points except 70 minutes) and from ischemic right hemisphere at 30 minutes, 60 minutes, immediately after
reperfusion (labeled as REP at 70 minutes), 90 minutes, 120 minutes, and 180 minutes post-occlusion. Superimposed as dotted lines on
the scatterplots are the TTC-derived CBF and ADC thresholds as previously determined (Shen et al., 2003), which divide the scatterplots
into four zones, namely: the normal, mismatch, core zone and “non-nourishing reperfusion zone”. Values reported in the text were
obtained with a limit of + 150% of normal CBF and + 70% of normal ADC as displayed; pixels outside of these limits were negligible
(< 5%) and mostly arose from noise and/or pixels at the edge of the brain. The plot summarizes the temporal evolution of the tissue
volumes of the four zones defined using the TTC-derived thresholds. Error bars are SEM.

Volume, ADC and CBF of migrating pixels

The fates of the core and mismatch pixels at 60 min-
utes were evaluated. Tissue volumes, ADC and CBF
values of the core and mismatch pixels at 60 minutes
were quantified on a pixel-by-pixel basis as ischemia
progressed. Figure 5 shows the group-average tissue

volumes (top row), ADC (middle row) and CBF (bot-
tom row) values of the 60-minute core and mismatch
pixels as they subsequently migrated to different zones at
180 minutes.

Core pixels: The volume of the core pixels (Fig. 5a)
markedly decreased immediately after reperfusion and
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FIG. 4. (a) ADC and (b) CBF projection profiles from the scatterplots in Fig. 3 (n = 6) as a function of time (30 and 60 minutes,
pre-reperfusion; 70, 90, 120, and 180 minute, post-reperfusion). Pixel distributions were plotted for the entire left hemisphere (for the five
time points, excluding 70 minutes, and divided by five for displaying on the same scale). Pixel distributions were plotted for the entire right
hemisphere for each time point. The ADC distribution was bimodal but the CBF was uni-modal. Superimposed on these distributions are
the vertical dotted lines indicating TTC-derived ADC (- 30%) or CBF (- 57%) viability thresholds as previously determined (Shen et
al., 2003).
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FIG. 5. Group-average evolutions of tissue volumes (top row), ADC (middle row) and CBF (bottom row) values before and after migration
to different zones for (a) core pixels (n = 6, 60-minute MCAO), (b) mismatch pixels (n = 6, 60-minute occlusion), and (c) mismatch pixels
(n = 11, permanent occlusion). Comparison was made relative to 60 minutes. As ischemia evolved, these pixels migrated to different
zones. The ADC (middle row) and CBF (bottom row) before (60 minutes) and after (180 minutes) reperfusion were quantified. Pixels that
migrated into the normal zone are displayed as very light gray, mismatch zone as light gray, core zone as dark gray, and “non-nourishing
reperfusion zone” (“zone 4”) as black. “Zone 4” pixels in (c) were negligible and were not plotted. Error bars are SEM. * P < 0.05, ** P

< 0.01, ™ P < 0.001.

then increased slightly over time. At 180 minutes, 25%
of the core pixels at 60 minutes migrated to the normal
zone, 3% migrated to the mismatch zone, and 72% mi-
grated to the core and ‘“non-nourishing reperfusion”
zones. At 60 minutes, the ADC values of the core pixels
that subsequently migrated to the normal or mismatch
zones were slightly higher than those that subsequently
migrated to the “non-nourishing reperfusion zone” or
remained in the core zone. At 180 minutes, the ADC of
these same pixels that subsequently migrated to the nor-
mal or mismatch zone were normal, whereas those that
migrated to “non-nourishing reperfusion zone” or re-
mained in the core zone were abnormal. Similarly, CBF
of all pixels classified as core at 60 minutes were low. At
180 minutes, only the CBF of the same pixels that even-
tually migrated to the normal zone or “non-nourishing
reperfusion zone” returned to normal.
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Mismatch pixels: After reperfusion, the mismatch
volume decreased markedly with majority of these pixels
(83%) migrating to the normal zone (Fig. 5b). At 60
minutes, the ADC and CBF of the mismatch pixels that
subsequently migrated to the normal region or remained
in the mismatch zone were higher than those that mi-
grated to the core or “non-nourishing reperfusion” zone
(P < 0.05). At 180 minutes, only the ADC of these same
pixels that migrated to the normal zone or remained in
the mismatch zone did not markedly decrease, and only
the CBF of these same pixels that migrated to the normal
zone or “zone 4” returned to normal.

Mismatch pixels (permanent MCAO, n =11): A
similar analysis was performed on the permanent oc-
clusion group (Shen et al., 2003) for comparison.
Since essentially none (<4%) of the 30-minutes “core”
pixels migrated to other zones and the number of
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“non-nourishing reperfusion zone” pixels was negligible
(<5%), they were not analyzed. The mismatch volume
(Fig. 5c) decreased as ischemia progressed with 59%
migrating to the core zone and 26% remaining in the
mismatch zone at 180 minutes. At 30 minutes, ADC of
the mismatch pixels that subsequently migrated to the
normal zone were higher (P < 0.05) than those remained
in the mismatch zone, which in turn were higher than
those that migrated to the core zone (P < 0.05). At 180
minutes, only the ADC of these same pixels that mi-
grated to the normal or remained in the mismatch zone
did not markedly decrease, and only the CBF of these
same pixels that migrated to the normal zone returned to
normal.

DISCUSSION

The major results of this study can be summarized as
follows. (1) The “lesion” volumes of transient focal ische-
mic injury could be quantified and reperfusion salvaged
substantial amount of potentially ischemic tissues. (2)
Pixel-by-pixel analysis of the ADC and CBF tissue char-
acteristics based on four pixel populations (defined with
respect to the fixed ADC and CBF thresholds) made
possible the quantitative evaluation of tissue volumes,
ADC and CBF of different tissue types as they were
modulated by reperfusion. (3) Pixel distributions show-
ed bimodal ADC, but uni-modal CBF, distributions.
The ADC,;,04.1 Minimum and the corresponding
CBF s pcbimodar Were similar to the histology-derived
thresholds. (4) Pixels from different population zones
within the CBF-ADC space could be mapped onto the
image space, thereby making it possible to evaluate the
spatiotemporal ischemic progression and the reperfusion
effects on a pixel-by-pixel basis. (5) Some core and mis-
match pixels were salvaged by reperfusion. ADC and
CBF of “at risk” tissues that were subsequently salvaged
were higher than those that subsequently became infarct-
ed and the ADC and CBF of the salvaged tissues were
indeed normal.

This study relied heavily on the accuracy of CBF mea-
surements. Although consistent with many established
invasive techniques, the accuracy of this CBF technique
could be subjected to errors arising from magnetization-
transfer (Silva et al., 1999; Duong et al., 2000), transit-
time (Calamante et al., 1996; Zhou et al., 2001), and
water-exchange (Silva et al., 1997a; Zhou et al., 2001;
Parkes and Tofts, 2002) effects. Magnetization-transfer
effect was not an issue with the actively decoupled
two-coil system (Silva et al., 1999; Duong et al., 2000).
Transit-time and water-exchange effects have been dem-
onstrated to be small (Silva et al., 1997a; Zhou et al.,
2001; Parkes and Tofts, 2002) and were unlikely to alter
the overall conclusions of this study. Since CBF quanti-
fication involved subtraction of labeled and non-labeled
images, as well as division of a combination of those

signals, the calculated CBF could become slightly nega-
tive due to noise if the true tissue CBF is zero or close to
zero (Fig. 2a). The few pixels that showed negative CBF
values were within measurement uncertainties on the
pixel-by-pixel basis.

The premise of the pixel-by-pixel analysis approach
used herein was based on the notion that the different
biologically relevant pixel populations could be approxi-
mated using fixed histology-derived ADC and CBF vi-
ability thresholds (Shen et al., 2003). The use of fixed
viability CBF and ADC thresholds to delineate ischemic
lesions across different time points had been suggested
previously, although they were correlated with different
post-mortem histological, biochemical or autoradio-
graphic techniques. Crockard et al. used a hydrogen-
clearance-electrode technique and reported a CBF
threshold of 0.2 mL/g/min that best correlated with the
loss of high-energy phosphates (Crockard et al., 1987).
Naritomi et al. used '“C-iodoantipyrine autoradiography
and reported a CBF threshold of 0.12 to 0.20 mL/g/min
that best correlated with the loss of sodium-ATPase
pump failure (Naritomi et al., 1988). Hoehn-Berlage et
al. used '*C-iodoantipyrine autoradiography and derived
a CBF threshold of 0.2 mL/g/min based on correlation
with loss of energy metabolism (ATP depletion stained
by post mortem bioluminescent technique) (Hoehn-
Berlage et al., 1995). Busza et al. used hydrogen-
clearance-electrode technique and derived a threshold of
0.15 to 0.20 mL/g/min that correlated with the onset of
DWI contrast in a gerbil four-vessel-occlusion stroke
model (Busza et al., 1992). Our CBF viability threshold
was higher than these thresholds for energy failure.
Kohno et al. used '*C-iodoantipyrine autoradiography
and reported a CBF threshold of 0.31 + 0.11 mL/g/min,
which correlated with the onset of reduced glucose me-
tabolism and lactate acidosis but before energetic failure
(Kohno et al., 1995). Belayev et al. and Zhao et al. used
'“C-iodoantipyrine autoradiography and derived upper
CBF limits for the ischemic core and the penumbra of
0.24 and 0.47 mL/g/min, respectively; the average pen-
umbral CBF threshold was reported to be 0.3 mL/g/min
(Belayev et al., 1997; Zhao et al., 1997). While these
critical thresholds derived using different post-mortem
correlation techniques are expected to be slightly differ-
ent from each other, our TTC-derived thresholds were
most consistent with onset of reduced glucose metabo-
lism and lactate acidosis (Kohno et al., 1995), and the
penumbral CBF threshold (Belayev et al., 1997; Zhao et
al., 1997). These comparisons suggest that “penumbra”
is destined to become infarcted if left untreated and con-
sequently our TTC-derived thresholds predicted infarc-
tion at 24 hours.

In regards to ADC thresholds in animal model, the
literature is relatively sparse. Hoehn-Berlage, Olah and
colleagues (Olah et al., 2001; Hoehn-Berlage et al.,
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1995) established a minimum ADC threshold by corre-
lating with metabolic energy failure (ATP depletion
stained by a post mortem bioluminescent technique).
They reported that an ADC threshold of 77% of normal
was a good estimate at all time points during the MCAO
period as well as the early phase of reperfusion. Despite
different methodologies and errors associated with dif-
ferent cross-modality comparisons, our ADC threshold
of 70% of normal was in reasonable agreement.

These comparisons clearly suggest that different criti-
cal thresholds exist for different biological events fol-
lowing ischemia and that these thresholds are dependent
on animal models, anesthetics used, duration and/or se-
verity of ischemic injury, and the accuracy of cross-
modality comparision. Nevertheless, these viability
thresholds are in principle applicable at all MCAO time
points and during subsequent recirculation, and these
thresholds “predict” infarction at 24 hours if the ischemic
injury was left untreated (Shen et al., 2003). The CBF
threshold was further justified (Shen et al., 2003) since
the CBF—derived lesion volume in the permanent occlu-
sion group remained stable over the 3-hour imaging
period and the TTC-derived ADC threshold is consis-
tent with the natural separation in the ADC profile
(ADCj04a1)- These observations together support the
premise of using fixed TTC-derived thresholds to ap-
proximate different clusters of tissue fate. It should be
noted that percent reduction of the viability ADC and
CBF thresholds were used, instead of the absolute quan-
titative ADC and CBF thresholds. Since the experimental
conditions between the current study and the previous
study (Shen et al., 2003) from which the viability thresh-
olds were derived were essentially identical, either
choice yielded similar lesion-volume results. The quan-
titative CBF threshold, however, is likely to be more
universal (across laboratories) because it reflects the ab-
solute CBF value below which tissues could become
infarcted. The relative CBF, on the other hand, could be
dependent on other factors. For example, different anes-
thetics used could result in slightly different relative CBF
threshold. Similar comments can be made for the ADC
threshold, although the effect is likely to be less bacause
ADC is less dependent on anesthetics and other factors
(assuming temperature is kept relatively constant).

Effects of Reperfusion on Lesion Volumes: Reperfu-
sion salvaged a substantial amount of at-risk tissues. Our
results are consistent with those reported previously
(Dardzinski et al., 1993; Minematsu et al., 1993; Li et al.,
1999; Li et al., 2000a; Li et al., 2000b; Kidwell et al.,
2002). However, previous studies did not resolve tissues
on a pixel-by-pixel basis or quantitatively evaluate their
fates, tissue volume, ADC and CBF values as they
evolved in the image and CBF-ADC spaces. We hypoth-
esized that the combined ADC and CBF tissue charac-
teristics could be used to characterize the ischemic tissue
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fates after reperfusion during the acute phase. Pixel-by-
pixel analysis was performed to test this hypothesis by
evaluating the ADC and CBF values before and after
they migrated to various zones. The “core” and “mis-
match” pixels at 60 minutes were most dynamic. Using
this analysis approach, it was determined that the sal-
vaged tissues arose from both the mismatch and core
zones. Specifically, at 180 minutes following reperfu-
sion, 28% of the core pixels at 60 minutes and 90% of the
mismatch pixels at 60 minutes returned to normal based
on tissue ADC and CBF characteristics. ADC and CBF
of the salvaged tissues did indeed return to normal
whereas those of the non-salvaged tissue did not. Since
the 180-minute ADC LV’s reflected tissue to a great
extent infarction at 24 hours (although there was some
delayed cell death), we concluded these tissues were pre-
dominantly salvaged by reperfusion. Without reperfusion
(permanent occlusion group), 0% of the “core” and 13%
of the “mismatch” pixels did not go onto infarct. Salvag-
ing “core” pixels suggested that ADC reduction was not
synonymous with irreversible injury. Duration of expo-
sure to reduced ADC was likely critical. The ADC de-
cline in turn is expected to be dependent on the degree
and duration of CBF deficit, among other factors. Inter-
estingly, some tissues with ADC returning to normal
immediately after reperfusion showed subsequent ADC
reduction, consistent with the secondary ADC decline
observed previously using ROI volumetric analysis (Li et
al., 2000b). In summary, our analysis approach demon-
strated that ischemic tissue fates could be systematically
characterized in both image and CBF-ADC spaces on a
pixel-by-pixel basis.

Effects of Reactive Hyperemia: A transient hyperemic
effect (i.e., at the 70-minute time point) was observed,
consistent with observations by several groups during the
first hour of reflow following transient focal cerebral
ischemia in animal models (De Crespigny et al., 1992;
Hamberg et al., 1996; Olah et al., 2001). Hyperemia
could affect tissue-volume quantitation of various zones
as defined by the fixed CBF threshold. The transient
increased blood flow due to hyperemia resulted in a tem-
porary CBF increase that exceeded the CBF-reduction
threshold for some of the pixels used to calculate the
zone-derived tissue volume. Consequently, hyperemia
resulted in a decrease in the tissue volume for those
zones with relatively lower CBF (e.g., core and mis-
match) with a concomitant increase in lesion volume for
those zones with a relatively higher CBF (e.g., normal
and “zone 4”°). However, the hyperemic effect appeared
relatively small and transient. Detailed analysis of the
hyperemic effects on a pixel-by-pixel basis is beyond the
scope of this work.

Bimodal ADC Minimum: In contrast to the CBF dis-
tribution, a bimodal ADC minimum (ADCy;,,q.) Was
observed. The ADC,;,,,qa1 before reperfusion was
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slightly higher than that after reperfusion (Fig. 4), sug-
gesting that the underpinning biophysical mechanism(s)
of ischemia-induced ADC decline might be different. For
example, reperfusion could lead to secondary effects
such as vasogenic edema (Rosenberg, 1999), which
could account for further ADC reduction, although other
factors associated with reperfusion injuries (Hallenbeck
and Dutka, 1990) could also play a role.

The important observations regarding the ADC bimo-
dal minimum are: 1) the fact that a separation (mini-
mum) exists, instead of a continuous distribution; 2) the
right-hand-mode of the ipsilateral ischemic RH ADC
distribution was normal and time-invariant; and 3) the
ADC;noqa minima were similar to the TTC-derived
threshold and relatively time invariant. These observa-
tions could have major implications, as they suggests that
there is a critical (distinct) ADC value below which there
are definitive changes in tissue biophysical properties,
which is likely to correlate with a major cellular event(s)
in the cascades of ischemic injury. The ADC bimodal
minimum is likely to be well-defined; the loss of defini-
tion is likely due to partial-volume effects arising from
limited spatial resolution as well as scattering from inter-
subject averaging. Imaging at a higher spatial resolution
and analysis of individual animals could directly test this
hypothesis. It is further postulated that the ADC bimodal
minimum (0.59 + 0.01 x 107> mm?s) is a naturally
occurring threshold that could be used to approximate
the “viability threshold” without the need for histologi-
cal correlation.

The CBFApc.bimodar Minimum associated with the
ADC\inoqa minimum ranged from 0.30 to 0.35
mL/g/min, similar to the histology-derived viability
threshold. The slight differences between the his-
tology-derived viability thresholds and the ADC bimodal
minima could be due to errors in correlating his-
tology with MR—defined lesion volumes. Surprisingly,
the CBF Apc_pimoda Was similar to the CBF threshold of
lactate acidosis, reduced glucose metabolism and the
penumbral CBF threshold (~0.3 mL/g/min) but signifi-
cantly higher than the CBF threshold (~0.2 mL/g/min)
for energetic failure and loss of cell-volume homeostasis.
Further studies are warranted to validate whether the
ADC bimodal minima are the same as the ADC and
CBF viability thresholds and to investigate the under
lying biophysical and biological event(s) associated with
the ADC bimodal minima. If indeed the ADC,;,04a
and its corresponding CBF approximated the viability
thresholds, they could have important clinical implica-
tions as histological analysis is generally not possible in
clinical settings.

CONCLUSION

This study established a quantitative imaging and an
analysis protocol to evaluate, on a pixel-by-pixel basis,

the spatio-temporal evolution of ischemic brain injury in
a reperfusion rat stroke model. Tissue fates at different
time points could be identified based on diffusion-
perfusion tissue properties and mapped onto the image
spaces. Tissue volumes, ADC and CBF values that were
subsequently salvaged or inevitably become infarcted
could be quantitatively evaluated on a pixel-by-pixel ba-
sis. This analysis approach is expected to provide a pow-
erful tool to evaluate drug efficacy, and potentially offer
a means to make statistical prediction of tissue fates as-
sociated with ischemic brain injury.
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