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Abstract
Acute coronary syndromes (ACS) continue to be the most common morbid condition of
industrialized nations. The advent of and technical improvements in revascularization and medical
therapy have led to a steady decline in mortality rates. However, many patients who suffer
unstable angina or myocardial infarction require further testing and risk stratification to guide
therapeutic selection and prognosis assignment. Myocardial edema imaging with cardiac magnetic
resonance (CMR) affords the ability to define the amount of myocardium at risk, refine estimates
of prognosis and provide guidance for therapies with excellent sensitivity compared to standard
clinical markers. This review will discuss the rationale for edema imaging, how it is performed
using CMR and its potential clinical applications.

Water, water, everywhere,

Nor any drop to drink.

Samuel Taylor Coleridge. “The Rime of the Ancient Mariner”, Lyrical Ballads
1798.

Myocardial edema imaging has captured the imagination of magnetic resonance scientists
and clinicians worldwide. Coleridge’s classic poem describes a wayward crew who appears
to die while surrounded by water, yet who are restored to life after an intervention.
Similarly, increased appreciation that myocardial edema signifies the presence of myocytes
at risk of death suggests that its recognition should prompt appropriate interventions to save
myocardium. Technical advances, preclinical studies and clinical trials using MRI for edema
imaging have made it increasingly useful for both research as well as clinical care. While
myocardial edema may occur in many cardiovascular conditions, this review will focus on
its utility in imaging the patient with acute coronary syndrome (ACS), which encompasses
myocardial infarction and unstable angina.

Clinical motivation for edema imaging in ACS
There are 1.57 million admissions per year in the U.S. for suspected ACS1. Of those,
roughly 330,000 present with ST-segment elevation myocardial infarction (STEMI), with
‘ST elevation’ referring to a pathognomonic finding of ongoing myocardial injury by routine
12-lead electrocardiography (ECG). Once this classic ECG finding is detected, established
management guidelines are swiftly implemented, making the ECG a critical and essential
first test in any patient presenting with symptoms or signs concerning for ACS. Management
includes rapid delivery of well-defined medical therapies and transport to a cardiac
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catheterization laboratory capable of performing emergent percutaneous coronary
intervention (PCI). The remaining 1.24 million Americans include those with unstable
angina (UA) and non-ST-segment elevation myocardial infarction (NSTEMI), collectively
termed non-ST elevation acute coronary syndromes (NSTE-ACS). Unlike patients
presenting with STEMI whose diagnosis is usually obvious from history and ECG, patients
presenting with NSTE-ACS often have delays in diagnosis due to atypical symptoms and
equivocal electrocardiographic findings. Nonetheless, there are established diagnostic
criteria and management pathways for patients with NSTE-ACS that pay particular attention
to serological biomarkers of myocardial injury, most commonly the troponin assay2.

Thus far, the reader may note that edema imaging has not been mentioned. In the context of
well-defined clinical, serological and electrocardiographic parameters in the evaluation of
patients with ACS, imaging may have no added value unless it offers 1) greater accuracy in
making the initial diagnosis, 2) lower risk with evaluation and management, and 3) refined
risk stratification to the extent that management decision-making is influenced by imaging
findings. This review will summarize why edema imaging with cardiac magnetic resonance
(CMR) has the potential to address these three areas beyond techniques that are currently
available. We will next review pathophysiological considerations that make myocardial
edema an important target for imaging in ACS. The following sections offer evidence
supporting magnetic resonance-based techniques as suitable noninvasive markers of
myocardial edema and detail recent refinements in T2-based measurement techniques.
Finally, we summarize current evidence supporting CMR-based edema imaging in various
clinical settings and highlight areas where further investigation is needed.

Myocardial edema in ACS: pathophysiology of the area at risk (AAR)
The processes in ischemic myocardial cell injury and death have been well characterized3,4.
Typical ACS result from rupture or erosion of an atherosclerotic plaque in an epicardial
coronary artery (Figure 1). ACS may also result from vasospasm or occasionally from
primary thrombotic events in the absence of significant epicardial atherosclerosis, though
these mechanisms will not be considered in more detail in this review. Typically, the culprit
coronary plaque leading to ACS is lipid-rich with a thin fibrous cap whose disruption
exposes blood elements to intraplaque material and quickly cascades to superimposed
thrombus formation that produces partial vs. complete, and intermittent vs. sustained
coronary occlusion. As the vessel recanalizes, either spontaneously or through mechanical
revascularization via angioplasty and stent placement, plaque debris and thrombotic material
may embolize downstream and occlude the myocardial microcirculation producing so-called
‘microvascular obstruction’.

The pathways from coronary occlusion and reperfusion to myocardial injury are numerous,
with reduced myocardial blood flow relative to oxygen demand occurring alongside many
other biochemical processes. Impaired delivery of oxygen to the myocardium causes the
cessation of mitochondrial oxidative phosphorylation resulting in a depletion of adenosine
triphosphate (ATP). A cellular shift to anaerobic glycolysis tries to maintain a steady source
of ATP; however this process leads to accumulation of hydrogen ions and lactate, resulting
in intracellular acidosis and the inhibition of glycolysis. It is this process that results in
cellular membrane instability leading to alterations in ion concentrations due to a lack of
ATP that is required for maintaining cellular ion homeostasis. Influx of sodium ions due to
ischemia-activation of the sodium-hydrogen exchange leads to intracellular water increase5.

If ischemia persists then myocardial injury becomes irreversible with the necrosis extending
from the endocardium to the subepicardium as classically described by Reimer and Jennings
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who termed the pathologic process the “wavefront phenomenon”.6,7 However, reperfusion
after the acute event further extends edema that gradually resolves as the injury heals.8

The amount of inadequately perfused myocardium distal to the coronary occlusion is
defined as the area at risk (AAR). With sustained ischemia, the myocardium denoted by the
AAR may go on to suffer irreversible injury. Being able to identify the AAR is a primary
goal of edema imaging with CMR. Other modalities that have demonstrated feasibility in
delineating AAR include single photon emission computed tomography (SPECT)9 and
contrast echocardiography10, though neither have gained significant clinical use for such.
This is likely due to a combination of limited sensitivity as well as limited therapeutic
options directly targeting AAR beyond standard anatomy-driven reperfusion techniques.
Increased sensitivity, lack of need for ionizing radiation or contrast agent and mechanistic
underpinnings to AAR’s development make CMR-based edema imaging an appealing
alternative to either modality.

Proton T2 relaxation time and myocardial edema
The notion of detecting myocardial edema due to ischemic injury with magnetic resonance
originated from animal models of acute MI and the earliest spin echo nuclear magnetic
resonance techniques.11–13 Higgins et al. performed T2W spin echo acquisition of excised
hearts twenty-four hours after inducing acute MI in 8 dogs. This demonstrated elevated T2
values in the regions of infarct that were linearly correlated with the percent water content of
infarcted myocardium. More recently, Aletras et al. performed a study in 17 canines
subjected to 90 minutes of coronary artery occlusion; these animals underwent T2W
imaging with quantification of myocardial deformation using displacement encoding
(DENSE) 2 days later.14 Volume of myocardium showing increased signal on T2W CMR
correlated exactly with AAR defined by fluorescent microspheres injected at the time of
coronary occlusion. Thus, this landmark study established T2W CMR as an accurate,
noninvasive surrogate for AAR. This study also provided insight into the time course of
edema resolution post-STEMI: eight dogs followed for an additional 2 months showed
normalization of signal intensity on T2W imaging, with corresponding improvement in
regional deformation.

Techniques to quantify myocardial edema
T2 is the exponential time constant which governs the rate of decay of transverse
magnetization following the application of a radio frequency pulse. Tissue interactions
between neighboring spins cause a loss of phase coherence, which results in a loss of
transverse magnetization and reduced MR signal. With a spin echo acquisition, T2W image
contrast is achieved by imaging with a long repetition time (TR) compared to tissue T1 (this
reduces the T1 contribution to image contrast) and a long echo time (TE). The tissues with a
longer T2 will have a higher signal in a T2W image, such as myocardium with increased
water content (Figure 2). Importantly, the extent of protein binding also greatly influences
T2 signal15. Other factors that influence T2 include changes in blood volume, hemoglobin
oxygenation and mobile hydrogen on fatty acids16. Using a TE of 60–64 msec (the typical
values used in clinical T2 CMR), the contribution of these factors and their impact on tissue
with very long or very short T2 is minimal, which leaves free water as the main contributor
of the T2 signal16.

Spin-echo CMR techniques have been used extensively to image myocardial edema11,17–21.
As technology improved, more advanced spin echo techniques, such as turbo spin-echo and
fast spin-echo have been used to acquire high resolution, black blood images of the heart
with a single breathhold or single heartbeat.22,23 To enhance the sensitivity to tissue fluid
while suppressing the fat signal, a third inversion pulse with a short TI technique termed
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short tau inversion recovery (STIR) was developed. The STIR pulse effectively suppressed
the signal from short T1 tissues, highlighting the signal from long T1 and long T2 species,
such as fluid and edematous tissue.22

Recent papers have acknowledged a set of challenges that limit the clinical acceptance of
T2W-STIR for myocardial edema imaging.24–26 These limitations include phased-array
coils causing progressive loss of signal in the posterior and lateral myocardial segments.
Inadequate blood suppression that results from stagnant flow at the endocardial border may
cause high signal from the blood pool that contaminates the myocardium. Rapid cardiac or
respiratory motion impairing image quality. Finally, minor changes in sequence parameters
such as TE and slice thickness in the setting of varying heart rate, for instance, considerably
affect the qualitative appearance of T2W STIR images, affecting both reproducibility and
accuracy.

To overcome these limitations, Giri et al. proposed a new quantitative T2 mapping
sequence.27 Briefly, the T2 maps were generated by acquiring three T2W images, each with
a different T2 preparation time (0 ms, 24 ms and 55 ms respectively; TR = 3 × R-R, total
acquisition time of 7 heartbeats). To correct for motion between images, a fast variational
non-rigid registration algorithm was used, aligning all T2-prepared frames to the center
frame.28 Each of the three images produced a signal intensity that corresponded to a
function of T2-decay that was fitted using a linear 2-parameter model after logarithmic
transformation to derive the T2-value of each pixel. This practical technique allowed the
investigators to quantitate the absolute T2 value of myocardium in porcine and human
subjects while overcoming the limitations of myocardial motion, surface coil intensity
variation, high subendocardial signal from static blood, and the subjective nature of image
interpretation.

Our group recently tested this technique in a cohort of 27 ACS patients with either STEMI
or NSTEMI29. Significant differences could be detected in myocardial regions of acute
infarct versus remote segments (69±6 ms versus 56±3 ms). Furthermore, this work showed
T2 values of 59 ± 6 ms in regions with microvascular obstruction (MO), consistent with the
expected T2 shortening in regions of MO. T2 mapping consistently provided adequate
image data for T2 measurement in a population in whom 30% STIR yielded inadequate
T2W images, with many patients unable to breathhold and others with irregular heart
rhythms.

Some have suggested that since LGE shows hyperenhancement in regions of interstitial
edema as well as irreversible necrosis shortly post-MI, that LGE may be sufficient to
delineate AAR30. However, this has not been our experience particularly when using T2
mapping that consistently shows regions of increased T2 in myocardium at risk not
subtended by hyperenhancement on LGE, even when using modest (e.g. 2SD above the
mean of normal myocardium) thresholds.

Clinical applications
Human studies have demonstrated clinical utility of detecting increased myocardial T2
signal in patients with known or suspected acute coronary syndromes. Abdel-Aty et al.
performed T2W and late gadolinium enhanced (LGE) imaging in patients with either acute
or chronic MI.31 Patients with acute MI within two weeks of presentation demonstrated
increased myocardial signal intensity on T2W myocardial imaging, whereas patients with
chronic infarcts showed no increased signal on T2W imaging. LGE patterns were not
significantly different between patients with acute vs. chronic MI. These findings underscore
the potential value of T2W edema imaging in the patient with known coronary disease who
presents with signs and symptoms concerning for but not definitive of ACS.
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Cury et al. demonstrated the incremental value of T2W-CMR in patients presenting to the
emergency department32. Detection of ACS upon initial evaluation with comprehensive
CMR examination that included T2W imaging was compared to presence/absence of ACS
by clinical criteria at discharge from the hospital; overall diagnostic accuracy increased to
93% vs. 84% if using only on cine, rest perfusion and LGE findings.

In patients who suffer from acute STEMI, several groups have shown that after coronary
angiography (typically with percutaneous intervention i.e. angioplasty and stent placement),
T2-CMR delineates AAR29,33,34. Berry et al., using a T2-prepared SSFP sequence, further
showed superior performance of AAR quantification compared to electrocardiographic and
angiographic estimates. These studies offer T2-CMR as a useful surrogate endpoint in trials
of novel therapeutics to reduce AAR post-STEMI. What remains to be determined from
these types of studies is how clinical management should be modified based on delineation
of AAR post-revascularization. This likely requires parallel development of better
therapeutics beyond mechanical reperfusion and current adjuvant drug therapies. Knowing
the location and extent of edema, it is intriguing to consider how edema imaging may have
the power to predict life-threatening complications post-STEMI. These complications
include cardiogenic shock, papillary muscle rupture leading to acute mitral regurgitation
(Figure 3), left ventricular pseudoaneurysm, ventricular septal defect, and ventricular
arrhythmias, which are the leading causes of death in acute MI patients.

With availability of serum biomarkers that are highly sensitive to myocardial injury,
identifying edema by T2 CMR would be particularly useful if myocardium at risk could be
detected even before serum biomarker elevation (Figure 4). This was demonstrated by
Abdel-Aty et al. in a meticulous study of eleven dogs eliciting ischemia and reperfusion
injury35. Increased myocardial signal intensity on T2W imaging occurred at 28 ± 4 min after
experimental coronary occlusion, a time point at which serum troponin level was still
normal, suggesting increased sensitivity to early myocardial changes with T2 edema
detection vs. a widely-used serum biomarker of myocardial injury.

Applying this concept to patients, it has been shown that 53% of individuals presenting with
NSTE-ACS whose initial cardiac biomarkers were negative using a high-sensitivity
troponin-I assay have detectable myocardial edema by T2W-CMR36. This suggests that
patients without declarative changes by initial biomarkers or other routine testing such as
electrocardiography may be missed by conventional clinical assessment, and T2-CMR
improves early identification of individuals with myocardium at risk without the need for
stress testing. While many patients in this study went on to require revascularization in the
form of either percutaneous stent placement or bypass surgery, presence of edema as
detected by T2W-CMR predicted major adverse cardiovascular events at 6 months post-
ACS regardless of whether or not mechanical revascularization was performed,
underscoring the notion that myocardial edema is a significant adverse prognostic finding in
ACS.

Further studies are needed to demonstrate whether or not individuals with NSTE-ACS
identified to have myocardium at risk by T2-CMR benefit from earlier treatment with
aggressive medical therapies such as parenteral anti-platelet agents. Also uncertain at this
time is whether or not such patients warrant more rapid invasive angiography, similar to
patients with STEMI who have readily-identifiable myocardium at risk by
electrocardiography. For these patients, the adage ‘time is muscle’ has driven remarkable
advances in pre-hospital management, emergency department triage and interventional care.
Recognition of myocardium at risk through T2-CMR may translate to similar advances in
managing patients with NSTE-ACS, who notably comprise 70–80% of all ACS. Similarly,
further study is needed to test the hypothesis that ACS patients without myocardium at risk
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do well with conservative management without the risks of invasive angiography and potent
anticoagulant/anti-platelet regimens.

In current practice, incorporation of such an examination in the acute setting of ACS would
be limited by the typical availability of CMR which may not even be comparable to that of
SPECT examination in most hospitals. A potential solution would be to consider CMR as a
modality that requires appropriate physician expertise, technical staff and resource allocation
similar to SPECT for patients presenting off-hours with suspected ACS. Once available
under such circumstances, randomized clinical trials can be done to test the hypothesis that
identification of myocardium at risk by T2-CMR helps stratify patients with ACS and guide
timing of invasive evaluation and intensity of adjuvant therapies (Figure 5).

Conclusions
The interrupted delivery of oxygen-rich blood to the myocardium produces an ischemic
cascade that, if left untreated, can lead to irreversible injury. CMR with T2 imaging can
detect edema prior to irreversible injury and can also delineate area at risk beyond any
irreversibly-injured myocardium. In the appropriately selected patient, CMR may deliver
earlier and more accurate risk stratification, prognostication, and refined treatment selection
for ACS. Recognizing that T2-CMR accurately delineates myocardium at risk, translational
research that uses edema imaging can guide development of novel therapeutics that restore
life to at-risk myocytes. While such therapies undergo development, improved CMR-based
myocardial edema imaging techniques available today that perform robustly in typical
patients with ischemic heart disease can deliver low-risk imaging to improve diagnosis,
refine management and improve outcomes for patients with acute coronary syndromes.
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Figure 1.
A 74 year-old female with known history of an occluded saphenous vein graft to the first
obtuse marginal artery presented to her cardiologist with recurrent angina. A. CMR
examination included T2W-STIR imaging that revealed edema along the mid to apical
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anterior and anterolateral segments (arrow, left panel) with a reduced area of infarct scar in
the same distribution (arrow, right panel) correlating with the area at risk. B. Subsequent
invasive angiography identified ostial left anterior descending (LAD) coronary artery
occlusion (left panel) with collateral vessels from the right coronary artery (right panel)
supplying flow to the mid and distal LAD. This patient was ineligible for percutaneous or
surgical revascularization secondary to her coronary anatomy and was successfully treated
medically.
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Figure 2.
The basic mechanism of T2-weighted magnetic resonance imaging involves highlighting
contrast between spins with longer T2 (upper curve) and those with shorter T2 (lower
curve). This is done with a simple spin-echo acquisition by collecting signal after a certain
echo time (TE) following application of radiofrequency (RF) energy; T2-weighted
sequences use longer TEs to maximize contrast between spins with long vs. short T2 values.
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Figure 3.
An 83 year-old male presented to the emergency department with nausea, vomiting and
abdominal pain. A. Electrocardiography showed posterior wall myocardial injury, indicated
by ST depression (arrows), prominent R waves (arrowheads) and upright T waves (dotted
circle) in leads V1 through V3. Due to coagulopathy and initial resolution of symptoms with
medical therapies, invasive angiography was deferred. B. CMR examination performed
within 1 hour of admission included T2W-STIR imaging that revealed edema along the
inferolateral wall at the insertion of the posteromedial papillary muscle (left panel, dotted
circle) without appreciable hyperenhancement on late post-gadolinium imaging (right
panel). C. Subsequent angiography after resolution of coagulopathy showed a completed
occluded circumflex coronary artery (left panel, circle), which was successfully recanalized
via percutaneous coronary intervention (right panel). D. On day 3 after stent placement, the
patient became suddenly diaphoretic with hypotension and pulmonary edema; new systolic
murmur prompted transesophageal echocardiography that identified papillary muscle
rupture that was promptly repaired.
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Figure 4.
T2-CMR affords identification of myocardium at risk even when irreversibly-injured
myocardium is not apparent by either serum biomarkers such as troponin or other CMR
markers such as late gadolinium enhancement. This patient’s SSFP imaging suggested a
lateral wall motion abnormality but edema was not apparent with this technique (A).
Conventional T2-weighted STIR (B) and T2-mapping (C) both showed myocardial edema
as increased T2 in the lateral wall (arrow delineates arc of involvement), while late post-
gadolinium imaging (D) showed no hyperenhancement consistent with lack of evident
myocardial necrosis.
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Figure 5.
A potential scheme for incorporation of T2-CMR in the evaluation of ACS patients is
shown, with the caveat that randomized trials are needed to generate essential evidence that
T2-CMR-guided management is comparatively effective compared to current strategies that
emphasize invasive angiography in all but the lowest risk ACS patients.
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