
nostic accuracy to 201TlSPECT for detection of significant
coronary artery disease (4). Serial 99mTc@teboroxime im
aging after pharmacologic or atrial pacing stress would
extend the clinical diagnostic utility of this new imaging
agent to include patients unable to exercise. Post-reperfu
sion 9emTc@teboroxime imaging during interventional pro
cedures would theoretically permit the earlier detection of
ischemic myocardium in an acute care setting.

Myocardial uptake of 99mTc..teboroxime is rapid, with
high extraction fraction over a wide range of flows (5) and
diagnostic quality cardiac visualization within 2 mm of
injection (5,6). In animal studies, tracer clearance is closely
related to myocardial blood flow (5). Preliminary clinical
studies (2) indicate that serial dynamic myocardial perfu
sion imaging may be achievable with this agent.

The goal ofthe present study was to compare the kinetic
behavior of 99mTcteboroxime in normal and post-stenotic

myocardium in response to occlusive (â€œsupplyâ€•),rapid
pacing (â€œdemandâ€•),and pharmacologic (â€œhyperemicâ€•)
stress in the intact pre-instrumented canine model. This
animal model simulates relevant clinical situations and
permits the serial acquisition of detailed hemodynamic
data to correlate with the in vivo myocardial kinetics of
this new perfusion agent.

The hypothesis that post-stenotic e9mTc@teboroxime
myocardial clearance varies with different types of is
chemic cardiac stress was tested. In addition, the corollary
of whether rapid differential myocardial clearance of
99mTcteboroxime predisposes early tracer â€œredistributionâ€•
in post-stenotic myocardium was also examined.

METHODS

.@ nI@___@

Theclearancekineticsof the perfusiontracere9mTc@teborox@
ime were evaluated in post-stenotic and normal myocardium
usingdynamicplanargammacameraimagingin pre-instru
menteddogsinthecontrolstate(n = 9) andfollowingtotal
occlusion (2 mm), pharmacologic stress with adenosine [80
and 160 @@g/kg/min]or dipyridamole,and rapidatrial pacing
(220/mm).Technetium-99m-teboroximeclearancein normal
myocardium was accelerated by adenosine and by dipynda
molecomparedto the controlstate (8.9Â±1.1 and9.3 Â±1.9
mm versus 11.9 Â±1.8 mm; p < 0.05). Post-stenotic 99r@@Tc@
teboroxime clearance half-time was most significantly pro
longed compared to nonoccluded contralateral perfusion
zonesby 160 @g/kg/minadenosinestress(11.2 Â±3.7 versus
6.3 Â±1.5 mm)andbycompletecoronaryocclusion(12.1 Â±
3.3 versus 6.6 Â±1.2 mm; both p < 0.05). Differentialtracer
clearancefrompost-stenoticversusnonoccludedzonespro
duced quantitative evidence of relative defect â€œredistributionâ€•
in71% ofmaximalstressstudiesat a meanof8.8 Â±2.5 mm
postinjection.Sensitivity,specificity,anddiagnosticaccuracy
of prolonged regional 99mTcteberoxime clearance rates for
post-stenotic perfusion abnormalities were 62%, 100% and
81% inmaximalstressstudies.Futureclinicaltrialsofexercise
andnonexercisestress @â€œTc-teboroximeimagingshouldcon
sider these kinetic characteristics and examine the correlates
of perfusiondefectâ€œredistribution.â€•

J NucI Med 1991; 32:2000â€”2008

echnetium-99m-teboroxime (methyl-boron [1-]-tris
[1 ,2-cyclohexane dione dioxime (l-)]-N',N' â€œ,
N' â€˜â€˜â€˜,N'â€˜â€˜â€˜â€˜)chlorotechnetium is a rapidly cleared myo
cardial perfusion agent currently being evaluated in exer
cisc-rest protocols in patients with suspected ischemic
heart disease (1â€”3).These early clinical trials of exercise
99mTcteboroxime imaging have shown comparable diag

ReceivedOct.26,1990;revisionacceptedJan.29,1991.
For reprintscontact: D. Douglas Miller, MD, Departmentof Medicine,

Divisionof Cardiology,St. LouisUniversityMedicalCenter,3635VistaAve.,
St.Louis,MO 63110-0250
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Preparation
Kits containing vials of lyophilized 99mTc@teboroxime were

supplied by Squibb Diagnostic Division, Princeton, NJ. Techne
tium-99m-sodium pertechnetate was obtained from eSMofl9mTc
generators that were eluted within 24 hr of radiopharmaceutical

preparation. Radionuclide purity, aluminum ion content, and
pH were determined prior to use.
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Each vial was reconstitutedwith 1 ml of [@mTc]sodiumper
technetate, containing approximately 2â€”4mCi of radioactivity.
The radiochemicalpurity wasdetermined utilizing 1.3x 11cm
Whatman 31ET chromatographystripsand two individualmo
bilefacesolventsystems.Chromatographicresultsindicatedthat

the sum ofthe freeâ€˜@mTcand reduced/hydrolyzed @mTc@teborox@
ime was routinely less than 10%, while the mean radiochemical
purity averaged greater than 95%.

Hemodynamic Data Acquisition and Analysis
Healthy mongreldogs (15â€”20kg) were surgjcailypre-mnstru

mented for chronic physiologic monitoring using a previously

reported method (7). High fidelityleft ventricular(LV)pressure
(LV end-diastolic pressure), the first derivative of LV pressure
[dP/dt], aorticpressure,the minor axisLVdimension,apicaland
basal regional segment lengths and a surface ECG were recorded

on internallygrounded an eight channel forced ink pen oscillo
graph [Beckman Instruments, Inc., Fullerton, CA] at a paper
speed of 25 mm/sec. An average of 15 to 20 consecutive cardiac
cycles were recorded for on- or ofiline analysis using software

developedin our laboratory.Percent regionalLV systolicshort
ening [%SS]was calculated according to a previous published
method (7,8).These parameterswere used to establishthe pres
ence and define the time of peak LV hemodynamic stress.

Experimental Protocol
All animals wereanesthetizedwith intravenouspentobarbital

[30 mg/kg] in the right lateral decubitus position for the duration
ofthe studies. All nine dogs (five pre-instrumented with coronary
artery occluders and four pre-instrumented without occluders)
underwentimagingwith 10Â±1mCi of @mTc-teboroximeunder
baseline conditions (without occluders inflated). Experimental
stress runs were carried out in random order in each of the five
occluded dogs after either 5 mm of partial [90%] single-vessel
coronary artery occlusion or 2 mm ofcomplete [100%] occlusion.
A minimum interval of 48 hr was allowed between serial studies
to permit full hemodynamicrecovery.Followingpartial (90%)
coronary occlusion, the dogs underwent the following pharma
cologic stress: 80 @g/kg/minor 160 @zg/kg/minadenosine (Sigma,
Inc., St. Louis, MO) intravenouslyfor 3 mm, or dipyridamole
(Boehringer Ingelheim, Ridgefield, CT) 0. 14 mg/kg/mm intra
venously over 4 mm (total dose = 0.56 mg/kg).

â€œDemandâ€•ischemia was achieved with partial occlusion and
atrial pacing at 220 bpm. Technetium-99m-teboroxime was ad
ministered as an intravenous bolus (flushed with 10 ml of normal
saline) at the point of peak stress as defined by online LV
hemodynamics. This occurred at 2 Â± 1 mm following the onset

of adenosine infusion and at 7 Â±I mm followinginitiation of
dipyridamole infusion. Experimental runs were also performed
as described above without coronary artery occlusion.

Image Acquisition and Analysis
Image acquisition was performed using a Searle MEDX-37

gamma camera fitted with a low-energyall-purposecollimator
and interfaced with a Medisys A2 computer (matrix = 64 x 64
byte: zoom = 1.69). A 20% automatic photopeak window was

set around 140 keV. All images were acquired in the 50Â°left
anterior obliquecamera position. Imageacquisitionwas started
at the time of injection and consisted of 40 frames (30 sec per
frame) followed by 2 frames of 5 mm per frame. Total imaging
time per study was 30 mm. Animals were repositioned for serial
imaging studies by placing the thoracotomy incision scar at the

FIGURE 1. ROlsforanalysis
of myocardial,blood-pooland
lung activity are demonstrated
at 1.5 mmpostinjection.Myo
cardialROls were set in the
anteroseptaland posterolat
eralregions(whiteboxes),dis
tant from the apicalinstrumen
tationâ€œdimple.â€•Two lungROls
wereplacedat the samelevel
as the myocardialROls, well
above the splanchnicactivity.
Blood-pool ROls were placed
in the central ventricularcavity
(LV)and in the ascending aorta
(Aorta).

level of the midpoint of the camera-collimator surface (deter
mined by cross-hatched markings).

Twenty-fivepixel regions of interests (ROl) were drawn by
two independent observers in the post-stenotic and nonoccluded
(normal) myocardium corresponding to the anteroseptal and
posterior myocardial walls (Fig. 1).Background ROIs were placed
over two lung regions at the level of the LV chamber, and the
LV cavity and ventricular outflow tract. All regionswere fixed
for the duration of studies, but could be adjusted for animal
motion. Care was taken to minimize the contribution of hepa
tobilary activity to the inferoposterior wall using adjustments in
camera position guided by an activity source before e9mTc@tebo@
roxime injection. Systematicprospectiveevaluation of the con
tribution ofall four backgroundROIsto myocardialactivitywas
performedin representativecontroland stressstudies.An average
of the LV outflow tract and one lung region produced optimum
correction for both early (0â€”2mm) blood-pool and later (2â€”11
mm) lung background activity adjacent to the myocardial ROIs.
Data fromeachindividualimageframeweredecay-correctedand
background-subtractedusinga methodsimilarto thosepreviously
reported for analysisof dynamic myocardialradioisotopeclear
ance with serial planar imaging (9,10).

Technetium-99mtime-activitycurveswere initiallyexpressed
as raw mean counts/pixel/30-secframe and fitted to the biexpo
nential equation: Y = ae@â€•+ be@212(@ reference 31 ). Tracer
clearance half-times [t,, in minutes] were derived by linear regres
sion of the natural logarithmic transformation of the decay cor
rected and background subtracted @mTcraw myocardial time
activity curves acquired during the first 1 1 mm of each study,

according to the standard equation: t,@= ln2/X1 (4,5).
Relative â€œredistribution,â€•the apparent normalization of@mTc@

teboroxime activity in post-stenotic myocardial defects, was as
sessedqualitativelyand quantitatively.Serialplanar images(30-
sec studies x 20 mm) were visually scored by two observers
blinded to both the study and experimental protocol for qualita
tive reduction of defect size (i.e., â€œredistributionâ€•)(1 1). Quanti
tative â€œredistributionâ€•(â€œRâ€•)was prospectively defined as the
point at which the log transformed 1â€”11-mm time-activity curves
[post-stenotic zone (curve Aâ€”C)versus normal zone (curve Bâ€”
D)] reached @40%of their initial (time = 1 mm) count density
difference (Fig. 2) (12):

â€œR'@_) ((CA1I@y :@0.40

whereâ€œRâ€•= quantitative â€œredistributionâ€•,A ln post-stenotic
myocardial counts (time 1 mm), B = ln normal zone counts
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FIGURE 2. LOgtransformedmyocardialclearancedata from
a studyof severepartialcoronarystenosisduringadenosine[160
@zg/kg/min]stress. The approachof the normalzone (curve Bâ€”D)
and post-stenoticzone (curveAâ€”C)clearancecurves at pointCâ€”
D to within 40% of their initial 1-mm difference at point Aâ€”B
occurs at 5 mm (6 mm postinjection).These curves intersect at
8 mm postinjection. Quantitative relative â€œredistributionâ€•was
accompanied by qualitativepartial â€œfill-inâ€•of the anteroseptal
perfusiondefect. The myocardialclearance half-timein the non
occludedzonewas 4.9 mmas comparedto 10.5 mmin the post
stenoticzone.

(time 1 mm), C = In post-stenotic myocardial counts (time 11
mm), and D = In normal zone counts (time 11 mm).

The choice of 11 mm (10 mm following the 0â€”1mm clearance
of blood pool) was based on careful analysis of the raw data
which routinely demonstrated a â€œbreakpointâ€•between early and
late washout at <1 1â€”12mm postinjection (see Fig. 4). Myocardial
activity beyond 11 mm postinjection was too low (27%â€”34%of
1 mm postinjection), and clearance too statistically variable (late
tl/, = 20 Â± 2â€”33 Â± 4 mm) to permit further assessment of SSmTc..

teboroxime clearance.

Statistical Analysis
Data are expressed as mean Â± I s.d. Paired samples were

compared using the Students t-test. A probability value of <0.05
was considered significant. Linear regression was calculated by
the least squares method. Blood clearance data (Fig. 3) were fit
to a biexponentialfunction usingthe RS/l softwarepackageâ€œfit
functionâ€•(Bolt, Baranek and Newman, Cambridge, MA).

RESULTS

Hemodynamic Response
Table 1 lists the hemodynamic responses at baseline

and after peak pharmacologic and pacing stress. The peak
stress triple product (heart rate x LV systolic pressure x
+dP/dtmax) did not increase significantly after adenosine
and dipyridamole infusion, consistent with previous stud
ies of these pharmacologic stress agents on canine LV
performance (13). There was a significant increase in
cardiac index (7. 1 Â±1.0 to 13.9 Â±4.6 1/min/m2; p < 0.05)
and triple product (43,578 Â±14,460 to 84,979 Â±35,431
units; p < 0.05) during pacing stress. The left ventricular
end-diastolic pressure (LVEDP) increased only during
complete occlusion (7 Â±4 to 21 Â±13 mmHg; p < 0.05).

FIGURE 3. Systemicarterialbloodclearanceof @â€œTc-teborox
ime was evaluated in the subset of 3 dogs instrumented for
Dopplercoronary artery blood flow determination.Tracer clear
ance was biexponentialunder baselineconditions (k1= 1.29 Â±
.05,k2= 0.025Â±.004)andfollowingpharmacologicstresswith
high-doseadenosine(k1= 1.68 Â±.07, k2 = 0.031 Â±.003 and
dipyndamole(k1= 1.82 Â±.09, k2 = 0.043 Â±.004). Early blood
99mTcteberoximeclearancekineticswere comparableand signif
icantlydifferentfrom control followingdipyndamoleand adeno
sinestresses.

Regional Contractile Function
The LV percent systolic shortening (%SS), an index of

regional contractile function (13), is given in Table 2 for
the post-stenotic and nonoccluded vascular beds. Total
coronary occlusion, and partial occlusion with high-dose
adenosine (160 @g/kg/min),dipyridamole or rapid atrial
pacing transiently decreased post-stenotic LV contractile
performance (all p < 0.05), which returned to normal at
10 mm post-stress. Low-dose adenosine (80 @ig/kg/min)
plus stenosis did not depress post-stenotic LV contractile
function.

Coronary blood flow was not directly measured in the
presence of flow limiting stenoses. However, previously
reported data from our laboratory (19) demonstrate a
significant reduction in radiolabeled microsphere regional
myocardial blood flows with severe (90%) partial stenosis
alone (1.4â€”0.9ml/min/g), partial stenosis and rapid atrial
pacing (0.6 ml/min/g), and complete occlusion (0.2 ml/
min/g; all p < 0.05).

Technetium-99m-Teboroxime Myocardial Clearance
Kinetics

Table 3A summarizes the early (1â€”11 mm) clearance
half-times of 99mTcteboroxime at control and under the
varied stress conditions. Mean early 99mTc..teboroxime
clearance was delayed in ischemic post-stenotic zones com
pared to contralateral normal myocardial zones under all
conditions of pharmacologic and pacing stress (p < 0.05),
but was most prolonged after the infusion of 160 @g/kg/
mm (1 1.2 Â±3.7 versus 6.3 Â±1.5 mm; p < 0.05) (Fig. 4).
There was also a significant difference in post-stenotic
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I. PharmacologicStress(n=5)0.3

Adenosine0.6 AdenosineDipyndamoleBaselinePeak

stressBaseline Peakstress BaselinePeakstressHR125Â±26157Â±24136Â±43

172Â±28146Â±24174Â±18LVP
systolic123 Â±141 22 Â±121 38 Â±20 140Â±12 126 Â±181 34Â±22LVEDP5.6

Â±3.28.4 Â±7.47.0 Â±4.4 6.8 Â±9.5 5.8 Â±3.34.4 Â±12.8+dP/dL,@3,177
Â±1,0773,475 Â±1,2323,614 Â±954 4,443Â±973 3,540Â±9654,706 Â±1,137Triple

product53,373 Â±37,1 2668,788 Â±35,76075,290 Â±44,046 110,125 Â±39,000 83,558Â±40,8411 15,983Â±47,174Cardiac
index7.5 Â±1.08.9 Â±1.37.8 Â±1.8 9.8Â±2.1 7.9Â±1.612.0 Â±4.6-II.

PacingStress(n=5)Baseline

PeakstressHR

LVPsystolic
LVEDP
+dP/dt.@@@
Tripleproduct
Cardiacindex106Â±20

209Â±9â€•
120Â±16 119Â±21
6.8 Â±3.3 24 Â±7.0

3370 Â±748 3327 Â±971
43,580 Â±14,468 84,978 Â±35,432â€•

7.1 Â±1.0 13.9 Â±4.6â€•Ill.

TotalOcclusion(n =6)Baseline

Peakstress

124 Â±19

C p < 0.05 versusbaseline.LVP

= LVPpressure(mmHg),LVEDP= LV end-diastolicpressure(mmHg),+dP/dt,,,, = first derivativeof LVP(mmHg/sec),andcardiacindex
=I/min/m2.clearance

half-time between pacing stress (7.3 Â±1.2 mm) Quantitative post-stenotic counts ratio analysis con
and complete occlusion (12. 1 Â±3.3 mm; p < 0.05). firmed optimal defect visualization at 5 mmpostinjectionTechnetium-99m-teboroxime

clearance in nonoccluded (Table 3B). Lung:heart @mTc@teboroximeactivity ratios5zones
differed significantly from the control value (1 1.9 Â± mm postinjection did not differ under variedexperimental1

.8 mm, p < 0.05) under all cardiac stress conditions. stressconditions.TABLE

2Percent
Systolic ShorteningDataPost-Stenotic
bed NonoccludedbedExperimental

conditions Baseline Peak 10 mm postinjection Baseline Peak 10 mmpostinjectionNo

occlusionControl
(n= 9) 13.3%Â±3.9% â€” â€” 13.0%Â±3.4% â€”â€”0.6

Adenosine(n= 4) 12.7%Â±5.2% 12.4%Â±6.0% 12.3%Â±2.9 10.0%Â±4.2% 10.2%Â±4.0% 10.5%Â±1.8%Dipyndamole
(n = 4) 11.0% Â±5.9% 11.5% Â±6.5% 9.7% Â±4.9% 16.2% Â±1.9% 20.8% Â±7.8% 13.8% Â±4.3%Total

occlusion(n = 6) 15.5% Â±4.3% 10.4 Â±3.9%â€• 14.2% Â±3.4% â€” â€”â€”Partial
occlusion (n =5)+

Adenosine(0.3) 10.4% Â±4.8% 8.0% Â±3.7% 12.2% Â±4.6% 11.6% Â±4.1% 11.6% Â±4.2% 10.6% Â±3.5%+
Adenosine(0.6) 11.2% Â±4.7% 7.6% Â±3.2%â€• 13.1% Â±5.9% 10.6% Â±4.1% 11.9% Â±5.0% 10.0% Â±3.9%+
Dipyridamole 12.2% Â±3.6% 8.6% Â±4.8%â€• 11.5% Â±5.8% 15.4% Â±4.0% 19.1% Â±7.6% 15.0% Â±4.0%+
Pacing (220/mm) 12.3% Â±5.7% 8.1% Â±4.7%â€• 13.0% Â±3.5% 12.8% Â±2.7% 13.9% Â±5.5% 13.9% Â±4.7%C

p < 0.05 vs. baseline and 1 0' post-values.

HR
LVPsystolic
LVEDP
+dP/dL,
Tripleproduct
Cardiac index

164Â±20
108 Â±17

21.2Â±13.2â€•
2,389 Â±759

38,031 Â±16,094
6.6 Â±2.0

124 Â±11
9.6 Â±3.3

3,108 Â±327
47,866Â±8,208

7.6 Â±1.8
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TABLE3ATechnetium-99m-Teboroxime
Imaging Data in ResponsetoPharmacologic

and lschemicStressMyocardial

clearancehalf-timen
(mm)

9* 11.9Â±1.8

TABLE3BTechnetium-99m-Teboroxime
ImagingData in Response to

Pharmacologic and lschemicStressMyocardial

Post
stenotic:normalzonecountsratio

distributionâ€•was present in 7 1% of maximal stress studies
[15/21]: 60% after pacing stress, 60% after pharmacologic
stress with adenosine 160 @g/kg/min,80% after dipyrida
mole stress and 83% after complete occlusion (n = 5/6
studies), and in 17/26 (65%) of all studies. Concordance
between â€œredistributionâ€•scoring by quantitative curve
analysis and blinded expert qualitative scoring was 60%.

DISCUSSION

The current study utilized widely available dynamic
planar gamma camera imaging in a validated pre-instru
mented chronic dog model of severe coronary stenosis,
with pacing and varied hyperemic stresses. The following
observations were made:

1. Technetium-99m-teboroxime clearance is signifi
cantly delayed in ischemic myocardium distal to
severe (90%) stenoses following rapid atrial pacing,
adenosine and dipyridamole stresses as compared to
the contralateral nonoccluded zone.

2. Increased cardiac work (i.e., triple product), high
dose adenosine (160 @zg/kg/min)and dipyridamole
infusion accelerate 99mTc@teboroximeclearance from
nonoccluded zones compared to control data from
the same perfusion beds.

3. High-dose adenosine stress and complete (100%) oc
clusion with reperfusion caused the greatest prolon
gation of teboroxime clearance compared to nonoc
cluded zones.

4. Differentialpost-stenoticversusnonoccludedzone

Control
Noocclusion
Adenosine(0.6)
Dipyndamole

Partialocclusion

Adenosine(0.3)
Adenosine(0.6)
Dipyridamole
Pacing
Complete occlusion

C p < 0.05 between post-stenotic and normal zone half-time.

t p < 0.05 vs. control half-time.

SFive pre-instrumented and four uninstrumented control dogs.

SSix experimental runs in five dogs.

5
5

8.9 Â±1.1
9.3 Â±1.9 DiagnosticAccuracyfor Detectionof Abnormal @Tc

Post-Stenotic zone Normal zone Teboroxime Clearance
5 10 6 + 2 5â€• 7 0 + 1 9@ If normal 99mTcteboroxime clearance is defined as <2

5 11:2 ; 3:7â€• 6.3@ 1:S@ s.d. above the nonoccluded group mean, then the
5 8.6 Â±2.1 â€œ 5.8 Â±1.4@ sensitivity of regional tracer clearance half-time
5 7.3 Â±1.2â€• 5.6 Â±1.l@ determinations for detecting post-stenotic perfusion

abnormalities in low- and high-dose adenosine
6@ 121+33â€•.â€”. .â€”. dipyridamole,pacing,stress,andtotalocclusionstudies

was 25%, 60%, 60%, 60%, and 66%, respectively. Overall
sensitivity was 54% (14/26) including low-dose adenosine
studies and 62% (13/21) excluding these sub-maximal
adenosine studies. Six additional studies demonstrated
visual evidence of relative â€œredistributionâ€•but did not
have regional clearance half-time values exceeding 2 s.d.
above the mean. When combined with quantitative
clearance data, qualitative scoring improved sensitivity to
60%,80%,100%,60%and66%intheabovestudygroups;
and 73% overall.

None of the 26 nonoccluded zones demonstrated half
___________________ time clearance rates exceeding 2 s.d. above the mean,

n 5 mm io mm producing no false-positives and a specificity of 100%
-@: 0.87 Â±0.08 0.89 Â±0.1 1 using this criteria. The diagnostic accuracy was 77% for

all types of stress in 52 segments and 81% in maximal
5 0.87 Â±0.10 0.89 Â±0.10 stress studies analyzed for the presence ofabnormal 99mTc@
5 0.89 Â±0.09 0.89 Â±0.10 teboroxime clearance.

Control
Noocclusion
Adenosine(0.6)
Dipyridamole
Partialocclusion
Adenosine(0.3)
Adenosine(0.6)
Dipyridamole
Pacing
Completeocclusion

5 0.70Â±0.13
5 0.65Â±0.12â€•
5 0.73Â± 0.16'
5 0.70Â±0.17

0.73Â±0.18
0.71Â±0.17
0.74 Â±0.07
0.73 Â±0.22

6* 0.82Â±0.09 0.91Â±23

C p < 0.05 vs. corresponding â€œno occlusionâ€• counts ratio.

t Five pre-instrumented and four uninstrumented control dogs.

* Six experimental runs in five dogs.

Qualitative Versus Quantitative Analysis of @â€œTc
Teboroxime Myocardial Redistribution

Two independent observers qualitatively graded myo
cardial visualization as good to excellent in 28 of 35 (80%)
of all studies, and defect visualization as present in 22/26
(85%) of stressstudies (Fig. 5). Figure 6 is an example of
a post-stenotic myocardial perfusion defect with qualita
tive relative â€œredistributionâ€•of @mTc@teboroximeactivity.
The corresponding clearance curves are shown in Figure
2, with the curves reaching s40% of their original log
transformed count density difference within 10 mm of
injection. Using this quantitative definition, relative â€œre

2004 The Journalof NuclearMedicineâ€¢Vol. 32 â€¢No. 10 â€¢October1991



S 10 15 20

FIGURE 4. (A) Typical myocardial
clearancekineticdata (0â€”30mm)following

@â€œTc-teboroximeinjection(10 mCi i.v.)
during high-dose adenosine stress. The
post-stenotic zone (closed circles) and
contralateralnonocciudedzone (opencir
des) data are derivedfromfixedROls in
the anteroseptaland posterolateralmyo
cardium.The raw kinetic data [upper left]
andlogtransformeddata[upperright]with
correspondingregression curves are
shown (r = 0.9). In this study, the early
dearance half-time in the nonoccluded
zone was 5 mmas comparedto 11 mmin
the post-stenotic (â€œoccludedâ€•)perfusion
bed.(B)Representativemyocardialclear
ance kinetic data (0â€”30mm)following in
jectionof @â€œTc-teboroxime(10 mCi i.v.) in
fixed myocardial ROls in the occluded an
teroseptal (dosed circles) and nonoc
cluded posterolateral(opencircles)perfu
sion beds followingtotal (100%)occlusion
of the left anterior descending coronary
artery.The raw clearancedata [lower left]
and log transformeddata [lower right] are
displayed,withregressionofthelogtrans
formed data (r = 0.9). The post-stenotic
clearance half-time was delayed versus
nonoccludedperfusionzones(11.5 vs 6.0
mm).
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99mTcteboroxime myocardial clearance results in
quantitative â€œredistributionâ€•of activity into post
stenotic myocardium in 60%â€”83%(7 1% Â±12%) of
studies at an average of 8.8 Â±2.5 mm following
injection, with qualitative evidence of defect â€œredis
tributionâ€•in 60% ofthese studies.

5. Sensitivity,specificity,and diagnosticaccuracyof
tracer half-time clearance data for detecting post
stenotic perfusion abnormalities were 62%, 100%
and 81% after maximal stress. These data acquired
in a close-chested animal model may be extrapolated,
with caution, to the clinical use of @mTc@teboroxime
myocardial perfusion imaging.

Myocardial Imaging Considerations
Myocardial Tracer Uptake. The peak myocardial uptake

ofintravenously injected @mTc@teboroximeis 2.3% Â±0.8%
of the injected dose (1), and is theoretically related to
coronary blood flow (relative to cardiac output) and ex
traction fraction. In perfused hearts, myocardial extraction
of this agent consistently exceeds that of either 2OVflor

@mTc-sestamibi(mean E max = 0.76 Â±.09 versus 0.62 Â±
0.09versus0.30Â±.10; p < 0.01)(20). Themyocardial
extraction (E max = 0.72 Â±0.09) remains constant over a
wide range of flows (5,20). Coronary blood flow was not
directly measured during the stress-occlusion imaging
studies, although Doppler flow probe studies in a subgroup
ofanimals confirmed significant coronary hyperemia com
parable to previous studies (14â€”18) in response to high
dose adenosine (coronary flow reserve = 2.0) and dipyri

damole (coronary flow reserve = 2.6) infusion. The ratio
of increased coronary blood flow to cardiac output (1.6â€”
4.4) favoredmyocardialtraceruptakeduringpharmaco
logic coronary vasodilation. Differences in the regional
uptake of99mTc@teboroxime following these varied stresses
should therefore have been primarily dependent upon
changes in regional myocardial blood flow.

Myocardial Clearance Kinetics. Canine studies have
demonstrated differential washout rates of @mTc@teborox@
ime during baseline conditions and coronary hyperemia
within 4 mm ofinjection using a modified SPECT camera
system (5). This differential clearance effect is observed in
both early (tÂ½ 2.3 Â±0.6 versus 1.5 Â±0.6 mm) and late
U',,= 20Â±9versus34Â±9mm)phasesof@mTc@teboroxime
washout. In a study utilizing serial planar imaging (4),
postexercise 99mTcteboroxime washout in both normal
and CAD patients was faster than that occurring at rest.
In CAD patients, late phase washout half-time following
rest injection equalled 50 Â±17 mm versus 31 Â±10 mm in
normal subjects(p < 0.01). Thus, the myocardial clearance
of 99mTcteboroxime occurs at different rates during coro
nary hyperemia and varied levels ofcardiac work and may
be delayed under conditions of chronic myocardial ische
mia.

We made no attempt to perform compartmental analy
sis on these dynamic 30-sec images that do not possess the
temporal resolution of our serial blood sampling data.
Cardiac Na(Tl) probe studies of myocardial clearance of
this agent following intracoronary injection demonstrate a
biexponential washout pattern with a 2-mm fast compo
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ditions and following dipyridamole stress (mean t,, = 21
Â±4 versus 12 Â±4 mm) (5). Differences in clearance
kinetics following intracoronary and intravenous injection
are due in part to tracer recirculation and continued
reuptake postinjection following intravenous dosing.

Blood Clearance Kinetics. Previous animal studies (5,
23) have demonstrated rapid blood clearance of 99mTc@
teboroxime after intravenous injection, with no difference
in baseline and dipyridamole blood kinetics. In previous
clinical studies, rest injection blood levels decrease from
39% of the injected doseat 90 secto only 9.5% at 15 mm
(1). Residual blood 99mTc@teboroximeactivity in dogs at
rest and after dipyridamole stress averages 8% Â±3% of
peak at 2 mm and 4% Â±2% at 5 mm (5). Blood-pool
clearance data were acquired in the current study through
out imaging (30 mm) to examine the input function at
baseline and following adenosine and dipyridamole stress.
These data indicated rapid biexponential blood-pool clear
ance of the agent under each experimental condition and
confirmed that blood-pool background activity did not
significantly affect myocardial imaging beyond 2 mm post
injection (Fig. 3). Early blood 99mTc@teboroximeclearance
kinetics were comparable and significantly different from
control following dipyridamole and adenosine stresses.

Experimental Limitations
Coronary Stenosis Model. The severe (>90%) partial

coronary stenoses utilized in these studies (19) predictably
reduced the coronary flow reserve to markedly abnormal
levels, although a range of abnormality was possible (14,
18). In contrast to human angioplasty (24), in awake or
anesthetized animals coronary flow increases in nonoc
cluded perfusion beds during contralateral coronary artery
occlusion (25). No attempt was made in the current study
to utilize pharmacologic neuronal blockade, thus the po
tential existed for reflex contralateral hyperemia with sin
gle coronary artery occlusion in these studies. Coronary
flow in the contralateral unoccluded bed remains un
changed during pacing â€œdemandâ€•stress compared to con
trol conditions ( 1.4â€”1.5 ml/min/g) in our model (19).

Pharmacologic Stress. Both pharmacologic agents uti
lized in the current study have profound, dose-dependent
effects on coronary blood flow, which plateau at the highest
doses administered (15â€”18)and preferentially alter sub
endocardial perfusion (15,16). Despite reflex changes in
systemic blood pressure (27) and cardiac index (29), intra
venous vasodilator administration does not alter intrinsic
left ventricular function in normal individuals (28) or dogs
(13).

In the current study, near-maximal vasodilatation was
achieved by both high-dose adenosine and dipyridamole
at similar doses to those in previous studies (13,27â€”29)
without associated significant global or regional LV func
tional effects in the absence of coronary occlusion. Post
stenotic reactive hyperemia may have accelerated clear
ance in these beds (30), potentially reducing the differences
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FIGURE5. (A)Pairedimagesfollowinginjectionof @â€œTc-te
boroxime(10 mCii.v.)dunngdipyridamoleStreSSwithoutstenosis
[upper left], and dipyndamolestress with partial LAD occlusion
[uppernghtl. The dipyndamolebaselinestudy demonstrates
excellentcardiacvisualizationwith some residualblood-pool
activity(1mmpostinjection)anda smalldefectat theapicalsite
of instrumentation.The stressimageillustratesa myocardial
perfusiondefect in the anteroseptalwall. (B) A paired imageset
followinginjectionof @â€œTc-teboroxime(10mCii.v.)inthecontrol
state[lowerleftjwithoutstressor coronarystenosis,andduring
pacingstresswithpartialLADstenosis[lowerright].Myocardial
visualizationis excellent,with a smallapicaldefect due to instru
mentation in the â€œbaselineâ€•study. Pacing stress plus partial
stenosis produced a transient anteroseptalwall motion abnor
mality in the LAD territory.

nent and a variable (20â€”78mm) slow component (1,5).
Preliminary kinetic studies using high temporal resolution
probe analysis of regional myocardial @mTc@teboroxime
activity in a canine occlusion model have confirmed bioex
ponential tracer clearance and differential washout in nor
mal versus ischemic tissues (31). Low counts and statistical
â€œnoiseâ€•of the late (>1 1 mm) counts made any determi
nation of a late compartment size impossible. The reduc
tion from 1-mm postinjection peak average counts at 15â€”
20 mm following injection was 70% Â±30% (residual mean
activity = 30% Â±3%). This deterioration of count rates
was visually confirmed on inspection of these images.

Image-derived myocardial activity clearance after intra
venous injection is monoexponential during control con

a
FIGURE 6. Serial @Tc-teboroximemyocardialimagesfollow
inghigh-doseadenosinestresswithoutocclusion(A),andafter
high-doseadenosinestresswithseverepartialLADstenosis1
mm postinjection(B) and at 5 mm postinjection (C). The latter
two imagesdemonstrate clear evidenceof relativedefect â€œredis
tnbutionâ€•phenomenoninthe anteroseptal perfusiondefect. Data
from the same animal are quantitativelydisplayed in Figure 2.
This â€œredistributionâ€•phenomenonwas presentin 60% of high
dose adenosineplus LAD stenosisstudies.
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observed between normal and post-stenotic clearance ki
netics. Significant differences in teboroxime clearance were
noted, despite this potential but transient confounding
effect.

Qualitative-Quantitative â€œRedistributionâ€œConcordance.
The 60% concordance between qualitative and quantita
tive relative â€œredistributionâ€•for the different stresses stud
ied represents the relationship between images that showed
unequivocal evidence of â€œredistributionâ€•by both analytic
methods. The rapid clearance of the 99mTc@teboroxime
from the canine myocardium made qualitative evaluation
of perfusion defects beyond 5 mm difficult in 20% of
studies due to low count rates. This resulted in lower rates
of qualitative â€œredistributionâ€•(54%) as compared to the
more rigorous quantitative curve analysis (7 1%). The ap
proach of@mTc@teboroximecounts to within 40% of their
original difference in the unoccluded and post-stenotic
zones might not have been visually appreciated, even by
experienced observers (corresponding to a normal versus
defect zone counts ratio of 1.67).

Background Subtraction. Different background activity
contributions from the splanchnic and pulmonary regions
may confound the evaluation of static planar images of
tracers with significant hepatic uptake such as 99mTc@ses@
tamibi (22,26), 20â€•fl(12), â€˜231-phenylpentadecanoic acid
(10) and meta-iodobenzyl guanidine (9). Planar 99mTc@
sestamibi images differ from 20Tl images due to their
marked subdiaphragmatic uptake (in liver, gallbladder,
intestinal tract) and decreased low-photon energy scatter
(22). These features are also noted in @mTc@teboroxime
images (4,5,30), which are characterized by spatially and
temporally inhomogeneous background activity. Blood
pool predominates early following injection (0â€”1mm),
with a gradual increase in lung activity (low level) and
splanchnic activity (high level) by 5â€”10mm postinjection.
To address this difficult problem in the current dynamic
imaging study of 99mTcteboroxime kinetics, two back
ground ROIs were placed at the level of the heart well
above the diaphragm and secondary hepatic counts. Av
eraged activity in one blood pool and one lung ROl were
used to correct for spatially and temporally variable back
ground effects in each image frame. Based on examination
of our raw time-activity data and previously reported
experimental (31) and clinical data (4,5,23), an early (1â€”
11 mm) myocardial washout rate was calculated.

The use oftwo blood-pool regions (aorta and LV cavity)
caused oversubtraction of counts from early images, and
inadequate background subtraction in later images. The
use of lung only ROIs was insufficient for background
subtraction of early images. A narrow range of early (5
mm) lung-to-heart 99mTcteboroxime ratios followed dis
parate hemodynamic stresses. Correction for temporally
variable background activity was prospectively performed
prior to analysis ofmyocardial clearance kinetics following
coronary hyperemic and ischemic stresses, revealing a
perfusion defect in 85% of studies.

Interpolative background subtraction methods have
been used to correct for high secondary lung and splanch
nic counts in static planar 9vmTc@Sestamibistudies (22),
but would be difficult to apply to the 40 frame dynamic
planar imaging protocol utilized here. There are no data
to confirm whether splanchnic uptake of 99mTc@teborox@
ime, a potential confounding effect in inferoapical perfu
sion beds (2,4), varies at different workloads or under the
effect of coronary hyperemia. A modified interpolative
background subtraction technique will be required to op
timize ischemia detection in standard static planar 99mTc..
teboroxime images.

Standard rotational tomographic imaging reduces the
problem ofoverlying background activity, but depends on
a relatively stable tracer concentration in the myocardium
over the acquisition time. The rapidly cleared 99mTc@tebo@
roxime agent may be tomographically studied with mul
tiple head camera systems that reduce imaging time.

Clinical Implications
These data provide important insights into the clinical

potential for combining nonexercise cardiac stresses with
myocardial 99mTc..imagiflg.In a previous clinical study
(15), 80% of 99mTcteboroximeperfusiondefectswere
found to be distal to high grade (>90%) stenoses similar
to those in this experimental protocol. Our studies, per
formed under a variety of nonexercise maximal stress
conditions, demonstrated comparable sensitivity (62%),
high specificity (100%) and overall diagnostic accuracy of
8 1% for detecting regional ischemia based on myocardial
tracer clearance rates. By extrapolating these data to a
clinical setting, optimum pharmacologic stress (dipyrida
mole 0.56 mg/kg or adenosine 160 sg/kg/min) or trans
esophageal pacing would have correctly identified 60% of
post-stenotic zones, with no false-positive studies. Inclu
sion of additional studies with qualitatively graded visual
â€œredistributionâ€•increased sensitivity to 80%.

The potential clinical applicability of this analysis of
dynamic teboroxime clearance (disappearance) for evalu
ation of functional perfusion abnormalities in patients
with defined coronary anatomy is implied. Studies of
99mTcteboroxime in coronary artery disease patients using
an exercise-rest imaging protocol have also demonstrated
that dynamic early (5â€”10mm) postexercise imaging de
tects â€œredistributionâ€•in 82% of initial perfusion defects
(2). Our description of early postinjection relative 99mTc..

teboroxime â€œredistributionâ€•by qualitative and quantita
tive analysis in this study confirms these clinical observa
tions and extends previous studies by demonstrating this
phenomenon during reperfusion after transient total oc
clusion and following nonexercise (pharmacologic and
pacing) stresses. Further studies of maximal exercise and
nonexercise stress will be required to determine whether
less severe stenoses produce comparable post-stress defect
visualization and relative â€œredistributionâ€•to that observed
in the current experimental study of severe coronary ste
nosis and occlusion-reperfusion.
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