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99mTc-Glucarate (**"Tc-GLA) is a novel infarct-avid imaging
agent. The aim of this study was to evaluate the role of
99mTc-GLA for assessing the severity of myocardial ischemia-—
reperfusion injury in rat heart models exposed to varied du-
rations of left coronary artery (LCA) occlusion with reperfu-
sion using a high-resolution SPECT system, FASTSPECT. We
also wanted to clarify whether a rapid sequence of 3-dimen-
sional imaging with FASTSPECT can quantify uptake and
washout kinetics of cardiovascular imaging agents in small-
animal heart models. Methods: The ischemic-reperfused rat
heart models were created by ligating the LCA for 30 min
(IR30, n = 12) or 90 min (IR90, n = 6) (IR = ischemia-
reperfusion) and releasing the ligature for 30 min. Dynamic
images were acquired over a 2-h period after mTc-GLA was
intravenously injected. The ischemic area at risk (IAR) was
determined by Evans blue staining. Necrosis was assessed
with triphenyltetrazolium chloride (TTC) staining and a trans-
mission electron microscope (TEM). Results: The infarct size
of the left ventricle (% IAR) on TTC staining was smaller in
IR30 (49.2 = 4.3) than in IR90 (73.4 = 4.7, P < 0.05), which
exhibited evidence of more severe irreversible injury than the
IR30 heart on TEM. FASTSPECT images demonstrated hot
spot accumulations of 9mTc-GLA in all hearts. The washout
of 9¥9mTc-GLA from the ischemic-reperfused area in IR90 was
significantly slower than that in IR30. The ratio of the hot spot
to normal myocardial activity was 4.1 = 0.3inIR30and 7.1 =
1.1in IR90 (P < 0.05). The hot spot size (% IAR) (68.4 = 2.7
in IR30 vs. 75.9 = 2.7 in IR90, P < 0.05) related significantly
to the infarct size. Conclusion: The severity of myocardial
injury induced by ischemia-reperfusion can be assessed by
FASTSPECT imaging with °°mTc-GLA. The results suggest
that °°mTc-GLA will be clinically useful in detecting and quan-
tifying acute necrotic myocardium. The FASTSPECT imaging
with the rat heart models provides a solution-specific ap-
proach with high-resolution and fast dynamic acquisition for
kinetic studies of new myocardial imaging agents.
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I n mammals, o-glucaric acid (glucarate, GLA) is a 6-car-
bon dicarboxylic acid sugar and a natural catabolite of
glucuronic acid metabolism (1,2). All mammals excrete
glucaric acid as a physiologic end product. GLA can be
readily radiolabeled with sodium pertechnetate, resulting in
9mTc-GLA. Experimental studies have shown the favorable
targeting potential of *“"Tc-GLA of severe ischemia or
early necrosis of the heart and brain (1-4). In acutely
injured cells, it is believed that ®"Tc-GLA is associated
with disruption of the myocyte and nuclear membranes,
allowing free intracellular diffusion and electrochemical
binding of the negatively charged GLA complex to posi-
tively charged histones. This intracellular distribution is
driven by the avidity of GLA to the nuclear protein and
cytoplasmic proteins with a positive charge. In rat models
with isoproterenol-induced myocardia infarction, *™Tc-
GLA uptake in the infarcted hearts was found 6 times more
than in normal rats (5). *"Tc-GLA has been proposed as a
specific oncotic marker in the very early stages of myocyte
injury but not as an apoptotic marker (6). As an infarct-avid
agent, the early distribution in necrotic myocardium and
rapid blood-pool clearance of ®*™Tc-GLA suggest important
diagnostic potential in early detection of acute myocardial
infarction and identification of successful acute revascular-
ization therapy.

To date, few studies have been done regarding *™Tc-
GLA imaging in ischemic—reperfused myocardium with
varied severity of injury. This study was conducted to
determine whether the amount of myocardial damage in the
hearts with ischemia—reperfusion is associated with myo-
cardia accumulation levels of *™Tc-GLA. It is not known
whether this association is reflected in the degree of myo-
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cardia injury in the ischemic—reperfused hearts. First, se-
verity of injury can be estimated by the size of infarct or
amount of irreversible myocytic necrosis. In clinica pa-
tients, infarct size can be determined with severa noninva-
sive techniques, which has significance for general progno-
sisin patients after acute heart attack. Since ®™Tc-GLA is
accumulated by acute necrotic myocardium only, we spec-
ulated that *™Tc-GLA hot spot imaging might be ideal for
noninvasively determining infarct size with a SPECT cam-
era. Using well-defined in vivo rat heart models, we ac-
quired ®°mTc-GLA images with a novel high-resolution sta-
tionary SPECT system called FASTSPECT. Ischemia—
reperfusion injury was analyzed by triphenyltetrazolium
chloride (TTC) staining and electron microscope examina-
tion. We quantified and compared the infarct size shown by
9mMTc-GLA imaging with the TTC staining analysis. Sec-
ond, since the uptake and washout kinetics of viability-
dependent imaging agents are atered by the extent and
severity of cellular and extracellular structural changes of
ischemic—reperfused myocardium, the present study was
undertaken to determine the in vivo kinetic properties of
9mTc-GLA for assessing the severity of myocardial ische-
mia—reperfusion injury in rat heart models exposed to dif-
ferent durations of left coronary artery (LCA) occlusion
with reperfusion. Using FASTSPECT, dynamic tomo-
graphic images were obtained in the beating rat hearts with
no motion of detectors or imaging aperture. We wanted to
clarify whether a rapid sequence of 3-dimensiona (3D)
imaging with FASTSPECT can make it possible to visualize
the heart with ischemia—reperfusion injury and investigate
the kinetics of cardiovascular imaging agents in small-
animal in vivo models.

MATERIALS AND METHODS

Ischemic-Reperfused Rat Heart Model Preparation
Male Sprague-Dawley rats (weight, 250—-300 g) were anesthe-
tized with 1.0%-1.5% isoflurane. The model of myocardial ische-
mia—reperfusion was developed using the technique described
previously (7-9). The rat was prepared by first removing the fur
from the chest and neck region with electric clippers. The jugular
vein was catheterized through a surgical procedure. An incision
was made over the jugular furrow, and blunt and sharp dissection
was used to isolate the jugular vein. A PE-10 catheter was ad-
vanced through a nick made by micro scissors and then secured by
ligatures. After tracheotomy, the rats were ventilated using a
volume-controlled Inspira Advanced Safety Ventilator (Harvard
Apparatus, Inc.) with a mixture of oxygen and room air. Using
each animal’s weight, the tidal volume (1.2 mL/100 g) and respi-
ration rate (65-70 breaths/min) were automatically calculated in
Safe Range settings (Harvard Apparatus). With a left intercostal
thoracotomy incision, the chest was opened at the fourth or fifth
intercostal space. The pericardium was opened and the heart was
exposed. A small, curved, tapered needle threaded 5-0 silk through
the tissue between the pulmonary cone and the left auricular
appendage. A ligature was placed around the LCA with a small
amount of myocardium. The ligature was pulled tight by passing
the suture through a polyethylene tubing and clamping it for
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coronary occlusion. After the LCA was occluded for 30 or 90 min,
30 min of reperfusion was achieved by releasing the ligature.
Hydrochloride lidocaine (5%) was administered via intravenous
injection and cardiac surface drop when ventricular fibrillation was
induced by L CA occlusion or reflow. During the period of surgery
and ischemia—reperfusion treatment, the body temperature of the
animal was maintained with a heating pad. The chest of the rat was
closed before the animal was imaged with FASTSPECT.

Experimental Groups and Study Protocols

Eighteen rats were divided into 2 groups to receive regiona
myocardia ischemia—reperfusion treatments. Group 1 animals
(IR30, n = 12 [IR = ischemia—reperfusion]) were treated by
ligating the LCA for 30 min and releasing the ligature for 30 min.
The LCA in group 2 animals (IR90, n = 6) was ligated for 90 min
and then released for 30 min. The experimental protocols are
showed in Figure 1.

Radiopharmaceutical Preparation

GLA kits were provided by Molecular Targeting Technologies
Inc. Thereagent in the vial was a sterile, nonpyrogenic, lyophilized
composition of potassium chloride, GLA, sodium bicarbonate, and
hydrochloric acid. A vial of GLA was reconstituted by the addition
of 1 mL of ®"Tc as sodium pertechnetate (no < 2.59 GBq [no <
70 mCi]) in accordance with the manufacturer’s instructions. The
solution in the vial was allowed to stand at room temperature for
15 min. ®¥™Tc-GLA radiochemical purity (RCP) was verified by
thin-layer liquid chromatography using Gelman instant thin-layer
silicagel (ITLC-SG) strips developed in saline and acetone. In the
ITLC-SG strip developed by saine, ®"Tc-colloid remained at the
originwhile ®mTc-GLA and %®MTc-pertechnetate migrated near the
solvent front. In the strip developed by acetone, " Tc-GLA and
9mTc-colloid remained at the origin while *™Tc-pertechnetate
moved near the solvent front. The RCP of %™Tc-GLA exceeded
95% for all experimental injections. ¥MTc-GLA was used within
3 h after preparation.

FASTSPECT System

The high-resolution stationary SPECT system, FASTSPECT,
was built in the Department of Radiology Research Laboratory at
The University of Arizona (9—11). In this system, 24 small mod-
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<« —>
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B LCA LCA LCA
occlusion reflow reocclusion
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<« —>
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FIGURE 1. Experimental protocols in group 1 (A) and group 2
B).
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ular y-cameras are arranged in 2 circular arrays with a cylindric
aperture. Each modular camera possesses a 10 X 10 cm Rexon
Nal(Tl) scintillation crystal (Rexon Components, Inc.), an optical
light guide, 4 square (5 X 5 cm) Hamamatsu Photonics photomul-
tiplier tubes, and driver/amplifier electronics. Twenty-four 1-mm-
diameter pinholes were drilled in the aperture such that a point
source in the center of the field of view (FOV) is simultaneously
projected to the center of each camera. The dead space between
adjacent cameras at the director surface is <7% of the total area
The total magnificationis3.5ina3.0 X 3.2 X 3.2cm FOV. The
spatial resolution of the system is about 1.0 mm with a sensitivity
of 0.359 cpg/kBq (13.3 cps/p.Ci) in air.

FASTSPECT Imaging

The rat was placed inside the aperture using a 6-cm-diameter
cylindric cardboard holder mounted on a translation stage. The
animal was positioned so that the heart localized in the center of
the FOV. Thirty minutes after LCA reflow, ¥"Tc-GLA (148-296
MBq [4—8 mCi]) was injected as a bolus via the jugular vein
catheter, followed by a 0.2-mL saline flush. Dynamic images were
acquired every 1 min for 10 min beginning immediately on injec-
tion, followed by 5-min acquisitions at 15, 20, and 30 min. Then
5-min images were obtained every 15 min from 30 to 120 min after
injection. A total of 24 projections were obtained, one from each
camera. Each projection image was formed using a 24-bit word as
an entry to a precomputed look-up table scheme. In this scheme,
each scintillation event within the Nal crystal of the camera was
registered as the digitized outputs from the camera’s 4 photomul-
tiplier tubes. To estimate energy and interaction position, the 4
outputs were then compared with the 20-bit look-up table. This
table was precal culated using a calibration procedure that involved
moving a collimated source across the camera face (12).

Image Processing

The maximum-likelihood expectation-maximization recon-
struction algorithm was applied to generate 3D images. All images
were reconstructed using 100 iterations. Using SlicerDicer soft-
ware (PIXOTEC LLC), 3D images were computed to provide
images in a 33 X 49 X 49 voxels format, reoriented manually
regarding the cardiac axis. Then serial tomographic short-axis,
vertical, and horizontal long-axis slices of the heart with 1-pixel
thickness (1.0 mm) were generated.

A region of interest (ROI) was established over a hot spot with
the highest activity of mTc-GLA (counts/pixel) selected from a
short-axis dlice of the 120-min image. The ROl was applied to al
images from 1 to 120 min after injection. After correction for
background and *™Tc decay, the radioactivity (counts/pixel/min)
in the hot spot was projected onto the dynamic images to deter-
mine the time—activity curve. Using an ROI selected from the
non-LCA region (left ventricular septum), the normal myocardial
time—activity curve was generated and compared with the curve of
the infarct zone. Hot spots on all short-axis slices of 120-min
image were quantified with ROI analysis to calculate the ratios of
necrotic zone activities to normal myocardial activities and aver-
aged over the whole heart to produce a mean ratio.

Measurement of Myocardial Risk and Infarct

After imaging acquisition was completed, the anima was
moved out of the aperture. The chest of the rat was reopened and
the LCA was reoccluded using the same ligature. To determine the
myocardia ischemic area at risk (IAR), 1.0 mL Evans blue (20%)
in phosphate-buffered saline (PBS) was injected through the fem-
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oral vein, allowing dye to stain the nonischemic portion of the
heart. The risk zone was identified as that region lacking blue
staining. An overdose injection of pentobarbital was followed
immediately to kill the animal. The entire heart was expeditiously
excised, weighed, and rinsed of excess dye with cold saline. ®™Tc
activity in the heart was measured in a CRC-4 radioisotope dose
calibrator (Capintec). The great vessels, atria, and right ventricle of
the heart were removed. The left ventricle was sectioned into 4
transverse slices in a plane parallel to the atrioventricular groove.
Both sides of each tissue slice were photographed immediately
using a D-500L digital camera (Olympus Optical Co.).

TTC staining was used to identify the area with infarct. The
tissue slices were incubated in 1% TTC PBS solution (pH = 7.4)
at 37°C for 20 min and subsequently fixed in 10% PBS-buffered
formalin overnight at 2°C—8°C. The viable myocardium stained by
TTC was dark red. Both sides of each TTC-stained tissue slice
were photographed again with the digital camera.

The IAR (unstained by Evans blue dye) and the TTC-negative
area (white or pale, necrotic myocardium) on the digital photo-
graphs were outlined and quantified using the SigmaScan software
(SPSS Science) in trace-measurement mode. Infarct size was ex-
pressed both as a percentage of total LV mass (% LV) and as a
percentage of the IAR (% IAR).

Determination of Infarct on FASTSPECT Imaging

The hot spot size of ®¥"Tc-GLA on the 120-min image was
determined on short-axis slices using the trace-measurement mode
of SigmaScan software as described. The left ventricular wall was
outlined using the 1-min cardiac blood-pool image as a contrast.
The size of hot spots on short-axis slices were averaged as a
percentage of the entire left ventricle and then normalized to the
percentage of the IAR (% IAR).

Assessment of Ultrastructural Injury

An additional 4 rats were subjected to the experimental protocol
without radiotracer administration. Two rat hearts were treated as
the 1IR30 protocol in group 1; others were treated as the IR90
protocol in group 2. After a 30-min reperfusion, 0.5 mL saline was
intravenously injected to match the injected volume of ®¥™Tc-GLA
and saline in group 1 and group 2. The anesthetized rats were kept
alive under the same experimental conditions as described for 2 h
and then killed at the end of the experiment. Two small blocks of
left ventricular tissue were selected from the LCA ischemic—
reperfused central area and nonischemic area (septum) of each
heart, respectively. The tissue blocks were immersed in a phos-
phate-buffered 3% glutaraldehyde solution (pH 7.4) for 3 h at 4°C.
Then the samples were transferred and postfixed in 1% osmium
tetroxide, dehydrated in a graded series of ethanol, and embedded
in epoxy resin. Ultrathin sections were stained with uranyl acetate
and lead hydroxide and examined with a transmission electron
microscope ([TEM] Phillips CM12).

Data Analysis

All results are expressed as mean + SEM. Comparisons be-
tween groups were performed with 1-way ANOVA. Comparisons
between 2 variables within agroup were made using apaired t test.
Probability values < 0.05 were considered significant. The corre-
lation between myocardial *"Tc-GLA hot spots and myocardial
infarct size as measured by TTC stain was assessed by linear
regression analysis.

Hot spot and normal zone activities were normalized to peak
activities at 2 min for each experiment and averaged for the group
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to produce mean myocardial time—activity washout curves. The
kinetic washout curves of ®™Tc-GLA were fit with nonlinear
regression procedures using TableCurve 2-dimensional software
(Systat Software, Inc.).

Ethics

All experiments were performed in accordance with the animal
research guidelines of the National Research Council (13) and
were approved by the Institutional Animal Care and Use Commit-
tee at The University of Arizona.

RESULTS

FASTSPECT Images of Myocardium with Ischemia-
Reperfusion

A representative reconstructed 3D display of 120-min
FASTSPECT images of a rat heart subjected to the IR90
protocol is shown in Figure 2A. The wall of the left ven-
tricle was partly visualized in the stenosis zone of LCA-
supplied area. Selected tomographic short-axis, horizontal,

and vertical long-axis glices of the heart are showed in
Figures 2A, 2B, and 2C, respectively, which exhibit a hot
spot (increased ®"Tc-GLA uptake) localized on the anterior
wall, lateral wall, and apex of theleft ventricle. Identical hot
spots were detected in al rat hearts of group 1 and group 2
with ischemia—reperfusion imaged with ®*"Tc-GLA. A good
infarct definition with the regional hot spot could be
achieved 10 min after intravenous administration. The in-
farct remained well defined for at least 120 min after injec-
tion. Figure 3 demonstrates representative *mTc-GLA in
vivo FASTSPECT dynamic images in an 1IR30 heart.

Quantitative Analysis of %mTc-GLA Imaging

Myocardia *"Tc-GLA activities were quantified with
the computerized ROI analysis of FASTSPECT images that
were background-subtracted and decay-corrected. Figure
4A shows normalized myocardial time—activity washout
curves. 9¥mTc-GLA exhibited biphasic washout from the

FIGURE 2.
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(A) Three-dimensional representation of reconstructed FASTSPECT dataset of left ventricle in rat treated with IR90
protocol 120 min after injection with 9mTc-GLA. Wall of left ventricle was partly visualized in stenotic zone of LCA-supplied area,
including lateral wall, part of anterior wall, and apex. (B-D) Selected tomographic short-axis, vertical, and horizontal long-axis slices,
respectively, with %mTc-GLA hot spot accumulations on lateral wall, anterior wall, and apex.
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LCA hot spot and norma myocardial zone. The kinetic
washout curves were plotted from 2 to 120 min with a
significant difference observed at each point in time from 10
to 120 min between the LCA hot spot and normal zone in
group 1 and group 2. Beginning at 75 min, the normalized
hot spot activity in group 2 was significantly higher than
that in group 1. Total 2-h fractional washout from the hot
spot was significantly lower than that of the normal zone. As
a result, the fractional retention (% peak) was significantly
higher in the hot spot than that in the normal zone (31.0 =
13vs. 75+ 1.0in 1IR30, P < 0.05; 42.1 = 40vs. 6.4 =
0.9in IR90, P < 0.05) by the end of experiment. The hot
spot of group 2 exhibited significantly higher *°™Tc-GLA
retention than that of group 1 (P < 0.05). By fitting each
individua curve using the TableCurve calculation, biexpo-
nential equations were found to provide the best fits to the
curves. The early phase showed fast washout and the late
phase showed slow washout. The best fit equation was: y =
aexp(—bx) + c-exp(—dx). There was no significant differ-
ence in the half-time value (ty,) for the early phase between
the hot spot and normal zone (IR30: 2.4 + 0.4 vs. 1.6 *= 0.4,
P > 0.05; IR90: 3.8 = 11 vs 20 = 0.2, P > 0.05).
However, there was a significant difference (P < 0.05) for
thety, in the late phase (IR30: 216.3 == 23.8 vs. 66.6 = 5.5,
P < 0.05; IR90: 511.5 = 74.2 vs. 49.1 = 2.9, P < 0.05).

Figure 4B shows that the ratios of the hot spots to normal
myocardial activities increased progressively after *mTc-
GLA administration in the IR30 and IR90 hearts. Beginning
at 45 min, the ratio in group 2 was significantly higher than
that in group 1. The fina ratio was 4.91 = 0.71 in group 1
and 9.53 = 1.76 in group 2 (P < 0.05). The ratio in group
1 with the IR30 protocol was 1.94-fold lower than that in
group 2 with the IR90 protocol. Two hours after injection,
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FIGURE 3. Dynamic tomographic im-
ages (short axis) of 9¥mTc-GLA in heart sub-
jected to 30-min ischemia followed by 30-
min reperfusion from 1 to 120 min after
injection. Blood pool was shown in 1-min
image; an unequivocal hot spot was found
on anterior and lateral wall of left ventricle
from 10 to 120 min.

the averaged ratio of the whole-heart hot spot activity to
normal myocardial activity was 4.1 = 0.3 in group 1 and
7.1 * 11ingroup 2 (P < 0.05).

Myocardial IAR and Infarct Size

The measurements of myocardial ischemic IAR and in-
farct are shown in Table 1. The difference of myocardial
ischemic | ARs as shown by lack of Evans blue between the
hearts subjected to 30- and 90-min LCA occlusion was not
significant. The ®™Tc-GLA hot spots on FASTSPECT im-
ages were consistent with the unstained areas on TTC
staining (Fig. 5A and 5B). The percent infarct size of left
ventricles measured by TTC staining in group 1 was sig-
nificantly smaller than that of group 2. Normalized by the
ischemic IAR, the infarct size (% IAR) in group 1 was still
significantly smaller than that of group 2. The quantified hot
spots with ®"Tc-GLA on FASTSPECT imaging repre-
sented a good agreement with the infarct measurements on
TTC staining. The hearts subjected to 90-min LCA occlu-
sion exhibited significantly larger hot spots compared with
the hearts subjected to 30-min LCA occlusion (P < 0.05).
There was a significant correlation between the infarct mea-
surements (corrected by IAR, % IAR) with TTC staining
and ¥"Tc-GLA FASTSPECT imaging in either group 1
(r = 0.797, P = 0.0019) or group 2 (r = 0.956, P =
0.0029). Figure 6 illustrates the overall correlation between
the measurements in all 18 experimental hearts (r = 0.912,
P < 0.0001).

Electron Microscope Analysis

Representative electron photomicrographs made of thin
sections of myocardial tissue samples for group 1 and group
2 are shown in Figure 7. There were no significant TEM
morphologic differences noted among sections taken from
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FIGURE 4. (A) °*"Tc-GLA kinetic washout curves from normal
and ischemic-reperfused areas in group 1 (IR30) and group 2
(IR90) hearts. Curves were normalized to 100% of initial peak
activity. *P < 0.05 compared with IR90. (B) Ratios of hot spots
to viable myocardial ®™Tc-GLA activities over time from hearts
of group 1 (IR30) and group 2 (IR90). *P < 0.05 compared with
IR90.

the septa of the left ventricles of the hearts subjected to 30-
or 90-min LCA occlusion followed by reperfusion. These
samples exhibited a norma morphologic appearance. In
contrast, hearts subjected to the ischemia—reperfusion treat-

=3
)
FIGURE 5. Hot spots were exhibited on *°™Tc-GLA images
(bottom row) from representative IR 30 heart (A) and IR90 heart
(B) subjected to 30- and 90-min ischemia treatments followed
by reperfusion, which were consistent with myocardial IARs
evaluated by Evans blue (unstained by blue dye) (top row) and
infarcts determined by TTC staining (unstained) (middle row).

Size of infarct and hot spot was relatively smaller in IR30 heart
than that in IR90 heart.

ment showed abnormalities in mitochondrial and myofila-
ment morphology with irreversible myocytic injury indi-
cated by electron-dense inclusions and membrane breaks.
In contrast to the 30-min ischemia heart, the 90-min
ischemia heart exhibited evidence of more severe, irrevers-

TABLE 1
Myocardial IAR and Infarct Measurements
Parameter IAR (% LV) TTC (% LV) TTC (% IAR) GLA (% LV) GLA (% IAR)
IR30 (n = 12) 48.8 = 3.2 245 *+ 32 492 = 4.3 284 £ 21 58.4 £ 2.7
IR90 (n = 6) 562 £1.8 40.8 £ 3.6" 73.4 £ 47" 42.0 £ 2.6" 759 £ 2.7*

*P < 0.05 compared with IR30.
% LV = % LV mass.
Data are expressed as mean * SEM.
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FIGURE 6. Scatter plot illustrates relationship between infarct
measurements by %mTc-GLA FASTSPECT imaging and TTC
staining.

ible injury, including breaks in sarcolemma, abnormal nu-
cleus, hyperplasia of mitochondria, and dense intramito-
chondrial granules. Matrix dilution, swelling, fenestration,
and paucity of cristae with loss of cytosolic glycogen were
found in most mitochondria.

DISCUSSION

In this study, dynamic high-resolution SPECT imaging
enabled detection of myocardial hot spotsin rat heart mod-
els exposed to 30- and 90-min LCA occlusion followed by
reperfusion with ®mTc-GLA. Ischemic—reperfused treat-
ments in the 2 models produced an average infarct size of

9MTc-GLUCARATE IN RAT HEARTS WITH INJURY © Liu et al.

24.5% and 40.8%, respectively, with a significant differ-
ence. The difference in severity of ischemia—reperfusion
injury between the 2 rat heart models was confirmed by
ultrastructural electron microscope examination. Dynamic
FASTSPECT %mTc-GLA imaging demonstrated a good in-
farct definition 10 min after injection. The infarct remained
well defined for at least 120 min after injection. Theratio of
the hot spot to normal myocardial activity increased pro-
gressively after 9mTc-GLA administration. Beginning at 45
min after injection, the ratios in hearts subjected to 90-min
LCA occlusion and reperfusion were significantly greater
than that in hearts subjected to 30-min LCA occlusion. The
slower kinetic washout of ®™Tc-GLA in the IR90 hearts
resulted in a significantly higher radioactive retention com-
pared with that of the IR30 hearts. The hot spots of the IR90
hearts with ®"Tc-GLA on FASTSPECT imaging, which
represented a good agreement with the infarct measure-
ments on TTC staining, were significantly larger relative to
the IR30 hearts. These results confirm that ®™Tc-GLA is
preferentially retained in acute necrotic myocardium after
onset of coronary occlusion. More important, the amount of
retention of ®"Tc-GLA and the size of the hot spot in
ischemic—reperfused myocardium are correlated with the
severity of myocardial injury.

9mTc-GLA has been tested in a variety of animal models
to investigate its infarct-avid localizing properties, includ-
ing ex vivo isolated perfused rat and rabbit hearts and in
vivo rabbit, canine, and swine heart models (2,3,14,15).
Using a swine model with myocardial ischemia induced by
a catheter-mounted stenosis in the left anterior descending
coronary artery, Johnson et a. reported positive uptake of
M®mTc-GLA in the severe ischemic myocardium (15). Of the
159mTc-GLA scan-positive studies, 8 animals showed scat-

FIGURE 7. Myocardial TEM photomicro-
graphs (X27,262) in rat hearts treated by
IR30 and IR90 protocols. (A and C) Elec-
! tron micrographs taken from left ventricu-
lar septum of IR30 heart and IR90 heart,
respectively. Cytoarchitecture is normal
in appearance. (B and D) Electron mi-
crographs taken from LCA ischemic-
reperfused area of IR30 heart and IR90
heart, respectively. Most myofibers show a
reduced number of contractile elements,
breaking of sarcolemma, sarcoplasmic di-
.. lution, abnormal nucleus, and hyperplasia
of mitochondria. Sparse cristae, lucent
matrix, and intramitochondrial dense gran-
ules are common in swollen and frag-
mented mitochondria. IR90 heart exhibited
evidence of more severe and irreversible

injury.

1257


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 14, 2017. For personal use only.

tered TTC-negative staining in the IAR. Electron micro-
scope analysis demonstrated focal irreversible myocyte in-
jury characterized by flocculent densities within
mitochondria from the risk region with ®™Tc-GLA scan-
positive and TTC-positive staining. ®*"Tc-GLA was sensi-
tive enough to be able to detect early mild scattered myo-
cardial infarcts and micronecroses. Obviously, TTC staining
might not delineate myocyte injury in detail and neglect
micronecroses. Thus, we assessed regional myocardia in-
jury in the ischemic—reperfused rat heart models using both
TTC staining and TEM analysis.

Beanlands et al. used a 15-min globa ischemia with a
complete reperfusion rat heart model in comparison with
90-min ischemia (14). Significantly higher myocardial re-
tention of ®°MTc-GLA was found in the 90-min ischemia
model but not in the 15-min ischemia model. Effluent cre-
atine kinase (CK) measurement demonstrated that 90 min of
flow interruption was sufficient to induce myocardia necro-
sis, whereas 15 min was not. It was reported that the
TTC-negative area might contain approximately 13% re-
versible injury in an LCA occlusion rat model with 20-min
ischemia (16). After 20 min of ischemia, myocardial infarct
is markedly increased and further exacerbated by reperfu-
sion. With 30 min of coronary occlusion, the necrotic area
can be clearly delineated within the myocardium with the
TTC staining technique. Therefore, to investigate in vivo
kinetic properties of ®mTc-GLA for assessing the severity
of myocardial ischemia—reperfusion injury, we selected rat
heart models with 30- and 90-min LCA occlusion followed
by reperfusion and compared the severities of irreversible
necrosis. As a result, the radioactivities and sizes of ®MTc-
GLA hot spots were significantly distinguishable between
the hearts subjected to different durations of ischemia. The
high avidity of ®"Tc-GLA for the infarct makes its uptake
visualizable within 10 min after intravenous administration.
Forty-five minutes after injection, the ratios of hot spots to
normal zone radioactivities showed a significant difference
between the 30- and 90-min ischemia heart models.

Few previous studies specifically determined myocardial
washout kinetics of ®MTc-GLA in vivo. The results of our
study show that 30 min of LCA occlusion followed by a
30-min reperfusion induces a significantly slower washout
of ®¥mTc-GLA in the necrotic myocardium compared with
that of the normal myocardial zone. The kinetic alteration of
9mTc-GLA is markedly accelerated by 90-min LCA occlu-
sion. A biexponential function was found to be the best fit
for describing the washout pattern of ®°™Tc-GLA. A rapid
early clearance phase followed by a slow second phase was
observed in the ischemic—reperfused myocardium and nor-
mal zone. In the early phase, which mainly reflects blood
perfusion and effusion, the ty, of ®"Tc-GLA from the
biexponential function did not differ between the infarct and
normal zones. In the second phase, which reflects cellular
efflux of ®°MTc-GLA, the ty, of the hot spot was signifi-
cantly longer than that in the normal myocardium. The
principa differences among the hearts subjected to 30- and
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90-min ischemia resulted from a differential late phase
washout. The longer t,, or slow clearance in the second
phase was more pronounced in 90-min ischemic hearts.
These data indicate that the severity of myocardia injury
induced by different durations of ischemia with reperfusion
in rat heart models can be quantitatively analyzed with
9mTc-GLA dynamic imaging using the fast acquisition ca-
pability of FASTSPECT.

Using FASTSPECT imaging, our previous study has dem-
ongtrated that the infarct size can be quantitatively measured in
rat heart models with ®MTc-sestamibi defects (9). ©MTc-Ses
tamibi myocardia activity correlates the amount of viable
myocardium stained by TTC. The extent of the left ventricular
perfusion defect on ®MTc-sestamibi images reflects the size of
the myocardia infarction. ®"Tc-GLA is accumulated by in-
fracted tissue only. The results of the present study indicate that
hot spot imaging with ®MTc-GLA is promising for the deter-
mination of infarct size in persistently occluded or reperfused
myocardia infarcts. Measurement of FASTSPECT imaging
demonstrated that the hot spot size of ®™Tc-GLA correlates
well with the infarct Sze determined by TTC gaining. In
comparison with %mTc-sestambi imaging, in which the defects
are clearly contrasted with normal myocardium, negative ac-
cumulation of ®"Tc-GLA in norma myocardium makes the
quantitative andysis difficult to caculate the percentage of
infarct over the whole left ventricle in the heart with a small-
sizeinfarct. We used the early blood-pool imageto identify the
left ventricular wall range so that the percentage of infarct size
could be quantified in the present study. Using a computed 3D
display, absolute infarct volume may be measured more reli-
ably, which provides insght into prognosis after acute myo-
cardid infarction.

To our knowledge, the in vivo kinetics of cardiovascular
radiopharmaceuticals have not been investigated previously
with dynamic high-resolution SPECT imaging in rat heart
models. Large animals, such as canines, are often used for
in vivo experimental imaging in coronary artery disease.
However, the cost for large animals is high, and experience
with surgical techniquesis required. The small-animal heart
model, such as rodents, offers advantages over large-animal
models, such as low cost, simple procedures in surgery, and
a high successful rate in modeling. In addition, many gene
therapy strategies for the treatment of cardiac failure and
long-term myocardial protection are being studied in rodent
models with noninvasive imaging requirement. In recent
years, high-resolution tomographic imaging systems have
become available for small-animal studies in basic biomed-
ical science so that many experimental proceduresin large-
animal cardiac models can be performed in rat models (17).
In our rat heart models of the present study, dynamic cardiac
images were acquired with FASTSPECT using procedures
similar to those required by clinical physicians. But tomo-
graphic dynamic imaging cannot be achieved by a regular
clinical rotating SPECT camera. With the advantages of
FASTSPECT, the myocardia radioactivity in the present
study could be quantified accurately and the washout kinet-
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ics of ¥MTc-GLA were determined effectively. The quanti-
tative analysis of myocardia infarct on tomographic images
showed a significant correlation with biochemical staining
measurement.

CONCLUSION

The results of this study demonstrate the property of
9mTc-GLA to positively identify acute infarct myocardium.
9mTc-GLA can mark nonviable regions by hot spot imaging
in myocardium with infarct. Therefore, the severity of myo-
cardia injury induced by different durations of ischemia
after reperfusion could be assessed noninvasively and quan-
titatively. This agent would appear to be clinically useful to
determine the location and size of acute infarcted myocar-
dium very early. 9¥mTc-GLA imaging may not only provide
an imaging tool to diagnose equivocal myocardial infarct in
patients with heart attacks, allowing differentiation of acute
from recent infarcts, but also direct the use of thrombolytic
therapy. Quantitative analyses on dynamic images with
9mTc-GLA would make it possible to identify myocardial
acute necrosis earlier and more accurately and provide a
unique, noninvasive tool for evaluation of patient prognosis.
The FASTSPECT imaging with the ischemic—reperfused rat
heart model provides a solution-specific approach with high
spatial resolution and fast dynamic acquisition for kinetic
studies of new myocardial imaging agents as the evidence
of its major role in the present study.
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