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ABSTRACT

Background Recent studies indicate that magnet-
ic resonance imaging (MRI) after the administration
of contrast material can be used to distinguish be-
tween reversible and irreversible myocardial ische-
mic injury regardless of the extent of wall motion or
the age of the infarct. We hypothesized that the results
of contrast-enhanced MRI can be used to predict
whether regions of abnormal ventricular contraction
will improve after revascularization in patients with
coronary artery disease.

Methods Gadolinium-enhanced MRI was performed
in 50 patients with ventricular dysfunction before they
underwent surgical or percutaneous revascularization.
The transmural extent of hyperenhanced regions was
postulated to represent the transmural extent of non-
viable myocardium. The extent of regional contractil-
ity at the same locations was determined by cine
MRI before and after revascularization in 41 patients.

Results Contrast-enhanced MRI showed hyperen-
hancement of myocardial tissue in 40 of 50 patients
before revascularization. In all patients with hyperen-
hancement the difference in image intensity between
hyperenhanced regions and regions without hyper-
enhancement was more than 6 SD. Before revascu-
larization, 804 of the 2093 myocardial segments an-
alyzed (38 percent) had abnormal contractility, and
694 segments (33 percent) had some areas of hyper-
enhancement. In an analysis of all 804 dysfunctional
segments, the likelihood of improvement in regional
contractility after revascularization decreased progres-
sively as the transmural extent of hyperenhancement
before revascularization increased (P<0.001). For in-
stance, contractility increased in 256 of 329 segments
(78 percent) with no hyperenhancement before revas-
cularization, but in only 1 of 58 segments with hyper-
enhancement of more than 75 percent of tissue. The
percentage of the left ventricle that was both dysfunc-
tional and not hyperenhanced before revascularization
was strongly related to the degree of improvement
in the global mean wall-motion score (P<0.001) and
the ejection fraction (P<0.001) after revascularization.

Conclusions Reversible myocardial dysfunction can
be identified by contrast-enhanced MRI before cor-
onary revascularization. (N Engl J Med 2000;343:
1445-53.)
©2000, Massachusetts Medical Society.

N patients with coronary artery disease and left

ventricular dysfunction, the distinction between

reversible and irreversible myocardial injury is

important. The identification of viable myocar-
dium is useful in predicting which patients will have
increased left ventricular ejection fractions!” and im-
proved survival$! after revascularization. Noninvasive
methods for assessing myocardial viability include pos-
itron-emission tomography, single-photon-emission
computed tomography, and dobutamine echocardi-
ography. These techniques have proven clinical utility,
but each has limitations that may reduce its diagnostic
accuracy. For example, they interpret myocardial vi-
ability as an all-or-none phenomenon within a myo-
cardial region, since none can assess the transmural
extent of viability of the ventricular wall.

Magnetic resonance imaging (MRI) with a gadolin-
ium-based contrast agent offers high spatial resolution
and can identify acute myocardial infarction,!21¢ and
this technique continues to be improved. In a canine
model of myocardial infarction, the average image in-
tensity of infarcted myocardium, evaluated with use
of a novel MRI approach, was 1080 percent as high
as that of normal regions, as compared with a difter-
ence of approximately 86 percent with the use of pre-
viously reported MRI techniques.!” Another study in
dogs demonstrated that this technique also delineates
the transmural extent of infarction and distinguishes
between reversible and irreversible myocardial injury
regardless of the extent of wall motion at rest, the age
of the infarct, or the reperfusion status.!8 In the cur-
rent study, we tested the hypothesis that this new MRI
technique can be used to predict whether or not re-
gions of myocardial dysfunction will improve after re-
vascularization.

METHODS
Patients

Sixty-one patients were prospectively enrolled between January 7,
1998, and September 30, 1999. Patients were selected if they
were scheduled to undergo revascularization; had abnormalities in
regional wall motion on either contrast ventriculography or echo-
cardiography; did not have unstable angina, New York Heart As-
sociation class IV heart failure, or contraindications to MRI (e.g.,
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a pacemaker); and gave written informed consent. The protocol
was approved by the institutional review board of Northwestern
University. The study group consisted of 50 consecutive patients
(44 men and 6 women; mean [*£SD] age, 6311 years) who under-
went MRI before undergoing revascularization. In the case of the
other 11 patients, 9 decided not to undergo revascularization and
in 2, MRI could not be performed before revascularization. No pa-
tient was excluded from the study for technical reasons or reasons
of image quality, and all 50 patients are included in the analysis.

Twenty-one patients (42 percent) had a documented history of
myocardial infarction, and six were studied within two weeks after
infarction. The mean interval between MRI and revascularization
was 18 =25 days, and no patient had clinical evidence of infarction
during this period. In 41 patients, MRI was repeated a mean of
79+36 days after revascularization (27 patients underwent coro-
nary-artery bypass surgery, and 14 percutancous transluminal cor-
onary angioplasty). Of the remaining nine patients, one had died,
two were lost to follow-up, two had had a pacemaker implanted,
and four declined to return. Two patients had biochemical evidence
of infarction after coronary-artery bypass surgery and before the
follow-up MRI.

MRI

For MRI, each patient was placed supine in a 1.5-T clinical scan-
ner (Siemens Symphony, Erlangen, Germany), and a phased-array
receiver coil was placed on the chest for imaging. All images were
acquired while the patient held his or her breath for approximately
8 seconds and were gated to the electrocardiogram. Cine images
were acquired in six to eight short-axis views and two long-axis
views. The acquisition of short-axis views began 1 cm below the
level of the mitral-valve—insertion plane and continued in 1-cm
increments through the left ventricle. A commercially available
gadolinium-based contrast agent (gadopentetate dimeglumine or
gadoteridol) was then administered intravenously at a dose of 0.2
mmol per kilogram of body weight, and contrast-enhanced im-
ages were acquired in the same views as those used for cine MRI.
Contrast-enhanced images were acquired with the use of a seg-
mented inversion-recovery sequence that has been described pre-
viously.!”18 The typical voxel size was 1.9 by 1.4 by 6 mm.

Analysis of Images

Registration

The sets of cine and contrast-enhanced images acquired before
revascularization had been obtained during the same MRI ses-
sion (Fig. 1) and thus did not need to be aligned (registered). The
registration of cine MRI views acquired before revascularization
with those acquired afterward was agreed on by two observers,
and the process was facilitated by the fact that double-oblique
short-axis “scout” images were always obtained in the same man-
ner and that images were acquired throughout the left ventricle.

Definition of Segments

We analyzed cine images and contrast-enhanced images using
a model in which the left ventricle was divided into 12 circumfer-
ential segments on up to six short-axis views (Fig. 1). For patients
who were undergoing coronary-artery bypass surgery, all segments
were considered to be undergoing revascularization (mean number
of grafts, 3.3%0.7). For patients who were undergoing percuta-
neous transluminal coronary angioplasty, segments were considered
to be undergoing revascularization according to the following
scheme: sectors 2 to 5 were considered to represent the territory
of the left circumflex artery, sectors 6 to 9 the territory of the
right coronary artery, and sectors 10 to 1 the territory of the left
anterior descending coronary artery.

Scoring

Cine images obtained before and after revascularization were
placed in random order and analyzed by two observers who were
unaware of the patient’s identity and the findings on contrast-

1446 - November 16, 2000

enhanced MRI. Contrast-enhanced images were also placed in ran-
dom order and analyzed by two observers who were unaware of the
patient’s identity and the findings on cine MRI after revasculariza-
tion. To reduce the potential for observer bias, full sets of cine and
contrast-enhanced images from 13 additional patients with coro-
nary artery disease and ventricular dysfunction who did not un-
dergo revascularization were also included in the randomization.
The extent of segmental wall thickening (i.c., the degree of wall
motion or contractility) was agreed on by the two observers and
graded on a five-point scale in which a score of 0 indicated nor-
mal findings, a score of 1 mild or moderate hypokinesia, a score
of 2 severe hypokinesia, a score of 3 akinesia, and a score of 4
dyskinesia. Since after administration there is some uptake of con-
trast medium throughout the heart, we assessed areas with greatly
increased uptake, or hyperenhancement. The extent of hyperen-
hanced tissue within each segment (referred to as the transmural
extent of hyperenhancement) (Fig. 1) was agreed on by the two
observers and graded on a 5-point scale in which a score of 0 in-
dicated no hyperenhancement, a score of 1 hyperenhancement of
1 to 25 percent of the tissue in each segment, a score of 2 hyper-
enhancement of 26 to 50 percent of the tissue, a score of 3 hy-
perenhancement of 51 to 75 percent of the tissue, and a score of
4 hyperenhancement of 76 to 100 percent of the tissue. In order
to assess variability between observers, one third of the images
(1075 segments) were read by a third independent observer.

Image Intensity

For each patient with findings of hyperenhancement, we used
a single short-axis image with the largest region of hyperenhance-
ment to compare the intensity of the hyperenhanced region with
that of regions without hyperenhancement.

Ejection Fraction

To determine the ejection fraction, an observer who was unaware
of the results of contrast-enhanced MRI outlined the left ventricular
borders on the short-axis cine images. The ¢jection fraction was cal-
culated by subtracting the volume at end systole from the volume at
end diastole and dividing the result by the volume at end diastole.

Statistical Analysis

We used two-sample t-tests to compare continuous variables,
which were expressed as means £SD. We used both the chi-square
test for trend and a logistic-regression model with a repeated-meas-
ures variable for the patient, to adjust for the nonindependence
of the data (S-Plus 2000 software for nonlinear mixed-effects
models'?), to assess the relation between the transmural extent of
hyperenhancement and improvement in contractility. We used lin-
car regression analysis to examine the relation between viability and
changes in global ventricular function. We used kappa values2? and
the Spearman correlation coefficient to assess differences between
observers in the scoring of wall-motion abnormalities and hyper-
enhancement, respectively. All statistical tests were two-tailed, and
all P values of less than 0.05 were considered to indicate statistical
significance.

RESULTS
MRI

Contrast-enhanced MRI demonstrated hyperen-
hancement in 40 of the 50 patients (80 percent) be-
fore revascularization. The mean intensity of hyper-
enhanced regions was 530+195 percent of that of
regions without hyperenhancement. In all patients
with hyperenhancement, the difference in image inten-
sity between these two regions was more than 6 SD.
Figure 2 shows typical examples of hyperenhancement
in various coronary-perfusion territories with a range
of transmural involvement. Of the 19 patients who
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Cine Image Contrast-Enhanced Image

Figure 1. Typical Cine Image and Contrast-Enhanced Image Obtained by MRI before Revascularization.

Registration of the images was not required, because both types were acquired during the same MRI session. Twelve equal circum-
ferential segments were analyzed in each short-axis view. For contrast-enhanced images, the transmural extent of hyperenhance-
ment was determined for each segment with use of the following equation: percentage of area that was hyperenhanced = 100 X area
A-(area A+area B).

Left Anterior Descending
Coronary Artery Left Circumflex Artery Right Coronary Artery

Figure 2. Typical Contrast-Enhanced Images Obtained by MRI in a Short-Axis View (Upper Panels) and a Long-Axis View (Lower
Panels) in Three Patients.

Hyperenhancement is present (arrows) in various coronary-perfusion territories — the left anterior descending coronary artery, the
left circumflex artery, and the right coronary artery — with a range of transmural involvement.
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Reversible Dysfunction
A Before revascularization

End diastole

B After revascularization

End systole

No hyperenhancement

End systole

End diastole

Figure 3. Representative Cine Images and Contrast-Enhanced Images Obtained by MRI in One Patient with Reversible Ventricular
Dysfunction (Panels A and B) and One with Irreversible Ventricular Dysfunction (Panels C and D).

The patient with reversible dysfunction had severe hypokinesia of the anteroseptal wall (arrows), and this area was not hyperen-
hanced before revascularization. The contractility of the wall improved after revascularization. The patient with irreversible dysfunc-
tion had akinesia of the anterolateral wall (arrows), and this area was hyperenhanced before revascularization. The contractility of

the wall did not improve after revascularization.

had Q waves on electrocardiograms, 18 had hyperen-
hancement. Only 2 of these 18 patients had fully trans-
mural hyperenhancement.

For the 41 patients who underwent imaging after
revascularization, the mean ejection fraction was 43+
13 percent before revascularization and 4712 per-
cent after the procedure. Eighteen patients (44 per-
cent) had an increase in the ejection fraction of at least
5 percentage points.

Distribution of Scores

In a total of 2093 matched segments, the degree
of hyperenhancement was assessed before revascular-
ization and the extent of wall motion was assessed

1448 November 16, 2000

before and after revascularization. Before revascular-
ization, 804 of the 2093 segments (38 percent) had
abnormal contractility, whereas 694 segments (33 per-
cent) had some areas of hyperenhancement. After re-
vascularization, 425 of the 804 segments with abnor-
mal contractility (53 percent) improved, including
59 percent of the segments with mild or moderate
hypokinesia before revascularization, 58 percent of
those with severe hypokinesia, and 30 percent of those
with akinesia or dyskinesia.

Relation between Viability and Improved Contractility

Figure 3 shows representative cine images and con-
trast-enhanced images in two patients. Regional func-
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Irreversible Dysfunction
C Before revascularization

End diastole

D After revascularization

End systole

Hyperenhancement

End diastole

tion recovered in the patient who did not have hyper-
enhancement of the dysfunctional region on MRI
before revascularization, but it did not recover in the
patient who had extensive hyperenhancement of the
dysfunctional region before revascularization.

The transmural extent of hyperenhancement was
significantly related to the likelihood of improvement
in contractility after revascularization (Fig. 4). When
all segments that were dysfunctional before revascular-
ization were analyzed, the proportion with improved
contractility decreased progressively as the transmu-
ral extent of hyperenhancement increased (P<<0.001).
Thus, contractility increased in 256 of 329 segments
(78 percent) with no hyperenhancement, but in only
1 of 58 segments with hyperenhancement of more
than 75 percent of tissue. The same relation between
the transmural extent of hyperenhancement and con-
tractile improvement was found in segments with at
least severe hypokinesia at base line (P<<0.001) and in

End systole

segments with akinesia or dyskinesia at base line (P<
0.001). When we reanalyzed the segmental data with
a logistic-regression model that included a repeated-
measures variable for the patient to adjust for the non-
independence of the data, we found the same relation
between hyperenhancement and contractile improve-
ment (P<<0.001). The mean transmural extent of hy-
perenhancement was 10*7 percent for the group of
dysfunctional segments with improved contractility
and 41*+14 percent for the group with no improve-
ment in contractility (P<<0.001).

In the case of the 1075 segments that were assessed
by a third independent observer, the kappa value for
improvement in contractility was 0.59 (95 percent
confidence interval, 0.53 to 0.64), indicating that the
degree of agreement was moderate to good. For all
five categories of hyperenhancement, there was a pos-
itive relation (Spearman r=0.74, P<<0.001) between
the scores determined by the first set of observers and
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Figure 4. Relation between the Transmural Extent of Hyperenhancement before Revascularization and the Likelihood of

Increased Contractility after Revascularization.

Data are shown for all 804 dysfunctional segments and separately for the 462 segments with at least severe hypokinesia
and the 160 segments with akinesia or dyskinesia before revascularization. For all three analyses, there was an inverse
relation between the transmural extent of hyperenhancement and the likelihood of improvement in contractility.

those determined by the third observer, and the con-
cordance was 99 percent (defined as scores that were
within 1 point of each other).

Relation between Viability and Improvement in Global
Ventricular Function

For each patient, we estimated the percentage of
the left ventricle that was dysfunctional but viable be-
fore revascularization. We calculated this percentage
by adding the number of segments that were dysfunc-
tional but predominantly viable (defined as hyperen-
hancement of no more than 25 percent of the tissue
in each segment) and then dividing the total by the
total number of segments in the left ventricle. An in-
creasing extent of dysfunctional but viable myocar-
dium before revascularization correlated with greater
improvements in both the mean wall-motion score
(P<<0.001) and the ejection fraction after revascular-
ization (P<0.001) (Fig. 5).
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DISCUSSION

Contrast-enhanced MRI of the heart with gadolin-
ium-based contrast agents has been performed since
1984.2! However, because this method produces only
moderate differences in intensity between hyperen-
hanced regions and regions without hyperenhance-
ment, its use has primarily been limited to the study
of large, transmural acute infarcts.12-14.16.22 Recent tech-
nical refinements in contrast-enhanced MRI may im-
prove the delineation of hyperenhanced regions 10-
fold.)” Using these new approaches, we found that the
intensity of hyperenhanced regions was more than 500
percent of that of regions without hyperenhancement,
and the difference in image intensity between these
two regions was on average 14 SD.

An important advantage of contrast-enhanced MRI
over other imaging methods that are used to assess
myocardial viability is that it shows the transmural
extent of viable myocardium. For example, the mid-
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Figure 5. Relation between the Percentage of the Left Ventricle
That Was Dysfunctional but Viable in 41 Patients before Revas-
cularization and the Changes in the Mean Wall-Motion Score
and Ejection Fraction after Revascularization.

Decreases in wall-motion scores indicate increases in contrac-
tility. The mean ejection fraction was 43+13 percent before re-
vascularization and 47+12 percent after revascularization. One
patient had significantly worse function after revascularization
and required the insertion of an intraaortic balloon pump after by-
pass surgery because of a perioperative myocardial infarction.

dle panels of Figure 2 show a patient with hyperen-
hancement of the inferolateral wall of the left ventri-
cle. With the use of contrast-enhancement criteria,
the inferolateral wall would not be interpreted in a
binary fashion as either viable or nonviable, but the
endocardial portion, which is hyperenhanced, would
be interpreted as nonviable, and the epicardial rim,
which is not hyperenhanced, would be interpreted
as viable. This ability to highlight nontransmural in-
volvement is made possible by the high spatial reso-
lution of contrast-enhanced MRI in addition to the
large difference in intensity between hyperenhanced
regions and regions without hyperenhancement. The
ability of contrast-enhanced MRI to identify even small

regions of nonviable tissue may in part explain why
we found that 80 percent of the patients had regional
hyperenhancement even though only 42 percent had
a documented history of myocardial infarction.

We found that 256 of 329 dysfunctional regions
(78 percent) identified as completely viable (i.e., with-
out hyperenhancement) by contrast-enhanced MRI
had an improvement in contractility after revascular-
ization. This finding is similar to the results of other
investigators who used thallium scintigraphy*523 and
I8E-fluorodeoxyglucose positron-emission tomogra-
phy,32* and found that 62 to 88 percent of the my-
ocardial regions with normal uptake of tracer had im-
proved function after revascularization. Several other
factors, in addition to limitations in the imaging tech-
niques, may account for the lack of functional improve-
ment in some regions deemed viable. First, the use of
a single evaluation of ventricular function soon after
revascularization may lead to an underestimation of
the true rate of functional recovery.2526 Second, teth-
ering of regions with extensive scarring to viable re-
gions may inhibit the response of viable regions to
revascularization.?728 Third, even if it is technically
successful, coronary revascularization may be incom-
plete, particularly in patients with extensive atheroscle-
rosis and diffuse disease.’

In our study, the likelihood of functional improve-
ment in regions without hyperenhancement was 86
percent for segments with at least severe hypokinesia
and 100 percent for segments with akinesia or dys-
kinesia. Thus, unlike nuclear scintigraphy and dobu-
tamine echocardiography, which appear to have re-
duced predictive accuracy if more severe dysfunction
is present,” contrast-enhanced MRI had greater ac-
curacy in segments with the most severe dysfunction.
This high level of accuracy, even in patients with se-
vere ventricular dysfunction, may be related to the abil-
ity of contrast-enhanced MRI to delineate the trans-
mural extent of viable and nonviable myocardium
through the ventricular wall.

The relation between the transmural extent of via-
bility and the likelihood of functional improvement
after revascularization has not been assessed directly
in previous studies. Maes et al.,2?* however, reported
fibrosis of 1126 percent of tissue in needle-biopsy
specimens of regions with functional improvement
after revascularization, and fibrosis of 35*+25 per-
cent of tissue in regions without improvement. More
recently, Dakik et al.?° reported similar findings. Al-
though only a small number of biopsies were per-
formed, these results are similar to ours, since we
found that the mean transmural extent of hyperen-
hancement was 10*+7 percent in regions with im-
proved contractility after revascularization and 4114
percent in regions with no improvement in contrac-
tility.

The relation that we found indicates that the use of
a single cutoff value for hyperenhancement on which
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to base predictions of functional improvement would
not have a physiologic basis and therefore would be
suboptimal. If a cutoff value of 25 percent were cho-
sen, the positive and negative predictive values would
be 71 and 79 percent, respectively, for regions with
any degree of dysfunction and 88 and 89 percent, re-
spectively, for regions with akinesia or dyskinesia. Al-
though these values are similar to those reported pre-
viously,3! such an approach does not take advantage
of the large amount of diagnostic information provid-
ed by contrast-enhanced MRI. For example, if a cut-
off value of 75 percent were chosen, none of the 57
segments with at least severe hypokinesia at base line
would be considered to have increased contractility
after revascularization, yielding a negative predictive
accuracy of 100 percent.

Knowledge of the transmural extent of viability may
have diagnostic importance apart from its use in the
prediction of functional recovery. In our study, 90
percent of the regions with hyperenhancement of 51
to 75 percent of tissue before revascularization did
not improve after revascularization. These regions
would be considered nonviable according to the wall-
motion—improvement criteria, even though a sizable
epicardial rim of viable tissue is present. Samady et al.32
demonstrated that the survival rate after coronary-
artery bypass surgery was similar among patients with
preoperative ventricular dysfunction whether or not
function improved after surgical revascularization.
Their hypothesis that there may be an intermediate
degree of viability that increases the likelihood of a
good outcome after revascularization but does not
improve resting contractile function is consistent with
our findings. The detection of an epicardial rim of
viable tissue by enhanced MRI represents diagnostic
information that is not available with the use of oth-
er noninvasive imaging techniques.
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