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Abstract
Introduction 99mTc-sestamibi has been proposed as a
viability imaging agent. The purposes of this study were:
(1) to determine the relationship between myocardial
viability and 99mTc-sestamibi kinetics using perfused rat
heart models across a full spectrum of viability, (2) to do so
under conditions where myocardial flow was controlled and
held constant, and (3) to do so using multiple quantitative
methods to assess myocardial viability.
Methods Twenty-three isolated rat hearts were perfused
retrogradely with a modified Krebs-Henseleit (KH) solu-
tion. Four groups were studied: controls (C, n=6), stunned
(S, n=6), ischemic-reperfused (IR, n=6), and calcium
injured (CAL, n=5). Following a 20-min baseline and
subsequent treatment phase, 99mTc-sestamibi was infused

over 60 min (uptake) followed by 60 min clearance.
Treatment phases consisted of 20 min no flow for S, 60
min no flow followed by 60 min reflow for IR, and 10 min
infusion of KH solution without calcium followed by 20
min infusion of KH solution with 2 times normal calcium
for CAL hearts. Creatine kinase (CK) assay, triphenyl-
tetrazolium chloride (TTC) staining, and transmission
electron microscopic (TEM) analysis were used to deter-
mine tissue viability.
Results Myocardial peak 99mTc-sestamibi uptake (%id) was
significantly decreased in IR (4.11±0.22 SEM; p<0.05)
and CAL (1.07±0.13; p<0.05), but not in S (4.88±0.17) as
compared with C (5.99±0.50). One hour fractional reten-
tion was 79.3±1.9% for C, 80.3±1.3% for S (p=n.s.),
79.1±1.8% for IR (p=n.s.), and 14.9±4.3% for CAL
(p<0.05 compared to all other groups). 99mTc-sestamibi
absolute retention (%id) 1 h after the end of tracer
administration was significantly decreased in IR (3.26±
0.23) and CAL (0.15±0.02) as compared with both S
(3.92±0.16) and C (4.52±0.32) (p<0.05). CK increased
significantly from baseline in the IR and CAL hearts. TTC
determined percent viability was 100±0% for C, 98.3±
1.1% for S, 82.8±2.6% for IR, and 0.0±0% for CAL. TEM
analysis supported these findings. End tracer activity
was significantly correlated with TTC determined per-
centage viable myocardium (r=0.93, p<0.05) and CK
leak (r=−0.90, p<0.05).
Conclusion 99mTc-sestamibi myocardial activity is signifi-
cantly reduced in areas of nonviability after 1 h of tracer
uptake and 1 h of tracer clearance. There is a linear
correlation between myocardial viability, as determined by
three independent methods, and tracer activity.
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Introduction

Myocardial viability is an important parameter to assess in
patients with coronary artery disease. Patients presenting
with acute myocardial infarction of varying durations need
rapid assessment of myocardial viability to determine
whether reperfusion strategies will still be effective in
salvaging myocardial tissue. Patients with chronic coronary
artery disease and poor left ventricular function require an
accurate assessment of viability to determine whether
percutaneous coronary interventions or coronary bypass
surgery will help restore ventricular function and relieve
chest pain. The morbidity and mortality following coronary
bypass surgery may also depend on the amount of viable
myocardium.

Myocardial imaging using positron emission tomogra-
phy may be the standard for assessing myocardial viability,
but is not widely available. Myocardial imaging using
thallium-201 is more readily available and has been used
extensively for assessing myocardial viability. However,
because of the relatively fewer counts associated with
thallium-201, viability imaging using 99mtechnetium-labeled
radiopharmaceuticals has been proposed. 99mTc-sestamibi is
widely utilized for myocardial perfusion imaging in
conjunction with exercise or pharmacologic stress and has
also been proposed as a viability imaging agent. Several
investigators have reported the utility of 99mTc-sestamibi
for assessing myocardial viability [1–12], while a number
of other investigators have questioned the utility of 99mTc-
sestamibi for assessment of myocardial viability [13–22].
Furthermore, in several of these studies, the relative
contributions of flow and viability to 99mTc-sestamibi
uptake could not be determined. Thus, the purposes of the
current study were: (1) to determine the relationship
between myocardial viability and 99mTc-sestamibi kinetics
using a number of perfused rat heart models across a full
spectrum of viability, (2) to do so under conditions where
myocardial flow was controlled and held constant, and (3)
to do so using multiple quantitative methods to assess
myocardial viability.

Methods

Isolated perfused rat heart preparation Male Sprague-
Dawley rats (weighing 375–400 g) were used for this
study. After deep anesthesia was achieved with 65 mg
sodium pentobarbital, administered intraperitoneally, 400
units of heparin were administered intravenously. Rat hearts
were rapidly excised from the chest and placed in ice-cold
saline. The aortic stump was then immediately mounted by
suture to the cannula of the perfusion apparatus and
perfused in a retrograde manner at a normal flow rate

(12 ml/min) with a modified Krebs-Henseleit solution
(mmol/l) of 1.25 KH2PO4, 0.56 MgSO4, 1.51 CaCl2, 4.88
KCl, 0.833 ethylenediaminetetraacetate (EDTA), 127 NaCl,
20 NaHCO3, and 5.77 glucose. The solution was continu-
ously bubbled with 95% O2/5% CO2 to keep pH between
7.35 and 7.45, and O2 at 250% saturation. The temperature
of the perfusate was maintained at 37°C by water bath. A
latex fluid-filled balloon was inserted through the left
atrium into the left ventricle and connected to a stiff
catheter which was attached to a Statham P23ID pressure
transducer in order to measure left ventricular diastolic and
systolic pressures. Coronary perfusion pressure was also
monitored throughout each experiment using a similar
pressure transducer connected to the perfusion line just
before the cannula connected to the aortic stump. All hearts
were atrially paced at 300 bpm throughout the protocol.

Study protocol Figure 1 illustrates the experimental design.
After 20 min of baseline, hearts were subjected to the
following treatments: control hearts (n=6) received no
treatment and were perfused at 12 ml/min; stunned hearts
(n=6) were treated with no flow for 20 min followed by
reflow (5 min for hemodynamic stabilization); ischemic-
reperfused hearts (n=6) were treated with 60 min no flow
and 60 min reflow; and calcium injured hearts (n=5) were
treated with 10 min of perfusion without calcium followed
by 20 min perfusion with twice normal calcium concentra-
tion, followed by 10 min perfusion with normal calcium
concentrations (for hemodynamic and calcium stabiliza-
tion). Following treatment, 7.4 MBq (200 μCi) 99mTc-
sestamibi was infused over 60 min (uptake). Hearts were
then perfused with Krebs-Henseleit solution without tracer
for 60 min (clearance).

Tracer monitoring Radiotracer activity was measured by a
lead-collimated sodium iodide scintillation detector placed
3 cm from the heart and recorded over time by a
computerized multichannel analyzer (MCA) (Canberra

Fig. 1 Experimental protocol employed in this study. See text for
details
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Nuclear, Schaumburg, IL, USA) operating in multichannel
scaling mode. Known activities of 99mTc were used to
calibrate the recording system. 99mTc energy range was
assessed by placing a source in the location that the heart
would occupy, then operating the MCA in pulse height
analyzer (PHA) mode. The detection window was set at
126–154 keV. Myocardial 99mTc-sestamibi activity was
recorded at 60-s time intervals throughout the protocol.
Time-activity curves during uptake and clearance were
converted from analog to digital data and displayed on a
computer monitor. Following each experiment, data were
transferred to a spreadsheet for background subtraction,
decay correction, and further analysis. Background activity
was recorded prior to and at the end of each experiment.
The end background activity was used for background
subtraction. The end activities (μCi) for all hearts were
measured with a dose calibrator. All hearts were weighed
after activities were measured.

Triphenyltetrazolium chloride (TTC) Triphenyltetrazolium
chloride (TTC) staining was used to determine myocardial
tissue viability. At the end of each experiment, the great
vessels, atria, and right ventricle of the heart were removed.
The left ventricle was sectioned into four short-axis slices.
Tissues were incubated in TTC solution with pH 7.8 at 37°C
for 15 min. The TTC-stained tissue slices were photo-
graphed on both sides. These photographs were digitized
by scanning into a computer and quantitatively analyzed
using SigmaScan Pro software (Jandel, San Rafeal, CA,
USA). Digital planimetry was used to calculate the
percentage of viable and nonviable myocardium in each
slice by averaging the measurements of the TTC-positive
and TTC-negative areas in photographs of the front and
back of each slice and then summing these to derive a total
for the left ventricle.

Others have also used TTC to assess for necrosis in a rat
heart model using global ischemia [23].

Creatine kinase assay Creatine kinase (CK) release was
measured over time to assess myocyte injury. A 1-ml
sample of effluent from the perfused heart was collected
every 15 min throughout the experiment and kept at 0°C.
Using a spectrophotometer Model DU640 (Beckman,
Fullerton, CA, USA) and CK assay kits (Sigma, St. Louis,
MO, USA), CK sample concentrations were determined
and corrected by heart weight (U/l per g).

Transmission electron microscopy (TEM) Krebs-Henseleit
perfused hearts were subjected to transmission electron
microscopy (TEM) for myocardial ultrastructural analysis.
Two additional hearts representing each group were sub-
jected to the same protocols stated above, but with no
radiotracer administration, and were then subjected to TEM

analysis. When the experimental protocol was completed,
each heart was perfusion-fixed with 0.2%, pH 7.4 buffered,
glutaraldehyde (12 ml/min) for 5 min. Tissue samples were
taken from the endocardial and epicardial regions of the left
ventricle and further fixed by immersion for 1 h with 1%
aqueous osmium tetroxide. Then, the tissue samples were
en bloc stained overnight in 0.5% aqueous uranyl acetate,
dehydrated by graded ethanol solutions and propylene
oxide, and embedded in PolyBed 812. Two representative
blocs were selected for ultrathin sectioning and examination
in Zeiss 109 TEM. Ten grids per group were examined.

Data analysis After background subtraction and decay
correction, myocardial 99mTc-sestamibi time-activity uptake
data were plotted using the group mean counts from the
multichannel analyzer. Myocardial clearance data were
normalized to peak uptake counts. Absolute peak uptake
activity was calculated by using the final well counter
measured end activity and back calculating from the probe-
determined clearance. Both the peak and end activities were
corrected for injected dose of 99mTc-sestamibi (%id).

The data are expressed as mean±SEM. Between-group
comparisons were performed by one-way analysis of
variance. Post hoc comparisons were made using the t-test
with Bonferroni correction in order to determine which of
the groups were significantly different from controls.
Probability values less than 0.05 were considered signifi-
cant. Pearson r analysis was applied to assess the correlation
between 99mTc-sestamibi myocardial retention and CK leak
or TTC-determined percentage myocardial viability.

Ethics All experimental animals were handled in accor-
dance with the guiding principles of the American
Physiological Society and experimental protocols approved
by the Institutional Animal Care and Use Committee of the
University of Oklahoma Health Sciences Center.

Results

Hemodynamics The hemodynamic data are shown in
Table 1. There were no significant changes in the control
group during the experiment for any hemodynamic param-
eter. The stunned group demonstrated decreased left
ventricular systolic and developed pressure. The ischemic-
reperfused group demonstrated decreased left ventricular
systolic and developed pressure, heart rate, and increased
diastolic pressure. The calcium injured group demonstrated
decreased left ventricular systolic and developed pressure,
with increased coronary perfusion and left ventricular
diastolic pressures. This group became asystolic despite
pacing.
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Myocardial 99mTc-sestamibi kinetics

Myocardial 99mTc-sestamibi uptake Figure 2 shows 99mTc-
sestamibi myocardial uptake kinetics (cpm/g) for the four
groups. There was no significant difference in myocardial
uptake between control and stunned groups. Both groups
demonstrated linear uptake. Uptake in the ischemic-reper-
fused was significantly reduced (p<0.05) compared to
either the control or stunned groups. However, the uptake
curve remained linear. The calcium injured group had the
lowest uptake, which was significantly depressed relative to
all other groups (p<0.05).

Myocardial 99mTc-sestamibi fractional washout Decay-
corrected and normalized 99mTc-sestamibi clearance curves
for the four groups are shown in Fig. 3. 99mTc-sestamibi
fractional retentions in the stunned and the ischemic-
reperfused groups were not significantly different compared
with the control group at any time. The calcium injured
group demonstrated an accelerated clearance with a rapid
early phase and a slower second phase. The fractional
retention of 99mTc-sestamibi for the calcium injured group
was significantly different from all other groups at all times

(p<0.05). One-hour fractional retention was 79.3±1.9% for
control, 80.3±1.3% for stunned (p=n.s.), 79.1±1.8% for
ischemic-reperfused (p=n.s.), and 14.9±4.3% for calcium
injured hearts (p<0.05 compared to all other groups).

Fig. 2 99mTc-sestamibi myocardial uptake time-activity curves. *p<0.05
compared with control

Table 1 Hemodynamic data (mean±SEM)

Baseline Treatment 30 min p tracer 60 min p tracer 90 min p tracer 120 min p tracer

CPP (mmHg)
Control 52.5±0.85 52.3±0.9 52.7±0.8 53.2±0.8 53.0±0.7
Stunned 53.5±1.5 54.0±1.9 54.5±1.8 57.0±2.7 56.8±2.2
IR 60 50.7±0.7 48.1±1.6 48.7±2.3 50.3±2.8 53.0±2.5 54.3±2.3
Calcium 50.8±0.8 119.6±21.5* 153.6±19.9* 149.8±23.6* 148.4±24.6* 148.6±24.6*
LV systolic pressure (mmHg)
Control 85.7±3.2 89.2±4.4 90.5±4.2 88.7±4.5 89.5±5.3
Stunned 90.5±2.6 75.0±2.6* 73.7±3.6* 70.2±3.5* 70.7±3.5*
IR 60 85.0±2.8 84.1±7.1 72.3±4.3* 73.3±5.8* 73.7±4.6* 74.0±4.4*
Calcium 84.6±2.3 69.8±9.4* 70.2±10.8* 67.8±12.1* 61.8±12.1* 62.2±11.9*
LV diastolic pressure (mmHg)
Control 6.3±0.6 7.0±0.7 6.8±0.7 6.7±0.4 7.0±0.7
Stunned 6.5±0.6 7.8±1.0 6.5±0.9 5.5±0.9 5.3±0.7
IR 60 7.0±0.8 47.3±10.1* 44.0±11.4* 44.3±11.2* 43.7±12.2* 44.7±11.9*
Calcium 5.2±0.2 70.2±10.8* 68.8±9.4* 67.8±12.1* 61.8±12.1* 62.2±11.9*
LV developed pressure (mmHg)
Control 79.3±0.6 82.2±3.9 83.7±3.6 82.0±4.4 82.5±5.3
Stunned 84.0±2.4 67.2±1.9* 67.2±2.9* 64.7±2.7* 65.3±2.9*
IR 60 78.0±2.9 37.7±10.6* 28.3±10.8* 29.0±11.5* 30.0±11.9* 29.3±11.7*
Calcium 79.4±2.2 0.0±0.0* 0.0±0.0* 0.0±0.0* 0.0±0.0* 0.0±0.0*
Heart rate (bpm)
Control 300±0 300±0 300±0 300±0 300±0
Stunned 300±0 300±0 300±0 300±0 300±0
IR 60 300±0 270±30.0* 228±58.2* 232±58.5* 240±60* 240±60*
Calcium 300±0 0.0±0.0* 0.0±0.0* 0.0±0.0* 0.0±0.0* 0.0±0.0*

CPPcoronary perfusion pressure, LV left ventricular
*p<0.05 compared with baseline
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Myocardial 99mTc-sestamibi peak and end activity Figure 4
illustrates peak and end 99mTc-sestamibi activities (%id).
The peak activities in the control and stunned groups were
5.99±0.50 and 4.88±0.17 (p=n.s.). The ischemic-
reperfused group had a significantly lower peak activity
(4.11±0.22) than either control or stunned groups (p<0.05).
Peak 99mTc-sestamibi activity in the calcium injured group
was markedly and significantly decreased (1.07±0.13)
compared to all other groups (p<0.05). The end activity
for the control was 4.52±0.32, which was not significantly
different from the stunned (3.92±0.16, p=n.s.), but was
significantly higher than the ischemic-reperfused (3.26±
0.23, p<0.05) and calcium injured groups (0.15±0.02,
p<0.05).

Myocardial viability

CK assay The CK assay results are shown in Table 2.
There was no significant difference in CK leak among the
groups during baseline. No significant elevation of CK leak
was found in the control and stunned groups during uptake
and clearance in comparison with their respective baselines.
In the ischemic-reperfused group, CK leak was significant-
ly increased during ischemia and reperfusion and then
returned toward baseline level during uptake and clearance.
Calcium treatment induced CK leak in the calcium injured
group significantly beyond baseline (approximately 50–
100-fold). However, during uptake and clearance, CK leak
returned to baseline level.

TTC analysis The percentage of viable myocardium,
expressed as percent total left ventricle, was determined
by TTC analysis. There was 100±0% viable myocardium
in controls, 98.3±1.1% viable myocardium in the stunned

(p=n.s.), 55.2±2.5% viable myocardium in the ischemic-
reperfused (p<0.05 compared to control), and 0±0% viable
myocardium in the calcium injured group (p<0.05 com-
pared to control).

Transmission electron microscopy Representative TEM
photomicrographs were made of thin sections of myocardial
tissue samples for all four groups. The control (Fig. 5a) and
stunned hearts (Fig. 5b) had normal morphologic appear-
ance. In contrast, the ischemic-reperfused hearts exhibited
mitochondrial abnormalities and focal areas of irreversibly
injured cells (Fig. 5c). The calcium injured hearts exhibited
evidence of severe, irreversible injury (Fig. 5d).

Correlation of myocardial viability with 99mTc-sestamibi
activity A significant correlation between myocardial
99mTc-sestamibi end activity and peak CK leak (Log10
value) was obtained (r=−0.90, p<0.01). The best fit to the
data was a linear one as shown in Fig. 6. A positive
correlation between 99mTc-sestamibi end activity and
viability determined by percent TTC left ventricular
staining was also significant (r=0.93, p<0.01). The best
fit to the data was a linear one as shown in Fig. 7.

Discussion

99mTc-sestamibi myocardial uptake is primarily in mito-
chondria [24]. Cellular uptake and retention are dependent
upon both mitochondrial and plasma membrane potentials
[25]. Furthermore, calcium has been found to release
99mTc-sestamibi from the mitochondrial fraction. Since
myocardial injury results in decreased membrane potentials
and cellular and mitochondrial calcium overload, 99mTc-
sestamibi has been proposed as a viability imaging agent.

Fig. 3 99mTc-sestamibi myocardial clearance time-activity curves.
The curves have been normalized to 100% of peak activity at 60 min
uptake. *p<0.05 compared with control

Fig. 4 99mTc-sestamibi myocardial activity (%id) at peak uptake and
at the end of 60-min clearance phase. *p<0.05 compared with control
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A number of investigators have reported data supporting
the use of 99mTc-sestamibi as a marker of myocardial
viability in models ranging from cultured cells, to perfused
hearts, large animal models, and patient studies [1–12].
Maublant et al. demonstrated a positive correlation of tracer
uptake with myocardial viability in cultured cells [12].
Perfused rat heart studies have been performed using Triton
X, cyanide, and absence of glucose to induce injury, again
demonstrating decreased uptake and decreased retention in
nonviable myocardium [3, 8]. Larger animal models using
swine and dogs have studied 99mTc-sestamibi kinetics using
gamma camera imaging and implantable radiation detector
probes [1, 2, 4–7]. Sinusas et al. used a 3-h coronary
occlusion dog model followed by reperfusion [2]. They
found that myocardial activity was significantly reduced
compared with reperfusion flow in necrotic tissue, reflect-
ing myocardial viability more than the degree of reperfu-
sion. Takehana et al. used up to a 3-h model of coronary
occlusion followed by reperfusion through a residual
stenosis [7]. 99mTc-sestamibi uptake was found to accurate-
ly determine viability despite reperfusion through a residual
stenosis. Finally, patient studies comparing 99mTc-sestamibi
uptake to either functional parameters or fluorine-18
fluorodeoxyglucose (FDG) positron emission tomography
have demonstrated the ability of 99mTc-sestamibi to assess
viability [9, 10]. It should be noted that in patient studies
flow is uncontrolled, making interpretation of the data
difficult.

However, a number of other investigators have ques-
tioned the utility of 99mTc-sestamibi for assessment of
myocardial viability [13–22]. Once again, models have
ranged from cultured cells to perfused hearts, large animal
models, and patient studies. Piwnica-Worms et al. studied
cultured chick embryo myocytes and created severe cell
injury using metabolic inhibition with iodoacetate and
rotenone [15]. 99mTc-sestamibi uptake actually increased
above control initially before declining later. Weinstein et
al. used a rabbit heart model of coronary occlusion
followed by reperfusion and 99mTc-sestamibi autoradio-
graphs [17]. They showed that the initial uptake reflects
predominantly coronary blood flow, independent of myo-
cardial viability. A number of reports using pig and dog
models of coronary occlusion followed by reperfusion also

found a poor correlation of 99mTc-sestamibi uptake with
viability [13, 14, 18, 19, 21]. Despite a 24-h model of
coronary occlusion, Merhi et al. concluded that 99mTc-
sestamibi distribution was not significantly influenced by
cell death [16]. Redistribution has also been found in
necrotic tissue [14]. However, it is unclear if the tracer was
actively taken up, or simply trapped. Finally, patient studies
have also suggested that 99mTc-sestamibi underestimates
viability when compared to positron emission tomography
using 18F-FDG [20, 22]. Other investigators have sug-
gested that the ability of 99mTc-sestamibi to assess
myocardial viability may be time dependent [26, 27].

In the present study, our models created a full spectrum
of myocardial necrosis ranging from 0 to 100% viability.
There was an excellent correlation between 99mTc-sestamibi
end activity and TTC assessment of viability. There was an
excellent correlation between 99mTc-sestamibi end activity
and CK release. TEM analysis confirmed myocardial injury
in models demonstrating reduced tracer uptake.

99mTc-sestamibi kinetics 99mTc-sestamibi uptake and reten-
tion were both near linear in the control group. Fractional
myocardial retention after 1 h washout was 79.3%. The
stunned group exhibited uptake and retention not signifi-
cantly different from the control group, indicating that this
brief ischemia with reperfusion did not alter sestamibi
retention in mitochondria. This conclusion was confirmed
by measurement of absolute peak and end myocardial
99mTc-sestamibi activities, which were not different for the
control and stunned groups. This supports other reports that
99mTc-sestamibi kinetics alone are not useful for the
detection of stunned myocardium [28]. However, when
accompanied by an assessment of regional wall motion,
demonstrating normal tracer kinetics with abnormal func-
tion, stunned myocardium can be identified.

99mTc-sestamibi uptake in the ischemic-reperfused group
was significantly depressed relative to the control and
stunned groups. Myocardial retention was normal when
expressed as a percent of peak uptake. However, absolute
end 99mTc-sestamibi activity for the ischemic-reperfused
group was significantly less than for controls (1.50±0.13
versus 2.23±0.08). We interpret this to mean that the
depressed uptake curve in these hearts was due to a

Table 2 Creatine kinase assay (U/l per g, mean±SEM)

Baseline Treatment 1 Treatment 2 30 min p tracer 60 min p tracer 90 min p tracer 120 min p tracer

Control (n=6) 6.3±1.7 5.5±0.9 4.3±0.7 6.4±1.2 5.0±0.9
Stunned (n=6) 10.4±1.5 4.5±0.8 3.3±0.8 4.8±0.9 6.0±1.4
IR 60 (n=6) 8.9±0.7 39.8±4.2* 19.1±3.5* 14.1±2.0* 12.6±1.7 10.8±1.2 10.6±1.1
Calcium (n=5) 5.4±1.1 260.4±52.9* 522.3±56.3* 7.9±1.3 2.7±0.6 2.9±0.8 2.1±0.6

*p<0.05 compared with baseline
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combination of normal or mildly depressed uptake in viable
cells and severely reduced uptake in nonviable cells. The
normal retention curve in these hearts was likely due to a
combination of normal retention in the viable cells that
initially took up the tracer, with minimal contribution from
the nonviable cells, which did not take up tracer.

Tracer uptake in the calcium injured hearts was very
poor and appeared to approach an asymptote in these
nonviable cells. Myocardial retention was also poor in the
nonviable hearts. The calcium injured hearts had approxi-
mately 2% of the control activity remaining at the end of
the experiments, which closely matched the measured TTC-
assessed viability in this group.

Viability markers In the current study, we used three
independent assessments of myocardial viability. CK leak
was used as a quantitative measure to determine the extent
of ongoing myocardial injury during the experiments. CK
assays provided evidence that the control and stunned
hearts were not injured during the experiment. The
ischemic-reperfused group demonstrated a moderate rise
in CK leak and the calcium injured group demonstrated a
large increase in CK leak during treatment.

Fig. 7 Scatter plot illustrating the relationship between myocardial
99mTc-sestamibi end activity (%id) and viable myocardium detected
by TTC staining

Fig. 6 Scatter plot illustrating the relationship between myocardial
99mTc-sestamibi end activity (%id) and peak CK leak (Log10 value)

Fig. 5 a Rat myocardium from a control heart. The myofibers
show an elongated nucleus (N) with normal structure. The sarco-
plasm (Sc), or cellular matrix, is mostly occupied by myofibrils
showing cross striations specific to the contractile element: Z-band
(Z), I-band (I), A-band (A), H-band (H), and M-band (M). The
segment between two Z-bands is defined as a sarcomere (S).
Mitochondria (Mi) are the most abundant organelles and are
distributed in longitudinal rows between myofibrils. Also in the
interfibrillar sarcoplasm are located elements of sarcoplasmic reticu-
lum (SR). b Rat myocardium subjected to 20 min of no flow followed
by reflow (stunned heart). Generally, the tissue exhibits normal
structure, comparable to the controls. However, occasionally, hyper-
trophic, dense mitochondria are observed (arrows). c Rat myocardium
subjected to 1 h no flow and 1 h reperfusion (ischemic-reperfused).
The tissue exhibits focal, disintegrated structures. Regional abnormal-
ities include: increased sarcoplasmic area and sarcoplasmic vacuoliza-
tion (arrow). The contractile elements show abnormalities with
thickening of Z-bands in some areas (arrowhead). The mitochondria
are often swollen. d Rat myocardium subjected to 10 min no calcium
and 20 min 2× normal calcium treatment (calcium injured). The tissue
exhibits major disruptions. The myofibrils show reduced numbers of
contractile elements and thickening of the Z-bands (Z). The nucleus
has evident chromatin margination (arrows). The mitochondrial
matrix (Ma) is lucent, the number of cristae is reduced, and glycogen
granules (GI) and paracrystalline inclusions (arrowhead) are present
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TTC staining and TEM analysis were used as measures
of myocardial necrosis at the end of the experiments. TTC
analysis demonstrated that the control and stunned myo-
cardium were completely viable, the ischemic-reperfused
myocardium was partially viable, and calcium injured
myocardium was 100% nonviable. TEM analyses provided
qualitative information regarding the ultrastructural mor-
phology of cellular membranes and organelles. TEM
revealed that the control and stunned hearts had normal
appearance, while the ischemic-reperfused hearts demon-
strated areas of focal injury. The calcium injured hearts
were massively disrupted and demonstrated lucent mito-
chondria with glycogen inclusions, as well as membrane
breaks, all indicators of loss of viability. Considered
together, these data are consistent with mild insult to the
stunned hearts, moderate injury in the ischemic-reperfused
group, and severe injury in the calcium injured group.

Study limitations 1. The absence of tracer recirculation in
this model allowed analysis of clearance without the
complication of delayed uptake. However, it also precluded
information regarding the effects of recirculation on
clearance under the study conditions. 99mTc-sestamibi has
been shown to demonstrate redistribution in certain situa-
tions, but only to a limited extent [28]. 2. Future studies
using hibernating or apoptosis models and studies using
autoradiography would be interesting. 3. Despite the results
of this study, there still may be clinical difficulty differen-
tiating viable but severely underperfused from necrotic
myocardium. This difficulty may be minimized using
nitrates during tracer injection. The current study was
performed using a constant flow rate in order to eliminate
this as a variable. However, future studies using low and
high flows would be important. 4. This study utilized
Krebs-Henseleit solution for perfusion. This perfusate has
been extensively utilized by several laboratories. However,
future studies should consider the use of a blood and
protein perfusate as a more physiologic model.

Clinical implications Short- and long-term prognoses are
strongly related to the degree of myocardial salvage and
residual myocardial viability following reperfusion therapy
in the setting of acute myocardial infarction. The current
study demonstrates a strong correlation between 99mTc-
sestamibi activity and viability. These results indicate that
99mTc-sestamibi patient imaging could accurately reflect the
amount of myocardial salvage, and thus predict prognosis,
almost immediately following reperfusion therapy with
primary coronary interventions. This prediction could be
made early after reperfusion when left ventricular function
is still depressed due to stunning. Clinical imaging
protocols based on these data would require further
development. However, one possible protocol might in-

volve initial rest and 1-h delayed images, with the
subsequent creation of a bull’s-eye display based on
clearance rates to assess and quantify viability.

Conclusion 99mTc-sestamibi myocardial activities are sig-
nificantly reduced in areas of nonviability after 1 h of tracer
uptake and 1 h of tracer clearance. There is an excellent
linear correlation between the degree of viability and the
degree of tracer activity. These results support the use of
99mTc-sestamibi imaging for assessing myocardial viability.

Acknowledgements The authors wish to thank the American Heart
Association for supporting this project. This study is dedicated to Mr.
Henry Zarrow and family, and to William K. Warren and family for
their continuing support of medical research, without which these
experiments would not have been possible.

References

1. Verani MS, Jeroudi M, Mahmarian JJ, Boyce TM, Borges-Neto S,
Patel B, et al. Quantification of myocardial infarction during
coronary occlusion and myocardial salvage after reperfusion using
cardiac imaging with technitium-99m hexakis 2-methoxyisobutyl
isonitrile. J Am Coll Cardiol 1988;12:1573–81.

2. Sinusas AJ, Trautman KA, Bergin JD, Watson DD, Ruiz M,
Smith WH, et al. Quantification of area at risk during coronary
occlusion and degree of myocardial salvage after reperfusion with
technetium-99m methoxyisobutyl isonitrile. Circulation 1990;82:
1424–37.

3. Beanlands RSB, Dawood F, Wen W-H, McLaughlin PR, Butany
J, D’Amati G, et al. Are the kinetics of technetium-99m
methoxyisobutyl isonitrile affected by cell metabolism and
viability? Circulation 1990;82:1802–14.

4. Okada RD, Glover DK, Nguyen KN, Johnson G III. Technetium-
99m sestamibi kinetics in reperfused canine myocardium. Eur J
Nucl Med 1995;22:600–7.

5. Freeman I, Gunwald AM, Hoory S, Bodenheimer MM. Effect of
coronary occlusion and myocardial viability on myocardial activity
of technetium-99m-sestamibi. J Nucl Med 1991;32:292–8.

6. Glover D, Okada RD. Myocardial technetium 99m sestamibi
kinetics after reperfusion in a canine model. Am Heart J 1993;
125:657.

7. Takehana K, RuizM, Petruzella FD,WatsonDD, Beller GA, Glover
DK.99mTc-sestamibidefectmagnitudepredicts theamountofviable
myocardiumaftercoronaryreperfusiondespite thepresenceofsevere
residualstenosis.JNuclCardiol2001;8:40–8.

8. Liu Z, Johnson G III, Beju D, Okada RD. Detection of myocardial
viability in ischemic-reperfused rat hearts by Tc-99m sestamibi
kinetics. J Nucl Cardiol 2001;8:677–86.

9. Kaufman GJ, Boyne TS, Watson DD, Smith WH, Beller GA.
Comparison of rest thallium-201 imaging and rest technetium-
99m sestamibi imaging for assessment of myocardial viability in
patients with coronary artery disease and severe left ventricular
dysfunction. J Am Coll Cardiol 1996;27:1592–7.

10. Vom Dahl J, Altechoefer C, Sheehan FH, Buechin P, Schulz G,
Schwarz ER, et al. Effect of myocardial viability assessed by
technetium-99m-sestamibi SPECT and fluorine-18FDG PET on
clinical outcome in coronary artery disease. J Nucl Med 1997;38:
742–8.

Eur J Nucl Med Mol Imaging (2008) 35:570–578 577



11. Chin BB, Esposito G, Kraitchman DL. Myocardial contractile
reserve and perfusion defect severity with rest and stress dobu-
tamine (99m)Tc-sestamibi SPECT in canine stunning and sub-
endocardial infarction. J Nucl Med 2002;43:540–50.

12. Maublant JC, Gachon P, Moins N. Hexakis (2-methoxy
isobutylisonitrile) technetium-99m and thallium-201 chloride:
uptake and release in cultured myocardial cells. J Nucl Med
1988;29:48–54.

13. Morguet A, Munz D, Klein H, Pich S, Conrady A, Nebendahl K,
et al. Myocardial distribution of indium-111-antimyosin Fab and
technetium-99m-sestamibi in experimental nontransmural infarc-
tion. J Nucl Med 1992;33:223–8.

14. Merhi Y, Arsenault A, Latour J. Time course of technetium-99m
sestamibi myocardial distribution in dogs with a permanent or
transient coronary occlusion. Eur J Nucl Med 1994;21:481–7.

15. Piwnica-Worms D, Kronauge JF, Delmon L, Holman BL, Marsh
JD, Jones AG. Effect of metabolic inhibition on technetium-99m-
MIBI kinetics in cultured check myocardial cells. J Nucl Med
1990;31:464–72.

16. Merhi Y, Latour JG, Arsenault A, Rousseau G. Effect of coronary
reperfusion on technetium-99m methoxyisobutylisonitrile uptake
by viable and necrotic myocardium in the dog. Eur J Nucl Med
1992;19:503–10.

17. Weinstein H, Reinhardt CP, Wironen JF, Leppo JA. Myocardial
uptake of thallium 201 and technetium 99m-labeled sestamibi
after ischemia and reperfusion: comparison by quantitative dual-
tracer autoradiography in rabbits. J Nucl Cardiol 1994;1:351–
64.

18. DeCoster PM, Wijns W, Cauwe F, Robert A, Beckers C, Melin
JA. Technetium-99m-hexakis-2-methoxyisobutyl isonitrile in ex-
perimental myocardial infarction. Circulation 1990;82:2152–62.

19. Li QS, Soot G, Franceschi D, Wagner HN, Becker LC.
Comparison of RP-30 and SQ 32014: myocardial uptake and
redistribution in dogs with temporary coronary artery occlusion
(abstract). J Nucl Med 1988;29:819.

20. Dilsizian V, Arrighi JA, Diodati JG, Quyyumi AA, Alavi K,
Bacharach SL. Myocardial viability in patients with chronic
coronary artery disease: Comparison of 99mTc-sestamibi with
thallium reinjection and [18F]-fluorodeoxyglucose. Circulation
1994;89:578–87.

21. Leon AR, Eisner RL, Martin SE, Schmarkey LS, Aaron AM,
Boyers AS, et al. Comparison of single photon emission computed
tomography (SPECT) myocardial imaging with thallium-201 and
technetium-99m-sestamibi defects. J Am Coll Cardiol 1992;20:
1612–25.

22. Sawata SG, Allman KC, Muzik O, Beanlands RSWB, Wolfe ER
Jr, Gross M, et al. Positron emission tomography detects evidence
of viability in rest technetium-99m sestamibi defects. J Am Coll
Cardiol 1994;23:92–8.

23. Ford WR, Clanachan AS, Hiley CR, Jugdutt BI. Angiotensin II
reduces infarct size and has no effect on post-ischaemic contractile
dysfunction in isolated rat hearts. Br J Pharmacol 2001;134 1:38–45.

24. Carvalho M, Chiu ML, Kronauge JF, Kawamura M, Jones AG,
Holman BL, et al. Subcellular distribution and analysis of
technetium-99m MIBI in isolated perfused rat hearts. J Nucl
Med 1992;33:1516–21.

25. Chiu ML, Kronauge JF, Piwnica-Worms D. Effect of mitochon-
drial and plasma membrane potentials on accumulation of hexakis
(2-methoxyisobutylisonitrile) technetium(I) in cultured mouse
fibroblasts. J Nucl Med 1990;31:1646–53.

26. Piwnica-Worms D, Chiu ML, Kronauge JF. Divergent kinetics of
201Tl and 99mTc-sestamibi in cultured chick ventricular myo-
cytes during ATP depletion. Circulation 1992;85:1531–41.

27. Beller GA, Glover DK, Edwards NC, Ruiz M, Simanis JP, Watson
DD. 99mTc-sestamibi uptake and retention during myocardial
ischemia and reperfusion. Circulation 1993;87:2033–42.

28. Sinusas AJ, Watson DD, Cannon JM Jr, Beller GA. Effect of
ischemia and postischemic dysfunction on myocardial uptake of
technetium-99m-labeled methoxyisobutyl isonitrile and thallium-
201. J Am Coll Cardiol 1989;14:1785–93.

578 Eur J Nucl Med Mol Imaging (2008) 35:570–578


	99mTc-sestamibi kinetics predict myocardial viability in a perfused rat heart model
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Myocardial 99mTc-sestamibi kinetics
	Myocardial viability

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


