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linically relevant cardiovascular imaging methods to

assess response to therapy and prognosis in patients
presenting with acute ST segment elevation myocardial
infarction (STEMI) are predicated upon their ability to
accurately delineate both the area of myocardial infarction
and the area of myocardium at risk for infarction secondary to
coronary artery occlusion. At-risk myocardium encompasses
both reversible and irreversible myocardial injury and is
defined as the portion of myocardium within a coronary artery
territory that experiences an acute reduction in blood flow
following obstruction of the supplying coronary artery in the
absence of collateral flow. Without re-establishment of
myocardial perfusion, necrosis (irreversible injury) ensues as
a “wavefront” from subendocardium to subepicardium and
progressively involves more at-risk myocardium over time.'
Thus, in the setting of a non-reperfused transmural infarct, the
area of at-risk myocardium would be equivalent to the area of
infarction in the absence of spontaneous reflow or opening of
collaterals secondary to coronary occlusion. In instances of
early reperfusion, resulting in only subendocardial myocardial
infarction (MI), the region of myocardial salvage (reversible
injury) comprises the non-infarcted myocardium within the
region of at-risk myocardium (Figure 1). Therefore, through
accurate delineation of infarcted and at-risk myocardium, one
can theoretically determine the amount of myocardial salvage
by taking the difference between the 2 measures. The portion
of at-risk myocardium that will undergo infarction is based on
several factors, the most important of which include the
duration of coronary occlusion and the rate of propagation of
infarction. Variables that affect the propagation rate of
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infarction may include metabolic factors, such as ischemic
preconditioning and the degree of collateral blood flow.

The treatment of acute MI is predicated upon rapid
restoration of myocardial blood flow with percutaneous
revascularization techniques and adjunct cardioprotective
therapies to minimize the amount of irreversibly injured
myocardium and maximize myocardial salvage. In the setting
of acute STEMI, patient outcomes are often dictated by final
infarct size. While infarct size alone provides an attractive
surrogate endpoint to assess the efficacy of drugs used in
patients presenting with acute coronary syndromes, addi-
tional imaging to quantify the myocardial area at risk would
allow for a more comprehensive assessment of therapeutic
efficacy. As such, quantifying infarct size alone may be
misleading, as similar-sized infarcts may have smaller or
larger associated areas of at-risk myocardium (Figure 2) and
not reflect the true severity of ischemic injury. Thus, it is
important to normalize infarct size to the area at risk, as this
allows for a more accurate measure of therapeutic success. In
this way, incorporating the at-risk myocardium controls for
variations in collateral blood flow and accounts for anatomic
variability in perfusion territories within individuals.

In this contribution, we review contemporary imaging tests,
specifically echocardiography, nuclear imaging methods,
cardiac magnetic resonance imaging (CMR), and cardiac
computed tomography (CT) techniques for the assessment of
at-risk myocardium in the pathophysiological context of
myocardial infarction. The rationale for the clinical implemen-
tation of these methods over traditional techniques is
explored.

Pathophysiology of Myocardial Infarction
Secondary to Coronary Occlusion

Through landmark large animal experiments performed in the
late 1970s, Reimer and Jennings first elucidated the temporal
and anatomical progression of myocardial necrosis secondary
to coronary artery occlusion.’ In these canine experiments,
coronary occlusion times of <40 minutes with subsequent
reperfusion resulted in a subendocardial infarct, in which
infarct size was less than the area at risk, while coronary
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Transmural Infarct

Subendocardial Infarct

Figure 1. At-risk myocardium=infarct (irreversible ischemic injury)+
salvage (reversible ischemic injury). Diagram establishing the relation-
ships between at-risk myocardium, infarct, and salvage in the setting of
transmural and subendocardial myocardial infarction in the left
anterior descending coronary artery territory.

occlusion times of 6 hours or more resulted in a near
transmural infarct, which encompassed nearly the entire area
at risk.? Important tenets regarding at-risk myocardium have
been derived from the work of Reimer and Jennings, and thus,
form the basis for various cardiovascular imaging techniques
used to evaluate at-risk and infarcted myocardium. In the
absence of myocardial perfusion, irreversible injury begins at
the subendocardium and extends transmurally as a wavefront
to progressively involve more myocardium with increasing
coronary artery occlusion time. Additionally, during coronary
occlusion, there is no circumferential wavefront of necrosis,
as there is no perfusion gradient at the lateral borders of the
infarct. The lateral margins of the infarct are, in fact,
established as early as 40 minutes after cessation of
epicardial coronary blood flow." It is important to note,
however, that fundamental physiologic and metabolic differ-
ences may exist between various species, which may affect
the applicability of findings from large animal studies when
translated to humans.

From these initial experiments, it has been established that
the area of at-risk myocardium is always greater than or equal
to the area of myocardial necrosis. Thus, as the transmural
extent of necrosis increases, the region of at-risk myocardium
and the region of myocardial necrosis begin to approach each
other in size and will eventually become equivalent in the
absence of expeditious reperfusion. Furthermore, the trans-
mural extent of myocardial necrosis is the primary determi-
nant of overall infarct size, which has a significant impact on

Figure 2. The importance of defining at-risk myocardium, myocar-
dial infarction, and myocardial salvage in the assessment of
therapeutic efficacy for acute coronary syndrome. Two different
examples of acute ischemic myocardial injury in the left anterior
descending (LAD) coronary artery territory are illustrated. Corre-
sponding delayed-enhancement cardiac magnetic resonance
(DE-CMR) images in the short axis and 4 chamber orientations are
shown for each example. Overall infarct size in each example is
similar, but the amount of at-risk myocardium and severity of
ischemic injury differs. A, Proximal LAD occlusion (arrowhead) with
large area of at-risk myocardium (orange shading), subendocardial
myocardial infarction, and significant myocardial salvage, suggesting
less severe ischemic injury. B, Distal LAD occlusion (arrowhead) with
small area of at-risk myocardium (orange shading), transmural
myocardial infarction, and no myocardial salvage, suggesting more
severe ischemic injury.

left ventricular systolic function and overall patient prognosis.®*
When normalized to the area of at-risk myocardium, a larger
amount of myocardial salvage is indicative of a greater degree
of therapeutic success through reperfusion with or wihout
other novel cardioprotective strategies.

Interest in Noninvasively Defining the
Myocardial Area at Risk

The goal of therapeutic intervention in the setting of acute Ml
is to reduce overall mortality and major adverse cardiac
events. Given the significant reduction in cardiac morbidity
and mortality from current guideline-based interventional and
medical therapy for acute MI, very large numbers of patients
with long follow-up periods are needed to adequately
demonstrate improved survival based on the efficacy of a
new treatment. Large patient cohorts and lengthy follow-up
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periods carry with them a significant burden in terms of cost
and time. Thus, there has been great interest in the
development of surrogate endpoints for clinical trials, which
aim to demonstrate therapeutic efficacy using smaller num-
bers of enrolled patients. Infarct size is an attractive surrogate
endpoint and has been shown to have significant prognostic
and management implications when measured by cardiac
imaging methods.>® However, as discussed earlier, infarct
size may not provide a true representation of the severity of
ischemic injury. In the setting of acute MI, the ability to
differentiate infarcted from at-risk myocardium by imaging
provides a means to derive a myocardial salvage index
(percentage of noninfarcted myocardium within the area of
at-risk myocardium) that provides an attractive surrogate
endpoint for the assessment of therapeutic efficacy in acute
coronary syndromes. In fact, the measurement of myocardial
salvage by nuclear and CMR imaging methods has been
employed as a surrogate endpoint of therapeutic efficacy in
recent clinical trials of acute myocardial infarction.””

The ability to apply cardiovascular diagnostic and imaging
techniques to the pathophysiology of acute myocardial
infarction has garnered significant interest over the last
several decades. Clinicians and investigators have used the
12-lead electrocardiogram as well as invasive coronary
angiography to approximate the amount of at-risk myocar-
dium in the setting of acute coronary occlusion. However,
noninvasive imaging techniques that can differentiate regions
of reversible and irreversible myocardial injury in vivo offer the
potential to provide critical information in assessing the
effectiveness of therapies aimed at reducing infarct size and
maximizing myocardial salvage. By and large, single-photon
emission computed tomography (SPECT) myocardial perfusion
imaging with technetium-based radiotracers has been the
most widely used technique to assess at-risk myocardium. In
addition to perfusion, however, SPECT imaging with radiotra-
cers that evaluate fatty acid and glucose metabolism have
more recently been recognized for their potential to retro-
spectively evaluate the at-risk myocardium. Myocardial con-
trast echocardiography (MCE) has also been used in the
cardiac catheterization laboratory as a method to assess
at-risk myocardium in the acute phase of MI. Over the last
several years, a renewed interest in the evaluation of at-risk
myocardium has been provided by CMR techniques, which
aim to retrospectively delineate areas of reversible and
irreversible myocardial injury, thus offering the potential to
define both myocardial infarction and myocardial salvage
within a single imaging session after the time of reperfusion.
Capitalizing on principles similar to CMR, cardiac CT tech-
niques are now emerging, which may offer the ability to
differentiate myocardial infarction and regions of at-risk
myocardium. At present, however, it is important to under-
stand the pathophysiologic basis and rationale for each of

these cardiac imaging methods as a means to noninvasively
assess both MI and at-risk myocardium and objectively
recognize their strengths as well as their limitations.

Traditional Methods for Assessing the
Myocardial Area at Risk

Electrocardiography

Arguably, the most readily available diagnostic test in
cardiovascular medicine for rapidly assessing at-risk myocar-
dium at the time of acute coronary occlusion and clinical
symptoms is the 12-lead electrocardiogram (ECG). Upon
initial patient presentation, the ECG not only provides
rationale for prompt triage of patients with STEMI to the
cardiac catheterization lab for revascularization, but can also
offer information on the presence and location of both at-risk
myocardium and myocardial infarction. Through the use of
vectorcardiography, an ECG technique that measures the
magnitude and direction of electrical forces of the heart, the
ST-segment vector, or “injury current” vector, can be used to
identify patients with a large at-risk area in the setting of
acute STEMI. Depending on the direction and magnitude of
the ST vector, one can localize the area of myocardial injury
and at-risk myocardium to a specific coronary artery territory,
or infarct-related artery (IRA). In this way, the ECG provides
pathophysiologic information regarding the myocardium dur-
ing acute ischemic injury without directly imaging the heart.
Several methods have been described that attempt to
quantify the myocardial area at risk by ECG.'®'? However,
ECG scoring methods carry with them significant limitations
and largely provide information regarding the presence or
absence of at-risk myocardium in a specific coronary artery
territory rather than offering a robust method to accurately
delineate infarction and salvage. At present, despite utility in
the clinical setting, electrocardiographic methods for defining
at-risk and infarcted myocardium have suboptimal accuracy
for assessing response to therapeutic intervention in the
clinical setting given significant quantitative limitations.

Coronary Angiography

In the context of STEMI secondary to coronary artery
obstruction, semiquantitative estimates of at-risk myocardium
have been derived from scores based on the location of
occlusion of the IRA by coronary angiography. Advantages of
such techniques include providing the interventional cardiol-
ogist with a rapid method to determine the amount of at-risk
myocardium at the time of angiography in order to guide
revascularization. The Duke jeopardy score is a simplified
angiographic method for estimating at-risk myocardium based
on the location of coronary artery stenoses.'® The BARI score
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incorporates vessel length and coronary artery luminal size to
obtain a myocardial jeopardy index comprised of a ratio of the
score associated with the IRA to the summed scores
associated with the remainder of the coronary vasculature.'
The APPROACH score divides the left ventricle into regions
according to the percentage of myocardium supplied by a
coronary artery and is, in part, based on autopsy studies of
the left ventricular myocardium.' Although readily available
and clinically useful at the time of revascularization, subop-
timal quantitation of both the amount of at-risk myocardium
and infarcted myocardium precludes use of angiographic
methods as a surrogate endpoint for the efficacy of adjuvant
therapies in large clinical trials. Limitations of traditional
electrocardiographic and angiographic methods have provided
the impetus for the development of novel cardiac imaging
techniques to more accurately quantify the spectrum of
infarcted, at-risk, and salvaged myocardium.

Cardiovascular Imaging Methods for
Assessing the Myocardial Area at Risk

Echocardiography

MCE offers the ability to assess at-risk myocardium by
assessing myocardial perfusion through the injection of
microbubbles, which provide increased echogenicity of
normally perfused myocardium. As microbubble echo contrast
is a microvascular tracer, regional absence of blood flow
during coronary occlusion with MCE delineates the area of
myocardium at risk for necrosis. Subsequently, after reperfu-
sion, the persistent nonperfused region of myocardium has
been shown to correlate with the area of MI. Kaul et al first
demonstrated the ability of MCE to delineate the area at risk
in vivo in a canine model of nonreperfused MI, where they
demonstrated an excellent correlation between MCE with
intracoronary contrast injection and ex vivo technetium
autoradiography.'® Interestingly, they noted that the circum-
ferential extent of the area at risk closely approximated the
circumferential extent of the final infarct, regardless of the
duration of coronary occlusion. These findings are in agree-
ment with the original ex vivo animal studies of Reimer and
Jennings in evaluating the myocardial area at risk. Ito et al
were the first to use MCE with intracoronary contrast
injection to evaluate myocardial perfusion before and after
reperfusion in patients with anterior STEMI. Of note, their
studies found evidence of residual perfusion defect immedi-
ately after reperfusion (no reflow) in ~1 quarter of the
patients studied.'” Villanueva et al subsequently showed in
an animal model that MCE could be used with a vasodilator to
assess the area at risk using a right atrial injection of highly
concentrated echo contrast.'® This method provided rationale
for at-risk myocardium determination to risk stratify patients

in the emergency department setting by using peripheral
intravenous access rather than requiring intracoronary access
in the cardiac catheterization lab. Further advances with
harmonic imaging have allowed for evaluation of myocardial
perfusion with small injections of microbubble echo contrast.
Lindner et al performed MCE in patients with prior Ml and
demonstrated good correlation with SPECT perfusion imaging
and significant advantages with a continuous infusion of echo
contrast compared to bolus injection.'” More recently,
molecular echocardiographic techniques have been developed
that aim to detect “ischemic memory” through microbubble
contrast agents targeted at endothelial leukocyte adhesion
molecules. During coronary occlusion, there is overexpression
of leukocyte adhesion molecules on the vascular endothelial
surface as part of the inflammatory cascade associated with
acute MI. Interestingly, these adhesion molecules persist for a
period of time after restoration of coronary blood flow and
offer the potential to retrospectively image at-risk myocar-
dium following reperfusion therapy for MI. Villanueva et al
used microbubble ultrasound contrast targeted to P-selectin
to evaluate for evidence of recent myocardial ischemia in a
murine model of ischemia/reperfusion. Their findings were
remarkable for echocardiographic visualization of contrast
enhancement in the area of at-risk myocardium following
15 minutes of ischemia for >1 hour after the ischemic
insult.?°

Despite significant success as a research application, MCE
is faced with limitations as a routine clinical method for
assessing at-risk myocardium. Traditional limitations of echo-
cardiography, such as poor acoustic windows in patients with
large body habitus, provide challenges for the routine clinical
assessment of at-risk myocardium. Additionally, the ability of
a sonographer to consistently acquire conventional 2-dimen-
sional echo images with comprehensive coverage of the left
ventricle is limited in comparison to tomographic imaging
techniques, which allow for complete volumetric coverage of
the left ventricle. However, with continued refinement
3-dimensional echocardiographic techniques may obviate
these challenges in the future. Given the use of a perfusion
agent to assess the area at risk, perfusion imaging must take
place prospectively at the time of coronary occlusion and then
following reperfusion, similar to SPECT with technetium-based
perfusion tracers. This presents obvious logistic difficulties
when attempting to assess at-risk myocardium at unpredict-
able times of patient presentation. Molecular echocardio-
graphic techniques offer promise as a means of
retrospectively imaging at-risk myocardium following reperfu-
sion in the setting of acute Ml but to date have been limited to
animal studies. In summary, current echocardiographic tech-
niques for the assessment of at-risk myocardium require
unique expertise at specialized centers and are not universally
available in routine clinical practice.
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Nuclear Cardiology

The most widely used technique for directly evaluating at-risk
myocardium has been SPECT imaging with technetium-99m
(°*™Tc)-based perfusion tracers administered both prior to and
after revascularization of the IRA. °°™Tc-based radiotracers are
used extensively in clinical practice for stress myocardial
perfusion imaging and allow for high-quality SPECT images
given their distinct higher energy 140 keV photopeak and half-
life of 6 hours. °*"Tc-sestambi and **™Tc-tetrofosmin are both
lipophilic cationic complexes that passively diffuse into mito-
chondria. The uptake of these agents correlates closely with
perfusion and cell viability. Unlike thallium, these agents remain
fixed in the myocardium and undergo very minimal redistribu-
tion. Given these desirable characteristics, intravenous injec-
tion of technetium to assess at-risk myocardium can take place
at the time of coronary occlusion with imaging occurring up to
6 hours later, so as not to delay reperfusion therapy. Combined
with an additional injection of technetium and SPECT imaging 1
to 2 weeks after revascularization (Figure 3), these images

allow for quantitation of at-risk myocardium (acute perfusion
defect), final infarct size (final perfusion defect), and myocardial
salvage (acute perfusion defect-final perfusion defect). Thus,
technetium-based agents provide a significant and unique
advantage when compared to other cardiovascular imaging
techniques in that imaging can take place several hours after
radioisotope injection. However, the SPECT images acquired
remote from injection still represent a snapshot of myocardial
perfusion at the time of injection.

Animal studies by Sinusas et al provided histopathologic
validation that serial **™Tc-sestambi autoradiography imaging
during acute Ml can delineate the myocardial area at risk during
occlusion and subsequently assess the degree of myocardial
salvage following reperfusion.?’ Multiple clinical studies
have since demonstrated the usefulness of °°™Tc-based
tracers to quantify the myocardial area at risk.?27%° However,
certain scenarios, including 3-vessel coronary artery disease
causing “balanced ischemia,” or perfusion defects attributed to
non-IRA related coronary artery stenoses may confound
interpretation of at-risk myocardium by perfusion techniques.

Pre-reperfusion Scan

Post-reperfusion Scan

Radiotracer
Injection

99mTc-sestamibi/
99mTc-tetrofosmin

- .
Reperfusion f
A ) [ > Significant
) Salvage
&] Radiotracer Radiotracer
peeton 99ImTc-sestamibi/ gecten 9%9mTc-sestamibi/
99mTe-tetrofosmin #9mTe-tetrofosmin
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N\ ~ _ ~
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Radiotracer
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Figure 3. SPECT myocardial perfusion imaging for the assessment of at-risk myocardium. Diagram depicting conventional technetium-based
SPECT myocardial perfusion imaging with °*™Tc-sestamibi/tetrofosmin for the assessment of myocardial salvage in 2 different hypothetical
examples of acute ischemic myocardial injury in the left anterior descending (LAD) coronary artery territory. This technique requires 2 separate

examinations with injection of radiotracer and imaging both before and after reperfusion. A, Pre-reperfusion SPECT imaging reveals an area of

decreased counts in the anteroseptum and anterior wall, whereas post-reperfusion SPECT imaging shows normal myocardial perfusion. These
findings suggest significant myocardial salvage in the left anterior descending coronary artery territory. B, Both pre-reperfusion and postreperfusion
SPECT images demonstrate decreased counts in the anteroseptum and anterior wall, suggesting no myocardial salvage in the left anterior descending
coronary artery territory. *°™Tc indicates technetium-99m; M, myocardial infarction; SPECT, single-photon emission computed tomography.
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Figure 4. SPECT myocardial metabolism/perfusion imaging for the assessment of at-risk myocardium. Diagram depicting combined fatty acid
SPECT metabolic imaging with '2*|-BMIPP and technetium-based SPECT perfusion imaging with *™Tc-sestamibi/tetrofosmin for the assessment
of myocardial salvage in 2 different hypothetical examples of acute ischemic myocardial injury in the left anterior descending (LAD) coronary
artery territory. This technique requires injections of 2 separate radiotracers ('2*I-BMIPP and °™Tc-sestamibi/tetrofosmin) following reperfusion.
A, Post-reperfusion '2*|-BMIPP SPECT imaging reveals an area of decreased counts in the anteroseptum and anterior wall, whereas post-
reperfusion °*™Tc-sestamibi/tetrofosmin SPECT imaging shows normal myocardial perfusion. These findings suggest significant myocardial
salvage in the left anterior descending coronary artery territory. B, Both post-reperfusion '?*-BMIPP SPECT metabolic imaging and post-
reperfusion °°™Tc-sestamibi/tetrofosmin perfusion SPECT imaging demonstrate decreased counts in the anteroseptum and anterior wall,
suggesting no myocardial salvage in the left anterior descending coronary artery territory. 23 BMIPP indicates B—methyl-p-[123I]-iodophenyl-
pentadecanoic acid; **™Tc, technetium-99m; MI, myocardial infarction; SPECT, single-photon emission computed tomography.

Additionally, although clinically useful in providing a time-
sensitive depiction of myocardial perfusion at the time of tracer
injection, this technique is limited in many ways by the need for
2 separate perfusion studies and the inherent difficulty of
radioisotope administration before and after reperfusion. Given
the need for prospective imaging at the unforeseeable times of
patient presentation, techniques that allow retrospective
delineation of the myocardial area at risk, area of infarction,
and area of salvage offer significant clinical and research value
and applicability.

Retrospective imaging methods are advantageous in that the
imaging procedures may take place following reperfusion to
assess both at-risk and infarcted myocardium. Using gated
myocardial perfusion imaging with SPECT, Romero-Farina et al
recently evaluated a series of patients with first acute Ml by
performing *°™Tc-tetrofosmin gated SPECT studies both prior
to and then 1 month after infarction followed by revasculari-
zation. Through use of a multivariable regression equation, they
found that analysis of perfusion and wall motion with a gated

SPECT scan performed 1 month after revascularization for
acute MI allowed for retrospective determination of at-risk
myocardium, infarcted myocardium, and salvaged myocardium.
When compared with traditional nuclear assessment of myo-
cardial salvage with a pre- and postreperfusion scan, the novel
method provided moderate concordance with acceptable
diagnostic power.?® In addition to offering the ability to
noninvasively evaluate myocardial perfusion, nuclear imaging
with radiolabeled glucose and fatty acid analogues permits
characterization of myocardial metabolism in patients with
recent myocardial ischemia. SPECT imaging with fatty acid
agents, such as PB-methyl-p-['?*l]-iodophenyl-pentadecanoic
acid ('?*I-BMIPP), theoretically offers the potential to image
retrospectively after the time of reperfusion to evaluate the
myocardial area at risk. The phenomenon of “ischemic mem-
ory” suggests that abnormal fatty acid metabolism persistsin a
region of at-risk myocardium for<1 week following reperfusion.
Thus, theoretically, one could perform nuclear perfusion and
metabolic imaging in the early postreperfusion period to assess
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at-risk myocardium (Figure 4).Indeed, Kawai et al evaluated 65
consecutive patients with acute MI, in which the patients
received an injection of °*™Tc-tetrofosmin both prior to and late
after percutaneous revascularization each followed by SPECT
imaging, and an injection of '?*|-BMIPP with SPECT imaging
performed ~7 days after acute MI.?” They were able to
demonstrate similar defect extent when '?3I-BMIPP performed
1 week after Ml was compared with *°™Tc-tetrofosmin prior to
revascularization, suggesting that '?*l-BMIPP performed in the
subacute phase of Ml can retrospectively identify areas of at-
risk myocardium. Although the exact persistence of abnormal
fatty acid metabolism measured by '?*I-BMIPP in humans is
unknown, there is preclinical data that may be useful in guiding
image interpretation. In a rat model of acute ischemia and
reperfusion, Higuchi et al showed that in the area at risk,
123 _BMIPP uptake in comparison to thallium-201 (*°'Tl) uptake
was higher in the acute phase (20 minutes and day 1), lower in
the subacute phase (day 7), and similar in the chronic phase
(day 30).%® Results from this study suggest that the time after
coronary occlusion significantly affects '?*I-BMIPP uptake in
the area of at-risk myocardium. Despite the promise of SPECT
imaging with combined fatty acid and perfusion tracers for the
assessment of at-risk myocardium, these techniques remain
limited by their relatively low spatial resolution, attenuation
artifact, and radiation exposure. Furthermore, although
23 BMIPP has been used clinically in Japan and European
countries for evaluating abnormalities in myocardial metabo-
lism, use in the United States thus far has been limited to
research studies aimed at early diagnosis of ACS, as the agent
has not yet obtained FDA approval for clinical use.?’

Cardiac MRI

As a cardiovascular imaging modality, CMR has the unique
ability to provide a comprehensive quantitative assessment of
cardiac chamber size, ventricular mass and function, and
myocardial tissue characteristics. In the setting of acute M,
CMR has been shown to differentiate among regions of
myocardial necrosis, edema, hemorrhage, and microvascular
obstruction through the use of various pulse sequences to aid
in tissue characterization. As discussed above, multiple
diagnostic and imaging methods that attempt to evaluate
key pathophysiologic parameters in the setting of acute M
have been studied. However, only CMR, through the use of
delayed-enhancement cardiac MR (DE-CMR) imaging, has
been well validated such that the spatial extent and location
of myocardial infarction matched in a 1:1 distribution when
compared with histopathology in a large animal model.*° In
addition, given its high spatial resolution, DE-CMR has the
ability to identify small subendocardial infarcts often missed
by nuclear perfusion techniques, such that the transmural
extent of infarction can reliably be assessed.®’ In a large,

international, multicenter trial, DE-CMR was shown to be
highly sensitive and accurate for detecting acute and chronic
MI. In fact, this trial represents the initial and lone multicenter
trial designed to study the detection and assessment of Ml by
a cardiovascular imaging method.>?

As DE-CMR is already widely recognized as the in vivo
reference standard to delineate irreversible injury, a clinically
robust CMR method to reliably assess at-risk myocardium
would be highly desirable. Whereas technetium-based nuclear
tracers used in SPECT imaging provide a time-preserved view
of myocardial perfusion at the time of tracer injection, which
can then be imaged several hours later, CMR techniques using
conventional gadolinium-based contrast agents rely on a first-
pass assessment of myocardial perfusion and, therefore,
differ in methods used for the evaluation of myocardial
salvage. More than any other noninvasive imaging technique,
CMR has garnered great interest and enthusiasm for its
potential to retrospectively assess both the area of myocar-
dial infarction and the area of at-risk myocardium within 1
imaging session several days after the time of reperfusion.

CMR methods that aim to assess the myocardial area at
risk have largely focused on 2 main techniques: the circum-
ferential endocardial surface area (ESA) by DE-CMR; and
myocardial edema imaging by pre-contrast T2-weighted CMR
(T2W-CMR). Both of these techniques differ in methodology
from previously employed SPECT and echo-based myocardial
perfusion techniques. Using these techniques, CMR may
potentially overcome logistic difficulties posed by previously
used perfusion techniques, which require radiotracer or
contrast administration as well as imaging both before and
after the time of reperfusion.

Some investigators have used the circumferential extent of
infarction as a relatively simple method to measure at-risk
myocardium by defining the transmural projection of the
lateral borders of the infarct by DE-CMR as the myocardial
area at risk. The rationale behind this technique is based on
the original pathology experiments of Reimer and Jennings, in
which they postulate the absence of a circumferential
wavefront of perfusion in a coronary artery territory, as there
is no perfusion gradient at the lateral borders of the infarct.’
The lateral borders of infarction are established shortly after
coronary occlusion and are not appreciably affected by
collateral flow. Ortiz-Perez et al initially demonstrated that the
region of at-risk myocardium can be measured through the
use of DE-CMR images by quantifying the left ventricular (LV)
endocardial border of hyperenhancement as a percentage of
total LV endocardial surface area.®® Then they evaluated the
modified APPROACH and BARI angiographic risk scores by
using the ESA of myocardial infarction in patients with
transmural infarction on DE-CMR images to validate these
scores. They found that the use of both an angiographic risk
score in combination with DE-CMR provides a method to
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estimate myocardial salvage. While the ESA-CMR method has
potential in patients with a greater transmural extent of
infarction, this technique may not accurately assess at-risk
myocardium in patients presenting early after coronary artery
occlusion with little to no myocardial necrosis.

In clinical research and practice today, however, the most
prevalent of the 2 CMR techniques to assess myocardial
salvage involves measuring myocardial edema, largely through
the use of pre-contrast dark-blood T2 weighted (T2W) CMR
imaging techniques. Myocardial injury results in an increase in
myocardial water content, which can be detected by T2W-
CMR as hyperintensity within the edematous zone. The
hyperintense region by precontrast T2W-CMR has been
hypothesized by some investigators to represent the myocar-
dial area at risk, and in combination with assessment of
infarction by DE-CMR, is thought to offer a method for the
comprehensive quantitative assessment of reversibly and
irreversibly injured myocardium within a single cardiac
imaging examination.

Several early and important large-animal studies are often
cited as evidence that T2ZW-CMR imaging of edema can define
at-risk myocardium after both reperfused and nonreperfused
M| 3436 However, it should be noted that these studies were
small and carry limitations. In particular, many of the findings
from these studies were based on comparisons to inadequate
pathologic reference standards or measured against alterna-
tive CMR imaging techniques as an indirect reference

standard. Despite significant enthusiasm for T2ZW-CMR imaging
as a measure of the myocardial area at risk, there is a lack of
validation studies, which undeniably demonstrates that the
area of hyperintensity by T2W-CMR imaging matches the
spatial extent and location of at-risk myocardium in a 1:1
distribution when compared with histopathology by micro-
spheres. Although also small and not without their own
limitations, other early large-animal studies of both reperfused
and nonreperfused MI suggest that T2W-CMR may, in fact,
identify the area of myocardial infarction rather than the area
of at-risk myocardium.>’3° The conclusions from these
studies bring to light that the temporal evolution of MI is
highly fluid and complex. In addition to indexing myocardial
edema, T2W-CMR imaging reflects other pathophysiologic
processes associated with MI, including inflammation, hem-
orrhage, and microvascular obstruction. Thus, uncertainty still
remains as to what pathophysiology is truly reflected by the
area of hyperintensity on T2W-CMR following STEMI.

In addition to the lack of a pathologic reference standard,
several limitations exist with the use of conventional dark-
blood T2ZW-CMR techniques, including turbo spin echo (TSE)
and short tau inversion recovery (STIR), which are among the
most common and widely used T2W-CMR techniques to assess
myocardial edema in clinical practice today. Conventional dark-
blood T2W-CMR often suffers from artifactual signal loss
secondary to cardiac motion, which results in poor image
homogeneity and can confound interpretation (Figure 5).*° The

T2W-CMR: Imaging Time in Cardiac Cycle

Figure 5. Technical issues with T2-weighted CMR. Technical limitations with conventional dark-blood T2W-CMR. Images taken from a subject
with myocardial infarction in the left circumflex coronary artery territory. Red arrowheads indicate areas of myocardium with high signal by T2W-
CMR. The red arrow indicates a subendocardial lateral wall infarct on corresponding DE-CMR image at the same slice location. Note that the
regional myocardial signal intensity varies significantly with small changes in the acquisition time of the cardiac cycle. (Adapted and reprinted,
with permission, from reference no. 40.) DE-CMR indicates delayed-enhancement cardiac magnetic resonance; MRI, magnetic resonance imaging;

T2W-CMR, T2-weighted cardiac magnetic resonance.
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most widely recognized mechanism of signal loss is thought to
be due to misalignment of the dark-blood preparation with
readout, which can occur during arrhythmia, with an ectopic
beat, or with significant variation in the cardiac cycle. However,
motion affecting the readout itself may also result in additional
signal loss. Additionally, regions of slow flow, which occur
adjacent to regions of acute myocardial injury, can result in
hyperintense signal on conventional dark-blood T2ZW-CMR that
may be mistaken for myocardial edema. Furthermore, the
increase in T2 signal between normal and edematous but
noninfarcted myocardium is small, rendering a low contrast-to-
noise ratio between abnormal and normal myocardium.*' Thus,
routine clinical interpretation of edema versus image artifact
can be challenging.

Newer, bright-blood T2W-CMR and T2 mapping techniques,
which attempt to reduce such artifacts and improve image
quality, have been developed.*'™** However, these techniques
are not universally available through all vendors and have yet
to be validated against a pathologic reference standard.
Technical limitations related to T2 mapping, including mis-
registration and reduced spatial resolution, may result in
partial volume averaging and confound image interpretation.
In addition to limitations related to image quality, prognostic
studies looking at myocardial salvage have largely been based
on conventional dark-blood T2W-CMR and have not used
these newer techniques. Therefore, the overall prognostic
value of these novel techniques has not been studied and
remains unknown.

There is prior evidence to confirm that CMR has the
ability to accurately differentiate areas of acute from chronic
myocardial injury through the use of T2W-CMR techniques
to image myocardial edema.*® This information provides
clinical value when one is trying to determine the acuity of
myocardial injury in patients with ischemic heart disease.
What remains unclear is whether or not the region of
myocardial edema in the period surrounding acute myocar-
dial injury secondary to coronary artery occlusion accurately
delineates the myocardial area at risk. Differing viewpoints
are held and significant controversy exists among various
research groups regarding the utility of T2W-CMR. Several
pro/con commentaries have recently been published, which
provide a critical and comprehensive analysis of the
physiologic and technical aspects of T2W-CMR with argu-
ments both for and against the widespread use of T2W-CMR
for the assessment of at-risk myocardium in the setting of
acute MI.***® Additional study and research is clearly
needed, including unequivocal validation studies analogous
to those performed to image myocardial infarction with
DE-CMR, in order to provide clarity to this scientific
conundrum.

Several groups have attempted to compare the 2 most
common CMR techniques for assessing at-risk myocardium.

However, results from prior studies comparing these tech-
niques are, by and large, inconsistent in their findings. In a
study of 37 patients with acute reperfused STEMI, Ubachs
et al found that ESA provided lower estimates of at-risk
myocardium and correlated poorly when compared to T2W-
CMR as a reference standard, whereas Wright et al found that
there was a favorable correlation between the 2 methods in a
similar cohort of patients.*”*® More recently, Fuernau et al
compared T2W-CMR and ESA-CMR to the APPROACH score
for the assessment of at-risk myocardium and found that
T2W-CMR showed a better correlation with the angiographic
risk score when compared with the ESA-CMR method.”' The
ESA-CMR method performed less favorably in cases with little
to no evidence of myocardial necrosis. Unfortunately, these
studies provide comparative information between different
CMR techniques by using CMR measures or angiographic risk
scores as indirect reference standards. In an attempt to
provide a greater degree of clarity, Versteylen et al evaluated
78 patients with acute STEMI using angiographic (BARI and
APPROACH), electrocardiographic (Aldrich), and CMR (T2W-
CMR and ESA-CMR) methods to quantify at-risk myocar-
dium.’? They ranked each technique from worst to best
according to how well each technique agreed with important
and established pathophysiologic concepts derived from
original work by Reimer and Jennings. In general, they found
that CMR techniques agreed best with these concepts,
followed by angiographic methods, and finally, the electro-
cardiographic method. Between the 2 CMR techniques, the
ESA-CMR method performed better than T2W-CMR.

Both T2W- and ESA-CMR techniques have attracted
significant interest for their potential to noninvasively define
the myocardial area at risk, so much so, that these methods
have provided the basis for clinical decision-making as well as
surrogate endpoints in the design of large clinical trials to
assess at-risk myocardium and response to therapy in
patients with acute MI.”°*°° However, the rudimentary
question of whether or not currently used CMR methods
accurately reflect a validated pathologic reference standard
for the assessment of at-risk myocardium remains elusive and
without a definitive answer at present. Prior to continued
widespread adoption, CMR techniques deserve further careful
study to validate their routine clinical use for the assessment
of at-risk myocardium.

Cardiac CT

Cardiac CT is widely recognized for its ability to noninvasively
evaluate the coronary arteries given its superior spatial
resolution and speed of image acquisition. Some have
advocated the use of cardiac CT to assess at-risk myocardium
by defining risk scores similar to those developed for coronary
angiography.®® In addition to delineating coronary arterial
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Figure 6. Cardiac magnetic resonance imaging (cMRI) and
dual-energy computed tomography (DECT) imaging of myocardial
infarction. lodine color map reconstructed from a DECT image
demonstrates good agreement when compared with delayed-
enhancement cMRI of a subject with prior myocardial infarction of
the lateral wall. Similar to cMRI, DECT offers the potential to assess
myocardial infarction as well as myocardial salvage through the use
of pre- and postcontrast techniques.

anatomy, the utility of cardiac CT to noninvasively define
myocardial tissue characteristics, including both edematous
and infarcted myocardium, has been demonstrated (Figure 6).
Several cardiac CT techniques, including imaging of hypoper-
fusion as assessed by arterial phase cardiac CT and delayed
myocardial contrast enhancement CT, have been used to
image myocardial infarction. Data regarding CT imaging of
myocardial edema in vivo, however, have been sparse. In
theory, increased myocardial water content should corre-
spond to reduced attenuation values on non-contrast
enhanced CT. Mahnken et al used a porcine model of acute
reperfused myocardial infarction to compare unenhanced,
arterial, and late-phase dual source CT with T2ZW-CMR and
DE-CMR.®”  Substantial agreement was reported when
comparing late-phase CT and delayed enhancement CMR
with TTC staining as well as when comparing unenhanced dual
source CT with T2W-CMR. It should be noted, however, that
MI was transmural on all sections in this study, and the utility
of the technique in the assessment of smaller subendocardial
infarcts is not known.

More recently, Mewton et al compared several techniques
for evaluating at-risk myocardium in a porcine model of acute
reperfused MIL.°® They performed post-reperfusion CMR
techniques, including ESA-CMR, dark-blood T2W-CMR, and
bright-blood T2W-CMR, as well as pre-reperfusion contrast-
enhanced arterial phase CT imaging and compared these
techniques with a pathology reference standard. Interestingly,
their findings suggested that postreperfusion CMR techniques
by and large overestimated the region of at-risk myocardium
when compared to a pathologic reference standard. They
found that pre-reperfusion arterial enhanced CT performed
during coronary occlusion exhibited the greatest accuracy

when compared to pathology. A pre-reperfusion CMR perfu-
sion technique during coronary occlusion was not evaluated.

In the setting of acute MI, pre-reperfusion arterial
enhanced CT imaging would obviously delay time to reperfu-
sion and extend door-to-balloon time, possibly leading to
worse patient outcomes. However, there has been data
showing that CT can be performed expeditiously in experi-
enced centers. In a study evaluating the use of CT to
differentiate coronary reperfusion during acute MI, Yamashita
et al were able to show that CT could be performed in 87
patients with a mean time elapsed before coronary interven-
tion due to cardiac CT scanning of 2043 minutes.>” Still,
many clinicians share the sentiment that any delay in
reperfusion is unacceptable and in opposition to current
standard of care. With the widespread and increasing
availability of CT, including the potential for CT integration
into cardiac catheterization laboratories, such strategies may
become more feasible in clinical practice, as cardiac CT
scanning could be performed rapidly at the time of catheter-
ization.

At present, none of the described cardiac CT techniques
are used clinically or have been evaluated as surrogate
endpoints in large clinical trials. From a technical standpoint,
the pathophysiological basis for myocardial edema represent-
ing the myocardial area at risk has not yet been sufficiently
validated with histopathology using any postreperfusion
imaging modality, including cardiac CT. Thus, postreperfusion
edema imaging with cardiac CT faces challenges similar to
those described above for cardiac MRI. Recent data suggest
that pre-reperfusion contrast-enhanced cardiac CT may
provide enhanced accuracy for rapidly defining at-risk myo-
cardium. Although promising, barriers to implementation of
pre-reperfusion cardiac CT in the clinical setting at present are
complex and revolve around the quandary of whether time to
reperfusion should be delayed in order to assess at-risk
myocardium.

Conclusion

Accurate, reproducible, logistically feasible, and well-validated
cardiovascular imaging methods to assess at-risk myocardium
have been coveted among clinicians and investigators, both
for their ability to assist in clinical decision-making as well as
for their ability to assess therapeutic response in the setting
of acute MI. Multiple cardiovascular diagnostic and imaging
tests have been used to quantify at-risk myocardium over the
last several decades. Although clinically useful, ECG and
coronary angiography measures of at-risk myocardium have
by and large been less reliable techniques, as they only
indirectly estimate at-risk myocardium. Contrast echocardi-
ography and nuclear imaging techniques evaluating perfusion
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gained prominence in the 1990s but have lost momentum
given the challenge of prospective imaging at the unforeseen
time of patient presentation. More recently, investigators
have suggested that nuclear imaging and CMR may offer the
potential for retrospective imaging of at-risk myocardium after
the time of reperfusion. However, limitations in radioisotope
availability and technical issues related to T2W-CMR remain
as obstacles to routine clinical use. With the ever-increasing
and more instantaneous availability of cardiac CT, pre-
reperfusion arterial phase cardiac CT imaging may offer a
way to point-of-care assessment of at-risk myocardium at the
time of patient presentation without appreciably delaying time
to reperfusion.

In conclusion, there is great promise that cardiovascular
imaging methods will offer clinicians and investigators robust
methods to identify at-risk myocardium in vivo in order to
guide effective clinical decision-making and improve thera-
peutic efficacy for the treatment of acute MI. However,
despite a rapidly evolving body of literature, fundamental
questions remain unanswered regarding the ability of various
cardiovascular imaging techniques to adequately reflect the
underlying pathophysiology of acute MI. Therefore, caution
should be advised prior to the routine adoption of the latest
novel imaging techniques, and the importance of well-
performed validation studies with an established pathologic
reference standard should not be understated.
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