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Abstract “Ischaemic memory” is defined as a prolonged
functional and/or biochemical alteration remaining after a
particular episode of severe myocardial ischaemia. The
biochemical alteration has been reported as metabolic
stunning. Metabolic imaging has been used to detect
the footprint left by previous ischaemic episodes evi-
dent due to delayed recovery of myocardial metabolism
(persistent dominant glucose utilization with suppression of fatty
acid oxidation).β-Methyl-p-[123I]iodophenylpentadecanoic acid
(BMIPP) is a single-photon emission computed tomography
(SPECT) radiotracer widely used for metabolic imaging in
clinical settings in Japan. In patients with suspected coronary
artery disease but no previous myocardial infarction, BMIPP
has shown acceptable diagnostic accuracy. In particular,
BMIPP plays an important role in the identification of prior
ischaemic insult in patients arriving at emergency departments
with acute chest pain syndrome. Recent data also show the
usefulness of 123I-BMIPP SPECT for predicting cardiovascu-
lar events in patients undergoing haemodialysis. Similarly,
SPECT or PET imaging with 18F-FDG injected during peak
exercise or after exercise under fasting conditions shows an
increase in FDG uptake in postischaemic areas. This article
will overview the roles of ischaemic memory imaging both
under established indications and in ongoing investigations.
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Introduction

Acute myocardial ischaemia is associated with many patho-
physiological and biochemical reactions. Acute ischaemia in
acute coronary syndrome (ACS) is usually identified based on
electrocardiography (ECG) changes, wall motion abnormali-
ties found on echocardiography, elevated serum biomarkers,
and chest discomfort [1–4]. However, in some patients with
unstable angina, ECG changes may be nondiagnostic and
serum biomarkers may not be elevated, and therefore accu-
rately diagnosing ASC may be difficult for emergency physi-
cians and cardiologists.

An imaging method that could identify a persistent physi-
ological consequence of recent myocardial ischaemia would
be of particular interest since it could establish a causal rela-
tionship between an episode of chest pain and acute myocar-
dial ischaemia [4]. One method is to image P-selectin which is
rapidly mobilized to the endothelial surface under myocardial
ischaemia. Greater adhesion of P-selectin to the postischaemic
myocardium has been identified through molecular echocar-
diography involving microbubbles in rats undergoing experi-
mental ischaemia and reperfusion [5]. The current report is the
first to deal with the concept of molecular ultrasonic imaging
of ischaemic memory. One of the main hallmarks of myocar-
dial ischaemia is an inflammatory cascade, for example in-
volving endothelial overexpression of leucocyte adhesion
molecules. In addition, a reduction in myocardial perfusion
with regional wall motion abnormality is often associated with
coronary occlusion [1–4]. Another important aspect of myo-
cardial ischaemia is metabolic shift from the use of aerobic
fatty acid substrate to anaerobic glucose metabolism in the
ischaemic myocardium [6–8]. These methods of identifying
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recent ischaemia (memory) of the myocardium may play an
important role in accurately diagnosing and determining the
severity of myocardial ischaemia [9].

There are a number of alternative methods for identifying
persistent functional alterations after ischaemia. Myocardial
perfusion study using single-photon emission computed to-
mography (SPECT) has been used in patients with acute chest
pain.When a perfusion tracer is injected during or shortly after
chest pain, the tracer is immediately trapped in the myocardi-
um. Therefore, regional myocardial ischaemia may be identi-
fied on SPECT imaging after resolution of the chest pain [10].
However, since there may be rapid recovery of myocardial
perfusion, one limitation of a perfusion study is false-negative
findings [11]. Quantitative analysis of regional wall motion
may be used to assess postsystolic dysfunction after recovery
from myocardial ischaemia. Tissue strain echocardiography
can potentially identify prolonged abnormalities in regional
function after ischaemia [12]. While echocardiography can be
useful for serial monitoring of global and regional left ven-
tricular function after ischaemia, it may have limited value for
ischaemic memory imaging. Transient myocardial ischaemia
may often cause persistent regional dysfunction after the
recovery phase of myocardial perfusion without leaving evi-
dence of myocardial necrosis. Such delayed recovery of re-
gional function after reperfusion (stunned myocardium) is
well documented [1–4, 13]. In addition, delayed recovery of
myocardial metabolism (metabolic stunning) has been report-
ed [14, 15].

During fasting, the human heart uses free fatty acids as a
major energy source under normoxic conditions [15]. During
myocardial ischaemia, the myocardial energy metabolism is
shifted from fatty acid utilization to glucose utilization. After
recovery from myocardial ischaemia, such accelerated glu-
cose utilization may persist as a form of compensatory energy
production [15]. Schelbert et al. were the first to demonstrate
the alteration in fatty acid metabolism using 11C-palmitate in a
canine ischaemic model [16]. Occlusion-reperfusion canine
studies with chronic myocardial ischaemia have suggested
prolonged metabolic alteration over 4 weeks after 30 min of
coronary occlusion, which is associated with sustained myo-
cardial metabolic dysfunction [16–18]. Such metabolic adap-
tation may represent the earliest response to myocardial is-
chaemia and may continue after reperfusion [19]. These ear-
lier studies identified this pathophysiological condition espe-
cially in myocardial metabolism and suggested the usefulness
of metabolic imaging for detecting prior ischaemic episodes.
Initial findings gave rise to the concept of ischaemic memory
imaging.

We introduced the concept of ischaemic memory as a
component of the ischaemic footprint and defined it as a
prolonged functional or metabolic alteration after recovery
from severe ischaemia [7, 20–22]. Later studies have con-
firmed the clinical importance of this concept [19, 23, 24].

Radionuclide imaging of myocardial metabolism has been
developed as ischaemic memory imaging for the detection
of metabolically dysfunctional myocardium [7, 20, 21].
Ischaemic memory imaging has had a great impact on the
ability to identify areas that have previously experienced
myocardial ischaemic insult without having to use pharmaco-
logical or exercise stress. In this article, we provide an over-
view of ischaemic memory imaging.

Ischaemic memory imaging using fatty acid analogues

There are a number of radionuclide techniques for eval-
uating fatty acid metabolism in vivo [25]. Among them,
radiolabelled fatty acid imaging has been the most widely
used for ischaemic memory imaging in clinical settings.
With various radiolabelled fatty acids and fatty acid ana-
logues, 123I-labelled 15-(p-iodophenyl)-3(R ,S )-methyl
pentadecanoic acid (BMIPP) has been extensively studied in
basic research and clinical settings. BMIPP was approved for
clinical use and for reimbursement by the Japanese Ministry
of Health, Labor, andWelfare inMarch 1993. To date, BMIPP
has been approved only for clinical use in Japan and many
clinical reports have been published in Japan [22]. BMIPP is a
methyl-branched fatty acid analogue that inhibits beta-
oxidation [25]. This compound is designed for high uptake
in the myocardium with slow washout from the myocardium.
In normal myocardium, BMIPP enters the myocardial cell as
BMIPP-CoA and most of the fraction is retained in the lipid
pool. Back-diffusion into the blood is very limited. A very
small fraction of BMIPP-CoA metabolizes into the end-
product p-iodophenylacetic acid via alpha-oxidation followed
by beta-oxidation [7, 26]. Of note, increased back-diffusion of
nonmetabolized BMIPP from the myocardium appears in
postischaemic myocardium [27] (Fig. 1). These properties of
BMIPP make it suitable for SPECT imaging. On the other
hand, BMIPP uptake may not directly reflect fatty acid oxi-
dation. Instead, BMIPP uptake is based on fatty acid uptake,
the turnover rate of the lipid pool, and adenosine triphosphate
concentration [28]. In most clinical settings, the combination
of the iodinated fatty acid imaging and perfusion imaging is
required to demonstrate perfusion/fatty acid metabolism mis-
match (Fig. 2).

The radiation dosage from 123I-BMIPP is 4.7 mSv per
5 mCi injection [29].

Image acquisition and interpretation

In view of myocardial substrate use, BMIPP is usually admin-
istered intravenously under fasting conditions in a non-
emergency setting. The majority of other BMIPP studies in
non-emergency settings have been performed under fasting
conditions [9, 30], with SPECT imaging obtained 15–30 min
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after tracer administration [7, 21, 31]. In some facilities addi-
tional delayed data acquisition has been performed [23].
BMIPP SPECT images can be evaluated using an approach
similar to that for myocardial perfusion imaging. To precisely
assess an alteration in fatty acid metabolism, it is recommended
that BMIPP and myocardial perfusion imaging be compared to
identify the perfusion/fatty acid mismatch pattern [7, 20, 21].
On the other hand, a single BMIPP scan may be used in an
emergency room to detect prior ischaemia [23, 24]. In normal
subjects, BMIPP shows relatively homogeneous radiotracer
distribution in the left ventricular (LV) myocardium [31].

As with myocardial perfusion imaging, a semiquantitative
five-point scoring scale with a 17-segment model is applied
for BMIPP SPECT imaging [23]. As part of this approach, we
recently developed an automated program to evaluate BMIPP
SPECT images using a polar map display. This automated
quantification analysis of the summed BMIPP score was
correlated with standard visual analysis [32].

Basic mechanisms of BMIPP myocardial uptake

A number of reports indicate altered kinetics of BMIPP under
various myocardial substrate conditions in a canine model
(Table 1). Lipid or glucose infusion significantly increases
back-diffusion of nonmetabolized BMIPP in coronary sinus
sampling after BMIPP administration [33]. The administra-
tion of etomoxir, a fatty acid transporter inhibitor, also

Fig. 1 BMIPP kinetics in normal
myocardium (top) and
postischaemic myocardium
(bottom). AMP adenosine
monophosphate, ATP adenosine
triphosphate, BMIPP β-methyl-
p-[123I]iodophenylpentadecanoic
acid, PIPA p-iodophenylacetic
acid

Fig. 2 Representative patient: a 73-year-old woman who had three-
vessel coronary bypass graft surgery. One month after surgery, she had
exercise stress–rest perfusion imaging and rest BMIPP imaging. The
stress perfusion SPECT showed mild perfusion abnormalities in the
inferolateral region (arrows). In contrast, BMIPP SPECT identified se-
vere reduction of BMIPP uptake in the same area (arrowheads)

Table 1 BMIPP kinetics in canine heart under various conditions

Reference Condition Extraction
(30 s) (%)

Washout
(8 min) (%)

Back-diffusion of
nonmetabolite

[28] Control 74 50 25

[33] Lipid infusion 58* 68* 45*

[33] Glucose
infusion

69 60* 49*

[34] Etomoxira 67 71* 42*

[35] 10 min
occlusion

69 56 22

[35] 30 min
occlusion

77 61 35*

a Fatty acid transporter inhibitor

*P<0.05 vs. control

386 Eur J Nucl Med Mol Imaging (2014) 41:384–393



increases BMIPP back-diffusion [34]. These data indicate
that BMIPP uptake may reflect fatty acid utilization in the
myocardium. In an occlusion/reperfusion canine model,
Hosokawa et al. [35] showed this increase in the back-
diffusion of BMIPP. Such increased back-diffusion may cause
a decrease in BMIPP uptake relative to perfusion in severely
ischaemic myocardium (Fig. 1).

Detecting previous episodes of myocardial ischaemia
with BMIPP in acute chest pain

Ito et al. found serial changes in BMIPP uptake and washout
in ten patients experiencing a first episode of angina without
myocardial infarction but with regional wall motion abnor-
malities [36]. Significant BMIPP abnormalities were not seen
during the acute phase (< 27 h from the first episode) despite
severe wall motion and perfusion abnormalities. On the other
hand, a significant decrease in BMIPP uptake with increased
washout from the myocardium were seen during the subacute
phase (5–12 days from the first episode). In contrast, perfusion
and systolic function showed only moderate improvement.
These preliminary results suggest serial significant changes
in BMIPP kinetics during the recovery phase of ischaemic
episodes. Such dynamic changes may be associated with
changes in the lipid pool size and back-diffusion of the fatty
acid pool. While such a result typically leads to BMIPP
abnormalities in the first episode of ischaemia, many other
clinical conditionsmay cause BMIPP abnormalities duemain-
ly to repeated ischaemic episodes with delayed recovery of
BMIPP (Fig. 3). These abnormalities may be due to a reduced

coronary flow reserve in the dysfunctional area. In a study of
chronic coronary artery disease (CAD), the severity of BMIPP
uptake was found to be closely related to the reduction of
coronary flow reserve as assessed by quantitative 15O-labelled
water PET myocardial perfusion imaging [37].

Kawai et al. also investigated the use of BMIPP in com-
parison with myocardial perfusion imaging performed at rest
and coronary angiography in 111 consecutive patients with
acute chest pain [21]. BMIPP imaging performed within 48 h
of the last chest pain showed a sensitivity of 74 % and a
specificity of 92 % in identifying significant coronary steno-
sis; these results were better than those obtained with resting
myocardial perfusion imaging also performed within 24 h of
the onset of chest pain. This report is the first to show the value
of BMIPP in identifying prior ischaemic insult after recovery
from chest pain in emergency departments. Other studies also
support this finding [38, 39]. Based on these previous three
studies comparing the diagnostic accuracy of BMIPP and
myocardial perfusion imaging, BMIPP showed higher sensi-
tivity than myocardial perfusion imaging (Table 2). In con-
trast, BMIPP and myocardial perfusion imaging showed sim-
ilar specificity for detecting ACS or unstable angina.

BMIPP has been studied mainly in Japan since March
1993. The clinical value of BMIPP imaging has recently been
recognized in the US. Kontos et al. in a multicentre study
involving over 500 patients in emergency departments found
that BMIPP may add incremental value to the early diagnosis
of ACS, potentially allowing the presence or absence of ACS
to be determined earlier in the evaluation process. On a
five-point scoring scale with a 17-segment model, a BMIPP
score of ≥12 was associated with cardiac death [40].
This multicentre study confirmed the incremental value of
BMIPP imaging to the clinical information in those suspected
of having ACS.

Possibility for detecting mild to moderate ischaemia

The most common indication for BMIPP SPECT has been
unstable angina implying a severe ischaemic episode.
Although data are limited, there has been some examination
of the relationship between rest BMIPP and mild to moderate
ischaemia with myocardial perfusion imaging or negative
stress myocardial perfusion imaging.

Two studies have looked at the discrepancy between a
positive BMIPP defect and negative stress myocardial
perfusion imaging. Iwado et al. found that only one patient
among 24 showed a BMIPP defect in spite of negative thal-
lium stress myocardial perfusion imaging. These patients did
not have coronary stenosis after revascularization [41]. This
might indicate that there is little possibility of detecting mild
ischaemia using BMIPP. Another study showed that the
discrepancies between BMIPP findings and stress myo-
cardial perfusion imaging data are very limited. With negative

Fig. 3 Representative patient: a 41-year-old woman who had chest pain
and was diagnosed with acute myocardial infarction. Her coronary an-
giogram shows total occlusion in the left anterior descending artery 6, and
stent placement provided immediate revascularization. After 11 days, she
had rest myocardial perfusion imaging and BMIPP imaging. While
resting myocardial perfusion SPECT performed on admission did not
show significant perfusion abnormalities, BMIPP SPECT performed the
next day showed a reduction in BMIPP uptake in the anterior to apex
(arrows)
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thallium imaging, the incidence of a positive BMIPP defect
was limited and in most patients there was multivessel disease.
Only one patient did not have abnormal coronary artery steno-
sis, suggesting very mild ischaemia [42]. These results suggest
that there is little possibility of detecting mild ischaemia using
BMIPP. Among patients who had no coronary stenosis, 23 %
showed a BMIPP defect. The frequency of an abnormal
BMIPP finding increased in proportion to the extent of coro-
nary vessel lesions [43]. This study did not actually compare
mild to moderate ischaemia with a BMIPP abnormality.
However, based on these findings, a BMIPP defect might be
associated with mild ischaemia in some patients.

Using a different approach, Dilsizian compared stress–rest
thallium myocardial perfusion imaging and found a correla-
tion between the thallium summed stress score and the BMIPP
defect score. Based on their findings, a mild to moderate range
of thallium summed stress score (4 to 11) seems to correlate
with the BMIPP defect score (less than 10) [6]. Currently
available data on the association between mild to moderate
ischaemia and BMIPP findings are limited. Further examina-
tion of this possibility is required.

Vasospastic angina

Another application of BMIPP imaging is in patients with
vasospastic angina (VSA) [44–46]. In these patients, exercise
or pharmacological stress may not induce coronary spasms
and therefore stress myocardial perfusion imaging may not
identify any perfusion abnormalities. Based on these three
studies, BMIPP showed good sensitivity and specificity for
detecting VSA (Table 2). A regional BMIPP defect was
closely associated with acetylcholine- or ergonovine-induced
vasospastic coronary territories [44, 45]. The frequency of an
abnormal BMIPP defect was higher than that found using rest
myocardial perfusion imaging.[44]. In addition, it is difficult
to evaluate disease activity using current diagnostic testing. In

the follow-up study, patients treated with nitrates or calcium
channel blockers showed improved symptoms and reduced
BMIPP abnormalities [44]. These data indicate that BMIPP is
useful for diagnosing VSA and for evaluating disease activi-
ties or therapeutic effects. In the presence of acute chest pain,
the diagnosis of VSA is also challenging. In this setting, VSA
has been found to be more frequent in patients with BMIPP
defects than in patients without BMIPP abnormalities [21].
Rest BMIPP has also been shown to have higher sensitivity in
the detection of acute chest pain due to coronary vasospasm
than either rest or stress myocardial perfusion imaging [47].
These findings indicate the usefulness of rest BMIPP imaging
for diagnosing acute chest pain due to coronary vasospasm.
Therefore, BMIPP imaging is considered to be the method of
choice for the noninvasive identification of regional abnor-
malities such as ischaemic memory in these patients.

Prognostic value of BMIPP

Based on the concept that BMIPP abnormalities are associated
with severe ischaemia and jeopardized myocardium, we hy-
pothesized that those with severe BMIPP abnormalities may
have a poor outcome. A number of studies have indicated that
combined BMIPP and perfusion imaging might have prog-
nostic value for identifying high-risk subgroups among pa-
tients with CAD without prior myocardial infarction [48–50].
We retrospectively analysed 167 consecutive patients with
angina who underwent stress perfusion and resting BMIPP
imaging [48]. Over a 48-month follow-up, the BMIPP defect
score at rest, stress perfusion score, absence or presence of
diabetes, and left ventricular ejection fraction were found to be
independent predictors in multivariate Cox analysis (Fig. 4).
No hard event was observed in patients with normal BMIPP
uptake, whereas two patients with nearly normal stress perfu-
sion but abnormal BMIPP uptake had hard cardiac events.
These preliminary reports may indicate that a decrease in

Table 2 Diagnostic accuracy of
BMIPP imaging at rest for iden-
tifying ACS or vasospastic angina

*P<0.01 vs. myocardial perfu-
sion imaging

Reference Number of
patients

BMIPP Perfusion imaging

Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Acute coronary
syndrome

[21] 111 74* 92 38 96

[38] 100 74 85 31 91

[39] 40 89* 100 35 79

Weighted mean 251 76.4 90.5 34.7 87.1

Mean 79 92.3 34.7 88.7

Vasospastic
angina

[46] 75 86 88 31 NA

[45] 53 71 88 NA NA

[44] 32 78 NA NA NA

Weighted mean 160 79.4 88

Mean 78.3 88
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BMIPP uptake is an important prognostic indicator indepen-
dent of stress-induced ischaemia on myocardial perfusion
imaging in patients with angina without prior myocardial
infarction.

BMIPP has recently been shown to have similar prognostic
value in patients with diabetes [51]. The finding of impaired
myocardial fatty acid metabolism, which may be detected
using BMIPP, may be able to identify individuals with various
conditions who are at high risk of a cardiovascular event.

Clinical indications for the use of BMIPP based on clinical
guidelines

Since BMIPP has been approved only in Japan, there has been
only one set of guidelines developed regarding its clinical use.
Based on these previous clinical reports, BMIPP SPECT
imaging is considered to be a class I indicator for the diagnosis
of unstable angina (class I, evidence level B) according to the
guidelines for the clinical use of nuclear cardiology imaging
determined by the Japanese Circulation Society [52]. The
diagnosis of VSA is a class IIa indicator.

Detection of myocardial ischaemia without stress

There have been a number of reports indicating the clinical
value of BMIPP imaging at rest for identifying ischaemic
myocardium in CAD patients without evidence of myocardial
infarction [39, 43, 44, 46, 53–55]. A systematic review of the
published literature confirms that BMIPP imaging at rest
shows moderate sensitivity and high specificity in detecting
ischaemic lesions in patients with a high prevalence of CAD
[30]. It is important to note that all of these data were obtained

with BMIPP imaging at rest, not under stress, to identify
ischaemia or ischaemic memory.

Dilsizian et al. showed that BMIPP imaging has the unique
property of maintaining sensitivity even when performed up
to 30 h after symptom resolution with exercise stress [23]. In
addition, there was 91 % agreement between BMIPP at rest
and stress thallium data regarding ischaemic abnormalities.
The aim of this study was to establish a new protocol for
detecting myocardial ischaemia using BMIPP.

Myocardial ischaemia detection in patients undergoing
haemodialysis and in chronic kidney disease

Another important application of BMIPP imaging is in the
diagnosis of CAD in patients undergoing haemodialysis.
These patients often have silent myocardial ischaemia.
However, for many of these patients, undergoing stress myo-
cardial perfusion imaging may not be feasible. Nishimura
et al. demonstrated a high prevalence of BMIPP abnormali-
ties, and coronary arteriography confirmed coronary stenosis
in those showing BMIPP abnormalities [52, 56]. In this re-
spect, BMIPP imaging may hold promise for identifying
ischaemia at rest without stress study. We prospectively stud-
ied 155 patients undergoing haemodialysis without angio-
graphic evidence of coronary obstruction to confirm the high
incidence of BMIPP abnormalities [57]. During a mean
follow-up of 5.1 years, stepwise Cox hazard analysis indicated
that reduced BMIPP uptake and increased insulin resistance
were two major independent predictors for cardiac death.
Cardiac death-free survival rates at 5 years were the lowest
(32.2 %) in the subgroup with both BMIPP summed scores
>12 and index of insulin resistance (HOMA-IR) >5.1 com-
pared with any other combination (52.9 – 98.7 %). This study
had several new and important findings. One is that patients
with undergoing haemodialysis often have microvessel dis-
ease without any major obstruction in the coronary arteries,
and such patients have a poor outcome. In a similar manner,
we prospectively studied 375 asymptomatic patients undergo-
ing haemodialysis and compared the results with BMIPP
imaging results. In the follow-up study, we concluded that
severe BMIPP defects are associated with a high risk of
cardiac death [58]. Furthermore, we have shown similar prog-
nostic value of BMIPP imaging in patients without evidence
of CAD undergoing haemodialysis [58]. The results of these
single-centre studies showing the prognostic value of BMIPP
imaging in patients undergoing haemodialysis have recently
been validated through a multicentre study [59].

Such microvessel disease may show up on BMIPP imaging
as an area of regional reduction in BMIPP uptake. Furthermore,
BMIPP imaging may hold promise for risk stratification in
these patients. In its recent guidelines, the Japanese Society
for Dialysis Therapy suggested that BMIPPmight be useful for
assessing the risk of a cardiovascular event [60].

Fig. 4 Event-free Kaplan-Meier curves in patients with chronic CAD
without evidence of myocardial infarction and normal (BMIPP-negative)
and abnormal (BMIPP-positive) imaging. The curves indicate a higher
risk of cardiac events in those with abnormal BMIPP uptake (modified
from Matsuki et al. [48]; permission obtained from the publisher)
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Ischaemic memory imaging using a glucose analogue

Glucose analogue (FDG)

18F-FDG is a glucose analogue (with one hydroxyl group
replaced by an 18F) that is used with PET to measure glucose
utilization. FDG enters the cells in proportion to the amount of
glucose entering via a glucose transporter. After phosphoryla-
tion, unlike glucose, 18F FDG-6-phosphate becomes metabol-
ically trapped by the cells. Therefore, FDGmyocardial uptake
reflects the rate of exogenous glucose utilization. While FDG
is most commonly used for oncological studies, it is also used
to assess myocardial glucose utilization [8, 13]. In particular,
FDG is often used to accurately assess myocardial viability in
dysfunctional myocardium [13, 61–63]. Another important
clinical application is the use of FDG to detect myocardial
ischaemia.

Image acquisition and interpretation

When FDG is administered under postprandial or glucose-
loaded conditions, it accumulates on normal, dysfunctional
but viable, and ischaemic myocardium, but not on infarcted
myocardium. Therefore, FDG imaging can be used to assess
myocardial viability under a glucose-loaded conditions.
Under fasting conditions, on the other hand, normal myocar-
dium may use fatty acids as a major energy source in prefer-
ence to glucose, and therefore FDG uptake is suppressed in
normal myocardium [64]. Only ischaemic myocardium uses
mainly glucose. Thus, FDG accumulates only in ischaemic
regions and not in normal regions or along necrotic scars. In
order to identify ischaemic myocardium, FDG is administered
after a fast of at least 6 h or after an overnight fast [65].

FDG imaging is performed around 60 min after FDG
administration by PET, PET/CT, or SPECT with ultra-high
energy collimators. SPECT may be performed with two dif-
ferent energy windows simultaneously, and therefore both
perfusion and glucose imaging can be performed using a
SPECT system after coinjection of a 99mTc perfusion agent
and FDG. For example, when both the 99mTc perfusion agent
and FDG are administered at peak exercise, a SPECT dual
tracer study provides both stress perfusion and stress glucose
distribution in the myocardium. For PET acquisitions, a per-
fusion study may be obtained at peak stress. Immediately after
perfusion imaging, FDG is administered and poststress FDG
imaging is performed 60 min later.

Detection of myocardial ischaemia with FDG

With PET, ischaemic myocardium shows high regional FDG
uptake (Fig. 5). Previous animal studies have indicated that
this increased postischaemic glucose utilization occurs mainly
to replenish myocardial glycogen stores depleted during

myocardial ischaemia [18, 66–71]. Using PET, Camici et al.
were the first to report an increase in FDG uptake in ischaemic
myocardium after exercise in patients with CAD [66].
Similarly, He et al. found increased FDG uptake in the vascu-
lar territories of coronary stenosis when FDG was injected at
peak exercise under fasting conditions [72]. They used dual-
tracer SPECT studies with FDG and 99mTc-sestamibi. SPECT
imaging was performed with simultaneous acquisition for
perfusion and glucose metabolism using ultra-high energy
collimators. They concluded that exercise-induced regional
myocardial FDG uptake was highly specific and sensitive
for stress-induced myocardial ischaemia [72, 73]. All of these
studies may support the concept of a prolonged metabolic
shift after recovery from myocardial ischaemia, as previously
described. However, this diagnostic approach to the detection
of stress-induced myocardial ischaemia using fasting FDG
imaging needs further validation before more definite conclu-
sions can be drawn.

Fink et al. studied FDG imaging in patients with chronic
kidney disease and demonstrated an inverse relationship be-
tween glomerular filtration rate (eGFR) and the metabolic rate

Fig. 5 Representative patient with unstable angina. Rest–exercise myo-
cardial perfusion PET images show mild stress-induced ischaemia in the
lateral region (arrow). High FDG uptake is noted in the same area on the
poststress FDG PET image under a fasting state, indicating a
postischaemic condition (arrowhead)

Fig. 6 Ischaemic memory imaging applications. The initially established
clinical indications for the use of ischaemic memory imaging are the
diagnosis of unstable angina and vasospastic angina. Further indications
for the use of ischaemic memory imaging, which are the subject of
ongoing investigations, include detection of myocardial ischaemia after
exercise stress and assessment of the risk of cardiovascular events in
patients in whom stress testing is considered high risk (AP angina
pectoris, CKD chronic kidney disease, CVD cardiovascular disease,
Diag diagnosis, EX exercise, VSA vasospastic angina)
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of glucose but not between eGFR and cardiac workload [74].
This is the first study to have demonstrated that renal dysfunc-
tion may cause preclinical myocardial metabolic changes.
However, there are some technical limitations to this ap-
proach. Standard fasting conditions may not be reliable for
suppressing FDG uptake in normal myocardium. In particular,
this study may not be suitable in those with diabetes and/or
abnormal glucose tolerance. Fasting FDG study may often
show heterogeneous distribution of FDG uptake in normal
subjects, mainly due to inadequate fasting conditions [75, 76].
Such normal variation may cause false-positive findings in the
identification of ischaemia. In addition, in many patients with
CAD, the availability of the imaging technique is limited, and
thus this approach is difficult to apply in these patients.
Nonetheless, these studies closely support the previous results
in animals that showed persistent upregulation of glucose
utilization in postischaemic myocardium. On the other hand,
the use of SPECT imaging to probe metabolic alterations
along with the simultaneous study of myocardial perfusion
may hold promise for identifying ischaemic myocardium
when FDG becomes more widely available.

Conclusion

“Ischaemic memory” is defined as a phenomenon in which an
ischaemic footprint in the form of a prolonged metabolic
alteration remains after an episode of severe myocardial is-
chaemia. Ischaemic memory imaging has been used to iden-
tify areas showing metabolic dysfunction, and therefore, it has
had a great impact on the identification of areas of prior
ischaemic insult. The iodinated fatty acid analogue BMIPP
and FDG have been used for this purpose. In particular,
BMIPP plays an important role in the identification of prior
ischaemic insult in patients with acute chest pain syndrome
arriving at emergency departments. The clinical role of isch-
aemic memory imaging has been extended from the diagnosis
of unstable angina to risk assessment in patients who are not
suitable stress test subjects such, for example those undergo-
ing haemodialysis (Fig. 6). SPECT or PET imaging with
FDG injected during peak exercise or after exercise under
fasting conditions have shown increases in FDG uptake in
postischaemic areas. The use of ischaemic memory imaging is
a new and important alternative to stress myocardial perfusion
imaging for identifying ischaemic myocardium.
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