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We have previously demonstrated that positron emission tomography (PET) with [@C]acetate
allows noninvasive regional quantificationof myocardialoxidative metabolism. To assess the
metabolic response of normal myocardium to increased work (oxidative metabolic reserve),
clearance of myocardial @Cactivity after administration of [@C]acetate i.v. was measured
with PET in seven normal subjects at rest and during dobutamine infusion. At rest, dearance
of 11Cwas monoexponential and homogeneous. The rate constant of the first phase of @C
clearance, k1, averaged 0.054 Â±0.014 min@at a rate-pressure produce (APP)of 7329 Â±
1445 mmHg x bpm. Duringdobutamine infusion,APP increased by an average of 141% to
17 493 Â±3582 mm Hg x bpm. Clearance of 11Cbecame biexponential and remained
homogeneous. k1 averaged 0.198 Â±0.043 min@ with a mean coefficient of variation of 16%.
k1and APP correlated closely (r = 0.91; p < 0.001), and the slope of the k1/APPrelation
remained consistent in all subjects (1.48 Â±0.42). These findings suggest that PET with [@C]
acetate and dobutamine stress may provide a promising approach for evaluation of regional
myocardialoxidative metabolic reserve in patients with cardiac diseases of diverse etiologies
and for assessment of the efficacyof interventions designed to enhance the recovery of
metabolically comprised myocardium.
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cute syndromes reflecting coronary artery disease
(CAD) are characterized by an imbalance between re
gional myocardial oxygen supply and oxygen demand
at rest or with stress, an imbalance that may be manifest
clinically as stable angina, variant angina, unstable an
gina, or myocardial infarction. Unfortunately, however,
diagnosis may be limited by difficulties in quantifying
regional myocardial oxygen consumption (MVO2).
MVO2 can be measured directly at the time of cardiac
catheterization, but regional differences are difficult to
quantify because of an admixture of coronary venous
drainage. Furthermore, widely applicable, noninvasive
procedures have not been available. Coronary angiog
raphy provides descriptions of epicardial coronary vas
cular lesions, but does not measure the adequacy of
regional perfusion which is influenced not only by the
geometry of individual lesions but also by the number
of lesions in sequence and their length, the presence of
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collateral flow, and myocardial compressive forces
(among other factors). Measures of regional ventricular
function extrapolated from radionuclide ventriculo
grams, contrast ventriculograms or echocardiograms
are affected not only by regional perfusion but also by

preload, afterload, autonomic tone, and circulating cat
echolamines.

Positron emission tomography (PET) is a promising
tool for characterizing regional myocardial perfusion
and oxidative metabolism (1). Studies with tracers of
metabolism of fatty acid [carbon-i 1- (â€˜â€˜C)labeled pal
mitate] (2,3) and glucose [fluorine-18- (â€˜8F)labeled
fluorodeoxyglucose ([â€˜8F]FDG)](4) have delineated
striking changes in patients with coronary artery disease
and cardiomyopathy. However, quantification of over
all regional myocardial oxidative metabolism based on
analysis of the behavior of these tracers is limited be
cause their uptake and clearance depends upon arterial
substrate content, sensitivity ofuptake to the hormonal
environment, and competition among multiple meta
bolic pathways influencing the intracellular fates of each
(5â€”10).Measures ofglycolytic flux have been useful in
distinguishing viable from nonviable myocardium.
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However, they cannot differentiate aerobic from anaer
obic glycolysis.

With ischemia, a backdiffusion of initially extracted
but unmetabolized tracers such as [â€˜â€˜Cjpalmitatemay
lead to overestimates of beta oxidation (8, 9). As we
have recently shown, with ischemia and reperfusion the
pattern of substrate use changes rapidly ( 7). Thus,
estimates of overall regional oxidative metabolism with
either glucose or fatty acid as the sole tracer do not
delineate regional rates of myocardial oxidative metab
olism or oxygen consumption.

Because metabolic flux through the tricarboxylic acid
(TCA) cycle is tightly coupled to oxidative metabolism
in the heart, we hypothesized that its delineation would
provide accurate estimates of regional myocardial oxy
gen consumption. Studies with experimental animals
in our laboratory demonstrated that tricarboxylic acid
cycle flux could be traced with either [â€˜4Cjacetateor
[â€˜â€˜C]acetateand that flux through the cycle correlated
closely with myocardial oxygen consumption (11â€”13).
In isolated perfused rabbit hearts, we found that the
correlation between TCA cycle flux, measured by the
oxidation oflabeled acetate to labeled C02, and oxygen
consumption was close over a wide range of physiologic
and metabolic conditions (11). In closed-chest dogs
studied with PET, close associations between oxidation
of extracted acetate to labeled C02, myocardial clear
ance of â€˜â€˜Cactivity, and myocardial oxygen consump
tion over a wide range of cardiac work loads were
demonstrated (12). The correlation between [â€˜â€˜CJace
tate clearance and MVO2 was unaffected by the pattern
ofcarbohydrate and/or fatty acid substrate use (13).

In pilot studies in normal human subjects we delin
eated homogeneous extraction of[' â€˜C]acetate through
out the myocardium with monoexponential clearance
when the subjects were at rest (14). In patients with
myocardial infarction, uptake was reduced in ischemic
zones and clearance ofextracted tracer was diminished,
indicative of diminished regional myocardial oxygen
consumption (14). Because the capacity of myocardium
to augment oxidative metabolism in response to in
creased physiologic demand (metabolic reserve) is not
necessarily parallel to the capacity for augmentation of
regional perfusion (myocardial perfusion reserve) the
present study was performed to determine whether
clearance of [â€˜â€˜C]acetatewas augmented in myocar
dium of normal subjects under conditions of increased
cardiac work, paralleling the known, homogeneous in
crease in regional myocardial oxygen consumption un
der these circumstances. Our objectives were: (a) to
determine the feasibility of measuring regional altera
tions in oxidative metabolism in human subjects; (b) to
determine whether the close relationship between [â€˜â€˜C]
acetate clearance and myocardial oxygen consumption
observed in animals was evident also in normal human
subjects; and (c) to define the extent of myocardial

metabolic reserve apparent in normal human subjects
in response to marked augmentation of cardiac con
tractility.

METhODS

The protocol used was approvedby the WashingtonUni
versity Human Studies Committee. Informed written consent
was obtained from all subjects. The study population com
prised seven healthy male volunteers aged 21 to 34 yr without
prior history of cardiac disease, chest pain, hypertension, or
cardiac arrhythmias, or ECG criteria of cardiac disease. All
subjects were studied in the fasted state. A polyurethane mold
of the subject'supper torso was formed to maximizepatient
comfort and minimize patient motion during the study. A 25-
cm, 17-gauge polyethylene catheter was placed in an antecu
bital vein for injection oftracer and a short 18-gauge catheter
placedin the contralateralforearmforsamplingvenousblood.
Subjects were positioned within the tomograph so that the
heart wascenteredwithin the instrument's fieldof viewwith
the aid of positioning light beams and indelible markings to
ensureaccuraterepositioning.

Collectionof Data
Subjectswerestudiedin SuperPETTI, a whole-body,time

of-flightpositronemission tomographypermittingacquisition
of list mode data sufficient for the reconstruction of seven
transaxial slices with a slice thickness of 1.14 cm and a center
to-center slice separation of 1.5 cm (15). Operated in high
resolution,time-of-ifightmode, the scanner has an effective
sensitivityof 170,000cps/@iCi/cc.Data were reconstructed
with an effectivefull width half maximum resolutionof 13.5
mm. At the beginning of each study, to correct for photon
attenuation, a 12-mmtransmission scan using a 68Oefl@Ga
source was acquired. Proper positioning of the patient was
verifiedby review of transmission tomograms prior to the
administration of radiotracers.Subsequently, to permit vis
ualizationofthe bloodpool,40 mCi to 50 mCi of oxygen-iS
labeledcarbon monoxide(C'5O)were administeredby inha
lation. After 30 to 60 sec to allow equilibrationwith the blood
pool, data werecollectedfor 300 sec in list mode. Five to 10
minutes thereafter, [â€˜â€˜C]acetate(0.4 mCi/kg) was adminis
tered as a bolus intravenously, and data acquired for 30 mm
in list mode. The patient was removed from the scanner and
permitted to rest for @â€˜45mm, after which an incremental
infusion ofdobutamine was initiated as described below. After
a maximal steady-state infusion of dobutamine had been
established, C'5O and I' â€˜C]acetatewere administered again.
Imagingwas repeatedas in the baselinestudy.

Total reconstructedcounts perstudyaveraged15â€”30x 106.
The approximateaveragects/slice/scanwas3.5Â±106.Radio
activitywas reconstructedinto â€œPETâ€•counts which are lin
early proportional to true count rate. At similar count rates
to those observed in human subjects after [â€˜â€˜Cjacetateadmin
istration,phantom studiesyieldeda scalefactorofâ€•â€”lOOPET
cts/sec/@Ci.

Infusionof Dobutamine
Infusionofdobutamine wasemployedto increasemyocar

dial work. We utilized dobutamine rather than exercise to
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The data acquired after the inhalation ofC'5O were recon
structed into a singlecompositereconstructionfor each tom
ographiclevel.Thesereconstructionswereusedfor placement
of regions of interest in the left atrial blood pool so that the
I â€˜Cradioactivity in arterial blood could be determined.

The radioactivity within each region of interest was deter
mined for each time point and corrected for physical decay of
the tracer. Time-activity curves were obtained from each
region of interest and analyzed with a multi-exponential least
squares curve fitting algorithm. Data from the first 120 to 180
sec were excluded because they are influenced by continuing
uptake of tracer and spillover of radioactivity from the blood
pool. Curves were fit beginning with the time of onset of the
most rapid decrease in counts after the initial peak, generally
between 180 and 270 sec after injection of tracer. Time
activity curves were fitted using a Marquardt nonlinear least
squares fitting algorithm which weights data points inversely
proportional to the time of their occurrence. This accounts
for the decreasing reliability of count statistics due to tracer
clearance and radioactive decay. Although all curves were
initially intended to be fitted by a multi-exponential function,
as detailed below, curves obtained under resting conditions
only conformed to a monoexponential fit. Because clearance
from the blood pool wasrapid with valuesdecliningby 85 to
90% from peak values within 3 mm, correction of myocardial
radioactivity for spillover from the blood pool was not re
quired. The â€˜â€˜Cturnover rate constant was defined as the
coefficient k, from the equation:

Q= A,e@t

for monoexponential curves and:

Q= A,e_@@t+ A2e@2t

for biexponentialcurveswhere,

Q= myocardialâ€˜â€˜Cactivity,
A, and A2= constants(y intercepts),
k, and k2 = myocardial turnover rate constants, and t =
time.

The half-time (t,12)of the rapid phase of clearance of â€˜â€˜C
radioactivity was defined as ln 2/k,.

Resultsofprevious studies from our laboratoryhave shown
that the myocardialturnover rate constant k, assessedafter
the i.v. injection of [â€˜â€˜C]acetatecorrelates closely with myo
cardial oxygen consumption MVO2 measured directly by ar
terial and coronary sinus measurements in intact dogs (n =
33) (12,13). Because normal ranges of MVO2 are available
from prior catheterizationstudiesin human subjects,we did
not feel that coronary sinus catheterizationwas necessaryor
justified in the present study. Accordingly, for purposes of
comparison to determinants of myocardial oxygen require
ments (rate pressureproduct) MVO2was estimated for each
defined region of interest based on the relationshipbetween
MVO2and k, that had been delineated in studies of dogs.

Preparation of Tracers

C,5Oand [â€˜â€˜C]acetatewerepreparedaspreviouslydescribed
(11,24,25). Purity of [â€˜â€˜C]acetatewas evaluated by HPLC for
every preparationand generallyexceeded 99.5% with specific
radioactivityof [â€˜â€˜Cjacetate> 1Ci/mmol.

augment myocardial oxygen consumption because: (a) dobut
amine has been shown to increase cardiac work safely in
patients with CAD (16â€”21);(b) dobutamine provides a con
tinuous homogeneous stress over the 30 mm required for [â€˜â€˜C]
acetate imaging, in contrast to exercise which may not be
sustainable at a constant, high workload for 30 mm; (c)
exercise performed during acquisition of tomographic data
may lead to artifacts because of motion ofthe thorax.

Infusion ofdobutamine began with a dose of 5 @ig/kgJmin.
Every 5 mm, the infusion rate was increased by 5 @@g/kg/min
up to a maximum dose of 20 @g/kg/minor until one of the
following endpoints had been reached: heart rate >80% of
maximum predictedheart rate for age;blood pressure>200/
110 mmHg or <90/60; or an absolute decrease in blood
pressure @20mmHg; occurrence of chest pain; ST-segment
depression @2mm or ST-segmentelevation@ 1 mm; occur
rence of significant atrial or ventricular arrhythmias. If a
clinical endpoint was reached at a given infusion rate, the
infusion was stopped for 5 mm and then restarted at the
preceding infusion rate. This procedure was continued until
an infusion rate could be maintained for at least 5 to 7 mm
without eliciting a clinical endpoint. Once the maximum
tolerable infusion rate had been established, the infusion was
maintained at that level for the entire duration of the second
[I â€˜C]acetate scan. Heart rate and blood pressure were moni

tored every I5 mm at rest, every mm during incremental
infusions of dobutamine, and at 3 mm intervals during the
steady state infusion ofdobutamine. The ECG was monitored
continuously oscilliscopically and recorded at baseline and
every 3 mm with infusions. Blood was sampled for measure
ment ofsubstrates (glucose, free fatty acids, acetate) at baseline
and at the beginning, midpoint, and conclusion of tomo
graphicdata collectionperformedduring infusionof dobuta
mine. Glucose was assayed using a commercially available
enzymatic kit (Behring Diagnostics, La Jolla, CA). Analysis of
free fatty acids and acetate were performed as previously
described (22,23).

In orderto measuretrue blood radioactivity,in one subject
studied at rest, venous blood was withdrawn every minute for
the first 4 mm after administration oftracer, then every 2 mm
for 16additionalminutes,and then every4 mm until the end
of the data acquisition. Total â€˜â€˜Cradioactivity, â€˜â€˜CO2,and
non-' â€˜CO2radioactivity were measured in each sample as
previously described (12).

Analysisof Data
The data collectedafteradministrationof[' â€˜C]acetatewere

reconstructedin two ways. Each tomograph slice was repre
sented as a 128 x 128 voxel array. Data acquired between 3
mm and 8 mm after administration of tracer were recon
structed as composite images used solely for placement of
regions of interest (ROI). Data were reconstructed also into
20 serial 90-sec frames commencing at the time of injection
of [â€œC]acetate.To assess the regional homogeneity of myo
cardial metabolic function, multiple contiguous regions of
interest (each encompassing a volume of 1.3 cm3) were placed
around the circumference of two or more ventricular slices
with the use of an interactivecomputer system. In additiÃ¸n,a
single large global region of interest encompassing the entire
myocardiumwasplacedon each tomographicreconstruction
to determineaveragetracer kinetics.
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STATISTICS

Resultsare reported as means Â±s.d. Differencesbetween
studies performed at rest and during dobutamine infusion
were assessed with paired t-tests. Linear regression was calcu
lated by the least-squares method; p < 0.05 was considered to
be significant.

RESULTS

Hemodynamics
Hemodynamics recorded at rest and in response to

infusion of dobutamine are indicated in Table 1. The
results reported for dobutamine-stress reflect an average
ofvalues obtained during the steady-state infusion while
tomographic data were being collected. The rate pres
sure product (RPP) [heart rate x systolic blood pres
sure], an index of global myocardial work, was calcu
lated for all subjects. RPP increased by at least 73% in
all subjects during infusion of dobutamine, with the
increase averaging 141 Â±50% (p < 0.001 versus studies
at rest). The response to dobutamine varied substan
tially from subject to subject. Some demonstrated pre
dominant increases in heart rate and others prominent
increasesin systolicbloodpressure.The dosesof do
butamine employed during steady state infusions dur
ing tomographic data collections are indicated in Table
1. The maximal target dose of 20 @g/kg/min was
achieved in five of the seven subjects. In the remaining
two subjects, the dose was limited by the blood pressure
response. RPP remained constant during the steady

state infusion of dobutamine with a mean coefficient
of variation of 4.5%.

All subjects tolerated the tomographic procedures
well. In no subject was there an adverse response to
infusion of dobutamine or administration of tracer.

Tomographic Observations
Typical images at four levels of the ventricle from a

normal subject acquired at rest are displayed in Figure
1. The data incorporated in these reconstructions rep
resent radioactivity recorded between 3 and 8 mm after
injection of[' â€˜C]acetate.These data were reconstructed
without blood-pool subtraction or spillover correction.
In all subjects accumulation of [â€˜â€˜C]acetateappeared
homogeneous at all tomographic levels of the heart
recorded at rest and after infusion of dobutamine.

Quantitative Analysis of Tomographic Data
The radioactivity assessed in the cardiac blood pool

declined rapidly in all subjects at rest and after infusion
or dobutamine (Fig. 2). By 180 sec after administration
of tracer, blood-pool radioactivity had fallen to < 21%
of pea radioactivity in all subjects. At the time of the
first point employed for the analysis ofclearance of' â€˜C
radioactivity from myocardium, < 15% of the radio
activity in the myocardial regions ofinterest was attrib
utable to radioactivity emanating from the cardiac
blood pool. Rate constants for k, derived from spillover
corrected clearance curves calculated as previously re
ported (12) differed by < 5% from rate constants from
uncorrected curves. Thus, no corrections were neces
sary for spifiover of radioactivity from the blood pool
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FIGURE 1
Four transverse tomographic reconstruc
tions from data acquired 3 to 8 mm after
the i.v. infusion of [@C]acetate at the
following levels: Upper leftâ€”base; upper
nghtâ€”midventride; bottom Ieftâ€”pa@
larymuscle; bottom rightâ€”apex.The top
of each image represents anterior, the left
of each image represents the patient's
right. Accumulation of [@C]acetate was
homogeneous throughout all levels of the
ventricle.
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to the myocardium for characterization of myocardial
clearance of â€˜â€˜Cradioactivity. In one subject, sequential
samples of venous blood were obtained and analyzed
for total â€˜â€˜Cradioactivity, â€˜â€˜CO2,and non-' â€˜CO2after
administration of [â€˜â€˜C]acetateintravenously. Total â€˜â€˜C
radioactivity decreased rapidly to <10% ofpeak within
several minutes of the injection of tracer (Fig. 3), and
then remained relatively constant for the duration of
the scan with the proportion of â€˜â€˜CO2increasing. Non
CO2 radioactivity, representing unmetabolized [â€œC]
acetate (and potentially labeled intermediates, other
than â€˜â€˜C02,later in the scan) represented < 5% of that
present immediately after administration of tracer. Be
cause first-pass extraction of [â€˜â€˜C]acetateis -@-30%,the
contribution of continued [â€œC]acetateuptake to total
myocardial activity is negligible after the first 2â€”4mm
ofthe scan (12).

In all normal subjects, clearance of â€˜â€˜Cradioactivity
from the heart was monoexponential at rest. After
infusion of dobutamine, clearance became biexponen
tial in six of seven subjects (Fig. 4). The rate constants
k, (and corresponding t,,2) of [â€˜â€˜C]acetatein each sub
ject calculated from data acquired at rest and during
infusion of dobutamine are indicated in Table 1. Each
value recorded in the table represents an average from
two to four regions of interest, each encompassing the
entire myocardium in a single tomographic reconstruc
tion from contiguous ventricular levels. k, increased
from 0.054 Â±0.014 min' to 0. 198 Â±0.043 min'
during infusion of dobutamine with a corresponding
decrease in t,12from 13.4 Â±3.5 to 3.7 Â±1.1 mm (p <
0.001 for each comparison). The rate constant, k2, for
the second component of the biexponential curve was
several orders of magnitude lower than that for k,,

FIGURE 2
Time-activity curve representing ra
dioactivityin the left atrial blood pool
at rest (closed circles, solid line) and
during infusion of dobutamine (open
circles, broken line) after the bolus
i.v. injection of [11C]acetate in a hu
man subject. Clearance of radioactiv
ity from the blood pool was rapid.
Within180 sec after injection, blood
pool radioactivitywas <21 % of peak
activity. Dobutamine did not appre
ciablyalter the time course of blood
pool clearance.
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indicating that the second phase of [â€˜â€˜C]acetateclear
ance was extremely slow (Table 1). Clearance was ho
mogenous throughout the myocardium at rest and after
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FIGURE 3
Sequential venous blood radioactivityobtained from one
subject at rest after the intravenous administrationof [11C]
acetate. Total blood â€˜1Cradioactivity declined rapidly, and
non-'1C02 activity (representing predominantly [11C]ace
tate) represented a relativelyminor fraction.
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FIGURE 4
Upper panel: time-activitycurve representing 11C-radioac
tivity in the left ventricular myocardium in a study per
formed at rest. Clearance is monoexponential. Lower
panel: time-activitycurve from the same region of interest
in the same patient with data acquired during the infusion
of dobutamine. The rate of clearance of radioactivityin the

â€˜early phase is increased. The overallcurve is biexponential.

A1and A2 represent the y interceptof the fast (k1)and
slow (k2)component of the time-activitycurve.

infusion of dobutamine. Regional values for the rate
constant k, are indicated in Table 2. Values for each
myocardial zone represent the mean from 3 to 12
regions of interest from one to four ventricular levels
for each patient.

The relationship between k, and rate pressure prod
uct for the seven subjects studied is depicted in Figure
S. The rate constant, k,, correlated closely with rate
pressure product (r = 0.91, p < 0.001) over a wide
range of conditions. When data were plotted relating
basal and dobutamine stress values for each subject
(Fig. 6) it was clear that the relationship between global

IL)

myocardial work, reflected by rate pressure product,
and global myocardial oxygen consumption, reflected
by the myocardial clearance of â€˜â€˜C,was consistent from
patient to patient. The slope of each individual's k,/
RPP relationship was remarkablysimilar (1.48 Â±0.42
x 10-smm Hg').

Calculated values for MVO2 are shown in Table 1.
Estimated MVO2 in normal human subjects at rest
averaged 0.92 Â±0.38 imol/g/min. During infusion of
dobutamine MVO2 increased markedly and homoge
neously.

A@ 5955 As shown in Figure 7, the relationship between k,

k, .056 and the rate pressure product for the seven subjects

studied plus five normal subjects reported previously
J (14), who were studied only at rest, is concordant with

260 1620 the corresponding relationship in hearts of experimental
animals (12,13).

Infusion ofdobutamine had no appreciable effect on
concentrations of glucose in plasma, but did increase
plasma free fatty acid concentrations markedly needs,
presumably because ofincreased lipolysis resulting from
beta-adrenergic stimulation (Table 3). Plasma concen
trations of acetate increased slightly and transiently
during infusion of dobutamine in two subjects.
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DISCUSSION

The data obtained indicate that the uptake and clear
ance of[â€•C]acetatein hearts ofnormal human subjects
is homogeneous throughout left ventricular myocar
dium under baseline conditions and with increased
cardiac work induced by the intravenous administra
tion of dobutamine. Furthermore, increases in the rate
ofclearance of[' â€˜C]acetateparallel and are proportional
to increases in cardiac work.

In experimental animals the kinetics of clearance of
, â€˜Cfrom myocardium provide an accurate measure of

tricarboxylic acid (TCA) cycle flux and of myocardial
oxygen consumption (11-13). Results from studies
with isolated perfused hearts and intact dogs indicate
that oxidation of acetate to CO2 in the TCA cycle
parallels myocardial oxygen consumption and that
clearance of â€˜â€˜Cfrom myocardium mirrors the produc
tion of â€˜â€˜CO2from labeled acetate. These relationships
pertain over a wide range of myocardial mechanical
loading conditions and substrate availability. Thus, as
sessment ofclearance of â€˜â€˜Cappears to obviate some of
the difficulties inherent in the analysis of the kinetics
of other metabolic tracers such as [â€œC]palmitateand
[â€˜8fl@forwhichkineticsareaffectedmarkedlyby
plasma concentrations of substrate, backdiffusion, dis
tribution in multiple intracellular pools, and diverse
metabolic fates(5-1O). Because proportional utilization
of fatty acid, glucose, and lactate change with ischemia
(7), assessment of total myocardial oxidative capacity

A, 870.4
A2@78.0
k, p0.228
k2 @0.0O5
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HRSystolic BPRPPRest k1 t@CalculatedMVO2k2Subject
(min1)(mm Hg)(mm Hg.min1)(min1)(mm)(@mol/g/min)(min')

. Heart (HR); blood pressure (BP); rate pressure product (RPP); myocardial turnover rate constant (ki); clearance half-time(tÂ½);calculated

myocardialoxygen consumption (MVO2)and infusionrate of dobutamine for each subject. â€˜1Ckineticswere averagesoverlarge
regionsof Interestencompassingthe entireventricularmyocardiumon threeto fourtransversereconstructions.Hemodynamicdata
duringdobutaminerepresentan averageof those recordedduringPETdatacollections.Dashed Ik@e(-) indicatesa valuefork2,the

slower biexponentialcomponent, could not be identifiedby the curve fittingprocedure.t
p < 0.005 compared with rest study.TABLE

2Regional
MyocardialTurnover Rate Constants(k1)Subject

Septai Anterior Lateral Posterior Globalregions COy (%)

. Coefficient of variation (COV); NA indicates posterior region could not be visualized in any tomographic slice. Minor discrepancies

betweentheabilityto visualizeposteriormyocardiumduringrest anddobutaminestudiesinan individualsubjectreflectslightchanges
in cardiac postion and size during inotropicstimulation.

TABLE 1
Hemodynamics and Kineticsof 11CRadioactivity*

42983126104580.05911.91.054446810672280.0789.01.584526211772270.03519.70.394575711666470.04515.70.674665910562530.05612.50.974675710762870.04715.00.724696710872000.06011.51.08

MeanÂ±s.d. 65Â±9 112Â±8 7 328 Â±1445 0.054 Â±0.014 13.5 Â±3.5
Dobutamine

0.92 Â±0.38
Infusion

(@g/kg/min)
2042914814821 8150.2313.05.832.47 xiO@444107172184470.2333.05.89â€”2045282203166710.1166.02.641.17x10'Â°10457124178220830.2233.15.611.18x10515466109152165650.2223.15.581.90x1052046783173144050.1833.84.503.03x1052046981155124670.1754.04.282.67x101'20

Mean Â±s.d. 105 Â±25 169 Â±19 17 493 Â±3582t 0.198 Â±O.043@3.7 Â±1.1@ 4.90 Â±1.19@ 1.43 Â±1.26 x 1O@

Rest4290.060
Â±0.0040.060 Â±0.0010.057 Â±0.0040.053 Â±0.0060.059 Â±0.0017.24440.100
Â±0.0250.072 Â±0.0210.081 Â±0.0200.1 16 Â±0.0150.078 Â±0.00228.04520.034
Â±0.0040.032 Â±0.0070.032 Â±0.0050.036 Â±0.0070.035 Â±0.00216.24570.049
Â±0.0040.043 Â±0.0040.044 Â±0.003NA0.045 Â±0.00010.34660.060
Â±0.0060.059 Â±0.0030.054 Â±0.0050.052 Â±0.0090.056 Â±0.00211.04670.050
Â±0.0030.048 Â±0.0050.046 Â±0.0030.047 Â±0.0030.047 Â±0.0028.34690.060
Â±0.0030.060 Â±0.0030.062 Â±0.0040.055 Â±0.0020.060 Â±0.0026.4Mean

Â±s.d.0.059 Â±0.0200.053 Â±0.0130.054 Â±0.015
Dobutamine0.060

Â±0.0280.054 Â±0.01412.5 Â±7.64290.249

Â±0.0340.277 Â±0.0130.279 Â±0.0260.251 Â±0.0700.231 Â±0.00813.04440.227
Â±0.0460.224 Â±0.0460.238 Â±0.052NA0.233 Â±0.06220.34520.096
Â±0.0070.090 Â±0.0040.092 Â±0.006NA0.116 Â±0.0096.74570.243
Â±0.0490.256 Â±0.0380.265 Â±0.0180.257 Â±0.0210.223 Â±0.01114.04660.250
Â±0.0630.236 Â±0.0470.238 Â±0.0320.220 Â±0.0170.222 Â±0.00919.04670.182
Â±0.0590.238 Â±0.0460.21 1 Â±0.0330.204 Â±0.0130.183 Â±0.01123.54690.196
Â±0.0230.185 Â±0.0320.203 Â±0.0380.175 Â±0.0300.175 Â±0.01016.2

16.1 Â±5.5MeanÂ±s.d. 0.206Â±0.055 0.215 Â±0.062 0.218 Â±0.062 0.221 Â±0.034 0.198 Â±0.043
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FIGURE 5
Correlation between the myocardial
turnover rate constant (k1)measured
by PET after the i.v. administration
of [11C]acetate and the rate-pressure
product with data acquired at rest
and during infusion of dobutamine in
seven normal subjects. The correla
tion was close over a wide range of
cardiac loading conditions.

FIGURE 6
The relationship between the myo
cardial turnover rate constant (k1)
and rate-pressure produce with data
acquired before and during infusion
ofdobutaminefor individualsubjects.

FIGURE 7
Correlation of the myocardial turn
over rate constant (k1)and the rate
pressure product for data acquired
in human subjects and data acquired
previously from experimental animals
in our laboratory (12, 13) under a va
riety of cardiac loading conditions.
The two regression lines are not sta
tisticallydifferent.
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Rest acetate scan

MidpointAcetate

scan duringdobutamineStartMidpointConclusionGlucose

(mM)4.8 Â±0.44.9 Â±0.14.7 Â±0.24.6 Â±0.4Freefattyacids(pM)522Â±243906Â±370822Â±128829Â±103Acetate

(tiM)1 06 Â±23121 Â±16203 Â±83145 Â±16

TABLE3
Plasma Substrate Levels

is not possible by analysis of metabolism of any one of
them alone.

Both oxidative glucose metabolism and beta oxida
tion of fatty acids result in the production of acetyl
CoA which subsequently undergoes oxidative metabo
lism in the mitochondria through the tricarboxylic acid
cycle. Thus, the tricarboxylic acid flux reflects overall
oxidation of substrate regardless of origin in long-chain
fatty acid or carbohydrate. The close relationship be
tween MVO2 and acetate clearance is unaltered by
conditions of ischemia, hypoxia, and altered substrate
availability (11â€”13).Thus, measurement of â€˜â€˜Cclear
ance with PET after injection of [â€˜â€˜C]acetatepermits
noninvasive, regional assessment of myocardial oxida
tive metabolism.

Dobutamine exerts potent positive inotropic effects
and can activate beta-i, beta-2, and alpha-i adrenore
ceptors (26,27). It improves myocardial performance
in patients with reduced cardiac output resulting from
acute coronary syndromes, cardiomyopathy, or valvu
lar heart disease (27). It has been used for pharmaco
logic stress testing (16â€”21)because it increases myocar
dial oxygen demand by increasing both heart rate and
blood pressure without unduly increasing the incidence
of cardiac arrhythmias. In experimental animals, do
butamine alters the distribution ofcoronary blood flow
to zones distal to coronary stenoses and induces regional
abnormalities ofleft ventricular wall motion, wall thick
ening, and ventricular performance in animals with
significant coronary stenoses (28â€”34).Regional altera
tions of left ventricular wall motion (16, 18â€”20)and of
the distribution of 20'TI (17) occur with dobutamine
stress in human subjects with coronary artery disease.

We used dobutamine to induce pharmacologic stress
so that regional myocardial metabolic reserve could be
characterized in this study because it increases myocar
dial oxygen demand without the need for exercise. The
continuous stimulus required to provide a homogene
ous metabolic stress over a 30-mm interval would not
be readily accomplished with exercise stress because
most patients would not have sufficient endurance.
Furthermore, exercise would be likely to give rise to
significant image artifacts because of motion. Atrial
pacing was not selected because of its invasive nature
and because the extent of myocardial stress that can be
induced with atrial pacing is modest (35). Varying
degrees of atrioventricular block are encountered often

before the RPP is increased maximally when pacing is
employed.

The uptake and clearance of [â€˜â€˜C]acetatewas found
to be homogeneous in normal subjects at rest and with
pharmacologic stress. The early phase of clearance of
â€˜â€˜Cincreased proportionally to increasing global cardiac

work as measured by the rate-pressureproduct. The
increase in the rate of clearance of â€˜â€˜Cfrom myocar
dium was spatially uniform. After dobutamine, the
kinetics of clearance became biexponential. The rate
constant of the second component of the clearance
curve was extremely low. Late clearance represented a
very small proportion of initially extracted tracer. If
whole myocardial regions ofinterest were used for time
activity analysis, it was possible, under some circum
stances, to define biexponential clearance of â€˜â€˜Cradio
activity from the heart. However parameters estimated
in this manner had a standard error of@ 40â€”200%
compared to an error of 1.5â€”3%using the monoexpo
nential fit. When biexponential fits were possible in
subjects at rest, A2averaged 4% of A,, and k2 averaged
< 0. 1% of k,. Thus, it is probable that clearance is

biexponential at rest in humans but the second com
ponent is obscured by the relatively slow clearance of
the first component at rest and is also obscured by
statistical noise. In several subjects studied previously
for up to 60 mm after administration of tracer, no
biexponential component of clearance could be seen
(14). In addition, it should be noted that the clearance
of the second component even after dobutamine is
essentially infinite. Thus, for clinical applications, fit
ting of the early portion of all time-activity curves to a
monoexponential simplifies the computational analysis
and is accurate and valid under most circumstances,
especially for interrogation of small regions of interest.
Carbon-i 1acetate entering the slowly turning over pool
most likely represents incorporation of[' â€˜C]acetateinto
amino acids (glutamate, glutamine, and aspartate) or
into lipid pools (11,36,37).

Because the RPP correlates closely with global myo
cardial oxygen consumption (determined invasively) in
animals (12,13) and patients (38â€”40)and because k,
correlates closely with myocardial oxygen consumption
measured directly in animals, the present results suggest
that the rate of clearance of â€˜â€˜Cfrom the myocardium
in man provides a noninvasive measure of regional
MVO2. Values of MVO2 estimated in patients ranged
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from 0.92 Â±0.38 @imol/g/minat rest to 4.90 Â±1.19
@imol/g/min with infusion of dobutamine. These esti

mated values are somewhat lower than those that have
been measured invasively in human subjects (38â€”40).
The discrepancy may reflect interspecies differences in
the numerical relation of k, to MVO2 (11â€”13,41).

Clinical Implications
Noninvasive assessment of regional myocardial oxy

gen consumption has considerable potential utility for
the evaluation ofpatients with cardiac disease. It should
permit assessment of the physiologic significance of
coronary stenoses by determination of the metabolic
consequences of physiologic stress in patients with ob
structive coronary lesions of questionable physiologic
significance. In addition, it should provide estimates of
tissue viability and metabolic reserve in patients with
coronary artery disease, cardiomyopathy, valvular heart
disease, and other processes manifested by abnormali
ties of regional or global function. It should facilitate
objective noninvasive assessments ofthe potential ben
efit of therapeutic interventions and improve the selec
tion ofpatients likely to benefit from diverse procedures
including coronary artery bypass grafting, valve replace
ment, and cardiac transplantation.
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