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The purpose of this study was to develop an in vivo imaging
protocol for a high-resolution stationary SPECT system, called
FASTSPECT, in a rat heart model of ischemia–reperfusion (IR)
and to compare 99mTc-sestamibi imaging and triphenyltetrazo-
lium chloride (TTC) staining for reliability and accuracy in the
measurement of myocardial infarcts. Methods: FASTSPECT
consists of 24 modular cameras and a 24-pinhole aperture with
1.5-mm spatial resolution and 13.3 cps/�Ci (0.359 cps/kBq)
sensitivity. The IR heart model was created by ligating the left
coronary artery for 90 min and then releasing the ligature for 30
min. Two hours after 99mTc-sestamibi injection (5–10 mCi [185–
370 MBq]), images were acquired for 5–10 min for 5 control rats
and 11 IR rats. The hearts were excised, and the left ventricle
was sectioned into 4 slices for TTC staining. Results: Left and
right ventricular myocardium in control rats was shown clearly,
with uniform 99mTc-sestamibi distribution and 100% TTC stain-
ing for viable myocardium. Nine of 11 rats with IR survived
throughout imaging and exhibited 50.8% � 2.7% ischemic area
and 37.9% � 3.9% infarct in the left ventricle on TTC staining.
The infarct size measured by FASTSPECT imaging was 37.6%
� 3.6%, which correlated significantly with that measured by
TTC staining (r � 0.974; P � 0.01). Conclusion: The results
confirmed the accuracy of FASTSPECT imaging for measure-
ment of acute myocardial infarcts in rat hearts. Application of
FASTSPECT imaging in small animals may be feasible for in-
vestigating myocardial IR injury and the effects of revascular-
ization.
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Large animals such as dogs are often used for in vivo
experimental imaging of coronary artery disease. However,
large animals are expensive, and experience with surgical

techniques is required. Development of novel myocardial
imaging techniques and preclinical testing of cardiovascular
radiopharmaceuticals require an in vivo heart model of
small animals such as rats. In recent years, high-resolution
tomographic imaging has become available for small-ani-
mal studies in basic biomedical science or preclinical re-
search studies (1). High-resolution SPECT systems (2–5)
have been found useful in myocardial imaging, functional
brain imaging, and gene-expression studies. The Radiology
Research Laboratory at the University of Arizona (Tucson,
AZ) has designed and built a high-spatial-resolution SPECT
system, called FASTSPECT, that consists of 24 modular cam-
eras with a multiple-pinhole aperture (6). The FASTSPECT
system was originally designed as a brain imager. Using a
24-pinhole cylindric aperture, FASTSPECT can be applied to
small-animal cardiac imaging.

Interest has been growing in the use of SPECT to deter-
mine myocardial infarct size (7–9). Measurement of the
acute myocardial perfusion defect by injection of perfusion
agents, such as 99mTc-sestamibi, during coronary occlusion
indicates the amount of myocardium at risk. Injection of
99mTc-sestamibi after coronary reperfusion permits mea-
surement of infarct size. When obtained through high-res-
olution imaging of small animals, these measurements can
be used to investigate metabolism, revascularization ther-
apy, gene therapy, novel cardiovascular medicines for sal-
vaging myocardium that has undergone ischemia–reperfu-
sion (IR), and new radiopharmaceuticals for diagnosing
myocardial ischemia and infarction.

The purpose of this study was to develop an in vivo
imaging protocol for FASTSPECT in a rat model of myo-
cardial IR and to compare99mTc-sestamibi imaging and tri-
phenyltetrazolium chloride (TTC) staining for reliability
and accuracy in the measurement of myocardial infarct size.

MATERIALS AND METHODS

Animal Preparation and IR Heart Model
Sixteen male Sprague–Dawley rats (body weight range, 250–

350 g) were used in the experiments and were separated into 2
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groups. Normal myocardial imaging with 99mTc-sestamibi was
performed without surgery on 5 rats, which served as a control
group. An additional 11 rats served as an IR group to undergo
99mTc-sestamibi imaging. The rats were anesthetized with pento-
barbital (40 mg/kg). Additional anesthesia was given during the
experiment as necessary.

The rats in the IR group were prepared by removing the fur
from the chest and neck with electric clippers. After tracheotomy,
the rats were ventilated by a volume-controlled Inspira Advanced
Safety Ventilator (Harvard Apparatus, Inc., Holliston, MA) with a
mixture of oxygen and room air. Using each animal’s weight, Safe
Range software (Harvard Apparatus) automatically calculated the
correct tidal volume (1.5–2.1 mL) and respiration rate (70–77
breaths per minute) for that animal. The heart was exposed through
a left thoracotomy incision. Myocardial IR was produced by a
technique similar to techniques described previously (10–11). A
small, curved, tapered needle carried a 5-0 silk thread through the
tissue between the pulmonary cone and the left auricular append-
age. The ligature was tied around the left coronary artery (LCA)
with a small bundle of myocardium. The LCA was occluded for 90
min using a temporary ligature (12). Thirty minutes of reperfusion
were achieved by release of the ligature.

FASTSPECT System
The FASTSPECT system (6) has 24 small, modular gamma

cameras arranged in 2 circular arrays: 1 array of 11 cameras and 1
array of 13 cameras. Each modular camera consists of a 10 � 10
cm NaI(Tl) scintillation crystal (Rexon Components, Inc., Beach-
wood, OH), an optical light guide, 4 square (5 � 5 cm) photo-
multiplier tubes (Hamamatsu Photonics K.K., Hamamatsu, Japan),
and associated electronics. The unshrouded system is shown in
Figure 1. Twenty-four 1-mm-diameter pinholes were drilled in a
cylindric aperture such that a point source in the center of the field
of view was simultaneously projected to the center of each camera.
The total magnification was 3.5 in a 3.0 � 3.2 � 3.2 cm field of
view. The sensitivity of the system for a point source in air was
13.3 cps/�Ci (0.359 cps/kBq). The system response matrix H was
measured by moving a 1-mm point source in incremental steps
inside the object space.

Image Acquisition
99mTc-sestamibi (5–10 mCi [185–370 MBq]) was injected

through the femoral vein of both control and IR rats after 30 min
of reperfusion. Each rat was placed into the aperture using a
6-cm-diameter cylindric cardboard holder, which was mounted on
a translation stage for accurate positioning of the heart in the center
of the field of view. Multiple images were acquired for 5–10 min
from 1 to 2 h after a 99mTc-sestamibi injection. Twenty-four
projections were obtained, 1 from each camera. Projection images
were generated using a lookup-table scheme. In this scheme, each
scintillation event within the NaI crystal of the camera was regis-
tered as the digitized output from the 4 photomultiplier tubes of the
camera. To estimate energy and interaction position, the 4 outputs
were then compared with a 20-bit lookup table. This table was
precalculated using a calibration procedure that involved moving a
collimated source across the camera face. The projections were
transferred to a workstation, where a 3-dimensional image was
obtained using 100 iterations of the maximum-likelihood expec-
tation maximization (MLEM) reconstruction algorithm (13–15).
Spatial resolution in the reconstructed image was approximately
1.5 mm in all 3 directions.

Myocardial Ischemic Area at Risk and TTC Infarct Size
Measurement

After the heart had been imaged, the LCA with IR was reoc-
cluded. Evans blue dye (1.5%, 1.0 mL) in phosphate-buffered
saline (PBS) was injected into the left ventricular cavity to mea-
sure the myocardial ischemic area at risk. The animal was killed by
a pentobarbital overdose. For both the control group and the IR
group, the entire heart was excised and weighed. The 99mTc activ-
ity in the heart was measured in a dose calibrator. 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 the tissue
slices were immediately photographed using a digital camera
(D-500L; Olympus Optical Co., Ltd., Tokyo, Japan).

TTC staining was used to assess myocardial tissue viability and
determine myocardial infarct size. The tissue slices were incubated
in 1% TTC PBS solution, pH 7.4, at 37°C for 20 min. Tissues were

FIGURE 1. (A) High-resolution stationary
SPECT system, FASTSPECT. Four modu-
lar cameras can be seen through window,
where 2 sheets of lead were removed. (B)
Photomultiplier tube (Hamamatsu Photon-
ics K.K., Hamamatsu, Japan) and modular
scintillation camera of FASTSPECT sys-
tem.
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fixed in 10% PBS-buffered formalin overnight at 2°C–8°C. Both
sides of each TTC-stained tissue slice were photographed with the
digital camera.

The digital photographs were downloaded to a personal com-
puter. The ischemic area at risk (unstained by Evans blue dye) and
the infarcted area (unstained by TTC) were measured using Sigma-
Scan software (SPSS Science, Chicago, IL) in trace-measurement
mode. That mode was used to measure either the ischemic area or
the infarcted area, which is a sum of calibrated pixels in a defined
region, through manually drawing an image layer on the photo-
graph. The results appeared in the specified worksheet columns as
the measurements were made. Infarct size was expressed both as a
percentage of total left ventricular mass and as a percentage of the
ischemic area at risk. The correlation between photographs of TTC
staining and FASTSPECT images 2 h after MIBI injection with
respect to infarct size was analyzed.

Image Processing
Tomographic reconstruction was performed using the MLEM

algorithm. The projection model built into this algorithm was
generated using a calibration scheme that involved moving an
uncollimated source through the imaging field of view of the
system and recording its response at each calibration point. With
Slicer Dicer software (Pixotec, LLC, Renton, WA), the transaxial
data were reoriented obliquely, and long- and short-axis slices of
the heart were generated with a 1-pixel thickness (1.0 mm). A
lower threshold value was set at approximately 60 in a color range
from 0 to 255 to display methoxyisobutylisonitrile myocardial
uptake.

The defect of 99mTc-sestamibi myocardial distribution in each
short-axis slice was quantified on the images 2 h after injection
using the trace-measurement mode of the SigmaScan software.
The radioactive defects of short-axis slices were averaged as a
percentage of the entire left ventricle.

Data Analysis
All results are expressed as mean � SEM. Groups were

compared using 1-way ANOVA. Variables within a group were
compared using a paired t test. Probability values � 0.05
were considered significant. The correlation between 99mTc-
sestamibi–measured myocardial defects and TTC-measured myo-
cardial infarct size was assessed using linear regression analysis.

Ethics
All experiments were performed in accordance with the animal

research guidelines of the National Institutes of Health (16) and
were approved by the Institutional Animal Care and Use Commit-
tee of the University of Arizona.

RESULTS

Normal Myocardial Images
All rats in the control group survived throughout image

acquisition. In the short-axis images, vertical and horizontal
long-axis images, and 3-dimensional displays, left ventric-
ular myocardium and right ventricular myocardium were
shown clearly, with uniform distribution of 99mTc-sestamibi
in all images. The representative images of 1 control rat
heart are shown in Figure 2. TTC staining showed that all
myocardial regions were 100% viable (Fig. 3).

Images of Myocardium with IR
In the IR group, 1 rat died 10 min after reperfusion and 1

rat died 30 min after 99mTc-sestamibi injection. The
FASTSPECT images of the 9 surviving rats showed re-
gional defects localized in the LCA-supplied area, including
the anterior wall, apex, and part of the lateral wall of the left
ventricle (Fig. 4). The right ventricular myocardium was

FIGURE 2. Representative 99mTc-sestamibi tomograms from
1 control rat heart 2 h after injection, including short-axis (A),
vertical long-axis (B), and horizontal long-axis (C) views.
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fully visible for all 9 IR rats, with uniform 99mTc-sestamibi
distribution.

Myocardial Ischemic Area at Risk and Infarct Size
In the 9 surviving rats of the IR group, TTC staining

showed myocardial infarction. The myocardial ischemic
area at risk, as determined by lack of Evans blue dye, was
50.8% � 2.7% in those rats. The 99mTc-sestambi defects on
FASTSPECT images were consistent with the unstained
areas on TTC staining (Fig. 5). For the left ventricle, the
infarct size measured by TTC staining was 37.9% � 3.9%,
which was 73.0% � 4.9% of the ischemic area at risk.
The infarct size measured by FASTSPECT imaging was
37.6% � 3.6%, which was 72.9% � 4.4% of the ischemic
area at risk. No significant difference was found between the
infarct size measured by TTC staining and the infarct size
measured by FASTSPECT imaging (P � 0.05). Figure 6
shows a significant correlation between infarct size on TTC
staining and infarct size on FASTSPECT imaging (r �
0.974; P � 0.01).

DISCUSSION

In this study, an in vivo IR rat heart model was developed.
99mTc-sestamibi in vivo imaging was performed on normal
myocardium and myocardium with acute infarction using a
high-resolution stationary SPECT system, FASTSPECT.
The acquisition procedures, imaging process, and recon-
struction in the rat heart model were programmed. Infarct

measurement through imaging was evaluated and compared
with that through myocardial TTC staining.

Higher-resolution small-animal imaging systems using
SPECT (2–6,17,18) and PET (19,20) are continuously be-
ing sought and developed to improve spatial detail and
image quality in basic biomedical science or preclinical
research studies. Pinhole planar imaging may be adequate
for small-animal imaging in some studies but is not ade-
quate in studies that require accurate quantitative analysis of
images.

FASTSPECT has unique advantages. The system was
originally designed and built for human brain imaging. By
adopting a cylindric aperture with 24 pinholes 1 mm in
diameter, FASTSPECT can be used for imaging small an-
imals such as rats and mice. The name FASTSPECT (Fast
Stationary SPECT) was chosen because no motion by the
aperture or detector is required for acquisition of projection
data. Artifacts caused by detector motion or aperture struc-
ture are therefore avoided. FASTSPECT is a true dedicated
4-dimensional imaging system with stationary camera mod-
ules and a stationary multiple-pinhole aperture (6,18).

99mTc-sestamibi has been widely used as a perfusion
imaging agent in the diagnosis of coronary artery disease.
Experimental and clinical studies have suggested that 99mTc-
sestamibi is useful in the evaluation of myocardial viability
(21–25). In myocardium with IR, irreversible myocardial
damage occurs when the ischemia is severe and prolonged.

FIGURE 3. (A) FASTSPECT imaging shows uniform myocardial distribution of 99mTc-sestamibi in control rat heart. (B) Left
ventricular myocardium in control rat heart was stained red by TTC and exhibits 100% viability. Differences in cavity size and left
ventricular wall thickness are caused by postmortem shrinking of tissue.
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99mTc-sestamibi cannot be retained in myocardial regions
that have been irreversibly injured by prolonged coronary
occlusion followed by reperfusion (26). Thus, 99mTc-sesta-
mibi imaging is valuable for assessing both the myocardium
at risk and the infarct. 99mTc-sestamibi myocardial activity
correlates with the amount of viable myocardium stained by

TTC (25). Absence of TTC staining indicates myocardial
enzyme release and membrane damage in the nonviable
myocardium. The extent of the left ventricular perfusion
defect on 99mTc-sestamibi images reflects the size of the
myocardial infarction (23,27).

Using rotating-pinhole SPECT cameras, studies have
shown that myocardial infarcts can be detected and quanti-
tatively measured in rat heart models (4,28). In those re-
ported studies, myocardial infarcts were determined 48 h
after LCA occlusion with reperfusion (4) and 24 d after
occlusion without reperfusion (25). Because rotating
SPECT cameras were used, 30–60 min of acquisition time
were required. In this study, we developed an acute IR rat
heart model that more closely relates to clinical cases of
acute heart attack and revascularization. The IR in the rat
heart model was applied by temporary ligation of the LCA,
and acute myocardial infarction was successfully induced.
Using FASTSPECT, high-quality images were achieved
using only 5- to 10-min acquisitions 1–2 h after 99mTc-
sestamibi injection. Both the left and the right ventricles
were displayed fully and clearly. The myocardial defects of
99mTc-sestamibi activity seen on FASTSPECT images of the
hearts with acute IR were consistent with the myocardial
infarcts seen on photographs of TTC staining. An excellent
correlation was shown between infarct sizes measured on
FASTSPECT imaging and those measured through TTC
staining.

In small-animal models of acute myocardial infarction,
the duration of anesthesia and the intravenously injected
volume of imaging agent are limited. Fast, repeated imaging
combining high sensitivity and high spatial resolution is
required so that the ongoing myocardial injury produced by
IR can be detected effectively and repeatedly. Using
FASTSPECT, a rapid sequence of 3-dimensional images
can be acquired in the rat heart model. For tomographic
imaging, no uniformity or center-of-rotation corrections are
required, and an artifact caused by an inaccurate rotation
center is not present. Scatter influence from neighboring
organs is minimal in this imaging system, so we did not use
any shielding, such as an abdominal lead belt.

In this open-chest rat heart model with acute IR, hemo-
dynamic measurement was not applied. The hemodynamic
status may not be consistent among experimental animals.
In addition, when the infarcted myocardium involves a large
defect with 99mTc-sestambi, there may be an invisible out-
line of myocardial activity in the apex, complicating quan-
titative analysis using the SigmaScan planimetry measure-
ment. The analysis of short-axis circumferential profiles
may allow more accurate identification of the infarct zone.
Gating SPECT provides a valuable adjunct in characterizing
fixed defects and enhancing the assessment of myocardial
viability with 99mTc-sestamibi. Gated tomographic imaging
is not available in the current version of FASTSPECT but
will be available in a new system, FASTSPECT II, which
will soon be online.

FIGURE 4. Representative 99mTc-sestamibi images from 1 IR
rat heart 2 h after injection, including short-axis (A), vertical
long-axis (B), and horizontal long-axis (C) views. Regional per-
fusion defects are localized in anterior wall, apex, and part of
lateral wall of left ventricle.
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FIGURE 5. Perfusion defects seen on FASTSPECT 99mTc-sestamibi images 2 h after injection in heart with IR (A) are consistent
with myocardial ischemic area at risk, as determined by Evans blue dye (unstained by blue dye) (B), and with infarct myocardium,
as determined by TTC staining (unstained by TTC) (C).

FIGURE 6. Scatterplot shows correla-
tion between 99mTc-sestamibi radioactive
defect size on FASTSPECT images 2 h
after injection and anatomic infarct size
(TTC staining). LV � left ventricle.
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CONCLUSION

A successful myocardial IR rat model was developed, and
acute myocardial infarct size was accurately measured using
FASTSPECT imaging. This study showed that application
of FASTSPECT imaging in small animals may be feasible
for investigating myocardial IR injury and the effects of
revascularization.
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