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We have compared apparent myocardial blood flow (MBF
apparent) indicated by #™Tc-teboroxime, *Tc-sestamibi and 2°'T
to true MBF indicated by radiolabeled microspheres using a
technique for the co-injection of four radionuclides in the same
animal. Studies were performed using rats in a single-pass
model to obtain global MBF and using dogs in a multiple-pass
model to determine regional MBF. To provide a wide range
of MBF, adenosine was administered intravenously and the
left anterior descending coronary artery was then ligated in
the dogs, or hypercapnia was induced by decreasing respi-
ratory frequency in the rats. The microsphere formula for
determining MBF was applied to all agents. When MBF spparent
was plotted as a function of true MBF, the ability of each
agent to measure changes in true MBF was demonstrated by
the proximity of the plotted function to the line of identity. For
both the single and multiple-pass studies, statistical analysis
of the nonlinear relationship between MBFyoaer and true
MBF showed that ?°'Tl and **"Tc-teboroxime approximate
true MBF better than **Tc-sestamibi (p < 0.001) under the
conditions used in the present studies. In the single-pass
studies, ®Tc-teboroxime approximated true MBF better than
271 (p < 0.05), but in the multiple-pass experiments, 2°'Tl
approximated true MBF better than *™Tc-teboroxime in only
one dog (p < 0.01) with no difference in the other two.
Determination of the permeability-surface area product, PS,
for each agent shows that the higher fidelity to true MBF
obtained with 2°'Tl and *®* Tc-teboroxime is related to sub-
stantially greater PS values for these agents relative to *Tc-
sestamibi.
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It is well known that global or regional organ blood flow
can be measured using radioactive microspheres in an
indicator fractionation procedure, since microspheres are
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completely trapped and retained by the microvasculature
(1,2). For soluble tracers such as thallium, sestamibi and
teboroxime, however, neither the extraction nor the reten-
tion of the tracers by the myocardium is complete. If the
microsphere flow equation is then applied to these agents
and the resultant apparent value for myocardial blood flow
(MBF,pareny) is plotted as a function of true MBF measured
by co-injected microspheres, the plotted function will de-
viate from the line of identity in proportion to the net
extraction of test agent by the target organ. The ability of
the agent to indicate true flow is then clearly depicted by
the proximity of the plotted function to the line of identity.
Nevertheless, previous studies purporting to evaluate the
sensitivity of SPECT MBF imaging agents to changes in
MBF have used CPM/gram (3) or percent injected dose
per gram (% ID/g) (4) as a function of MBF determined
by co-injected radiolabeled microspheres. In those experi-
ments, a linear correlation between the tissue radioactivity
level and MBF, particularly at low flow levels, was inter-
preted as an indication of the efficacy of flow imaging by
the agent. A linear correlation between the tissue radioac-
tivity level and MBF is necessary but not sufficient for
demonstrating the efficacy of a flow agent, since it is
possible that an agent can have a high correlation coeffi-
cient for the linear relationship between tissue activity
level and MBF, but underestimate true MBF determined
from co-injected microspheres. For this reason, we believe
it is more useful to use apparent MBF, calculated from
tissue radioactivity levels arising from an agent, as the
dependent variable to be plotted as a function of true flow
determined from co-injected microspheres.

The purpose of the present investigation was to compare
simultaneously the ability of thallium, sestamibi and te-
boroxime to measure both stimulated and ischemic MBF.
The simultaneous comparison of MBF determined from
four different agents, two of which are technetium com-
pounds, can be accomplished by using *™Tc and *Tc to
label teboroxime and sestamibi. This approach allows for
a fair comparison of the agents and reduces the number
of animals needed to make a comparison. Several methods
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for the production of **Tc have been reported previously
(7,8,9,10), and this isotope has been used to compare the
long term behavior of the bone imaging agents Tc-HEDP
and '*Re-HEDP (10). However, the simultaneous use of
compounds labeled with **™Tc and **Tc for the evaluation
and comparison of technetium radiopharmaceuticals has
not been previously reported.

METHODS

Determination of MBF from Single-Pass Extraction
Studies in the Rat

Fifty-nine Sprague-Dawley rats (250-350 g) were used in these
studies (n=13 for simultaneous evaluation and n=46 for separate
evaluation). After induction of anesthesia (Nembutal, 50 mg/kg),
femoral venous and arterial catheters were implanted and rats
were then tracheotomized, thoracotomized, and artificially ven-
tilated on room air using a small animal respirator (Harvard,
Cambridge, MA). Arterial p,CO; was set either at approximately
40 mm Hg (normocapnia) or about 60 mmHg (hypercapnia).
Hypercapnia was used to increase MBF. Once the blood gas
parameters were stabilized, a syringe pump (reference organ), set
to withdraw blood at a rate of 1.15 ml/min, was connected to
the femoral arterial catheter. With the pump on, the radionuclide
injection mixture (see below) was rapidly (<0.5 sec) injected into
the left ventricle via an apical puncture. For separate evaluation
of agents in rats, a radiopharmaceutical agent was co-injected
with #3Sr-labeled microspheres, whereas for simultaneous evalu-
ation of agents, all agents were co-injected with microspheres. Six
seconds after injection the rat was decapitated and simultane-
ously, the syringe pump was stopped by a switch triggered by the
guillotine. The heart was removed immediately, rinsed and
weighed. For single-agent experiments, *Sr and *™Tc- or °'Tl
activities in the heart and arterial blood were counted using an
LKB 1282 Compugamma gamma counter and the standard
cross-over correction for 8°Sr and *™Tc or 2°'T1. Radionuclide
counting and cross-over corrections used for multiple agent ex-
periments, in which #Sr, ™Tc, **Tc and 2°'T1 were co-injected,
are described below.

Determinations of MBF from Multiple-Pass Studies in
the Dog

Mongrel dogs (n=3, 15-17 kg) were anesthetized (I.V. Nem-
butal, 30 mg/kg). Both femoral arteries were cannulated for
collection of blood (see below) and monitoring of arterial pressure
using a transducer (Spectra Med Inc., Oxnard, Ca) interfaced
with a polygraph (model 79D, Grass Instr., Quincy MA). A
second pressure transducer (SPC-360, Millar Instr. Inc., Houston
TX) was inserted into the left ventricle from the common carotid
artery. The dogs were intubated with an endotracheal catheter,
thoracotomized and respirated on room air to maintain P,CO,
at approximately 40 mmHg. For injection of radionuclides, a
catheter was inserted in the left atrium. The left anterior descend-
ing coronary artery (LAD) was isolated and an electromagnetic
flow probe (Carolina Medical Electronics, King, NC) was at-
tached to it. A ligature was placed around the LAD just distal to
the flow probe. Adenosine (160 ug/kg/min, dissolved in saline)
was continuously infused via the femoral vein. After coronary
flow reached a new steady state, the LAD was irreversibly ligated.
Withdrawal of arterial blood using a syringe pump, set at 10 ml/
min, was initiated. After approximately 30 sec elapsed, a 200 ul

Comparison of Teboroxime, Sestamibi and 2°'Tl  Di Rocco et al

injection mixture of ™ Tc-teboroxime, **Tc-sestamibi, *°'T1, and
85Gr-labeled microspheres was injected via the left atrial catheter.
The catheter was then flushed rapidly (<5 sec) with 3 ml of
physiological saline. Seventy seconds (1.17 min) from the start of
the isotope injection, saturated KCl (10 ml) was rapidly injected
into the atrial catheter to produce cardiac arrest. Collection of
arterial blood was continued until cardiac arrest was evident by
severe decreases in arterial and ventricular pressures. The heart
was rapidly excised, placed in ice cold saline and rinsed free of
blood. The heart was cut into 129 identifiable pieces each weigh-
ing between 1-2 g. The pieces were counted as described below.

Radiopharmaceutical Preparation

Technetium-99m-teboroxime was prepared as previously de-
scribed (11). Thallium-201 was obtained from Dupont. The *Tc
was produced by irradiation of natural molybdenum foil
[*Mo(p,n)*Tc], in the 11 MeV cyclotron at the University of
Wisconsin-Madison. Foils were irradiated for 2.5 hr at 15 pA,
and stored for 4 days to allow the decay of the shorter-lived
isotopes *Tc (t;; = 4.88 hr) and **Tc (20 hr). Each foil of
molybdenum metal, containing 55.5 to 148 mBq of *Tc, was
dissolved by stirring and gentle heating in 6N HNOs. After 1 hr,
a white precipitate formed and the solution was deep red-brown.
Neutralization (6N NH,OH) followed by 4-6 drops of 30% H,0-
produced a clear red-brown solution. Further heating (10 min)
and additional peroxide resulted in a clear, colorless solution.
The resultant **TcO,~ was extracted (77%-80% yield) by treat-
ment with 3 X 5 ml of methyl ethyl ketone (MEK). The MEK
was evaporated to dryness with N,, and the *#TcO,- redissolved
in normal saline.

2-methoxyisobutylisonitrile (MIBI) was prepared as previously
described (12). Technetium-96-sestamibi was prepared by adding
100 ul of ethanol, 50 1 0.1N NaOH and 10 xl MIBI to 37-111
MBq *TcO,". This solution was reduced using 100 ul of sodium
dithionite (50 mg/ml) in 0.1 M NaOH and heated at 100°C for
15 min. After cooling, the reaction mixture (RCP > 95%) was
purified on PRP resin using a method described previously (13).
The purified sample in ethanol was evaporated to dryness and
redissolved in a 1/3 (v/v) ethanol/saline solution prior to injec-
tion. The final RCP was >99%, as determined by reversed phase
HPLC (Nucleosil C-8 column 150x4.6 mm, Alltech Associates).
Technetium-96(MIBI)s* coeluted with authentic samples of
PTc(MIBI)s*, prepared by a modification of the method of
Abrams et al. (14). The radiochemical purity for all purified
material was greater than 95% by HPLC.

Microsphere and Injectate Preparation
Strontium-85-labeled polystyrene microspheres (Dupont-
NEN) in 1.0 ml 0.9% saline with 0.01% Tween-80 were used.
The mean sphere size was 16.1+0.1 microns and the number of
microspheres per vial (18.5 MBq/ml) was 15-18%10°. Prior to
mixing with a test compound, the vial of microspheres was
vortexed briefly, then sonicated in a water bath for 15-20 min.
For separate evaluation of agents in the single-pass studies, each
200-ul injection sample contained 0.093 MBq of #*Sr (75-90x10*
microspheres) and 0.093 MBq of 2°'T1 or *™Tc. Assuming 5%
fractional distribution of the cardiac output to rat heart and an
average heart weight of approximately one gram, each rat heart
received between 3,750 and 4,500 microspheres. For simultane-
ous evaluation of agents in the single-pass studies, each 200 ul
injection sample contained between 0.093-0.13 MBq of each of
the four radionuclides. In the dog experiments, we injected
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2.3x10® microspheres per dog. Again assuming 5% fractional
distribution of the cardiac output to myocardium, each dog heart
received approximately 115%10° microspheres, yielding 1150
microspheres per gram at normal flows. In addition to the radi-
olabeled microspheres, each 1.3-ml injection sample for the dog
experiments contained approximately 3.7 MBq of each of the
other radionuclides.

Cross-Over Correction for Multiple-Agent Experiments

For each experiment, the radioactivity associated with each
radionuclide in other radionuclide windows was determined using
reference standards and the resultant crossover corrections were
applied to tissue samples containing combined radionuclides.
This was achieved by evaluating aliquots of the pure radionuclides
individually and then combined for contribution of count rate in
each counting window to determine the crossover contribution
of each radionuclide in the other radionuclide windows. A sum-
mary of crossover contribution arising from the radioactivity
associated with each radionuclide in other radionuclide windows
is presented in Table 1. The reference radionuclide samples were
prepared to approximate (+£10%) the count rate of the respective
radionuclides in the reference organ (blood). After counting the
tissue samples in each of the radionuclide windows, the raw CPM
were corrected for radioactive decay and crossover contribution
of each isotope. The data were collected, evaluated, and processed
using commercially available software (Microsoft Terminal and
Excel®) for the IBM compatible personal computer.

Data Analysis
True MBF (ml/min/g), was calculated using:

MBF (ml/min/g) = MBFauss,

_ Syr. W.R.(ml/min}(CPMsss nean
"~ (CPMuss)uooa(heart wt. g)

Eq. 1

where Syr. W.R. is the syringe withdrawal rate. The ability of a
test agent to approximate true flow was determined by substitut-
ing measured tissue and arterial blood counts arising from the
agent, for ®Sr counts in Equation 1. For both single- and multi-
ple-pass experiments, the resulting apparent flow determination,
MBF,erens, is related to true flow determined from co-injected
radiolabeled microspheres, MBFiss,, by:

MBFppaemt = (E) MBF, Eq.2

where E is the single-pass or net myocardial extraction of the
agent. Since E varies between 0 and 1 MBF,peren: Will fall on the
line of identity or below it when it is plotted as a function of
MBF. Equation 2 can easily be solved to determine E at any
given MBF by substituting the appropriate values for MBF,pparent

and MBF. In the single-pass model, E, MBF and capillary perme-
ability-surface area product, PS, are related by the Crone-Renkin
equation according to:

E = 1—¢ (FS/MBR) Eq.3
which can be transformed and rearranged to solve for PS:
PS = —1n(1-E)MBF Eq. 4

For data from the rat single-pass experiments, we substituted
values for E and MBF in Equation 4 to determine PS. PS was
then plotted as a function of MBF and, using Systat™ software,
a polynomial regression model was applied to the data to evaluate
the significance of quadratic, linear and constant terms.

For single- and multiple-pass experiments, we derived a non-
linear expression for the regression of MBF,pperen: On MBF by
substituting the Crone-Renkin expression for E, from Equation
3, in Equation 2:

MBF,pperent = MBF [1-e7(FS/MER) Eq. 5

We then expressed the permeability-surface area product, PS, in
Equation $ as a linear function of MBF to get:

MBFpparen: = MBF {1-~1>+m(MBPY/MBF]) Eq.6

Values for b and m were determined using Systat™ software and
Equation 6 as an exponential regression model to describe the
relationship between MBF,pperer: and MBF in both the single- and
multiple-pass experiments. In the rat single-pass studies, the
significance of differences among the agents was assessed by
analysis of covariance and, for the multiple-pass studies, the
significance of differences among the parameters of the fit func-
tions were evaluated using the t-test. We then substituted values
for b and m, as well as high, normal and low values for MBF,
into the Renkin-Crone expression for E between the brackets in
Equation 6 to determine single-pass extraction for each agent in
the rat.

RESULTS

The rat single-pass model was used to evaluate the
effectiveness of the four-isotope cross-over correction by
comparing data from the separate evaluation of the agents
to data obtained from the simultaneous evaluation of the
agents. In Figure 1, the data obtained from both simulta-
neous and separate determinations of MBF,pparen: are plot-
ted as a function of true MBF for the three agents studied.
For each of the agents the data sets were virtually super-
imposable. The similarity between the two sets of data

TABLE 1
Percent Crossover Contribution of Radionuclides Used in MBF Studies

2017 T 8y had [+
Radionuclide/Window 60-100 keV 120-155 keV 440-590 keV 650-860 keV
2017 100 27.34 + 0.67 0.36 + 0.24 0.04 + 0.03
wTe 1.79 £ 0.04 100 0.07 + 0.04 0.03 + 0.03
8Sr 10.63 £ 0.74 9.46 + 0.37 100 0.39 + 0.06

*Tc 3.20 £ 0.18 3.61 £ 0.15 12.65 + 0.24 100

Values represent the mean + s.d. of five determinations.
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FIGURE 1. Scatter diagrams showing the relationship be-
tween MBF et @nd global MBF obtained in separate (¢) and
simultaneous (@) evaluations of teboroxime, thallium and sesta-
mibi in the rat single-pass model. The dashed line represents the
line of identity. The fit functions for the nonlinear regressions are:
y= x[1 ‘6-0'22 + 0.33:)[:] (teboroxime); y= X[1 _e—(4.20 + 0.45:)[)(] (thal'
lium); y = x[1-e7"-78 *+ 0127%/x] (gestamibi).

indicates that the cross-over correction was accurate and
that these data could be grouped together for the exponen-
tial regression analysis. The fit functions for the nonlinear
regressions of MBF,peren: 0n MBF are also shown in Figure
1. The nonlinear model for this regression analysis was
derived after determining the nature of the function relat-
ing PS to MBF, as described below.

It was necessary to express PS as some function of MBF
to reduce Equation 5 to a function of one variable, Equa-
tion 6, thereby obtaining a nonlinear model for the regres-
sion of MBF,perent 0n MBF. Values calculated for PS using
Equation 4, from both separate and simultaneous evalua-
tion of agents in the rat single-pass studies, were pooled
and are shown as a function of MBF, together with quad-
ratic fit functions, in Figure 2. The polynomial regression
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FIGURE 2. Scatter diagrams showing the relationship be-
tween calculated PS and true MBF obtained for each of the
agents in the rat single-pass experiments. Fit functions obtained
from polynomial regressions of PS on MBF were: y = 2.152 +
2.024x — 0.11x? (teboroxime); y = 1.574 + 1.263x — 0.052x?
(thallium) and y = 1.152 + 0.32x — 0.013x? (sestamibi). See text
for significance of quadratic, linear and constant terms.

analysis for the relationship between PS and MBF revealed
significant linear terms for teboroxime (p < .03) and
thallium (p < .01), whereas the constant and quadratic
terms for these compounds were not significant. For ses-
tamibi, on the other hand, only the constant term was
significant (p < .05). In no case was the quadratic term
significant. We therefore used a linear expression for PS
in the Crone-Renkin equation to derive Equation 6, which
was used for the nonlinear regression of MBF,ppren: ON
MBF shown in Figure 1. We substituted a linear expression
for PS, instead of its exact value, -MBF[In(1-E)], because
substitution of the latter would yield Equation 2 upon
simplification. This does not reduce Equation 5 to a func-
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tion of one variable, since E is not constant with respect
to flow.

A composite of the fit functions for the relationship
between MBF,paren: and true MBF is shown in Figure 3 to
facilitate comparison of the three agents. For all com-
pounds, the deviation of the respective fit functions from
the line of identity increases exponentially as true MBF
increases, but *™Tc-teboroxime and *'Tl more closely
approximate true flow than ®™Tc-sestamibi. For example,
at a normal rat MBF level of 5.0 ml/min/g, MBFpparen: iS
4.15 ml/min/g and PS is 8.87 ml/min/g for **™Tc-tebo-
roxime. For 2°'T1, MBF,pperen is 3.62 ml/min/g and PS is
6.45 ml/min/g. On the other hand, for ®™Tc-sestamibi,
MBF,pperent is only 1.9 ml/min/g with a correspondingly
low PS value of 2.4 ml/min/g. Analysis of covariance
revealed that the difference between thallium and teborox-
ime was significant (p < 0.05), and sestamibi was different
from both teboroxime and thallium (p < 0.001). Estimated
values for single-pass extraction, E, of each of the agents
at low, normal and high MBF levels are shown in Table
2.

Having validated the cross-over correction and justified
our nonlinear regression model for the relationship be-
tween MBF,peren: and MBF, we proceeded to examine the
agents simultaneously in the dog model where it was
possible to obtain information concerning a full range of
regional MBFs using both LAD occlusion and adenosine
stimulation in a multiple-pass paradigm. Average arterial
blood gasses and pH just before the adenosine infusions
in the dogs were in the normal range: 77.4 (p,0.); 37.9
(pCO,) and 7.35 (pH). Coronary flow and measures of
cardiac performance are presented in Table 3, which
clearly shows that intravenous adenosine increased coro-
nary blood flow and reduced systolic and diastolic blood
pressure by 21% and 31%, respectively. Figure 4 shows,
for each dog, MBF,pperem: as a function of MBF for each of
the agents in dissected myocardial sections. The variable
response to adenosine is evident from the variation in the
maximum flows depicted on the abscissa. As shown in
Figures 1 and 3 for the single-pass model, Figure 4 shows,
in a multiple-pass model, that teboroxime and thallium
more closely approximate the line of identity than sesta-
mibi. The difference for the parameters of the fit functions

FIGURE 3. Compos- "
ite of the fit functions
shown in Figure 1 for ‘
the relationship be- |
tween MBF spare and

TABLE 2
Single-pass extraction values for each of the agents at low,

middle and high MBF levels shown
MBF (ml/min/g)  Thallium  Teboroxime  Sestamibi
1.0 1.00 1.00 1.00
5.0 0.72 0.83 0.38
12.0 0.55 0.61 0.24

Values for E were calculated by substituting the indicated values
for MBF into the expression in the brackets of the following regression
equations for the data shown in Figure 1: MBF ypere = MBF[1-e7 %
+ 033 WF]MF] (teboroxime); MBFM = MBF[1 _e-«.zo + 045 WF)MF]
(thallium); MBF apparent = MBF[1-@7"76 + 0-127 MBRYMBF] (gastamibi).

for thallium and teboroxime was significant for only one
dog (p < 0.01) and both 2°'TI and teboroxime were differ-
ent from sestamibi in all dogs (p < 0.001).

DISCUSSION

By using a method that requires the left ventricular
injection of a mixture of radiolabeled microspheres and
one or more test agents simultaneously (6), we were able
to determine global myocardial blood flow (MBF) in a
single-pass model in the rat. We also used a multiple-pass
model, with a 70 sec circulation time, to determine re-
gional MBF in dogs with focal myocardial ischemia and
adenosine-stimulated blood flow. We were thus able to
compare simultaneously the sensitivity of these agents to
changes in regional MBF over a spectrum of flows encom-
passing ischemia and stress simply by determining the
tissue and blood levels of activity arising from each of the
agents using the gamma counter. The obvious advantage
of this approach is that it provides a more accurate com-
parison than is possible when different agents are tested in
different animals, or when gamma counter counts are
compared to tomographic counts. These studies demon-
strate, as shown in Figure 1, that it is possible to use two
technetium isotopes to evaluate two technetium-labeled
radiopharmaceuticals simultaneously in the same animal
without loss of accuracy. This is important because it can
reduce inter-animal sources of variation and permits the
use of fewer animals. In addition, it is clear from Figures
3 and 4 that when MBF, . is plotted as a function of
true MBF, the fidelity of flow imaging by the agent is
unambiguously indicated by the proximity of the plotted
function to the line of identity. This representation pro-

TABLE 3
Effect of Adenosine Infusion on Coronary Blood Flow, Blood
Pressure and Heart Rate

true MBF from sep- Coronary  Systolic  Diastolic

arate and simuitane- flow pressure pressure Heart rate
ous evaluations of ok (ml/min)  (mmHg) (mmHg)  (bpm)
agen i [ 3 [ ] ] 12 18

si |: |sns u:xpe':f MBF (mimirvg wet wt) Pre-adenosine 26+1 132+10 112+9 160+ 11
":gtspa Adenosine 52+7 10411 77+5 172 +17
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FIGURE 4. Scatter diagram for the relationship between
MBF aperet @nd true MBF in pieces of dog myocardium after left
atrial injection of a mixture of #*Sr-labeled microspheres, ** Tc-
teboroxime: ¢, *Tc-sestamibi: A and °'Tl: @. MBFapparet =
MBF[1-e~® * ™MBAMEF] was used as the regression model as
described in the text. The dashed line represents the line of
identity. Equations for each of the dogs were: Dog 1: y = x[1-
@(0:30 + 0493/x] (thallium); y = x[1-e70-33 *+ 04%/x] (teboroxime); y =
X[1 _e—(0.17 + O.Mx)/x] (sestamubl), DOg 2: y = X[1 _e-(o.es + 0.51x)/x
(thallium); y = x[1-e7045 + 048ix] (teboroxime), y = x[1-e*2*
0110} (sestamibi); Dog 3: y = x[1-e7014 * 1484X] (thallium); y =
x[1-e710:22+0.96x/x] (tehoroxime); y = x[1-e7(*15+0-43/x] (sestamibi).

vides an accurate method for the comparison of different
agents that is not possible when tissue radioactivity levels
are plotted as a function of myocardial blood flow. While
a strong linear relationship between tissue activity level
and true MBF is a necessary requirement of a good flow
indicator, it is not sufficient. In addition, a true flow
indicator must by definition have the same ratio of heart
to reference organ activity as coinjected radiolabeled mi-
crospheres. Thus, a high correlation between tissue radio-
activity and true MBF is not an indication of high fidelity
flow imaging by an agent, since the apparent flow indicated
by tissue radioactivity can still underestimate true flow
considerably. Ambiguities arise from a failure to compare
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MBF,paren: to true MBF. For example, when CPM per
gram is plotted as a function of true MBEF, it is difficult to
compare the relative efficacies of different compounds,
since tissue activity level will then depend not only on the
net myocardial extraction of the agent, but also the injected
dose. Percent injected dose can be used as the dependent
variable to facilitate comparison of different agents, how-
ever this approach still gives no information concerning
the accuracy of flow imaging by the agent for the reasons
just described. Figures 3 and 4 show that 2°'T] and *™Tc-
teboroxime more closely approximate the line of identity
than *Tc-sestamibi, thereby indicating that they are more
sensitive to changes in MBF under these conditions owing
to their higher single-pass or net myocardial extractions.
This conclusion follows from Equation 2, which shows
that E increases as the ratio (MBFpparent/ MBF) increases,
and is supported by the estimated values for E shown in
Table 2.

We used Equation 2 as the basis for deriving Equation
6 for the nonlinear regression of MBF,paren: On true MBF
in the case of both single- and multiple-pass experiments.
This is warranted because, for thallium and sestamibi, the
clearance from the heart over the 70 sec multiple-pass
interval is negligible and, for these agents, E is virtually
identical to En.. For teboroxime Ene can be shown to be
a constant fraction of E. When E is replaced by E,. at
time t (t = net extraction interval in the dog studies = 70
sec = 1.17 min) to yield:

MBF,pparent = (Enet) MBF, Eq.7

we can calculate an approximate value for En., according
to:

Ene = E(€7™), Eq.8

where k is the efflux rate constant and t is time in minutes.
We have found (11) that the clearance of teboroxime from
the dog heart is described by a bi-exponential function of
the type:

Heart (%ID) = A(e™*"**) + B(e™*®*). Eq.9

For t = 1.17 min, only the first exponential term is
significant and, therefore, En for teboroxime will be:

Ene = E(€7"%*""''7) = (E)0.80. Eq. 10

Since En is either equal to E or is a constant fraction of
E, Equation 6 could be used as the nonlinear regression
model for both the single- and multiple-pass experiments.
The greater extractions of teboroxime and thallium relative
to sestamibi, are consistent with the higher values for the
cofactors of the fit functions describing the relationship
between PS and MBF for these agents, as shown in Figure
2. The significance of the constant term in the polynomial
regression of PS on MBF for sestamibi explains the relative
insensitivity of this agent to change in MBF shown in
Figures 3 and 4.

Our derivation of a nonlinear regression model to de-
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scribe the relationship between MBF,ppurem and true MBF
relies upon the Renkin-Crone model, and its theoretical
assumptions. It is clear that Equation 3 applies to all flow
levels, owing to the presence of a flow term and that
simultaneous measurement of MBF,pperen: and true MBF
effectively measures E for any set of conditions within the
piece of tissue sampled. On the other hand, the model does
not account for potential differences in the extraction
mechanisms of different agents under diverse conditions,
such as the numerous factors arising during ischemia.
Despite this limitation, the Renkin-Crone equation can be
incorporated into a nonlinear regression for the relation-
ship between MBF,ceren: and true MBF because goodness
of fit does not require that a model provide a total mech-
anistic explanation of the underlying phenomenon. In any
case, our findings are consistent with previous reports
demonstrating a greater uptake of teboroxime relative to
sestamibi in cultured rat and chick myocytes, where there
is no flow component (15,16). Studies in isolated perfused
rabbit hearts have demonstrated a greater uptake of tebo-
roxime and thallium relative to sestamibi (5,7/7). On the
other hand, whereas Leppo and Meerdink (5) found that
the extraction of teboroxime was greater than that of
thallium, Marshall et al. (/8) found the opposite. Our
finding of greater net extraction of thallium relative to
teboroxime in the dog studies is the opposite of the order
observed in our single-pass experiments. This may be
attributed to species differences in extraction, or a greater
rate of teboroxime washout relative to thallium. In any
case, a comparison of a number of extraction studies shows
that, notwithstanding some variability among results, te-
boroxime extraction approximates that of thallium and
the extraction of both is greater than that of sestamibi
(19). The reported marginal differences between the ex-
tractions of teboroxime and thallium may have little im-
pact on clinical imaging.

It is well-known that teboroxime washes out of the
human heart with a half-time of about ten minutes (20,
21), whereas the washout of sestamibi from the heart is
much slower, declining to around 80% of the peak initial
value by three hours after injection (22). Accordingly, it is
desirable to acquire teboroxime SPECT images rapidly
after injection (23), but sestamibi images are typically
obtained after 1 hr to minimize background activity (22).
In the present multiple-pass experiments, the agents were
co-injected with radiolabeled microspheres and arterial
blood was collected for 70 sec to allow the microspheres
to clear the circulation. Since teboroxime image acquisi-
tion time exceeds 70 sec the full affect of washout during
image acquisition is not represented in the present results.
Thus, despite the differences between teboroxime and
sestamibi observed in the present studies, the current
overall clinical sensitivity and specificity of both agents are
comparable to that of thallium (/9,21,22,24). This implies
that the net extraction of the agents is comparable over
the intervals between injection and completion of image
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acquisition in current imaging protocols. Nevertheless,
since fewer patients have been studied with teboroxime, it
is expected that improvements in image acquisition and
interpretation (25) will make better use of teboroxime’s
high extraction and, consequently, its ability to indicate
true MBF with high fidelity. This should lead to an im-
provement in specificity and sensitivity.

One benefit of the washout characteristic of teboroxime
is that repeat studies, yielding images comparable to those
obtained with 2'Tl, can be performed within a few hours
of each other (21). Another benefit to be explored is the
additional information contained in the regional washout
profile of teboroxime (/9). An increase in the accuracy of
diagnosing ischemia at stress could arise from reversal,
with time, of the ratio of ischemic to nonischemic tissue
activity levels that results from differential washout of
teboroxime from high and low flow regions (20). In addi-
tion, the qualitative basis of present diagnostic decisions
may be superseded by quantitative determination of MBF
from a knowledge of regional washout rates and the blood
to tissue partition coefficient for teboroxime.
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FIRST IMPRESSIONS

PURPOSE

Evaluation of renal perfusion and function 24 hr
after transplantation was performed. This 19-yr-
old patient received an en bloc pediatric
cadaveric transplant from a 3-yr-old donor. Both
transplants are perfused and functioning
adequately.

TRACER
10 mCi (370 MBq) of **Tc-DTPA

ROUTE OF ADMINISTRATION
Intravenous injection

TIME AFTER INJECTION
2 min

INSTRUMENTATION
Siemens Orbiter LFOV gamma camera with a
LEAP collimator

CONTRIBUTORS
H.R. Balon, MD and C.E. Nagle, MD

INSTITUTION
Nuclear Medicine Department, William
Beaumont Hospital, Royal Oak, Michigan
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