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One of the unique aspects of PET is its ability to noninvasively
quantify metabolic processes. Metabolic rate parameters are
estimated by fitting the time-activity curves from regions of inter-
est (ROIs) placed on dynamic PET images with a kinetic model.
In many cases it is possible to couple these datasets with com-
mon parameters, such as the time delay between arrival of
tracer in the ROIs and the sampling site. Methods: Data from
eight ROIs placed about images of the myocardium were cou-
pled by the parameters describing the metabolite concentration
in the blood. The method was evaluated by comparing estimates
of k, made using the coupled region method and the standard
process of fitting data from each region separately. In addition,
comparisons were made between estimates of k, and measured
myocardial oxygen consumption. Results: Very little change in
mean values of k, was obtained. The variances, however, were
reduced by an average of 37%, compared to the standard
method, when the common parameters were not constrained.
When the values of the common metabolite parameters were
constrained to values previously measured, the average vari-
ance in estimates of k, was reduced by 30%. Conclusion: We
have demonstrated that the use of this technique can signifi-
cantly increase the precision of estimates of myocardial oxygen
consumption utilizing ''C-acetate PET images. More precise
estimates of such quantities can facilitate detection of small
regional and/or temporal physiological changes measured with
PET. Furthermore, this method can be utilized whenever it is
known a priori that one or more kinetic model parameters has
the same value for every set of ROl data.
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ET has demonstrated its value as a tool for quantifying
physiological processes. PET studies of the brain have
measured such quantities as perfusion (/-3), glucose me-
tabolism (4-6) and receptor densities (7-9). Cardiac stud-
ies have investigated myocardial perfusion (10-12), neuro-
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physiology (13-15) and metabolism (16-18). Quantitative
PET requires the acquisition of the tissue and arterial con-
centration of tracer as a function of time. Blood tracer-
concentration curves are obtained either by direct arterial
sampling or use of image-based techniques (/9-20). Tissue
time-activity curves are acquired from a dynamic series of
reconstructed PET images. Data are extracted from spe-
cifically delineated regions of interest (ROIs). The rate of
physiological processes are estimated by fitting the tissue
curves with a parametric model. This type of analysis can
be performed for multiple ROIs and/or multiple infusions.
In some cases it is known a priori that one or more of the
model parameters have the same value for every set of ROI
data. For example, the time delay between tracer concen-
tration measured in the blood and that measured in the
brain is common to all ROI data. Huesman and Coxson
have proposed the simultaneous fitting of data from multi-
ple ROIs coupled by common parameters (21). This
method effectively increases the amount of information
used to estimate each parameter, resulting in reduced vari-
ance. Our goal is to determine the benefits gained by ap-
plying this technique to dynamic PET measurements of
myocardial oxygen consumption with 'C-acetate.

The correlation between myocardial oxygen consump-
tion and ''C-acetate kinetics has been established in animal
and human models (22-28). Typically the falling edge of
the tissue time-activity curve is fit with a mono- or bi-
exponential function, the resulting parameter(s) is used as
a measure of oxidative metabolism. In addition, Buck et al.
have demonstrated that the k, parameter of a two-compart-
ment model of !'C-acetate kinetics correlates well with
measured myocardial oxygen consumption in a canine
model (29). More recently, Beanlands et al. have shown
the same correlation in humans (30). The predominant
metabolic by-product of ''C-acetate is ''C-labeled carbon
dioxide (*'CO,), so a significant amount of this substance
will be present in the blood (especially later in the study).
The conventional exponential fitting analysis does not ac-
count for the presence of metabolites, and is therefore
susceptible to error in estimating oxygen consumption.

Buck et al. (29) have corrected for the recirculating
metabolites by modeling the kinetics of ''C-acetate with a
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two-compartment model, and a pair of parameters used to
correct the input function for the presence of !'C-acetate
metabolites. The magnitude of these parameters is com-
mon to all the data obtained from ROIs drawn on the PET
images. The kinetic modeling of !'C-acetate in the myocar-
dium, therefore, is well suited for examination of the cou-
pled-ROI fitting technique. Data used in this work were
obtained from a previous study measuring regional myo-
cardial oxygen consumption (MVO,) in patients with idio-
pathic dilated cardiomyopathy (30). Two methods of fitting
the data were compared, the standard process (where data
from each ROI is fit individually) and the coupled-ROI
fitting method.

THEORY

Curve-fitting algorithms search parameter space for a
local minimum on the y 2 hypersurface. When multiple data
sets are fit, this value can be expressed as a Taylor expan-
sion of x2,

Eq. 1

In this equation, y 2 is the minimum value of y 2 for a fit to
the i data set, p' is the value of the parameter vector at
the minimum, and @ is the covariance matrix of the single
fit parameter estimate p'’. The function y? is a measure of
how well the model simulates the data. The parameter
vector p'i can be separated into two sub-vectors: p}, which
is different for each ROI data set and p, which is the
sub-vector containing the common parameters.
The vector p' and matrix @ are written as:

- )

The variances of the parameters estimated from the simul-
taneous fit are given by (21):

Xt =xo+ (@' — (@) "' - p).

Eq. 2
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The variables p; are estimates of the model parameters
from the simultaneous fit of the i dataset and p}, are the
estimates of the common parameters. It is important to
note that the model parameter variances are reduced by an
amount governed by the strength of their coupling with the
common parameters (®.,).
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METHODS

Carbon-11-Acetate Kinetics
The kinetics of ''C-acetate in the myocardium were modeled

by:

Crltw) = (1 — BV) J * Kye "M ® C(t) dt + BV J ) dt.
" " Eqs

The expression Cy{t,,) is the 'C-acetate concentration measured
at the frame midpoint (t,,). The spillover of activity from the blood
pool into the myocardium due to resolution effects and vascular-
ization is estimated using the blood volume term BV. K| is a
model parameter which is proportional to the flow of tracer into
the myocardium. The parameter k, is proportional to the rate at
which radioactivity is transported back into the blood, it is corre-
lated with the oxidative metabolism of '!C-acetate (29,30). The
term C(t) is the metabolite-corrected input function and C,(t) is
the measured input function. The first part of Equation 5 models
the tissue concentration of tracer. Since the recirculating **CO, is
not absorbed by the myocardium, the input function corrected for
metabolite accumulation is utilized. The second expression ac-
counts for the contamination of the tissue curves by *spilling
over” of blood pool activity into the myocardial regions due to
resolution effects and vascularization. The PET tomograph is not
able to distinguish between events originating from !'C-acetate
and 'CO,, so both radiolabeled tracers contribute to the contam-
ination. Thus, the uncorrected input function (C,(t)) must be used
to model this phenomenon. The limits of the integration t, and t,
are the start and stop times of the individual frames. The symbol
® represents the mathematical operation of convolution.

Metabolite Correction
The equation for the metabolite-corrected input function is
(29):

Cdt) = (1 — a(l — e~ " ZHM)Cy). Eq.6

In this expression C(t) and C,(t) have the same definition as in
Equation 5. The parameters a and u are the scale and half time of
the function modeling the accumulation of *'CO, in blood.

ROI Placement

Eight contiguous sector-shaped ROIs were placed around the
myocardium on resliced short-axis views at the mid-basal level.
An attempt was made to bracket the myocardium with the inner
and outer boundaries of the sectors. The size of the sectors varied
from patient to patient depending upon the caliber of the left
ventricle and thickness of the myocardium. Many of the resliced
myocardiums were not circular, hence some sectors did not en-
tirely encompass the target tissue. These factors may cause vari-
ation in the total number of counts contained in each of the ROI
datasets.

Figure 1 schematically shows ROI labeling and placement on
the myocardial image. The input function was measured by plac-
ing a small (20 square pixels) circular ROI in the center of the left
ventricle at the mid-basal level. This ROI was placed in the center
of the left ventricle so that signal contamination due to spillover
from the myocardium was minimized. Hence, no correction for
signal spillover from the myocardium into the blood pool was
performed. Data from all regions were corrected for radioactive
decay prior to modeling. On-line correction for patient motion
was not available at the time of this study.
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FIGURE 1. Placement of ROls on images of the myocardium.
Fitting Procedure

The complete set of data from all eight ROIs were fit simulta-
neously with the model (given by Equation 5), in addition to one
set of metabolite-correction parameters (a and u), described in
Equation 6. Thus, the values of the model parameters (K, k,, and
BV) estimated for each of the eight ROI datasets were coupled by
a and u. The effect of constraining the values of the metabolite
parameters was studied by first fitting the data with no constraints
(except that a was limited to values <1). These results were
compared to the k, parameter estimates obtained with the metab-
olite parameters constrained to specific ranges. For a, the range
extended from 0.83 to 0.93, and from 5.51 t0 9.53 min for u. These
values were obtained for humans by Buck et al. (29). The con-
straints were applied as “‘hard edges,” thus if the magnitude of a
parameter exceeded the limit, it was reduced (or increased if the
lower limit was crossed) by 10% and its value re-checked. If the
parameter was within the acceptable range, the fitting algorithm
proceeded, otherwise the parameter was again changed by 10%.
This procedure continued until an acceptable magnitude was
reached. For this patient population, metabolite parameters ex-
ceeded the acceptable range in approximately 25% of the trials,
with the parameter a most commonly out of range. Finally, data
from the eight ROIs were fit using the uncoupled method, where
eight values of K1, k,, BV, a and u were estimated.

All fitting was performed with an unweighted nonlinear least-
squares Marquardt algorithm. Values of k, for the eight regions
were combined to produce a mean and standard deviation (s.d.).
Studies have demonstrated that the oxygen consumption of the
normal human heart is uniform throughout its circumference (27),
which was verified for the data obtained from the patient popula-
tion used in this work. In addition, Hutchins et al. have shown
that the value of ““shape parameters,”’ such as k,, are independent
of the blood volume term BV (3I). Hence, variations in the
amount of blood pool activity included in data from each region
should not affect k, estimates. Therefore, the s.d. calculated from
the k, estimates for the eight regions should reflect the variation in
k, caused by statistical noise and other sources of error not related
to physiologically induced inhomogeneities.

PET Protocol

Patients were positioned in a 931 Siemens PET scanner
(Hoffman Estates, IL). This scanner has eight circular rings of
BGO detectors and produces 15 contiguous transaxial images with
a thickness of 6.75 mm. A 20-min transmission scan was per-
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formed and the data used to correct for photon attenuation.
Twenty millicuries (740 MBq) of ''C-acetate were infused intra-
venously over 30 sec. A 30-min dynamic scan sequence was
simultaneously initiated. The acquisition protocol was tailored to
reduce bias and variance induced by insufficient temporal sam-
pling (10 x 10 sec, 5 x 100 sec, 3 x 180 sec and 2 x 300 sec) (32).
Following the baseline study, an infusion of 5 ug/kg/min of do-
butamine was started. Dobutamineisa 8 — 1, 8 —2,and o — 1
adrenoreceptor stimulant which is used to simulate exercise stress
(33). The infusion was increased by 5 ug/kg/min every 5 min to
increase the cardiac output by 50%. Fifteen minutes after a stable
infusion rate was established (mean dose = 13.2 + 9.2 ug/kg/min),
a second dose of 'C-acetate was administered. The same image
acquisition sequence used for the baseline study was initiated.

Myocardial Oxygen Consumption Measurement

Five patients with idiopathic dilated cardiomyopathy were se-
lected for the study. They were included if their left-ventricular
function was impaired with an ejection fraction <30% and showed
no signs of ischemia. After right heart catheterization, a dual-port/
triple thermistor Baim Coronary Sinus Flow Catheter (34) was
placed in the coronary sinus. Coronary venous and radial artery
samples were drawn to measure myocardial oxygen consumption.
The coronary sinus catheter became dislodged in one patient and
another patient was not suitable for dobutamine infusion, conse-
quently 8 data points instead of 10 were obtained from the five
patients. The study protocol was reviewed and approved by the
Human Subjects Committee at the University of Michigan Med-
ical Center on August 15, 1991 and the Radiation Safety Commit-
tee at the University of Michigan Medical Center on October 15,
1990. Informed consent was obtained from all subjects. Since the
method for measuring myocardial oxygen consumption is so
highly invasive, normal volunteers were not included in this

study.

RESULTS

Values of k, (mean + s.d.) estimated by fitting each of
the eight regions separately (without constraints on the
metabolite parameters) plotted as a function of measured
myocardial oxygen consumption are shown in Figure 2A.
Figure 2B displays similar data except that k, was esti-
mated using the simultaneous fitting process. Both plots
demonstrate good correlation between the parameter k,
and MVO,. The increase in the correlation coefficient (R)
calculated for the coupled simultaneous-fit curve is not
statistically different from the value calculated for the sin-
gle region method (p < 0.05 is considered significant). The
relationship between these two sets of data was examined
by plotting the results for the coupled-ROI method versus
k;s estimated with the single-ROI algorithm (Fig. 3). The
slope of the line fit to this function is close to unity, indi-
cating very little change in mean values of k,. The magni-
tude of variance reduction was also evaluated. The mean
coefficient of variation (COV) in k, was reduced by 37.0%
(note the reduction of the error bars in Fig. 2A) due to the
utilization of the coupled-fitting procedure, these results
are included in Table 1. Also shown in this table are the
results of the same analysis with constraints placed on the
common parameters. These data are very similar to uncon-
strained parameter findings. Also, the correlation coeffi-
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FIGURE 2. Estimates of k, plotted as a function of regional myo-
cardial oxygen consumption (MVO,) for the case where no con-
straints were placed on the common parameters. (A) k,s estimated
using the standard method of fitting data; (B) k,s estimated using the
coupled-ROI method.

cients for the values of k, plotted versus MVO, for each
data set are presented.

DISCUSSION

The unique ability of PET to quantify metabolic pro-
cesses has made it a valuable biomedical research tool.
Data from ROIs drawn on a set of dynamic PET images
produce time-activity curves of radiolabeled tracer in the
tissue and blood. Fitting these curves with a kinetic model
enables estimates of metabolic rate parameters to be cal-
culated. Huesman and Coxson have demonstrated that
when data from multiple ROIs share common parame-
ter(s), a simultaneous fitting approach will reduce variance
in the estimated parameters. To investigate the usefulness
of this procedure in clinical dynamic cardiac PET studies,
the estimated values of k, obtained from subjects with
idiopathic dilated cardiomyopathy utilizing ''C-acetate
were correlated with measured myocardial oxygen con-
sumption. Estimates of k, from the conventional method of
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fitting individual ROIs were compared to k,s obtained by
fitting the coupled data simultaneously. The results re-
vealed that more precise estimates were obtained using the
simultaneous fitting of data from coupled ROIs than those
calculated using the standard procedure.

The plots in Figure 2 and results presented in Table 1
demonstrate that the correlation between k, and myocar-
dial oxygen consumption (MVO,) is good for this patient
population. It is actually somewhat higher than that mea-
sured by Buck in canines (29), but slightly lower than the
correlation reported between k., (the parameter in the
monoexponential analysis) and MVO,, also measured in
canines by Armbrecht (27). Although this difference is not
statistically significant, it is possible that the disease state
of the subjects affected the relationship between k, and
MVO,. Unfortunately, the highly invasive nature of the
MVO, measurement makes inclusion of normal subjects in
this protocol prohibitive. Therefore, it is not possible to
determine if the state of the subjects is responsible for the
slightly reduced correlation.

Furthermore, consistency in choice of cardiac level used
for data analysis was found to be a crucial factor in obtain-
ing good correlation between k, and MVO,. Previous stud-
ies have shown that myocardial oxygen consumption in
normal subjects is not uniform along the short-axis of the
heart. Hicks has reported that values of k. in apical
slices where 8.5% lower (p < 0.05) than those in basal and
mid-basal planes (35). In our patient population, we found
that mean values of k, in the mid-basal cardiac levels were
2.9% lower (p < 0.05) than in basal and apical slices. Some
subjects, however, exhibited differences between mid-
basal and apical mean values of up to 12.2% (p < 0.05),
which may be due to changes in myocardial oxygen result-
ing from the disease state of the patients. Therefore, sam-
pling the same cardiac level throughout the datasets is
critical to producing consistent results.

From the plot in Figure 3 and the correlation coefficients
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FIGURE 3. Mean values of k, estimated using the coupled-ROI
method plotted versus the mean values of k, estimated with the
standard method standard single ROI process.
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TABLE 1
Mean Coefficient of Variation and Correlation Coefficients for Single and Coupled ROI Fitting Methods

Metabolite Mean Correlation

parameters Fitting method COV (%) ACOV (%) coefficient (R)
Unconstrained Single regions 235+ 106 — 0.771
Unconstrained Coupled regions 148+79 -37.0 0.848
Constrained Single regions 223 +10.2 — 0.797
Constrained Coupled regions 156 + 8.2 -30.0 0.821

COV = coefficient of variation.

shown in Table 1, it is clear that the coupled fitting process
has very little effect on the magnitude of estimates of k,.
The primary benefit of this method, therefore, is the vari-
ance reduction which is obtained for estimates of k,. Our
results demonstrate that, for this group of subjects, the
mean COV in k, estimates was greatly reduced (37% with
unconstrained common parameters and 30% with con-
strained parameters). This reduction results from the inclu-
sion of more data into the parameter estimation process.
Individual data points have a diminished effect on the value
of each model parameter, minimizing the variance intro-
duced in parameter estimates by ‘““noisy’” data. Increased
parameter precision can facilitate the detection of small
changes in metabolic rate constants (such as k;), thereby
allowing for the tracking of physiological processes over
time. This ability is necessary if quantitative PET is to
become effective in treatment evaluation.

Although these results demonstrate that the consolida-
tion of common parameters into the simultaneous fitting of
data from multiple ROIs reduces the effects of statistical
noise in estimates of k,, other sources of error are still
present. For example, the single-ROI fit estimate of k, at an
MVO, of 5.92 ml/min/100 g, shown in Figure 2A, has a
large COV of 44%. Application of the coupled-ROI algo-
rithm was only able to reduce this value to 28.3%. The
major portion of the remaining error is probably caused by
a large patient motion artifact detected in this dataset.
Furthermore, error introduced by physical phenomena
such as Compton scattering, partial volume effect and
count rate limitations are also unchanged by this method
and must be dealt with separately. The results obtained in
this study are particular to estimates of k, for a two-com-
partment model of 'C-acetate kinetics using metabolite
correction parameters. The amount of error reduction must
be evaluated individually for other applications. Since the
amount of variance reduction is determined to a great ex-
tent by the amount of coupling between the common pa-
rameter(s) and the parameter(s) of interest (Equation 3),
situations where this coupling is strong will benefit the
most.

In addition to obtaining more precise parameter esti-
mates, this method facilitates multi-ROI comparisons. Of-
ten it is necessary to compare the metabolic activity in one
anatomical region to another. For example, oxygen utili-
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zation rates in different myocardial regions can be com-
pared to assess tissue damage resulting from an ischemic
event. The conventional method of fitting the data from
each ROI separately will be susceptible to error induced by
variance in estimates of the common parameters. The si-
multaneous fit method utilizes only one set of common
parameters, thus eliminating this source of error and allow-
ing for more accurate comparisons.

CONCLUSION

In this work we have demonstrated that estimates of
regional myocardial oxygen consumption precision can be
increased by simultaneously fitting multiple ROIs coupled
by a set of metabolite parameters. The use of this method
can be expanded to studies which necessitate multiple in-
fusions and/or analysis of multiple image planes. It will be
especially effective in applications where the common pa-
rameter(s) are strongly coupled to the model parameter(s)
of interest. This procedure has demonstrated its usefulness
in improving quantitative measurements made with PET
and thus warrants further utilization.
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