
systems allows faster tomographic acquisitions making it
possible to dynamically image agents like teboroxime
which require high temporal resolution. Dynamic SPEC].'
and the use of kinetic modeling techniques can character
ize the washin and washout of teboroxime in the rnyocar
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 organsystems (7â€”12).Dynamic PET has dem
onstrated the ability to obtain regional myocardial blood
flow (13â€”15)and regionalmyocardialmetabolism (16). The
development of dynamic SPECT for measuringmyocardial
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 Id
netics of 82Rb(14,17,18). This research has shown that a
physiologically appropriate, two-compartment model can

quantify regional myocardial blood flow using 82Rb and
seems to correlate well with blood flow measured with the
microsphere technique (14,18).

Since the development of ringand multidetectorSPEC].'
systems, new interest has been shown in applying the
models developed in PET to study the myocardialkinetics
of teboroxime and other agents. Studies examining the
washout of teboroxime from the heart were first performed
on the SPRINT SPECF system by Stewartet al. (19). They
suggested that dynamic SPECF imaging and kinetic mod
eling could potentially estimate myocardial blood flow.
Later, Nakajimaet al. (20) were the first to use a commer
cial three-detector SPEC].' 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-exponentialfunction 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. Studyingthe tracer @â€œTc-pePeclmetate,Budinger
et al. (21) were the first to demonstrate that a three-detec
tor SPECT system could acquire tomographic data in Se
quential5-sec acquisitions, which would allow the study of
the washin as well as the washout kinetics of teboroxime.

The tomographic utility of @1c-labeIedteboroxime has been
limitedbecause of @sfaatwashoutfromthe heart,whichrequires
rapid data acquisitions that have not been feasible until the
recent development of multidetector SPECT systems. Methods:
Usinga three-detectorSPECTsystemto acquiredynamicto
mographicdata every 10.2 sec, we investigatedthe potentialof
modelingthe kineticsof teboroximeto developa sensitiveand
quantitativemeasureof cardiacperfusion.Sevenstudieswere
performedon fourdogs;in threeof the studiesthe LADartery
wasoccluded.Thethree-dimensionalactivitydistributionswere
reconstructedand were correctedfor attenuationusing a trans
mission scan. Time-activity curves from the blood and tissue
werefit to a two-compartmentmodelwithtwo-wayexchange.
Results: Performing attenuation correction dunng the recon
structionprocessaffectedthewashinparameterk21significantly
(p < 0.0001).The washin parameterk@also decreasedsignif
icantly(p < 0.002)whenthe LADwasocduded.Conclusions:
Theresultsindicatethatthewashinof teborodmein myocardiat
tissueQc21)measuredusingdynamicSPECTimagingand ki
neticmodelingis an indicatorof myocardiatbloodflow.

Key Words: cardiac SPECT; @Tc-teboroxime;kinetic model
ing
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eboroxime labeled with @â€˜@Tcinitially generated signif
icant interest as a possible replacement for @Â°@Tlas an agent
for detecting myocardial ischemia and infarction (1,2).
Technetium-99mis more desirablethan @Â°â€˜Tlbecause of its
better photon energy for gamma camera detection and
reduced radiationexposure. This, combined with the rapid
extraction and washout of teboroxime, permits the injec
tion of ten times as much radioactivity compared to @Â°@Tl.
However, the rapidclearance from myocardial tissue (10â€”
15-mm half-life) makes static SPEC!' imaging impractical
(3â€”6).Thus, over the last few years, the interest in using
teboroxime clinically has decreased until the more recent
development of multidetector SPEC].'systems.

The higher geometric efficiency of multidetector SPEC].'
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Ourwork (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
cling 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 andwashout parametersincorporatedblood 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
tributionof kinetic parameters.

The work presented in this paper applies dynamic
SPEC].' 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 SPEC].' protocol.

2. Investigate placement of a three-dimensional region
to generate the blood input function.

3. Verify the utilization of a two-compartment model.
4. Evaluate the effects of attenuation.
5. Determinetheeffectsof reducedbloodflowonthe

kinetics of teboroxime.

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 initiallyto deter
mine if dynamicSPEC].'was technically feasible due to the antic
ipated low number of detected counts for the temporal resolution
needed to observe teboroximekinetics. In the opened-chest stud
ies, an ischemic model was created to determine if any of the
estimatedkineticparameterswere able to differentiatenormaland
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 (21kg) was
anesthetizedwith sodium pentobarbital(25 mg/kg)andallowed to
breath unassisted. An intravenousdripwas placed in an antecu
bital vein in the foreleg and a catheter was placed in the left
femoral arteiy to measure blood pressure. Blood pressure, ECG
and temperaturewere monitoredthroughoutthe study.

Opened-chest Preparation. Three mongrel dogs (2 males, 1
female, 20â€”36kg) initiallysedated with 5 mg/kgof telazol (MW!
Veterinary Supplies, Nampa, ID) were given 4 cc of a muscle

relaxant(PancuroniumBromide,Astra PharmaceuticalProducts,
!nc., Westborough,MA) and were placed on a ventilator breath
ing 02 and halothane (1%â€”10%).The chest was opened at the
fourth left intercostalspace. The heart was suspendedin a pen
cardialcradleand 10â€”15mmofthe leftanteriordescending(LAD)
coronary anteiy was dissected after the first or second diagonal
branch. A vascular occluden(!n Vivo Metrics, Healdsbung,CA)
was placed on the LAD either between the first and second
diagonalbranchonafterthe second diagonalbranch, and an dcc
tromagnetic flow probe (Micron Medical Inc., Los Angeles, CA)
was placed proximal to the occluden. Any arterialbranches be
tween the flow probe and occluden were tied off. The flow probe
was secured in place by suturingthe leads to the myocardium.An
intravenousdripwas placed in an antecubitalvein in the foreleg
and a catheter was placed in the left femoral artery to measure
blood pressure. The lungswere tucked below the heart, the peri
cardialcradlewas left intactandthe chest wall was closed. Blood
pressure, ECG and temperaturewere monitored thnoughoutthe
study.

Data Acquisition
A three-detectorSPEC!'scanner(Prism3000,PickerInterna

tional,BedfordHeights,OH)was used to performthe scanning.
Each canine's thoracic cavity was secured on the head-holderof
the patientbed with the heartin the centerofthe fieldofview. The
dog with the closed-chest preparationwas in the supine position
andthedogswiththeopened-chestpreparationwereplacedinthe
right lateral decubitus position. A transmission scan was per
formed on each canine for 10 mm, 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 containedapproximately20 mCi of @Tc.The transmis
sion scan was then used to correct the emission images for non
uniformattenuation(see DataAnalysisformoredetails).

The dynamic SPEC!' imagingwas performedusing a circular
orbit with continuous rotation, high-resolution fan-beam collima
tors (50 cm focal length)and an energy window of 15%centered
at 140keV. A complete tomographicdataset was collected eveiy
10.2 sec andwas binnedinto sixty 64 x 64 projections;therefore,
each projectionconsisted of datacollected as the detector rotated
6 degrees. For the purposeof this paper, a tomographicdataset is
a full set of 60 projectionsacquiredeveiy 10.2 sec.

The tomographicdataset acquiredduringthe first 10.2 sec was
used to determinebackgroundactivity. At the startof the second
tomographicdataacquisition(10.2 sec afterthe startof initialdata
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
formed45 mm after the first injectionusingnet activityranging
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 residualactivity left over from the pre
vious study.

Residual activity from the first scan was determinedfrom the
first tomographicdata set and subtracted from the followingto
mographic data sets. The residual activity was assumed to be
constant throughoutthe study based on datacollected in previous
studies (19,20) and our own datawhich showed that the residual
activity's half-life (27â€”73mm) was long enough to make this as
sumptionvalid. The dogs were not moved between the scans. The
totalnumberof studiesperfonnedon the fourcaninemodels(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-dimensionalimage. The closed-chest dog was imaged for
30.6 mm for a total of 180tomographicdatasets (46megabytes of
projectiondata). When 15.3 mm of data were fit as compared to
30.6 mis, the parameterk12changed less than 4% whereas the
parameter k21 changed less than 2%. Therefore, the opened-chest

dogswere scannedfor only 15.3mmfor a totalof 90tomographic
data sets (23 megabytes of projection data).

Data Analysis
The dynamic tomographicdatasets were reconstructedinto 34

transaxial64 x 64 matrices using the iterative expectation-maxi
mization(EM)algorithm(24,25).An iterativealgorithmwas cho
sen to correct for nonuniformattenuationin all studies by using
the reconstructed transmission image (26,27). The nonoccluded
studies were reconstructed both with and without attenuation
correction.When attenuationcorrectionwas desired, the transmis
sion imagewas used to weight the projectorThackprojectoroperator
when reconstructingthe images. Twenty-fiveiterationsof the EM
algorithmwere used to reconstructeach transaxialslice since no
significant difference occurred in the estimated parameters when
morethan25were used. Thevoxel dimensionswere 0.712cm inthe
x, y and z directions. The spatial resolution of the attenuation
corrected images (detennined from an experimental phantom)
ranged from 1.54cm FWHM in the image's horizontal direction and
1.53 cm FWHM in the columndirectionat the base of the heartto
138 cm FWHM in the row directionand 1.70 cm in the image's
vertical direction at the apex of the heart. The three-dimensional
images were reformattedto obtain short-axis slices of the heart.
Filtering,correctionsfor scatter, correctionsfor nonuniformreso
lutionandcorrectionsforpartialvolumeeffectswerenotperformed.

All but the first six reconstructed dynamic images were

summed together to create a composite image used to identify
regionof interest (ROI)placementandoccluded regions. The first
six images were not included in the composite image as these
imagescontainedemissionsfromthe bolusas it traveledthrough
the heart. Each short-axisslice was stored as a dynamicfile. Each
ifie consisted of the composite image first, followed by the 90
dynamicimages.

Placement ofROIs. Tissue and blood ROIs were drawn on the

composite short-axis slices. The ROIs were sampled over time
using the dynamic SPEC]' images to generate time-activity
curves. Four tissue RO!s were drawn on the left ventricle for a
singleshort-axisslice.The bloodROIswere drawninsidethe left
ventricularcavity andleft atrium,0.712 cm fromthe myocardium.
The size of the blood ROIs rangedfrom 0.64 cm3 to 1.44 cm3 on
a single slice, while the size of the tissue ROIs rangedfrom 0.86
cm3to 4.7 cm3. A three-dimensionalRO! was obtainedby adding
multiple two-dimensional regions. Background activity (deter
minedfromthe first10.2-sec tomographicdataset)was subtracted
from all curves and these curves were corrected for the physical
decay of @â€œTc.Five short-axis slices from each study (both
occluded andnonoccluded)were analyzed, for a totalof 140tissue
ROIs.

Compartment Model Parameters. The time-activity curves
were fit using a programwhich estimates parametersbased 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:

FiGURE1. Two-compartmentmodelusedtofltthedynamIcdata
acquiredfromimagingteborodmeintheheart.Thismodelassumes
first-orderkinetics.

A(t) = (1 - @) J qt) dt +@ J B(t) dt, Eq. 1

(tâ€”@t) (tâ€”@t)

where A(t) represents the model of the measured myocardial
tissue activity acquiredbetween the time t â€”i@tand t; f@,repre
sents the vascular fractionof blood in the tissue as well as spill
over blood activity into the tissue ROl from the heart chambers
due to partialvolume and cardiac motion; i@tis the acquisition
time of the tomographic dataset; B(t) represents the measured
activity in the blood compartmentat time t; C(t) represents the
activity in the extravascularcompartmentat time t; and (1 â€”f@,)
represents the fractionof activity emitted from the extravascular
compartment.The activity B(t) fromthe blood compartmentwas
measured using ROIs drawn inside the left intraventricular cavity
and left atrium.The activity C(t) fromthe extravascularcompart
ment is given by the first-orderordinarydifferentialequation:

dqt)
â€”@-- = k21B(t) â€” k12C(t), E41. 2

whichdescribesthekineticexchangeforthecompartmentmodel
shownin Figure1.Theparametersk21and k12are the washinand
washout rate constants of teboroxime, respectively, and their
units are in mi/mm/miof extravascularcompartment. The two
compartmentmodelshownin Figure 1 makes the followingfour
assumptions: (1) the time-activity curve ofthe blood compartment
can be measuredindependentlyof the extravascularcompartment
of the myocardial tissue; (2) all myocardial tissue regions cx
changedwith the same blood time-activitycurve; (3) the distribu
tion of the tracer was homogeneous throughout the ROl; and (4)

the tissue ROI contained only regions from the blood and cx
travascularcompartmentsand no regionsfrom outside the heart
in the thoracic cavity.

The parametersk21,k12and f@,were estimated in the program
by minimizingtheChi-square:

:@:(A(tk)â€”D(tk))2 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, ok, which
corresponded to the square root of the mean counts obtained from

the RO!. The programalso estimated the errorsof the estimated
parametersand calculateda correlationmatrix. If the errorsfrom
the reconstructedimagewere used to weight the datapoints, then
the errors would correspond to one standard deviation of the
mean. However,obtainingerrors from imagesreconstructedus
ing iterative techniques is extremely difficult. Therefore, the error
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bars given by the fittingprogramwere scaled by the factor Chi- If DRb_Rtwas zero, then the blood and tissue were attenuated
square/degrees of freedom, which makes the assumption that the equally. If DRb_R1was negative, then the tissue was attenuated
correct model is being used and therefore the Chi-square value of more than the blood and vice versa if DRb_Rtwas positive.
the fit should be approximatelyequal to the numberof degrees of The fractionaldifferencediff@for all the parameters(f@,,k12and
freedom.Thedistributionvolumeforeachregionfitwas alsocal- k21)fromallthenonocciudedstudieswasplottedas a functionof
culatedby dividingthe parameterk21by k12.The fitswere consid- D@_R,and a linearregressionwas performed.A highcorrelation
ered acceptable by using previously established criteria (30,31). between diff@and DRb_Rt indicates that the change in the esti

Effects ofAttenuation. In the four nonoccludedstudies, the mated parameters from attenuation-corrected reconstructions
images were reconstructedwith the EM algorithm(25 iterations) was caused, inpart,by the relativeattenuationdifferencebetween
both with and without attenuation correction. The exact same the blood region and the tissue region.
bloodandtissueROIsweredrawnon boththe attenuation-cor- EffectsofOcciusion.Finally,theeffectsof completelyocclud
rected and uncorrected sets of reconstructions. The effects of ing the lAD on the estimated parameters were determined. The
attenuationon the kinetic parameterswere determinedby com- tissue regions from the baseline scan in the opened-chest studies
paring parameters estimated from attenuation-correctedrecon- were paired off with the corresponding region in the occluded
structions to parametersestimated from uncorrectedreconstruc- scan. The pairswere then classified as either a nonocciuded pair
tions. All three parameters (f@,,k21and k12)were compared by or an occluded pair by viewing the composite image and deter
performinga paired two-sample t-test for means, with alpha = mining if the region in question was affected completely or par
0.05. Differences were considered significant if p < 0.05. tially by the LAD occlusion. A separate paired two-sample t-test

To further investigate the effects that attenuation correction formeans (a = 0.05)was performedon the nonoccludedpairsand
had on the dynamic reconstructions, the estimated parameters the occluded pairs. Differenceswere considered significantif p <
from the region drawn on the corrected reconstructions were 0.05. Since the opened-chest canines were not moved between
compared to the corresponding region drawn on the uncorrected scans and the exact same ROIs were drawn for both the baseline
reconstructions by computing their fractional difference (diff@): and the occluded study, the assumption was made that the size of

theheartconvolvedwiththepointresponseof thesystem,place
________ T@4 mentoftheheartinthescanner,andcardiacmotionwouldaffect

J_.@i. both studies in the same manner. This assumption allowed a

comparison to be made between studies performedon the same
where@ is the estimated parameter from the uncorrected dy- canine; however, comparisons of the estimated parameters could
namicreconstructionsand @ac@Sthe estimatedparameterfromthe not be made between studies performedon differentcanines.
attenuation-correctedreconstructions.

Todetermineif therelativeattenuationdifferencebetweenthe
blood region and a tissue regionwas causing the differencein the RESULTS
fitted parameters calculated by Equation 4, a measure of the
relative attenuationdifferencewas derived. A ratioRbwas calcu- DStB AcquisItion
lated between attenuation-correctedblood (Be) and uncorrected Table 1 shows the data acquisition statistics for all dog
blood (B@@)curves using the equation: studies performed. The %RMS error is in parentheses

where appropriateandwas calculatedby dividingthe stan
darddeviationby the mean. Both statistics were calculated
using the voxels contained within the drawn ROl. The

Eq 5 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 ROl was sampled containing the heart. The
peak 10.2-sec acquisition counts from the emission studies

where T is the total lengthof the scan (153 min):5i@@@ilarly,a ratio were determined by summing each dynamic tomographic
R@was formed between attenuation-corrected tissue (Ta) and un- . .

. dataset and choosmg the one with the maximum total
corrected tissue (T@@)curves: . .

counts for a 10.2-sec acquisition. The maximum total
counts were usually acquired between 10.2 and 20.4 sec
afterthe injectionof teboroxime. The total counts acquired
over 15.3mmwere determinedby summingtogetherall the

Eq. 6 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

The measure of the relative attenuation difference between the partment model to the data. The blood regions included the
blood and a tissue region (DRb_Rt)was derived by taking the base of the left ventricle and the left atrium. The tissue
fractionaldifferenceof Rband R@: time-activity curves were generated from an entire short

axis slice of the left ventricle. The short-axis slice (closer to
Eq. 7 base than apex) clearly showed the right ventricle. Approx

imately the same anatomical location was used from each

. (Puc P@)

diff@=@
â€˜@ac

TIB@(t)
â€˜@â€˜bT

iiB,@(t)

T

R@= .1 T@(tdt,

ITuc(t)

Rb R@
DRb_Rt=

487Dynamic Cardiac SPECT â€¢Smith at at.



P2484 P3154 P3180

Closed-chest UnOCciuded Ocduded Unocciuded OccludedP3231UnOccludedOccludedTransmission

counts 53,921,074(8.2%) 11,196,064(13.30%) 26,611,592(9.80%)38,365,194(9.10%)Net
activityadministered(mCWg) 0.526 025 0.623 0.327 0.5940.5231.07Peak

10.2-sec acquisition cts 605,872 391 781 846,933 456,555 873,618619,1351,080,160Total
countsacquiredover15mm 41,499,591 19,497,826 53,205,917 18,539,834 44,794,17029,417,28678,511,604Max
bloodact (cts/cm@/10.2sec)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
tissueact (cts/cm3/102 @@)t614.2(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

errorinparenthesesandcalculatedusingvoxeldimensions.tAct@fty
curves generated from aflenuaboncorrected reconstwctions.

TABLE 1
Data AcquisitionStatisticsfor atI Studies*

AnimalNumber

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 firststudies (baseline)performedon each canine,
background counts were 0 in the reconstructed heart re
gions. For the second studies (occluded) performed on
each canine, backgroundcounts (due to the residualactiv
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 see, 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 ROls
The blood ROIswere definedby analyzingthe firstthree

dynamic images and outlining the bolus of teboroxime as it
passed throughthe 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 ROl ranging
in size from5.8 to 7.2 cm@.Blood time-activitycurves were
generated from the dynamic reconstructions by observing

FIGURE2. Ten-seconddynamicSPECTimagesfromthe
closed-cheststudy (P2464).This is a ShOrt-aXISslice of the heart
observedovertime.Thefirstthreeimagesshowthebolusprogress
ingthroughheartchambersandlungs,whilesubsequentimages
showmyocardialtissueandliveraftermostof theteboroximehas
beenextractedfromthe biood.ImageI wasacquiredfrom0 to 10.2
see,with time 0 beingthe timeteborodmewas injected.Image16
wasacquiredfrom153to 163.2sec.Compositeimagesofthe same
slice are shown at top w@i blood and tissue ROls and w@i a
schematicshowinghow the heartwas sliced and the regionsIa
beled.Regions4, 8, 12, 16 and 20 are the septalwall regionsand
cannotbe seenon the schematic.Theseregionsare the sameas
thoselistedinTabIas2 and3. RV= nghtventilde.
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FiGURE3. ComparIaonoftinie-actMtycurvesgeneratedfroma
three-dimensionalAOl drawn in the base of the left ventilde and
atlium (â€¢)to a three-dimensionalAOl drawnin apicalleftventilcie
(0). The base AOlwas 7.22crn@and the apicalROlwas 6.5 cm@.

the same ROl over time. The %RMSerror for the maxi
mum ROl 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 indicateless extravascularcontaminationin 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
drawnon the blurredareaof the myocardium,and the ROI
was sampled inside of this boundary. The heart motion
caused the epicardialand endocardialedges to be blurred.
Keeping the tissue RO! away from the endocardial edge
was not as critical as keeping it away from the epicardial
edge, as the parameter@ (volume fractionof blood activity
in the extravascular compartment)modeled the blood ac
tivity in the intraventricular cavity included in the tissue
ROl. This resultwas determinedusingcomputersimula
tions (23), whereby the parameterf@,increased when cx
travascular activity was averaged with blood activity,
while k21and k12remained 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
parameterswere: f@,= 0.388 Â±0.017, k21= 1.75 Â±0.051
min' and k12= 0.848 Â±0.025 min'. The fitted curve is
not smooth because an unfiltered blood curve generated
from the reconstructionswas used when fittingthe data to
the compartmentmodel.

Tables 2 and 3 show the estimated parameterswith their
respective %RMSerrors and the distributionvolume (cal
culated by dividing k21by k12)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-correctedreconstructions in Table 2. All fits
converged in 10 iterationsor less and were independentof
the initial starting values. The average correlations be
tween the various parametersfor all studies and fits were:
â€”0.240(s.d. = 0.076) for k12to f@,,0.225 (s.d. = 0.239) for
k21to@ and 0.813 (s.d. = 0.076) for k21to k12.

InTable 3, the parametersk21and k12in 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
eitherbound or nonpermanentlytrappedin the myocardial
tissue.

Effects of Attenuation
Table 3 shows the parametersestimated 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 parameterk21showed a significantchange (p < 0.0001,
with a 95% confIdence interval of â€”0.422<@ â€”p.@<
0.030).

FiGURE4. Amyocardualtissuecurve(S) andfit(â€”)tothetwo
compartmentmodelshownin Figure1 for the ClOsed-CheStstudy.
Region15in Figure2 wasusedto generatethetissueactMtycurve,
and fts size was 0.93 cm@.The estimated parameters were: f@,=
0.388Â±0.017,k21= 1.75Â±0.051min1 andk12= 0.848Â±0.025
min @.
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P3154opened-cheststudyBaseline

studyOccludedstudyRegion

f@ k@(1/mm)k12 (1/mm) D.V. f@,k21 (1/mm) k12(1/mm)DV.1

0.166 (52.6) 0.590 (19.9)0.229 (24.3) 2.58 0.195 (43.3)0.464 (18.4) 0.195(26.8)2.382
0.177 (55.2) 0.439 (23.8)0.206 (30.6) 2.13 0.121(47.9)0.348 (16.4) 0.195(23.8)1.783t
0.144 (57.6) 0.380 (23.8)0216 (30.5) 1.76 0.150 (34.0)0.326 (13.8) 0.180(20.9)13814t
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)14025
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)2.646
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)1.93it
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)17638
0.259(54.9) 0.474(30.1)0.198 (39.1) 2.40 0.256(32.0)0.369 (19.0) 0.179(29.1)2.079
0.267 (35.8) 0.760 (18.8)0.255 (21.0) 2.98 0.348(20.2)0.495 (13.5) 0.163(21.2)3.0310
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)1.921

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)2.0012
0.389 (42.8) 0.599 (33.3)0.209 (40.1) 2.87 0.481(24.6)0.493 (24.9) 0.187(36.8)2.6413
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)3.3714
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)2.2315
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)2.0416
0.376 (35.2) 0.683 (27.9)0.273 (31.5) 2.50 0.510 (17.2)0.586 (18.0) 0.203(24.6)2.8917
0.606 (42.4) 1.109(60.8)0.295 (48.9) 3.77 0.700(30.7)0.944 (56.5) 0.198(57.4)4.7718
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)2.0319
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)1.8520
0.499(30.3) 0.691(34.4)0.308 (37.3) 2.24 0.563(14.3)0.601 (17.5) 0.210(23.8)2.87P3180

opened-cheststudyBaseline

studyOccludedstudyRegion

@ k21(1/mm)k12 (1/mm) D.V. f,,k@ (1/mm) k12(1/mm)D.V.I

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)2.112@
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)1.593t
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)0.234
0.303 (41.5) 0.901 (26.3)0.348 (26.5) 2.59 0.458(28.5)0.661 (31.0) 0.369(32.4)1.795
0.300 (23.9) 0.853 (15.6)0.349 (16.1) 2.44 0.322 (27.6)0.924 (18.6) 0.418(18.6)2.21S@
0.195(27.0) 0.828(12.6)0.379 (13.2) 2.18 0272 (25.2)0.844 (15.6) 0.449(16.2)1.887t
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)0.718
0.349 (37.6) 0.969 (27.0)0.349 (26.6) 2.77 0.447 (41.3)1 .021(37.8) 0.398(34.8)2.569
0.443 (51.1) 1.099(47.8)0.382 (44.0) 2.88 0.306 (42.8)1 .031(27.2) 0.432(27.4)2.3910
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)2.121

i@ 0.226 (41.6) 0.787 (22.1)0.363 (23.4) 2.17 0.411 (22.8)0.582 (25.3) 0.433(26.5)1.3412
0.379 (38.0) 0.943 (31.7)0.389 (32.0) 2.42 0.436 (29.4)0.912 (26.8) 0.386(26.1)2.3613
0.448 (28.9) 1.035(28.0)0.376 (26.5) 2.75 0.478 (32.0)1 .125(32.3) 0.404(29.6)2.7914
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)2.0115
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)1.9916
0.426 (28.5) 1.061(26.4)0.402 (25.4) 2.64 0.487(25.6)1 .159(26.6) 0.426(23.9)2.7217
0.473 (30.9) 0.905 (32.5)0.347 (32.1) 2.61 0.490(29.8)0.997 (31.3) 0.383(29.0)2.6018
0.192 (64.8) 0.740 (29.9)0.400 (31.2) 1.85 0.233(40.5)0.809 (22.3) 0.443(23.4)1.8319
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)2.2820
0.408(33.8) 0.956(31.6)0.434 (31.7) 2.20 0.545 (71.1)1 .292(87.6) 0.512(77.6)2.52@%RMS

errorsinparentheses.tR@g@p,@
at leastpartiallyaffected(byexaminingcompositeimage)byocclusionof theLADin theoccludedstudy.

TABLE 2
EstimatedParametersand DistributionVolume (D.V.) from Attenuation-CorrectedImagesfrom Opened-chestStudies*

The fractionaldifferencediff@(calculatedusing Equation and all parameters, r rangedfrom 0.468 to 0.857 for diff@,
4)forallthreeparametersisplottedasafunctionofDRb_Rt0.864to0.974fordiff@1and0.161to0.650fordiffkl2.Thus,
(calculated using Equation 7) in Figure 5 for the nonoc- the relative attenuation difference between the blood and
cluded study (P3180). When the linear correlation coeffi- the tissue regions demonstrated a high correlation to the
cient (r)was calculated for all nonoccluded studies (n = 4) estimated parameter k21. Also note in Figure 5 that the
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P3231opened-cheststudy1

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)2.912
0.196 (34.2)0.597 (16.6)0.258 (20.8) 2.32 0.240 (44.4)0.632 (22.3)0.261(25.4)2.423t

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)2.004t
0.193 (22.9)0.697 (10.8)0.288 (13.0) 2.42 0.315(26.3)0.247 (22.1)0.135(35.1)1.845
0.374 (28.9)0.741 (23.0)0252 (27.3) 2.93 0.458 (18.9)0.758 (i8.2)0.250(19.2)3.036
0.281(33.8)0.671 (20.8)0.250 (25.5) 2.68 0.277(32.9)0.728 (18.8)0.272(20.9)2.687t
0.281 (35.0)0.602 (23.9)0.271 (29.4) 2.22 0.422(25.0)0.504 (23.6)0.221(28.1)2.28S@
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)2.729
0.464 (23.8)0.823 (24.1)0.249 (26.8) 3.30 0.512 (23.9)0.875 (26.2)0.246(26.0)3.5610
0.306 (46.8)0.639 (31.1)0.257 (38.0) 2.49 0.342 (19.7)0.742 (14.2)0.284(15.5)2.611

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)2.6912
0.370 (46.9)0.703 (37.0)0.247 (44.5) 2.85 0.434(21.4)0.652 (19.7)0.234(22.2)2.7913
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)3.2114
0.428 (55.4)0.699 (50.2)0.274 (57.8) 2.55 0.447(25.3)0.756 (24.5)0.290(26.1)2.6115
0.354 (17.3)0.665 (14.1)0.267 (16.8) 2.49 0.433 (21.2)0.699 (19.4)0.260(20.8)2.6916
0.377 (50.2)0.701 (40.5)0.260 (47.6) 2.69 0.396(34.5)0.722 (29.7)0.284(32.9)2.5417
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)2.7718
0.402 (44.6)0.485 (45.2)0245 (59.6) 1.98 0.431(24.2)0.568 (27.2)0.314(30.8)1.8119
0.400 (28.7)0.549 (27.2)0.241 (34.6) 2.27 0.360 (24.4)0.605 (20.2)0.289(22.9)2.1020
0.535(22.7)0.738 (29.6)0.270 (33.8) 2.74 0.532 (21.5)0.777 (26.6)0.289(27.8)2.69@%RMS

errorsinparentheses.tR@g@S
at least partiallyaffected(byexaminingcompositeimage)byocclusionoftheLADIntheoccludedstudy.

P2464dosed-cheststudyAttenuation

CorrectedUncorrectedRegionf@k21

(i/mm)k12 (1/mm)D.V.f.,k@ (1/mm)k12(i/mm)D.V.1

2
3
4
5
6
7
8
9
10
I 1
12
13
14
15
16
I 7
18
19
200.263

(82.3)
0.389 (62.6)
0.420(58.7)
0.222 (61.4)
0.371 (71.5)
0.399 (85.7)
0.482 (53.4)
0.306 (58.6)
0.465 (57.3)
0.428(54.4)
0.437(48.1)
0.353 (39.4)
0.509 (39.2)
0.529 (48.3)
0.561(39.3)
0.388 (60.0)
0.534 (50.4)
0.708(39.7)
0.437(50.2)
0.428 (56.1)1

.975(36.7)
2.643(39.5)
2.061(41.6)
1.735(25.3)
2.219(45.0)
2.667(53.1)
1.993 (46.6)
1.729(32.4)
2.062 (46.2)
2.763(38.7)
1.968(37.9)
1.545(25.3)
2.365(37.2)
2.601(47.6)
2.444(44.4)
1.754(40.3)
1.941(51.0)
3.074(72.8)
2.034(43.3)
1.753(41.7)0.939

(38.3)
1.075(38.8)
0.969 (40.6)
0.868 (26.7)
0.984(45.5)
1.027(47.3)
0.912(44.4)
0.822 (33.9)
0.841(40.8)
1.112(36.0)
0.924(38.1)
0.727(25.9)
0.952(34.9)
1.040(45.3)
1.057(41.8)
0.848(41.2)
0.914 (48.8)
1.065(57.0)
1.066(45.4)
0.935 (42.0)2.10

2.46
2.13
2.00
2.25
2.60
2.19
2.10
2.45
2.48
2.13
2.12
2.48
2.50
2.3i
2.07
2.12
2.89
1.91
1.870.087

(137.1)
0.237(77.9)
0.330 (54.2)
0.247 (46.4)
0.177(77.4)
0259 (78.4)
0.422 (50.0)
0.330(45.1)
0.244(62.9)
0.339(45.1)
0.424 (44.3)
0.338 (33.6)
0.321 (37.5)
0.480(36.8)
0.523 (34.6)
0.445 (49.7)
0.383 (46.3)
0.650(30.2)
0.561(41.8)
0.460 (47.6)1

.906(21.7)
2.656(27.6)
2.700(26.2)
2.057(18.9)
2.060(24.4)
2.599(29.9)
2.736 (33.4)
2.156(23.6)
1.933 (25.5)
2.734(24.1)
2.754(30.3)
1.877(18.7)
2.260(20.9)
2.580 (31.0)
3.134(32.8)
2.535 (34.3)
2.008 (30.8)
2.854(43.9)
3.390(43.6)
2.688(34.2)0.945

(23.3)
1.100(28.5)
1.061(25.3)
0.859 (19.1)
0.996(25.8)
1.026(28.9)
0.996(29.7)
0.849(23.1)
0.912 (25.9)
1.126(23.1)
1.032(28.0)
0.754 (18.4)
1.033(21.6)
1.043(29.3)
1.143(28.2)
0.922(30.0)
0.998 (31.2)
1.090(36.5)
1.163(36.8)
1.027(28.6)2.02

2.41
2.55
2.39
2.07
2.53
2.75
2.54
2.12
2.43
2.67
2.49
2.19
2.47
2.74
2.75
2.01
2.62
2.91

2.62*%RMS

errorsinparentheses.

TABLE 2A
EstimatedParametersand DistributionVolume (D.V.) from Aftenuation-CorrectedImagesfrom Opened-chestStudies*

slope of the linear regression lines for diff@and diff@1is the amplitude of the blood and myocardial tissue curves
greater than 1.0. This relationship has been verified using are affected by attenuationcorrection, 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 Rb and R@ratios. If the shape of the curves

TABLE 3
Comparisonof EstimatedParameters(closed-Chest Study) from Attenuation-Correctedand UnCOrreCtedlmages*
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1 2 3 4 5

< 0.403. The change in k12 from a baseline region to an
occluded region showed no significantdifference.

DISCUSSION

The results of our study show that dynamic SPECT
imaging ofteboroxime using multidetector SPEC!' systems
can be used to obtain kinetic parameters that are related to
coronaiy blood flow. Using three detectors, sufficient
counts with a temporalresolutionof 10.2sec 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

dialtissue time-activitycurve were fit to an equationwhich
incorporated a parameter f@,that modeled the volume frac
tion of blood in the tissue and also incorporated a linear
two-compartmentmodel consisting of a blood and an cx
travascular compartment that modeled the washin (k21)
and the washout (k12)of teboroxime in the myocardial
tissue. The washin parameter k21was significantly (p <
0.0001) affected when attenuation correction was per
formed during the reconstruction process. Also, the
washin parameter k21decreased significantly (p < 0.002)

B.
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k210.75
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Slice#

FiGURE6. (A@CompositeshOrt-aXISslices of the baseline
opened-cheststudyand the correspondingOCcludedstudy (study
P3180). The defect was most apparent in regions 11, 7, and 3. (B)
Theestimatedparameterk@fromthenonocdudedstudyplottedas
afunctionof sheanumberforthevariousregions.(C)Theestimated
parameterk21fromthe occludedstudyplottedas a fUnCtiOnof slice
numberfor the variousregions.
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FiGURE5. RegionalvarIationoffractionaldifferenceofparame
tarsdiff@(Equation4) betweenuncorrectedimagesandattenuation
correctedimagesfromcaninestudyP3180,plottedas a functionof
D@(Equation7),wt*hisameasureofreIadveaUenuation
differencesbetweenbloodandmyocsrd@tissueregions.If@
= 0, then they were attenUated equally, ii DRb@ < 0, then the

tissue regionwas attenuatedmore than the blood region,and if
@ > 0, then the blood region was attenuated more than the

tissue region.The linear regressionwith its respectivecorrelation
coefficientis alsogivenfor eachdiff@.

changed as well as the amplitude,then DRb_Rtcould 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, veiy
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 k21as a function of
slice numberfor 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 k21
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
pairedtwo-sample t-test for means was performedon both
groups, the results showed that there was no significant
difference for k21and k12in 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 â€”0.010<@ â€”j@ < 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
differencewith p < 0.0001 and a 95%confidence intervalof
â€”0.201< /h1@ < 0.061. The parameter k21 also
showed a significantdifferencefor the occluded groupwith
p < 0.002 and a 95%confidence intervalof0.045 < j@â€”

â€¢.â€”â€¢RegÃ¨ons17,13,9,5,1
0â€”0 RegÃ¨ons18,14,10,6,2

@ Regions 19,15,11,7,3

@ ARgiOflS2O,16,12,8,4

C
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when the LAD was occluded, suggesting it may be an
indicatorof myocardial blood flow.

A major factor limiting the implementation of kinetic
modeling using dynamic SPECF imagingis the numberof
counts thatneed to be detected in a short time interval.The
photon flux of the radiopharmaceutical,the geometric ef
ficiency and the sensitivity ofthe SPED.' system determine
the number of counts detected if the effects of attenuation
are ignored. The geometric efficiency and detector sensi
tivity of the SPECF system can be increased by developing
new detector technology. The rapidlychangingblood input
function and the kinetics of the radiopharmaceuticaldeter
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 SPEC!' 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 5â€”10sec for the first 1â€”2min
of the scan could be acquired, followed by longer acquisi
tions (30 secâ€”2min) as time progressed. Rapid acquisition
at the beginning would ensure that the rapidly changing
blood compartmentis sampled adequately, which reduces
the bias in the estimated parameters(32). Longer acquisi
tions can be used after the bolus has dispersed to obtain
adequatestatistics 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
parametersto evaluate the various samplingprotocols.

Initially, we attempted to select the optimal placement of
the blood ROl by comparing time-activity curves gener
ated fromvarious anatomical locations to continuous arte
rialsamplingof the inputfunction from the femoralartery.
Unfortunately, the activity in the arterial blood saturated
the radiationprobe, 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 regionscontained at most 2 voxels in

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 atriumwere 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 saturatedhave shown that as much as
37% of the activity from a blood ROl drawn near the base
ofthe heartactuallycomes fromthe tissue. Fromcomputer
simulations that we have performed (23), a 37% spillover
of tissue activity into the blood ROl can bias the parame
ters k21and k12as much as 62.5%and 125%,respectively.
More studies need to be done to determinethe 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 (13,33â€”35).

The two-compartmentmodel used to fit the myocardial
tissue time-activity curves using the measured blood time
activity curve as the input function was chosen based on
theworkdonein dynamicPETimagingwithpartiallycx
tracted tracers such as 82Rband â€˜6@Jj(14,15,17,18). The
washin parameter k21in this compartment model is depen
dent not only on flow but also on the extraction fractionof
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 highlyextracted on the firstpass (99.5%),but dropped
to 57% after a 5-min extraction.

The decrease in the extraction fractionof teboroxime is
a potentialproblemfor accuratequantitationof myocardial
blood flow. We performed a computer simulation (37) that
modeled this bindingby assigninga half-lifeof 5 ruinfor the
binding of teboroxime to blood cells and proteins (36) and
determinedthat this bindingcan bias the estimated param
eter k21by as much as 50%. In the future, blood samples
may need to be drawn(as is done in PET i3@}j3studies) to
determine the amount of extractable teboroxime in the
blood.

Previous computer simulations demonstrated that the
washin parameter k21 showed the most potential as an
indicator of myocardial blood flow. A sensitivity analysis
was performed where each parameter@ k21and k12)was
changed a set amountfor five simulationswhile holdingthe
other two constant. The extravascular time-activity curve
was shown to be relatively insensitive to parameterft,,as
compared to parametersk21and k12.The sensitivity anal
ysis also showed that k21exerted its effect on the beginning
time points of the extravasculartime-activity curve, while
k12exerted its effect on the later time points. The results
obtained from this study supported the findings from the
computersimulations.The %RMSerrorsfor the parameter

@ were consistently the highest, indicatingthat this param
eter had the least precision when fitting the data. The
observation that no significantdifference occurred in any
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ofthe estimatedparameterswhen 30.6 minof dynamicdata
were fit as compared to 15.3 min in the closed-chest study
indicates that most of the kinetic informationis contained
in the earliertime points which affect the parameterk21the
most. Highercount rates in the extravasculartime-activity
curves occur duringthe earliertime points and the %RMS
errors for the washin parameter k21were slightly lower
than the other parametersfor each study, which also mdi
cate that the washin parameter k21may be a more sensitive
indicator of blood flow than the washout parameter k12.

The parameter f@,averaged near 34% in these studies
which is higher than the quoted literaturevalue of 10%â€”
15% (38). Using computer simulations, we determined that
the parameterf@,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

@ will have littleuse in differentiatingabnormalfrom nor
mal tissue, f@is still importantbecause it models spillover
of blood into myocardial tissue due to cardiac motion.

Our studies showed that the estimated parameter k21
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 attenuationdifferences between the blood and tis
sue regions. Thus, attenuation correction is critical when
performing kinetic modeling of teboroxime using dynamic
SPEC].' imaging. In addition, attenuation will be more se
vere in patients; however, the largerheart size in patients
will cause less problemsdue to partialvolume effects.

The closed-chest study showed higher uptake of te
boroxime in the myocardial tissue which was also reflected
in the consistently larger k21and k12values compared to
the opened-chest studies. We attribute this finding to dif
ferent preparationsused 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 duringthe 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 myocardlal blood flow (40,41). Spontaneous venti
lation comparedto controlledventilationwill 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 k21
decreased when baseline regions were compared to their
respective occluded regions. However, the exact relation
ship of k21to absolute blood flow must be established in
future studies. If k21is to reflect relative changes in myo
cardialblood 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 (0.30â€”7.70ml/min/g)in the canine heart. In addition,
Chanet al. (42) suggested that tracerswith a highfirst-pass
myocardial extraction fraction have an initial uptake which

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 indicatorof myocardialblood 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
noncircularorbit; however, modern SPECT systems can
not obtain rapid acquisitions in noncircularorbits. Before
quantitation offlow 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
SPEC!' would decrease problems due to cardiac motion,
but low count rates may make it impractical. Finally, the
exact relationship of the washin parameter k21to myocar
dial blood flow must be established.

In summary, this initialstudy 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
PEThasmanyadvantagesoverdynamicSPEC!',SPECT
offers two significantadvantagesover PET in terms of cost
and availability. Like dynamic PET imaging, dynamic
SPEC!' imaging could be applied to other organs such as
the brain and kidney.
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