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Abstract
Introduction There is growing evidence that myocardial
metabolism plays a key role not only in ischaemic heart
disease but also in a variety of diseases which involve
myocardium globally, such as heart failure and diabetes
mellitus. Understanding myocardial metabolism in such
diseases helps to elucidate the pathophysiology and assists
in making therapeutic decisions.
Measurement As well as providing information on regional
changes, PET can deliver quantitative information about
both regional and global changes in metabolism. This
capability of quantitative measurement is one of the major
advantages of PET along with physiological positron
tracers, especially relevant in evaluating diseases which
involve the whole myocardium.
Discussion This review discusses major PET tracers for
metabolic imaging and their clinical applications and con-
tributions to research regarding ischaemic heart disease and
other diseases such as heart failure and diabetic heart disease.
Future applications of positron metabolic tracers for the
detection of vulnerable plaque are also highlighted briefly.
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Introduction: Why PET?

The myocardium uses a variety of substrates, predominant-
ly free fatty acids (FFAs), glucose and lactate, as sources of

energy. Myocardial metabolism is much more complex than
brain and/or tumour metabolism, which are also major
targets for PET metabolic imaging.

Understanding the myocardial metabolism of substrates
is very important for understanding the pathophysiology of
various cardiac diseases and for designing therapeutic
interventions. Early studies of myocardial metabolic imag-
ing were mainly focussed on the ischaemic heart disease.
The findings of those studies demonstrated the usefulness
of 18F-fluorodeoxyglucose positron emission tomography
(PET) imaging to detect viable myocardium. Over the past
decade, a growing body of evidence has been accumulated
showing that changes in myocardial metabolism play a key
role in various other cardiac conditions, such as heart
failure, diabetes and the myocardium under biventricular
pacing. However, due to difficulties in evaluating metabo-
lism in human subjects, the alterations in myocardial
metabolism under such conditions are poorly understood.

There are several biophysical tools to visualise myocar-
dial metabolism non-invasively. PET, single-photon emis-
sion computed tomography (SPECT) and nuclear magnetic
resonance spectroscopy (MRS) are included in this catego-
ry. Among them, PET offers several unique advantages,
including intrinsic capability of quantitative measurement
and the use of physiological substrates such as acetate and
FFAs labelled with positron-emitting radionuclides. On the
other hand, PET has some shortcomings. One major and
critical disadvantage of PET is its poor availability.
However, the availability of PET equipment is increasing
as oncological applications of PET increase.

SPECT is one of the other choices for evaluating myo-
cardial metabolism. A radioiodine-labelled long chain fatty
acid, 123I-(p-iodophenyl)-3-(R,S) methylpentadecanoic acid
(BMIPP), which is one of the fatty acid metabolism tracers,
is commercially available and widely used for clinical
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diagnosis, especially in Japan. However, SPECT currently
lacks the capability of quantitative measurement. The
measurement of myocardial metabolism in absolute units
is important for the study of diseases such as heart failure
and dilated cardiomyopathy, which may not display
regional disparities. Practically, this capability of quantita-
tive measurement is only provided by PET.

Metabolic substrates and their PET tracers

Metabolism of myocardium in brief

Normal myocardium utilises both glucose and FFAs. Under
fasting conditions, the myocardium mainly uses fatty acids
as the major source of fuel for oxidation. In response to
insulin stimulation or increased work load, the rate of
glucose uptake is increased. When ischaemic insults
complicate the myocardium, the utilisation of exogenous
glucose also increases. A huge amount of evidence supports
the notion that this phenomenon plays a key role in
diagnosing myocardial ischaemia and viability. The early
development and application of PET tracers for heart
disease was focussed on ischaemic heart disease, especially
on viability assessment.

Figure 1 provides a summary of myocardial substrate
metabolism and PET tracers.

Glucose metabolism and FDG

Fluorine-18 fluorodeoxyglucose (FDG) is a glucose ana-
logue which traces the transmembranous uptake and
phosphorylation of exogenous glucose in living tissue.
FDG that enters the myocardium is phosphorylated to
FDG-6-phosphate, and then does not enter further meta-

bolic pathways and accumulates in the myocardium. Thus, the
uptake of FDG reflects the uptake and metabolism of glucose
[1, 2]. FDG has played a fundamental role in cardiac PET
imaging, especially as the “gold standard” for viability
assessment. In contrast to other metabolic tracers such as
11C-palmitate and 11C-acetate which require dynamic imag-
ing, a significant body of evidence supports the conclusion
that even a simple static image of FDG uptake contains
significant metabolic information about viability. The ease of
use of FDG has contributed to its becoming the most
familiar PET tracer used for clinical applications.

Not only the relative distribution of FDG uptake, but
also the metabolic rate of glucose (MRG) in absolute units
can be measured with PET. To measure absolute MRG,
mathematical modelling such as compartment model
analysis [3, 4] or graphical plot analysis [5, 6] and dynamic
data acquisition over about 1 h are required.

The rate of FDG uptake is not equal to the rate of glucose
uptake. Several experimental studies have provided critical
information about the ratio of FDG uptake to glucose uptake.
This ratio is called the lumped constant (LC). Usually, the
LC is around 0.6–0.7 and a fixed (that is why it is called the
lumped “constant”) value is used for the PET analysis [2, 4].
Using this constant, the metabolism of glucose can be
evaluated with FDG PET. However, some early studies
indicated that LC could vary. LC can differ between organs
[7], so we cannot simply apply LC measured in some other
tissue such as the cerebral cortex to the myocardium. Even
under physiological conditions, LC can vary over a wide
range depending on the concentration of blood insulin [8].
In this context, when the metabolic rate of glucose or even
the relative distribution of FDG is analysed, one must note
that the values calculated from FDG PET are merely rough
estimates of glucose metabolism/uptake, although they are
still very useful.

Fig. 1 Summary of myocardial
substrate metabolism and PET
tracers. FTHA 14(R,S)-[18F]flu-
oro-6-thia-heptadecanoic acid,
FOP 15-[18F]fluoro-3-oxa-
pentadecanoate
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Fatty acid metabolism and PET tracers

PET has unique advantages for tracing physiological
substrates labelled with positron emitters. However, usually,
a physiological tracer requires dynamic data acquisition and
mathematically complex analysis such as compartment
model analysis or graphical plot analysis. Metabolically
trapped tracers such as FDG are easy to use because a static
image by itself provides valuable information. On the other
hand, trapped tracers usually have problems regarding
discrepancies between physiological substrates, which
results in difficulty in image interpretation. For fatty acid
metabolism, physiological tracers such as 11C-palmitate
were introduced first, and, more recently, trapped tracers
such as 18F-FTHA were developed.

11C-palmitate is long-chain saturated fatty acid labelled
with carbon-11, which has a physical half-life of only
20 min. It is biologically identical to non-radioactive
circulating palmitate. Once 11C-palmitate is taken up into
the myocardium, β-oxidation breaks it down to generate
acetyl-CoA. This 11C-labelled acetyl-CoA is oxidised via
the citric acid cycle and finally released from the myo-
cardium in the form of 11C-CO2. The analysis of FFA
metabolism using 11C-palmitate is complex because this
tracer is metabolised through a complex pathway of β-
oxidation and the citric acid cycle. Some studies use simple
clearance time as the index of FFA metabolism [9], while
others use complex compartment model analysis [10]. The
most frequently used method is dividing the 11C washout
curve into two phases—early rapid clearance and late slow
washout [11]—and then calculating each washout rate.
According to early studies, early rapid clearance reflects
fatty acid oxidation and late slow washout reflects turnover
of the lipid pool.

14(R,S)-[18F]Fluoro-6-thia-heptadecanoic acid (FTHA)
is a relatively new long-chain fatty acid analogue [12–14].
It is designed to undergo metabolic trapping after for-
mation of two acetyl-CoA molecules. In the myocardium,
subsequent to the partial β-oxidation, the majority of the
radioactive metabolites are trapped in the mitochondria
[15]. Thus, in the heart, uptake of FTHA traces mainly β-
oxidation of FFA. There are some other PET FFA tracers
such as 16-[18F]-fluoro-4-thia-palmitate (FTP) [16], 15-
[18F]fluoro-3-oxa-pentadecanoate (FOP) [17] and trans-9
(RS)-18F-fluoro-3,4(RS,RS)-methyleneheptadecanoic acid
(FCPHA) [18]. These tracers are all designed to trace β-
oxidation and to be trapped in the myocardium. These
trapped tracers are conceptually not ideal to trace the
metabolism of FFA. Each has some advantages and
disadvantages. For example, FTHA does not trace FFA
uptake accurately under hypoxic conditions [19]. It is still
not clear which tracer is most reliable or most clinically
useful.

Oxidative metabolism and 11C-acetate

11C-acetate is a well-known tracer for analysing myocardial
oxidative metabolism. Because of the high extraction
fraction in the coronary circulation, 11C-acetate is rapidly
distributed to the myocardium, and then enters the citric
acid cycle. Finally, 11C activity is cleared from the myo-
cardium in the form of 11C-CO2. By calculating the
washout rate, the oxidative metabolism in the myocardium
is measured [20]. Usually, to calculate the washout rate
constant of 11C-acetate, mono-exponential fitting is used,
and thus this constant is usually called “kmono” (Fig. 2). The
citric acid cycle lies metabolically downstream of any
aerobic metabolism, so the metabolic milieu such as the
blood glucose or FFA concentration in the blood has only
minor effects on 11C-acetate kinetics [21]. This indepen-
dence from the metabolic milieu is one major benefit of
using 11C-acetate.

The other major benefit of 11C-acetate is its capability of
measuring myocardial perfusion. The high first-pass ex-
traction fraction of 11C-acetate in the myocardium implies
that the early tracer uptake is flow dependent [22] (Fig. 3).
Gropler et al. demonstrated that the early distribution
measured 1–3 min after injection was closely correlated
with myocardial blood flow distribution measured with
15O-water [23]. Additionally, some recent studies showed
that not only the relative distribution but also absolute
measurement can be performed with 11C-acetate using
mathematical compartment model analysis [24–26].

This multipotent character of 11C-acetate is very unique
among PET tracers. Using 11C-acetate, simultaneous deter-
mination of myocardial blood flow and oxygen consump-
tion can be performed with a single data acquisition. If
ECG gating is possible with dynamic acquisition (five-

Fig. 2 Typical myocardial and blood pool time-activity curves after
the intravenous administration of 11C-acetate and corresponding serial
images of the left ventricle (short axis images)
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dimensional imaging [27]), even cardiac function can be
evaluated simultaneously. It is very challenging to acquire
dynamic serial images with ECG gating using regularly
available PET scanners. Porenta et al. attempted this by
performing dynamic acquisition and ECG-gated acquisition
sequentially, not simultaneously, and successfully obtained
perfusion, oxygen consumption and cardiac function using
a single imaging protocol [28].

Clinical application for ischaemic heart disease

Concept of detection of viability

It is unquestionable that viability is one of the most
important aspects of the diagnostic and prognostic work-
up of CAD patients. Precise assessment of viability is
among the most important missions of nuclear cardiology.
Many end-points have been proposed for understanding
and diagnosing myocardial viability, including preserved
cellular metabolism, membrane integrity, perfusion status,
presence or absence of apoptosis, preserved contractile
reserve and metabolic reserve. There are many methods for
evaluating these end-points, including SPECT, PET, dobut-
amine stress echo and magnetic resonance imaging. What
should be considered the gold standard technique for
viability assessment has long been the subject of debate.
From the physiological point of view, these methods are
divided into two major categories. One of the categories
observes a static cellular condition such as metabolism or
membrane integrity, like a snapshot. This category includes
most of the nuclear imaging techniques. The techniques
included in the other category look at the dynamic response
to stress (usually inotropic stress), like a motion picture.

This category includes dobutamine echo and some of the
nuclear techniques.

FDG: a gold standard for viability

The major contribution of FDG PET imaging to cardiology
is viability assessment in ischaemic heart disease. The level
of myocardial flow at rest alone does not define the
myocardial viability after ischaemic insults. The “stunned
myocardium” after acute ischaemia usually shows near-
normal perfusion. In some cases of hibernating myocardi-
um, the resting flow cannot differentiate hibernating
myocardium from irreversible myocardial scar formation.
The residual metabolism in viable myocardium helps to
identify viable myocardium. Relatively higher uptake of
FDG compared with a perfusion tracer such as 13N-
ammonia in dysfunctional myocardium indicates viable
myocardium. This finding was first reported by Tillish et al.
[29]. Since then, FDG imaging has been thought of as one
of the gold standards for viability, mainly due to the huge
volume of cumulative evidence obtained using this tech-
nique since Tillisch’s study.

Unlike the brain, which mainly depends on glucose
metabolism, the myocardium is an omnivore. There are
three major circulating substances which affect the myo-
cardial metabolism: blood glucose, FFAs and insulin. Many
other factors, such as the fasting period and age, also affect
the FDG uptake [30]. Even hospitalisation status (in-
patients or out-patients) has an influence on the myocardial
FDG uptake [31]. This complexity interferes with the
interpretation of data obtained from FDG PET imaging.
To accommodate this complexity of metabolism, there are
several different protocols for myocardial FDG PET
imaging. These protocols can be divided into two major
categories. One is imaging under low myocardial glucose

Fig. 3 Typical myocardial and blood pool time-activity curves
obtained during the first 300 s after the intravenous administration of
11C-acetate (left panel) and 13N-ammonia (right panel). Both 11C-
acetate and 13N-ammonia are rapidly taken up into the myocardium.

No significant washout occurs during the early phase. Note the
similarity of the time-activity curves. This high first-pass extraction
fraction of 11C-acetate in the myocardium allows perfusion measure-
ment with 11C-acetate
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metabolism, which includes imaging under fasting con-
ditions. The other protocol images the myocardium under
high to maximum myocardial glucose metabolism, which
includes oral glucose loading and the euglycaemic insulin
clamp technique.

Under fasting conditions, the normal myocardium
primarily utilises fatty acids, while glucose utilisation, and
thus FDG uptake, becomes minimal. Under this condition,
ischaemic myocardium with enhanced glucose metabolism
markedly takes up FDG, which is displayed on PET images
as hot spots. The problem of imaging under fasting
conditions is the heterogeneous distribution of FDG in the
normal myocardium. Usually, the lateral wall of the left
ventricle tends to show higher FDG uptake than the septum
[32, 33]. High background activity with low tissue FDG
uptake also leads to poor image quality. For these reasons,
FDG PET under fasting conditions has recently not been
recommended for clinical viability assessment.

The most commonly used protocol is oral glucose loading.
Ingestion of about 50–70 g of glucose p.o. stimulates insulin
secretion, and increases the FDG uptake into normal
myocardium to near maximum. This enhances the image
quality, with homogeneous myocardial FDG uptake. Eugly-
caemic insulin clamping is an alternative technique to oral
glucose loading, and is slightly more complex but guarantees
more stable and controlled metabolic conditions. Under these
conditions, FDG uptake into normal and ischaemic but
viable myocardium is enhanced, and negative FDG uptake is
considered to indicate scar tissue.

With dynamic acquisition, not only the relative tracer
distribution but also the absolute metabolic rate of glucose
(MRG) can be measured with PET. A threshold of
0.25 mol/min/g under euglycaemic insulin clamp has been
proposed for viability assessment [34, 35]. However, this
value should be applicable only under insulin clamp. Bax
et al. also found that use of relative MRG, which is nor-
malised to MRG of a remote area, gave better accuracy than
use of absolute MRG [35]. This is probably because
regional glucose uptake on an absolute scale varies widely
in both remote normally contracting and dysfunctional
regions on an inter-individual basis, even under euglycae-
mic insulin clamp [36]. Morita et al. reported that increased
MRG and glucose transport are found in patients with LV
dysfunction, especially in dysfunctional segments [37].
This may also influence the inter-individual variability of
MRG. According to these results and the time-consuming
nature of absolute measurement (usually more than 1 h is
required for dynamic acquisition), absolute measurement is
infrequently used.

How to interpret the FDG PET image is also important.
The most popular criterion is flow–metabolism mismatch,
which indicates reduced perfusion with preserved FDG
uptake. A large body of evidence indicates that segments

with mismatch frequently show improved function follow-
ing revascularisation (Fig. 4). However, using this criterion
requires a perfusion image, preferably acquired with PET.
Relative FDG uptake (usually expressed as % uptake),
which is normalised to the uptake of normal myocardium,
is also useful for viability assessment. Usually, segments
with greater than 50% of normal myocardium uptake are
considered viable [36, 38]. This method is easier than the
flow–metabolism mismatch criterion because it does not
require a perfusion image. The limitation of % uptake
criterion is that mild concordant reduction of perfusion and
FDG uptake is diagnosed as viable with this criterion
(Fig. 5). This mild concordant reduction may represent a
mixture of subendocardial scar (=totally dead) and normal
epicardial myocardium (=totally normal). This condition
usually does not show recovery after revascularisation [39].
Because of this limitation, the mismatch criterion is usually
preferred for viability assessment. However, experienced
physicians usually take both criteria (and all available
information) into account for the diagnosis.

There are several other methods to assess viability.
Viability assessment using nuclear techniques usually tends
to show a high negative predictive value (NPV) and a low
positive predictive value (PPV). On the other hand, dobut-
amine stress echocardiography usually tends to show lower
NPV and higher PPV. FDG PET seems to show “well-
balanced” NPV and PPV values [40, 41]. The choice of
imaging modalities does not depend solely on sensitivity/
specificity but also on the clinical settings. For example, the
high specificity and low cost of dobutamine stress echo
favour it as the first choice for viability prediction. On the
other hand, FDG PET should be helpful as a last resort to
assess viability when clinical suspicion of viability remains
after other techniques have proved negative. Barrington et al.
compared the diagnostic accuracy of Tl SPECT, MIBI

Fig. 4 A typical image of flow–metabolism mismatch in viable
myocardium (short axis images). Severely reduced perfusion is found
on the anteroseptal wall (left panel: yellow asterisks). Note the
relatively maintained FDG uptake on the anteroseptal wall (right
panel: yellow asterisks). Significant wall motion recovery was found
after coronary artery bypass grafting of the left descending artery
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SPECT, dobutamine echo and PET (FDG/NH3) with respect
to hibernation in the same study population [42]. They found
that when all four imaging modalities were analysed with
multivariate analysis, FDG PET was the only independent
predictor of hibernation. They concluded that, considering
the relatively low PPV of nuclear techniques, including
PET, echocardiography could be used as a first-line test,
with FDG PET as a second-line test.

However, the most important issue in clinical practice is
whether the difference in accuracy between methods is
unacceptably large or fairly small. If the difference in accuracy
is significant but fairly small, other problems such as low
availability may outweigh the significance of this difference.
A recent study by Siebelink et al. partially addressed this
question [43]. That study compared the survival of patients
randomised to PET-based or SPECT-based management.
The authors found only a very small and non-significant
difference between these two management strategies.

FDG: problems and their solutions

The above result was somewhat shocking, because it means
it is not necessary to perform PET to make a Go/No Go
decision about coronary intervention in clinical practice.
The PET cardiology community must make FDG PET
imaging more accurate and sophisticated. There are several
problems that need to be solved to make FDG PET more
reliable and useful.

The one major problem in viability assessment using
FDG PET is the absence of a standardised method. Both the
imaging protocol (dynamic/static, loading/insulin clamp/

fasting) and data interpretation (mismatch/%uptake/meta-
bolic rate) lacks standards. Knuuti et al. stressed this issue
in their review in 2002 [44]. In 2003, ASNC issued a
practice guideline for FDG/perfusion PET imaging [45, 46].
The requirement for standardisation was partially solved by
this guideline. However, we still need more studies,
especially large-scale multi-centre trials, to establish the
usefulness of FDG PET imaging in viability assessment.

One of the solutions for improving the accuracy of viability
assessment with PET comes from the technology commonly
used in SPECT. Appling the gated SPECT analysis technique
to FDG PET [47, 48], evaluation becomes more precise [49,
50]. The big problem with this technique is the reliability of
the analysis program, such as QGS, 4D-MSPECT or the
Emory cardiac tool box. These programs are all designed for
clinical SPECT use. Thus, parameters such as gamma fitting
for wall detection are not optimised for PET. For several
reasons (patents, FDA regulations, etc.) it is very hard for
PET users to change and optimise such parameters. It is
reported that ventricular volumes (EDV and ESV) measured
by gated FDG PET are higher than those measured with
MIBI SPECT, although there is a very good correlation
between the former and the latter [51]. Even with this limited
methodology, gated FDG PET shows significant incremental
value over viability diagnosis, as assessed by the perfusion–
metabolism mismatch criterion [49].

One of the best-known disadvantages of PET is its low
availability. PET scanners and on-site cyclotrons are too
expensive for local hospitals. PET has only been available
for a limited number of patients and researchers, at least in
the last century. Because of this problem, the capabilities of
FDG SPECT were instead studied for decades [52, 53].
Using an ultra-high-energy collimator, an FDG image could
be obtained with routinely used relatively inexpensive
gamma cameras. Some studies showed comparable results
to conventional PET scanners [54, 55]. However, there are
also results raising questions about the reliability of FDG
SPECT [56, 57]. Owing to the absence of photon
attenuation correction in the majority of SPECT scanners,
it is reported that different diagnostic criteria are required in
the inferior wall for viability assessment [57]. However,
FDG SPECT has one benefit over PET, namely, that it
allows dual-isotope simultaneous acquisition (DISA). PET
imaging uses only one photopeak (511 keV) high-energy
photon, and thus simultaneous dual-tracer acquisition is
impossible. DISA using FDG and 99mTc perfusion tracer
allows simultaneous flow metabolism analysis with accept-
able feasibility [58, 59].

11C-acetate: oxidative metabolism and metabolic reserve

The conceptual basis for viability assessment using 11C-
acetate is fundamentally similar to that when using FDG, i.e.

Fig. 5 The theoretical limitation of the % FDG uptake criterion.
Owing to the limited spatial resolution of PET, normal myocardium
containing subendocardial scar shows a modest relative reduction in
FDG uptake. This condition is diagnosed as viable with the % uptake
criterion, although it usually does not show improved function after
revascularisation
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detecting the residual metabolism in viable tissue. Resting
oxidative metabolism is known to be preserved in the viable
myocardium [60]. By measuring this maintained oxidative
metabolism, viable myocardium can be detected. One major
advantage of 11C-acetate over FDG is its independence
from the metabolic milieu. The disadvantage of 11C-acetate
PET is its complexity of analysis. These issues have been
briefly mentioned previously.

However, evaluation of oxidative metabolism only at rest
may not clearly measure viability. Hata et al. studied 28
patients with CAD [61] and found significant overlap of the
kmono value between viable and non-viable myocardium under
resting conditions. In their study, viability was defined using
wall motion recovery after revascularisation measured with
echocardiography. In this case, an inotropic stress test, usually
performed with low-dose dobutamine continuous infusion, is
helpful. The overlap of kmono disappears when measured
under low-dose dobutamine stress test conditions [61].

It is important to note that the parameters measured
under the inotropic stress test and those measured under
resting conditions are fundamentally different. Yoshinaga
et al. compared dobutamine stress echocardiography, FDG
uptake at rest, and oxidative metabolism measured with 11C
acetate at rest and under dobutamine stress test [62]. In this
complex study, they found that contractile reserve measured
with dobutamine stress echocardiography is closely related
to the oxidative metabolic response to inotropic stress
measured with 11C-acetate PET. There was also a discrep-
ancy between contractile reserve and FDG uptake. This
result is important because it indicates that the difference in
sensitivity/specificity for viability assessment between
dobutamine echo and nuclear methods, especially FDG
PET, may not depend on the methodology. These results
indicate that there may be a fundamental difference because
we are simply looking at different things. Dobutamine echo
and dobutamine acetate PET evaluate dynamic response to
inotropic stress. Inotropic stress simulates the condition after
revascularisation, and thus a good response to inotropic
stress assures functional recovery. On the other hand, FDG
PET (and perhaps also rest/re-injection Tl uptake) looks at
the static condition of myocardium to predict functional
recovery. These are fundamentally different. It may be
appropriate to call the inotropic stress test a “viability
confirming test” and resting cell condition analysis such as
FDG PET, a “viability prediction test”.

11C-palmitate

In ischaemic myocardium, use of fatty acids is diminished.
Thus, early PET studies of ischaemic myocardium were
focussed on FFA metabolism measurement using 11C-
palmitate. However, mainly due to the relatively complex
synthesis and data interpretation compared with those for

other metabolic compounds such as FDG or 11C-acetate,
11C-palmitate is becoming a “lost tracer” for clinical
investigation of ischaemia in practice. However, there have
been some interesting studies using this tracer. Miyabe et al.
reported combining 11C-acetate and 11C-palmitate for
evaluation of chronic hypokinetic myocardium [63]. They
showed that, in general, washout of 11C-acetate, which is an
index of oxidative metabolism, is correlated with washout
of 11C-palmitate, which is an index of FFA metabolism.
However, when the analysis was limited to areas of low
FFA metabolism, palmitate washout was similar between
chronically hypokinetic areas and normokinetic areas even
though the former showed higher oxidative metabolism.
This may show uncoupling of FFA washout and oxidative
metabolism in chronically damaged myocardium. However,
owing to the small number of patients examined, their
results must be interpreted with caution.

Clinical application for non-ischaemic heart diseases

For ischaemic heart disease, the major player in the disease
pathophysiology is perfusion. Changes in metabolism are a
consequence of the disease process and somewhat less
important than changes in perfusion. The disease process is
mainly regional, and regional differences are important for
diagnosis.

In diseases which involve the myocardium more
globally, such as heart failure, cardiomyopathy and diabe-
tes, myocardial metabolism should play a more important
role. These disease processes involve the myocardium as a
whole, and thus the ability to perform quantitative
measurement, which is a major advantage of PET over
SPECT, is much more important than in regional analysis.

Heart failure and metabolism

It has been reported that myocardial fatty acid utilisation
(MFAU), measured using 18F-FTHA, is significantly
increased in congestive heart failure [64] and that this
increased MFAU can be normalised with β-adrenorecep-
tor blockade [65]. A recent complex study using 11C-
palmitate, 15O-water, 11C-acetate and 11C-glucose showed
decreased MFAU and increased myocardial glucose
metabolism in dilated cardiomyopathy (DCM) patients
[66]. Morita et al. studied ten NYHA II–III patients and
found that MRG and K1 of glucose, which indicates the
glucose transport ratio, were increased compared with the
values in normal subjects [37]. These conflicting results
have been due to the heterogeneity of patient populations.
For example, the majority of patients in the studies that
indicated increased MFAU [64, 65] had ischaemic cardio-
myopathy. On the other hand, the two studies mentioned
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above that demonstrated increased glucose metabolism
[37] and impairment of FFA metabolism [66] did not
include ischaemic patients. The difficulty of measurement
and differences in the tracer may also have contributed to
the discrepancies in the results.

In any case, in non-ischaemic heart disease, especially
in severe heart failure, some metabolic changes play key
roles in determining patient prognosis and disease pro-
gression. There are several lines of evidence that indicate
that metabolic intervention can help to improve LV
function, mechanical efficiency in diabetes [67, 68] or
DCM [69–71]. The improvement in LV function with
long-term treatment with a β-adrenergic receptor antago-
nist was reported to be associated with a switch in
myocardial metabolism away from FFA oxidation towards
glucose metabolism [65].

Given these advances in metabolic intervention for
clinical treatment of severe heart failure [72–74], the
importance of evaluating myocardial metabolism will
increase. The requirement for PET, which can measure
not only regional but also global changes in metabolism in
absolute units, in this field will increase.

Heart failure and cardiac efficiency

kmono, which is an index of myocardial oxidative metabo-
lism, is closely related to the cardiac workload. Thus,
usually, kmono is well correlated with rate–pressure product.
However, in some cases this relationship between kmono and
rate–pressure product is lost [75, 76]. Measurement of
myocardial energy efficiency may help in understanding
such abnormal metabolic conditions.

The concept of myocardial efficiency, in other words,
coupling/uncoupling of myocardial workload and oxidative
metabolism (Fig. 6), is usually analysed as the work

metabolic index (WMI) calculated using the following
equation [77, 78].

WMI ¼ðsystolic blood pressure � stroke volume index

� heart rateÞ=oxidative metabolism

For oxidative metabolism, kmono (washout rate of
acetate) is usually applied. A study using WMI as a marker
of myocardial efficiency revealed that in DCM patients, not
only oxidative metabolism but also WMI was significantly
reduced compared with that in normal subjects [79]. An
early study [77] showed that in DCM patients, oxidative
metabolism was increased by dobutamine infusion; how-
ever, in contrast, metabolic efficiency was reduced with a
decrease in systemic vascular resistance. This concept of
myocardial efficiency is mainly applied for the evaluation
of DCM or cardiac resynchronisation therapy, but it is also
useful in ischaemic heart disease. The effect of β-blocker
therapy has been measured with this approach not only in
DCM patients but also in ischaemic cardiomyopathy
patients [78]. Improvement of WMI was observed after
metoprolol medication in both groups of patients, which
means that the myocardium works equally well with less
oxidative costs. These results indicate that WMI should be
a very useful index for evaluating cardiac diseases and
monitoring the effectiveness of therapeutic interventions.

Cardiac resynchronisation therapy and PET

Cardiac resynchronisation therapy (CRT) was proposed
about 10 years ago as an adjunctive treatment for severe
heart failure. Since then, a huge number of studies have
demonstrated its efficacy and mechanism of action. Several

Fig. 6 The concept of myocardial efficiency and the work metabolic
index (WMI). The WMI was determined as the ratio of cardiac work
(= product of stroke volume index, systolic blood pressure and heart
rate) and metabolism. Increased metabolism without sufficient cardiac

work makes the WMI smaller, indicating poor myocardial efficiency.
The normal value for WMI has not yet been established, although
many studies have reported the normal range to be around 5.0×106

(ml/m2×mmHg)
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recent PET studies have evaluated the effect of CRT on
myocardial metabolism. A change in glucose metabolism
has been observed after CRT: a study using FDG revealed
that heterogeneous glucose metabolism in the left ventric-
ular myocardium is rendered homogeneous by CRT [80].
The majority of PET metabolism studies on CRT have
focussed on oxidative metabolism measured with 11C-
acetate. It has been reported that CRT leads to responses
in oxidative metabolism and metabolic reserve of the right
ventricle [81], cardiac efficiency [82] and distribution of
oxidative metabolism in the left ventricular wall [83].

It is well known that not all patients respond to CRT.
Usually, to identify those patients likely to respond to
CRT, electrocardiography (QRS length, etc.) or echocar-
diography (contraction, strain analysis, etc.) is performed.
One recent report has shown that FDG PET is also useful
to identify responders and predict outcomes in ischaemic
cardiomyopathy patients [84]. Using FDG PET to quantify
the extent of viable tissue, a close correlation between the
number of viable segments and improvement in cardiac
index was found. Similar results which suggested the
usefulness of viability assessment for predicting response
to CRT were also obtained in an FDG SPECT study [85].
Although these results were only demonstrated in patients
with ischaemic cardiomyopathy, it is clear that PET
metabolic imaging is useful for prediction and evaluation
of the response to CRT.

Diabetes and other conditions

Early studies with FDG indicated that FDG PET imaging
sometimes fails in severe diabetic patients. In some cases
of diabetes with severe hyperglycaemia, FDG uptake in

the myocardium was negative or minimal. This phenom-
enon is recognised as a limitation of FDG PET. According
to recent advances in understanding myocardial metabo-
lism, this abnormal metabolism in diabetic patients is an
issue of concern.

Studies of animal models of diabetes mellitus have
demonstrated up-regulation of fatty acid utilisation path-
ways in the myocardium [86]. Insulin-mediated glucose
transport is also decreased in diabetic animal models [87].
These findings suggest that the heart becomes nearly solely
dependent upon FFA metabolism in diabetes. However,
little is known about the effect of diabetes mellitus on the
human heart.

There are several types of conflicting evidence. One
study found increased myocardial fatty acid utilisation
(MFAU) and myocardial fatty acid oxidation (MFAO) in
type 1 diabetes [88]. The negative relationship between
plasma fatty acid level and MFAO which exists in normal
myocardium was also found to be lost in type 1 diabetic
hearts. On the other hand, studies from Finland suggested
that, in patients with impaired glucose tolerance (IGT),
clearance of 11C-palmitate, which is a index of β-oxidation
of FFA, does not differ from that in normal subjects [89].
Uptake of 18F-FTHA in IGT patients was also found to be
similar to that in normal subjects [90].

These discrepancies may be explained by differences in
the method of analysis, the tracer used and the patient
population. The inclusion criteria of the study by Herrero
et al. [88], which showed increased MFAO and MFAU,
were strictly set so that only patients with type 1 diabetes were
included, and the age of the subjects was younger than that in
other studies. Thus, these results may not be applicable to the
type 2 diabetes or IGT patients. A study that measured

Fig. 7 a The IVRD system, consisting of a probe, an automatic
pullback unit and a controller. b Using the IVRD system, small 18F
activities placed on the surface of the canine femoral artery were

detected. Measurement was repeated twice (blue and red lines),
showing good reproducibility. (Reproduced from Hosokawa et al.
[98], with permission from the Society of Nuclear Medicine)
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myocardial fatty acid metabolism with 124I-heptadecanoic
acid suggested that β-oxidation in the myocardium could
differ between type 1 and type 2 diabetes mellitus, although
no significant difference was detected [91].

Although there are many conflicting and inconclusive
data about metabolism in the conditions mentioned above,
non-invasive measurement should still be considered
important because the ideal therapeutic intervention for
these conditions will be non-invasive. There is also a
growing body of evidence which suggests that marked
changes in myocardial metabolism occur with other con-
ditions such as obesity [92], insulin resistance and even
simple aging [93]. However, this evidence has mainly been
obtained in the rodent model or in isolated hearts, and little
is known about human hearts. PET will provide a reliable
way to study and diagnose these conditions.

Future prospects: positron metabolic tracers
and their contribution to preventive medicine

In the near future, the major focus of cardiovascular
medicine will move from intervention for acute/chronic
coronary disease to primary/secondary prevention. Identi-
fying the mild, perhaps global as well as regional, changes
in coronary circulation and endothelial function which are
already known to precede significant coronary disease will
be required for such preventive cardiovascular medicine.

There is much evidence indicating that there is a
relationship between plaque vulnerability and coronary
events that is key to understanding and preventing acute
coronary syndrome. Many tracers have been proposed for
the diagnosis of plaque vulnerability. One promising way
to diagnose vulnerability is detection of inflammation
with FDG. Since Rudd et al. reported detection of carotid
plaque vulnerability using FDG with strikingly beautiful
PET/CT images [94], many studies have reported the
usefulness of FDG PET for plaque diagnosis. A recent
report showed that uptake of FDG in carotid plaque is
closely related to plaque inflammation [95]. Even plaque
reduction and stabilisation with lipid-lowering therapy
could be detected in the carotid artery [96]. However, it is
very hard to image these changes in the coronary artery
with PET or even with PET/CT, primarily owing to the
limited spatial resolution and high background activity in
the myocardium adjacent to the coronary artery. Cardiac
motion also causes deterioration in the image quality even
with the ECG-gating technique.

One solution to these problems is the invasive catheter
approach. A Japanese group developed a catheter-based
intravascular radiation detector (IVRD) to measure FDG
uptake in small coronary plaques [97, 98]. The IVRD is
designed to detect mainly β, and not γ, rays in order to
ignore high systemic and myocardial background activity

(Fig. 7). The authors reported that low activity of 18F point
sources could be correctly measured in a canine in vivo
model. Although measurement of actual plaque activity in
living organs has not yet been validated, a catheter-based
technique is one possible solution for the detection of small
vulnerable plaques. The future of this technique is not clear
because of its invasiveness. The importance of and
requirement for regional evaluation provided by invasive
techniques like this should be discussed further, because
atherosclerosis is not a regional process but involves the
whole body.

Conclusions

PET provides reliable information on myocardial metabo-
lism in a non-invasive and subject-friendly way. Early
studies using PET mainly focussed on ischaemic heart
disease. Although myocardial perfusion is the key issue of
ischaemia, assessment of metabolism in the ischaemic
myocardium has had a huge impact on our understanding
of the pathophysiology and on therapeutic decision-
making. Recent advances in cardiology have revealed that
in diseases which involve the myocardium globally, such
as heart failure and diabetes mellitus, myocardial metabo-
lism plays an even more central role in disease develop-
ment and treatment. By virtue of its ability to measure
myocardial metabolism quantitatively, PET may become an
increasingly valuable tool which serves to elucidate these
conditions.
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