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Viable Myocardium in Reperfused Acute Myocardial Infarction:

Rest and Stress First-Pass MR Imaging

Feasibility of identifying viable myocardium in rest and stress magnetic reso-
nance imaging (MRI) was evaluated using 3 hr occlusion and 30 min reperfusion
model of left anterior descending (LAD) coronary artery in 12 felines. At rest
MRI, viable myocardium confirmed by 2,3,5-triphenyl tetrazolium chloride (TTC)-
staining showed rapid signal intensity (Sl) rise followed by gradual decline not
significantly different from normal myocardium that the two hyperperfused re-
gions were distinguishable only from the hypoperfused nonviable myocardium.
At stress MRI, hyperemia induced perfusion change was most pronounced in
normal myocardium with earlier and greater peak enhancement followed by
brisk ‘washout’ phase while minimally augmented enhancement in viable myo-
cardium was still in ‘washin’ phase. From these findings, it was concluded that
viable myocardium is identified in rest and stress MRI as redistributing hypo-
perfusion compared to persistent hyper-perfusion of the normal myocardium and
the persistent hypo-perfusion of the nonviable myocardium.
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INTRODUCTION

Viable myocardium has great significance in the treat-
ment of acute myocardial infarction as prompt reperfu-
sion before the onset of irreversible damage may salvage
the viable myocardium greatly improving the patient
outcome. The success of such therapy is dependent on
the extent of the reperfusion accomplished and determi-
nation of such success necessitates documentation of the
extent of reperfusion and identification of reversible from
the irreversible injury (1, 2).

Commonly established clinical methods for assessing
myocardial viability include thallium imaging and echo-
cardiography (2, 3). Recently, much emphasis has been
on MRI for its dual capabilities of qualitative and quan-
titative analysis as the recent fast MR imaging enables
not only the morphologic depiction but also the function
and the precise characterization of regional perfusion.

Various previous efforts demonstrated the potential of
MR imaging for discriminating occlusive and reperfused
infarctions and for differentiating reperfused reversible
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and irreversible myocardial injuries (1). However, the role
of MRI in providing information regarding the viability
within the injury zone is still uncertain. With the first-
pass MRI already well established as an accurate mean
of accessing myocardial perfusion (4), we performed this
study to determine the feasibility of stress and rest MRI
in identifying viable myocardium from the more severe
myocardial injuries and to characterize the perfusion
kinetics.

MATERIALS AND METHODS

Animal preparation

Twelve adult felines weighing 3,100-4,200 g (mean;
3,780 g) were examined. Atropine sulfate (0.05 mg/kg)
was pre-administered intramuscularly and the animals
were sedated with ketamin (10 mg/kg). After intubation,
each cat was anesthetized with 5% halothane adminis-
tered using a mechanical ventilator (R-60; Aika Medical
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Corp., Matsudo City, Japan). Both femoral veins were
cannulated for separate administration of drugs and con-
trast media. Pancuronium bromide (0.6 mg/kg) was used
for skeletal muscle relaxation.

Left lateral thoracotomy was performed followed by
midline incision of the pericardium. Left anterior de-
scending (LAD) coronary artery was exposed and ligated
distal to the first diagonal with 4-0 silk. LAD artery
occlusion was confirmed by cyanosis of the myocardium
at risk and was maintained for 3 hr. Following the re-
moval of the silk ligature, reperfusion was confirmed by
the return of the normal myocardial complexion and was
maintained for 30 min.

Stress (hyperemic) agent

We used adenosine 5'-triphosphate (ATP) as a stress
agent to achieve hyperemic response within the myocar-
dium. ATP is known to have vasodilator potency and
fewer hemodynamic or electrocardiographic derangements
compared to papaverine (5, 6) and reports also showed
that ATP has greater vasodilator potency than adenosine
and dipyridamole (7-9).

MR imaging

MR images were acquired on a 1.5-T unit (Signa, Gen-
eral Electric Medical systems, Milwaukee, WI, U.S.A.)
using extremity coil. Baseline transaxial imaging was un-
dertaken using spin-echo (SE) and fast gradient-recalled
echo (FGRE) sequences. The third slice location from the
apex was selected for the first-pass imaging.

At the commencement of the 30 min reperfusion
period, ATP (0.14 mg/kg/min) was infused for 6 min
through the left femoral vein using an injection pump.
At the third minute of the infusion, a bolus (0.1 mmol
Gd/kg) of Gadomer-17 (Schering AG, Betlin, Germany)
was administered through the contra-lateral femoral vein
and first-pass imaging was initiated using FGRE se-
quence with following parameters: TR/TE=9.4/2.2, slice
thickness=5 mm, matrix size=256x 128, field of view=
120 mm, flip angle=30°, bandwidth=15 kHz. Using
sequential acquisition order, 60 consecutive images were
obtained every 1.24 sec without any interscan delays.

Equilibrium state SE imaging was performed using
following parameters: TR=~400 (variable with heart
rate), TE=15, slice thickness=5 mm, matrix=256 X
128, field of view=120 mm, number of excitation=2.
Images were obtained at 5, 10, 15, 30, 45, and 60 min
after the contrast administration.

Subsequent interval of 1 hr allowed a total of 2 hr
(including the equilibrium state imaging time) for ade-
quate elimination of contrast media from the myocar-

dium. Aforementioned imaging protocol was then re-
peated for the resting state imaging.

Postmortem histochemical staining

Upon the completion of the imaging protocol, the ani-
mals were sacrificed by injecting a lethal dose of potas-
sium chloride solution. After cardiectomy, the aorta and
LAD artery were cannulated and respective methylene
blue (20 mL) and TTC (10 mL) solutions were infused
to allow myocardial staining. After storage in 10% for-
malin solution for 12 hr, each heart was excised in the
same plane as in MR imaging.

Image analysis

Viability categorization was according to the following
in SE imaging with confirmation by specimen stain; 1)
normal myocardium with moderate enhancement in pos-
terolateral wall, 2) viable myocardium in hyper-enhancing
peri-infarct zone in subepicardial anterior wall, and 3)
nonviable myocardium in infarct core in subendocardial
anterior wall. Corresponding areas of myocardium were
analyzed on first-pass images for the possibility of iden-
tifying the viable myocardium. The myocardial SI within
a region of interest (ROI) of 0.25-0.5 cm® was measured
on a workstation (Sparc, Sun Microsystems, Mountain
View, CA, U.S.A.) and normalized relative to the values
of the posterior chestwall musculature.

The normalized data was linearly interpolated to plot
the SI at each second for the first minute of the first-pass
transit. From the first-pass profile consisting of bolus
‘washin’ (upslope) and ‘washout’ (downslope) phases,
minimum and maximum SI (ST, Slina) achieved during
the ‘washin’ phase and their respective time points (Trmin,
Tomax) Were recorded. The slope of the ‘washin’ phase was
estimated using linear regression method.

The ratio of maximum SI (Sl Ratio) and maximum
of SI difference (Max ASI) between ischemic (viable or
nonviable) and normal myocardium were measured. The
above perfusion parameters were averaged among the 12
cases to estimate the final value which was described as
mean *standard error. The results acquired during both
stress and rest were then evaluated for the possibility of
providing the information regarding the status of the
myocardial viability.

The paired two-tailed Student’s t-test was used to
determine significant alteration in SI from the baseline
following administration of MR contrast media and to
evaluate the effect of pharmacologic stress on the al-
teration of the SI. The one way analysis of variance
(ANOVA) with multiple comparison of the mean values
using Scheffe’s F-test was used to determine the signifi-
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cant differences of SI alteration over time among the
myocardial zones. The peak SI and the slope of initial
SI rise were also analyzed using both the paired t-test
and ANOVA. In all cases, statistical significance was
defined as p<0.05.

RESULTS

Myocardial perfusion in rest (basal) state

After the administration of Gadomer-17, initial short
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drop from baseline SI to minimum SI (SI,,i,) was followed
by upsurge in myocardial enhancement (Fig. 1A). The
drop to SImin was most significant in nonviable myocar-
dium occurring later than other myocardial zones (Table
1,2).

The enhancement in normal and viable myocardium
upsurged to the maximum SI (Slmw) of 1.627£0.044
and 1.430£0.044, respectively, while the enhancement
in nonviable myocardium was insignificant.

Normal myocardium showed most rapid slope not
significantly different from the viable myocardium. Non-
viable myocardium showed gradual slope significantly
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Fig. 1. Signal intensity (SI)-time curves from 3 hr occlusion and 30 min reperfusion models of cat myocardium during resting-state
(A) and stressed-state (B) first-pass transit of Gadomer-17. Dispersion of bolus profiles especially between normal myocardium
and reversibly injured viable myocardium is evident during stress (B) particularly at the earlier portion of the curves leading to
the identification of the viable myocardium as in Fig. 2.

Table 1. Perfusion parameters of myocardial zones (normal, viable, nonviable) in rest and stress MRIT

Perfusion Normal Viable Nonviable Y

parameters Rest Stress Rest Stress Rest Stress Rest Stress
Trin 1+0 1£1 2+1 4+1 61 61 .b34 607
Tz 16£1 14+1 19+2 18+1 21+2 21+%1 342 BI®
Sliin 929+.021*  910+.047 927 £.025*  .817+.054* .735£.058* .610+.044* 522 614
Slrmax 1.627£.044* 1.724+.048* 1.430+.044* 1.378+.063* 1.071+.052 912+ .037* .827 .898
Slope .049+.004 .068+.005 .033+.006 .044+.005 .022+.005 .020+.002 57l 817
Slax ratio .888+.026 .802+.031 .666+.033 542+.028 .842 927
Max A4Sl .233+.062 515+.039 .676+.078 910+.065 .830 937

Tmin, time to minimum signal intensity (Sl) in seconds; Tma, time to maximum S in seconds; Slmin, MiNIMUM SI: Slna, Maximum SI; Slna
ratio, ratio of maximum S| between ischemic (viable or nonviable) and normal myocardium; Max 4SI, maximum of S| difference between
ischemic (viable or nonviable) and normal myocardium

*Significantly (p<0.05) different from baseline preinjection values.

"Values are mean=standard error of the mean.

"Correlation coefficients for myocardial viability (normal, viable, nonviable) versus perfusion parameters.
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Table 2. comparison of perfusion parameters among myocardial zones (Scheffe’s F-test) and between rest and stress state (paired

two-tailed Student’s t-test) '

Scheffe’s F-test

Paired two-tailed

eI Normal vs viable Normal vs nonviable Viable vs nonviable Student’s t-test
parameters
Rest Stress Rest Stress Rest Stress Normal Viable  Nonviable

Trein 874 148 .004 .001 .015 108 992 155 698
Trex 610 .093 145 .002 610 .288 .038 761 77
Slrin 999 402 .004 .001 .005 .020 .609 .068 .007
Slimax 019 .000. .000 .000 .000 .000 .002 533 002
Slope 100 .001 .002 .000 .287 .003 .008 190 9
Slax ratio .000 .000 8107 .001
Max A4Sl .000 .000 .004 .016

TAbbreviations as in Table 1. Figures represent p values

different only from the normal myocardium (Table 2).

Maximum of SI difference (Max 4SI) between ischemic
(viable or nonviable) and normal myocardium was at-
tained at 15 sec post-contrast, not significantly different
from the time of the maximum SI (T for the normal
myocardium. The SI difference between viable and nor-
mal myocardium was relatively small consistent with the
proximity of the bolus transits maintained by the viable
and normal myocardium (Table 1) and therefore, the two
myocardial zones were not distinguishable in FGRE
imaging (Fig. 2A). However, adequate SI difference led
to fine depiction of the hypo-perfused nonviable myocar-
dium from the surrounding hyper-perfused viable and
normal myocardium.

Myocardial perfusion in stress (hyperemic) state

At stress, enhancement of the normal myocardium up-
surged to the significantly higher SIma of 1.72410.048
than at rest followed by more brisk return toward the
baseline SI (Table 1,2, Fig. 1B). Enhancement of the
viable myocardium remained not significantly different
from that at rest reaching the Sl of 1.378+0.063
while the Sl of the nonviable myocardium was sig-
nificantly below the baseline level. Tra in normal myo-
cardium was significantly earlier than that at resting state
leading to more apparent time difference from the viable
myocardium and significant difference from the nonviable
myocardium (Table 2).

Normal myocardium showed significantly more rapid
slope than at resting state while viable myocardium
showed insignificant augmentation of the moderate slope
and nonviable myocardium showed persistent gradual
slope. These responses led to significantly different rates
of the SI rise among the myocardial zones (Table 2).

Max 4SI between ischemic and normal myocardium
was much greater occurring at an earlier post-contrast
time of 13 sec which approximated Tma of the normal

myocardium. There was no significant difference in the
time of Max /SI between viable and nonviable myocar-
dium.

Postmortem findings

The redistributed hypo-perfusion in first-pass imaging,
which corresponded to the outer peri-infarct zone in
equilibrium state SE imaging, was in agreement with the
brick-red colored TTC-positive area as the reversible via-
ble myocardium. The persistent hypo-perfusion in first-
pass imaging, which corresponded to the infarct center
in equilibrium state SE imaging, was corroborated by
TTC-negative irreversible nonviable myocardium (Fig. 2).

DISCUSSION

In reperfused infarction, the territory composed pri-
marily of irreversibly injured myocardium undergoes
myocyte perishment followed by damage to the micro-
vascular endothelium leading to leakage of macromol-
ecules and the consequent tissue swelling resulting in
reduced blood volume and perfusion (10, 11). At the very
core of the infarction, however, myocytes may undergo
simultaneous necrosis with the capillaries which become
occluded by dying cells and debris; the infarct core may,
therefore, be unresponsive to restoration of epicardial
blood flow (1, 10, 12). These changes, on the other hand,
are minimal in reversibly injured myocardium bordering
the infarction where the recovery of cellular ultrastructure
is rapid to preserve cellular and vascular integrity (1).

Reversible injury induced by coronary artery occlusion
for less than 20-30 min is reported to be indistinguish-
able from normal myocardium in equilibrium state (13,
14). Among the more potentially variable myocardial
injuries produced by prolonged duration of coronary ar-
tery occlusion, differentiation of the reversible injury
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Fig. 2. Rest (A) and stress (B) first-pass FGRE images (post-contrast 14 sec), equivalent (C) steady-state SE image (post-contrast
5 min), and the TTC-stained specimen (D) of 3 hr occlusion and 30 min reperfusion model of a cat myocardium. Moderate
subepicardial hypo-SI during stress (arrow, B) was the redistributed area during rest (arrow, A) in first-pass FGRE imaging and
corresponds to peri-infarct zone in steady-state SE imaging (arrow, C). It is in agreement with brick-red colored rim of TTC-positive
viable myocardium in stained specimen (arrow, D). The persistent subendocardial hypo-SI more accentuated during stress
(arrowhead, B) in FGRE imaging corresponds to ‘no-reflow’ zone in SE imaging (arrowhead, C) and is corroborated by TTC-negative
nonviable myocardium (arrowhead, D).

from either irreversible injury or normal myocardium
has not been equally straight-forward. With the infarct
size overestimation on contrast-enhanced MR images
compared with histomorphometric analysis (15), some of
the hyper-enhancing peri-infarct zone is attributed to
the reversible injury (16, 17). First-pass MRI using IR-
prepped echo-planar technique resulted in similar out-
come as the reversible injury was indistinguishable from

the normal myocardium while the occlusive or reper-
fused irreversible injury was shown as hypo- or delayed-
enhancement, respectively (1). Therefore, the isolation of
the reversible injury in MR imaging has been thus far
not very promising. However, with the validation in
identifying perfusion changes associated with coronary
artery disease (18), first-pass MRI implemented with
hyperemic agent may be potentially capable of differ-
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entiating the reversible injury from the basally identi-
fiable irreversible injury.

Previous studies using Gd-DTPA-labeled albumin as-
sociated hyper-enhancing peri-infarct zone with irrevers-
ible injury (13, 15, 19) which was confirmed histologi-
cally using biotin-labeled (Gd-DTPA)sp-albumin in com-
bination with immunohistochemical staining (19). En-
hancement of the peri-infarct zone has been attributed
to extravasation of the compound due to the loss of
microvascular integrity associated with myocytes necrosis
(15). In the cases of compound such as Gd-DTPA-
polylysine with molecular weight less than that of the
albumin-labeled agent, association of peri-infarct zone has
not been restricted to irreversible injury as such com-
pound is less strictly confined to the vascular space (16,
17, 20). As such, outer peri-infarct zone in equilibrium
state imaging of the current study was TTC-stained re-
versible injury consistent with the hypoperfused viable
myocardium during stress which was redistributed at
rest.

Gadomer-17 is a compound that satisfies the require-
ments of both perfusion and blood pool marker (20-23).
Because of its large size, it is distributed in the intravas-
cular space simplifying the transport kinetics which are
governed mainly by flow and intravascular volume so
that flow quantitation is possible (24). The high mole-
cular weight (35 kDa) of the compound results in an
increase in T1 relaxivity (17.3 L/mM/sec at 20 MHz) (21)
which was observed in a phantom study comparing the
compound with Gd-DTPA preliminary to the current
study. While the shape of SI versus concentration profiles
of the two compounds were similar, Gadomer-17 showed
higher SI, approximately three times that of Gd-DTPA
at lower concentration indicating the higher in vivo range
of SI achievable by the compound. At delayed time, it
remains largely confined within the intravascular space
so that the plasma level is much higher than Gd-DTPA
(24) causing adequately persistent blood pool ‘and myo-
cardial enhancement (16, 22). At the same time, the
compound is small enough to be eliminated via the kid-
neys that its clearance from the body is reasonably rapid
(20-23) preventing the deleteriously long blood pool
enhancement seen in larger molecular weight compound
which tends to inhibit clear delineation of the myocardial
injury (25). It may provide a useful compromise between
low molecular weight Gd-DTPA and the larger intravas-
cular agents making it suitable for double bolus injections
as in current study.

Various researches using contrast-enhanced MRI show-
ed decreased perfusion secondary to complete coronary
artery occlusion in animal models where simultaneously
infused radioactive microspheres demonstrated that the
distribution of contrast materials was proportional to

flow. Rapid MR imaging was also applied in clinical en-
vironment to detect the differences between the normally
perfused segments and segments supplied by diseased
vessels. A delay in SI rise of the hypo-perfused myocar-
dium permitted good correlation between segments iden-
tified as abnormal by MRI and by scintigraphy (19).

Areas of myocardium perfused by a diseased coronary
artery have also been shown to have significantly reduced
peak SI and a diminished up-slope of the intensity-
versus-time curves (26). Pharmacologic stress test was
proved effective in depicting the hypo-perfusion in par-
tially occluded coronary arteries of canine heart (19, 20)
where the normal myocardium demonstrated a greater
enhancement relative to hypo-perfused myocardium after
administration of dipyridamole than without the use of
the vasodilator (18). Clinical study demonstrated up-
slopes of greater variance among myocardial regions after
stress than those of the curves obtained at rest, demon-
strating the ability of dipyridamole stress in amplifying
the flow differences among the regions (26). In the cur-
rent study of feline reperfused infarction using short
acting ATP as a stress agent, similar greater variance of
myocardial perfusion was also displayed. This may be in
accordance with the variable hyperemic response accord-
ing to the microvascular integrity associated with the
fraction of viable myocytes (27). The transmural perfu-
sion gradient associated with the characteristic location
and viability of the myocardial injuries was well displayed
(Table 1, Fig. 2).

With the wash-in profile of the viable myocardium
remaining relatively unchanged by the hyperemic stimuli,
higher Sy of the normal myocardium led to increased
SI difference from the viable myocardium. Additional
earlier occurrence of the Sy of the normal myocardium
also intensified the SI difference further as at this earlier
time point, the SI reached by the viable myocardium is
smaller (Fig. 1). This is consistent with the earlier occur-
rence of the larger Max 4SI at hyperemic state. There-
fore, in spite of the insignificant change in Sln., the
viable myocardium appeared altered as hypo-SI distinct
from the surrounding more pronounced hyper-SI of the
normal myocardium at this earlier time point of the Max
ASIL. Thus, with a small little time change leading to
greater SI difference among the myocardial zones during
the rapid ‘washin’ phase of the bolus transit, time of
Max ASI may be crucial to the identification of the
viable myocardium. This is evidenced by hyperemia in-
duced significant change in Max 4SI (p=0.004) but not
in Slyna Ratio (»=0.107) for viable myocardium in Table
2 consistent with the inclusion of the time factor in the
former but not the latter. With a hyperemic agent which
results in greater left-ward shift of the bolus profile in
the normal myocardium, more detailed identification of
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the viable myocardium may be possible.

After the attainment of Max ASI, subsequent rapid
reduction in SI difference associated with the brisk down-
slope of the normal myocardium during the still ongoing
‘washin’ phase of viable myocardium may have led to
the appearance of early redistribution in viable myocar-
dium while such change was not noticeable in nonviable
myocardium. Contrary to growing interest in using rest
and stress regimen to identify viability within acute
ischemic injury (27-31), identification of viable myocar-
dium have not been complete previously. To validate the
current finding of early redistribution in viable myocar-
dium, further study may be valuable.

Histologic and electron microscopic studies in rats
showed that irreversibly and reversibly damaged myo-
cytes may reside next to each other in the same infarct
territory and that each of these cells may vary with re-
spect to degree and extent of alteration of its subcellular
components (15). These changes depend on the duration
of ischemia and are manifestated as differential blood
volume and flow. Therefore, differential enhancement of
myocardial regions in MRI may be more or less the con-
sequence of differential fraction of irreversibly and re-
versibly damaged myocytes within the injury zones as
reflected in the results of fluorescent microscopic exam-
inations of the tissues (17). Consistent with this, reper-
fused reversible injury of predominant viable myocytes
could not be differentiated from normal myocardium in
previous observations (1, 13, 14).

Histologic examinations observed areas of hemorrhage
with severely damaged ultrastructures within the infarct
core (1, 16, 17) where the occluded vessel would lead to
exclusion of the contrast agent during the first transit
and absent response to the hyperemic stimuli as observed
in nonviable myocardium of current study. On the other
hand, moderately distorted ultrastructure at infarct pe-
riphery lead to release of items such as adenosine, various
kinins, and histamin resulting in vasodilation (13, 16) so
that the resting flow is not compromised but the re-
sponse to the pharmacologic stimulation reduced (32,
33). With the uncompromised resting flow in viable
myocardium contributing to its close approximation to
the resting flow in normal myocardium, reduced hyper-
emic response leads to greater perfusion difference from
the normal myocardium thereby leading to its identifi-
cation.

In reperfused infarction, the combination of reduced
myocardial high-energy phosphate stores, cell swelling,
and sarcolemmal damage appears to play a key role in
determining the viability outcome of the injured tissues
(34). During the progression of infarction, the production
of high-energy phophates declines and is greatly exceeded
by their utilization leading to progressive depletion of
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phosphate stores within tissues. In reversible injury, such
depletion is modest and electron microscopy may reveal
only glycogen loss, nuclear chromatin aggregation,
stretched myofibrils, and swollen mitochondria but no
sarcolemmal damage (34, 35), endothelial nuclear chro-
matin clumping or margination (17). With further de-
pletion leading to ATP content below 20 % of control
values, cells become unable to regenerate high-energy
phosphate or to maintain physiologic ionic gradients and
cell volume. Consequent cell death in irreversible injury
may reveal enlarged mitochondria with amorphous ma-
trix densities, fractionation of myofilaments, sarcolemmal
disruption (34, 35), endothelial swelling with protrusion,
and decreased number of pinocytic vesicles (17).

With the myocardial infarction evolving to progressive
increased fraction of nonviable myocytes (1, 16, 36-38),
damage to microvascular endothelium, tissue swelling,
and consequent reduction in blood volume and flow (10,
11) within myocardial injuries shown in rest and stress
MRI were well reflective of the fractional composition of
viable myocytes within the injury zones leading to the
identification of the viable myocardium.

In conclusion, viable myocardium was identified in rest
and stress MRI as redistributing hypo-perfusion distinct
from persistent hyper-perfusion of the normal myocar-
dium in addition to the persistent hypo-perfusion of the
nonviable myocardium.
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