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The recent development of proton nuclear magnetic
resonance (NMR) imaging provides a potential non-
invasive method to assess myocardial ischemia and
infarction. Previous studies have demonstrated that
NMR can detect and localize acute infarction in
animal models and in man without the necessity of
paramagnetic contrast enhancement.! This is based
on the ability of NMR to characterize regional
myocardial edema, which results from acute ischem-
ic injury.! However, there have been limited data
reported addressing the ability of NMR imaging to
size infarction, and concerning the sensitivity of
magnetic relaxation times to differentiate between
ischemic and infarcted tissue. Accordingly, the pur-
pose of our study was twofold: first, to assess the
ability of proton NMR imaging to size the hypoper-
fused, at-risk myocardium and infarcted myocardi-
um; and second, to evaluate the ability of T, and T,
relaxation times to distinguish among normal, hypo-
perfused, and infarcted myocardium.

METHODOLOGY

Sixteen adult mongrel dogs of either sex, weighing
15 to 20 kg, were anesthetized with intravenous
pentobarbital (30 mg/kg) and ventilated artificially
with room air delivered by a Harvard respirator via
an endotracheal tube. A thoracotomy was performed
in the fifth intercostal space, the lungs were
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retracted, and the heart was supported in a peri-
cardial cradle. Polyvinyl catheters were placed in
the left internal jugular vein for fluid and drug
administration, in the left atrium for injection of
radioactive microspheres for subsequent autoradi-
ography, and in the left carotid artery for blood
pressure recording. A segment of the left circumflex
coronary artery was dissected free proximal to the
first major obtuse marginal branch, and a hydraulic
occluder was placed around it.

All of the dogs underwent occlusion of the proxi-
mal circumflex artery. In three dogs, the mean
occlusion time was 4.3 + 1.2 hours (range 3 to 5
hours) without reperfusion. Ten dogs underwent
2.3 + 1.6 hours occlusion (range 1 to 3 hours) with
2 + 0.6 hours of reperfusion (range 2 to 2.5 hours).
Three dogs underwent occlusion, but because of
occluder failure in two and no ischemic changes seen
by ECG and two-dimensional echocardiography
(2DE) in one, these three animals served as sham
controls. In all dogs, at 1 hour following occlusion,
approximately 400,000 to 600,000 albumin micro-
spheres labelled with technetium-99m were injected
into the left atrium for subsequent autoradiogra-
phy.* Following death, the hearts were immediately
excised and transported to our NMR imaging facili-
ty. In all cases, NMR imaging was performed within
15 minutes of killing the animal.

Nuclear magnetic resonance imaging. NMR imag-
ing was performed with a system based on a 0.35
tesla superconducting magnet (Diasonics MTS/S
Magnetic Resonance Scanner). For imaging, each
excised heart was centered in a 30 cm diameter
radiofrequency coil, and an external marker was
used to identify the NMR level for subsequent
pathologic sectioning. Images were acquired using a
multi-slice acquisition, with a dual-spin echo pulse
sequence. Five contiguous slices were collected with
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Fig- 1. Cross-section of the left ventricle at the level of the papillary muscles comparing NMR image (left
panel) to schematic of pathologic findings (right panel) for the corresponding ring of tissue. This animal
underwent 5-hour occlusion without reperfusion. The NMR abnormality corresponds well with the area of
infarction (in white). In the schematic, the solid black area corresponds to myocardium at-risk
determined by autoradiography and the stippled area represents normal myocardium.

a repetition rate (TR) of 0.5 second and echo-delays
(TE) of 28 and 56 msec. Ten contiguous slices with
the same center point were then acquired without
retuning the apparatus, with a TR of 1.0 second and
the same TEs. Pixel size was 1.7 X 1.7 mm, slice
thickness was 7 mm, and center-to-center spacing of
the contiguous slices was 1.0 cm. Using this protocol,
four slices were acquired at each applied contiguous
level through the center of the hearts with different
TR-TE combinations. From these data, T, and T,
relaxation times were computed for selected regions
of interest. The computation program employed is
furnished with the imager and assumes the intensity
of a given pixel is approximated by the equation
I =H({I - exp TR/T)) exp (-TE/T,), where H is a
function of imager settings in the proton density, TE
and TR are the pulse intervals employed, and T, and
T, are the tissue relaxation times. Image reconstruc-
tions were performed with a two-dimensional Fouri-
er transform algorithm.

Pathologic analysis. Following imaging, the hearts
were cooled in a freezer for approximately 30
minutes and were sliced into 5 mm transverse
sections perpendicular to the long axis of the heart.
An external marker was used to represent the
pathologic slice corresponding to the NMR image.
The heart slices were incubated in a 1% solution of
2, 3, 5-triphenyltetrazolium chloride (T'TC) in phos-
phate buffer for 15 minutes at 37° C. Incubation in
TTC stains myocardium containing dehydrogenase
enzymes (i.e., noninfarcted myocardium) red;
infarcted myocardium remains unstained.® All slices
were weighed and the margins of the infarct were

traced on a clear acetate overlay. The infarct area
was measured by planimeter and was expressed as a
percentage of the total slice area.

The in-vivo area-at-risk determination was per-
formed by exposing the 5 mm slices of the left
ventricle for 18 hours on an 8 X 10 inch sheet of
high-speed x-ray film, which was developed on an
X-omat automatic processor (Eastman Kodak Co.,
Rochester, N.Y.). Normally perfused tissue appear-
ed as an area of high radiographic density on the
final autoradiogram, whereas hypoperfused tissue
appeared as an area of lower or absent radioactivity.*
All slices were traced, and the endocardial and
epicardial margins were traced on clear acetate
overlay. By superimposing the tracing over the
autoradiogram, the boundary of the hypoperfused
area was drawn at the edge of the zone of decreased
radiographic density by visual assessment.

NMR image analysis. The image corresponding to
the external marker was used for subsequent analy-
sis and comparison to the same pathologic slice.
Both first and second echo images were viewed, and
the image demonstrating the most apparent abnor-
mality was used for further analysis. This generally
corresponded to the image with a TE of 56 msec and
a TR of 1.0 second. The analysis was first performed
without any knowledge of the pathologic data. The
NMR abnormality was measured by planimeter and
was expressed as a percent of the total left ventricu-
lar slice area. Following this, the pathologic data
were used to define regions of interest corresponding
to the infarcted, at-risk but noninfarcted, and nor-
mal myocardium. From these regions of interest,
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Fig. 2. Cross-section of the left ventricle at the level of the papillary muscles in an animal which
underwent 1 hour of occlusion and 2 hours of reperfusion. The NMR abnormality (left panel) is larger
than the area of infarction (in white, right panel) and corresponds better with the myocardium at-risk

(solid black).
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Fig. 3. Relationship between the pathologic myocardial
infarction and the MRI abnormality. The line of identity
is indicated by the dashed line. MI = myocardial infarc-
tion; MRI = magnetic resonance imaging.

both T, and T, relaxation times were then calculated.
Statistical analysis. All data are expressed as a
mean =+ standard deviation of the mean. The rela-
tionship between NMR abnormality and at-risk, or
infarcted, myocardium was performed using the
least-squares fit for linear regression.® Differences in
the mean values for T, and T, between infarcted,
ischemic, and normal myocardium were compared
for statistical significance using the paired ¢ test.

OBSERVATIONS

In the 13 animals that underwent coronary occlu-
sion, there was a distinct abnormality on the NMR
image in the region of the posterior papillary muscle,
corresponding to the left circumflex coronary artery
distribution. In animals with a large infarct which
included most of the at-risk zone, there was general-
ly a good correspondence between the NMR abnor-
mality and actual infarct size (Fig. 1). However, in
animals with a smaller, nontransmural infarction,
NMR imaging clearly overestimated the infarct size,
but corresponded well to the hypoperfused, at-risk
myocardium (Fig. 2). The data for all of the animals
are summarized in Fig. 3 and 4. There was a good
correlation (r = 0.95) between the NMR abnormali-
ty and the hypoperfused zone. However, the correla-
tion between the NMR abnormality and infarct size
was less good (r = 0.75), and there was a significant
overestimation of actual infarct size, particularly in
animals with smaller or nontransmural infarcts (Fig.
5). The NMR abnormality measured 40 + 22%,
whereas the pathologic hypoperfused, at-risk myo-
cardium was 29 = 18% (p = NS), and the patholog-
ic infarct size was 19 + 17% (p < 0.005).

The T, and T, magnetic relaxation times are
summarized in Table I and Figs. 6 and 7. The T,
relaxation time was 594 + 60 msec in the normal
myocardium, and was significantly increased in the
ischemic (715 + 67 msec, p < 0.0005) and infarcted
regions (752 + 106 msec, p < 0.0005). However,
there was no significant difference between the T,
relaxation times in the ischemic and infarcted zones.
The T, relaxation time in the normal myocardium
was 39 + 3 msec, and was significantly increased in
both the ischemic myocardium (47 + 4 msec,
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Fig. 4. Relationship between the pathologic hypoper-
fused myocardium at-risk and the MRI abnormality. The
line of identity is indicated by the dashed line. HP = hy-
poperfused; MRI = magnetic resonance imaging.

p <0.0005) and infarcted tissue (49 + 4 msec,
p < 0.0005). Again, there was no significant differ-
ence between the T, relaxation time in the ischemic
and infarcted zones.

COMMENTS

NMR characterizes proton density, found primar-
ily in water in a variety of chemical forms, in the
intact animal. In the setting of acute myocardial
ischemic injury, the resulting NMR abnormality
represents regional myocardial edema. Impaired cell
volume regulation, interstitial fluid accumulation,
and focal structural defects in the cell membrane
integrity are early manifestations of ischemic in-
jury.”® With necrosis, there is disruption of cell
membranes and a loss of intracellular edema. This
edema correlates with the extent of eventual myo-
cardial cell necrosis, but remaining viable cells may
also demonstrate persistent cell swelling.? Willerson
et al.” demonstrated that myocardial edema can
occur as early as 40 minutes after coronary occlu-
sion, and is associated with a significant reduction in
sodium-potassium-ATPase activity in the ischemic
region, which probably contributes to the cell swell-
ing. During a period of ischemia, the sodium-potas-
sium-ATPase pump is unable to actively extrude
sodium from the interior of cells, and this results in
intracellular movement of sodium, chloride, and
water with subsequent cell swelling. Coronary reflow
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Fig. 5. Comparison of the size of the MRI abnormality
with the pathologic hypoperfused myocardium at-risk and
with the pathologic infarct area. The MRI abnormality
was significantly greater than the infarct zone, but not
significantly greater than the hypoperfused region.
HP = hypoperfused; MI = myocardialinfarct; MRI = mag-
neticresonanceimaging; PATH = pathologic.

after temporary occlusion tends to augment these
fluid and electrolyte abnormalities.™

Our data indicate that NMR imaging can detect
and localize myocardial edema related to myocardial
ischemic injury, and our findings thus agree with
previous reports.!* However, in our excised canine
model, the NMR abnormality significantly overesti-
mated actual infarct size and corresponded better to
the hypoperfused, at-risk myocardium. This sug-
gests that myocardial edema extends outside the
actual infarct region to include regions of jeopar-
dized myocardium. Since most of our animals
underwent reperfusion, the significance of this find-
ing is particularly relevant in terms of coronary
reperfusion.

Previous studies have demonstrated increased
left ventricular wall thickness on coronary reper-
fusion.!* The tissue edema noted on NMR proba-
bly contributes to this increased wall thickness.
Furthermore, it is possible that this regional tissue
edema contributes to both the diastolic'* and systo-
lic®®™8 left ventricular functional abnormalities
which occur following coronary reperfusion, and to
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Fig. 6. T, relaxation times for normal myocardium, the
hypoperfused zone, and the infarct region. T; times in
both hypoperfused and myocardial infarct zones were
significantly prolonged. HP = hypoperfused; MI = myo-
cardial infarction. '

Table I. Magnetic relaxation times

Normal Hypoperfused Infarcted
myocardium myocardium myocardium
T, T, T, T, T, T,
(msec) (msec) (msec) (msec) (msec) (msec)

504 £60 39+ 3 715 x 67* 47 + 4* 752 + 106* 49 + 4*

Mean + SD.
*p < 0.0005 vs corresponding time in normal myocardium.

the delay in functional recovery. Whether the
regional myocardial edema noted on NMR produces
local compressive forces which may further influ-
ence blood flow in ischemia is unknown. It is con-
ceivable that this regional edema may limit myocar-
dial reperfusion and contribute to the “no-reflow”
phenomenon,’®? which is known to occur following
coronary reflow. It has been demonstrated in the
kidney® and the brain?*? that prolonged ischemia
results in intracellular swelling that can compress
adjacent capillaries, thus providing a mechanism for
perpetuation of the ischemic process. In this regard,
previous investigators® % have demonstrated that
hypertonic mannitol may reduce myocardial injury,
increase coronary blood flow, and improve ventricu-
lar function during acute myocardial ischemia, both
in anesthetized and in conscious animal models.
However, the precise mechanism by which mannitol
reduces infarct size is uncertain, since it affects both
coronary vascular resistance and cell swelling, and is
an oxygen-free radical scavenger.”

Another important feature of NMR is its ability
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Fig. 7. T, relaxation times for normal myocardium, the
hypoperfused zone, and the infarct region. T, times in
both hypoperfused and myocardial infarct zones were
significantly prolonged. HP = hypoperfused; MI = myo-
cardial infarct.

to characterize tissues by magnetic relaxation times.
Higgins et al.' demonstrated in excised canine hearts
a significant increase in T, relaxation time, but no
difference in T, times in infarcted regions compared
to remote normal myocardium. This increase in T,
time correlated linearly to local water content. John-
ston et al.”® found increases in both T, and T,
relaxation times after 3 hours of coronary artery
occlusion, which tended to be accentuated by reper-
fusion. Our results concur with those of Johnson et
al., in that both T, and T, times were increased in
both ischemic and infarcted tissues, compared to
normal myocardium. The discrepancy related to T,
time may be due to differences in experimental
protocols. Most of our animals and those of John-
ston et al. underwent coronary reperfusion after 1 to
3 hours of coronary occlusion, unlike those of Hig-
gins et al.,! which underwent 24-hour occlusion
without reperfusion. Additional studies comparing
nonreperfused to reperfused occlusion models will
be necessary to further examine T, and T, relaxation
time differences that may be related to reperfu-
sion.

There was no difference between T, and T, relax-
ation times in ischemic or infarcted zones in our
study. This suggests that NMR may be unable to
distinguish between ischemic and infarcted tissue
without the use of a paramagnetic contrast agent.
However, NMR clearly demonstrated T, and T,
relaxation time prolongations in the hypoperfused
region-at-risk, which included the infarcted myocar-
dium.

Our results apply only to the excised, nonbeating,
canine heart. There may be significant differences in
NMR abnormalities and T, and T, relaxation times
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in the in vivo situation. Wesbey et al.? studied seven
dogs by ECG gated NMR imaging in vivo at 2 to 7
days after coronary ligation. In the infarcted ani-
mals, signal intensity was increased in the region
corresponding to infarction, with prolongation of the
T, relaxation time compared with normal myocardi-
um. Pflugfelder et al.”* examined 15 dogs before, and
serially up to 6 hours after, coronary artery ligation
in vivo by gated NMR imaging. Increased signal
intensity was noted in the ischemic myocardium by
4 hours after coronary occlusion. In both of these
studies, however, there was no attempt made to size
the ischemic or infarcted tissue. The sizing of is-
chemic and infarcted myocardium in the in vivo
beating heart may be more difficult because of
motion-related image degradation, but the experi-
ence of these investigators>® and our own early
experience, suggests that if may be feasible, since
respiratory gating and more rapid acquisition of
NMR images further improves image quality. Nev-
ertheless, our results indicate that NMR imaging is
useful in the assessment of acute ischemic injury in
an animal model, and provide promise for the
clinical assessment and sizing of jeopardized, at-risk
myocardium in the setting of acute myocardial
infarction.

SUMMARY

The usefulness of NMR imaging to size infarcted
and hypoperfused, ischemic myocardium was as-
sessed in 16 dogs which underwent coronary artery
occlusion and reperfusion. During occlusion, techne-
tium-99 microspheres were injected into the left
atrium. Following death, the hearts were excised and
underwent NMR imaging with a 0.35 tesla magnet,
using multiple spin-echo pulse sequences. The epi-
cardium of the heart was marked to indicate the
level of the NMR cross-sectional tomographic
image. The heart was subsequently breadloafed into
5 mm sections and the corresponding NMR cross-
section was flagged for analysis. Autoradiography
was performed to measure the hypoperfused, at-risk
zone, and triphenyltetrazolium chloride staining was
used to measure infarct size. For the flagged tomog-
raphic slice, the size of the NMR abnormality
correlated well (r = 0.95), and was comparable to the
actual hypoperfused, at-risk zone of the left ventri-
cle. However, NMR estimates of infarct size corre-
lated less well (r = 0.75) with the pathologic mea-
sure, and significantly overestimated actual infarct
size (p < 0.005). The T, and T, values were consis-
tently increased (p < 0.0005) in both the hypoper-
fused and infarct zones, compared to normal myo-
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cardium. We conclude that NMR imgaging can
detect acute myocardial ischemia and infarction, but
overestimates infarct size and corresponds better to
the area of hypoperfused, ischemic myocardium. In
this excised canine heart occlusion-reperfusion mod-
el, the NMR abnormality corresponded best to the
area including both infarction and the surrounding
ischemic region.
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Mila Turla and Diane Pace in the completion of this study. We
thank Mrs. Sharon Haglund and Ms. Sheree Wilson for preparing
the manuscript.
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