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Abstract. Estimation of myocardial oxygen consump-
tion (MVO,) and myocardial blood flow (MBF) is im-
portant for the understanding of various (patho)physio-
logical mechanisms and diseases. Clearance rates of car-
bon-11 labelled acetate, determined with positron emis-
sion tomography, allow estimation of MVO, on a seg-
mental level and non-invasively. In addition, MBF can
be determined from uptake rates. In this review, the
background to estimation of MVO, and MBF is dis-
cussed, as well as the currently available literature that
has used 11C-acetate to estimate MV O, and MBF.
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Introduction

The heart relies ailmost exclusively on aerobic oxidation
of substrates for the generation of ATP, which is required
to maintain its contractile function. In the normal heart,
oxygen demand is in balance with oxygen supply, which
is determined by myocardial blood flow and oxygen ex-
traction. Though myocardial oxygen extraction is high at
rest in normal subjects (~70%) [1], there is considerable
variation at pacing induced exercise [1, 2], in coronary
artery disease [3, 4] and in other types of patients [5, 6,
7]. Also, in many disease processes the balance between
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demand and supply is disturbed. For a better understand-
ing of the pathophysiology, and possibly for improved
evaluation of therapies, it is important to measure not
only perfusion but also myocardial oxygen consumption
(MVO,), in particular at aregional level.

With the introduction of positron emission tomogra-
phy (PET), a number of tracers have been developed for
the quantification of regional substrate metabolism and
perfusion. Over the past two decades, various studies
have demonstrated that PET with 1C-acetate provides an
accurate estimate of MV O, and perfusion. In this review,
the background, validation and applications of 1C-ace-
tate as atracer of MV O, and perfusion will be discussed.

Determinants and measurement of MVO,
Determinants of MVO,

MV O, can be divided into two components: oxygen re-
quired for contraction (work) and oxygen required for
the other processes in cardiac cells, e.g. electrical con-
duction and basal metabolism. Braunwald defined nine
determinants of MV O, (Table 1) [8]. The three major de-
terminants of MV O, are tension development, contractil-
ity and heart rate. When the heart is arrested with potas-
sium chloride in dogs, MVO, fals from 8-15 ml
0,/100 g per minute in the contracting heart to 2 ml
0,/100 g per minute [9]. This amount of oxygen is re-
quired for processes not directly related to contraction.
The energy costs required for electrical activation are
very small, accounting for 0.5% of total MVO, in the
normal working heart [10]. Other factors, such as the
metabolic effects of catecholamines and the maintenance
of the active state, are lessimportant [8].

In fact, these determinants of MV O, are determinants
of the ATP requirement. It is thereby assumed that the
ATP requirement is identical to the oxygen requirement.
However, this assumption is not correct, as will be ex-
plained later in this review.
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Table 1. Determinants of MV O, according to Braunwald [8]

Tension development

Contractile state

Heart rate

Basal cost

Depolarisation

Direct metabolic effect of catecholamines
Activation

Maintenance of active state

Shortening against aload — Fenn effect

Table 2. Determination of MVO,

I. Global

Direct: Measurement of myocardial O, consumption
Arterial-venous oxygen difference multiplied

by flow

Indirect: Measures of oxygen demand
Rate-pressure product [14]
Triple product [15]
Tension-time index [16]
Pressure-work index [17]
Velocity of shortening [18]
Circumferential wall stress[19]
Bretschneider index [20]
Pressure-volume area [21]

I1. Regional

PET-derived
methods:

1C-acetate
Oxygen extraction fraction multiplied by flow

Measurement of MVO,

MV O, can be measured both directly and indirectly. The
direct method requires arterial and venous catheterisa-
tion. The venous catheter is used to measure oxygen sat-
uration and myocardia blood flow (MBF) in the coro-
nary sinus. Using the Fick principle [11, 12], the MV O,
of the heart as a whole can be calculated by the arterial-
venous oxygen difference multiplied by MBF [5, 13].
This method has the drawback of positioning difficulties
within the coronary sinus [5] and variation in myocardial
venous drainage [4], with possible errorsin either the de-
termination of MBF or in oxygen content of the blood.
Although only global MV O, can be determined, it is still
the gold standard.

Because of the invasive nature of the direct method,
various indices of MV O, have been developed based on
the major determinants of oxygen demand (Table 2). Ex-
amples are the rate-pressure product (RPP), wall stress,
pressure-work index, pressure-volume area, triple prod-
uct and other indices [14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24]. The RPP is often used because of its good corre-
lation with MV O, in the normal human heart [14, 20, 22,
23]. Whilst these indices are adequate as an index of
MV O, in the normal heart, they are possibly less reliable

in the diseased state. In addition, they only provide infor-
mation on global MV O,.

Other indirect methods are provided by radiotracer
techniques. Of the available tracers of metabolism that
can be labelled with positron emitters, carbon-11 acetate
and oxygen-15-labelled oxygen are suitable for measur-
ing MVO,. 150-oxygen can be used to measure MVO,
directly [25, 26, 27]. Estimation of MV O, with 11C-ace-
tate is discussed in this review. The advantages of these
radiotracer techniques are that they are non-invasive and,
more importantly, that they provide information at a re-
gional level.

Rationale of using labelled acetate as a tracer
of MVO,

Oxidative phosphorylation

ATP is produced by either substrate-level or oxidative
phosphorylation of ADP. The contribution of substrate-
level phosphorylation to total ATP production is small.
Oxidative phosphorylation is the process in which elec-
trons are transferred from reducing equivaents to oxy-
gen by a chain of electron carriers, producing water in
the final step. It is the principal mechanism of oxygen
usage in the cell, and the only mechanism present in
myocardium. Therefore, MVO, is identical to flux
through oxidative phosphorylation.

The reducing equivalents used in oxidative phosphor-
ylation are NADH + H* and FADH,. Both carry elec-
trons from processes in the tricarboxylic acid cycle
(TCA cycle), glycolysis and beta-oxidation, as depicted
in Fig. 1. Theratio between reducing equivalents derived
from the TCA cycle and those derived from glycolysis
and beta-oxidation isfairly stable, with aratio of approx-
imately 2:1 in favour of the TCA cycle. Consequently,
about two-thirds of the oxygen used in the cell is used
for reducing equivalents derived from the TCA cycle.
The ratio is dependent on the chain length of the fatty
acids used by the cell. In mammals, mainly chains with
lengths of 16 and 18 C atoms are used [28], resulting in a
maximum change in the ratio of 6%.

Acetate, afree fatty acid (FFA) with a chain length of
two, enters the TCA cycle directly after conversion to
acetyl-CoA. Further metabolism of acetate is described
in the next section. Because of the direct entry in the
TCA cycle, labelled acetate can be used to measure the
flux of the TCA cycle and thus of the production of re-
ducing equivalents. As this is tightly coupled to oxygen
consumption, the latter can be estimated by measuring
the flux through the TCA cycle with acetate.

Although the ratio of the number of reducing equiva-
lents derived from the TCA cycle and glycolysis and be-
ta-oxidation is fairly stable, there is a difference in ATP
production per molecule of oxygen used. The ATP yield
of FADH, istwo instead of three because it enters oxida-
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Fig. 1. Oxidative metabolism in cells. NADH + H* and FADH,
are produced by several processes, including glycolysis, beta-oxi-
dation and the oxidation of acetyl-CoA. Glycolysis produces two
acetyl-CoA for entrance in the TCA cycle. Acetate enters the
cycle after conversion to acetyl-CoA. NADH + H* and FADH, are
oxidised by oxidative phosphorylation (located in the mitochon-
drial membranes) with the generation of three and two ATP, re-
spectively. From this figure, one can calculate the ATP yield and
oxygen cost for glucose, acetate and other fatty acids. Not shown
in the figure is the initial activation of acetate and FFA, with the
conversion of ATP to AMP. NADH + H*, Nicotinamide adenine
dinucleotide (reduced); FADH,, flavin adenine dinucleotide
(reduced); Fp, flavoprotein; Q, coenzyme Q; TCA cycle, tricarbox-
ylic acid cycle

tive phosphorylation later than NADH + H* (Fig. 1).
Furthermore, glycolysis has substrate-level phosphoryla-
tion (two ATP net yield), whereas beta-oxidation has not.
Activation of FFA (coupling of co-enzyme-A to FFA)
even costs two ATP. From Fig. 1, one can calculate for
various substrates the number of reducing equivalents
and ATP molecules produced as well as the number of
oxygen molecules used. For example, one glucose (6 C
atoms) produces 10 NADH + H*, 2 FADH, and 38 ATP
with the use of six molecules of oxygen. Eight (67%) of
the reducing equivalents are derived from the TCA
cycle. Palmitate (16 C atoms) produces 31 NADH + H*,
15 FADH, and 129 ATP with the use of 23 molecules of
oxygen. Thirty-two (70%) of the reducing equivalents
are derived from the TCA cycle. These numbers include
the substrate-level phosphorylation and the activation of
the fatty acid. A complete transition from glucose to
pal mitate as fuel will change the ratio between the num-
ber of reducing equivalents derived from the TCA cycle
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by about 3%. However, the ratio of the number of ATPs
produced per molecule of oxygen changes from 6.33 to
5.61, a change of 13%. Thus, with the same workload
and thus ATP requirement, the transition will result in an
increase in MVO, by about 13%. This increase is even
greater when FFAs with a shorter chain length are avail-
able.

The above implies that metabolic standardisation is
not necessary for measurement of MVO, with 11C-ace-
tate itself, but becomes important when such measure-
ments are related to haemodynamic indices. This is true
not only for measurements with 1C-acetate, but also for
other measurements of MV O, that are related to haemo-
dynamic indices.

Metabolic pathway of acetate |abelled in the C-1 position

The metabolic fate of acetate |abelled in the carboxyl (C-1)
position [(C-1)acetate] in myocardium is depicted in
Fig. 2. Extraction of acetate by myocardium is high and
once transported into the cell, (C-1)acetate is converted
to (C-1)acetyl-CoA by acetyl-CoA synthetase in the mi-
tochondrial matrix [29]. (C-1)acetate has no other major
metabolic pathways in the myocardium [30]. (C-1)ace-
tyl-CoA is readily oxidised via the TCA cycle, which
can be divided into two cycle turns. First, (C-1)acetyl-
CoA condenses with oxalo-acetate to form (C-5)citrate.
(C-5)citrate converts into (C-5)a-ketoglutarate, which
equilibrates very rapidly with (C-5)glutamate [30, 31,
32]. In the fina step of the first cycle turn (C-1 or
C-4)oxa oacetate (the labelled carbon atom can be in ei-
ther position) is formed, which also equilibrates quickly
with (C-1 or C-4)aspartate [31]. Two molecules of CO,
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Fig. 2. Metabolic pathway of

acetate labelled in the C-1 posi-
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are released in the first cycle turn; however, none of the
carbon atoms are from the C-1 position and therefore are
not |abelled.

(C-1 or C-4)oxaloacetate from the first turn condens-
es with acetyl-CoA to form (C-1 or C-6)citrate and thus
initiates the second TCA cycle turn. Decarboxylation of
(C-1 or C-6)citrate, with the release of CO,, whichisla
belled when the C-6 atom is |abelled, forms (C-1)a-keto-
glutarate, which again equilibrates rapidly with (C-1)glu-
tamate [30, 31, 32]. Decarboxylation of (C-1)a-ketoglu-
tarate releases the final 1abelled molecule of CO,. Thus,
in this second cycle-turn, the labelled C atoms are re-
leased as labelled CO, (or bicarbonate in tissue). It is
generally assumed that this labelled bicarbonate leaves
the tissue rapidly.

Because acetate has no other pathways for metabo-
lism in the myocardium, it can be used to estimate TCA
cycle flux and thus MVO,. Although there is a rapid
conversion to amino acids such as glutamate and aspar-
tate, these intermediates are mainly taken up again in the
cycle. The exchange rate between o-ketoglutarate and
glutamate was found to be more than 10 times higher
than the rate of the TCA cycle [31]. Glutamate can aso
be converted to glutamine, a slow and almost irreversible
process [32, 33]. Although glutamine may leave the cy-
cle, back-conversion from glutamate to a-ketoglutarate
is much faster than the irreversible conversion to gluta-
mine [32]. Therefore, the labelled glutamine pool will be
very small and can probably be neglected [32].

Validation of the use of 1C-acetate
for determination of MVO,

First publications of 11C-acetate production and the use
in dogs and humans date back to the early 1980s [34, 35,

36, 37]. Acetate clearance in humans was similar to that
in dogs and clearance from myocardium rendered isch-
aemic was slower than that from remote normal myocar-
dium [34, 35, 37]. Clearance during exercise and pacing
was enhanced, but was not significantly faster when
MBF was increased by 90% with dipyridamole [36].
These initial results led to investigations into the usage
and validation of 11C-acetate as a tracer of MV O,

Direct comparison of acetate clearance and MVO,

Brown et al. demonstrated in isolated, perfused rabbit
hearts that the time-activity curve of 14CO, in the venous
effluent of the heart after 2 min perfusion with 14C-ace-
tate was bi-exponential [38]. The fast clearance rate of
14CO, in the venous effluent correlated closely with
MV O,. The efflux of activity consisted almost complete-
ly of 14CO, after 3 min, indicating that back-diffusion of
tracer and |leakage of |abelled metabolites other than CO,
from the heart was minimal. When 11C-acetate was co-
injected, the externally detected myocardial time-activity
curve (with Nal detectors in a coincidence circuit)
showed a similar bi-exponential clearance. Mono-expo-
nential clearance was seen in ischaemia and hypoxia.
These conditions were accompanied by a lower heart
rate and lower blood pressure. Steady-state extraction of
14C-acetate was ~60% in normoxia, increasing to ~93%
in ischaemia. Ketone production and incorporation into
lipids were low, even in ischaemic hearts. Similar results
were obtained by Buxton et al. in isolated perfused rat
hearts [30]. Peak efflux occurred 3.0+0.8 min after bolus
injection of the tracer. Labelled CO, accounted for ~97%
of the total 4C activity in the effluent of the heart be-
tween 10 and 20 min after intracoronary injection.
Armbrecht et al. determined clearance rates of 11C-
acetate measured with a gamma probe in the left anteri-
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or descending artery (LAD) territory of hearts of open-
chest dogs [33]. Single-pass extraction fraction was
high in normoxia, in ischaemia and at increased work-
load (60%—70%), but was significantly decreased to
~47% in dipyridamole studies. Clearance of acetate
showed a close correlation with measured MVO, when
fitted with either a mono- or a bi-exponential in al con-
ditions; it was aso closely correlated with myocardial
blood flow, except in dipyridamole studies. In studies
using simultaneous injection of 1C- and 4C-acetate, the
fraction of 14CO, activity contributing to total 14C activ-
ity leaving the heart was high in al conditions, varying
from ~89% in ischaemia to >99% in dipyridamole stud-
ies. Clearance of 14CO, measured in the coronary efflu-
ent was identical to externally measured clearance of
11C-acetate.

Direct comparison of 1C-acetate clearance measured
with PET and MVO,

Brown et a. demonstrated a close correlation between
myocardial 1C-acetate clearance and MVO, in closed-
chest dogs under various workloads [39, 40]. Further-
more, 11C-acetate clearance was closely correlated with
the RPP [39]. Clearance of 11C-acetate from the myocar-
dium was bi-exponential [39, 40], and was similar to
11CO, clearance in the coronary sinus [39]. Buxton et a.
observed that bi-exponential clearance rates were closely
correlated with measured MVO, and with mono-expo-
nential clearance rates, suggesting that time-activity
curves can also be fitted with a mono-exponential when
fitting with a bi-exponential is difficult [41]. Sun et al.
correlated clearance rates with invasively measured
MVO, in humans, but obtained reasonable correlations
at best (r=0.71 for mono-exponentia fitting and r=0.73
for bi-exponentia fitting) [42]. An explanation could be
that subjects were only studied at rest, with narrow ranges
of MBF and MV O..

Schulz et al. studied pigs early (acquisition 5-45 min)
and late (acquisition 60-90 min) after MBF reduction to
50% [43]. Myocardial time-activity curves were fitted
with a mono-exponential and related to measured MV O.,.
Initially after flow reduction, clearance was reduced in
concordance with MVO,, but clearance recovered with-
out a concordant increase in MV O, late after flow reduc-
tion. The results were explained by reduced concentra-
tions of glutamate and aspartate in the myocardium (de-
termined from biopsies) under prolonged ischaemia
Correction of clearance rates for these reduced concen-
trations restored the relationship with MV O,, suggesting
that reduction in the pool sizes of aspartate and gluta-
mate is primarily responsible for the recovery of acetate
clearance. Remarkable were the high mono-exponential
clearance rates reported, in combination with the low
concentrations of glutamate and aspartate in myocardium
compared to other studies.
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Relation between 1C-acetate clearance and RPP
in humans

A number of authors have studied subjects at rest and
under dobutamine stimulation [44, 45, 46, 47]. Henes et
al. [44] observed mono-exponential clearance of 1C-
acetate at rest, which became bi-exponential under dobu-
tamine stimulation. The clearance rates from the mono-
exponential fit aswell as the fast clearance rate of the bi-
exponential fit were used in a single linear regression
analysis, which showed a close correlation between
clearance rates and the RPP. Krivokapich et al. [45] and
Tamaki et al. [46, 47] fitted curves only with a mono-
exponential, and a close correlation between mono-expo-
nential clearance and the RPP was reported. Armbrecht
et al. observed biphasic curves both at rest and with su-
pine bicycle exercise [48]. Both mono- and bi-exponen-
tial curve fits showed a close correlation with the RPP,

Vanoverschelde et a. correlated several oxygen con-
sumption indices with MV O, calculated from the mono-
exponential clearance rate of 11C-acetate [49], based on
the linear relation between clearance and MVO, ob-
tained in dogs by Armbrecht et al. [33]. MVO, was best
correlated to the pressure-volume area (r=0.92) and pres-
sure-work index (r=0.92), followed by RPP (r=0.87).
Administration of dobutamine decreased myocardia ef-
ficiency. It was aso suggested that the RPP is aless ade-
guate parameter to use for the correlation between
MVO, and cardiac work, mainly because the change in
RPP was not very well correlated with the change in
MV O,.

Porenta et al. used data obtained from both gated and
dynamic acquisitions after injection of 11C-acetate, dur-
ing rest and dobutamine infusion [50]. MVO, (mono-
exponential curve fitting) and MBF were both measured
with 1C-acetate. Gated acquisition was used to deter-
mine parameters that can be used to calculate tension-
area area, an extension of the pressure-volume area.
Stepwise linear regression analysis demonstrated that the
RPP and external work together correlated significantly
with MV O,. Oxygen extraction increased during dobuta-
mine infusion (from 59%+8% to 76%+9%). Mechanical
efficiency did not change, while external work efficiency
increased during dobutamine infusion.

The regression data regarding the relation between
mono-exponential and bi-exponential curve fitting and
the RPP that have been reported are shown in Table 3.
Despite the fact that close correlations were reported, the
range of slopes is rather large, for both mono- and bi-
exponential fitting procedures. The reason for thisis un-
clear. It may be due to variations in study conditions, the
subjects studied or other factors. Too few studies have
reported full data sets to combine those studies to obtain
alumped slope and intercept.
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Table 3. Relation of mono-exponential and bi-exponential curve fits with the RPP: results from linear regression analysis

Authors Subjects No. of

Mono-exponential fitting

Bi-exponential fitting

exp.
Slope
(x109)

Corr.
coeff.

Corr.
Coeff.

Intercept Slope

(x109)

Intercept

Brown et al. [39]

Henes et al. [44]

Brown et al. [40]
Armbrecht et al. [48]
Henes et al. [44]

Tamaki et al. [47]

Tamaki et al. [46]
Krivokapich et al. [45]
Vanoverschelde et al. [49]2

Dogs 14
Dogs 36
Dogs 22
Humans 22
Humans 14
Humans 18
Humans 28
Humans 22
Humans 16

5.89

6.82
6.72
8.50
514

10.4
8.3
6.2

115

12.5

—0.005
0.022
0.054

-0.016
0.025

0.95
0.88
0.84
0.95
0.91

0.014 0.91
0.87
0.86
0.94
0.87

0.014
0.013
—0.007
0.022 10.5

-0.014 0.83

No. of exp., Number of experiments; Corr. coeff., correlation coefficient

aFigures calculated from data provided in the original publication

Modelling of acetate kinetics

The initial studies validating acetate as a tracer of MVO,
al applied simple mono- or bi-exponential curve fitting
procedures to correlate clearance rates with MV O, or an
index of MVO,. This method is easy to apply but does
not account for the arterial input function or the uptake
of acetate by the myocardium, and it neglects pool sizes.
In addition, corrections for spillover, partial volume and
blood volume are not possible. To address these prob-
lems, various authors have investigated models of ace-
tate kinetics.

Buck et al. investigated two- and one-tissue compart-
ment models (Fig. 3) [51]. Curve fitting by the model in-
cluded estimation of spillover from the cavity and from
myocardial blood volume. The arterial input function
was corrected for circulating labelled H1C-CO,. In
closed-chest dogs, model-fitted clearance (k, from model
A in Fig. 3) and directly measured MVO, were closely
correlated (r=0.94). Curve fits were significantly tighter
when correction for circulating 11C-CO, was applied.
11C-CO, accumulated rapidly in blood and, after 10 min,
equilibrated at approximately 65% and 90% of the total
activity in blood in dogs and humans, respectively. The
formation of 1C-CO, and other labelled metabolites
could be described with a relatively simple function.
Studies in humans using the simpler models (B and C
from Fig. 3) showed a close correlation between model-
fitted clearance and the RPP (r=0.91), compared with
0.61 for conventional mono-exponential curve fitting.
However, those studies were only performed at rest. The
simple model C in Fig. 3 was also investigated by Rayl-
man et al. [52]. Corrections for circulating 11C activity
were made by simultaneous fitting of time-activity
curves from eight myocardial ROIs using common pa-
rameters to account for metabolites and 1C-CO,. This
method was investigated in five patients with idiopathic
dilated cardiomyopathy studied at baseline and with low-

K K,

A 4

A 4

Ks

\ 4

c C, Cy

Fig. 3. Compartment models used by several authors [51, 52, 53,
55]. C, represents arterial, and C,; and C,, tissue compartment 11C-
acetate activities. Rate k, is the rate that is correlated with MV O,
or the RPP. K; denotes the uptake rate of the tracer into the tissue,
ks transport of the label between tissue compartments, and k, and
k, transport of the label from tissue to blood

dose dobutamine infusion. Clearance rates determined
by this method were closely correlated with measured
MV O, (r=0.85) in five patients with dilated cardiomyop-
athy and were better than when the eight curves were fit-
ted independently (r=0.77).

Wolpers et a. used a two-tissue compartment model
(model B of Fig. 3) [53]. The arterial input function was
determined from rapidly drawn blood samples and not
corrected for 11C-CO, or other metabolites. Thirty-six
experiments in 12 dogs were performed, with four differ-
ent interventions to ater haemodynamic states. Modelled
clearance of acetate was closely correlated to the addi-
tive index of Bretschneider (E;) [20] (r=0.95). Correla-
tion with the RPP was 0.88.

Ng et al. formulated a six-tissue compartment model
(Fig. 4), which was developed to eventually calculate
MVO, [32]. The model was investigated with 14C- and
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Fig. 4. Six-tissue compartment model used by Ng et a. [32]. Ace-
tate enters the cell from the plasma by rate K, and diffuses back by
rate k,. Compartments two and three represent the first and second
cycle turns, respectively (see aso Fig. 2). Compartments four and
five represent glutamine. Formation of bicarbonate (equivalent to
CO,) is by rate k, and ks. Rate k, appears twice because CO, and
the substrate for the second cycle turn are formed at the same rate.
Rates k, and k5 are said to be identical. Glutamine formation is by
rate k; and considered irreversible. TCA, Tricarboxylic acid cycle;
Glu, glutamate; Asp, aspartate; Gln, glutamine; a-keto, a-ketoglu-
tarate

1C-acetate in crystalloid perfused rat hearts. The extrac-
tion fraction was determined from externally measured
time-activity curves using 1C-acetate. Tissue concentra-
tions of glutamate, aspartate, glutamine and TCA cycle
intermediates were determined in a number of hearts 2,
5, 10, 20 and 40 min post injection. Concentrations of
glutamate and aspartate were found to be approximately
eight times higher than concentrations of TCA cycle in-
termediates in normoxia, but only 4.7 times higher in
ischaemia. Two minutes after injection, the majority of
the label was found in glutamate. The contribution of
(C-1)glutamate (derived from the second cycle turn) to
total tissue radioactivity was markedly delayed in hypoxia
and ischaemia, compared with normoxia. Conversion to
glutamine was slow, and concentrations increased later
in hypoxia and ischaemia. For the determination of oxy-
gen consumption from the model, TCA cycle flux was
calculated as the product of the sum of fitted rates k, and
ks and the sum of the tissue concentrations of glutamate,
aspartate and TCA cycle intermediates. Multiplying the
TCA;« by 3 (a factor of 2 for the number of oxygen
molecules used per turn of the cycle and a factor of
1.5 because approximately two-thirds of the substrates
for oxidative phosphorylation are provided by the
TCA cycle) gives MVO,. Estimated and measured
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MVO, were closely correlated [MV O,eq=—1.51+0.97x
(MVO,p1es9), 1=0.95], under ischaemic, hypoxic and nor-
moxic conditions. In addition, k, and the mono-exponen-
tial clearance rate were closely correlated.

Sun et a. [54] simplified the six-tissue compartment
model to a two-tissue compartment model (Fig. 5) by
leaving out some compartments of the model of Ng et al.
[32] Analysistime was limited to the first 5 (baseline, di-
pyridamole and dobutamine) to 10 (ischaemia and xyla-
zine) minutes after tracer administration. This was done
because the six-compartment model [32] is error sensi-
tive and impractical. The compartments were left out be-
cause the conversion from glutamate to glutamine was
found to be low and not present early after tracer admin-
istration. The concentration of labelled bicarbonate was
rather constant, with an efflux rate much higher than pro-
duction rate. Furthermore, concentrations in the pre-TCA
cycle pool were very low with fast transit times. For de-
termination of the TCA cycle flux, concentrations of glu-
tamate, aspartate and TCA cycle intermediates were as-
sumed to be identical in rat and dog hearts. The model
was investigated in dogs under various conditions, in-
cluding dipyridamole-induced hyperaemia and dobuta-
mine infusion. Estimated and measured MVO, were
closely correlated (MV O,e4=0.033 + 0.690xMV O, 1cas:
r=0.92). The underestimation of the MV Oy, by the
model was explained by the different tissue concentra-
tions of glutamate, aspartate and TCA cycle intermedi-
atesin rat and dog hearts.

This two-tissue compartment model was also investi-
gated in humans, with comparison to invasively mea-
sured MV O, [42]. A correlation r=0.74 between estimat-
ed and measured MVO, was reported (MVO,eq=
—0.019 + 1.008xMVO,y ). However, recalculations
with the data provided in the publication show a
closer correlation (r=0.85) with a slightly different equa-
tion (MVO,z4=—0.0025+0.996XMV O, es). These stud-
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Fig. 5. Simplified two-tissue compartment model used by Sun et
al. [42, 54]. The number of compartments was reduced because
back-diffusion of the tracer was low and the transport of acetate
into the TCA cycle was very fast. The glutamine pool was left out
because of the low contribution to total activity early after admin-
istration of acetate. The bicarbonate pool was left out because the
clearance of bicarbonate from the myocardium was high. Uptake
into the cell is by rate K. Formation of CO, is at rates k, and kg,
which are said to be identical. Abbreviationsasin Fig. 4

ies were only performed under resting conditions, and
thus had a small range of MBF and MV O, values.

Van den Hoff et al. formulated a slightly different
five-tissue compartment model (Fig. 6A) [55]. Based on
the observations that rates of cellular uptake, back-diffu-
sion, activation and uptake into the TCA cycle of la
belled acetate, as well as wash-out rate of labelled CO,,
are substantially faster than the TCA cycle flux, two
simplified models were defined (Figs. 6B and 3C). These
models were evaluated with model prediction (computer
simulation) based on data obtained in open-chest dogs by
Armbrecht et al. [33] and in 41 patients. Simulations re-
vedled a strong interaction between TCA cycle uptake
and CO, washout rates, which was stabilised when CO,

wash-out was fixed at 1 min-. Rates k5 (0.03), kg (0.003)
and k- (0.1) were responsible for the bi-exponential tis-
sue clearance that was observed. When pool sizes were
reconstructed in time, pool five (amino acids) contained
approximately 100% of the tissue activity present after
30 min and was slowly clearing. The authors did not
confirm these observations with analysis of biopsies of
hearts, and they were not found by Ng et al. [32]. It was
demonstrated that simplified two- and one-tissue com-
partment models would be sufficient for analysis of pa-
tient data. Data obtained in patients were corrected by a
mean value for circulating activity and for blood volume
of the tissue. Time-activity curves could be fitted well
both with the simplified model and with a single-tissue
compartment model. No results of linear regression anal-
ysis were reported. The data used as a basis for initia
model parameters were obtained with a single gamma
detector encompassing the LAD territory and were thus
susceptible to noise and spillover from the blood pool.
This may be at least one of the reasons for the high
activity remaining in the curve after 40 min.

Additional observations
Influence of substrate availability

The influence of the availability of substrates on the
clearance of acetate was studied by a number of authors
[30, 33, 40, 41, 47, 48, 56, 57]. Buxton et al. observed no
differences in 1C-acetate clearance when lactate, hy-
droxybutyrate or palmitate was added to the perfusate
[30]. Only when acetate was present in large non-tracer
amounts in the perfusate, was TCA cycle flux underesti-
mated [30]. The same group observed a slightly higher

Fig. 6A, B. Models used by K,

one two
Van den Hoff et al. [55]. > Ky .
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model, describing the meta- ——| Acetate Acetate
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time-activity curves with the A Pool K
computer, based on data of 4
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ki/MVO, ratio in dogs when predominantly carbohy-
drates were used as fuel for the heart [41]. No differ-
ences were found by Brown et al. after normalisation of
clearance rates to MV O, [40]. Armbrecht et al. [48] ob-
served a slight but significant decrease in Ky,,,o/RPP in
patients after an oral glucose load. Kotzerke et al. [56]
observed a 15% higher clearance of acetate (P<0.05) in
subjects studied with a euglycaemic-hyperinsulinaemic
clamp with additional administration of intralipid (FFA
source). The RPP was similar to that in the other patient
groups in this study. Without the additional infusion of
FFA, clearance rates of clamped subjects were not sig-
nificantly different from normal. Tamaki et a. [47] and
Hicks et al. [57] observed no differences in clearance
rates after changing substrate availability.

Though some effects of substrate availability were
found in these studies, they were small and could largely
be explained by different workloads. The results of
Kotzerke et a. [56] could be explained by the higher
amount of oxygen needed to obtain the same amount of
ATP when FFA is the substrate of myocardial metabo-
lism. Also important is the influence of acetate present in
non-tracer amounts [30]. As acetate is the end product of
ethanol metabolism, it can be present in subjects who
have ingested large amounts of ethanol-containing
liquids in the hours prior to the study. Significant effects
of ethanol ingestion on plasma acetate levels have been
reported [58].

Regional variation of 1C-acetate clearance

Clearance of 11C-acetate has been found to be homoge-
neous in most studies that have looked for regional dif-
ferences in normal myocardium [39, 46, 47, 48, 57]. One
study observed a higher clearance in septal and anterior
regions compared with lateral regions, as well as higher
clearance rates in basal and midventricular regions com-
pared with apical regions [56]. Another study observed
lower septal clearance [41]. These variations were minor,
however, ranging only from —7% to 7%.

Considerations of validation, modelling
and additional observations

The results discussed above show that externaly de-
tected clearance of labelled acetate from the myocardium
is closely related to labelled CO, production, measured
MV O, and indices of MV O,. Clearance is bi-exponential
in animals and also in humans when workload is in-
creased, but mono-exponential when workload is low,
both in humans and in animals. Substrate availability did
not have a significant influence on clearance when it was
compared with measured MVO,, indicating that meta-
bolic standardisation is not necessary for determination
of oxygen consumption. There was little to no regional
variation.
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Clearance rates determined with kinetic models were
closely correlated with measured MVO,. Exact determi-
nation of MVO, by modelling is only possible when
concentrations of glutamate, aspartate and TCA cyclein-
termediates are known; these concentrations can vary be-
tween species, but also in diseases. Human studies using
modelling were mostly done under resting conditions
and results were not always related to measured MV O..
This warrants further investigations with wider flow and
MVO, ranges. Other investigations should be directed
towards measurement of the blood content of the myo-
cardium and the perfusable tissue to apply these values
in future models.

Determination of myocardial blood flow
with 11C-acetate

Gropler et a. compared myocardial tissue activities after
bolus injection of 1C-acetate and 1°0-H,0 [59]. Activi-
ties were determined in a time frame of 60-180 s after
injection of 11C-acetate and in atime frame of 120 s after
appearance in the left atrium of the 150-H,0O bolus. The
image of 150-H,0 was corrected for intravascular activity
with the use of 150-CO. Activities per segment were nor-
malised to the segment with the highest activity. Twenty-
two patients with CAD and wall motion abnormalities
were studied. Fourteen patients had suffered at least one
myocardial infarction. The relative uptake of acetate was
closely correlated with relative MBF determined by 150-
H,0O (acetate=0.75%(150-H,0)+0.22, r=0.88). Correction
for spillover of the 11C-acetate image with the use of the
150-CO datafor five patients revealed a correlation with
a similar slope to the uncorrected data (r=0.90), but de-
creased the y-intercept of the regression line by 29%.
Clearance and relative uptake of acetate were also corre-
lated (r=0.66).

Chan et a. compared relative tracer concentrations
(normalisation to segment with highest activity) of 1C-
acetate and of 13N-ammonia[60]. In addition, net extrac-
tion of 11C-acetate and 13N-ammonia (obtained by divid-
ing tissue concentration by an image-derived input inte-
gral) was compared. The 4th minute was chosen for ace-
tate because clearance from myocardium is low until this
time point. The 4th to 19th minutes were chosen for am-
monia because no additional uptake is to be expected af-
ter 4 min and trapping of the tracer. Input was integrated
for the first 4 min for acetate and for the first 2 min for
ammonia. Fifteen patients with coronary artery disease
were studied, of whom 14 had previous myocardial in-
farction. Eight segments were analysed per patient. Am-
monia and acetate relative tissue concentrations were
closely correlated (acetate=0.88 x ammonia + 0.079,
r=0.94), as were ammonia and acetate net extraction (ac-
etate=0.55 x ammonia + 0.08, r=0.87). The slopes were
significantly different from one and the intercepts were
not zero, which could be explained partially by the im-
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mediate metabolism of acetate and the trapping of am-
monia by the myocardium. This [60] and the former re-
port [59] suggest that acetate could also be used to deter-
mine myocardial perfusion.

Krivokapich et al. used the Renkin-Crone equation re-
ported by Armbrecht et al. [33] to determine MBF with
11C-acetate in a model similar to that of 13N-ammonia
[45]. Subjects were studied at rest and during infusion of
dobutamine. A close correlation was found between both
tracers (flow egze=1.1 % fFlOW4,monia — 0.088), r=0.92).

Sun et a. correlated K, of acetate with MBF deter-
mined with ammonia[42]. A close correlation was found
[K;=0.15+0.73x(MBF); r=0.93], over an MBF range of
0.5-1.0 ml/min per gram. Further studies over a wider
range of MBF are required to assess whether acetate
could also be used to measure MBF.

Use of acetate in ischaemia and viability studies

After theinitial validation studies of acetate to determine
MV O, non-invasively, it was used in several experimen-
tal and clinical studies, most of them assessing isch-
aemia, stunning and hibernation. The majority of these
studies used simple mono-exponential curve fitting pro-
cedures, athough some applied models.

Acetate clearance in (post-)ischaemic myocardium
inanimals

Buxton et al. studied dogs 2 and 24 h after a 20-min oc-
clusion of the LAD [61]. In post-ischaemic regions,
clearance rates at 2 h were reduced to 69%zx15%
(P<0.001) of those in remote regions, recovering to
90%=17% at 24 h (not significantly different from base-
line). There was a tendency for lower clearance rates in
regions with more severe wall motion disturbances. Re-
gions with increased fluorine-18 fluorodeoxyglucose
(FDG) uptake at 24 h had significantly depressed acetate
metabolism, whereas regions with normal or even de-
creased uptake of FDG had normal turnover of acetate.
The increased FDG uptake may have been due to in-
creased anaerobic metabolism in reperfused myocar-
dium. The same group studied dogs serialy over a
1-month period after a 3-h occlusion of the LAD [62]. At
the time of occlusion, MBF (ammonia) was more de-
pressed than acetate clearance (comparison with normal
regions), suggesting enhanced oxygen extraction. After
restoration of MBF, acetate clearance initially remained
depressed, showing recovery in parallel with the slow re-
covery of function. FDG uptake was initially enhanced
in post-ischaemic regions and normalised in time, again
suggesting increased anaerobic metabolism early after
reperfusion. Weinheimer et al. observed that preservation
of 1C-acetate clearance after 1 week and the recovery of
wall motion after 4 weeks were significantly correlated

in dogs after a 1- or 4-h occlusion of the LAD [63]. Sim-
ilar observations were reported by Heyndrickx et al. after
a 1-h occlusion of the circumflex artery in dogs [64].

In experiments in open-chest dogs with repeated oc-
clusion of the LAD, a reduction of myocardial blood
flow by 21% was observed 45 min after four ischaemic
episodes of 5 min with intervals of 5 min, together with
a decrease in systolic function of 90%. Ninety minutes
after the ischaemic episodes, MVO, was unaltered com-
pared with baseline, while systolic function was still de-
pressed by 70% [65]. In observations up to 1 week after
similar ischaemic bouts, blood flow was restored
promptly while acetate clearance in ischaemic regions
was significantly depressed and gradually recovered over
the week, along with restoration of function and glucose
consumption, measured with FDG [66]. These results in-
dicate that recovery of function after coronary occlusion
may be dependent on preservation of myocardial oxida-
tive metabolism.

Bergmann et al. studied the effect of paired pacing (a
method to increase inotropy [67, 68, 69], used initially to
demonstrate viability) in canine myocardium stunned by
a 15-min occlusion of the LAD [70]. One hour after re-
perfusion, acetate clearance of stunned segments was re-
duced to 71%+27% of that of normal regions, whereas
MBF was near normal. Stunned segments showed im-
provement of wall motion with paired pacing, accompa-
nied by recovery of acetate clearance to values compara-
ble to those of normal regions. MBF in stunned areas
showed an increase similar to the increase in flow in re-
mote areas with pacing. Similar results, after 25 min oc-
clusion of the LAD, were obtained by Hashimoto et al.
with the use of dobutamine as an inotropic stimulus[71].
These studies indicate that enhancement of function in
regions with stunned myocardium with appropriate stim-
uli is dependent on oxidative metabolism.

Acetate clearance in ischaemia in humans

In patients with transmural, complete myocardia infarc-
tion, clearance of 11C-acetate was markedly diminished
in peri-infarct and infarct regions (to 68% of normal in
peri-infarct, 48% in infarct and 21% in central infarct re-
gions) [72]. Neither acetate clearance rate nor function
recovered after 7 days. In patients receiving reperfusion
therapy for anterior myocardia infarction, 1C-acetate
clearance in the central area of myocardial infarction was
reduced by 51% [73]. In contrast to the findings of
Buxton et al. [61], acetate clearance was higher in re-
gions with an MBF-FDG mismatch than in regions with
an MBF-FDG match, indicating preserved oxidative me-
tabolism in mismatch areas. Acetate clearance was posi-
tively and linearly correlated with MBF and independent
of the MBF-FDG pattern. Similar results were obtained
by Czernin et a. in 22 patients with recent myocardial
infarction, ten of whom were treated with reperfusion
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therapy [74]. Thus, oxidative metabolism was relatively
preserved in areas with reduced MBF and a mismatch,
indicating preserved oxidative metabolism and possibly
an enhanced extraction fraction of oxygen.

A study in patients with acute myocardia infarction
who were treated with thrombolysis or coronary angio-
plasty showed similar results [75]. Interestingly, patients
using beta-blockade had a significantly reduced clear-
ance rate in the remote area compared with patients not
using beta-blockade, despite similar RPPs. In infarction
areas, a similar, but not significant effect of beta-block-
ade on acetate clearance was present. This finding is an
indication of the effect of beta-blockade on MVO,,.

Hicks et a. assessed both oxidative metabolism and
perfusion with 11C-acetate in patients with acute myocar-
dial infarction [76]. The extent of myocardial perfusion
abnormality was defined as the relative amplitude of the
mono-exponential fit of the time-activity curve. Rela-
tively preserved acetate clearance, as compared with per-
fusion, was associated with recovery of function. Abso-
lute acetate clearance was not different between seg-
ments that showed improvement of function and those
that were irreversibly dysfunctional, because of a consid-
erable overlap between the two groups. In patients with
myocardial infarction treated with intravenous thrombol-
ysis, serial scanning with 1C-acetate and 1°0-H,0O re-
vealed immediate restoration of blood flow shortly after
reperfusion therapy. Recovery of function was associated
with gradual recovery of oxidative metabolism [77].

In patients with a coronary occlusion without signs of
myocardial infarction, clearance of UC-acetate at rest
was lower in segments with abnormal wall motion than
in those with normal wall motion, which themselves
showed similar clearance to that in remote segments
[78]. The reduction of acetate clearance in segments with
abnormal wall motion was accompanied by a reduction
of perfusion reserve, whereas the segments with normal
wall motion had a normal perfusion reserve. In patients
with unstable angina pectoris, a proximal LAD stenosis
and severe dysfunction of the anterior myocardium
shortly after revascularisation (PTCA), normal MBF and
near-normal oxygen consumption with 11C-acetate were
found, suggesting not only a perfusion-contraction mis-
match but also a decreased myocardial efficiency in
these segments [79]. Baseline flow was normal in both
types of segment.

Janier et a. stimulated patients with an occluded cor-
onary artery and norma myocardial wall motion with
dobutamine and compared these patients with normal
volunteers [80]. Metabolic reserve, defined as the per-
centage increase in clearance of 11C-acetate under dobu-
tamine stimulation, was identical in both groups. Perfu-
sion reserve was limited in the areas supplied by the oc-
cluded coronary arteries compared with perfusion re-
serve in volunteers. This suggests an increased oxygen
extraction fraction in the areas supplied by the stenotic
coronary artery when dobutamine is used as a stimulus.
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Ohte et a. studied the phenomenon of reverse redis-
tribution on exercise redistribution-ate redistribution
thallium-201 scans [81]. Patients with this phenomenon
were also studied with 1C-acetate at rest. It was ob-
served that regions with reverse redistribution had a
lower clearance rate of 11C-acetate than normal regions,
but a higher clearance rate than segments with irrevers-
ible perfusion defects. This finding suggests that reverse
redistribution on thallium scans is associated with viabil-

ity.

Acetate clearance and recovery of function
after revascularisation

Gropler et al. studied patients with LV dysfunction due
to coronary artery disease with [82] and without [83]
previous myocardial infarction prior to revascularisation.
Dysfunctional but viable (recovery of function after re-
vascularisation) segments exhibited relatively preserved
1C-acetate clearance (74% and 95% of clearance in nor-
mal regions in patients with and without infarct, respec-
tively), whereas non-viable segments showed reduced
metabolism (45% and 66% of clearance in normal re-
gions, respectively). This finding suggests that recovery
of function after revascularisation is dependent on main-
tenance of oxidative metabolism. 18F-FDG uptake (activ-
ity at 45 min normalised to maximum activity) was vari-
able in these patients, particularly in the non-viable
group. Some of the patients were restudied after revascu-
larisation. Metabolism of 1C-acetate showed improve-
ment in viable segments only, as did FDG uptake, de-
spite restoration of MBF to all segments.

Conversano et al. studied 17 patients with chronically
reduced left ventricular function due to coronary artery
disease before revascularisation [84]. MBF (150-H,0),
acetate clearance and FDG metabolism were measured.
Irreversible dysfunctional segments exhibited alower ac-
etate clearance than reversible dysfunctional segments.
Acetate clearance in segments with reversible dysfunc-
tion and normal MBF (1°0-H,0) was not different from
that in normal segments. Clearance was significantly re-
duced in reversible segments with a reduced MBF but
was significantly higher than in segments that were irre-
versibly damaged. FDG uptake (related to flow) was
higher in reversible segments with alow MBF and in ir-
reversible segments than in reversible segments with a
normal MBF. Thus, acetate clearance could be used to
distinguish between viable and non-viable myocardium,
especially in segments with enhanced FDG uptake and
reduced MBF.

Hata et a. used low-dose dobutamine infusion to de-
termine viability in regions with old myocardia infarc-
tion [85]. Baseline clearance rates were higher in viable
(recovery of function after revascularisation) than in
non-viable segments but a considerable overlap was
present. Dobutamine increased mono-exponential clear-
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Table 4. Comparison of studies predicting viability based on acetate clearance

Author Modality Compared to: No. of Sens. Spec. PPV NPV
segments
Gropler et al. [86] Oxidative Recovery 116 87 (40/46) 71 (50/70) 67 (40/60) 89 (50/56)
metabolism of function
(acetate)
FDG uptake Recovery 116 83 (38/46) 50 (35/70) 52 (38/73) 81 (35/43)
of function
Rubin et al. [87] Oxidative Recovery 54 78 (25/32) 86 (19/22) 89 (25/28) 73 (19/26)
metabolism of function
(acetate)
FDG uptake Recovery 54 81 (26/32) 36 (8/22) 65 (26/40) 57 (8/14)
of function
Leeet a. [88] Oxidative Dobutamine 145 84 (47/56) 38 (34/89) 46 (47/102) 79 (34/43)
metabolism echocardiography
(acetate)
Wolperset a. [89] Oxidative Recovery 114 77 (46/60) 48 (26/54) 62 (46/74) 65 (26/40)
metabolism of function
(acetate)
MBF Recovery 114 93 (56/60) 67 (36/54) 76 (56/74) 90 (36/40)
(acetate) of function
FDG uptake Recovery 114 88 (53/60) 74 (40/54) 78 (53/67) 85 (40/47)
>50% of max. of function
Combined Oxidative Recovery 284 80 (111/138) 65(95/146) 69 (111/162) 78 (95/122)
metabolism of function
(acetate)
Combined FDG uptake Recovery 284 85 (117/138) 57 (83/146) 65 (117/180) 80 (83/104)
of function
Combined Oxidative Mixed 429 81 (158/194) 55(129/235) 60 (158/264) 78 (129/165)
metabolism
(acetate)

Sens., Sensitivity; Spec., specificity; PPV, positive predictive value; NPV, negative predictive value

ance of acetate in viable segments but not in non-viable
segments. After normalisation of clearance rates to seg-
ments with normal wall motion, clearance increased
from 71%+16% to 83%+10% in viable segments, where-
as it decreased from 43%+13% to 27%+10% in non-
viable segments, thus helping to distinguish between via-
ble and non-viable myocardium. Similar results were ob-
tained for normalised uptake of acetate, indicating that
this may be used as a predictor of recovery of function as
well. Thus, these findings indicate that changes in ace-
tate clearance with low-dose dobutamine infusion may
help to distinguish viable myocardium from non-viable
myocardium.

Prediction of recovery of function by acetate clearance

The studies mentioned previously [63, 64, 70, 71, 82, 83,
84, 85] led to investigations to predict recovery of func-
tion after revascularisation based on acetate clearance. A
summary of these studiesis givenin Table 4.

Gropler et a. studied 34 patients with and without
previous myocardial infarction prior to revascularisation
[86]. Clearance of acetate and FDG uptake were deter-
mined, as well as myocardial perfusion (based on the
early uptake of acetate). Of 116 dysfunctional segments,
70 were classified as non-viable and 46 as viable (recov-
ery of function after revascularisation). Threshold crite-
riafor clearance of acetate and FDG uptake were formu-
lated based on absolute values obtained in normal volun-
teers. Receiver operating characteristic curves showed
that absolute acetate clearance and absolute FDG uptake
were the best predictors for recovery of function. Based
on the thresholds, 67% of the segments were correctly
judged as viable and 89% as non-viable using 1C-ace-
tate, whereas 18F-FDG uptake correctly judged 52% as
viable and 81% as non-viable.

Patients who suffered from acute myocardia infarc-
tion were studied prior to revascularisation by Rubin et
al. [87] Perfusion was determined by early uptake of ace-
tate and metabolism by acetate clearance and FDG up-
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take. Values were normalised to the area with the highest
uptake for each tracer. Thresholds came from a database
with normal volunteers. Of 54 dysfunctional segments
on echocardiography, 32 were reversibly dysfunctional
and were thus viable. Clearance of acetate predicted 89%
correctly to be viable, whereas FDG predicted only 65%
correctly. Of the 22 non-viable segments, 73% were cor-
rectly predicted by acetate and only 57% by FDG.

Lee et al. studied the presence of contractile reserve
(assessed with dobutamine echocardiography) in relation
to change in acetate clearance and MBF (1°0-H,0) [88].
Although lower than in normal segments, acetate clear-
ance and MBF were higher in myocardial segments with
contractile reserve than in segments having no such re-
serve. The two categories showed a considerable over-
lap, however. The pattern under dobutamine stimulation
was similar. Viability determined from resting acetate
clearance (cut-off values ranging from 0.051 min in
apical segments to 0.056 min-1 in inferior segments) had
a sensitivity of 84% and a specificity of 38%. These per-
centages were lower than previously reported.

Wolpers et a. also determined threshold values for vi-
ability [89]. In contrast to other studies mentioned here,
absolute MBF, derived from modelled acetate uptake
rate and the Renkin-Crone equation from Armbrecht
[33], was the best predictor of viability. Absolute acetate
clearance (also derived from the model) was a worse
predictor than increase in glucose metabolism of 50% or
more (derived from Patlak analysis and normalised to
norma segments) or a normalised MBF-normalised
FDG mismatch of more than 16%.

In Table 4, estimates of sensitivity, specificity and
positive and negative predictive values are also given
when these studies are combined. For acetate versus re-
covery of function, lumped sensitivity is 80% and
lumped specificity 65%, with positive and negative pre-
dictive values of 69% and 78%, respectively. Compared
with FDG uptake, these values are in a similar range:
sensitivity is dlightly lower but specificity is higher,
while predictive values are virtually identical. When do-
butamine echocardiography is included as a detector of
viability, sensitivity remains the same while specificity
drops, as does the positive predictive value. This indi-
cates overestimation of viability when using acetate
clearance as a predictor of viability. The studies all used
absolute cut-off values of acetate clearance for predict-
ing recovery of function. This may be incorrect, because
MVO, and thus clearance of acetate from the myocar-
dium is dependent on cardiac work. None of these stud-
ies used acetate clearance rates relative to normal func-
tioning myocardium (on echocardiographic examination
and thus viable) to predict recovery of function, or clear-
ance rates normalised to workload. Further research
using normalised criteria needs to be performed.
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Acetate as a tracer of MVO, in conditions
other than coronary artery disease

Aortic valve disease

Acetate clearance in patients with aortic stenosis and re-
gurgitation was determined by Hicks et al. [90]. Abso-
lute acetate clearance was significantly higher in patients
with aortic valve disease than in normal volunteers, but
this was accompanied by a higher index of cardiac work.
The k/RPP ratio (corrected for the gradient over the aor-
tic valve) in patients with aortic stenosis was lower, sug-
gesting a lower MV O, for a given work rate. The clear-
ance rate and the gradient-corrected RPP were linearly
correlated in patients with aortic stenosis, but not in pa-
tients with regurgitation. This finding could be due to in-
creased stroke work (volume load) in patients with aortic
regurgitation compared to patients with aortic stenosis.
Acetate clearance was only dlightly heterogeneous
throughout the left ventricle. In another study, oxidative
metabolism of the free wall of the right ventricle was
determined in patients with aortic stenosis. acetate
clearance was linearly correlated with the RPP of this
ventricle [91].

Hypertrophic cardiomyopathy

Tadamura et a. demonstrated reduced clearance of ace-
tate in hypertrophied compared to non-hypertrophied
segments in patients with hypertrophic non-obstructive
cardiomyopathy [92]. Clearance in non-hypertrophied
segments was similar to that in normal volunteers. MBF
(derived from peak activity of acetate) in hypertrophied
and non-hypertrophied segments was not different, but
the reduction in metabolic rate of glucose was similar to
that in acetate clearance. No differences were found be-
tween asymptomatic and symptomatic patients. In the
same type of patient, similar results were reported by
Ishiwata et a. [93, 94]. Regional work rate (RWR) was
significantly decreased in hypertrophied regions com-
pared with non-hypertrophied regions, but also in non-
hypertrophied regions when compared with normal vol-
unteers. Clearance rate divided by RWR (KRWR) was
remarkably higher in hypertrophied regions, indicating a
decreased efficiency in hypertrophic regions [93].

Dilated cardiomyopathy

Beanlands et a. investigated myocardia efficiency in
patients with dilated (non-ischaemic) cardiomyopathy
with dobutamine and nitroprusside [95, 96]. Acetate
clearance was derived by modelling and converted to
MVO, after validation in these patients with actually
measured MVO,. Myocardial efficiency (work divided
by MVO,) improved with the administration of dobu-
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tamine, despite an increase in MVO, [95]. Administra-
tion of nitroprusside decreased MV O, and increased effi-
ciency [96]. Another study determined the relation be-
tween regional function and oxidative metabolism under
resting conditions in a similar population [97]. Multivar-
iate regression analysis showed a direct relationship be-
tween increased function and acetate clearance (P=0.02).
Concordance between function and acetate clearance
was 0.87 (95% confidence interval 0.70-1.0). Another
study also showed reduced myocardial efficiency in pa-
tients with idiopathic dilated cardiomyopathy [98]. Myo-
cardia efficiency showed a strong, positive correlation
with gjection fraction.

Other studies

Torizuka et al. studied hyperthyroid patients before and
after treatment with propanolol [99]. Myocardial acetate
clearance rates, both absolute and relative to the RPP,
were higher in untreated patients than in normal volun-
teers. Clearance rate and RPP were not strongly corre-
lated in patients, however. After 2 weeks of treatment the
RPP normalised to values found in volunteers, but clear-
ance remained higher, as did k/RPP. This finding sug-
gests a lower efficiency in patients with hyperthyroid-
ism, which might be associated with the higher contrac-
tility or with oxygen wasting.

Hattori et al. studied patients with non-insulin-depen-
dent diabetes mellitus (NIDDM) at rest and with dobuta-
mine [100]. Patients showed a more heterogeneous me-
tabolism of 11C-acetate than did healthy volunteers. The
acetate clearance and RPP were not significantly corre-
lated in patients, whereas they were in volunteers
(r=0.31 vs r=0.89). This may have been due to the
altered substrate availability in diabetic patients, with a
significant effect on the work-MVO, relationship. As
discussed earlier in this review, substrate availability
may have a significant influence on the work-oxygen
consumption relationship. These data suggest that al-
though substrate availability had little influence on ace-
tate metabolism in previous studies, patients with diabe-
tes mellitus may not have the same oxidative metabolism
as other patient groups. It is important to emphasise that
in Hattori et al.’s study, K., Was correlated to the RPP
and not to measured MV O,. This could have had a sig-
nificant influence, because patients with NIDDM often
have a disturbed fatty acid metabolism. FFAs in plasma
are also increased by dobutamine. When correlating to
the RPP, one can misjudge the relationship between ace-
tate clearance and MV O, because of the number of ATP
produced per molecule of oxygen consumed, as ex-
plained in “Rationale of using labelled acetate as a tracer
of MVO," previously in thisreview.

Hutchins et a. studied the effect of denervation of ca-
nine myocardium on MBF (13N-ammonia) and oxidative
metabolism (acetate clearance) [101]. An area in the

LAD territory was denervated by the epicardial applica-
tion of phenol in five dogs. Five dogs served as controls
after a sham operation. A reduction of innervation (1C-
hydroxyephedrine) with a reduction in oxidative metabo-
lism was found without a reduction in MBF. The authors
hypothesised that the reduced oxidative metabolism was
due to the reduced contractility regulation caused by the
denervation of the region.

Bengel et a. studied patients who had undergone
orthotopic heart transplantation [102]. Clearance of 1C-
acetate was similar to that in volunteers and showed no
regional differences, with similar RPPs. This finding
does not confirm the finding of Hutchins et a. [101], and
the authors speculate on partial re-innervation of the
transplanted heart, although cardiac innervation was not
determined. The report by Bengel et al. [102] is also not
in agreement with a report by Rechavia et al. [103], in
which an increased cardiac FDG metabolism dispropor-
tionate to MBF was found in cardiac transplant patients.
Rechavia et a. [103] speculated on decreased myo-
cardia efficiency after heart transplantation; however,
Bengel et al. [102] hypothesise that there is a transition
of substrate usage towards glucose in these patients but
that TCA cycle flux and thus oxygen usageis not altered.

General considerations

Overal myocardial oxidative metabolism can be as
sessed non-invasively by PET with 11C-acetate as a trac-
er, both on a global and on aregional basis. It has been
demonstrated that the kinetics of 11C-acetate reflect TCA
cycle flux and thereby MVO, under a wide range of
haemodynamic conditions in animals and humans.
Clearance rates from mono- and bi-exponential curve-fit-
ting procedures as well as from model fitting have been
found to correlate closely with measured MVO,. Some
studies have used values obtained from mono-exponen-
tial curvefitting procedures to calculate MVO,, while
others have used values from model-fitted curves. Only a
few studies have actually validated this with measured
MVO,. One of the problems is the unknown concentra-
tion of glutamate, aspartate and TCA cycle intermediates
in the human heart, which may vary in diseases and isch-
aemia. Uptake and clearance of 11C-acetate have been
found to be independent of substrate utilisation by the
heart, making this tracer preferable over substrate-depen-
dent tracers. One of the major advantages of using PET
is the ability to assess MV O, on aregional basis and the
less invasive nature of the technique.

Another potential advantage of 1C-acetate is the pos-
sibility of measuring MBF and MVO, simultaneously.
Severa studies have suggested that 11C-acetate is as ac-
curate in estimating MBF as other, already established
flow tracers. This ability to combine flow-metabolism
studies with the use of a single tracer is of great impor-
tance in the investigation of myocardial ischaemia and
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coronary artery disease. Furthermore, 1C-acetate has the
potential to allow in vivo characterisation of the mecha-
nisms responsible for the mechanical dysfunction in var-
ious cardiac diseases.

Based on the findings in validation studies, determi-
nation of oxidative metabolism by 1C-acetate has been
applied extensively in basic and clinical research. Virtu-
ally none of these studies have tried to actually measure
MVO,, and almost al of them have used simple mono-
exponential curve-fitting procedures. Nevertheless, our
understanding of cardiac oxidative metabolism has
grown, especialy in coronary artery disease. It has be-
come clear that preservation of myocardia oxidative me-
tabolism is a prerequisite for recovery of function, both
after myocardia infarction and in left ventricular dys-
function without infarction. Based on these findings, pre-
diction of recovery of function after revascularisation
has been attempted. Although considerable overlap with
normal myocardium is present, clearance of acetate has
been found to be just as adequate a predictor as 18F-FDG
uptake. Dobutamine may help to distinguish between
viable and non-viable myocardium, as in echocardiogra-
phy studies.

Other interesting findings are atered oxidative metab-
olism in patients with aortic stenosis, an increase in
myocardial efficiency in patients with dilated cardiomy-
opathy after administration of dobutamine or nitroprus-
side and the decreased efficiency in patients with hyper-
trophic cardiomyopathy.

Because 11C-acetate metabolism is theoretically not
substrate dependent, it can be used in all types of pa
tients, although one study suggests that in patients with
diabetes, acetate metabolism is altered. However, when
relating MV O, to indices of oxygen consumption, sub-
strate availability may play an important role.

Additional work still needs to be done to validate
models in humans under various workloads and myocar-
dial blood flows, as well as in various diseases, in order
to alow investigations of the effect and efficacy of thera-
pies designed to improve myocardia function by reduc-
ing MVO,. Furthermore, consensus needs to be reached
on the best method for analysing 11C-acetate studies. Fur-
ther work is required to assess whether ssimple exponen-
tial fitting of clearance curves is sufficient for routine
clinical studies. Future clinical investigations should ex-
plore the use of 11C-acetate in patients with valvular dis-
ease. Previous investigations suggest that changes in
MV O, relative to workload in patients with aortic steno-
sis are reversible after valve replacement, especialy in
those without dysfunction. In other words, changes in
MV O, may be present in these patients before other signs
or symptoms are present. Furthermore, MV O, has to be
delineated in patients with left ventricular hypertrophy
due to hypertension. Validation of measurements should
be performed in these types of patients, using 1°0-H,O
for flow and 150-0O, for oxygen extraction. The predictive
value of 11C-acetate for recovery of function has to be
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confirmed, not only when oxidative metabolism is com-
pared with values obtained in normal volunteers but also
when the patient is used as his own reference.
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