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[1-Carbon-11]acetate has been used as a tracer for oxidative
metabolism with PET. The aim of this study was to validate, in
humans, a previously proposed two-compartment model for
[1-11C]acetate for the noninvasive measurement of myocardial ox

ygen consumption (MVO2) and myocardial blood flow (MBF) with
PET. Methods: Twelve healthy volunteers were studied with
[13N]ammonia, [1-11C]acetate and PET. Myocardial oxygen con

sumption was invasively determined by the Pick method from
arterial and coronary sinus O2 concentrations and from MBF ob
tained by [13N]ammonia PET. Results: Directly measured MV02

ranged from 5.2 to 11.1 ml/100 g/min, and MBF ranged from 0.48 to
0.88 ml/g/min. Oxidative flux through the tricarboxylic acid cycle,
reflected by the rate constant k2, which correlated linearly with
measured MVO2 [k2 = 0.0071 + 0.0074(MVO2); r = 0.74, s.e.e. =
0.015]. With this correlation, MVO2 could be estimated from the
model-derived k2 value by MVO2 = 135(k2) - 0.96. The slope of this
relationship was close to that previously obtained in rats and implies
that the tricarboxylic acid cycle intermediate metabolite pool sizes
are comparable. The net extraction (K.,)of [1-11C]acetate, measured

by PET, from blood into myocardium correlated closely with MBF by
Kt = 0.15 + 0.73(MBF) (r = 0.93, s.e.e. = 0.033) and, thus, provided
noninvasively obtainable measures of blood flow. Conclusion: The
proposed compartment model for [1-11C]acetate fits the measured

kinetics well and, with proper calibration, allows estimation of
absolute MVO2 rather than only an index of oxidative metabolism.
Furthermore, [1-11C]acetate-derived estimates of MBF are feasible.
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li oninvasive measurement of regional functional processes in
the human myocardium is afforded by PET. Because PET
records only the concentrations of radioactivity in tissue and
their changes over time, the quantification of functional pro
cesses hinges on the configuration and validation of tracer
kinetic models that appropriately relate the externally observed
tissue radioactivity concentrations to the functional process to
be studied. [I-Carbon-1 l]acetate has been used with PET as a
tracer for the noninvasive assessment of regional myocardial
oxidative metabolism. Initially, an index of oxidative metabo
lism was obtained to estimate myocardial oxygen consumption
(MVO2) noninvasively by mono- or biexponential fitting the
tissue time-activity curve (7-5). A more advanced approach

using tracer kinetic modeling has been recently proposed in
isolated rat hearts and validated in vivo in dogs (6,7). This new
approach offers several advantages over the conventional ap
proach. It accounts for changes in the distribution of the arterial
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input function, for spillover of activity from the blood pool to
the myocardium and for tracer recirculation (8,9). Most impor
tantly, this model-based approach allows the quantification of
true myocardial oxidative flux rather than only rates of flux. In
addition, it might permit the simultaneous quantification of
myocardial blood flow (MBF). It was, therefore, the purpose of
this study to examine the validity of this tracer compartment
model in humans and to explore the possibility of simultaneous
measurements of regional MVO2 and MBF.

MATERIALS AND METHODS

Overall Study Design
All volunteers were admitted to the catheterization laboratory on

the morning of the study, where they underwent catheterization of
the coronary sinus and of the radial artery for sampling arterial and
coronary sinus blood during the PET studies. The volunteers were
then moved to the imaging laboratory, where the PET studies were
performed. There, a dynamic ['3N]ammonia study was performed
to measure MBF, followed by a dynamic [l-"C]acetate study to

estimate MVO2. Estimated MVO2 by PET was compared to
directly measured MVO2, calculated by the Pick method from the
oxygen concentrations in arterial and coronary sinus blood and
MBF from [l3N]ammonia PET.

Study Population
Twelve normal volunteers (nine men and three women; mean

age = 26 Â±6 yr), without cardiovascular risk factors or known

heart disease, were studied. AH volunteers had normal resting
electrocardiograms. After the rationale, investigative nature and
potential risks of the procedure were explained, each study partic
ipant signed an informed consent form approved by the University
of California, Los Angeles, Human Subject Protection Committee.

Preparation
The volunteers were premedicated with 5 mg of Diazepam and

50 mg of Benadryl orally, 0.5-1.0 hr before the catheterization of
the coronary sinus. After local infiltration of the skin with 2%
xylocaine, a 6-F sheath was introduced percutaneously into the
right internal jugular vein, and a catheter was advanced to the
coronary sinus under fluoroscopic guidance. Heart rate, blood
pressure and electrocardiogram (ECG) were monitored continu
ously during the procedure. After local anesthesia with 2% xylo
caine, an arterial catheter was placed into the radial artery using the
percutaneous Seldinger technique for the withdrawal of arterial
blood samples. While the ECG was monitored continuously, the
volunteers were then transported from the cardiac procedure room
to the imaging laboratory and positioned in the whole-body
positron emission tomograph.

PET
Imaging was performed with a whole-body tomograph (model

931/08-12; CTI-Siemens, Knoxville, TN) with simultaneous acqui-
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sition of 15 transaxial images. The tomograph has an intrinsic
in-plane spatial resolution of 6.5 mm FWHM, an interpiano
spacing of 6.7 mm and an axial field of view of 10 cm (Â¡0).The
tomographic images were reconstructed using a Shepp filter with a
cutoff frequency of 0.3 Nyquist, resulting in an effective in-plane
resolution of 11 mm FWHM.

A rectilinear-type scan was obtained for correct positioning,
followed by a 20-min transmission scan with a 6SGering source for

subsequent correction of photon attenuation.
Regional MBF and oxidative metabolism were assessed with

[13N]ammonia and [l-"C]acetate, respectively. An average of 20
mCi of [13N]ammonia or [l-"C]acetate was dissolved in 10 ml of

0.9% saline and injected intravenously with an infusion pump as a
bolus spread over 15 sec, followed by a flush of normal saline
solution for another 15 sec. The ['3N]ammonia image acquisition

sequence consisted of 12 frames of 10 sec each, 2 frames of 30 sec,
1 frame of 60 sec and 1 frame of 900 sec for a total imaging time
of 19 min. Approximately 45 min later, the [l-"C]acetate study
was performed. The image acquisition for [l-"C]acetate was as

follows: 12 images of 10 sec each followed 5 images of 60 sec
each, 3 images of 120 sec each, 2 images of 300 sec each and 1
image of 300 sec, resulting in a total acquisition time of 33 min.
Heart rate, blood pressure and ECG were monitored throughout the
study.

Metabolic Measurements
Hemoglobin, hematocrit and blood gases were determined in

arterial and coronary sinus blood in all 12 studies at the beginning,
middle and end of the [13N]ammonia and the [l-"C]acetate

studies. Blood gases were measured with a Corning model 168
blood gas analyzer (Corning Inc., Corning, NY). Serum levels of
glucose, lÃ¡clateand free fatty acids were determined at the same
time points during 10 of the 12 [l-"C]acetate studies, as described

previously (//). Myocardial oxygen consumption (ml/100 g/min)
and substrate consumptions were calculated by the Pick principle
from the arteriovenous differences across the heart, the hematocrit
and hemoglobin concentrations and from MBF, as determined with
[l3N]ammonia PET (12).

Measurements of Carbon-11-Labeled CO2 and Non-CO2
Components in Blood

Blood samples (l.O ml each) from the radial artery were drawn
at a rate of every 10 sec during the first 2 min after [!-' 'C]acetate

injection and then at 30-sec intervals for the following 2 min, at
I-min intervals for the next 6 min and every 5 min for a further 20
min. The exact weights of the blood samples were determined by
weighing the flasks before and after they were filled with blood.
Labeled CO2 was determined by acidification of I ml of the arterial
blood samples with 0.5 ml of acetic acid (2 M, pH 3.3) in a sealed
Erlenmeyer flask. Labeled CO2 was trapped in a center well filled
with 0.3 ml of phcnylethylamine (13) after shaking for 45 min at
room temperature. An aliquot of the remaining "C activity in the
flask, representing non-CO2 "C components, was also counted.

Measurement of Amino Acids, Tricarboxylic Acid Cycle
Intermediates and Acetate

To determine the concentrations of labeled acetate and its
metabolites in arterial blood, seven additional blood samples from
the radial artery were taken in 4 of the 12 volunteers at 2, 4, 6, 8,
12, 20 and 30 min after intravenous administration of [l-"C]ac-

etate.
Acetate was separated from amino acid and tricarboxylic acid

(TCA) cycle metabolites as described previously (14). In brief,
whole blood (1 ml) was deproteinized with cold HC1O4, neutral
ized and placed on a combined column of 2 ml of Dowex 1
(formate form) on top of 2 ml of Dowex 50 (H+ form). The column

was washed with 6 ml of water to elute nonionized species and then
with 10 ml of 0.25 M formic acid, which Ã©lÃ»tesacetate and ketone
bodies, leaving amino acid and TCA cycle metabolites behind. The
washes and activity remaining on the column were then determined
by counting in a gamma counter with appropriate corrections for
physical decay of activity. Acetate trapping on the column previ
ously measured with [l-'4C]acetate was 98.5% (recovery wash

ing = 97.3%), and ÃŸ-hydroxybutyratetrapping was 100% (recov
ery washing = 75%) (spectrophotometric assay).

PET Image Analysis
The PET image files were reconstructed on a VAX 4000

mainframe computer (Digital Equipment Corporation, Maynard,
MA). The images were then transferred to a Macintosh llfx desktop
computer (Apple Computer, Inc., Cupertino, CA) and reoriented
into six short-axis cuts (75). The reslicing parameters were derived
from the last frame of the [ '3N]ammonia study and from an image

frame acquired at approximately 4 min after tracer injection in the
[l-"C]acetate study when the myocardium was optimally visual

ized. The reslicing parameters were then applied to all serially
acquired image frames. Three 70Â°to 90Â°sectorial regions of

interest (ROIs) corresponding to the territories of the three major
coronary arteries (left anterior descending and left circumflex and
right coronary artery) were assigned to a basal, midventricular and
apical short-axis cross-section (16). The ROIs were then copied to
the first 120 sec (12 frames) of the dynamic [l3N]ammonia images
and to all 23 frames of the dynamic [l-"C]acetate study. Myocar
dial time-activity curves were then obtained. Because the inva-
sively measured MVO2 represents an average value for the entire
myocardium, the time-activity curves generated for each of the

three coronary territories were also averaged to form a single,
average time-activity curve for the left ventricular myocardium in
each study. The 13N and "C activities were corrected for partial

volume effects with a recovery coefficient assuming a uniform wall
thickness of 1 cm for the left ventricular myocardium (17,18).

The arterial input function was derived from a small ROI (25
mm2) that was centered in the left ventricular blood pool and

copied to the serially acquired images in both PET studies.
Comparison of the arterial input function by direct arterial blood
sampling to the input function derived from a ROI within the left
ventricular blood pool on the PET images required a calibration
factor, which was obtained as described previously (19).

Quantification of Myocardial Blood Flow
Myocardial blood flow was quantified from the arterial input

function of [BN]ammonia and the myocardial tissue time-activity

curve using a previously validated two-compartment model
(20,21). The rate pressure product (RPP) in most volunteers
increased from the ['3N]ammonia to the [l-"C]acetate study.

Based on the linear correlation between cardiac workload and flow
(16,22-24), MBF during the [I-1 'C]acetate study was extrapolated

by using a previously established linear relationship between RPP
and MBF in normal volunteers (MBF = 0.0000884*RPP + 0.051 )
(25). Myocardial blood flow during [l-"C]acetate study was

estimated by using the cross-point between a line through the data
point that represents the measured MBF during the ["NJammonia

study with the slope of 0.0000884 and a perpendicular line to the
x-axis through the RPP during the [l-"C]acetate study (Fig. 1).

This approach accommodates for changes in cardiac work between
studies and ensures a consistent coupling between MBF and RPP,
i.e., an increase in RPP results in an increase in MBF, regardless of
whether resting flow is below or above the previously found
regression line. Such deviations from the regression line may, to
some extent, be caused by interindividual differences in the
inotropic state of the myocardium, which the RPP accommodates
only incompletely. This correction approach thus accounted for
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FIGURE 1. Myocardial blood flow at the time of the [1-11C]acetate study was
extrapolated from the time of the [13N]ammonia study based on the previ

ously established relationship between RPP as an index of cardiac work and
MBF. Myocardial blood flow for a given RPP was estimated by using the
cross-point between a line through the measured MBF obtained from the
[13N]ammonia study with the slope of 0.0000884 and a perpendicular line
through the RPP measured during the [1-11C]acetate scan.

interindividual differences in the inotropic state or deviations from
the regression line.

Data Analysis
The analyses for mono- and biexponential curve fitting and for

model fitting were performed on a Macintosh Ilfx desktop com
puter using a custom-developed toolbox based on the Matlab
version 3.5 program (Mathwork Inc., Natick, MA). The tissue
time-activity curves obtained from the serially acquired PET
images were fitted both biexponentially, beginning with the data
point at which the washout phase became linear (kbj), and mono-
exponentially, using only the initial linear portion of the tissue
time-activity curve (kmono)(2,3,26). The parts of the time-activity

curve that were fitted in this manner were selected by visual
inspection.

A two-compartment model that was validated previously in dogs
was used in this study (Fig. 2) (27). Unlike this earlier study in
dogs, in which the curve fitting with the two-compartment model
was performed over 5-10 min, here, the tissue time-activity curves

Plasma K1Acetate *"CO

2Â£oneTCA

(Isocitr.)
C-5 Glu, C-5 Gin

C-1,C-4Asp
Cellular Acetatek2t^,CC-2

4/k3twoC-1

oc-Keto
C-1 Glu
C-1 Gin

FIGURE 2. Configuration of the two-compartment model for [1-11C]acetate.

K, denotes the rate of extraction of labeled acetate from the vascular space
into the cell, and k2 describes the rate constants for loss of tracer from pool
one and for transfer of tracer from compartment 1 to compartment 2.
Compartment 1 represents the metabolite pools of TCA cycle metabolites,
mainly isocitrate, glutamate (Glu), glutamine (Gin) and aspartate (Asp) in the
carbon 1, 4 and 5 positions (C-1, C-4 and C-5), whereas compartment 2
describes the pool of Â«-ketoglutarate (Â«-keto),glutamate and glutamine with
the radiolabel in the carbon 1 (C-1) position. k3 represents the rate constant

for efflux of CO2 from compartment 2.

Wellcounter Arterial Blood
PET-Arterial Blood
PET-Myocardium

600 1200 1800

Time (sec)

FIGURE 3. Directly (wellcounter) measured activities in arterialblood (â€¢)and
radiotracer concentrations measured with PET in the blood pool (â€¢)and the
myocardium (PET myocardium; ). The blood pool activity measured by
PET was consistently higher, due to spillover from myocardium to blood.

of the present studies were fitted over 15 min. This period was
chosen to include the time of the peak ["C]CO2 efflux, which

occurred between 8 and 10 min after tracer injection. Curve fitting
over longer time periods did not, as initial studies indicated, yield
better or more accurate estimates. The model fitting was performed
using a constraint optimization algorithm ("sequential quadratic
programming") in the optimization toolbox of Matlab (28). Be

cause the compartment model describes the biochemical changes
less reliably, very early after tracer injection (negligible concen
trations of labeled metabolites and amino acids), data points in the
first 2 min were given 20 times less weight. This weighting factor
was determined empirically. However, it is noteworthy that the
sensitivity of the results to weighting is low, i.e., different weight
ing did not yield significantly different estimates.

Spillover of activity from blood to myocardium (including the
vascular volume of the myocardium) was estimated simultaneously
with the rate constants of the two-compartment [l-"C]acetate

model, as published previously (29). A total of four parameters,
i.e., K,, k2 and k, and the blood-to-myocardium spillover fraction,
were estimated in the model fitting.

For the arterial input function of ["C]acetate, the time-activity

curve derived from the serially acquired PET images was used.
Corrections for contaminations of this curve by radiolabeled
metabolites of [I-1 'C]acetate were made as shown in "Results." In

addition, corrections were also required for spillover of activity
from the myocardium to the blood pool. As shown in Figure 3, the
PET-derived activity concentrations in the blood pool at later times
after tracer injection were consistently higher than the activity
concentrations in arterial blood measured directly by well counting.
The blood pool curve was therefore corrected for spillover of
activity from myocardium into the blood pool at later times. The
spillover fraction from myocardium to blood was determined as
follows: the difference in activity concentrations in the blood pool,
as derived from the PET images, and in arterial blood, as measured
directly by well counting, was divided by the average myocardial
activity concentration. Data obtained at 25-30 min after tracer
injection were used for computing this spillover fraction.

The time delay (time shift between measured input and the true,
nonobservable one) was set to be 0 as the arterial input function
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TABLE 1
Hemodynamic Parameters,Myocardial Oxygen Consumption, Myocardial Blood Flow and Model-Derived k2

Volunterno.123456789101112Heart

rate
(bpm)13N73665859745645965954736911C916868649068648863567583Systolic

blood
pressure
(mmHg)13N113113113106108102114112128113106128"C12711811811911096121112115109110132Rate

pressure
product

(mmHg â€¢bpm)13N8,2497,4586,5546,2547,9925,7125,13010,7527,5526,1027,7388,832"C11,5578,0248,0247,6169,9006,5287,7449,8567,2456,1048,25010,956MVO2(ml/100g/min)13N6.47.56.74.99.05.95.39.06.65.86.89.7"C10.88.18.05.211.06.99.18.47.05.66.511.2MBF(ml/g/min)k213N0.550.680.520.570.720.570.480.800.670.480.600.70"C0.750.730.620.680.880.640.700.740.640.480.630.8511C0.0800.0480.0460.0380.0710.0470.0860.0600.0490.0340.0470.068

Mean Â±s.d. 65 Â±13 73 Â±12' 113 Â±8 116 Â±9 7,360 Â±1,543 8,484 Â±1,712' 7.0 Â±1.5 8.2 Â±2.1f 0.61 Â±0.10 0.70 Â±0.11* 0.056 Â±0.017

bpm = beats per minute.
*p < 0.01 vs. 13N
tp < 0.05 vs. 13N

was derived from a time-activity curve within the left ventricular

cavity (29).

Model Estimation of Myocardial Blood Flow
As shown in Figure 2, K, in the two-compartment model denotes

the net extraction of [I-1 'C]acetate from the vascular space into the

myocardial cell and is estimated by model fitting. Therefore, K, as
the net extraction is the product of the first-pass extraction fraction
of tracer (E) and MBF.

Statistical Analysis
Mean values are given with s.d. Student's t-tests for paired and

unpaired data were used, as is appropriate, for comparison.
Differences with p values of <0.05 were considered statistically
significant. Stepwise regression was used to compare the relation
ship between arterial substrate levels or consumption and extrac
tion of [l-"C]acetate. The Durbin-Watson test was applied to

detect autocorrelated errors (30).

RESULTS

Hemodynamic and Metabolic Parameters
Hemodynamic and metabolic findings are summarized in

Tables 1 and 2. The mean heart rate increased modestly from

the ['3N]ammonia studies to the [l-"C]acetate studies (p <

0.01 ), probably because the effects of pharmacological sedation
administered before the coronary sinus catheterization were
diminishing. Although the systolic blood pressure remained
unchanged, the mean RPP increased from the [13N]ammonia
studies to the [l-"C]acetate studies (p < 0.01). Table 2 lists

arterial substrate concentrations and consumption of glucose,
lÃ¡clate and free fatty acid at the time of the [l-"C]acetate

studies. No statistically significant correlations between con
sumption of individual substrates and MVO2 were noted.

Myocardial Blood Flow and Myocardial
Oxygen Consumption

Myocardial blood flow derived from the [l3N]ammonia

studies averaged 0.61 Â±0.10 ml/g/min. Adjustment of MBFs
for the changes in the RPP from the ['3N]ammonia to the
[l-"C]acetate studies, as described above, resulted in an

average blood flow of 0.70 Â±0.11 ml/g/min (Table 1) during
the acetate studies. Myocardial oxygen consumption calculated
by the Pick principle ranged from 4.9 to 9.7 ml/100 g/min for
the ['3N]ammonia studies (mean = 7.0 Â±1.5 ml/100 g/min)
and from 5.2 to 11.2 ml/100 g/min (mean = 8.2 Â±2.1 ml/100

TABLE 2
Arterial Substrate Concentration and Consumption

Arterial concentration Substrate consumption

Volunteer
no.123456789101112Mean

Â±s.d.Glucose

(mg/dl)â€”11.6103.294.991.7â€”80.587.186.488.392.785.092.3

Â±9.7Lactate

(mg/dl)â€”4.96.66.09.3â€”5.86.06.66.96.84.46.3

Â±1.3Free

fatty acids
(mEo/l)_0.3810.4280.7510.599â€”0.4770.4470.1060.3360.3100.7450.458

Â±0.199Glucose

(mg/1 00g/min)â€”0.711.762.221.44â€”0.771.671.532.340.991.551.50

Â±0.55Lactate

(mg/1 00g/min)_0.750.860.641.19â€”0.970.981.330.460.880.580.86

Â±0.27Free

fatty acids
(mmol/1 00g/min)â€”0.0750.0770.0820.092â€”0.0680.0690.0140.0370.0460.0790.064

Â±0.024
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TABLE 3
Metabolite Fractions in Arterial Blood*

FIGURE 4. Correlation between RPP as an index of cardiac work and
invasively measured MVO2 during the [1-11C]acetate study, determined by

the Pick principle.

g/min) for the [l-"C]acetate studies (Table 1). Invasively
measured MVO2 by the Pick principle during the [I-1 'C]acetate

study was correlated linearly with the RPP as an index for
cardiac work by MVO2 = 0.36 + 0.001 (RPP) (r = 0.84, s.e.e.
= 1.18, p = 0.0006) (Fig. 4). Measured MVO2 during the
[l3N]ammonia studies correlated linearly with measured MBF

by MVO2 = 0.23 + 0.055(MBF) (r = 0.83, s.e.e. = 0.06, p =

0.0009). A similar correlation between MVO2 and MBF was
found for the [l-"C]acetate studies [MVO2 = 0.34 +

0.043(MBF); r = 0.83, s.e.e. = 0.06, p = 0.0004].

Arterial Input Function
The total ' 'C activity in arterial blood was found to consist of

labeled CO2, acetate, metabolites and TCA cycle intermediates.
Thus, the "true" input function of only labeled acetate can be
calculated by total "C activity minus the sum of ["C]CO2,

labeled metabolites and TCA cycle intermediates. The bio
chemical assays identified three different groups of labeled
metabolites of [l-"C]acetate in blood:

1. Labeled CO2;
2. Nonionized labeled species (such as glucose and choles

terol); and
3. Labeled amino acids and TCA cycle intermediates.

The labeled CO2 content was measured at the same intervals as
was the total blood "C activity. Thus, the non-CO2 activity

curve can be obtained by subtracting the CO2 activity from the
total measured activity. Table 3 depicts the fractions of
[I-1 'C]acetate in arterial blood (expressed as a percentage of the

non-CO2 portion) in four volunteers and the distribution of the
different labeled metabolites of the non-CO2 fraction over 30
min after intravenous administration of [I-1 C]acetate. As the
concentration of [l-"C]acetate progressively declined, the

fractions of nonionized species, amino acids and TCA-cycle
intermediates increased over time. Of note, similar measure
ments in dogs demonstrated a turnover rate of [l-HC]acetate,

which was approximately 1.5-2 times faster than that observed
in this study (27).

Model Estimates of Regional MVO2 and MBF
Measured MVO2 by the Pick method correlated with the

model estimated rate constant k2 linearly by k2 = 0.0071 +
0.0074(MVO2) (r = 0.74, p = 0.006, s.e.e. = 0.015). Calcu-

Time(min)246810152030C026.8

Â±16.8
Â±4.74
Â±48.3
Â±60.7
Â±60.9
Â±59.0
Â±62.5

Â±1.25.4424.65.45.94.85.8Acetate85.858.033.727.718.414.913.98.9â€¢+--+--f-4--4-â€¢+â€¢Â±Â±0.63.56.24.22.82.01.41.7TCA

andAA4.912.714.317.717.316.918.818.3-H-+--+-â€¢+â€¢â€¢+â€¢-t-Â±-t-1.73.54.63.12.3222.22.1Nonionic
species(%)1.3

Â±1.22.5
Â±0.84.6
Â±1.66.3

Â±1.35.6
Â±1.07.0
Â±0.78.4
Â±0.510.4
Â±2.5

TCA = TCA cycle intermediates; AA = amino acids.
"Numbers represent percentage of measured total activity in arterial

blood obtained by a well counter.

lation of mass fluxes requires, in addition to the flux rate,
knowledge of the pool sizes of metabolites. When tissue
metabolite pool sizes determined previously in isolated per
fused rat hearts were used to estimate absolute MVO2 (in units
of ml/100 g/min) by applying the previously established equa
tion (6):

MVO2 = 2*k2*([Glu] + [Asp] + [TCA])* 1.5*2,

or = 79.2*k2 Eq. 1

where [Glu], [Asp] and [TCA] describe the pool sizes of
glutamate, aspartate and TCA cycle intermediates, respectively,
we found that:

k2 = (MVO2)/79.2 = 0.0126(MVO2), Eq.2

which differs only slightly from the relationship found in this
study. By rearranging the correlation equation between the
measured MVO2 and the estimated k2, we find the following
relationship between MVO2 and the model parameter k2:

Estimated MVO2 = 135 k2 - 0.96. Eq. 3

Using this equation with the k2 data obtained in this study, the
estimated MVO2 was shown, in Figure 5 and as described
below, to have a unity slope against the directly measured
MVO2:

Estimated MVO2 = 0.019 + 1.008 MVO2,r = 0.74, s.e.e.

= 1.98, p = 0.006. Eq. 4

The variability of the MVO2 thus estimated, as compared to that
of the directly measured MVO2, is clearly shown in Figure 5.

The model-derived parameter K,, which represents the net
extraction of [l-"C]acetate from the vascular space into the

cell, correlated closely and linearly with estimated MBF by K,
= 0.15 + 0.73(MBF) (r = 0.93, p < 0.0001, s.e.e. = 0.033)

(Fig. 6). The values of MBF in this study, ranging from 0.48 to
0.88 ml/g/min, are similar to those obtained previously in young
normal volunteers (31). The relatively tight fit of the data with
the regression line indicates that, over the flow range studied,
the first-pass extraction fraction depends mostly on blood flow.
The slope of 0.73 implies a systematic underestimation of true
flows by the [l-"C]acetate model, presumably as a conse

quence of the first-pass extraction fractions being less than
unity.

Myocardial Oxygen Consumption and Clearance of
Carbon-11 Activity

As shown in Figure 7, kbi and kmono, obtained by bi- and
monoexponential curve fitting, respectively, correlated signifi-
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cantly to invasively measured MVO2. The regression lines
between kbj and MVO2 and between kmono and MVO2 were
similar; the intercepts did not differ statistically from 0 (p >
0.05).

DISCUSSION
The results of this study demonstrate that a simplified

two-compartment model for [l-"C]acetate can be used to

derive noninvasively accurate estimates of absolute MVO2 and
MBF. Although the previously used approach with mono- or
biexponential curve fitting for determining rate constants of
oxidative metabolism has proven useful, the new model ap
proach offers several advantages. The compartment model:

1. Potentially yields absolute values of regional MVO2
rather than only indices of oxidative metabolism;

2. Accounts for changing shapes of the arterial input func
tion, as shown previously by computer simulations, so

0.8

0.61

't 0.4-
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0.0

y = 0.152 + 0.726x
r = 0.93
SEE = 0.033
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FIGURE6. CorrelationbetweenMBFandthenetextractionK, of [1-11C]ac-
etate. Note the linear correlation between both parametersover the flow
rangefrom 0.5 to 1.0 ml/g/min.

that the estimation can be performed automatically and
less subjectively (8); and

3. Provides simultaneous estimates of MBF.

Measurements of Oxygen Consumption
As demonstrated, estimates of MVO2 in absolute units are

possible, but they depend on adequate correction of the PET
derived arterial input function for spillover of activity and for
contamination by metabolites and on relatively constant distri
bution volumes for the radiotracer and its metabolites or
knowledge of the amount of substrate available (i.e., tissue
metabolite pool sizes) for oxidation through the TCA cycle.
First, determination of the true arterial tracer input function
requires direct measurements of [l-"C]acetate in serial arterial

blood samples. Although the radiolabeled acetate is the major
component of the input function early after tracer administra
tion, other labeled compounds or metabolites, for example,
amino acids, TCA cycle intermediates and CO2, contribute
later, after administration, to the input function. Measurements
of these metabolites are essential for accurate estimations of
MBF and MVO2. Determined in 4 of our 12 volunteers in this
study, metabolite concentrations varied relatively little between
individuals, as indicated by coefficients of variation in the range
of about 10%-15% (Table 3). This suggests the possibility of
either using a normal database or a correction constant derived
from a few measurements of metabolite corrections so that
serial blood sampling and blood assays may not always be
necessary. Additionally, because the spillover from myocar
dium to the blood pool (ranging from 5%-20% in the current
studies) toward the tail end of the time-activity curve is large,
the spillover-corrected PET-left ventricle time-activity curve
was used. Lack of corrections for this spillover would have
resulted in a systematic overestimation of the rate constant k2
and, thus, of MVO2 because of a falsely high arterial input
function. This then emphasizes again the need for direct
measurements of the arterial input function from either arterial
or "arterialized" venous blood samples (32).

The spillover fraction can then be determined from directly
measured and PET derived arterial tracer activity concentra
tions. On the other hand, more recently developed analytical
approaches such as factor analysis might allow extraction of
blood-pool activities with markedly lesser degrees of spillover
contamination (33). Second, data on metabolite pool sizes in
humans myocardium were not available and were difficult to
obtain. However, it is important to note that the model-
estimated rate constant k2 was found to be correlated linearly
with invasively measured MVO2. This finding appears to be
consistent with earlier observations in isolated rat hearts that
metabolite pool sizes in myocardium remain fairly constant
over the range of MVO2 measurements (6). This then affords
estimates of MVO2, as indicated above, by rearrangement of the
equation for the correlation between true and estimated MVO2.

The kinetics of a tracer in the myocardium depend on the
shape of its arterial input function, which, in turn, depends on
the rate of tracer injection, cardiac chamber volumes and/or
cardiac output. Monoexponential fitting of the myocardial
time-activity curve and, thus, determination of the tissue
clearance slope of [l-"C]acetate activity for a given MVO2,

can significantly be affected by the shape of the arterial input
function. Input-dependent changes of k,â„¢,â„¢might, thus, be
misinterpreted as true changes in MVO2 (8). Furthermore,
monoexponential curve fitting relies on the correct selection of
the data points on the time-activity curve. The curve analysis
approach is, therefore, observer-dependent and, at times, lim
ited, especially when time-activity curves contain substantial
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data noise. Here, kbi derived from biexponential curve fitting
and the model-derived rate constant k2 correlated equally well
with measured MVO2, whereas the correlation between kmom,
and MVO2 was less good. This finding is in agreement with
earlier observations in canine myocardium where the correla
tion between MVO2 and kmonowas found to be poorer than that
between MVO2 and kbi (2). The good correlation between
MVO2 and kbi indicates that khi could also be used as a good
indicator of MVO2 over the range studied. However, using
model fitting has many advantages over the biexponential fit,
such as:

1. Biexponential fit requires more subjective selection of the
time interval for fitting that could vary from study to
study.

2. Model fitting results are expected to be more valid over a
wider range of physiological conditions. In other words,
when the study is expanded to studies in patients, the
advantage of the model fitting results is expected to
become more apparent.

3. Variation in the shape of the blood time-activity curve

(the input function) is properly accounted for by the
model, whereas biexponential fitting is more sensitive to
this variation. Although the input function can also be
incorporated into the biexponential model (by convolving
the input function with the biexponential function), the
fitting will not be a simple linear fit in the semilogarithmic
domain anymore, and it loses its simple computation
advantage.

4. The use of model fitting provides, besides MVO2, addi
tional information on MBF, as shown in Figure 7 and
discussed below.

Measurements of Myocardial Blood Flow
Although [l-"C]acetate has been proposed previously as a

flow tracer because of its relatively high first-pass extraction
fraction, it has not been routinely used for the quantification of
MBF (24,34-36). Previous studies in dogs demonstrated how
the variable first-pass extraction fractions for a given flow
precluded accurate flow estimates (3,7). Different from dogs
however, the first-pass extraction fraction of [l-"C]acetate was

found to vary less in humans, and the extraction fractions in
normal humans are larger than those in dogs (7). In other words,
the extraction of [I-1 'Cjacetate from plasma to tissue in humans

is not as limiting as it is in dogs. Therefore, the net extraction
of [l-"C]acetate from the vascular space into the cell (model

parameter K,) correlated closely and linearly to MBF over a
flow range from 0.5 to 1.0 ml/g/min, with relatively little scatter
of the data about the regression line. This observation is

consistent with data of previous human studies and suggests
more accurate estimates of MBF in humans than in dogs
(35,37). The reason for the large variation of the extraction of
[l-"C]acetate in dogs compared to humans remains unclear.

Acetate is known to share a common monocarboxylate carrier
with lÃ¡clateand pyruvate for exchange across the sarcolemmal
membrane (38). The current study, however, failed to reveal a
correlation between substrate consumption or substrate levels
(glucose, lÃ¡clate and free fatly acids) and exlraclion of
[l-"C]acetale.

As demonslrated in Ihis sludy, K, is correlaled linearly wilh
blood flow, al leasl over Ihe physiologic range of blood flow al
resi. The slope of 0.73 implies a syslemalic undereslimalion,
mosl likely because Ihe first-pass extraclion fraclion is less lhan
unity. Values for K, can, however, be correcled from Ihe
regression equalion describing Ihe correlalion belween K, and
MBF.

Study Limitations
There are several limilalions lo Ihis sludy. Foremosl is Ihe

lack of dala on Ihe lissue metabolile pool sizes in humans,
which would allow direcl eslimates of MVO2. To oblain ihese
data would require myocardial biopsies in vivo and labor-
intensive analyses, which are difficult lo perform and difficull
lo juslify in normal volunleers. However, the linear correlalion
between k2 and measured MVO2 over a wide range, as has also
been observed in isolated ral hearts and in vivo dogs, indÃcales
lhal eslimales of MVO2 can, in faci, be oblained by assuming
lhal Ihe sum of Ihe melabolite concenlralions remains fairly
conslanl under differenl condilions and over a wide range of
MVO2. This has been previously shown in isolaled perfused ral
hearts (6).

Anolher limilalion is the lack of direct MBF measuremenls
during Ihe [l-"C]acelale sludies, which was complicaled fur-
Iher by a significarli increase in Ihe RPP belween Ihe [13N]am-
monia and Ihe [l-"C]acelale study. This increase mosl likely

resulted from a lessening of Ihe pharmacological sedalion
induced before coronary sinus calhelerizalion wilh Diazepam
and Benadryl. The extrapolation used a previously established
correlation belween Ihe RPP and blood flow. It is realized that
changes in the RPP are accompanied by proportionale changes
in blood flow, and yel Ihe RPP as an index of cardiac work or
Ihe approximations of blood flow in the study does noi fully
accommodale changes in Ihe conlraclile slale (16,22-24). The
exlrapolalion approach allempled to preserve the deviation of
the flow value from the regression line by using Ihe same
y-inlercepl for Ihe extrapolaled as for the measured flow value.
Olher extrapolation methods, such as the use of different slopes,
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may have also been feasible. Given the modest change in RPP,
however, it appears that the differences between various extrap
olation approaches would have been very small. Moreover, the
observed close correlation between K, and extrapolated MBF
confirms the validity of the correction. Had no corrections been
made for the changes in RPP between the two studies (i.e., if
MBF of the ['3N]ammonia was used), the correlation between
the RPP during the [l-"C]acetate studies and MBF would have

been insignificant (p = 0.12 versus 0.002 for RPP-adjusted
MBF). Although additional studies under different conditions
(beta-blocker, dipyridamole and dobutamine) would have been
desirable to increase the range of MBF and MVO2, the values
found in this study nevertheless represent the physiological
range in humans under resting conditions (Â¡6,39).

Third, no studies were performed in patients with ischemie
heart disease or poor left ventricular function. Only normal
volunteers with presumably homogeneously distributed rates of
oxygen consumption were studied because the invasively mea
sured MVO2 represents a global rather than a regional value. It
is possible that regional estimates of MVO2 in patients may be
affected by differences in tissue metabolite pool sizes due to
factors such as altered metabolism in abnormal tissue or
medical treatment. Also, the influence of different input shapes
or noisy studies, which occur more often in patients with poor
left ventricular function, was not explored. Validation of the
tracer compartment model in such patients would have been
rather complex because it would have required invasive mea
surements of regional MVO2 with measurements of local
arteriovenous blood O2 concentrations.

CONCLUSION
Accurate noninvasive simultaneous estimations of absolute

MVO2 and MBF in humans are possible with [l-"C]acetate

and a simple compartment model using PET. The compartment
model tested in this study can account for changes in the input
function and allows an automated analysis of studies in com
parison to the conventional approach with mono- or biexponen-
tial curve fitting, which are more subjective. Simultaneous
measurements of MVO2 and MBF can provide additional
information on, for example, ischemically compromised myo
cardium. In patients after an acute myocardial infarction,
oxygen consumption may not strictly follow blood flow (40).
Disparities between blood flow and oxygen metabolism may
contain prognostic information. Also, as described in another
study in early postinfarction patients, the blood flow-MVO2

relationship may not be linear, but rather, it may be piecewise,
which appears to be consistent with compensatory increases in
the extraction of oxygen in response to decreases in blood flow
(41). The described model approach offers measurements of
both blood flow and oxygen consumption with a single tracer
injection, thus lowering radiation burden to the patient, reduc
ing scanner time and cost while enhancing the clinically useful
information.
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FIRST IMPRESSIONS
Urine Contamination Simulating Spinal MÃ©tastases

Figure 1.

PURPOSE
A 61 -yr-old woman with lung cancer status post radiation ther
apy presents with new-onset back pain. New contiguous spread
of tumor to the right hemivertebrae of T3-T5 was confirmed by

SPECT imaging. Additional moderately intense uptake in the
posterior elements of the upper lumbar spine on planar imaging
suggests distant mÃ©tastases(Fig. I ). SPECT imaging
demonstrates skin contamination on the sagittal projection
(Fig. 2), which disappears on postwash planar images.

TRACER
Technetium-99m-MDP(2l.8mCi)

Figure 2.

ROUTE OF ADMINISTRATION
Intravenous

TIME AFTER INJECTION
3hr

INSTRUMENTATION
GÃ M̂axxus gamma camera

CONTRIBUTORS
Erica A. Guzalo, Elizabeth Dates and Karan Lotfi, New England
Medical Center. Boston. MA
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