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This study was done to determine whether [*™Tc]methoxyisobutyl isonitrile (RP30), a
nonredistributing myocardial perfusion agent, could be used to quantify regional myocardial
blood flow distribution during ischemia and reperfusion, employing sequential injections of
tracer, tomographic imaging, and appropriate image subtraction. Dogs underwent transient
(6 min) coronary artery occlusion, followed by two paired injections of RP30 and radioactive
microspheres combined with tomographic imaging, the first during coronary occlusion and the
second after 60 min of reperfusion. To obtain a true image representative of reperfusion, the
first set of images was corrected for ®"Tc decay and subtracted from the second. During
occlusion, tissue microsphere content and scintigraphic RP30 activity in the center of the
ischemic region (both expressed as a fraction of the nonischemic region) were closely
correlated, although RP30 consistently exceeded microsphere content (0.43 + 0.03 vs. 0.24
+ 0.04, p < 0.01). Direct tissue counting of RP30 confirmed its relative excess in ischemic
myocardium. Reperfusion was successful in 7/8 dogs, with an increase in RP30 activity to
0.98 + 0.04 compared to 0.89 + 0.03 for microspheres (p = N.S.). In one dog with
microsphere-documented persistent ischemia, the RP30 defect was still present after reflow.
Our results indicate that because of the lack of myocardial clearance and redistribution,
repeat injections of RP30 can be used to quantify serial changes in regional myocardial biood

flow.
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Despite the clinical usefulness of thallium-201
(**'T1) myocardial scintigraphy, it is generally recog-
nized that ?°'T1 is far from the ideal imaging agent. Its
low-energy results in significant scatter and attenuation,
impairing image quality and lesion contrast. In addi-
tion, its slow myocardial clearance and long physical
half-life limit the permissible injected dose, resulting in
count deficient images and heightened statistical noise.

Recently, a number of hexakis (isonitrile) technetium
analogs have been introduced as possible substitutes for
thallium-201 in the study of patients with suspected or
proven coronary artery disease (/-3). These compounds
have attracted considerable interest because of their
flow-related distribution in the myocardium and the
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fact that they contain technetium-99m (*™Tc), an
abundant, cheap radionuclide with superior imaging
characteristics using standard scintigraphic cameras.
Technetium-99m methoxy isobutyl isonitrile ([*™Tc)
RP30) appears to represent the most promising agent
of this type, since it is more rapidly cleared from the
lung and has lower hepatic accumulation than other
isonitrile compounds (4, 5).

In contrast to *'T1, [*™Tc] RP30 demonstrates min-
imal redistribution within the myocardium. Following
an exercise study, 'Tl activity falls in nonischemic
regions ~ 50% in 4 hr, and rises in ischemic zones;
however, little change has been observed over several
hours with [®™Tc] RP30 (6-8). This characteristic
makes RP30 suitable for serial perfusion studies on the
same day, using a split dose technique (9, 10) and image
subtraction to remove residual activity from earlier
injections.

In this report we describe the use of [**™Tc]RP30 to
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quantitatively assess myocardial blood flow during is-
chemia and reperfusion in dogs with temporary coro-
nary artery occlusion, applying the approach of serial
injections of [*™Tc]RP30 combined with appropriate
image subtraction. To validate the scintigraphic esti-
mates of blood flow, comparison was made with simul-
taneous injections of radioactive microspheres.

MATERIALS AND METHODS

Sterile, pyrogen-free RP30 was prepared from a kit provided
by E.I. duPont Nemours and Company Biomedical Products.
Twenty-five millicuries of [*™Tc]pertechnetate in 0.1 to 3.0
ml was added to the kit, and the vial was placed in a boiling
water bath for 15 min. After the vial had cooled, radiochemical
purity was checked by chromatographic analysis (SEP-PAK).
The radiochemical purity was > 95% in all cases.

To evaluate the potential of RP30 for serial imaging of
myocardial blood flow, nine mongrel dogs of either sex weigh-
ing 40 to 60 Ib were anesthetized, intubated, and ventilated
with room air. Through a left thoracotomy, a pneumatic
balloon occluder was placed around the proximal segment of
either the left anterior descending coronary artery (LAD)
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(n = 6) or left circumflex coronary artery (LCX) (n = 3). The
chest was then closed and lead II of the electrocardiogram was
monitored continuously during the experiment.

The coronary artery was transiently occluded for a period
of 6 min. One minute after the onset of occlusion, 5-8 mCi of
[®*™Tc]RP30 were injected intravenously. At the same time,
2 x 10° gadolinium-153 (***Gd) microspheres (DuPont Co.
No. Billerica, MA) with a mean diameter of 16 um were
injected into the left atrium. Arterial blood samples were
withdrawn by a Harvard pump at a constant rate of 2.16 ml/
min, starting just before injection of the microspheres and
continuing for 2 min afterwards, for calibration of the subse-
quent measurements of regional myocardial blood flow (/1).

Tomographic imaging (TOMO-1) was begun 30 min after
injection of the RP30 (25 min after release of the occlusion)
and took ~ 30 min to complete. A second dose of [*™Tc]
RP30 (7-11 mCi) was injected immediately after the acquisi-
tion of TOMO-1 and 2 X 10° iodine-125 microspheres were
injected simultaneously. A second tomographic imaging study
(TOMO-2) was obtained, beginning 30 min after the injection
of the second dose of RP30. The dog was immobilized
throughout the two tomographic acquisitions.

In three additional dogs (two with LCX, one with LAD
occlusion) only a single injection of RP30 and microspheres
was made because of apparent lack of reperfusion in two
animals (persistent ECG changes) and unexpected death be-
fore the second injection in the third. These animals were
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FIGURE 1

Correlation between normalized myocardial contents of RP30 and microspheres by direct tissue counting. Data represent
90 samples from two dogs with coronary artery occlusion and single injection of RP30. Solid line is line of regression

(MS = —-0.17 + 1.11 RP30, r = 0.96).
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FIGURE 2

Averaged scintigraphic RP30, tissue RP30, and tissue microsphere activity curves for two mid left ventricular slices

from three dogs with a single injection of RP30. Curves were aligned using

the lowest and highest values in each slice.

Mean values for the nadir were 0.06 for microspheres, 0.18 for tissue RP30, and 0.35 for scintigraphic RP30.

used to compare tissue content of RP30 and microspheres
with scintigraphic uptake of RP30 in the ischemic zone.

Imaging was performed with a Technicare Omega 500
rotating large field-of-view camera, which acquired 60 30-sec
images through 180° from the right lateral to the left lateral
position. A high resolution parallel hole collimator was used,
with a 20% energy window centered on the 140 keV gamma-
ray peak. Raw images were obtained in 128 by 128 byte mode
with a 1.4 camera magnification and a 20-cm radius of rota-
tion. Transaxial slices were reconstructed using filtered back-
projection with a Hanning 0.65 filter. The data were then
reoriented to display six to seven serial short axis slices from
apex to base of the left ventricle, equal in thickness (1 cm, 3
pixels) and perpendicular to the long axis.

Four short axis slices, representing the middle of the left

TABLE 1
Regional Myocardial Blood Flow (ml/min/100 g)’
Occlusion Reperfusion
Ischemic zone 159+73 85.5 + 203
Normal zone 91.0+ 198 1024 + 198

* Values are mean + s.d., based on 18 rings from five dogs.
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ventricle, were displayed in 64 by 64 byte mode and subjected
to a semi-automated analysis of regional myocardial RP30
content. The radial distribution of imaged RP30 activity was
quantitated using a modification of the “CIRMAX” circum-
ferential profile program provided by Technicare. As in the
standard program, the operator generates a region of interest
by positioning a circle just outside of the outer perimeter of
the myocardial slice. For each angular interval (3°), the pro-
gram finds the pixels which lie along the radial line at the
desired angle, and determines the maximum count. The CIR-
MAX curve starts from 3 o’clock and proceeds counter-
clockwise. Unlike the standard program, however, the curve
is normalized by the value located exactly 180° opposite the
nadir of the curve, rather than by the highest value on the
curve. This was done to provide comparability with the mi-
crosphere curves obtained by direct tissue counting,

To differentiate ischemic and nonischemic regions, mon-
astral blue dye (1 ml/kg) was injected into the left atrium at
the completion of imaging, following reocclusion of the cor-
onary artery. The heart was then removed, the right ventricle
excised, and the left ventricle was sectioned transversely from
apex to base into six to seven slices (thickness 1 cm), corre-
sponding to the number of short axis tomographic images.
Each slice was then divided radially into 9-18 samples that
were weighed and counted in a well-type scintillation counter
after decay of ™Tc. Pulse height analysis was used to differ-
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FIGURE 3

Effect of image subtraction on ap-
pearance of RP30 images following
transient anterior descending (LAD)
(Panel A) or circumflex artery (LCX)
occlusion (Panel B) (Dog 2, ring 2
and Dog 4, ring 5, respectively).
TOMO-1 represents RP30 distribu-
tion during occlusion. TOMO-2 was
obtained after reperfusion and a sec-
ond injection of RP30, but is “con-
taminated” by TOMO-1. The sub-
tracted image represents TOMO-2
minus TOMO-1 corrected for *®™Tc
decay. B

LONG
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entiate activity from '3Gd (62-120 keV) and '*I (10-34 keV),
with correction for energy crossover. In the three animals
receiving only a single dose of RP30, samples were also
counted for ®™Tc¢ on the first day and were recounted 2 days
later for microsphere activity.

Regional myocardial blood flow (RMBF) was calculated
using the formula: RMBF = R (Cm/Cr) (ml/min/g), where R
= reference blood flow pump withdrawal rate, Cm = counts
per gram in the myocardial samples, and Cr = counts in the
entire reference blood sample. For each left ventricular slice,
the RMBF of each sample was normalized by the RMBF of
the sample located 180° away from the center of the ischemic
zone, and expressed as a ratio.

To compare noninvasive tomographic imaging with actual
tissue activity, corresponding images and tissue slices (which
were of approximately equal thickness) were aligned, begin-
ning from the apex. Alignment of corresponding scintigraphic
and tissue curves began from 3 o’clock and proceeded in a
counterclockwise direction.
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TOMO-1 represented the distribution of blood flow during
the period of occlusion, while TOMO-2 represented both the
residual radioactivity from TOMO-1 as well as the distribution
of [®™Tc]RP30 during reperfusion. The residual radioactivity
from TOMO-1 contributing to TOMO-2 was calculated by
reducing the activity of each pixel in TOMO-1 by an amount
corresponding to the physical decay of ®™Tc occurring be-
tween TOMO-1 and TOMO-2. The decay corrected TOMO-
1 image was then subtracted from TOMO-2 to yield a new
image representing the true distribution of [**"Tc] RP30 dur-
ing reflow.

Results are expressed as the mean + s.e.m. The statistical
significance of mean differences between RP30 and micro-
sphere activity curves were determined by the paired t-test.
Regression analysis was used to determine the relation be-
tween RP30 and microsphere activities in the center of the
ischemic zone in each animal as well as in multiple tissue
samples from the dogs that had direct counting of tissue RP30
and microsphere activities.
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TABLE 2
Comparison of RP30 and Microsphere Activity Curves

Ischemia Reperfusion
Subtracted
RP30 (TOMO-1) Microspheres RP30 (TOMO-2) TOMO Microspheres
Dog-ring Nadir Width? Nadir Width? Nadir Width! Nadir Width! Nadir Widtht
1-2 0.39 183 0.06 196 0.83 0 1.38 0 0.90 0
-3 0.39 117 0.21 98 0.81 0 1.27 0 0.85 0
-4 0.38 96 0.09 146 0.75 0 1.09 0 1.05 0
-5 0.32 135 0.11 144 0.72 30 1.13 0 0.70 36
2-2 0.53 192 0.18 206 0.80 0 0.90 0 0.97 0
-3 0.46 165 0.15 225 0.84 0 1.0 0 0.79 0
-4 0.61 69 0.19 180 0.94 0 1.22 0 0.72 90
-5 0.85 0 0.21 1 0.84 0 1.30 0 0.72 28
33 0.29 192 0.17 277 0.58 99 0.85 0 0.72 55
4 0.28 141 0.23 154 0.65 45 0.81 0 0.77 0
4-3 0.24 186 0.08 206 0.62 147 0.84 0 0.84 0
4 0.27 174 0.14 135 0.73 21 0.92 0 1.03 0
5-2 0.44 192 0.29 131 0.60 84 0.75 0 0.89 0
-3 0.37 159 0.27 11 0.80 0 0.82 0 1.05 0
4 0.44 87 0.34 68 0.95 0 1.03 0 0.89 0
-5 0.77 0 0.86 0 0.84 0 1.10 0 0.98 0
6-2 0.20 273 0.12 240 0.71 11 0.68 96 0.83 0
-3 0.25 168 0.06 160 0.61 132 0.75 0 0.88 0
4 0.33 144 0.08 140 0.67 51 0.88 0 0.84 0
-5 0.63 69 0.37 40 0.79 0 0.77 0 0.81 0
7-2 0.60 108 0.76 0 0.92 0 1.10 0 1.28 0
-3 0.46 132 0.34 120 0.83 0 1.07 0 1.20 0
-4 0.39 162 0.20 180 0.79 0 0.97 0 0.83 0
-5 0.33 219 0.17 180 0.64 171 0.84 0 0.73 60
Mean 0.426¢ 140 0.237 144 0.761% 37.1" 0.980 4.0 0.886 1.2
s.e.m. 0.034 13.1 0.040 14.2 0.022 113 0.039 4.0 0.031 5.0

*p < 0.05 vs. corresponding microsphere value.

1 “Width" refers to the length of the activity curve (expressed in degrees) falling below a threshold value of 0.75.

$p<0.01.

Data represents all left ventricular rings analyzed from seven of the nine dogs. One dog with failed reperfusion and one dog without
ischemia were not included in this Table but are included in Figure 8. :

RESULTS

Comparison of tissue RP30 content and flow (micro-
spheres) showed a linear relationship (MS = —-0.17 +
1.11 RP30) with a high correlation coefficient (r = 0.96)
(Fig. 1). Although agreement was good for normalized
flows >0.4, a consistent excess of RP30 was observed
for lower flow values. For normalized flows <0.4, RP30
content averaged 0.27 + 0.03, compared with 0.10 +
0.02 for flow. Scintigraphic RP30 activity was even
higher than directly measured RP30 content in low
flow regions (Fig. 2). Absolute values for blood flow
obtained during the occlusion and reperfusion studies
are shown in Table 1.

With respect to the imaging studies, image subtrac-
tion was found to be important for quantitation of flow
during reperfusion. As demonstrated in Figures 3A and
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B, the residual activity from the first injection of RP30,
(TOMO-1), “contaminated” the study obtained during
reperfusion (TOMO-2) when image subtraction was not
used. Despite the fact that more RP30 activity was
injected for TOMO-2, the “shine through” phenome-
non was clearly evident. However, after correction of
TOMO-1 for physical decay of *™Tc and subtraction
of this corrected image from TOMO-2, the new sub-
tracted image demonstrated relatively homogeneous
tracer distribution indicative of reperfusion. As shown
in Table 2, the subtracted images provided significantly
more accurate quantitation of defect severity and width
compared to microspheres than did the non-subtracted
TOMO-2 study.

The tomographic studies in which RP30 was injected
during ischemia demonstrated clear-cut perfusion de-
fects in the appropriate myocardial regions in all cases
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FIGURE 4
Short axis image from Dog 9 without significant ischemia by RP30 or microspheres.

in which microspheres verified ischemia. In one dog
microsphere flow and RP30 images were both normal
(Fig. 4). Two examples of dogs with perfusion defects
are shown in Figures 5 and 6. Good agreement was
found between the general shape of circumferential
profile curves, representing normalized RP30 activity
in short axis tomograms, and matched curves of nor-
malized tissue microsphere content, after the curves
were aligned as described in Methods. Figures 7A and
C compare the average RP30 and microsphere activity
curves from a mid-left ventricular slice (ring 3) during
ischemia for dogs with LAD or LCX occlusion. Using
a 75% threshold, the average width of the ischemic zone
for all rings analyzed was not significantly different for
RP30 and microspheres (140° vs. 144°, respectively;
Table 2). However, normalized tomographic RP30 ac-
tivity in the center of the ischemic zone was consistently
higher than normalized tissue microsphere content
(0.43 vs. 0.24, respectively, p < 0.01; Table 2). On the
other hand, the correlation between the normalized
activity ratio for RP30 and normalized microsphere
ratio in the center of the ischemic zone was very high,
with r = 0.89 (MS = —-0.34 + 1.56 RP30, Fig. 8).

The studies in which RP30 was injected following
reperfusion demonstrated reperfusion in seven of eight
animals with initial defects (Fig. 5). One animal had
persistent ischemia by RP30, as well as by microspheres
(Fig. 6). In this dog, the normalized RP30 activity curve
and microsphere curve showed good agreement (Figure
6, lower panel). As shown in Table 2, there was close
agreement during reperfusion between quantitative
RP30 and microsphere activities in the previously is-
chemic region (mean value 0.98 vs.0.89, respectively, p
= NS). The residual perfusion defect, using a 75%
threshold, averaged 4.0° vs. 11.2°, respectively (p =
N.S.). The correlation between mean RP30 and micro-
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sphere activities in the center of the previously ischemic
zone in a mid left ventricular ring from each dog is
shown in Figure 8. Within the relatively narrow range
of normalized activity ratios in dogs with successful
reperfusion (RP30, 0.68-1.38; microspheres, 0.83-1.28)
there was no correlation between RP30 and micro-
sphere values.

DISCUSSION

Our study demonstrates that myocardial ischemia
and reperfusion may be imaged sequentially using
[®*™Tc]RP30 and emission computed tomography, in-
corporating a split dose technique and image subtrac-
tion. The myocardial distribution of RP30 activity,
quantified from short axis tomograms using a comput-
erized circumferential profiles program, was shown to
correspond to regional myocardial perfusion measured
by radioactive microspheres. During ischemia, the cor-
relation between normalized RP30 activity (from tom-
ographic images) and microsphere content (from direct
tissue counting) in the middle of the ischemic zone was
excellent (r = 0.89), although the RP30 measurement
was consistently higher and exceeded the microsphere
value by an average of 80%. After release of the coro-
nary occlusion, the tomographic images showed reso-
lution of the perfusion defect in all animals in which
reperfusion was successful and the mean normalized
RP30 activity in the middle of the previously ischemic
zone increased to 0.98 vs. 0.89 for microspheres.

The rationale for our split dose/image subtraction
approach is dependent on the unique biodistribution
and pharmacokinetic properties of [*™Tc]RP30. Tech-
netium-99m RP30 is a lipophilic cationic ***Tc com-
plex which has been previously demonstrated in animal

The Journal of Nuclear Medicine



OCCLUSION
(1 MIN)

REFLOW
(1 HR)

FIGURE 5

MIO-LV SLICE
OCCLUSION

1.8

NORMALIZED ACTIVITY

0 180
ANGULAR LOCATION

REFLOW
1.5
>
-
-
>
-
-
Q
<
[=]
w
N
L)
g 0.5+
0.0 } |
0 180 360

ANGULAR LOCATION

Panels represent short axis tomographic RP30 images along with corresponding quantitative CIRMAX curves (RP30

TOMO) and matched tissue microsphere

activity curves (MS-FLOW) for occlusion (top) and reflow (bottom) in a dog

with successful reperfusion (Dog 2, ring 2). Reflow image and curves represent subtracted data (see Fig. 3). Note

marked perfusion defect during occlusion, with generally good

t between tomographic RP30 and tissue

agreemen
microsphere curves except for overestimation of flow in ischemic zone by RP30. Reflow image shows partial resolution
of the perfusion defect, confirmed by both RP30 and microsphere curves.

studies to accumulate in the myocardium in proportion
to regional myocardial blood flow (7,12, 13). Although
the mechanism of uptake is unkown, cell fractionation
studies have shown that 84% of RP30 can be found in
the cytoplasm in association with a 10,000 D molecular
weight protein (/4-16). The clearance of RP30 from
the myocardium has been found to be very slow (8).
The effective half-life of RP30 in the myocardium has
been shown to be similar to the physical half-life of
$¥mTc (6,7,17). Following the initial appearance of a
perfusion defect, RP30 is felt to redistribute to an
insignificant extent: the difference between activity in an
ischemic zone and a normal zone remains nearly
constant (8). RP30 has therefore been termed a “chem-
ical microsphere”. Because of this property, it becomes
feasible to perform sequential imaging studies incor-
porating image subtraction to eliminate the effects of
previous tracer injections on later images. Since redis-
tribution and myocardial clearance are minimal, it

Volume 29 « Number 9 ¢ September 1988

should be necessary to correct earlier images only for
isotope decay prior to subtraction.

The “split dose” sequential injection technique has
been previously described for rest/dipyridamole planar
2'T1 imaging by Okada et al. (9). In that study, rest
imaging was performed first and dipyridamole imaging
second, using a larger dose for the second study. Because
redistribution is relatively slow after rest injected studies
(18), this approach was judged feasible. However, de-
spite initially promising results, this technique has not
become popular for ?°'T1 scintigraphy, probably be-
cause of difficulties with precise image alignment (see
below) and suboptimal count images with unacceptable
statistical noise.

Our protocol called for a 30-min delay between RP30
injection and the start of tomographic imaging. Al-
though the liver uptake of RP30 is less than that of
other [*™Tclisonitriles, such as [**™Tc]-t-butyl isonitrile
(TBI) or [*™Tc]carbomethoxyisopropyl isonitrile (CPI),
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Images and curves in a dog with unsuccessful reperfusion (Dog 8, ring 3). Note persistence of marked perfusion defect
after reflow, confirmed by tomographic RP30 and tissue microsphere activity curves.

considerable liver activity may still be seen initially. As
activity clears from the hepatobiliary system, heart to
liver activity ratios improve. The 30-min delay repre-
sents a compromise between optimal liver clearance
and practical time constraints.

One of the most interesting findings of our study was
that within the ischemic zone, RP30 activity measured
from tomograms exceeded tissue microsphere content.
There are at least two explanations for this finding. The
first is related to the imaging. Because of the finite
spatial resolution of the Anger camera, as well as photon
scatter, RP30 images of the heart in situ demonstrate a
reduction in lesion contrast compared to the real activ-
ity distribution (79,20) (Fig. 2). Microsphere measure-
ments on the other hand, are not subject to this error
because they are made from direct counting of tissue
samples. The second explanation, as shown by our own
data, is that tissue RP30 content is higher than tissue
microsphere content (Figs. 1, 2). Based on the data of
Leppo et al. in the isolated blood perfused rabbit heart
(21) and our own values for myocardial blood flow
(Table 1), the first pass extraction of RP30 in ischemic
myocardium should have been ~ 50%, compared to
40% in normal myocardium (ratio, ischemic to normal
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= 1.2). Microspheres, on the other hand, have an
extraction ratio close to 100% (ischemic/normal
zone ratio = 1.0). The higher ratio of ischemic to
normal zone extraction for RP30 may have been re-
sponsible for the relative excess of RP30 present in the
ischemic zone.

The successful clinical application of this approach
will depend on precise image alignment to permit sub-
traction without creation of artifactual defects. For the
current study, image alignment was not a problem
because the dogs were anesthetized and immobilized.
In the clinical setting, however, it will not be possible
to keep a patient immobile long enough to perform
sequential injections and imaging studies, and although
patient positioning systems using laser light beams may
help, they will probably be insufficient. Both operator
interactive and automated computer methods have
been described for alignment of planar images (22,23).
An automated technique, which has been adapted to
tomographic images, utilizes fast Fourier transforma-
tion and maximization of a cross-correlation function
(24). We have developed a new method for motion
artifact correction of tomographic studies which may
also be adapted for this purpose (25). The center of the

The Journal of Nuclear Medicine
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location where most severe ischemia
was identified in initial images.
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