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The tomographic utility of ®*™Tc-labeled teboroxime has been
limited because of its fast washout from the heart, which requires
rapid data acquisitions that have not been feasible until the
recent development of multidetector SPECT systems. Methods:
Using a three-detector SPECT system to acquire dynamic to-
mographic data every 10.2 sec, we investigated the potential of
modeling the kinetics of teboroxime to develop a sensitive and
quantitative measure of cardiac perfusion. Seven studies were
performed on four dogs; in three of the studies the LAD artery
was occluded. The three-dimensional activity distributions were
reconstructed and were corrected for attenuation using a trans-
mission scan. Time-activity curves from the blood and tissue
were fit to a two-compartment model with two-way exchange.
Results: Performing attenuation correction during the recon-
struction process affected the washin parameter k,, significantly
(p < 0.0001). The washin parameter k,, also decreased signif-
icantly (p < 0.002) when the LAD was occluded. Conclusions:
The results indicate that the washin of teboroxime in myocardial
tissue (k,,) measured using dynamic SPECT imaging and ki-
netic modeling is an indicator of myocardial blood fiow.

Key Words: cardiac SPECT; ®*™Tc-teboroxime; kinetic model-
ing
J Nucl Med 1994; 35:484—-495

T’:boroxime labeled with *™Tc initially generated signif-
icant interest as a possible replacement for *Tl as an agent
for detecting myocardial ischemia and infarction (,2).
Technetium-99m is more desirable than **'Tl because of its
better photon energy for gamma camera detection and
reduced radiation exposure. This, combined with the rapid
extraction and washout of teboroxime, permits the injec-
tion of ten times as much radioactivity compared to 2'Tl.
However, the rapid clearance from myocardial tissue (10-
15-min half-life) makes static SPECT imaging impractical
(3-6). Thus, over the last few years, the interest in using
teboroxime clinically has decreased until the more recent
development of multidetector SPECT systems.

The higher geometric efficiency of multidetector SPECT
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systems allows faster tomographic acquisitions making it
possible to dynamically image agents like teboroxime
which require high temporal resolution. Dynamic SPECT
and the use of kinetic modeling techniques can character-
ize the washin and washout of teboroxime in the myocar-
dial tissue. This characterization allows the three-dimen-
sional estimation of kinetic rate constants, which may
prove to be a more sensitive measure of ischemia than
visual interpretations of static images.

PET has already utilized dynamic imaging and kinetic
modeling to extract kinetic parameters of physiological
processes in organ systems (7-12). Dynamic PET has dem-
onstrated the ability to obtain regional myocardial blood
flow (13-15) and regional myocardial metabolism (16). The
development of dynamic SPECT for measuring myocardial
blood flow can draw upon much of the work done in dy-
namic PET and tracer kinetic modeling and, in particular,
the work that has been accomplished in modeling the ki-
netics of #2Rb (14,17,18). This research has shown that a
physiologically appropriate, two-compartment model can
quantify regional myocardial blood flow using 32Rb and
seems to correlate well with blood flow measured with the
microsphere technique (14, 18).

Since the development of ring and multidetector SPECT
systems, new interest has been shown in applying the
models developed in PET to study the myocardial kinetics
of teboroxime and other agents. Studies examining the
washout of teboroxime from the heart were first performed
on the SPRINT SPECT system by Stewart et al. (19). They
suggested that dynamic SPECT imaging and kinetic mod-
eling could potentially estimate myocardial blood flow.
Later, Nakajima et al. (20) were the first to use a commer-
cial three-detector SPECT system to study the washout
phase of teboroxime from the heart. No attenuation cor-
rection was performed on the data and the washout data
were fit to a bi-exponential function to measure reperfusion
after an ischemic insult. These dynamic protocols were
performed by starting the acquisition 30 sec after the injec-
tion of teboroxime, thus missing most of the washin infor-
mation. Studying the tracer ™Tc-pertechnetate, Budinger
et al. (21) were the first to demonstrate that a three-detec-
tor SPECT system could acquire tomographic data in se-
quential 5-sec acquisitions, which would allow the study of
the washin as well as the washout kinetics of teboroxime.
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Our work (22) was the first to demonstrate that a three-
detector SPECT system could be used to measure the in
vivo tomographic distribution of both the washin and
washout kinetics of *™Tc-teboroxime. Using kinetic mod-
eling techniques, we were able to estimate washin rate
constants which are expected to be more sensitive than
washout rate constants in the diagnosis of ischemia for two
reasons: (1) the compartment model used to estimate the
washin and washout parameters incorporated blood flow in
the washin parameter, and (2) estimation of the washin
parameter will be more accurate because of the higher
count rate during the washin phase of the tissue time-
activity curve (23). The dynamic tomographic protocol
presented in this paper called for imaging to begin at the
time of teboroxime injection with a tomographic temporal
resolution of 10.2 sec. Also, attenuation correction was
performed on the dynamic images using a transmission
scan to better quantitate the relative three-dimensional dis-
tribution of kinetic parameters.

The work presented in this paper applies dynamic
SPECT and kinetic modeling techniques to the evaluation
of the kinetics of teboroxime in the canine heart. The
objectives of this study were to:

1. Determine if the number of counts acquired in 10.2
sec are sufficient to study the kinetics of teboroxime
in a canine using a dynamic SPECT protocol.

2. Investigate placement of a three-dimensional region

to generate the blood input function.

Verify the utilization of a two-compartment model.

Evaluate the effects of attenuation.

. Determine the effects of reduced blood flow on the

kinetics of teboroxime.

oW

Our work draws extensively upon the development of
dynamic imaging in PET and is a first step towards devel-
oping a new and quantitative measure of myocardial per-
fusion using dynamic SPECT.

MATERIALS AND METHODS
Animal Preparation

Closed- and opened-chest preparations were used on four ca-
nine models. One closed-chest study was used initially to deter-
mine if dynamic SPECT was technically feasible due to the antic-
ipated low number of detected counts for the temporal resolution
needed to observe teboroxime kinetics. In the opened-chest stud-
ies, an ischemic model was created to determine if any of the
estimated kinetic parameters were able to differentiate normal and
ischemic regions. Two studies were performed on each opened-
chest dog: a nonoccluded study and an occluded study.

Closed-chest Preparation. One female mongrel dog (21 kg) was
anesthetized with sodium pentobarbital (25 mg/kg) and allowed to
breath unassisted. An intravenous drip was placed in an antecu-
bital vein in the foreleg and a catheter was placed in the left
femoral artery to measure blood pressure. Blood pressure, ECG
and temperature were monitored throughout the study.

Opened-chest Preparation. Three mongrel dogs (2 males, 1
female, 20-36 kg) initially sedated with 5 mg/kg of telazol (MWI
Veterinary Supplies, Nampa, ID) were given 4 cc of a muscle
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relaxant (Pancuronium Bromide, Astra Pharmaceutical Products,
Inc., Westborough, MA) and were placed on a ventilator breath-
ing O, and halothane (1%-10%). The chest was opened at the
fourth left intercostal space. The heart was suspended in a peri-
cardial cradle and 10-15 mm of the left anterior descending (LAD)
coronary artery was dissected after the first or second diagonal
branch. A vascular occluder (In Vivo Metrics, Healdsburg, CA)
was placed on the LAD either between the first and second
diagonal branch or after the second diagonal branch, and an elec-
tromagnetic flow probe (Micron Medical Inc., Los Angeles, CA)
was placed proximal to the occluder. Any arterial branches be-
tween the flow probe and occluder were tied off. The flow probe
was secured in place by suturing the leads to the myocardium. An
intravenous drip was placed in an antecubital vein in the foreleg
and a catheter was placed in the left femoral artery to measure
blood pressure. The lungs were tucked below the heart, the peri-
cardial cradle was left intact and the chest wall was closed. Blood
pressure, ECG and temperature were monitored throughout the

study.

Data Acquisition

A three-detector SPECT scanner (Prism 3000, Picker Interna-
tional, Bedford Heights, OH) was used to perform the scanning.
Each canine’s thoracic cavity was secured on the head-holder of
the patient bed with the heart in the center of the field of view. The
dog with the closed-chest preparation was in the supine position
and the dogs with the opened-chest preparation were placed in the
right lateral decubitus position. A transmission scan was per-
formed on each canine for 10 min, acquiring 60 projection angles
(10 sec/angle) by using a line source placed at the focal line
opposite a fanbeam collimator of 50 cm focal length. The line
source contained approximately 20 mCi of *™Tc. The transmis-
sion scan was then used to correct the emission images for non-
uniform attenuation (see Data Analysis for more details).

The dynamic SPECT imaging was performed using a circular
orbit with continuous rotation, high-resolution fan-beam collima-
tors (50 cm focal length) and an energy window of 15% centered
at 140 keV. A complete tomographic data set was collected every
10.2 sec and was binned into sixty 64 X 64 projections; therefore,
each projection consisted of data collected as the detector rotated
6 degrees. For the purpose of this paper, a tomographic dataset is
a full set of 60 projections acquired every 10.2 sec.

The tomographic dataset acquired during the first 10.2 sec was
used to determine background activity. At the start of the second
tomographic data acquisition (10.2 sec after the start of initial data
acquisition), teboroxime with a net activity ranging between 6.63
and 11.76 mCi was given as a bolus injection through an antecu-
bital vein. In the opened-chest dogs, a second study was per-
formed 45 min after the first injection using net activity ranging
between 16.5 and 21.41 mCi of teboroxime after completely oc-
cluding the LAD. More activity was given in the occluded study
to minimize the effect of residual activity left over from the pre-
vious study.

Residual activity from the first scan was determined from the
first tomographic data set and subtracted from the following to-
mographic data sets. The residual activity was assumed to be
constant throughout the study based on data collected in previous
studies (19,20) and our own data which showed that the residual
activity’s half-life (27-73 min) was long enough to make this as-
sumption valid. The dogs were not moved between the scans. The
total number of studies performed on the four canine models (one
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closed-chest, three opened-chest) was seven (four baseline and
three occluded).

Each tomographic data set was reconstructed to form one
three-dimensional image. The closed-chest dog was imaged for
30.6 min for a total of 180 tomographic data sets (46 megabytes of
projection data). When 15.3 min of data were fit as compared to
30.6 min, the parameter k,, changed less than 4% whereas the
parameter k;; changed less than 2%. Therefore, the opened-chest
dogs were scanned for only 15.3 min for a total of 90 tomographic
data sets (23 megabytes of projection data).

Data Analysis

The dynamic tomographic data sets were reconstructed into 34
transaxial 64 X 64 matrices using the iterative expectation-maxi-
mization (EM) algorithm (24,25). An iterative algorithm was cho-
sen to correct for nonuniform attenuation in all studies by using
the reconstructed transmission image (26,27). The nonoccluded
studies were reconstructed both with and without attenuation
correction. When attenuation correction was desired, the transmis-
sion image was used to weight the projector/backprojector operator
when reconstructing the images. Twenty-five iterations of the EM
algorithm were used to reconstruct each transaxial slice since no
significant difference occurred in the estimated parameters when
more than 25 were used. The voxel dimensions were 0.712 cm in the
X, y and z directions. The spatial resolution of the attenuation-
corrected images (determined from an experimental phantom)
ranged from 1.54 cm FWHM in the image’s horizontal direction and
1.53 cm FWHM in the column direction at the base of the heart to
1.38 cm FWHM in the row direction and 1.70 cm in the image’s
vertical direction at the apex of the heart. The three-dimensional
images were reformatted to obtain short-axis slices of the heart.
Filtering, corrections for scatter, corrections for nonuniform reso-
lution and corrections for partial volume effects were not performed.

All but the first six reconstructed dynamic images were
summed together to create a composite image used to identify
region of interest (ROI) placement and occluded regions. The first
six images were not included in the composite image as these
images contained emissions from the bolus as it traveled through
the heart. Each short-axis slice was stored as a dynamic file. Each
file consisted of the composite image first, followed by the 90
dynamic images.

Placement of ROIs. Tissue and blood ROIs were drawn on the
composite short-axis slices. The ROIs were sampled over time
using the dynamic SPECT images to generate time-activity
curves. Four tissue ROIs were drawn on the left ventricle for a
single short-axis slice. The blood ROIs were drawn inside the left
ventricular cavity and left atrium, 0.712 cm from the myocardium.
The size of the blood ROIs ranged from 0.64 cm” to 1.44 cm® on
a single slice, while the size of the tissue ROIs ranged from 0.86
cm® to 4.7 cm®. A three-dimensional ROI was obtained by adding
multiple two-dimensional regions. Background activity (deter-
mined from the first 10.2-sec tomographic data set) was subtracted
from all curves and these curves were corrected for the physical
decay of ®™Tc. Five short-axis slices from each study (both
occluded and nonoccluded) were analyzed, for a total of 140 tissue
ROIs.

Compartment Model Parameters. The time-activity curves
were fit using a program which estimates parameters based on
kinetic data (28,29). Each data point from the blood and tissue
curves represented an accumulation of counts from radioactive
emissions over the acquisition time of 10.2 sec. The tissue time-
activity curve was fit to:

486

ka; .
Blood Extravascular
B(t) P E— C@®
k2

FIGURE 1. Two-compartment model used to fit the dynamic data
acquired from imaging teboroxime in the heart. This model assumes
first-order kinetics.

A=01-1£) Ct) dt + £,

(t-At)

B()dt, Egq.1
(t—At)

where A(t) represents the model of the measured myocardial
tissue activity acquired between the time t — At and t; £, repre-
sents the vascular fraction of blood in the tissue as well as spill-
over blood activity into the tissue ROI from the heart chambers
due to partial volume and cardiac motion; At is the acquisition
time of the tomographic dataset; B(t) represents the measured
activity in the blood compartment at time t; C(t) represents the
activity in the extravascular compartment at time t; and (1 - £,)
represents the fraction of activity emitted from the extravascular
compartment. The activity B(t) from the blood compartment was
measured using ROIs drawn inside the left intraventricular cavity
and left atrium. The activity C(t) from the extravascular compart-
ment is given by the first-order ordinary differential equation:

dC(t)

—— = ky;B(t) — ky,C(t),

dt Eq.2

which describes the kinetic exchange for the compartment model
shown in Figure 1. The parameters k,, and k,, are the washin and
washout rate constants of teboroxime, respectively, and their
units are in ml/min/ml of extravascular compartment. The two-
compartment model shown in Figure 1 makes the following four
assumptions: (1) the time-activity curve of the blood compartment
can be measured independently of the extravascular compartment
of the myocardial tissue; (2) all myocardial tissue regions ex-
changed with the same blood time-activity curve; (3) the distribu-
tion of the tracer was homogeneous throughout the ROI; and (4)
the tissue ROI contained only regions from the blood and ex-
travascular compartments and no regions from outside the heart
in the thoracic cavity.

The parameters k,;, k;, and f, were estimated in the program
by minimizing the Chi-square:

(A(ty) — D(ty))*
P
k

. Eq.3

k

where D(t,) are the measured data points from the tissue time-
activity curve generated from the reconstructed images. Both the
tissue and blood data points were assigned errors, o, which
corresponded to the square root of the mean counts obtained from
the ROI. The program also estimated the errors of the estimated
parameters and calculated a correlation matrix. If the errors from
the reconstructed image were used to weight the data points, then
the errors would correspond to one standard deviation of the
mean. However, obtaining errors from images reconstructed us-
ing iterative techniques is extremely difficult. Therefore, the error
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bars given by the fitting program were scaled by the factor Chi-
square/degrees of freedom, which makes the assumption that the
correct model is being used and therefore the Chi-square value of
the fit should be approximately equal to the number of degrees of
freedom. The distribution volume for each region fit was also cal-
culated by dividing the parameter k,, by k;,. The fits were consid-
ered acceptable by using previously established criteria (30,31 ).

Effects of Attenuation. In the four nonoccluded studies, the
images were reconstructed with the EM algorithm (25 iterations)
both with and without attenuation correction. The exact same
blood and tissue ROIs were drawn on both the attenuation-cor-
rected and uncorrected sets of reconstructions. The effects of
attenuation on the kinetic parameters were determined by com-
paring parameters estimated from attenuation-corrected recon-
structions to parameters estimated from uncorrected reconstruc-
tions. All three parameters (f,, k,, and k,,) were compared by
performing a paired two-sample t-test for means, with alpha =
0.05. Differences were considered significant if p < 0.05.

To further investigate the effects that attenuation correction
had on the dynamic reconstructions, the estimated parameters
from the region drawn on the corrected reconstructions were
compared to the corresponding region drawn on the uncorrected
reconstructions by computing their fractional difference (diffy):

Pyc—P
ai, - P =P

.4
| Eq

where P is the estimated parameter from the uncorrected dy-
namic reconstructions and P, is the estimated parameter from the
attenuation-corrected reconstructions.

To determine if the relative attenuation difference between the
blood region and a tissue region was causing the difference in the
fitted parameters calculated by Equation 4, a measure of the
relative attenuation difference was derived. A ratio R,, was calcu-
lated between attenuation-corrected blood (B.) and uncorrected
blood (B,.) curves using the equation:

T

I B(t) dt

R
I B,d(t) dt
0

where T is the total length of the scan (15.3 min). Similarly, a ratio
R, was formed between attenuation-corrected tissue (T.) and un-
corrected tissue (T,.) curves:

T

I Te(t) dt

0
Rt=T———,

J Tuc(t) dt

0

Eq. 6

The measure of the relative attenuation difference between the
blood and a tissue region (Dgy_g,) Was derived by taking the
fractional difference of R, and R:

Ry = R
Dro-re = R
t

Eq.7
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If Dgy,_g, Was zero, then the blood and tissue were attenuated
equally. If Dg,_g, Was negative, then the tissue was attenuated
more than the blood and vice versa if Dg,_g, Was positive.

The fractional difference diffp for all the parameters (f,, k,, and
k,,) from all the nonoccluded studies was plotted as a function of
Dgy,— g, and a linear regression was performed. A high correlation
between diff, and Dg,,_g, indicates that the change in the esti-
mated parameters from attenuation-corrected reconstructions
was caused, in part, by the relative attenuation difference between
the blood region and the tissue region.

Effects of Occlusion. Finally, the effects of completely occlud-
ing the LAD on the estimated parameters were determined. The
tissue regions from the baseline scan in the opened-chest studies
were paired off with the corresponding region in the occluded
scan. The pairs were then classified as either a nonoccluded pair
or an occluded pair by viewing the composite image and deter-
mining if the region in question was affected completely or par-
tially by the LAD occlusion. A separate paired two-sample t-test
for means (a = 0.05) was performed on the nonoccluded pairs and
the occluded pairs. Differences were considered significant if p <
0.05. Since the opened-chest canines were not moved between
scans and the exact same ROIs were drawn for both the baseline
and the occluded study, the assumption was made that the size of
the heart convolved with the point response of the system, place-
ment of the heart in the scanner, and cardiac motion would affect
both studies in the same manner. This assumption allowed a
comparison to be made between studies performed on the same
canine; however, comparisons of the estimated parameters could
not be made between studies performed on different canines.

RESULTS

Data Acquisition

Table 1 shows the data acquisition statistics for all dog
studies performed. The %RMS error is in parentheses
where appropriate and was calculated by dividing the stan-
dard deviation by the mean. Both statistics were calculated
using the voxels contained within the drawn ROI. The
transmission counts were obtained by summing all the
projection data acquired during the transmission scan. To
determine the %RMS error for the transmission recon-
struction, an ROI was sampled containing the heart. The
peak 10.2-sec acquisition counts from the emission studies
were determined by summing each dynamic tomographic
dataset and choosing the one with the maximum total
counts for a 10.2-sec acquisition. The maximum total
counts were usually acquired between 10.2 and 20.4 sec
after the injection of teboroxime. The total counts acquired
over 15.3 min were determined by summing together all the
dynamic tomographic data sets that were taken in the first
15.3 min. The statistics for the blood time-activity curves
were obtained from selected three-dimensional regions,
which were the same regions used when fitting the com-
partment model to the data. The blood regions included the
base of the left ventricle and the left atrium. The tissue
time-activity curves were generated from an entire short-
axis slice of the left ventricle. The short-axis slice (closer to
base than apex) clearly showed the right ventricle. Approx-
imately the same anatomical location was used from each
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TABLE 1
Data Acquisition Statistics for all Studies*

Animal Number
P 2464 P 3154 P 3180 P 3231
Closed-chest Unoccluded Occluded Unoccluded Occluded Unoccduded  Occluded

Transmission counts 53,921,074 (8.2%) 11,196,064 (13.30%) 26,611,592 (9.80%) 38,365,194 (9.10%)

Net activity administered (mCi/kg) 0.526 0.25 0.623 0.327 0.594 0.523 1.07
Peak 10.2-sec acquisition cts 605,872 391,781 846,933 456,555 873,618 619,135 1,080,160
Total counts acquired over 15 min 41,499,591 19,497,826 53,205917 18,539,834 44,794,170 29417,286 78,511,604
Max blood act (cts/cm?/10.2 sec)t  1044.4 (10.5%) 842.5 (11.2%) 1576 (10.3%) 1188.0 (8.1%) 1793.8 (7.6%) 1363.4 (7.7%) 2045.3 (2.1%)
Max tissue act (cts/cm®/10.2 sec)t  614.2 (22.0%) 196.9 (30.8%) 569.6 (21.2%) 251.5 (22.4%) 479.5 (20.2%) 298.6 (15.2%) 551.3 (20.1%)

*%RMS error in parentheses and calculated using voxel dimensions.
TActivity curves generated from attenuation-corrected reconstructions.

study to obtain the maximum tissue activity shown in Ta-
ble 1.

In Table 1, the opened-chest studies’ maximum values
for the blood and myocardial tissue time-activity curves
correlated with the net activity administered. The %RMS
error showed some correlation to net activity adminis-
tered. Although the closed-chest study (P2464) showed
similar maximum blood activity relative to net activity
administered, it demonstrated significantly higher maxi-
mum tissue uptake.

For the first studies (baseline) performed on each canine,
background counts were 0 in the reconstructed heart re-
gions. For the second studies (occluded) performed on
each canine, background counts (due to the residual activ-
ity from the first scan) in the myocardium ranged from
11.4% to 15.3% of the peak counts in the tissue time-
activity curve, whereas background counts in the blood
ranged from 1.78% to 2.76%.

The composite reconstruction from the closed-chest
study (P2464), formed by summing the last 29 min of dy-
namic data, is shown in Figure 2 with a two-dimensional
blood region and the myocardial tissue ROIs labeled as 13,
14, 15 and 16. Also, the first 16 unfiltered dynamic recon-
structions of one short-axis slice are shown. Each image
represents 10.2 sec of acquisition time and the images
spanned a time from 0 to 163.2 sec, with 0 being the
injection time of teboroxime. Image 1 shows the bolus as it
passed through the right side of the heart and the lungs.
The following images show decreasing activity in the lungs
and increasing activity in the left ventricle and liver as the
bolus progressed.

Optimal Placement of ROIs

The blood ROIs were defined by analyzing the first three
dynamic images and outlining the bolus of teboroxime as it
passed through the left side of the heart. In each dog study,
blood ROIs were averaged from four or five separate short-
axis slices, creating a three-dimensional blood ROI ranging
in size from 5.8 to 7.2 cm®. Blood time-activity curves were
generated from the dynamic reconstructions by observing
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FIGURE 2. Ten-second dynamic SPECT images from the
closed-chest study (P2464). This is a short-axis slice of the heart
observed over time. The first three images show the bolus progress-
ing through heart chambers and lungs, while subsequent images
show myocardial tissue and liver after most of the teboroxime has
been extracted from the blood. Image 1 was acquired from 0 to 10.2
sec, with time 0 being the time teboroxime was injected. Image 16
was acquired from 153 to 163.2 sec. Composite images of the same
slice are shown at top with blood and tissue ROIs and with a
schematic showing how the heart was sliced and the regions la-
beled. Regions 4, 8, 12, 16 and 20 are the septal wall regions and
cannot be seen on the schematic. These regions are the same as
those listed in Tables 2 and 3. RV = right ventricle.
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FIGURE 3. Comparison of time-activity curves generated from a
three-dimensional ROI drawn in the base of the left ventricle and
atrium (@) to a three-dimensional ROI drawn in apical left ventricle
(D). The base ROI was 7.22 cm® and the apical ROl was 6.5 cm®.

the same ROI over time. The %RMS error for the maxi-
mum ROI activity is shown in Table 1.

Figure 3 shows the comparison of a blood time-activity
curve generated from regions located near the base of the
heart and a blood time-activity curve generated from a
region located near the apex. The region near the base
included the top of the left ventricle and left atrium. Note
the higher peak and lower tail points in the base region,
which indicate less extravascular contamination in the base
as compared to the apical region.

When the myocardial tissue ROIs were drawn as shown
in Figure 2, care was taken to stay at least one voxel away
from the epicardial edge and the endocardial edge of the
myocardium to avoid problems caused by cardiac motion
between systole and diastole. The ROI boundaries were
drawn on the blurred area of the myocardium, and the ROI
was sampled inside of this boundary. The heart motion
caused the epicardial and endocardial edges to be blurred.
Keeping the tissue ROI away from the endocardial edge
was not as critical as keeping it away from the epicardial
edge, as the parameter f, (volume fraction of blood activity
in the extravascular compartment) modeled the blood ac-
tivity in the intraventricular cavity included in the tissue
ROL. This result was determined using computer simula-
tions (23), whereby the parameter £, increased when ex-
travascular activity was averaged with blood activity,
while k,, and k,, remained relatively constant.

Estimated Parameters

Figure 4 shows a myocardial tissue curve and fit from
region 15 in the closed-chest study (Fig. 2). The estimated
parameters were: f, = 0.388 + 0.017, k,, = 1.75 + 0.051
min~! and k;, = 0.848 + 0.025 min~". The fitted curve is
not smooth because an unfiltered blood curve generated
from the reconstructions was used when fitting the data to
the compartment model.

Dynamic Cardiac SPECT ¢ Smith et al.

Tables 2 and 3 show the estimated parameters with their
respective %RMS errors and the distribution volume (cal-
culated by dividing k,, by k;,) for each canine study. The
regions are the same regions as those shown in the sche-
matic in Figure 2. The parameters were estimated from the
attenuation-corrected reconstructions in Table 2. All fits
converged in 10 iterations or less and were independent of
the initial starting values. The average correlations be-
tween the various parameters for all studies and fits were:
—0.240 (s.d. = 0.076) for k,, to f,, 0.225 (s.d. = 0.239) for
k,, to f, and 0.813 (s.d. = 0.076) for k,, to k.

In Table 3, the parameters k,, and k,, in the closed-chest
study were consistently larger as compared to the same
parameters from any of the opened-chest studies. This
result is consistent with the data in Table 1 which showed
that for the closed-chest study, teboroxime had a higher
maximum myocardial tissue uptake relative to the maxi-
mum blood activity than any of the opened-chest studies.
The average value for the distribution volume was 2.36
(s.d. = 0.54 and n = 140), indicating that teboroxime is
either bound or nonpermanently trapped in the myocardial
tissue.

Effects of Attenuation

Table 3 shows the parameters estimated from the atten-
uation-corrected images compared to the parameters esti-
mated from the uncorrected images from the closed-chest
study. A paired two-sample t-test for means was performed
using all the parameters from the nonoccluded studies to
determine if attenuation correction affected the fitted pa-
rameters significantly. For alpha = 0.05 and n = 80, only
the parameter k,, showed a significant change (p < 0.0001,
with a 95% confidence interval of —0.422 < pu, — p, <
0.030).
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FIGURE 4. A myocardial tissue curve (®) and fit (—) to the two-

model shown in Figure 1 for the closed-chest study.
Region 15 in Figure 2 was used to generate the tissue activity curve,
and its size was 0.93 cm®. The estimated parameters were: f, =
0.388 + 0.017, kyy = 1.75 + 0.051 min~" and k,, = 0.848 + 0.025
min~".
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TABLE 2
Estimated Parameters and Distribution Volume (D.V.) from Attenuation-Corrected Images from Opened-chest Studies*

P3154 opened-chest study
Baseline study Occluded study
Region f, kzq (1/min) ky2 (1/min) D.V. f, kay (1/min) Ki2 (1/min) D.V.
1 0.166 (52.6) 0.590 (19.9) 0.229 (24.3) 258 0.195 (43.3) 0.464 (18.4) 0.195 (26.8) 238
2 0.177 (55.2) 0.439 (23.8) 0.206 (30.6) 213 0.121 (47.9) 0.348 (16.4) 0.195 (23.8) 1.78

3" 0.144 (57.6) 0.380 (23.8) 0.216 (30.5) 1.76 0.150 (34.0) 0.326 (13.8) 0.180 (20.9) 1381
47 0.177 (52.2) 0.422 (24.2) 0.229 (30.3) 1.85 0.390 (47.9) 0.200 (75.0) 0.195 (106.2) 1402

5 0.207 (64.6) 0.652 (28.1) 0.236 (33.2) 2.76 0.230 (47.5) 0.405 (23.2) 0.154 (38.6) 264
6 0.184 (62.1) 0.482 (27.8) 0.236 (34.1) 2.04 0.161 (55.1) 0.367 (22.5) 0.190 (33.1) 193
7 0.158 (46.5) 0.388 (20.4) 0.223 (25.9) 1.74 0.303 (21.6) 0.284 (18.1) 0.174 (28.3) 1763
8 0.259 (54.9) 0.474 (30.1) 0.198 (39.1) 240 0.256 (32.0) 0.369 (19.0) 0.179 (29.1) 2.07
9 0.267 (35.8) 0.760 (18.8) 0.255 (21.0) 298 0.348 (20.2) 0.495 (13.5) 0.163 (21.2) 3.03
10 0.206 (42.6) 0.547 (20.8) 0.257 (24.9) 2.13 0.170 (41.5) 0.403 (17.4) 0.210 (24.4) 1.92
1 0.157 (61.8) 0.435 (25.2) 0.225 (31.7) 1.94 0.232 (40.7) 0.347 (22.6) 0.174 (35.1) 2.00
12 0.389 (42.8) 0.599 (33.3) 0.209 (40.1) 287 0.481 (24.6) 0.493 (24.9) 0.187 (36.8) 264
13 0.441 (25.6) 0.856 (22.7) 0.272 (23.0) 3.14 0.495 (16.6) 0.657 (15.9) 0.195 (21.1) 3.37
14 0.309 (31.2) 0.598 (20.8) 0.253 (24.5) 2.36 0.300 (23.8) 0.483 (15.1) 0.217 (21.0) 223
15 0.201 (50.1) 0.467 (23.9) 0.224 (29.7) 2,08 0.177 (34.3) 0.401 (14.4) 0.197 (20.8) 2.04
16 0.376 (35.2) 0.683 (27.9) 0.273 (31.5) 250 0510(17.2) 0.586 (18.0) 0.203 (24.6) 2.89
17 0.606 (42.4) 1.109 (60.8) 0.295 (48.9) 377 0.700 (30.7) 0.944 (56.5) 0.198 (57.4) 4.77
18 0.385 (46.9) 0.642 (39.7) 0.295 (44.7) 2.18 0.534 (39.6) 0.588 (51.9) 0.289 (67.8) 2.03
19 0.222 (52.0) 0.481 (27.7) 0.252 (33.2) 1.91 0.201 (38.2) 0.360 (19.3) 0.194 (28.3) 1.85
20 0.499 (30.3) 0.691 (34.9) 0.308 (37.3) 224 0.563 (14.3) 0.601 (17.5) 0.210 (23.8) 287
P3180 opened-chest study

Baseline study Occluded study
Region 1, k24 (1/min) ky2 (1/min) D.V. f, ka4 (1/min) k42 (1/min) D.V.
1 0.375 (21.4) 0.996 (17.7) 0.383 (17.7) 2,60 0.454 (20.5) 0.999 (21.2) 0.474 (20.9) 2.1
2t 0.178 (31.4) 0.807 (13.9) 0.374 (14.6) 2.16 0.278 (42.3) 0.732 (28.7) 0.460 (30.2) 1.59
3t 0.258 (32.7) 0.698 (20.9) 0.355 (22.5) 1.97 0.481 (20.8) 0.057 (203.7) 0.247 (202.5) 023
4 0.303 (41.5) 0.901 (26.3) 0.348 (26.5) 259 0.458 (28.5) 0.661 (31.0) 0.369 (32.4) 1.79
5 0.300 (23.9) 0.853 (15.6) 0.349 (16.1) 244 0.322 (27.6) 0.924 (18.6) 0.418 (18.6) 221
6’ 0.195 (27.0) 0.828 (12.6) 0.379 (13.2) 218 0.272 (25.2) 0.844 (15.6) 0.449 (16.2) 1.88
7 0.181 (39.9) 0.720 (18.5) 0.363 (19.8) 1.98 0.332 (27.9) 0.319 (40.6) 0.452 (40.9) 0.7
8 0.349 (37.6) 0.969 (27.0) 0.349 (26.6) 277 0.447 (41.3) 1.021 (37.8) 0.398 (34.8) 256
9 0.443 (51.1) 1.099 (47.8) 0.382 (44.0) 288 0.306 (42.8) 1.031 (27.2) 0.432 (27.9) 239
10 0.269 (60.5) 0.896 (34.0) 0.396 (34.3) 2.26 0.206 (39.8) 0.943 (18.1) 0.444 (18.6) 212
11t 0.226 (41.6) 0.787 (22.1) 0.363 (23.4) 217 0.411 (22.8) 0.582 (25.3) 0.433 (26.5) 1.34
12 0.379 (38.0) 0.943 (31.7) 0.389 (32.0) 242 0.436 (29.4) 0.912 (26.8) 0.386 (26.1) 2.36
13 0.448 (28.9) 1.035 (28.0) 0.376 (26.5) 275 0.478 (32.0) 1.125 (32.3) 0.404 (29.6) 2.79
14 0.234 (63.5) 0.796 (31.8) 0.394 (32.8) 2.02 0.272 (34.4) 0.935 (20.5) 0.466 (20.9) 2.01
15 0.212 (48.9) 0.770 (24.4) 0.374 (25.6) 2,06 0.376 (33.9) 0.807 (27.4) 0.405 (27.6) 1.99
16 0.426 (28.5) 1.061 (26.4) 0.402 (25.4) 264 0.487 (25.6) 1.159 (26.6) 0.426 (23.9) 272
17 0.473 (30.9) 0.905 (32.5) 0.347 (32.1) 261 0.490 (29.8) 0.997 (31.3) 0.383 (29.0) 260
18 0.192 (64.8) 0.740 (29.9) 0.400 (31.2) 1.85 0.233 (40.5) 0.809 (22.3) 0.443 (23.9) 1.83
19 0.237 (50.1) 0.799 (28.6) 0.400 (30.1) 2.00 0.386 (36.9) 0.889 (29.5) 0.389 (29.2) 228
20 0.408 (33.8) 0.956 (31.6) 0.434 (31.7) 220 0.545 (71.1) 1.292 (87.6) 0.512 (77.6) 252

*%RMS errors in parentheses.

TRegions at least partially affected (by examining composite image) by occlusion of the LAD in the occluded study.

The fractional difference diffp (calculated using Equation
4) for all three parameters is plotted as a function of Dgy, _g,
(calculated using Equation 7) in Figure 5 for the nonoc-
cluded study (P3180). When the linear correlation coeffi-
cient (r) was calculated for all nonoccluded studies (n = 4)
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and all parameters, r ranged from 0.468 to 0.857 for diff,,,
0.864 t0 0.974 for diff,,, and 0.161 to 0.650 for diff,,. Thus,
the relative attenuation difference between the blood and
the tissue regions demonstrated a high correlation to the
estimated parameter k,;. Also note in Figure 5 that the
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TABLE 2A
Estimated Parameters and Distribution Volume (D.V.) from Attenuation-Corrected Images from Opened-chest Studies*

P3231 opened-chest study

1 0.328 (50.8) 0.744 (34.0) 0.260 (40.4) 2.86 0.402 (39.4) 0.713 (31.4) 0.245 (34.1) 291

2 0.196 (34.2) 0.597 (16.6) 0.258 (20.8) 232 0.240 (44.4) 0.632 (22.3) 0.261 (25.4) 242

3t 0.240 (38.2) 0.609 (22.8) 0.293 (27.5) 2.08 0.401 (38.4) 0.389 (35.1) 0.195 (45.1) 2.00
4" 0.193 (22.9) 0.697 (10.8) 0.288 (13.0) 242 0.315 (26.3) 0.247 (22.1) 0.135 (35.1) 1.84
5 0.374 (28.9) 0.741 (23.0) 0.252 (27.3) 293 0.458 (18.9) 0.758 (18.2) 0.250 (19.2) 3.03
6 0.281 (33.8) 0.671 (20.8) 0.250 (25.5) 268 0.277 (32.9) 0.728 (18.8) 0.272 (20.9) 2.68
4 0.281 (35.0) 0.602 (23.9) 0.271 (29.4) 222 0.422 (25.0) 0.504 (23.6) 0.221 (28.1) 228
8t 0.368 (48.9) 0.785 (37.1) 0.249 (43.1) 3.15 0.417 (26.3) 0.552 (23.0) 0.203 (27.4) 272
9 0.464 (23.8) 0.823 (24.1) 0.249 (26.8) 3.30 0512 (23.9) 0.875 (26.2) 0.246 (26.0) 3.56
10 0.306 (46.8) 0.639 (31.1) 0.257 (38.0) 249 0.342 (19.7) 0.742 (14.2) 0.284 (15.5) 261
1 0.278 (33.9) 0.649 (22.0) 0.281 (26.5) 2.31 0.401 (15.8) 0.708 (13.4) 0.263 (14.5) 2,69
12 0.370 (46.9) 0.703 (37.0) 0.247 (44.5) 285 0.434 (21.4) 0.652 (19.7) 0.234 (22.2) 279
13 0.520 (23.8) 0.801 (28.2) 0.237 (31.5) 3.38 0.559 (19.4) 0.829 (24.9) 0.258 (24.6) 321
14 0.428 (55.4) 0.699 (50.2) 0.274 (57.8) 255 0.447 (25.3) 0.756 (24.5) 0.290 (26.1) 261
15 0.354 (17.3) 0.665 (14.1) 0.267 (16.8) 249 0.433 (21.2) 0.699 (19.4) 0.260 (20.8) 269
16 0.377 (50.2) 0.701 (40.5) 0.260 (47.6) 269 0.396 (34.5) 0.722 (29.7) 0.284 (32.9) 254
17 0.593 (15.2) 0.703 (23.1) 0.227 (27.3) 3.10 0.622 (16.9) 0.775 (27.5) 0.280 (28.1) 2.77
18 0.402 (44.6) 0.485 (45.2) 0.245 (59.6) 1.98 0.431 (24.2) 0.568 (27.2) 0.314 (30.8) 1.81
19 0.400 (28.7) 0.549 (27.2) 0.241 (34.6) 227 0.360 (24.4) 0.605 (20.2) 0.289 (22.9) 2.10
20 0.535 (22.7) 0.738 (29.6) 0.270 (33.8) 274 0.532 (21.5) 0.777 (26.6) 0.289 (27.8) 2.69

*%RMS errors in parentheses.
TRegions at least partially affected (by examining composite image) by occlusion of the LAD in the occluded study.

slope of the linear regression lines for diff;, and diffy,, is the amplitude of the blood and myocardial tissue curves
greater than 1.0. This relationship has been verified using are affected by attenuation correction, and not the shape.
computer simulations (23). This assumption is made in Equations 5 and 6 when calcu-

The above analysis is based on the assumption that only lating the R, and R, ratios. If the shape of the curves

TABLE 3
Comparison of Estimated Parameters (Closed-Chest Study) from Attenuation-Corrected and Uncorrected images*
P2464 closed-chest study
Attenuation Corrected Uncorrected
Region f, kay (1/min) Ky2 (1/min) D.V. f, kay (1/min) Ky2 (1/min) D.V.
1 0.263 (82.3) 1.975 (36.7) 0.939 (38.3) 210 0.087 (137.1) 1.906 (21.7) 0.945 (23.3) 2.02
2 0.389 (62.6) 2.643 (39.5) 1.075 (38.8) 246 0.237 (77.9) 2.656 (27.6) 1.100 (28.5) 241
3 0.420 (58.7) 2.061 (41.6) 0.969 (40.6) 213 0.330 (54.2) 2.700 (26.2) 1.061 (25.3) 255
4 0.222 (61.4) 1.735 (25.3) 0.868 (26.7) 2,00 0.247 (46.4) 2,057 (18.9) 0.859 (19.1) 2.39
5 0.371 (71.5) 2.219 (45.0) 0.984 (45.5) 225 0.177 (77.4) 2.060 (24.4) 0.996 (25.8) 207
6 0.399 (85.7) 2.667 (53.1) 1.027 (47.3) 2.60 0.259 (78.4) 2.599 (29.9) 1.026 (28.9) 2.53
7 0.482 (53.4) 1.993 (46.6) 0912 (44.4) 219 0.422 (50.0) 2.736 (33.9) 0.996 (29.7) 2.75
8 0.306 (58.6) 1.729 (32.4) 0.822 (33.9) 2.10 0.330 (45.1) 2.156 (23.6) 0.849 (23.1) 254
9 0.465 (57.3) 2.062 (46.2) 0.841 (40.8) 245 0.244 (62.9) 1.933 (25.5) 0.912 (25.9) 212
10 0.428 (54.4) 2.763 (38.7) 1.112(36.0) 248 0.339 (45.1) 2.734 (24.1) 1.126 (23.1) 243
1 0.437 (48.1) 1.968 (37.9) 0.924 (38.1) 213 0.424 (44.3) 2.754 (30.3) 1.032 (28.0) 267
12 0.353 (39.4) 1.545 (25.3) 0.727 (25.9) 212 0.338 (33.6) 1.877 (18.7) 0.754 (18.4) 249
13 0.509 (39.2) 2.365 (37.2) 0.952 (34.9) 2.48 0.321 (37.5) 2.260 (20.9) 1.033 (21.6) 2.19
14 0.529 (48.3) 2.601 (47.6) 1.040 (45.3) 2.50 0.480 (36.8) 2.580 (31.0) 1.043 (29.3) 247
15 0.561 (39.3) 2.444 (44.4) 1.057 (41.8) 231 0.523 (34.6) 3.134 (32.8) 1.143 (28.2) 274
16 0.388 (60.0) 1.754 (40.3) 0.848 (41.2) 207 0.445 (49.7) 2535 (34.3) 0.922 (30.0) 275
17 0.534 (50.4) 1.941 (51.0) 0.914 (48.8) 212 0.383 (46.3) 2.008 (30.8) 0.998 (31.2) 2.01
18 0.708 (39.7) 3.074 (72.8) 1.065 (57.0) 2.89 0.650 (30.2) 2.854 (43.9) 1.090 (36.5) 2.62
19 0.437 (50.2) 2.034 (43.3) 1.066 (45.4) 1.91 0.561 (41.8) 3.390 (43.6) 1.163 (36.8) 291
20 0.428 (56.1) 1.753 (41.7) 0.935 (42.0) 1.87 0.460 (47.6) 2.688 (34.2) 1.027 (28.6) 2.62

*%RMS errors in parentheses.
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diffyo4: y=-0.126+1.68x r=0.974

diffyy2: y=-0.088+0.102x r=0.650
L]

1.0 A

0.8 4

0.6 4

3 oa 9 u difty,
° 04 :ggo o diffya,

’ ® ., x diffyy2

o o
0.2 4 8
0o -
0.0 8° .
88 e, xX XN E XX x

0.2 0.3 0.4

ORb-Rt

FIGURE 5. Regional variation of fractional difference of parame-
ters diff, (Equation 4) between uncorrected images and attenuation-
corrected images from canine study P3180, plotted as a function of
Dry,_rt (Equation 7), which is a measure of relative attenuation
differences between blood and myocardial tissue regions. f Dy, _ g
= 0, then they were attenuated equally, if Dg,,_g < O, then the
tissue region was attenuated more than the blood region, and if
Dro-re > 0, then the blood region was attenuated more than the
tissue region. The linear regression with its respective correlation
coefficient is also given for each diff..

0.0 0.1 0.5

changed as well as the amplitude, then Dgy,_g, could not be
used as a measure of the relative attenuation difference
between the blood and a tissue region. When the attenua-
tion-corrected and uncorrected time-activity curves were
normalized to their respective area under the curve, very
little difference was seen in the shape of the curves.

Effects of Occlusion

Figure 6 shows the summed short-axis slices of an
opened-chest study (P3180) for both the normal and oc-
cluded study, along with the plots of k,, as a function of
slice number for each of the regions. Since the dog was not
moved between scans, the slices from the normal study
and the occluded study match exactly. The parameter k;,
decreases in regions 11, 7 and 3, which is where the occlu-
sion defect appears in the composite images.

When the regions from the baseline study were paired
off with their corresponding regions from the occluded
study and classified as either a nonoccluded pair or an
occluded pair, 48 pairs were classified as nonoccluded and
12 pairs were classified as occluded (Table 2). When a
paired two-sample t-test for means was performed on both
groups, the results showed that there was no significant
difference for k,, and k,, in the nonoccluded group. The p
value for f, was less than 0.0001 for the nonoccluded
group, but the 95% confidence interval for this difference
was —0.010 < u; — u, < 0.008 which shows that the
magnitude of the difference was so small that it is unim-
portant. For the occluded group, f, showed a significant
difference with p < 0.0001 and a 95% confidence interval of
-0.201 < p; — w, < —0.061. The parameter k,, also
showed a significant difference for the occluded group with
p < 0.002 and a 95% confidence interval of 0.045 < u; — u,
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< 0.403. The change in k,, from a baseline region to an
occluded region showed no significant difference.

DISCUSSION

The results of our study show that dynamic SPECT
imaging of teboroxime using multidetector SPECT systems
can be used to obtain kinetic parameters that are related to
coronary blood flow. Using three detectors, sufficient
counts with a temporal resolution of 10.2 sec were acquired
to model the washin as well as the washout of teboroxime
in the heart. It was found that the blood region showing the
least extravascular contamination was the superior left-
ventricular cavity and the left atrium. The blood time-
activity curve generated from this region and the myocar-
dial tissue time-activity curve were fit to an equation which
incorporated a parameter f, that modeled the volume frac-
tion of blood in the tissue and also incorporated a linear
two-compartment model consisting of a blood and an ex-
travascular compartment that modeled the washin (k)
and the washout (k,,) of teboroxime in the myocardial
tissue. The washin parameter k,, was significantly (p <
0.0001) affected when attenuation correction was per-
formed during the reconstruction process. Also, the
washin parameter k,, decreased significantly (p < 0.002)

Baseline Study

k210.75

k21075 |
N a
0.50 - .
0.25 he ; i
. . . *
0.00 1 2 3 4 5
Slice #
FIGURE 6. (A) Composite short-axis slices of the baseline

opened-chest study and the corresponding occluded study (study
P3180). The defect was most apparent in regions 11, 7, and 3. (B)
The estimated parameter k,, from the nonoccluded study plotted as
a function of slice number for the various regions. (C) The estimated
parameter k,, from the occluded study plotted as a function of slice
number for the various regions.
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when the LAD was occluded, suggesting it may be an
indicator of myocardial blood flow.

A major factor limiting the implementation of kinetic
modeling using dynamic SPECT imaging is the number of
counts that need to be detected in a short time interval. The
photon flux of the radiopharmaceutical, the geometric ef-
ficiency and the sensitivity of the SPECT system determine
the number of counts detected if the effects of attenuation
are ignored. The geometric efficiency and detector sensi-
tivity of the SPECT system can be increased by developing
new detector technology. The rapidly changing blood input
function and the kinetics of the radiopharmaceutical deter-
mine the temporal sampling requirements. The photon flux
and the kinetics of the radiopharmaceutical can be changed
by developing new radiolabeled tracers which maximize
these properties.

One improvement that can immediately be made on
present multidetector SPECT systems would be to opti-
mize the acquisition of dynamically acquired **™Tc-
teboroxime data. This could be accomplished by imple-
menting variable tomographic acquisition times during the
time course of the radiopharmaceutical, thus optimizing
the trade-off between temporal sampling requirements of
the input function and tomographic data statistics. For
example, rapid acquisitions of 5-10 sec for the first 1-2 min
of the scan could be acquired, followed by longer acquisi-
tions (30 sec-2 min) as time progressed. Rapid acquisition
at the beginning would ensure that the rapidly changing
blood compartment is sampled adequately, which reduces
the bias in the estimated parameters (32). Longer acquisi-
tions can be used after the bolus has dispersed to obtain
adequate statistics from the tails of the blood and extravas-
cular time-activity curves when the counts have signifi-
cantly decreased. More studies need to be done where the
acquisition time is varied to determine optimum sampling
of the blood and myocardial tissue time-activity curves,
along with an accurate analysis of the errors on the fitted
parameters to evaluate the various sampling protocols.

Initially, we attempted to select the optimal placement of
the blood ROI by comparing time-activity curves gener-
ated from various anatomical locations to continuous arte-
rial sampling of the input function from the femoral artery.
Unfortunately, the activity in the arterial blood saturated
the radiation probe, and the data were unable to be com-
pared to the blood curves generated from the images. We
then compared the various blood curves qualitatively and
selected the anatomical region based on the following cri-
teria: region with least amount of myocardial tissue spill-
over (evidenced by higher peaks and lower tail points),
region easy to locate on all canine studies, and region large
enough for sufficient statistics.

The various anatomical locations investigated were base
and apex of the left ventricle, ascending and descending
aorta and left atrium. The ascending aorta was difficult to
separate from the pulmonary vasculature, while the de-
scending aorta was difficult to locate consistently from
study to study. These regions contained at most 2 voxels in

Dynamic Cardiac SPECT  Smith et al.

a single slice and therefore suffered from problems due to
partial volume effects and poor statistics. The regions in
the base of the left ventricle and left atrium were chosen
because they were anatomically easy to locate due to their
large sizes and showed the least amount of spillover from
the extravascular compartment as compared to apical re-
gions of the left ventricle. The large size of these regions
also minimized partial volume effects.

Later dog studies performed in our lab where the radia-
tion probe was not saturated have shown that as much as
37% of the activity from a blood ROI drawn near the base
of the heart actually comes from the tissue. From computer
simulations that we have performed (23), a 37% spillover
of tissue activity into the blood ROI can bias the parame-
ters k,, and k,, as much as 62.5% and 125%, respectively.
More studies need to be done to determine the accuracy of
the blood input function generated from the dynamic im-
ages. Also note that if an absolute measure of blood flow is
desired, an accurate input function is critical (13,33-35).

The two-compartment model used to fit the myocardial
tissue time-activity curves using the measured blood time-
activity curve as the input function was chosen based on
the work done in dynamic PET imaging with partially ex-
tracted tracers such as $2Rb and 'NH, (14,15,17,18). The
washin parameter k, in this compartment model is depen-
dent not only on flow but also on the extraction fraction of
teboroxime. Rumsey et al. (36) showed that the extraction
of teboroxime decreased with time due to binding of te-
boroxime to blood cells and plasma proteins. Teboroxime
was highly extracted on the first pass (99.5%), but dropped
to 57% after a 5-min extraction.

The decrease in the extraction fraction of teboroxime is
a potential problem for accurate quantitation of myocardial
blood flow. We performed a computer simulation (37) that
modeled this binding by assigning a half-life of 5 min for the
binding of teboroxime to blood cells and proteins (36) and
determined that this binding can bias the estimated param-
eter k,, by as much as 50%. In the future, blood samples
may need to be drawn (as is done in PET '*NHj studies) to
determine the amount of extractable teboroxime in the
blood.

Previous computer simulations demonstrated that the
washin parameter k,, showed the most potential as an
indicator of myocardial blood flow. A sensitivity analysis
was performed where each parameter (f,, k,, and k,,) was
changed a set amount for five simulations while holding the
other two constant. The extravascular time-activity curve
was shown to be relatively insensitive to parameter f, as
compared to parameters kj; and k,,. The sensitivity anal-
ysis also showed that k,, exerted its effect on the beginning
time points of the extravascular time-activity curve, while
ki, exerted its effect on the later time points. The results
obtained from this study supported the findings from the
computer simulations. The %RMS errors for the parameter
f, were consistently the highest, indicating that this param-
eter had the least precision when fitting the data. The
observation that no significant difference occurred in any
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of the estimated parameters when 30.6 min of dynamic data
were fit as compared to 15.3 min in the closed-chest study
indicates that most of the kinetic information is contained
in the earlier time points which affect the parameter k,, the
most. Higher count rates in the extravascular time-activity
curves occur during the earlier time points and the %RMS
errors for the washin parameter k,, were slightly lower
than the other parameters for each study, which also indi-
cate that the washin parameter k,, may be a more sensitive
indicator of blood flow than the washout parameter k,,.

The parameter f, averaged near 34% in these studies
which is higher than the quoted literature value of 10%—
15% (38). Using computer simulations, we determined that
the parameter £, also modeled the averaging of the intra-
ventricular blood activity and myocardial tissue activity
due to heart wall motion (23), which explains the discrep-
ancy from the literature value. Although this suggests that
f, will have little use in differentiating abnormal from nor-
mal tissue, £, is still important because it models spillover
of blood into myocardial tissue due to cardiac motion.

Our studies showed that the estimated parameter k,,
was significantly influenced if no attenuation correction
was used when reconstructing the three-dimensional dis-
tribution. The significant change was due in part to the
relative attenuation differences between the blood and tis-
sue regions. Thus, attenuation correction is critical when
performing kinetic modeling of teboroxime using dynamic
SPECT imaging. In addition, attenuation will be more se-
vere in patients; however, the larger heart size in patients
will cause less problems due to partial volume effects.

The closed-chest study showed higher uptake of te-
boroxime in the myocardial tissue which was also reflected
in the consistently larger k,;, and k;, values compared to
the opened-chest studies. We attribute this finding to dif-
ferent preparations used on the canines. The closed-chest
canine was anesthetized with sodium pentobarbital and
allowed to breath unassisted. The opened-chest canines
were anesthetized with halothane during the imaging and
placed on a ventilator. Sodium pentobarbital either in-
creases or has no effect on myocardial blood flow in a
canine (39,40), whereas halothane has been shown to de-
crease myocardial blood flow (40,41). Spontaneous venti-
lation compared to controlled ventilation will cause a lower
intrathoracic pressure, which would affect hemodynamics
and possibly myocardial blood flow as well (41).

In the opened-chest studies, the washin parameter k,,
decreased when baseline regions were compared to their
respective occluded regions. However, the exact relation-
ship of k,, to absolute blood flow must be established in
future studies. If k,, is to reflect relative changes in myo-
cardial blood flow, the extraction of teboroxime should not
be heavily dependent on blood flow. Stewart et al. (19)
found that the first pass retention fraction of teboroxime
did not change significantly over a wide range of blood
flows (0.30-7.70 ml/min/g) in the canine heart. In addition,
Chan et al. (42) suggested that tracers with a high first-pass
myocardial extraction fraction have an initial uptake which
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is very dependent on blood flow. Teboroxime has a first-
pass myocardial extraction fraction of greater than 0.9
(1,6,38), which suggests that its kinetics may very well be
a good indicator of myocardial blood flow.

Several issues must be addressed before dynamic
SPECT imaging of teboroxime can be clinically useful. The
optimum camera orbit for thoracic imaging of a patient is a
noncircular orbit; however, modern SPECT systems can-
not obtain rapid acquisitions in noncircular orbits. Before
quantitation of flow in absolute terms is feasible, the effects
of cardiac motion, as well as scatter and spatially varying
geometric point response which lead to partial volume
effects, must be addressed (13,34,43,44). Gated dynamic
SPECT would decrease problems due to cardiac motion,
but low count rates may make it impractical. Finally, the
exact relationship of the washin parameter k,, to myocar-
dial blood flow must be established.

In summary, this initial study shows promise that a new
myocardial perfusion SPECT technique can be developed
that closely parallels what has been developed in PET;
however, much more work needs to be done to fully un-
derstand kinetic modeling of teboroxime using dynamic
SPECT imaging. Although kinetic modeling using dynamic
PET has many advantages over dynamic SPECT, SPECT
offers two significant advantages over PET in terms of cost
and availability. Like dynamic PET imaging, dynamic
SPECT imaging could be applied to other organs such as
the brain and kidney.
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