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Abstract
Background: Accelerated clearance of 99mtechnetium-sestamibi (MIBI) has been observed after reperfusion therapy in
patients with acute coronary syndrome (ACS), but the mechanisms have not been fully investigated. MIBI retention
may depend on mitochondrial function. The clearance rate of 11carbon-acetate reflects such mitochondrial functions as
oxidative metabolism. The purpose of this study was to examine the mechanisms of accelerated MIBI clearance in ACS.
We therefore compared it to oxidative metabolism estimated using 11C-acetate positron emission tomography (PET).
Methods: Eighteen patients [mean age 69.2 ± 8.7 years, 10 males (56 %)] with reperfused ACS underwent MIBI singlephoton emission computed tomography (SPECT), echocardiography, and 11C-acetate PET within 3 weeks of the onset of
ACS. MIBI images were obtained 30 min and 3 h after MIBI administration. Regional left ventricular (LV) function was
evaluated by echocardiography. The measurement of oxidative metabolism was obtained through the mono-exponential
fitting of the 11C-acetate time-activity curve (kmono).
Results: Among 95 segments of reperfused myocardium, MIBI SPECT showed 64 normal segments (group N), 14
segments with accelerated MIBI clearance (group AC), and 17 segments with fixed defect (group F). Group AC showed
lower kmono than group N (0.041 ± 0.009 vs 0.049 ± 0.010, p = 0.02). Group F showed lower kmono than group N (0.039 ±
0.012 vs 0.049 ± 0.010, p = 0.01). However, kmono was similar in group AC and group F (p = 0.99).
Conclusions: Segments with accelerated MIBI clearance showed reduced oxidative metabolism in ACS. Loss of
MIBI retention may be associated with mitochondrial dysfunction.
Keywords: Acute coronary syndrome, Clearance, Metabolism, Sestamibi

Background
Acute coronary syndrome (ACS) induces myocardial ischemia followed by myocardial cell injury. ACS-induced
myocardial cell injury may also cause mitochondrial
dysfunction. Myocardial mitochondrial dysfunction is
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thought to be associated with the process of myocardial
cell death [1]. Early intervention to protect mitochondrial
function may also be important for myocyte protection
[2]. Therefore, accurate detection of mitochondrial
dysfunction in patients with ACS is considered to be
important.
99m
Technetium-sestamibi (MIBI) is a lipophilic and
cationic agent that is passively taken up by myocytes
after intravenous administration. MIBI is distributed on
the mitochondrial membrane in relation to the electrical
gradient [3, 4]. Accelerated MIBI clearance has been
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observed in patients with acute myocardial infarction
after reperfusion therapy [5], and it may be a predictor
of left ventricular (LV) functional improvement at
follow-up [6].
11
C-acetate positron emission tomography (PET) can
non-invasively evaluate myocardial oxidative metabolism
[7–12] and myocardial blood flow [13, 14]. 11C-acetate
clearance is associated with citric acid cycle activity in
the mitochondria, in which acetate is converted into
acetyl-CoA and metabolized via the action of acetyl-CoA
synthetase 2 [15]. Therefore, oxidative metabolism as estimated using 11C-acetate PET can be associated with
mitochondrial function. Previous studies have suggested
an association between accelerated MIBI clearance and
mitochondrial dysfunction in dilated and hypertrophic
cardiomyopathy based on experimental researches [16].
However, no previous study has looked at the pathophysiological mechanisms of accelerated MIBI clearance
in patients with ACS.
The purpose of this study was to examine the mechanism of accelerated MIBI clearance in patients with ACS.
Therefore, we compared it to oxidative metabolism estimated using 11C-acetate PET. The second aim of this
study was to evaluate the association between regional
accelerated MIBI clearance and regional LV functional
recovery.

Methods
Study subjects

ACS patients were prospectively recruited from the Department of Cardiovascular Medicine at the Hokkaido
University Hospital from August 2006 to February 2012.
We enrolled patients diagnosed with ACS [17] who had
revascularization immediately after admission to the
hospital [mean age 69.2 ± 8.7 years, 10 males (56 %)].
ACS included unstable angina, non-ST-elevated myocardial infarction (NSTEMI), and ST-elevated myocardial
infarction (STEMI) [18]. Exclusion criteria were (1) patients with prior myocardial infarction, (2) patients who
were younger than 20 years old, and (3) patients whose
condition was unstable. The study was approved by the
Hokkaido University Graduate School of Medicine Human Research Ethics Board. Written informed consent
was obtained from all patients.
Study protocol

Within 20 days of the onset of ACS, patients had rest
and delayed rest MIBI single-photon emission computed
tomography (SPECT), rest 11C-acetate PET, and echocardiography at rest. These three imaging data acquisitions were performed within 7 days. The interval
between nuclear imaging and echocardiography was 1.7
± 2.4 days (Fig. 1). Follow-up echocardiography was performed 6 months after the onset of ACS (Fig. 1).
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Enrolled patients (n = 18)

Initial evaluation (n = 18)
within 20 days of ACS onset

Lost to follow-up (n = 1)

Follow-up UCG evaluation (n = 17)
after 6 months of ACS onset
Fig. 1 Study protocol. ACS acute coronary syndrome

MIBI SPECT myocardial perfusion imaging

MIBI SPECT myocardial perfusion imaging was performed at rest. Six hundred megabecquerels (MBq) of
MIBI (FUJIFILM RI Pharma, Tokyo, Japan) was intravenously administered at rest. Standard data acquisition
was performed 30 min after MIBI administration [19],
and an additional rest SPECT data acquisition was performed 180 min after MIBI administration [5].
All images were obtained using a dual-detector gamma
camera (Millennium MG, General Electric, Elgems, Tirat
Carmel, Israel) equipped with a parallel hole, lowenergy, high-resolution collimator. Energy discrimination was provided by a 20 % window centered at
140 keV. Thirty-two images were obtained over a 180°
arc. Each image was acquired over 30 s. The data were
stored on a 64 × 64 matrix. A series of 6.78-mm-thick
contiguous trans-axial images were reconstructed with a
filtered back-projection algorithm without attenuation
correction. These trans-axial images were then reoriented in the short axis, vertical long axis, and horizontal
long axis of the left ventricle.
MIBI SPECT image interpretation

The LV wall was divided into 16 segments based on
the American Society of Echocardiography (ASE) recommendations [20]. Each basal and mid-ventricular
region was divided into six segments, and the apical
region was divided into four segments. The border
between the anteroseptal and anterior segments was
considered to be at the anterior insertion of the right
ventricular wall into the left ventricle. Also, the inferior insertion of the right ventricular wall into the left
ventricle defined the border between the inferoseptal
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and inferior segments [20]. The association between
the myocardial segments and the three major coronary arteries was also defined based on the ASE recommendations [20]. The left anterior descending
artery (LAD) region included six segments, the left
circumflex artery (LCx) region included five segments,
and the right coronary artery (RCA) region included
five segments. Two nuclear cardiologists independently performed visual evaluation of myocardial perfusion imaging. The observers performed image
evaluations blinded to the patients’ clinical information and other imaging data. Discordant findings were
resolved by a third observer. A standard five-point
visual scoring system was used for evaluating regional
myocardial MIBI uptake: 0 normal perfusion, 1 mild
reduction, 2 moderate reduction, 3 severe reduction,
and 4 absent uptake [19, 21]. Accelerated MIBI myocardial clearance was defined as an increase of 1 or
more in the segmental defect score at the additional
delayed rest image obtained at the 3-h mark after
MIBI administration as compared with the early rest
image [5]. MIBI redistribution was defined as a decrease of 1 or more in the segmental defect score at
the delayed rest image as compared with the early
rest image in segments with reduced uptake at initial
rest imaging [22]. The percentage peak uptake was
also analyzed in each LV segment using the Heart
Function View software (Nihon Medi-Physics Co.,
Ltd., Tokyo, Japan).

Echocardiography

Echocardiography was performed early after reperfusion
therapy and at 6 months after the onset of ACS (Fig. 1).
All echocardiographic examinations were performed by
experienced echocardiographers blinded to the clinical
information, PET image findings, and SPECT image
findings. We used a commercially available ultrasound
system (Sonos 5500, Philips Medical Systems, Andover,
MA, USA) equipped with a broadband harmonic
phased-array transducer (S4 probe). LV wall motion was
evaluated using the 16-segment model based on the ASE
recommendations [20]. LV wall motion was evaluated
using a five-point scoring system according to the ASE
guidelines: 1 normokinesis, 2 mild hypokinesis, 3 severe
hypokinesis, 4 akinesis, and 5 dyskinesis [20]. Six
months after the onset of ACS, we evaluated the regional wall motion as a follow-up study (Fig. 1). A decrease of more than 1 in the LV wall motion score at
follow-up compared with the initial study was defined as
regional wall motion improvement [23]. Left ventricular
hypertrophy (LVH) was defined as interventricular septal
wall thickness or posterior wall thickness of 11 mm or
more [20].
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11

C-acetate positron emission tomography

Patients were instructed to fast for at least 6 h prior to
11
C-acetate PET study. Patients were positioned with the
heart centered in the field of view in a whole-body PET
scanner (ECAT HR+, Siemens/CTI Knoxville, TN, USA)
[9, 24]. A dynamic PET acquisition was initiated (10 ×
10, 2 × 30, 5 × 100, 3 × 180, and 2 × 300 s) [10, 25] just
after intravenous administration of 740 MBq of 11C-acetate. Blood pressure, heart rate, and electrocardiography
were monitored during the PET scans.
11

C-acetate PET data analysis

PET image data were analyzed using an image analysis
package (Dr. View; Asahi Kasei, Tokyo, Japan) and a special dedicated in-house software called the Hokkaido
Quantitative Tool (HOQUTO) [9, 26]. The images were
iteratively reconstructed and resliced along the short axis
[27]. Based on the ASE recommendations [20], regions
of interest were defined for each of the 16 segments.
Regional oxidative metabolism was determined from
the mono-exponential function (kmono) fit to the linear
portion of the semilogarithmic plot. The monoexponential fit began at the point where the blood pool
was stable (usually 2 to 4 min after injection) as previously described [8, 24, 28]. All data were analyzed by nuclear cardiologists blinded to clinical information and
other imaging data.
Statistical analysis

Continuous variables were expressed as mean plus
standard deviation. Categorical variables were described
as number and percentage. The Wilcoxon signed-rank
test was performed between the initial and follow-up
echocardiographic measurements. We evaluated the difference in oxidative metabolism (kmono) among the three
types of segments, namely those in group N, group AC,
and group F, using a linear mixed effects model. Random
effects were defined as subject, and fixed effects were defined as segment type. Then, we analyzed the differences
among the three groups using multi-group comparison.
Logistic regression analysis was performed to analyze
the relationship between the time of ACS onset to reperfusion and the presence or absence of accelerated MIBI
clearance. All statistical analyses were performed using R
version 3.0.2 (The R Foundation for Statistical Computing, Vienna, Austria).

Results
Baseline patient characteristics

We enrolled 18 ACS patients who had immediate revascularization for the culprit vessel. No patient had a diagnosis of hypertrophic cardiomyopathy. Nine patients
were revascularized for LAD. Two patients were revascularized for the LCx artery and the remaining seven
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patients for the RCA (Table 1). All patients were revascularized using a coronary artery stent and obtained
TIMI flow grade 3 by the end of percutaneous coronary
intervention (PCI). The required time from ACS onset
to revascularization was 5.4 ± 6.8 h. Peak creatine kinase
(CK) level was 1697.6 ± 1522.5 IU/L (range 112–
5056 IU/L, Table 2). One patient had already undergone
PCI for the LAD artery due to angina pectoris prior to
ACS onset. However, this patient’s culprit region at the
ACS event was the RCA. Therefore, we included this patient in the present study. Detailed information related
to the ACS events of each patient is provided in Table 2.
Echocardiography findings

Initial echocardiography study was performed 7.4 ±
2.8 days after ACS onset (range 2–12 days). LVH was
Table 1 Baseline patient characteristics. Data are n, with
percentages in parentheses, or mean ± SD, unless otherwise
indicated
Characteristic

All patients (n = 18)

Age, years

69.2 ± 8.7

Male

10 (56 %)

Culprit region
LAD

9 (50 %)

LCx

2 (11 %)

RCA

7 (39 %)

Time from onset to revascularization, h

5.4 ± 6.8

Revascularization method, n (%)
Stent
Peak creatine kinase, IU/L

18 (100 %)
1697.6 ± 1522.5

Coronary risk factor, n (%)
Hypertension

9 (50 %)

Diabetes mellitus

5 (28 %)

Dyslipidemia

10 (56 %)

Smoking history

9 (50 %)

Pacemaker implantation

1 (6 %)

Post PCI

1 (6 %)

Hemodynamics
Systolic blood pressure, mmHg

122.7 ± 14.9

Diastolic blood pressure, mmHg

62.3 ± 9.9

Heart rate, beats per min

63.3 ± 9.2

Echocardiography data

MIBI SPECT was performed 8.9 ± 3.7 days after ACS
onset (range 3–20 days). Accelerated MIBI clearance
was observed in 10 out of 18 patients (56 %). The
time from ACS onset to revascularization was not associated with the presence or absence of accelerated
MIBI clearance (p = 0.52). There was no significant
correlation between the time from revascularization
to SPECT and numbers of segments (R = 0.23, p =
0.36). In addition, the time from ACS onset to initial
MIBI SPECT imaging was not associated with the
presence or absence of accelerated MIBI clearance (p
= 0.20). Among a total 288 LV segments, we evaluated
99 segments related to revascularized coronary arteries. Four segments showed MIBI redistribution in a
delayed rest image, and these segments were excluded
from the analysis [29]. Among the remaining 95 segments, 64 were defined as having normal myocardial
perfusion at early and delayed rest images (group N).
Fourteen segments showed accelerated MIBI clearance
(group AC), and 17 segments showed fixed perfusion
defect (group F).
In group AC, the defect score significantly increased at
delayed rest images as compared with early rest images
(p < 0.001) (Table 3). Group N and group F showed similar defect scores at early and delayed rest images (group
N p = 0.32 and group F p = 0.33) (Table 3). The percentage peak uptake was analyzed in 17 patients. Reduction
of percentage peak uptake tended to be higher in group
AC than in group N (Tables 4 and 5).
Regional left ventricular oxidative metabolism

C-acetate PET was performed 8.8 ± 2.9 days after
ACS onset (range 3–13 days). Group AC showed a
lower oxidative metabolism (kmono) than group N
(0.041 ± 0.009 vs 0.049 ± 0.010, p = 0.02) (Figs. 2 and
3). Group F also showed a lower oxidative metabolism (kmono) than group N (0.039 ± 0.012 vs 0.049 ±
0.010, p = 0.01). However, there was no difference in
oxidative metabolism (kmono) between group AC and
group F (p = 0.99).

56.5 ± 9.5

Interventricular septal wall thickness, mm (range) 10.4 ± 1.9 (7–16)
Posterior wall thickness, mm (range)

MIBI SPECT findings

11

Past history

LVEF, %

observed in eight patients based on the ASE guidelines
criteria [20]. At the initial study, group AC (n = 14)
showed higher wall motion scores than group N (n = 64)
(2.29 ± 0.99 vs 1.47 ± 0.62, p < 0.01). Group F also
showed higher wall motion scores than group N (n = 17)
(2.41 ± 1.06 vs 1.47 ± 0.62, p < 0.01).

9.2 ± 1.1 (7–12)

LAD left anterior descending artery, LCx left circumflex artery, RCA right
coronary artery, PCI percutaneous coronary intervention, LVEF left ventricular
ejection fraction

Follow-up echocardiography evaluation

At the follow-up (mean follow-up 7.8 ± 4.5 months),
three patients had in-stent restenosis in the reperfused coronary artery region as shown through coronary angiography. One patient did not have follow-up
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Table 2 Detailed patients’ information about their ACS events
Pt

Culprit vessel

LVH

Peak CK (IU/L)

Time from onset
to revascularization (h)

Accelerated MIBI
clearance in the
culprit region

1

RCA

No

374

2.4

No

2

LCx

Yes

268

NA

No

3

RCA

No

853

5.0

No

4

RCA

No

1550

5.0

Yes

5

LAD

Yes

612

NA

Yes

6

LAD

Yes

4189

5.0

No

7

RCA

No

1943

1.5

Yes

8

LAD

Yes

1133

4.2

No

9

LAD

No

4874

3.0

Yes

10

LAD

Yes

5056

3.0

Yes

11

LAD

Yes

952

NA

Yes

12

LAD

No

969

1.0

No

13

RCA

Yes

2040

4.0

Yes

14

RCA

No

2415

4.5

Yes

15

LCx

Yes

112

NA

No

16

LAD

No

617

3.0

Yes

17

RCA

No

1411

28.5

Yes

18

LAD

No

1188

6.0

No

Pt patient, LVH left ventricular hypertrophy, RCA right coronary artery, LCx left circumflex artery, LAD left anterior descending artery, CK creatine kinase,
MIBI 99mTc-sestamibi, NA not available

echocardiography. Therefore, these four patients were
excluded from the follow-up echocardiographic study,
and we evaluated regional wall motion changes between the initial and follow-up study in 14 patients.
Among 224 segments in these 14 patients, 74 segments were related to revascularized coronary arteries, and we evaluated these segments as a follow-up
study. Group N showed improved LV wall motion
score compared with that at its initial study (n = 47)
(1.47 ± 0.62 to 1.25 ± 0.53, p = 0.002) (Fig. 4). Group
AC also showed improved LV wall motion score compared with that at its initial study (n = 10) (2.29 ± 0.99
to 2.00 ± 0.82, p = 0.04). In contrast, the regional wall
motion score in group F did not change compared
with that at its initial evaluation (n = 17) (2.41 ± 1.06
to 2.47 ± 1.12, p = 0.82).

Discussion
Segments with accelerated MIBI clearance were associated with impaired myocardial oxidative metabolism as
evaluated by 11C-acetate PET in patients with reperfused
ACS. Segments with accelerated MIBI clearance also
showed impaired regional wall motion. LV wall motion
in accelerated MIBI clearance improved at follow-up in
patients with reperfused ACS.

Table 3 MIBI SPECT defect score

Table 4 MIBI SPECT percentage peak uptake

Accelerated MIBI clearance and mitochondrial dysfunction

Approximately 90 % of MIBI accumulates on the mitochondrial membrane in relation to its electrical gradient
[3, 30]. In experimental studies, loss of mitochondrial
membrane potential was associated with a decrease in
MIBI uptake [3]. Myocardial cell injury caused accelerated MIBI clearance in ischemic myocardium in a canine

Segment numbers

Early image

Delayed image

p value

Segment numbers

Early image, %

Delayed image, %

p value

Group N (n = 64)

0.03 ± 0.12

0.04 ± 0.14

0.32

Group N (n = 61)

71.4 ± 13.0

70.2 ± 12.5

0.047

Group AC (n = 14)

0.75 ± 0.87

1.96 ± 0.89

<0.001

Group AC (n = 14)

61.1 ± 12.3

57.9 ± 13.0

0.08

Group F (n = 17)

2.15 ± 0.77

2.18 ± 0.77

0.33

Group F (n = 15)

53.7 ± 10.8

48.1 ± 10.7

<0.001

Data expressed as mean ± SD, unless otherwise indicated
MIBI 99mTc-sestamibi, group N segments showed normal perfusion in MIBI
scintigraphy in rest and delayed images, group AC segments showed
accelerated MIBI clearance by increase of one or more in defect score in MIBI
scintigraphy in delayed image, group F segments showed fixed perfusion
defect in MIBI scintigraphy in rest and delayed images

Data expressed as mean ± SD, unless otherwise indicated
MIBI 99mTc-sestamibi, group N segments showed normal perfusion in MIBI
scintigraphy in rest and delayed images, group AC segments showed
accelerated MIBI clearance by increase of 1 or more in defect score in MIBI
scintigraphy in delayed image, group F segments showed fixed perfusion
defect in MIBI scintigraphy in rest and delayed images
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Table 5 Percent change of percentage peak uptake
Segment numbers

Percent change of
percentage peak uptake

Group N (n = 61)

−1.2 ± 5.4

Group AC (n = 14)

−3.2 ± 5.9

Group F (n = 15)

−5.6 ± 4.2*

*p = 0.025 vs group N

model [31, 32]. In addition, in hypertrophic cardiomyopathy, there was an association between accelerated MIBI
clearance and the change of mitochondrial structure as
observed in histological examinations [16, 33]. Hayashi
et al. reported that accelerated MIBI clearance was correlated with the severity of degeneration in the mitochondria in dilated cardiomyopathy [16]. In the current
study, segments with accelerated MIBI clearance showed
decreased myocardial oxidative metabolism in patients
with ACS. Therefore, reduced oxidative metabolism may
reflect mitochondrial dysfunction in ischemic myocardium as well as in either hypertrophic or dilated cardiomyopathy. These data appear to corroborate those from
previous experimental studies, and the current data may
therefore clarify the possible mechanisms of accelerated
MIBI clearance in patients with ACS.
In the current study, accelerated MIBI clearance was
observed in ten patients (55 %), and segmental analysis
showed that 14 of the 99 segments (14 %) exhibited accelerated MIBI clearance. Takeishi et al. reported that 15
of the 22 patients (68 %) with acute myocardial infarction showed accelerated MIBI clearance [5]. In their
study, these patients had percutaneous transmural coronary angioplasty and thrombolytic therapy. The frequency of accelerated MIBI in the current study was
lower than in Takeishi’s study. In their study, all patients
who underwent angioplasty obtained TIMI grades 2 or 3

by the end of the revascularization procedure. The difference in the frequency of accelerated MIBI between
the current study and Takeishi’s study may be due to differences in coronary intervention approach. In the
current study, all patients underwent stent placement as
the ACS treatment. In addition, all patients had obtained
TIMI grade 3 by the end of the revascularization procedure. Given recent developments in treatment approaches, ACS treatments may have improved in
comparison with those used in previous studies. Therefore, newer revascularization approaches may result in
less myocardial damage and a lower frequency of accelerated MIBI clearance. Even with the lower frequency of
accelerated MIBI clearance, the main finding of the
current study agreed with the findings from the previous
study, and the current study adds new pathophysiological insights over the previous study.
Fujiwara et al. reported that the regions of accelerated
MIBI clearance were closely correlated with those showing reduced uptake of 123iodine-beta-methyl-iodophenylpentadecanoic acid (BMIPP) [34]. BMIPP defect is associated with abnormal myocardial fatty acid metabolism
[35]. Their data indicate that accelerated MIBI clearance
may be associated with myocardial metabolic dysfunction in ACS. Although they did not evaluate oxidative
metabolism, their data may support the current findings.
In the current study, reduction of percentage peak uptake in the segments of accelerated sestamibi clearance
showed a trend of being higher than that in normal perfusion segments. However, this was not significant. Since
tracer decay might have impacts on the percentage peak
uptake, this may have had an influence on the relative
uptake analysis.

Accelerated MIBI clearance and wall motion recovery
p = 0.01

0.07

p = 0.02
p = 0.99

0.06

kmono (/min)

0.05
0.04
0.03
0.02
0.01
0.00
Normal
perfusion
(n = 64)

Accelerated MIBI Fixed perfusion
defect
clearance
(n = 17)
(n = 14)

Fig. 2 Oxidative metabolism (kmono) in each segment among the
three groups

The regions with accelerated MIBI clearance showed LV
wall motion improvement at follow-up after revascularization. Using low-dose dobutamine stress echocardiography, Fujiwara et al. evaluated the association between
accelerated MIBI clearance and regional wall motion
after ACS (within 7 days of admission) [6]. Segments
with accelerated MIBI clearance showed better functional recovery during low-dose dobutamine administration than those with fixed MIBI defects. Their study
revealed accelerated MIBI clearance associated with dysfunctional but viable myocardium early after ACS. The
current study further added to the new insight that accelerated MIBI clearance in segments was related to regional wall motion recovery at follow-up. Thus, the
current study provided insights into the association between accelerated MIBI clearance and regional LV functional recovery in addition to those provided by previous
studies [5, 6].
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SA

99mTc-sestamibi

b

99mTc-sestamibi

a

Delayed

Early

VLA

polar map

Early

Delayed

c
11C-acetate

kmono map

d

e

11C-acetate

11C-acetate

clearance
(mid anterior wall)

clearance
(basal anterior wall)

kmono = 0.035

kmono = 0.047

Fig. 3 Representative case of an 85-year-old man who underwent emergent PCI for LAD. 99mTc-sestamibi (MIBI) scintigraphy and 11C-acetate PET
were performed 10 days after PCI. a Early and delayed images of MIBI SPECT. Accelerated MIBI clearance is observed in the anterior region. b Polar
maps of MIBI in early (upper) and delayed (lower) images. c Oxidative metabolism (kmono) in each segment. d 11C-acetate PET time-activity curve
at the mid-anterior wall. Mid-anterior wall exhibited accelerated MIBI clearance in MIBI scintigraphy. e 11C-acetate PET time-activity curve at the
basal-anterior wall. Basal-anterior wall showed normal perfusion in rest and delayed images in MIBI scintigraphy. PCI percutaneous coronary intervention,
PET positron emission tomography, LAD left anterior descending artery, SA short axis, VLA vertical long axis

Myocardial oxidative metabolism in the segments
with accelerated MIBI clearance decreased as the
number of segments with fixed perfusion abnormality
did. Segments with accelerated MIBI clearance
showed improved LV wall motion. However, the LV
wall motion in segments with fixed perfusion abnormality remained unchanged at follow-up. Thus, based
on the current findings, it may be difficult to predict
regional wall motion recovery using 11C-acetate PET
data. The effectiveness of 11C-acetate PET to predict
Normal perfusion
(n = 47)

Wall motion score

5

p = 0.002

myocardial functional recovery has not been fully recognized [36–40]. Hicks et al. reported that oxidative
metabolism did not depend on myocardial perfusion.
They also reported that oxidative metabolism varied
in accordance with myocardial conditions such as ischemia or infarction [37]. They concluded that predicting functional recovery through the evaluation of
oxidative metabolism alone was difficult. Our results
suggest that segments with impaired oxidative metabolism were associated with myocardial injury.

Accelerated MIBI
clearance
(n = 10)
5

p = 0.04

Fixed perfusion defect
(n = 17)
p = 0.82

5

4

4

4

3

3

3

2

2

1

1

2

7
9

1

27

0

0

0
Initial

Follow-up

Initial

Follow-up

Initial

Follow-up

Fig. 4 Changes in echocardiographic regional LV wall motion score between initial study and follow-up study
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However, this finding was not sufficient to predict
myocardial functional recovery based on the current
data. Therefore, further studies are required.
Clinical indication

Evaluation of accelerated MIBI clearance may provide
additional information in a clinical setting. Our study
may indicate that segments with accelerated MIBI clearance represent myocardium damage as a result of mitochondrial dysfunction.
Limitations

Our study had some limitations. First, histological findings for the regions showing accelerated MIBI clearance
were not evaluated. Rather than performing biopsy sampling, we evaluated myocardial oxidative metabolism as
a marker of mitochondrial dysfunction using 11C-acetate
PET. In experimental studies, the clearance of 11C-acetate from myocardium is associated with mitochondrial
function [15]. Therefore, the current data support our
hypothesis. Second, myocardial oxidative metabolism
was not evaluated at follow-up. A previous study reported an improvement in oxidative metabolism in the
reperfused myocardium [37]. Examining this information
with regard to physiological changes to ACS after reperfusion therapy might be an important next step. Third,
for evaluation purposes, we did not separate patients
with ACS into groups based on the following pathological conditions: unstable angina, NSTEMI, and
STEMI. These three types of pathological conditions
may exhibit related pathology in terms of myocardial
damage. Finally, our study involved a small study population. The current protocol included two sestamibi
SPECT data acquisitions, echocardiography, and one
11
C-acetate PET study. 11C-acetate PET is usually applied for specific pathophysiological studies in a limited
number of research facilities [25, 41], and it would be
difficult to apply this comprehensive study protocol to a
large number of subjects. In addition, the sample size of
the present study was small but similar to that of previous studies [39, 41, 42]. Despite the small sample size,
with careful preparation, we showed the pathophysiological mechanism of accelerated sestamibi washout.
While a small sample size may have had a minimal impact on the current data, we definitely need further
study using a larger study population to confirm the efficacy of evaluating MIBI clearance. The time from revascularization to SPECT showed some variability.
However, there was no significant correlation between
the time from revascularization to SPECT and the numbers of accelerated sestamibi clearance segments. Therefore, time from revascularization to SPECT might not
have had an impact on the numbers of segments with
accelerated sestamibi clearance.
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Conclusions
Segments with accelerated MIBI clearance were associated with impaired myocardial oxidative metabolism as
evaluated by 11C-acetate PET. Segments with accelerated
MIBI clearance showed impaired regional wall motion.
Accelerated MIBI clearance may be associated with
mitochondrial dysfunction and might be a predictor of
LV wall motion improvement in patients with ACS who
underwent immediate revascularization therapy.
Abbreviations
ACS: acute coronary syndrome; LAD: left anterior descending artery; LCx: left
circumflex artery; LV: left ventricular; MIBI: 99mtechnetium-sestamibi;
PCI: percutaneous coronary intervention; PET: positron emission tomography;
RCA: right coronary artery; SPECT: single-photon emission computed
tomography.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
AM participated in data interpretation and statistical analysis and drafting
and editing of the manuscript. KY conceptualized and participated in
designing the study, conducting imaging, and editing the manuscript. MN
participated in designing the study, conducting imaging, and editing the
manuscript. SY and HI participated in designing the study and assisted with
echocardiography measurement. TO participated in statistical analysis. CK
assisted with image analysis. OM conducted imaging. YT and HT participated
in editing the manuscript. NT conceptualized and participated in the design
of the study and editing of the manuscript. All authors read and approved
the final manuscript.
Acknowledgements
The authors thank Keiichi Magota, PhD, Eriko Suzuki, and Ken-ichi Nishijima,
PhD, for their technical expertise during this study. This manuscript has been
reviewed by a North American English language professional editor, Ms.
Holly Beanlands. The authors also thank Ms. Holly Beanlands for critical reading of the manuscript.
Funding
Dr. Yoshinaga has received research grants through the Imura Clinical
Research Award (Adult Vascular Disease Research Foundation, Kyoto, Japan).
This work was in part supported by FUJIFILM RI Pharma Co., Ltd. (Tokyo,
Japan).
Author details
1
Department of Nuclear Medicine, Hokkaido University Graduate School of
Medicine, Sapporo, Japan. 2Molecular Imaging Research Center, National
Institute of Radiological Sciences, 4-9-1 Anagawa, Inage-Ku, Chiba 263-8555,
Japan. 3Department of Cardiovascular Medicine, Hokkaido University
Graduate School of Medicine, Sapporo, Japan. 4Department of Health
Sciences, Hokkaido University Graduate School of Medicine, Sapporo, Japan.
5
Department of Cardiology and Hematology, Fukushima Medical University,
Fukushima, Japan. 6Department of Natural Sciences, Fukushima Medical
University, Fukushima, Japan.
Received: 1 March 2016 Accepted: 28 April 2016

References
1. Hotchkiss RS, Strasser A, McDunn JE, Swanson PE. Cell death. N Engl J Med.
2009;361(16):1570–83.
2. Hausenloy DJ, Duchen MR, Yellon DM. Inhibiting mitochondrial permeability
transition pore opening at reperfusion protects against ischaemiareperfusion injury. Cardiovasc Res. 2003;60(3):617–25.
3. Piwnica-Worms D, Kronauge JF, Chiu ML. Uptake and retention of hexakis
(2-methoxyisobutyl isonitrile) technetium(I) in cultured chick myocardial
cells. Mitochondrial and plasma membrane potential dependence.
Circulation. 1990;82(5):1826–38.

Masuda et al. EJNMMI Research (2016) 6:41

4.

5.

6.

7.

8.

9.

10.

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.
24.

Bateman TM, Heller GV, McGhie AI, Friedman JD, Case JA, Bryngelson JR, et
al. Diagnostic accuracy of rest/stress ECG-gated Rb-82 myocardial perfusion
PET: comparison with ECG-gated Tc-99m sestamibi SPECT. J Nucl Cardiol.
2006;13(1):24–33.
Takeishi Y, Sukekawa H, Fujiwara S, Ikeno E, Sasaki Y, Tomoike H. Reverse
redistribution of technetium-99m-sestamibi following direct PTCA in acute
myocardial infarction. J Nucl Med. 1996;37(8):1289–94.
Fujiwara S, Takeishi Y, Hirono O, Fukui A, Okuyama M, Yamaguchi S, et al.
Reverse redistribution of 99m Tc-sestamibi after direct percutaneous
transluminal coronary angioplasty in acute myocardial infarction:
relationship with wall motion and functional response to dobutamine
stimulation. Nucl Med Commun. 2001;22(11):1223–30.
Bengel FM, Permanetter B, Ungerer M, Nekolla S, Schwaiger M. Non-invasive
estimation of myocardial efficiency using positron emission tomography
and carbon-11 acetate—comparison between the normal and failing
human heart. Eur J Nucl Med. 2000;27(3):319–26.
Ukkonen H, Beanlands RS, Burwash IG, de Kemp RA, Nahmias C, Fallen E, et
al. Effect of cardiac resynchronization on myocardial efficiency and regional
oxidative metabolism. Circulation. 2003;107(1):28–31.
Yoshinaga K, Katoh C, Beanlands RS, Noriyasu K, Komuro K, Yamada S, et al.
Reduced oxidative metabolic response in dysfunctional myocardium with
preserved glucose metabolism but with impaired contractile reserve. J Nucl
Med. 2004;45(11):1885–91.
Yoshinaga K, Burwash IG, Leech JA, Haddad H, Johnson CB, de Kemp RA, et
al. The effects of continuous positive airway pressure on myocardial
energetics in patients with heart failure and obstructive sleep apnea. J Am
Coll Cardiol. 2007;49(4):450–8.
Chow BJ, Abunassar JG, Ascah K, Dekemp R, Dasilva J, Mesana T, et al.
Effects of mitral valve surgery on myocardial energetics in patients with
severe mitral regurgitation. Circ Cardiovasc Imaging. 2010;3(3):308–13.
Schindler TH. Cardiac PET/computed tomography applications and
cardiovascular outcome. PET Clinics. 2015;10(3):441–59.
Herrero P, Kim J, Sharp TL, Engelbach JA, Lewis JS, Gropler RJ, et al.
Assessment of myocardial blood flow using 15O-water and 1-11C-acetate in
rats with small-animal PET. J Nucl Med. 2006;47(3):477–85.
van den Hoff J, Burchert W, Borner AR, Fricke H, Kuhnel G, Meyer GJ, et al.
[1-(11)C]Acetate as a quantitative perfusion tracer in myocardial PET. J Nucl
Med. 2001;42(8):1174–82.
Wu IC, Ohsawa I, Fuku N, Tanaka M. Metabolic analysis of 13C-labeled
pyruvate for noninvasive assessment of mitochondrial function. Ann N Y
Acad Sci. 2010;1201:111–20.
Hayashi D, Ohshima S, Isobe S, Cheng XW, Unno K, Funahashi H, et al.
Increased (99m)Tc-sestamibi washout reflects impaired myocardial
contractile and relaxation reserve during dobutamine stress due to
mitochondrial dysfunction in dilated cardiomyopathy patients. J Am Coll
Cardiol. 2013;61(19):2007–17.
O’Connor RE, Brady W, Brooks SC, Diercks D, Egan J, Ghaemmaghami C, et
al. Part 10: acute coronary syndromes: 2010 American Heart Association
Guidelines for Cardiopulmonary Resuscitation and Emergency
Cardiovascular Care. Circulation. 2010;122(18 Suppl 3):S787–817.
Kumar A, Cannon CP. Acute coronary syndromes: diagnosis and
management, part I. Mayo Clin Proc. 2009;84(10):917–38.
Holly TA, Abbott BG, Al-Mallah M, Calnon DA, Cohen MC, DiFilippo FP,
et al. Single photon-emission computed tomography. J Nucl Cardiol.
2010;17(5):941–73.
Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al.
Recommendations for cardiac chamber quantification by echocardiography
in adults: an update from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. J Am Soc
Echocardiogr. 2015;28(1):1–39. e14.
Yoshinaga K, Chow BJ, Williams K, Chen L, de Kemp RA, Garrard L, et al. What is
the prognostic value of myocardial perfusion imaging using rubidium-82
positron emission tomography? J Am Coll Cardiol. 2006;48(5):1029–39.
Port SC. Imaging guidelines for nuclear cardiology procedures, part 2.
American Society of Nuclear Cardiology. J Nucl Cardiol. 1999;6(2):G47–84.
Bax JJ, Delgado V. Myocardial viability as integral part of the diagnostic and
therapeutic approach to ischemic heart failure. J Nucl Cardiol. 2015;22(2):229–45.
Yoshinaga K, Ohira H, Tsujino I, Oyama-Manabe N, Mielniczuk L, Beanlands
RS, et al. Attenuated right ventricular energetics evaluated using (1)(1)Cacetate PET in patients with pulmonary hypertension. Eur J Nucl Med Mol
Imaging. 2014;41(6):1240–50.

Page 9 of 9

25. Hall AB, Ziadi MC, Leech JA, Chen SY, Burwash IG, Renaud J, et al. Effects of
short-term continuous positive airway pressure on myocardial sympathetic
nerve function and energetics in patients with heart failure and obstructive
sleep apnea: a randomized study. Circulation. 2014;130(11):892–901.
26. Nesterov SV, Deshayes E, Sciagra R, Settimo L, Declerck JM, Pan XB, et al.
Quantification of myocardial blood flow in absolute terms using (82)Rb PET
imaging: the RUBY-10 study. JACC Cardiovasc Imaging. 2014;7(11):1119–27.
27. Ukkonen H, Knuuti J, Katoh C, Iida H, Sipila H, Lehikoinen P, et al. Use of
[11C]acetate and [15O]O2 PET for the assessment of myocardial oxygen
utilization in patients with chronic myocardial infarction. Eur J Nucl Med.
2001;28(3):334–9.
28. Beanlands RS, Nahmias C, Gordon E, Coates G, de Kemp R, Firnau G, et al.
The effects of beta(1)-blockade on oxidative metabolism and the metabolic
cost of ventricular work in patients with left ventricular dysfunction: a
double-blind, placebo-controlled, positron-emission tomography study.
Circulation. 2000;102(17):2070–5.
29. Wackers FJ, Berman DS, Maddahi J, Watson DD, Beller GA, Strauss HW, et al.
Technetium-99m hexakis 2-methoxyisobutyl isonitrile: human
biodistribution, dosimetry, safety, and preliminary comparison to thallium201 for myocardial perfusion imaging. J Nucl Med. 1989;30(3):301–11.
30. Carvalho PA, 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(8):1516–22.
31. Beanlands RS, Dawood F, Wen WH, 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(5):1802–14.
32. Canby RC, Silber S, Pohost GM. Relations of the myocardial imaging agents
99m
Tc-MIBI and 201Tl to myocardial blood flow in a canine model of
myocardial ischemic insult. Circulation. 1990;81(1):289–96.
33. Unno K, Isobe S, Izawa H, Cheng XW, Kobayashi M, Hirashiki A, et al.
Relation of functional and morphological changes in mitochondria to
myocardial contractile and relaxation reserves in asymptomatic to
mildly symptomatic patients with hypertrophic cardiomyopathy. Eur
Heart J. 2009;30(15):1853–62.
34. Fujiwara S, Takeishi Y, Atsumi H, Yamaki M, Takahashi N, Yamaoka M, et al.
Prediction of functional recovery in acute myocardial infarction: comparison
between sestamibi reverse redistribution and sestamibi/BMIPP mismatch. J
Nucl Cardiol. 1998;5(2):119–27.
35. Yoshinaga K, Naya M, Shiga T, Suzuki E, Tamaki N. Ischaemic memory
imaging using metabolic radiopharmaceuticals: overview of clinical settings
and ongoing investigations. Eur J Nucl Med Mol Imaging. 2014;41(2):384–93.
36. Gropler RJ, Siegel BA, Sampathkumaran K, Perez JE, Sobel BE, Bergmann SR,
et al. Dependence of recovery of contractile function on maintenance of
oxidative metabolism after myocardial infarction. J Am Coll Cardiol. 1992;
19(5):989–97.
37. Hicks RJ, Melon P, Kalff V, Wolfe E, Dick RJ, Popma JJ, et al. Metabolic
imaging by positron emission tomography early after myocardial infarction
as a predictor of recovery of myocardial function after reperfusion. J Nucl
Cardiol. 1994;1(2 Pt 1):124–37.
38. Gerber BL, Wijns W, Vanoverschelde JL, Heyndrickx GR, De Bruyne B,
Bartunek J, et al. Myocardial perfusion and oxygen consumption in
reperfused noninfarcted dysfunctional myocardium after unstable
angina: direct evidence for myocardial stunning in humans. J Am Coll
Cardiol. 1999;34(7):1939–46.
39. Maes AF, Van de Werf F, Mesotten LV, Flamen PB, Kuzo RS, Nuyts JL, et al.
Early assessment of regional myocardial blood flow and metabolism in
thrombolysis in myocardial infarction flow grade 3 reperfused myocardial
infarction using carbon-11-acetate. J Am Coll Cardiol. 2001;37(1):30–6.
40. Vanoverschelde JL, Melin JA, Bol A, Vanbutsele R, Cogneau M, Labar D, et al.
Regional oxidative metabolism in patients after recovery from reperfused
anterior myocardial infarction. Relation to regional blood flow and glucose
uptake. Circulation. 1992;85(1):9–21.
41. Tuunanen H, Engblom E, Naum A, Nagren K, Scheinin M, Hesse B, et al.
Trimetazidine, a metabolic modulator, has cardiac and extracardiac benefits
in idiopathic dilated cardiomyopathy. Circulation. 2008;118(12):1250–8.
42. McCommis KS, Goldstein TA, Abendschein DR, Herrero P, Misselwitz B,
Gropler RJ, et al. Quantification of regional myocardial oxygenation by
magnetic resonance imaging: validation with positron emission
tomography. Circ Cardiovasc Imaging. 2010;3(1):41–6.

