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Abstract

Background: 99mTc-sestamibi myocardial perfusion imaging (MIBI) washout is associated with myocardial mitochondrial damage
in patients with a successful percutaneous coronary intervention (PCI) following acute myocardial infarction (AMI) and may predict
the functional improvement of the left ventricle in follow-ups.
Objectives: This study aimed to investigate the clinical efficacy of 99mTc-MIBI washout in patients with AMI by measuring the mean
defect area based on 99mTc-MIBI myocardial perfusion-single photon emission computed tomography (MP-SPECT) rest imaging in
early and delayed phases and comparing it with the defect area based on 99mTc-MIBI MP-SPECT adenosine stress imaging based on a
two-day rest/stress protocol.
Patients and Methods: This study was conducted on 29 consecutive patients with AMI (23 males and 6 females; mean age, 71 ± 8.4
years), who underwent MP-SPECT using a standard two-day rest/stress protocol. The rest 99mTc-MIBI MP-SPECT images were acquired
in the early phase at one hour after the injection of 99mTc-MIBI and in the delayed phase at three hours after the early phase. The total
perfusion deficit (TPD) score for SPECT was measured to compare the defect area between the rest-early phase, rest-delayed phase,
and post-stress imaging conditions.
Results: Based on the results, the post-stress TPD score was significantly lower than the rest-delayed phase score (TPD: 22.2% ± 14.3%
vs. 27.8% ± 14.0%; P < 0.001). Also, the rest-early phase score was significantly lower than the rest-delayed phase score (TPD: 21.5% ±
14.9% vs. 27.8% ± 14.0%; P < 0.001). However, no significant difference was observed between the post-stress score and the rest-early
phase score.
Conclusion: The combination of rest-early phase, delayed phase, and post-stress 99mTc-MIBI imaging using a two-day protocol after
AMI reperfusion was a clinically useful method, which could identify residual ischemia and predict the left ventricular function
improvement in the chronic phase of disease while reducing the exposure dose.
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1. Background

The prognosis of acute myocardial infarction (AMI)
mainly depends on the left ventricular (LV) function, in-
farct size, and the extent of myocardial ischemia in in-
farcted and non-infarcted areas. It is generally important
to investigate the effects of treatment on AMI (1). Previ-
ously, dual single photon emission computed tomography

(SPECT) using 201TlCl (Tl) and 99mTc-pyrophosphate (PYP)
tracers was performed to determine the effects of acute
treatment on AMI. 99mTc-PYP, which depicts a necrotic my-
ocardium, can quantify an infarcted myocardium. This
agent, by capturing the overlap region between 201Tl and
99mTc-PYP on dual SPECT, can identify necrotic tissues in
a re-inflated myocardium in the acute phase, and its use-
fulness has been reported in the literature (2, 3). More-
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over, previous research has investigated the mismatch
of 201Tl and 123I-β-methyl-p-iodophenyl-pentadecanoic acid
(BMIPP) dual SPECT (4). A mismatch defect between 201Tl
and 123I-BMIPP dual SPECT has been reported following AMI
reperfusion in patients with a blood flow deficit and a fatty
acid metabolism disorder, with the cardiac function ex-
pected to recover in the mismatched area (4, 5). However,
99mTc-PYP and 123I-BMIPP dual SPECT uses 201Tl and requires
the simultaneous administration of two nuclides, result-
ing in a high exposure dose.

In recent years, 99mTc-sestamibi myocardial perfusion
imaging (MIBI) washout has been associated with myocar-
dial mitochondrial damage in patients with AMI after a
successful percutaneous coronary intervention (PCI); it
may also predict the functional improvement of LV during
follow-ups (6-8). Overall, the myocardial uptake of MIBI de-
pends on a large negative charge in mitochondrial mem-
branes (9); this observation is associated with mitochon-
drial dysfunction and LV dysfunction in the myocardium
(6-8).

Myocardial perfusion-SPECT (MP-SPECT) imaging is
used to detect the residual ischemic myocardial mass af-
ter an AMI revascularization. 99mTc-MIBI, as a myocardial
perfusion imaging tracer, is commonly used to detect coro-
nary artery disease (10, 11). 99mTc-MIBI is taken up by the
normal myocardium through passive transport depend-
ing on the blood flow. Accordingly, rest-stress 99mTc-MIBI
MP-SPECT examinations have been clinically performed to
detect myocardial ischemia (Figure 1). Generally, a rest-
stress 99mTc-MIBI MP-SPECT examination requires two in-
jections, that is, one injection for the rest condition and
one injection for the stress condition to assess cardiac per-
fusion (Figure 1); consequently, this method has a disad-
vantage of higher exposure dose. Conversely, in the com-
parison of early and delayed phases, the region of 99mTc-
MIBI washout is known to be associated with mitochon-
drial dysfunction in the myocardium damaged by acute
myocardial infarction (6). However, the clinical efficacy of
99mTc-MIBI washout according to rest 99mTc-MIBI MP-SPECT
imaging for the evaluation of myocardial function has not
been investigated or compared with rest-stress imaging.
Based on a comparison of rest-early/delayed phase 99mTc-
MIBI MP-SPECT images and rest-stress 99mTc-MIBI MP-SPECT
images, if the results of these two MP-SPECT imaging con-
ditions are consistent, only the rest-early/delayed phase
99mTc-MIBI MP-SPECT imaging can be performed, which is
a great advantage for patients.

2. Objectives

This study aimed to investigate the clinical efficacy of
99mTc-MIBI washout in AMI patients by determining the

mean defect area according to rest 99mTc-MIBI MP-SPECT
imaging in early and delayed phases and comparing it with
the defect area according to 99mTc-MIBI MP-SPECT adeno-
sine stress imaging using a two-day rest-stress protocol.

3. Patients and Methods

3.1. Study Protocol

A total of 29 consecutive patients with AMI (23 males
and 6 females), with a mean age of 71± 8.4 years, were eval-
uated in this study. All the patients were admitted within
six hours after the onset of symptoms and successfully re-
ceived direct PCI. On the other hand, patients with myocar-
dial infarction associated with another culprit branch of
coronary arteries in ≤ 1 month of PCI treatment were ex-
cluded from the study. Angioplasty was considered tech-
nically successful when residual stenosis of < 50% and
Thrombolysis in Myocardial Infarction (TIMI) grade 2 or
3 on angiography (12) were observed at the end of angio-
plasty. All patients underwent 99mTc-MIBI MP-SPECT based
on a standard two-day rest-stress protocol (Figure 1B). The
rest MP-SPECT imaging with 99mTc-MIBI was performed in
≤1 week after PCI, whereas stress 99mTc-MIBI MP-SPECT was
performed in ≤ 10 days after rest MP-SPECT (Figure 2).

The Institutional Review Board of Gifu Prefectural Gen-
eral Medical Center (Gifu, Japan) approved this study. This
study was performed according to the ethical standards
of the 1964 Declaration of Helsinki. The requirement to
obtain informed consent was waived because of the retro-
spective design of the study.

3.2. 99mTc-MIBI MP-SPECT Data Acquisition and Processing

The rest 99mTc-MIBI MP-SPECT images were acquired in
the early phase at one hour after the injection of 370-MBq
of 99mTc-MIBI and in the delayed phase at four hours post-
injection. The stress 99mTc-MIBI MP-SPECT images were ac-
quired at one hour after adenosine stress (120 µg/kg/min
infused for 6 min) (13) by injecting 370 MBq of 99mTc-MIBI
(Figure 2).

Following the 99mTc-MIBI injection, 99mTc-MIBI MP-
SPECT imaging was performed after the patient had eaten
to accelerate the excretion of isotopes through the gall-
bladder into the bowel. The 99mTc-MIBI MP-SPECT imaging
was performed on a BrightView X SPECT system (Philips
Healthcare, Eindhoven, Netherlands), equipped with a car-
diac high-resolution collimator. A total of 36 images were
acquired at 60 seconds per frame (matrix, 64× 64; magni-
fication, 1.46) under stress and rest conditions, using the
“step-and-shoot” technique (90°/head). Images were ac-
quired along an auto-proximity circular orbit in a range
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Figure 1. Standard rest-stress 99mTc-sestamibi myocardial perfusion imaging (MIBI) myocardial perfusion-single photon emission computed tomography (MP-SPECT) proto-
cols. Rest-stress MP imaging with 99mTc-MIBI can be performed based on either a one-day protocol (A) or a two-day protocol (B). In the rest-stress one-day protocol, the dose of
stress imaging should be higher than that of rest imaging.

of 180° (from 45° right anterior oblique to 45° left poste-
rior oblique). Energy discrimination was provided by a 20%
window, centered over the 140-keV photon peak of 99mTc.

Additionally, transverse images were reconstructed us-
ing a filtered back projection with a Butterworth pre-filter
(order, 8; cutoff frequency, 0.6 cycle/pixel) and a ramp post-
filter for processing without attenuation correction. The
transaxial images were then reformatted along the short
axis, vertical long axis, and horizontal long axis of the LV.

3.3. Quantitative Analysis of 99mTc-MIBI MP-SPECT Images

The total perfusion deficit (TPD), proposed by Slomka
et al. (14) as an objective parameter, was automatically cal-
culated using the QPS quantitative perfusion SPECT soft-
ware (Cedars-Sinai Medical Center, Los Angeles, CA, USA)

(15) to represent both the defect severity and the defect ex-
tent. The TPD scores of SPECT were calculated as the per-
centage of the total surface area of LV below the predefined
uniform average deviation threshold. A normal database,
developed by the Japanese Society of Nuclear Medicine,
was used for TPD scoring (16). This database is based on
exercise-rest myocardial perfusion images, acquired from
80 Japanese individuals with a low likelihood of cardiac
disease.

The TPD scores of SPECT were measured under rest-
early phase, rest-delayed phase, and adenosine stress con-
ditions. The TPD scores of 99mTc-MIBI MP-SPECT imaging
were compared between the rest-early phase, rest-delayed
phase, and adenosine stress conditions. The 99mTc-MIBI
washout was accelerated if the TPD score on rest-delayed
phase SPECT was higher than that of rest-early phase SPECT.
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Figure 2. The study protocol. Rest myocardial perfusion (MP) imaging with 99mTc-sestamibi was performed within seven days after percutaneous coronary intervention (PCI).
Stress MP imaging was performed within 10 days after rest imaging.

The washout TPD score of 99mTc-MIBI was defined as the
difference between the rest-delayed phase and early phase
TPD scores. Also, the TPD score difference was defined as
the difference between the post-stress and rest-early phase
TPD scores.

3.4. Statistical Analysis

Data are expressed as mean ± standard deviation
(SD). Continuous variables were compared using Student’s
paired t-test. A P-value less than 0.05 was considered statis-
tically significant.

4. Results

A total of 29 consecutive patients with AMI (23 men and
6 women; mean age, 71 ± 8.4 years), who underwent suc-
cessful PCI on admission, were examined in this study. A

general summary of the total population characterlike is
shown in Table 1.

The rest-early phase 99mTc-MIBI MP-SPECT and delayed
phase 99mTc-MIBI MP-SPECT imaging were performed at 6.5
± 2.0 days after successful PCIs, and the post-adenosine
stress 99mTc-MIBI MP-SPECT imaging was performed at 2.3
± 1.9 days after the rest 99mTc-MIBI MP-SPECT imaging. The
images of a 71-year-old woman who developed AMI and
underwent 99mTc-MIBI MP-SPECT after PCI are presented
in Figure 3. The left anterior descending coronary artery
was almost occluded, and a successful coronary reflow was
achieved through direct PCI. Perfusion defect areas were
detected in the anterior and septal regions of the LV. These
defect areas were larger on the delayed polar map com-
pared to the post-stress polar map (Figure 3A). Moreover,
accumulations in the anteroseptal and apical areas were
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Table 1. Baseline Characteristics of the Patient Population a

Characteristics All patients

Age (y) 71 ± 8.4

Sex

Male 23

Female 6

From symptom onset to PCI time (h) 5.1 ± 3.6

From symptom onset to MIBI rest interval (d) 6.5 ± 2

From MIBI rest to MIBI stress interval (d) 2.3 ± 1 .9

Peak CPK (IU/I) 737 ± 2116

Culprit arteries

LAD 19

LCx 3

RCA 11

Diabetes mellitus 9 (31)

Hypertension 18 (62)

Hypercholesterolemia 27 (93)

Smoker 16 (55)

CKD (eGFR < 60 mL/min/1.73 m2) 19 (66)

Abbreviations: PCI, percutaneous coronary intervention; MIBI, 99mTc-sestamibi
myocardial perfusion imaging; CPK, creatine phosphokinase; LAD, left anterior
descending artery; LCx, left circumflex artery; RCA, right coronary artery; CKD,
chronic kidney disease; GFR, glomerular filtration rate.
a Data are expressed as No. (%) or mean ± SD, unless otherwise indicated.

fewer in the rest-delayed phase images compared to other
images (Figure 3B).

In Table 2, the TPD scores are presented for the rest-
early phase, rest-delayed phase, and poststress conditions,
as well as the washout rates and differences between 29
patients. In the rest-stress study for the detection of my-
ocardial ischemic areas, no significant difference was ob-
served between the post-stress TPD score and the rest-early
phase TPD score on SPECT. In the early and delayed phase
studies for the detection of 99mTc-MIBI washout area, the
TPD score of rest-early phase SPECT was significantly lower
than that of rest-delayed phase SPECT (21.5% ± 14.9% vs.
27.8% ± 14.0%; P < 0.001). Additionally, the TPD score of
post-stress SPECT was significantly lower than that of rest-
delayed phase SPECT (22.2% ± 14.3% vs. 27.8% ± 14.0%; P <
0.001) (Figure 4). The washout TPD score was significantly
higher than the difference in the TPD score (6.24% ± 4.85%
vs. 0.79% ± 4.76%; P < 0.0001) (Table 2).

5. Discussion

The results of the present study showed that the TPD
score of post-stress SPECT was significantly lower than that

of rest-delayed phase SPECT. The significantly smaller is-
chemic area relative to the 99mTc-MIBI washout area was
the main finding of this study. TPD, which represents
both the extent and severity of defect/abnormality on MP-
SPECT images, was used to investigate the defect size. Previ-
ous studies on 99mTc-MIBI washout have mostly employed
visual segmental scoring systems to calculate the defect
score, including the total stress and rest scores (6). How-
ever, these systems are semi-quantitative and require spe-
cial skills or imaging interpretation knowledge, which can
be only gained through training and experience. Alter-
natively, Yoda et al. (17) reported that TPD, automatically
calculated by the QPS software (Cedars-Sinai Medical Cen-
ter, USA) (15) on a normal Japanese database, is an objec-
tive quantitative index with high reproducibility, which is
comparable to conventional visual segmental assessments
by experienced interpreters; therefore, the TPD of SPECT
was used in this study.

The results of the present study did not show a signif-
icant close relationship between the TPD scores of post-
stress and rest-early phase SPECT, indicating that all pa-
tients enrolled in this study underwent a successful PCI for
AMI. Therefore, no residual ischemic area was detected in
most patients, and the infarction area was only observed in
few patients. Generally, the defect area size on rest-delayed
phase images is related to tissue salvage and is a predictor
of late functional recovery (6, 18). The main finding of the
present study is that the defect area was significantly larger
under rest-delayed phase conditions compared to the post-
stress condition. Early interventions to protect the mito-
chondrial function may be also important for myocyte pro-
tection (19, 20). Also, accurate detection of mitochondrial
dysfunction in patients with AMI can be considered useful
(6).

The adenosine triphosphate (ATP) level in the my-
ocardium with a blood flow-blocked AMI significantly de-
creased, as oxygen is required to produce ATP in the my-
ocardium (21-24). Another study reported that the ATP con-
centration in cardiomyocytes depends on the extent and
duration of damage to cardiac function (25). Besides, Tor-
realba et al. found that when the oxygen supply decreased
due to reduced myocardial blood flow, the mitochondrial
membrane potential became abnormal, the ability to re-
tain 99mTc-MIBI decreased, and the 99mTc-MIBI washout rate
increased (20, 26). The residual ischemic region indicated
by post-stress imaging represented a myocardial tissue,
with increased mitochondrial damage due to a lack of oxy-
gen. Consequently, the ability of myocardial tissue to re-
tain 99mTc-MIBI was lost. Moreover, the 99mTc-MIBI washout
region, identified by rest-delayed phase imaging, repre-
sented a myocardial tissue with normal oxygen supply
through successful PCI reperfusion (20, 26); however, mi-
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Figure 3. A typical serial imaging study (A and B). The myocardial images of a 71-year-old woman in early phase, delayed phase, and stress conditions using 99mTc-sestamibi
myocardial perfusion imaging (MIBI) single photon emission computed tomography (SPECT). The delayed phase images show severe 99mTc-MIBI washout in the septal regions
of the left ventricle (LV).

tochondrial damage caused by AMI remained unchanged,
and 99mTc-MIBI was retained. The TPD scores of post-stress
and rest-delayed phase SPECT were significantly different
considering the difference between the degree of myocar-

dial perfusion injury and the level of mitochondrial dam-
age (Figure 4). The TPD score of delayed-phase SPECT was
significantly higher, suggesting that delayed-phase imag-
ing could sensitively detect mitochondrial damage.
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Table 2. Individual Characteristics of the Population a

Sex Age (y) Culprit arteries
TPD score

Rest early Rest delayed Post stress Washout Difference

M 63 LAD 16 31 22 15 6

M 74 LAD 7 22 11 15 4

M 74 LAD, RCA 7 22 7 15 0

F 71 LAD 14 26 16 12 2

M 90 RCA 20 32 15 12 -5

M 64 LAD, RCA 26 37 29 11 3

M 64 LAD 2 13 3 11 1

F 68 LAD 21 31 26 10 5

M 73 RCA 3 13 4 10 1

M 77 LAD 26 34 26 8 0

M 70 LAD 11 17 22 6 11

M 66 RCA 35 41 38 6 3

M 71 LAD 49 55 51 6 2

M 57 LAD, RCA 29 35 28 6 -1

M 83 RCA 9 14 11 5 2

M 71 LAD 34 39 34 5 0

F 77 LAD 34 39 21 5 -13

M 63 RCA 16 20 21 4 5

F 77 LAD 22 26 24 4 2

M 63 LCx 43 47 44 4 1

F 79 LAD 47 51 38 4 -9

M 57 LAD 0 3 1 3 1

M 63 LCx 11 14 10 3 -1

M 74 LAD 12 14 15 2 3

F 69 RCA 35 37 33 2 -2

M 73 LCx 19 20 16 1 -3

M 56 LAD 3 3 5 0 2

M 86 RCA 20 19 15 -1 -5

M 76 LAD, RCA 53 50 58 -3 8

Mean 21.5 27.8 22.2 6.24 0.79

SD 14.9 14.0 14.3 4.85 4.77

Abbreviations: M, male; F, female; TPD, total perfusion deficit; LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery; SD, standard
deviation
a [Washout TPD score] = [rest-delayed TPD score] - [rest-early TPD score], and [Difference TPD score] = [post-stress TPD score] - [rest-early TPD score]

Investigation of treatment effects on AMI is important
for predicting the AMI prognosis. The myocardium with
99mTc-MIBI washout in rest-early phase and delayed phase
99mTc-MIBI MP-SPECT can be identified as the myocardium
which is exposed to ischemia, but is expected to recover (6-
8, 18). The current study showed that the extent of washed-

out myocardium did not match the residual ischemic my-
ocardial area and that the washout area was significantly
larger than the residual ischemic area. Therefore, ischemia
assessment using rest-stress 99mTc-MIBI MP-SPECT imaging
alone insufficiently evaluates the recovery of cardiac func-
tion after revascularization. Besides, rest-early phase and
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Figure 4. Comparison of the total perfusion deficit (TPD) scores between the rest-early phase, rest-delayed phase, and post-stress 99mTc-sestamibi myocardial perfusion-single
photon emission computed tomography (MP-SPECT) images. The post-stress and rest-early phase TPD scores were significantly lower than the rest-delayed phase score; how-
ever, the post-stress score and the rest-early phase score were not significantly different.

delayed phase 99mTc-MIBI MP-SPECT imaging, which pro-
vides information on intramyocardial mitochondrial dam-
age, is also necessary.

The combination of rest-early phase/delayed phase and
post-stress 99mTc-MIBI MP-SPECT imaging was found to be a
clinically useful imaging method that could not only iden-
tify residual ischemia after AMI reperfusion, but also pre-
dict the LV function improvement in the chronic phase. In
the current study, the rest-early/delayed phase 99mTc-MIBI
MP-SPECT imaging on the first day and post-stress 99mTc-
MIBI MP-SPECT imaging on the following day were per-
formed (the so-called “two-day protocol”). Generally, the
two-day protocol is less affected by shine-through defects
compared to the one-day protocol, where rest-stress MP-
SPECT imaging is performed on the same day. The dose
of 99mTc-MIBI for the one-day protocol is 1,100 MBq in rest-
stress MP-SPECT imaging, while it is 740 MBq for the two-
day protocol in rest-stress MP-SPECT imaging (ie, 2/3 of the
exposure dose at our hospital). Since this protocol uses a

99mTc tracer, the exposure dose can be significantly lower
than that of dual SPECT with 201Tl and 123I-BMIPP, which is
conventionally used to determine the effects of treatment
on AMI (27).

This study had some limitations. First, the acquisition
interval of rest-early phase images and rest-delayed phase
images was three hours. This could be influential through
not only changes in the defective area due to 99mTc-MIBI
washout, but also the effects of count decrease considering
the decay time of 99mTc. Second, since the sample size was
small, the reliability of statistical analysis may be insuffi-
cient.

In conclusion, in patients with AMI, after a successful
PCI, rest-delayed phase 99mTc-MIBI MP-SPECT imaging was
more sensitive than post-stress 99mTc-MIBI MP-SPECT for
the detection of mitochondrial damage. Overall, the 99mTc-
MIBI washout rate can provide useful information for
physicians. Based on the results, the combination of rest-
early/delayed phase and post-stress 99mTc-MIBI MP-SPECT
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imaging using a two-day protocol can reduce the exposure
dose and provide a more accurate diagnosis method for pa-
tients with acute myocardial infarction.
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