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Several studies of focal ischemia and reperfusion in animal
models have proposed that reperfusion contributes to brain
damage. However, the extent to which reperfusion affects the
brain, especially in acute stroke patients, remains unclear. Our
purpose in this study was to determine whether reperfusion injury
can be detected with PET and to clarify the extent to which
reperfusion contributes to brain damage. Methods: The right
middle cerebral artery (MCA) of cynomolgus monkeys was
occluded for 3 h (n = 8) or permanently (n = 5) by a transorbital
device. Four consecutive PET studies were performed to assess
cerebral blood flow (CBF), oxygen extraction fraction (OEF), and
the cerebral metabolic rate of oxygen (CMRO2). Results: The
extent of necrotic brain damage 8 h after MCA occlusion was
significantly (P < 0.05) greater in the transient model than in the
permanent model. Cortical damage was greater in the transient
model. The MCA occlusion decreased CBF and CMRO2 in deep
MCA territory and increased OEF in the cortex. In the permanent
model, these changes continued throughout the experiment. In
the transient model, the reperfusion induced postischemic hyper-
perfusion in the cortex, which showed necrotic damage at the
end of the experiment. In this area, OEF and CMRO2 were
decreased by reperfusion. Conclusion: The results suggest that
reperfusion may strongly contribute to cortical damage. PET
studies revealed that reperfusion decreased OEF and CMRO2 in
the hyperperfused cortex. These changes may indicate reperfu-
sion injury.
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studies of focal ischemia and reperfusion in
animal models have proposed that reperfusion contributes to
brain damage (1-3). Abrupt reoxygenation during reperfu-

sion is generally believed to lead to the enzymatic produc
tion of reactive oxidants (1,2). Therefore, several studies
have involved oxygen free radicals in ischemia-reperfusion
models (4-8).

Recent pilot clinical studies of ischemie stroke suggest
that intravenous therapy with recombinant tissue plasmino-
gen activator (t-PA) is beneficial when begun within 3 h of
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the onset of stroke (9). However, the extent to which
reperfusion affects the brain, especially in patients with
acute stroke, remains unclear. For optimal cerebral salvage-
ability, a better understanding of the contribution of reperfu-

sion injury and its mitigation is needed.
PET is a useful method of measuring oxygen metabolism.

In several studies of permanent occlusion of the middle
cerebral artery (MCA) in nonhuman primates, acute hemody-

namic changes have been well documented with PET
(10-12). Our purpose in this study was to determine whether

reperfusion injury can be detected with PET and to clarify
the extent to which reperfusion contributes to brain damage.

MATERIALS AND METHODS

Using both transient and permanent MCA occlusion models, we
compared the local cerebral blood flow (CBF), oxygen extraction
fraction (OEF), and cerebral metabolic rate of oxygen (CMRO2) at
several stages of ischemia. At the end of the experiments, the brain
damage associated with both models was examined and compared.
We chose cynomolgus monkeys as an experimental model of
cerebral ischemia to mimic stroke in humans. In the ischemia-
reperfusion model, a 3-h-long temporary occlusion of the MCA and
reperfusion were used to mimic t-PA therapy in humans, because
the efficacy of t-PA treatment in patients was observed within

3 h (9).

Animal Preparation
The studies were performed on 13 male cynomolgus monkeys

(Macaca fascicularis) with body weights ranging from 4.7 to 6.2
kg (Clea Japan Inc., Tokyo, Japan). Eight monkeys were subjected
to transient MCA occlusion, and 5 monkeys were subjected to
permanent MCA occlusion. All experiments were performed in
accordance with the institutional guidelines of the University of
Hamamatsu School of Medicine, Hamamatsu, Japan, and the
Central Research Laboratory of Hamamatsu Photonics K.K.,
Shizuoka, Japan.

Anesthesia was induced with 10 mg/kg intramuscular ketamine
hydrochloride. The monkeys were tracheostomized, immobilized
with 0.05 mg/kg intramuscular pancuronium bromide every 2 h,
and artificially ventilated. Anesthesia was continued with 0.8%
isoli mano in a 1:1:1 mixture of N2O:O2:N2 gas during the entire
experiment. The left femoral artery was catheterized for the
measurement of mean arterial blood pressure and heart rate and for
arterial blood sampling. The mean arterial blood pressure, heart
rate, rectal temperature, arterial partial pressure of oxygen, arterial
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TABLE 1
Physiologic Parameters in Model of Transient Occlusion of Middle Cerebral Artery

Time after ischemia

ParameterMABP

(mmHg)HR
(bpm)RT
(Â°C)PHpCO2

(mmHg)pO2
(mmHg)Glucose

(g/L)Before

ischemia95

Â±18154
Â±2336.9
Â±0.47.501
Â±0.03333.6
Â±2.4195.4
Â±25.776.7
Â±3.82h105

Â±13166
Â±1636.8
Â±0.57.491
Â±0.03133.1
Â±3.2186.8
Â±12.375.5
Â±8.24h97

Â±17168
Â±1337.2
Â±0.77.490
Â±0.02931

.9 Â±3.6189.1
Â±18.780.0
Â±12.56h97

Â±8169
Â±837.1

Â±0.57.485
Â±0.02432.5
Â±3.0191.6
Â±13.087.4
Â±15.4

MABP = mean arterial blood pressure; HR = heart rate; RT = rectal temperature; pCO2= partial pressure of carbon dioxide; pO2= partial
pressure of oxygen.

Data are mean Â±SD.

partial pressure of carbon dioxide, pH, and plasma glucose levels
were continuously or regularly monitored. The right MCA was
occluded by a transorbital approach (13). After the administration
of 0.05 mg/kg intramuscular atropine, the right globe was re
moved. The head of the monkey was then fixed in a plastic
stereotactic apparatus (SFCT-RB-PR-2; Hamamatsu Photonics

K.K.) that had already been fixed in the PET scanner gantry
(SHR7700: Hamamatsu Photonics K.K.) by means of a laser beam
system so that head positioning could be reproduced. After a
58Ga-68Ge transmission scan (30 min) and the first PET scan, the

monkey was moved to an operating table and MCA occlusion was
performed under an operating microscope. A craniotomy was
drilled superolateral to the optic nerve. After the dura was opened,
the MCA occlusion was performed with 2 microvascular clips, 1
on the proximal part of the main MCA trunk and the other on the
distal-to-orbitofrontal branch. On completion of the occlusion

procedure, the monkey was again fixed in the stereotactic appara
tus in the PET camera, and after a 68Ga-68Ge transmission scan (30

min), further PET scanning was performed. In the case of transient
MCA occlusion, the 2 microvascular clips were removed 3 h after
placement, without removing the animal from the stereotactic
apparatus in the PET camera. During the experiments, the animal's

body temperature was maintained within normal limits with
heating blankets.

PET Studies
Four consecutive PET studies were performed on each monkey.

Serial PET scanning was performed with the SHR7700 system,
which has a transaxial resolution of 2.6 mm full width at half
maximum (14). The first scan was obtained before MCA occlusion
(mean, -92 Â±10 min). The second scan was obtained 124 Â±6 min

after the start of occlusion. For the transient model, the third and
fourth scans were obtained 200 Â±11 min and 362 Â±3 min after
occlusion. For the permanent model, the third and fourth scans
were obtained 240 Â±9 min and 363 Â±5 min after occlusion. CBF,
CMRO2, OEF, and local cerebral blood volume were assessed
using the steady-state 15O inhalation method (11,12,15-17), with
successive inhalation of trace amounts of CI5O2 (0.8 GBq/min),
15O2(2 GBq/min), and CI5O (4 GBq/min). Each type of 15Ogas

was administered through a ventilator (15 strokes/min, 70 mL/
stroke). The C15O2 and I5O2scans were started after saturation of
radioactivity in the gantry of the PET camera; the C15O scan was
started 2 min after 20 s of CI5O gas inhalation. Each scan consisted

of 5 intervals of 1 min, for a total of 5 min. During each scan, 2
arterial blood samples were taken (1 at the beginning of the
acquisition and 1 at the end) for whole-blood and plasma radioac

tivity measurements. The mean values of radioactivity for whole
blood and plasma were used for parametric image generation (IT).

TABLE 2
Physiologic Parameters in Model of Permanent Occlusion of Middle Cerebral Artery

Time after ischemia

ParameterMABP

(mmHg)HR
(bpm)RT(Â°C)pHpCO2

(mmHg)pO2
(mmHg)Glucose

(g/L)Before

ischemia97

Â±6156
Â±2337.0
Â±0.37.485
Â±0.03235.5
Â±4.1172.9
Â±21.082.8
Â±6.92h108

Â±12171
Â±636.8
Â±0.47.470
Â±0.05636.2
Â±7.6177.5
Â±28.082.8
Â±10.14h96

Â±16168
Â±737.3

Â±0.77.477
Â±0.05134.8
Â±5.7171.7
Â±34.182.6
Â±9.26h98

Â±8172
Â±1937.0
Â±0.47.467
Â±0.03634.9
Â±4.6166.9
Â±28.186.1
Â±13.0

MABP = mean arterial blood pressure; HR = heart rate; RT = rectal temperature; pC02 = partial pressure of carbon dioxide; pO2= partial
pressure of oxygen.

Data are mean Â±SD.
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The calculated CMROi and OEF values were obtained after
cerebral blood volume correction.

Regions of Interest
Regions of interest (ROIs) were chosen by comparing the CBF

in the ipsilateral hemisphere against that in the contralateral
hemisphere 2 h after MCA occlusion. Areas of 0%-10%, 11%-
20%, 21%-30%, 31%-40%, 41%-50%, 51%-60%, and >60%

CBF reduction were defined as ROIs, and the changes in all
parameters were calculated at all time points for each ROI. These
ROIs were transposed by an image analysis system (Alice; Hayden
Image Processing Group, Boulder, CO) to the PET images for all
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FIGURE 1. Comparisonof ischemieconditionsbetween tran
sient and permanent models. Two hours after ischemia, areas of
0%-10%, 11%-20%, 21%-30%, 31%-40%, 41%-50%, 51%-
60%, and >60% CBF decrease (A), OEF increase (B), and
CMRO2 decrease (C) in ipsilateral hemisphere relative to contra-
lateral hemisphere were determined.

transient
(n=8)

permanent
(n-5)

FIGURE 2. Comparison of brain damage 8 h after MCA
occlusion between transient and permanent models. Black bars
represent total brain damage; white bars, brain damage in basal
ganglia; and shaded bars, cortical damage. "Significantly (P <

0.05) different from value for transient MCA occlusion group.

other parameters in the manner stated above at all time points
studied. In this study, the results cover a 4-mm region from the

anterior commissure, because there the changes were constant. The
validity of the data was checked by calculation of preischemic
values (theoretic value is 1).

Neuropathology
Eight hours after the completion of MCA occlusion, the

monkeys were deeply anesthetized with sodium pentobarbital. The
brain was fixed by transcardial perfusion with a 10% formalin
neutral buffer solution, pH 7.4, after saline perfusion at 100 mm
Hg. The brain was then removed, and 12 coronal sections at 2-mm
intervals were cut using a brain matrix (MBM-2000C; Bioresearch

Center, Nagoya, Japan). Each section was embedded in paraffin,
and 10-|jm-thick sections were cut and stained with hematoxylin-

eosin. The extent of brain edema was examined according to the
method of Swanson et al. (18). The neuronal damage in each
section was defined (19), and after correction for brain edema (18),
the area of neuronal damage was measured using a computerized
image analysis system. The volumes of neuronal damage were
calculated from the areas of damage in the coronal sections and
their anteroposterior coordinates.

MRI
Each monkey underwent MRI with a 0.5-T MRT-50A/II scanner

(Toshiba. Tokyo, Japan) no less than 3 d before the MCA occlusion
experiment. Under pentobarbital anesthesia, the monkeys were
fixed in a plastic stereotactic apparatus, as for the PET studies, and
Tl-weighted images (transaxial resolution, 0.586 mm; slice-slice

interval, 3 mm) were obtained (20,21).

Data Analysis
Changes in CBF, OEF, and CMROi were calculated by compar

ing the values in the right and left (ipsilateral and contralateral)
hemispheres of individual ROIs and are reported as right-to-left

ratios. Data are presented as mean Â± SD. Physiologic and
biochemical data were evaluated by ANOVA and the Dunnett
multiple comparisons test. The unpaired t test was used when only
2 groups were involved. P < 0.05 was considered significant.
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RESULTS

Physiologic variables during the prolonged experiments
remained within the normal range (Tables 1 and 2). Figure 1
shows the areas of CBF, OEF, and CMRO2 changes 2 h after
MCA occlusion in both the transient and the permanent
models. The degree of ischemia between these models was
compared by calculating the areas of serial phased CBF
decrease, OEF increase, and CMRO2 decrease. No signifi
cant difference was found.

Both transient and permanent MCA occlusion caused
necrotic brain damage 8 h after ischemia. The damage
occurred in the cortex and the basal ganglia (mainly in the
putamen and caudate nucleus). Hemorrhage in the vicinity
of the lesion was not found. However, the volume of the
right hemisphere was increased by edema formation. The
ratio of the right to the left hemisphere in the transient model
was 1.17 Â±0.05, and that in the permanent model was
1.09 Â±0.03. The area of brain damage after correction for
swelling was 1040.2 Â±496.7 mm3 (cortex, 591.9 Â±330.8
mm3; basal ganglia, 448.3 Â± 106.9 mm3) in the transient
model and 530.9 Â±326.8 mm3 (cortex, 128.3 Â±96.9 mm3;
basal ganglia, 402.6 Â±82.3 mm3) in the permanent model

(Fig. 2). Total and cortical brain damage were both signifi
cantly less after permanent MCA occlusion than after
transient MCA occlusion.

Figure 3 shows the CBF, OEF, and CMRO2 changes in the
transient and permanent models. MCA occlusion decreased
CBF and CMRO2 and increased OEF. In the permanent
model, these changes were constant throughout the experi
ment. In the transient model, the reperfusion caused post-

ischemic hyperperfusion (P < 0.05) immediately after
reperfusion and postischemic hypoperfusion (P < 0.05) 3 h
after reperfusion. The postischemic hypoperfusion was
observed within the area of more than a 40% CBF decrease.
OEF was increased by ischemia. The CBF threshold for the
OEF increase was a 21-50% reduction. CMRO2 was also

decreased significantly (P < 0.05) by MCA occlusion. The
CBF threshold for the CMRO2 decrease was more than a
50% reduction. In the transient model, the CMRO2 decrease
was partially recovered by reperfusion, but a further signifi
cant decrease was observed 3 h after reperfusion.

Figures 4 and 5 show typical images of CBF, OEF, and
CMRO2 changes in the transient and permanent models,
their corresponding MRI images, and the results of hematoxy-
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lin-eosin staining 8 h after ischemia. Each PET image shows
the gradient changes after calculation of the right-to-left

ratio from the PET image. The gradient range was from
a <-60% change to a >60% change, with each color

showing a 10% change. During ischemia, the areas of CBF
and CMRO2 decrease were similar, situated deep in the
MCA territory, but the OEF increase occurred in the cortex
(Figs. 4A [Tl] and 5A [PI, P2, and P3]). After reperfusion,
postischemic hyperperfusion was observed in the cortex, as
were the OEF and CMRO2 decreases.

Six hours after MCA occlusion, the areas of serial phased
CMRO2 decrease in the transient and permanent models
were compared (Fig. 6A). The area of more than a 40%
decrease in the ipsilateral hemisphere relative to the contra-

lateral hemisphere was larger for the transient model. The
total area of more than a 40% decrease was 163.6 Â±82.5
mm2 in the transient model and 70.3 Â±44.3 mm2 in the

permanent model. Brain damage 8 h after ischemia corre
lated well with the areas of more than a 40% CMRO2
decrease (r = 0.747; P = 0.0034; Fig. 6B).

FIGURE 4. Sequential PET images (A) of
transient ischemia in cynomolgus monkey 7
showing CBF, OEF, and CMRO2; corre
sponding MRI image (B); and hematoxylin-
eosin stained section (C) 8 h after MCA
occlusion. PET image uses gradient scale
that shows 0%-10%, 11%-20%, 21%-
30%, 31%-40%, 41%-50%, 51%-â‚¬0%,and

â€¢60%decrease and increase in ipsilateral

hemisphere relative to contralateral hemi
sphere. TO, T1, T2, and T3 indicate time
points before MCA occlusion, 2 h after MCA
occlusion, immediately after reperfusion, and
3 h after reperfusion, respectively.

DISCUSSION

We investigated hemodynamic changes and oxygen me
tabolism after temporary (3 h) and permanent occlusion of
MCA in anesthetized cynomolgus monkeys using PET. Our
purpose was to determine whether reperfusion injury can be
detected with PET and to clarify the extent to which
reperfusion contributes to brain damage. We compared
functional changes and neuropathologic changes in the brain
during the acute phase of ischemia and reperfusion.

MCA occlusion decreased CBF and CMRO2 and in
creased OEF. These observations have commonly been
observed in PET studies of focal cerebral ischemia (10-
12,15,22-25). Because the area of neuronal damage depends

on the extent of blood flow reduction and the duration of
ischemia (26,27), we chose areas of serial phased CBF
decrease as ROIs and compared the CBF, OEF, and CMRO2
in each ROI between the 2 models.

We compared the degree of ischemia by comparing the
area of serial phased CBF, OEF, and CMRO2 changes 2 h

DETECTIONOFREPERFUSIONINJURYUSINGPET â€¢Takamatsu et al. 1413
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FIGURE 5. Sequential PET images (A) of
permanent ischemia in cynomolgus mon
key 2 showing CBF, OEF, and CMRO2;
corresponding MRI image (B); and hema-
toxylin-eosin stained section (C) 8 h after
MCA occlusion. PET image uses gradient
scale that shows 0%-10%, 11%-20%, 21%-
30%, 31%-40%, 41%-50%, 51%-60%, and
>60% decrease and increase in ipsilateral
relative to contralateral hemisphere. PO,P1,
P2, and P3 indicate time points before and
2, 4, and 6 h after MCA occlusion, respec
tively.

10mm

after MCA occlusion (Fig. 1) and found no significant
differences between the transient and the permanent models.
However, brain damage in the transient model was approxi
mately twice that in the permanent model and therefore may
have been induced by reperfusion. Cortical damage was
greatest in the transient model, indicating that reperfusion
may have contributed strongly to the cortical damage in this
study.

We analyzed PET images to determine what happened in
the cortical areas that showed a phenomenon resembling
reperfusion injury. During ischemia, the transient model
showed a decrease in CBF and CMRO2 and an increase in
OEF. CBF and CMRO: were decreased in the deep MCA
territory but not in the cortex. OEF increased in an area of
mild ischemia (21%-50% decrease in CBF) that was

composed mainly of cortex. The permanent model showed
an increased OEF in the cortex as well, but this area was not
injured. Young et al. (75) also showed that the OEF increase
during ischemia was not an indicator of inescapable con
solidated infarction. Immediately after reperfusion, post-

ischemic hyperperfusion was observed in the cortical area in

which necrotic brain damage was observed. In these hyper-

perfused areas, a region of OEF and CMRO2 decrease was
shown (Fig. 4). The CMRO2 decrease in the deep MCA area
was partially recovered immediately after reperfusion; how
ever, 3 h after reperfusion, CMRO2 again decreased and
spread to the cortex, in which the OEF and CMRO2
decreased immediately after reperfusion.

We considered a CMRO2 decrease 3 h after reperfusion to
reflect neuronal damage, because Touzani et al. (12,28)
reported a relationship between the infarcÃ¬volumes and the
area of more than a 40% CMRO2 decrease in studies of both
permanent and temporary MCA occlusion in baboon models
at chronic stages. We also confirmed that the area of more
than a 40% CMRO2 decrease 6 h after ischemia in the
transient model was significantly larger than that in the
permanent model. These areas correlated well with brain
damage 8 h after ischemia (Fig. 6). Our observations support
the findings of Touzani et al. and suggest that a threshold of
more than 40% CMRO2 decrease in the ipsilateral hemi
sphere relative to the contralateral hemisphere may also be
the best indicator of acute brain damage.
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FIGURE 6. (A) Comparisonof area of reductionof CMRO2 6 h
after MCA occlusion between transient and permanent ischemia
models. Areas of 0%-10%, 11%-20%, 21%-30%, 31%-40%,
41%-50%, 51%-60%, and >60% CMRO2decrease in ipsilateral
relative to contralateral hemisphere were calculated. *Signifi-

cantly (P < 0.05) different from value for permanent ischemia. (B)
Correlation between brain damage 8 h after ischemia (in square
millimeters) and areas of more than 40% CMRO2 decrease 6 h
after MCA occlusion (in square millimeters).

The OEF increase during ischemia reflects an inadequate
supply of oxygen for underlying metabolic needs. Hyperper-

fusion after reperfusion provides an excess of oxygen that
may be adequate for reactive oxygen radical production,
which may accelerate brain damage. Therefore, the OEF and
CMRO2 decrease in the cortical area immediately after
reperfusion may indicate reperfusion injury.

In our transient model, postischemic hypoperfusion oc
curred 3 h after reperfusion. This phenomenon was observed
in the area with more than a 50% CBF decrease during
ischemiaâ€”a region corresponding to the deep MCA terri

tory and part of the cortex. The observations of hypoperfu
sion are consistent with those reported by Heiss et al. (22).
According to the results of del Zoppo et al. (29) and Mori et
al. (50), a time point 3 h after the completion of reperfusion
after 3 h of ischemia was adequate to investigate the
no-reflow phenomenon. They examined the patency of
capillaries and the effect of capillary-obstructing polymor-

phonuclear leukocytes (29,30). The hypoperfusion observed

in our study may be caused by the no-reflow phenomenon.

This phenomenon may contribute to brain damage, espe
cially in the late phase of ischemia-reperfusion.

CONCLUSION

We compared transient and permanent models of MCA
occlusion in cynomolgus monkeys by PET. Overall, brain
damage was significantly greater in the transient model than
in the permanent model. Cortical damage in the transient
model was distinct from that in the permanent model. These
results suggest that reperfusion may strongly contribute to
cortical damage. The results of PET studies showed that a
peculiar OEF and CMRO2 decrease in the cortical area
occurred immediately after reperfusion. These changes may
indicate reperfusion injury. Reperfusion injury may be
caused not only by an excess of oxygen but also by the
change in intracranial pressure, such as from edema forma
tion after damage of endothelial function or the blood-brain

barrier. However, in this study, particular damage occurred
in the area of excessive hyperperfusion. Although this PET
study had several limitations, PET images combined with
histologie analysis in the acute phase of ischemia or
ischemia-reperfusion showed peculiar changes in oxygen

metabolism induced by reperfusion in the damaged area.
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