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We have investigated the pattern of accumulation of Tc-99m(Sn2+)pyrophos-

phate (Tc-99m PPi) in myocardial tissue of dogs during the early stages of acute

occlusion of the left anterior descending coronary artery. Three groups were stud
ied after: (a) 40 min occlusion followed by 6 hr reperfusion (n = 6); (b) 6 hr occlu
sion followed by one hour reperfusion (n = 5); and (c) 7 hr occlusion with no reper-
fusion (n = 4). Areas of myocardial infarction were defined with triphenyl-tetrazo-
lium chloride (TTC) staining, and blood flow was determined with 9-Â¿Â¿radioactive
microspheres. In Group C uptake in infarcted and peri-infarct areas was not en
hanced, most likely owing to low flow. In Group B, with late reperfusion, Tc-99m
PPi sequestration was increased in both infarcted and peri-infarcted tissues. In

Group A, areas ischemie during occlusion but with normal flow and viability by TTC
after 6 hr of reperfusion showed significant uptake of Tc-99m PPi (twice the uptake

of nonischemic regions).
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At the present time, controversy exists regarding the
extent to which Tc-99m(Sn2+)pyrophosphate (Tc-99m

PPi) is accumulated in ischemie noninfarcted myocardial
tissue. One experimental study performed 48 hr after
coronary occlusion showed a small (1-5 mm) peri-in
farcted zone of increased Tc-99m PPi uptake (/),
whereas another investigation using Tc-99m glucohep-
tonate reported a similar peri-infarcted area of increased
radionuclide uptake 3-8 hr after inception of acute

coronary occlusion (2).
A most useful model of acute myocardial ischemia and

infarction has been proposed by Reimer and Jennings
(3). They described the course of infarction in terms of
a wavefront of necrosis that begins in the innermost en-
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docardium after about 40 min of occlusion. Over the next
3-6 hr, the remaining mid- and cpicardial layers suc

cumb so that by approximately 6 hr, acute experimental
infarcts are, by and large, transmural. The "area at risk"

of necrosis has largely been infarcted, and because of the
nature of the coronary microvasculature as end-arteri-

oles, little ischemie lateral border /.one can be detected
(3). Although the model proposed by Reimer and Jen
nings strictly pertains to circumflex coronary occlu
sionsâ€”which allow less collateral blood flow to the

posterior papillary muscle and result in more homoge
neous ischemiaâ€”other investigators (4) have used it to

describe distribution of transmural necrosis after ligation
of the left anterior descending coronary artery (LAD)
in the dog.

No opportunity has existed in previous investigations
(5,6) for assessing Tc-99m PPi sequestration in ischemie
but not infarcted myocardium, since no well-defined
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ischemie tissue can be demonstrated histologically at 24
hr after coronary occlusion (7). The present investigation
was therefore designed to evaluate the accumulation of
Tc-99m PPi in ischemie and necrotic myocardium early
in the course of acute coronary occlusion, by utilizing
three experimental conditions: (a) 40-min occlusion with
6-hr of reperfusion; (b) 6-hr occlusion with 1 hr of re-
perfusion; and (c) 7-hr occlusion without reperfusion.
Tc-99m PPi was injected shortly after release of occlu
sion (a and b) or 1 hr before sacrifice (c), and its tissue
concentration was measured by tissue counting, whereas
areas of necrosis were identified histochemically using
triphenyl-tetrazolium chloride (TTC); regional blood
flow was determined with 9-p radioactive micro-
spheres.

METHODS

Experimental animals. Twenty dogs of either sex,
(14-22 kg) were anesthetized with 450-650 mg of so
dium pentobarbital i.v. The trachea was intubated and
respiration maintained by a Harvard respiratory pump.
Blood gases and pH were measured and kept within
physiological ranges by appropriate ventilation. The
femoral artery was cannulated for measurement of ar
terial pressure, and the vein for fluid administration. A
left lateral thoracotomy was performed and the exposed
heart was suspended in a pericardia! cradle. The left
atrium was cannulated for administration of radioactive
microspheres. Using sharp dissection, the LAD was
isolated below its first diagonal branch. LAD occlusion
was done with a vascular clamp. Five dogs were excluded
from the study because of irreversible ventricular fi
brillation.

Durationof LAD occlusions.The experimentaldesign
was tailored to fit the Reimer and Jennings model of
acute myocardial infarction (3). This model was derived
from experiments consisting of acute ligation of the
circumflex coronary artery, so our experimental design
was not identical to that of Reimer and Jennings.
However, ours provided a pathophysiologic framework
for the study of Tc-99m PPi accumulation in ischemie
and in peri-infarcted myocardial regions. Accordingly,
three experimental groups were selected:

1. Group A: Forty-minute LAD occlusions, 6-hr re-
perfusion.To study myocardialsequestrationof Tc-99m
PPi in a major territory of the LAD area-at-risk that had
not yet undergone cardiac necrosis, LAD occlusions in
6 dogs were maintained for 40 min. After this interval,
reperfusion was provided and maintained for 6 hr. Tc-
99m PPi (17 to 22 mCi) was given i.v. shortly after the
start of reperfusion. In all the animals of this group,
relative myocardial blood flows were investigated using
tracer microspheres 9 Â±2 n (s.d.) in diameter. They were
administered into the left atrium after 10 to 15 min of
firm agitation. The microsphere species used were tagged

with Sn-113, Cr-51, and Sc-46. Four million spheres of
each species were given for the measurement of flow,
which was determined before and during LAD occlusion
and at the end of the reperfusion period. The dogs were
killed by intracardiac administration of KC1 (14
mEq).

2. GroupB:Six-hourLAD occlusion, 1-hrreperfusion.
In fivedogs, LAD occlusion was maintained for 6 hr. The
aim was to study Tc-99m PPi uptake in established in-
farcted and peri-infarcted tissue, and to compare the
data with investigations that looked at Tc-99m PPi
myocardial accumulation later in the course of myo
cardial infarction (/,6,8,9). To ensure delivery of the
radiopharmaceutical, the occlusion was released at the
end of the sixth hour and reperfusion allowed for 1 hr.
Tc-99m PPi (16-30 mCi i.v.), was given immediately
upon release of LAD occlusion (as in Group A animals).
The wide range of Tc-99m PPi injections to dogs of this
group was unintended, and probably had no effects on
results, since in the investigation of Marcus et al. (9) the
Tc-99m PPi dose range was 2-15 mCi, a sevenfold dif
ference. No microsphere flow determinations were
carried out in this group because data on regional blood
flows, Tc-99m PPi localization, and histology in estab
lished infarcted and peri-infarcted tissues have been
reported (Â¡,8,9). Sacrifice was also with intracardiac
KC1solution.

3. GroupC: Seven-hour LAD occlusion, no reperfu-
sion. In four dogs, LAD occlusion was maintained for 7
hr. To assess the effect of the flow-limited delivery of
Tc-99m PPi to infarcted and peri-infarcted areas in
animals with acute occlusions, the radiotracer was given
(25-38 mCi i.v.) at the end of the sixth hour of occlusion.
The animals were kept alive for another hour, at the end
of which they were killed as in Group A. The last animal
of Group C had microsphere flow determinations as
described for Group A animals.

Histochemical identification of infarct areas. Imme
diately after sacrifice, the heart was immersed in chilled
normal saline solution. The left ventricle (LV) was dis
sected free. Transverse LV slices (0.5-1.0 cm) were cut
with a sharp blade, starting at the LV apex and con
tinuing up to the levelof the LAD ligature site. The slices
were then incubated in triphenyl-tetrazolium chloride
(TTC) at 37Â°for 20 min (IO). TTC staining is a histo-

chemical method for macroscopic identification of areas
of acute cardiac necrosis. The spatial resolution of TTC
staining is close to that of human vision, i.e., ~0.5 mm.
On TTC staining, viable dehydrogenase-containing
cardiac muscle appears brick red; necrotic myocardium,
depleted of dehydrogenase, is pale (Fig. 1). The ability
of this method to identify 3 to 6-hr acute cardiac necrosis
has been established by histologie and electron-micro
scopic criteria (/ / ). In each slice, the necrotic and non-
necrotic tissues were readily identified by immersing *he
TTC-incubated sections in buffered (10%) formaide-
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FIG. 1. Typical appearance of noninfarcted (dark) and infarcted
(pale) myocardium in a Group II dog with transmural infarction. Note
sharp demarcation between contrasting areas.

hyde. This process enhanced differences between brick
red and pale colors in the sections.

Tissue sampling and in vitro counting. In two Group
A animals, myocardial sampling (6-8 samples of 0.5-1.0
g/dog) was guided by TTC staining, or lack thereof, in
the endocardial and epicardial halves of the LAD-de-

pendent territory. Control samples were those located
opposite the ischemie zone (i.e., nonischemic territory).
In the remaining four Group A animals, in which myo
cardial sections showed homogenous TTC staining at
autopsy, 2-10 samples (0.5-1.0 g) per dog were taken
from the endocardium and epicardium of the area sub
served by the LAD, and from the remote nonischemic
zone.

In all the animals'of Groups B and C, 2-6 samples

(0.5-1 g) per dog were selected from the center of the
TTC unstained area of cardiac necrosis and from a
TTC-stained myocardial area located 5-10 mm away
from the necrotic area (the "peri-infarction area,"

1,3,12). Sampling of nonischemic myocardium was as
in Group A. Samples were assayed for Tc-99m PPi
content and for radionuclide microsphere activity using
a gamma counter. All values are expressed as the ratio
of cpm/g heart in the tissue of interest to the cpm/g
myocardium in the nonischemic tissue of the same
transverse slice. In all animals in Groups B and C, and
in the two animals in Group A that developed myocardial

TABLE 1. TISSUE-COUNTING DATA

A. 40-min LAD Delusions, 6-hr reperfusion (6 dogs)

Microsphere flow
during occlusion

(% nonischemic flow)

Microsphere flow
during late reperfusion
(% nonischemic flow)

Tc-99m PPi uptake
(relative to non
ischemic tissue)

Subgroup I
TTC-stained

nonischemic,

noninfarcted

myocardial

slices
(n = 6)

Subgroup II
TTC-stained,

ischÃ©miebut

noninfarcted

myocardial
slices*

(n = 20)

Subgroup III

Infarcted
regions, TTC-

nonstained
(n = 7)

Peri-infarction

regions, TTC-

stained

0.94 Â±sd 0.09* 0.99 Â±0.25

-NS-

1.16 Â±0.30

p <0.001

0.49 Â±0.34 0.82 Â±0.22 L 2.10 Â±0.29

-p<0.01-

0.14 Â±0.06

0.15 Â±0.05

(N8)t

0.39 Â±0.21r
p <0.05

I -1.30Â±

r
p <0.02

0.97

14.07 Â± 10.3

2.12 Â±1.46

* LAD-dependent territory, viable by TTC but with depressed flow during occlusion.

r Microsphere flow during ischemia: infarcted vs. peri-infarcted regions not significantly different.
* All values as means Â±standard deviation of the mean. Statistical differences assessed by Student's t-test.

Each subgroup consisted of 2 dogs.
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FIG. 2. Tc-99m PPi uptake (relative to nonischemic uptake) after
40-min LAD occlusions and 6-hr reperfusion. Symbols: (Q) =
TTC-stained regions that were ischÃ©miebut not infarcted; (â€¢)=
TTC-stained peri-infarcted regions; (A) = TTC-unstained infarcted

regions.

infarction, areas were matched for location. They were
designated as infarcted, peri-infarcted, and normal for
Group B and C animals. They were designated suben-
docardial, subepicardial, and normal for Group A ani
mals. In the four Group A animals that had normal TTC
staining, samples from the LAD-dependent territory
were pooled and compared with samples from the non-
occluded territory.

We considered that microsphere loss from the in
farcted cardiac muscle was not a significant problem in
the flow measurements in Group A, since Murdock and
Cobb (13) have not been able to demonstrate shedding
of 9-/Ã•spheres at 6 hr after acute myocardial infarc
tion.

Statistics. All values are expressed as mean Â±stan

dard deviation of the mean. Statistical differences among
variÃ¢teswere assessed using Student's t-tests (paired and

unpaired).

RESULTS

Table 1 shows the relationships between myocardial
TTC staining, regional coronary flow, and Tc-99m PPi
uptake in the Group A dogs (40-min LAD occlusion and
6-hr reperfusion). Dogs were subgrouped as follows: (I)
showing normal TTC staining throughout and normal
flow during occlusion (two dogs, six pooled nonischemic
slices); (II) normal TTC staining but depressed flow
during occlusion (two dogs, 20 pooled ischemie slices).
Reperfusion flows in all these samples were 55% (or
more) of the flow in the nonischemic area, and therefore
indicated tissue viability (14). Subgroup III showed no
TTC staining in the endocardia! half of the area at risk,
i.e., infarction with depressed reperfusion flow (seven
slices). The adjacent epicardial zones had normal TTC
staining, depressed flow during ischemia, and normal
reperfusion flows (seven slices). These epicardial layers
were designated as the 'peri-infarction region.' Thus,

subgroup III consisted of the two dogs that developed
subendocardial infarction.

In the six myocardial slices of the two dogs that had
neither myocardial ischemia nor myocardial necrosis
(subgroup I), myocardial blood flow was 0.94 Â±0.09
(relative to the nonischemic area) during occlusion, and
was 0.99 Â±0.25 during late reperfusion (NS). TTC
staining was brick red. As expected, there was no en
hanced accumulation of Tc-99m PPi. However, in the
20 myocardial slices in subgroup II, the flow during oc
clusion was 0.49 Â±0.34, increasing significantly to 0.82
Â±0.22 during reperfusion (p <0.001 ). These slices were

TABLE 2. TISSUE-COUNTINGDATAB.

6-hr LAD occlusion, 1-hr reperfusion (5dogs)Infarcted,

TTC-unstainedtissue(n

= 11 myocardialslices)Peri-infarcted,

TTC-stainedtissue(n

= 10 myocardial slices)Tc-99m

PPiuptake(relative

to nonischemic tissue)r

8.19Â±4.49NS1â€”^4.17

Â±3.33C.

7-hr LAD occlusion, no reperfusion (4dogs)Infarcted,

TTC-unstained tissue
(n = 8 myocardialslices)Peri-infarcted,

TTC-stainedtissue(n

= 8 myocardial slices)Tc-99m

PPiuptake(relative

to nonischemic tissue)r-*-
0.60Â±0.35NSIâ€”

M.01 Â±0.62
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FIG. 3. Tc-99m PPi uptake relative to nonischemic uptake. Upper
panel = 6-hr LAD occlusion, 1-hr reperfusion. Lower panel = 7-hr

LAD occlusion, no reperfusion. Symbols as in Fig. 2.

viable by TTC at 6 hr after reperfusion. (Whether a
TTC-stained myocardial sample excludes presence of
scattered groups of nonviable cells will be considered in
the discussion.) Significantly, these slices showed in
creased Tc-99m PPi uptake (mean 2.10 Â±0.29 com
pared with nonischemic areas, p <0.001; circles con
tained in squares in Fig. 2). Thus, seemingly viable cell
populations as judged by reperfusion flow (14) exhibited
abnormal radiophosphate uptake. In subgroup III (two
dogs), seven myocardial slices from the endocardia! half
did not take the TTC stain and had low occlusion and
reperfusion flows, i.e., 0.14 Â±0.06 and 0.39 Â±0.21. They
showed increased Tc-99m PPi uptake and were consid
ered to have undergone cardiac necrosis. The remaining
seven epicardial slices had occlusion flowsof 0.15 Â±0.05,
which recovered after reperfusion to 1.30 Â±0.97. These
slices took up TTC stain but nevertheless had abnormal
accumulation of Tc-99m PPi.

Table 2 shows tissue-counting data for the nine ani
mals of Groups B and C. In five dogs, Tc-99m PPi was
given 6 hr after LAD occlusion, followed by 1 hr reper-
fusion. Both TTC-infarcted and peri-infarcted regions
exhibited increased Tc-99m PPi accumulation equally
(upper panel, Fig. 3). On the other hand, in the four dogs
undergoing 7-hr LAD occlusion without reperfusion,
only a few myocardial sections showed evidence of Tc-
99m PPi sequestration (lower panel, Fig. 3). Statistically,
neither the infarcted nor the peri-infarction zones showed
augmented Tc-99m PPi content.

Finally, Fig. 4 exhibits the findings in one Group C

â€¢Tc-99mPYP 1.00
Flow 1.00

â€¢Tc-99mPYP O.5O
Flow O.O8

Tc-99m PYP 1.66
Flow O.5O

FIG. 4. Tc-99m PPi uptake and microsphere coronary flow in
transverse section from dog with 7-hr LAD occlusion without re-

perfusion. Three areas are shown: (a) nonischemic region, (b) in
farcted (by TTC) endocardial layer (shaded region), and (c) epicardial
area at risk (AR). The epicardial area at risk showed maximal Tc-

99m PPi uptake, whereas it had only 50% of nonischemic flow.

animal, in which a subendocardial myocardial infarction
was identified after 7 hr of LAD occlusion. It is evident
that maximal Tc-99m PPi uptake occurred in the epi
cardial area at risk (AR) where myocardial flow was
depressed to half the nonischemic value but where cells
remained viable as assessed by TTC stain (see discus
sion).

DISCUSSION

Animal investigations (1,8,9,15) have suggested that
ischÃ©miebut viable myocardial cells may have increased
avidity for Tc-99m PPi. Ischemie myocardial cells were
identified by microsphere flow, histology, and/or mus
cle-enzyme criteria. These data, however, were obtained
for the most part in animals with established transmural
cardiac infarcts where myocardial ischemie territories
appear to be relatively minor (3), so the uptake in
seemingly viable areas may have been due to leaching
of tracer from the infarcted tissue or to admixture of
infarcted and nonischemic myocardial cells.

In three of the above investigations (1,8,9), in dogs
with myocardial infarctions of durations longer than 24
hr, Tc-99m PPi concentrations five to ten times that
found in nonischemic tissues were detected in peri-in
farction areas. Importantly, these peri-infarction areas
had either: (a) regional flows >60% of nonischemic flows
(8,9), and thus tissue perfusion levels unassociated with
myocardial necrosis (14), or (b) had increased intensity
of succinic dehydrogenase on staining by a tetrazolium
equivalent of TTC (/ ).

In the animals in Groups B and C of our investigation,
we examined Tc-99m PPi sequestration in infarcted and
peri-infarcted regions at 6-7 hr after LAD ligation. In
Group B animals, we found that when the radiophar-
maceutical is not flow-limited (1 hr reperfusion), both
infarcted cardiac tissue and the 5-10-mm rim around
it accumulated Tc-99m PPi equally. In contrast, in
Group C animals, neither the infarcted zone nor the
peri-infarcted tissue had increased radiophosphate
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content. The results in Groups B and C are therefore
directionally similar to those reported previously in dogs
with infarcts of longer duration (/ ,8,9). It is likely that
with increasing collateral flow at 24 and 48 hr, the ab
solute content of Tc-99m PPi in Group C animals may
have increased to the levels found in the aforementioned
investigations (/,8,9).

These results prompted us to perform studies with
short-lasting LAD ligations (40 min), followed by re-
perfusion, in accordance to the Reimer-Jennings model
(3). We acknowledge that this model applies strictly to
circumflex ligations. However, other investigators (4)
have found that transmural necrosis from LAD occlu
sions is topographically similar to that from circumflex
artery occlusions.

In the six animals with 40-min LAD ligation and 6-hr
reperfusion, we found that the epicardial myocardium
that is transiently ischemie by microsphere flow: (a) is
capable of exhibiting increased flow on reperfusion, (b)
shows normal TTC staining, and (c) nevertheless has a
twofold increase in Tc-99m PPi accumulation relative
to nonischemic muscle. This may give a faint uptake in
external imaging. However, Marcus et al. (9), using a
ventricular phantom, determined that if a 9.5-g segment
of myocardium contains twice the normal concentration
of Tc-99m PPi, scintigrams of the phantom will show
such areas.

We recognize that our index of cardiac tissue viability
was indirect, i.e., TTC staining. This is a histochemical
rather than a histologie criterion. Indeed, it is entirely
possible that in the TTC-staining areas in the 40-min
occlusions, dead cardiac cells responsible for increased
Tc-99m PPi accumulation may have gone undetected.
This, however, appears unlikely. The investigations of
Lie et al. (10) and of Fishbein et al. (l l ) have established
that tissues showing TTC staining generally give eight
microscopic and electron-microscopic evidence of tissue
viability. Furthermore, four investigations during the
past year (16-19) used TTC staining to evaluate cardiac
necrosis and the effects of therapies aimed at salvaging
ischemie myocardium.

Our findings appear to support the observations in
patients with unstable angina pectoris reported by Olson
et al. (20), who showed that patients with unstable an
gina and no evidence of myocardial necrosis (by EKG
or CPK enzymatic determinations) at the time of diag
nosis nevertheless had 3+ diffuse Tc-99m PPi scinti
grams. Our observations suggest that they may have
been imaging large areas of severely ischemie tissue.
Indeed, their angina patients with positive scintiscans
had a markedly decreased 2-yr survival.

Furthermore, our data demonstrate that if the course
of acute myocardial infarction is altered early by the
restoration of adequate blood flow, Tc-99m PPi accu
mulates in ischemie but viable cells as well as in necrotic
cardiac tissue. Thus the use of Tc-99m PPi in assessing

infarcÃ¬size following interventions aimed at re-estab
lishing perfusion during acute myocardial infarction
(27,22) may lead to an overestimation of the area of
necrosis by including transiently ischemie tissue. This
factor would be a function of the duration of increased
avidity of transiently ischemie cells for Tc-99m PPi and
of the timing of radiophosphate imaging after restoration
of coronary flow.
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25th Annual Meeting
American Association of Physicists in Medicine

July 31-August 4, 1983 The Waldorf Astoria Hotel New York, New York

The 1983 Annual Meeting of the American Association of Physicists in Medicine will commemorate ihe historic occasion
of the 25th Anniversary of the AAPM. The meeting will be held July 31-August 4, 1983, in the Waldorf-Astoria Hotel, Park

Avenue, New York City, New York. A comprehensive, exciting scientific program is being planned, as well as a full schedule
of social and sightseeing activities for participants and guests alike.

The AAPM cordially extends an invitation to all of its members and other professional individuals to participate and to
submit scientific papers and/or exhibits in medical physics and related subjects.

For abstract forms and additional information on the scientific aspects of the meeting contact:

Stephen R. Thomas, Ph.D.
Scientific Program Coordinator

E465 Medical Science Building, ML 579
University of Cincinnati

College of Medicine
Cincinnati, OH 45267

(513)872-5476

Information on hotel, local arrangements and commercial exhibits may be obtained from:

Jean St. Germain, M.S.
Chairperson, Local Arrangements Committee

Memorial Sloan-Kettering Cancer Center

1275 York Avenue
New York, NY 10021

(212)794-7391
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