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Introduction

Cardiac magnetic resonance (CMR) is ideally suited to evalu-
ate the consequences of myocardial ischemia and infarction
(MI) because of its excellent spatial resolution and ability to
characterize tissue. With the advent of surface coils and seg-
mented k-space cine imaging in the early 1990s enabling imag-
ing in a breath-hold, CMR became practical in patients with
acute coronary syndromes (ACS) including MI. Initial studies
in acute MI involved imaging of myocardial function, infarct
artery patency, and first-pass myocardial perfusion imaging [1].
It was noted that in some infarcts, areas of microvascular
obstruction could be visualized which denoted worse outcome
for those patients [2]. At the turn of the millennium, the devel-
opment of an inversion recovery gradient echo pulse sequence
[3] allowed excellent nulling of normal myocardial signal, and
thus late gadolinium enhancement became a gold standard
method of imaging and sizing of infarction and assessing via-
bility [4]. After 2005 or so, T2-weighted (W) imaging of myo-
cardial edema came to the fore as a means to assess the area at
risk [5]. T2*-W imaging was later noted to optimally delineate
intramyocardial hemorrhage [6]. More lately, T1- and
T2-mapping techniques have begun to replace qualitative imag-
ing of infarct size and area at risk [7]. Many of these findings
can aid in the prediction of subsequent LV dilation and dys-
function, termed LV remodeling. CMR can identify post-MI
complications including myocardial rupture, ventricular septal
defects, papillary muscle rupture, and pericarditis. Putting all of
these techniques together has advanced the field and has
allowed CMR to develop into a comprehensive imaging method
for assessing the myocardium in the patient with acute MI.
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Guideline Indication for CMR in Acute Ml

A recent consensus statement examined the role of CMR
in a number of cardiac conditions including acute MI [8].
This document reviewed the use of LGE, the identification
of MO, and the identification of border zones around the
acute infarct. The ACC/AHA 2005 Guideline Update for
heart failure identified the use of LGE to identify myocar-
dial scar and assess viability [9]. The Appropriateness
Criteria for CMR identified the appropriate use of CMR
for assessing patients post-MI including scar and MO and
to assess the likelihood of recovery of function with revas-
cularization [10]. Multimodality Appropriate Use Criteria
are presently in development to identify the appropriate
use of imaging modalities including CMR in acute coro-
nary syndromes and after acute MI. As the use of CMR
continues to expand, it is quite likely future guidelines will
identify additional appropriate uses of this versatile
technology.

CMR Techniques Used in Acute MI
Cine Imaging: LV Structure and Function

In the wake of an acute myocardial infarction (AMI), accu-
rate assessment of the left ventricle (LV) is of paramount
importance as functional impairment and/or chamber dila-
tion predicts increased mortality. In a study of 866 post-
infarct patients, a resting LV ejection fraction (EF) <40%
predicted higher 1-year mortality than did an LVEF >40%
[11]. Although LVEF is a powerful predictor of post-infarct
survival, end-systolic volume (ESV) is superior as a prog-
nostic parameter. This was demonstrated by White et al. who
enrolled 605 patients following AMI and followed them for
an average of 78 months. Ultimately, ESV was the best pre-
dictor of survival, and neither LVEF nor end-diastolic vol-
ume (EDV) added prognostic value [12].
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Fig. 10.1 (a) End-diastolic 2-chamber long-axis SSFP image in a patient with a chronic inferior wall MI with wall thinning. (b) End-systolic
image from the same series demonstrating normal thickening of the anterior wall and akinesis of the inferior wall

Steady-state free precession cine CMR covering the LV
short axis from apex to base allows generation of a complete
three-dimensional data set with high temporal and spatial
resolution (Fig. 10.1). Measurements made with this data set
do not require geometric assumptions and are therefore less
prone to error than 2D methods such as 2D echocardiogra-
phy, particularly in ventricles deformed by MI. Furthermore,
the large field of view and excellent contrast generated
between the myocardium and blood pool facilitates accurate
assessment of chamber dimensions and both regional and
global function [13]. Interstudy and interscan reproducibility
is high, allowing for reduced sample sizes in clinical trials
examining interventions in post-MI patients [14, 15].

Techniques such as myocardial tissue tagging [16] or cine
displacement-encoded stimulated echo imaging [17] allow
more detailed analysis of regional myocardial motion and
deformation than cine imaging. Such techniques have dem-
onstrated dysfunction adjacent to [18] and remote from [19]
the infarct zone early post-MI that gradually improves over
time [18, 20]. Studies have used tagging to demonstrate per-
sistent diastolic dysfunction in regions that have recovered
systolic function after reperfused MI [21].

Late Gadolinium Enhancement
Histopathologic studies of AMI have consistently revealed

the complex, heterogeneous, and dynamic character of
infarct zones [22]. This heterogeneity is a consequence of

many factors including the presence and opening of collater-
als during and after injury, magnitude of the ischemic insult,
and impact of therapeutic interventions [23]. Furthermore, it
has been demonstrated that infarcts evolve over time, gener-
ally passing through an early, necrotic phase followed by
both a fibrotic and remodeling phase that is dominated by the
laying down of new collagen and infarct involution [24, 25].
In fact, infarct scar remains biologically active long after
ischemic injury, populated by cells involved in collagen turn-
over and scar tissue contraction, and may therefore never
truly reach a “stable” configuration [22].

Late gadolinium enhancement (LGE) refers to regions of
scar, necrosis, and/or inflammation discriminated from nor-
mal tissue by prolonged retention of gadolinium-based con-
trast agents (Fig. 10.2). Since the mid-1980s, investigators
have appreciated T1 shortening (increased enhancement) in
regions of infarction following gadolinium administration
[26-28]. However, these early imaging techniques were lim-
ited by long acquisition times, artifacts, and insufficient con-
trast between normal and abnormal regions. With faster
imaging sequences using k-space segmentation, LGE can be
performed in a single breath-hold with collection of data dur-
ing the diastolic phase of the cardiac cycle when there is less
cardiac motion. Implementation of an inversion recovery
pulse sequence with inversion time set to null normal myo-
cardium increases the signal difference between normal and
infarcted segments by 500-1000% [3].

Using this approach, Kim et al. demonstrated that the spa-
tial extent of LGE seen on CMR closely mirrored the
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Fig. 10.2 4-chamber long-axis phase-sensitive inversion recovery
image obtained 15 min after gadolinium administration in a patient with
a prior anterior MI. Note the 75% transmural LGE in the apical septum
and apex

distribution of myocyte necrosis in the early period follow-
ing infarction and that of collagenous scar seen at 8 weeks
(R=0.97, P <0.001) [4], while in regions of the heart sub-
jected to reversible injury, the retention of contrast did not
occur [29]. LGE accurately delineates infarction as defined
by histology at various time points following injury [30].
When compared to other noninvasive techniques, LGE is
more reliable in detecting infarct scar. In a study of 91
patients with suspected or known CAD, Wagner et al. per-
formed both LGE and SPECT imaging to evaluate the loca-
tion, extent, and size of infarction [31]. Although SPECT
correctly identified all patients with transmural or near-
transmural scar seen on LGE, SPECT failed to correctly
identify nearly half of those with subendocardial infarction.
SPECT is less sensitive to smaller, non-Q wave, primarily
inferior infarcts [32]. Klein et al. compared LGE to PET in
31 patients with ischemic heart failure [33]. Infarct mass cor-
related well between the two modalities (r=0.81, p <0.0001),
but LGE more frequently identified scar than PET, again
reflecting the superior spatial resolution of CMR.
Transmural extent of infarct scar, as determined by LGE,
is a powerful predictor of functional recovery following
acute MI. Choi et al. performed LGE-CMR on 24 patients
within 7 days of successful revascularization post-MI [34].
Scans were repeated at 8—12 weeks to assess functional
recovery. There was an inverse relationship between trans-
mural extent of infarction and segmental recovery of func-
tion (p = 0.001). Moreover, the best predictor of improved

163

wall thickening and global function was the extent of dys-
functional myocardium that was either without LGE or had
<25% transmural LGE.

Investigators have exploited the enhanced sensitivity of
CMR to study small infarctions after both percutaneous
intervention [35, 36] and coronary artery bypass surgery
[37]. Ricciardi et al. utilized LGE to demonstrate the etiol-
ogy of CK-MB release following successful elective percu-
taneous coronary intervention (PCI) [36]. Fourteen patients
without evidence of prior MI were imaged following elective
PCI. Nine experienced elevation of cardiac enzymes follow-
ing the procedure while five did not. In all patients with an
enzyme leak (median CK-MB was 21 ng/mL), a discrete
area of LGE was seen in the target vessel zone indicating
periprocedural MI. This LGE persisted in all but one of the
patients at follow-up scan 3—12 months later, while LGE was
not detected in any control patient.

It should be noted that infarct size is dynamic.
Measurement of infarct size histologically or with LGE
demonstrates a peak in infarct size within the first few days
after MI, followed by a gradual decline until 4-6 weeks
after the event, after which infarct size is generally stable
[38]. Infarct size in a representative canine MI study was
41% of LV size at 4 days but only 11% of LV size at 28 days.
Histological examination revealed a 25% increase in water
content within the acute infarct at 4 days, with dense scar-
ring and decreased water content after 28 days [23]. In
humans, infarct size has been shown to decrease by 25-30%
over the first 8—12 weeks post-MI as evidenced by the
decline in size of late gadolinium enhancement [39-42].
Early on after MI, the increase in infarct size is likely due to
an increase in interstitial edema and necrotic cellular debris,
whereas chronic infarcts are characterized by dense scarring
with an increase in collagen deposition and loss of cellular
structure and edema. In both acute and chronic infarcts,
there is an increase in extracellular space, which causes an
increased volume of distribution for gadolinium and thus
increased signal intensity.

Recent evidence suggests LGE may be a valuable tool for
predicting major adverse cardiac events (MACE). In a study
by Kwong et al., 195 patients were evaluated for LGE as part
of an assessment for CAD [43]. After 16 months of follow-
up, LGE was found to be the strongest predictor of MACE
(hazard ratio (HR) 8.3) and cardiac mortality (HR 10.9),
even after adjustment for other clinical variable. This was
true even for those patients with smaller regions of LGE
(lowest tertile), as they had a sevenfold increase in
MACE. Another study of 857 patients followed for 4.4 years
showed that the scar index as defined by LGE predicted a
composite endpoint of all-cause mortality or cardiac trans-
plantation (HR 1.26) [44]. Those with LGE showed worse
outcome over time, similarly to those with reduced LV func-
tion. A study of 349 patients with ischemic cardiomyopathy
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followed for 2.6 years demonstrated that quantified scar
burden above the median predicted events (51 deaths and 5
transplants) with a relative risk of 1.75 [45].

Microvascular Obstruction

In the acute phase of infarction, typically at the subendocardial
core, there is often microvascular obstruction (MO). MO may
result from microembolization and platelet activation as well
as capillary bed compression due to edema, although the exact
mechanisms are unclear [46]. These events may be exacer-
bated by reperfusion itself. These areas are generally devoid of
blood flow and have also been described as “no-reflow zones”
with the extent of no-reflow related to total infarct size [47].
The region surrounding areas of no-reflow is often comprised
of myocytes subjected to significant, but varying, degrees of
ischemic injury. Many undergo necrosis with loss of mem-
brane integrity and depletion of cellular energy stores [48]. In
this acute phase, tissue edema, hemorrhage, and inflammation
can increase infarct volume by as much as 25% [23].

The time course of MO is an important factor in under-
standing of the acuity of MI. Several studies have shown that
the extent of MO usually peaks from 2 h to 2 days after
reperfusion occurs [49-51], after which it tends to be stable
in size until at least day 9 [52]. Thereafter areas of MO invo-
lute and regress and are rarely seen on follow-up CMR
beyond 1-2 months after MI. Because of the timing of MO,
techniques performed at the time of intervention are likely to
underestimate the final extent of MO. CMR thus offers a
potential advantage in that it can measure MO up to
7-10 days after infarction with good spatial resolution and
without dependence on acoustic windows.

MO can be assessed by CMR using two separate tech-
niques. Early MO is visualized early after first-pass perfu-
sion. Typical protocols using this method define MO as
hypoenhancement within the first 2-5 min after contrast
injection either on first-pass perfusion imaging or on inver-
sion recovery T1-W imaging. The second technique is LGE
images 10-20 min after contrast injection and appears as an
area or areas of hypoenhancement encompassed within the
core of LGE, often extending from the subendocardium.
This latter method is termed persistent or late MO (Fig. 10.3).
The prevalence of early and late MO based on a systematic
review was 65% and 54%, respectively [53]. Some of the
variability between studies is due to differences in study
populations, imaging methods, and timing of imaging.

There is still no consensus on whether early or late MO
should be the preferred technique for evaluating MO. The
spatial extent of early MO correlates well with histology and
myocardial contrast echo [52]. A study of 17 patients on day
4 post-MI demonstrated that regions with early MO were
nonviable as no recovery of function was noted at 7 weeks
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Fig. 10.3 Short-axis phase-sensitive inversion recovery image
obtained 15 min after gadolinium administration in a patient with a
recent anteroseptal MI. Within the 100% transmural LGE in the antero-
septum, an area of MO is clearly seen

post-MI in these territories [54]. Early MO has been shown
to be predictive of LV function and remodeling at 1-year
follow-up and was a better marker of 1-year infarct size than
late MO [55]. However, both early and late MO are also
associated with more shrinkage of infarct size at long-term
follow-up compared to those patients without MO [42].

Wu et al. found that early MO predicts infarct transmural-
ity, LV function, and remodeling after 16 months and was also
a powerful independent prognostic indicator of hard cardiac
events even after controlling for infarct size [2]. In a study of
60 MI patients undergoing CMR at 5 days and 4 months, both
early and late MO correlated with poor ST-segment resolu-
tion; however, neither method correlated well with angio-
graphic parameters of TIMI flow grade or angiographic blush
grade [56]. Late MO does, however, correlate with invasive
coronary flow velocity measures of microvascular obstruction
[57]. However, a meta-analysis suggested that early MO only
shows a trend toward prediction of cardiac mortality, recurrent
MI, and heart failure hospitalization [53].

Late MO predicts follow-up LV function and remodeling
better than early MO and lends additional prognostic infor-
mation beyond that of infarct size or transmurality. In a study
by Nijveldt et al., 63 acute MI patients who received PCI and
optimal medical management were assessed for early, mid-,
and late MO 4-7 days after MI and followed up with CMR at
4 months. They found that late MO was a better predictor of
follow-up LV ejection fraction, LV end-diastolic volume, and
LV end-systolic volume than early MO [58]. In a study of 110
MI patients, Hombach et al. found that late MO independently
portended an increase in cardiac events at 8-month follow-up
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and gave additional prognostic information over and above
infarct size alone [59]. This was corroborated in a study by
Bruder et al. of 67 STEMI patients followed for 14 months
which showed that late MO was a better predictor of adverse
cardiac events than infarct size or baseline ejection fraction.
The meta-analysis mentioned above has demonstrated that
late MO has a strong relationship with both LV remodeling
and major cardiac adverse events including cardiac death,
recurrent MI, and heart failure hospitalization [53]. A study
by Cochet et al. that directly compared the 2 methods in 187
patients showed that late MO had a hazard ratio over 3x that
of early MO for prediction of MACE [60].

Recent larger clinical studies underscore the prognostic
importance of MO. A multicenter study of 738 STEMI
patients demonstrated that independent predictors of MACE
included MO and TIMI risk score [61]. Both MO and infarct
size improved prognostication over and above clinical risk
and LVEF with an increase in the C-statistic from 0.76 to
0.80, p < 0.04.

A pooled analysis of 1025 patients with STEMI followed
for 2 years showed that MO was an independent predictor of
MACE with a HR of 3.74, whereas infarct size was not [62].

T2-Weighted Imaging
An understanding of the time course of edema after cardiac

injury is a major key to the accurate interpretation of T2-W
imaging (Fig. 10.4). Abdel-Aty et al. noted in a canine model

of myocardial infarction that the onset of edema on CMR
first became apparent 28 + 4 min after experimental coronary
artery occlusion and well before the appearance of LGE or
troponin elevation, signifying that CMR can visualize edema
before the onset of irreversible myocardial injury [63].
Microsphere analysis in a canine model of reperfused acute
MI suggested that T2-W imaging performed 2 days post-MI
can be used to delineate the area at risk (AAR) [64].

The persistence of increased T2 signal post-MI has been
variable across studies. A study of ten patients with transmu-
ral ST-elevation MI found that myocardial T2 signal per-
sisted a median of 6 months after the event, with three of the
ten cases persisting out to 1 year, although even in these
cases, the extent and intensity of the T2 signal diminished
over time [65]. Larger studies have shown that increased
myocardial T2 signal after an ischemic event gradually dis-
sipates over 1-3 months [5]. In the first 2—4 weeks after M1,
the edematous area at risk of patients or experimental ani-
mals, as determined by T2-W CMR or histology, is nearly
always transmural [66, 67]; however, multiple studies have
noted that T2 signal resolves early on in the epicardium,
whereas persistent T2 signal, if present, is often limited to
the endocardial surface and may represent changes in myo-
cardial structure from the infarct itself [5, 65].

When used in conjunction with late gadolinium-enhanced
CMR, T2-W imaging confers the ability to differentiate
acute from chronic infarcts. This was demonstrated in a
study by Abdel-Aty et al. [5] who used LGE and T2-W CMR
to evaluate 58 patients with either acute or chronic infarction.

Fig. 10.4 (a) 3-chamber long-axis hybrid turbo spin echo-SSFP
bright-blood T2-W image demonstrating anteroapical high signal inten-
sity consistent with edema in a patient with chest pain, elevated tropo-
nins, and transiently occluded LAD from a coronary artery dissection.
(b) 3-chamber long-axis phase-sensitive inversion recovery image

obtained 15 min after gadolinium administration in the same patient
demonstrating absent LGE in the anteroapex but evidence of a prior
50% transmural inferior MI. The patient subsequently demonstrated
complete recovery of function in the anteroapex
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Blinded observers were able to differentiate acute from
chronic infarction with specificity between 92% and 100%
and sensitivity between 91% and 94%, depending on the
observer.

There are several potential limitations of traditional T2-W
imaging [68]. These limitations cause some investigators to
urge against using T2-W imaging as a surrogate for area at
risk [69]. Firstly, the T2-W signal intensity is dependent on
proximity to the phased array coil. This leads to a propensity
to overestimate edema in myocardium close to the chest wall
due to its brighter signal and to underappreciate the T2-W
signal from more distant structures. Another potential short-
coming with currently employed dark blood T2-W sequences
is that slow-flowing blood appears bright, making it difficult
at times to discern between a true increase in subendocardial
T2 signal and blood pool artifact. Bright-blood approaches
have been used, and some studies suggest improved accu-
racy for identifying the culprit coronary artery as well as
AAR [70]. Finally, T2-W imaging tends to be sensitive to
motion. Experimental protocols have used T2 mapping to
overcome these limitations [68] and have been applied suc-
cessfully in animal models [71].

The ability for T2-W imaging to determine the area at risk
(AAR) and LGE to identify necrotic regions enables the cal-
culation of the difference as the area of salvaged myocar-
dium after reperfusion. Validation studies have been
performed in canine models to demonstrate the ability of T2
mapping to delineate the AAR as defined by microspheres
[72]. This concept has now been applied to clinical studies of
acute MI. A study of 50 consecutive patients demonstrated a
strong relationship of the MR assessment of AAR using a
T2-prepared SSFP sequence and angiographic measures of
myocardial salvage [73]. Eitel et al. studied 208 patients with
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acute STEMI who underwent primary PCI and used CMR
with T2-W imaging and LGE to calculate myocardial sal-
vage [74]. They showed that patients with myocardial sal-
vage index below the median had a higher MACE rate
(22.1%) over 6-month follow-up than those with an index >
the median (2.9%). In fact, myocardial salvage index was the
strongest predictor of MACE, outperforming MO and infarct
size. When follow-up of these same patients was continued
over 18 months, mortality was shown to be significantly
reduced in the group with salvage less than the median (2 vs.
12 deaths, p < 0.001) [75].

Native T1 and Post-Contrast T1 Mapping

T1 in the myocardium can be measured by mapping with a
modified Look-Locker inversion (MOLLI) recovery
sequence. So-called native T1 can be measured before con-
trast infusion (Fig. 10.5), and then post-contrast T1 measures
can be used to calculate extracellular volume fraction in the
myocardium. The first application of T1 mapping in 24
patients with MI demonstrated that native T1 maps detected
areas of regional wall motion abnormalities with high accu-
racy [76]. The agreement between T1 maps and LGE was
higher in chronic than acute MI. This finding was validated
in a canine model that showed that T1 maps overestimated
infarct size in acute MI but not in chronic MI [7]. T1 map-
ping has been demonstrated to be equivalent to T2-W imag-
ing for detecting myocardial injury in patients with
ST-elevation MI and superior to T2-W imaging for non-ST-
elevation MI [77]. In the latter study, the higher the native T1
values, the lower the likelihood of functional recovery at
6 months post-MI. A study of post-contrast T1 times in

Fig. 10.5 (a) Short-axis native (pre-contrast) T1 map from a MOLLI
acquisition in a patient after reperfused anterior MI. Note the transmu-
ral high T1 signal in the anteroseptum. (b) Corresponding short-axis
T2-prep-based T2 map in the same patient showing transmural high T2

signal in the same region. Both the T1 and T2 maps demonstrate the
area at risk. (¢) LGE image in the same patient demonstrates 50% trans-
mural enhancement, significantly smaller than the area at risk demon-
strated on the T1 and T2 maps
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patients with acute MI showed lower post-contrast T1 times
in remote noninfarcted regions associated with reductions in
wall thickening compared to controls, suggesting a contribu-
tion to LV remodeling in those regions [78].

T2*-W Imaging and Intramyocardial
Hemorrhage

Intramyocardial hemorrhage (IMH) often follows MO devel-
opment in the core of an infarct with a tendency to expand
for several hours post-reperfusion (Fig. 10.6). It is caused by
vascular endothelial damage and accumulation of red blood
cells in the myocardial extracellular space [48]. It is unclear
whether IMH is the cause or result of severe ischemia-
reperfusion injury [79]. A high correlation between infarct
size (IS) and IMH has been identified on histopathologic
studies [48]. In most studies IMH is identified only in the
presence of MO. The correlation (r?) of IMH has been
reported to be 0.55 with early MO and between 0.8 and 0.95
for late MO [80-82].

IMH can confound the assessment of myocardial edema
and AAR as it causes a change in the T2 signal. Hemorrhage
can have variable effects on the MR signal depending upon
the acuity of the event, but within the first week following
MI, the paramagnetic effect of iron in deoxyhemoglobin
usually predominates. This causes a decrease in both T2 and
T2*, resulting in signal loss and potential underestimation of
the AAR. A CMR study of 70 STEMI patients demonstrated
that significant T2-W signal dropout within the infarct core
was sufficient to impair threshold-based assessment of the
area at risk in 11% [83]. Thus, boundary detection methods
for quantitative assessment of edema are probably more
accurate than thresholding methods in this setting.

Most studies have used T2-W short-tau inversion recov-
ery (STIR) or T2*-W gradient echo pulse sequences [6] to
assess for IMH. T2*-W imaging is felt to be more sensitive
for detection of IMH but has lower signal to noise than T2-W
images and is more sensitive to off-resonance artifacts. T2*
values are lowest acutely in the IMH core but gradually

Fig. 10.6 (a) Short-axis
T2*-weighted image from a
porcine model of reperfused
MI demonstrating
intramyocardial hemorrhage
in the anteroseptum. (b)
Short-axis phase-sensitive
inversion recovery LGE
image in the same animal
demonstrating transmural
LGE with a midwall region of
intramyocardial hemorrhage

normalize to that of the rest of the infarct at 4 weeks, due to
extensive collagen deposition and absence of iron [84]. A
recent study in 14 STEMI patients and in 20 canines with
acute reperfused myocardial infarction suggests that T2* is
more suitable than T2 imaging in the identification of IMH
[85]. The T2* dropped on average 54% in hemorrhagic
infarctions and was 6% higher in nonhemorrhagic infarc-
tions as compared to remote myocardium. By comparison,
T2 was increased by 17% in hemorrhagic infarcts and by
38% in nonhemorrhagic infarcts.

A meta-analysis including 9 studies and 1106 patients
demonstrated that IMH is associated with increased infarct
size, larger LV end-diastolic and end-systolic volumes, and
reduced EF compared to those without IMH [53]. IMH was
seen predominantly in anterior infarcts [86] and in infarcts
involving >80% of LV thickness [87]. One study of 48
patients found an independent correlation of IMH with LV
remodeling and a significant improvement of diagnostic area
under the curve (from 0.699 to 0.826) by adding IMH to a
multivariate model including LVEF and infarct size [88].
Three studies, using T2 STIR including a total of 991 patients
with a follow-up of 6 months to 3 years, examined the impact
of IMH on adverse cardiovascular outcomes [80, 89, 90].
The pooled univariate hazard ratio for IMH for predicting
MACE was 3.88. One study that compared the graded impact
of no MO, MO only, and MO with IMH on LV remodeling
or MACE detected a strong incremental association [89].
Thus there is likely a spectrum between MO and MO with
IMH, with the presence of IMH suggesting greater cellular
damage resulting in greater adverse remodeling and poorer
outcomes.

Assessment of the Infarct Border Zone

A number of studies have used different methodologies to
identify the border zone of acute MI that is thought to be asso-
ciated with higher risk of ventricular tachyarrhythmias and
mortality. One study investigated patients with ischemic car-
diomyopathies referred for implantable cardiac defibrillators
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(ICD) in order to determine if heterogeneity in peri-infarct
regions can be established using contrast-enhanced CMR
with the idea that adjacent areas of necrosis and viable myo-
cardium could be fertile ground for reentrant arrhythmias
[91]. The infarct core was defined as myocardium with signal
intensity greater than 50% maximum. Tissue heterogeneity in
the infarct periphery or “gray zone” was defined as having
signal intensity greater than that of remote myocardium but
less than 50% of the maximum. The region of intermediate
late gadolinium enhancement, characterized as the “gray
zone” at the periphery of myocardial scar, was related to
inducibility of monomorphic ventricular tachycardia [91].

Yan et al. tested the hypothesis that the degree of gray zone
measured by contrast-enhanced CMR would be an indepen-
dent predictor of mortality post-MI [92]. In this study, the total
infarct size was measured semiquantitatively and divided into
the core region (>3 SD above normal remote myocardium)
and the gray zone or peri-infarct regions (with signal intensity
between 2 and 3 SD above normal myocardium). The peri-
infarct zone was then normalized as a percentage of total
infarct size. After adjusting for age and LVEF, the normalized
peri-infarct zone was independently associated with all-cause
and CV mortality (adjusted HR, 1.42 and 1.49, respectively).

Another study evaluated patients with ischemic cardio-
myopathy referred for ICD by contrast-enhanced CMR to
establish a relationship between extent of peri-infarct gray
zone and spontaneous ventricular arrhythmia [93]. Roes
et al. found the presence of peri-infarct tissue heterogeneity
on contrast-enhanced MRI in patients with prior MI to be a
stronger predictor of spontaneous ventricular arrhythmia and
ICD therapy when compared to total infarct size and LV
function. Thus, gray zone may ultimately be useful in choos-
ing post-MI patients for ICD therapy.

There are several limitations of the “gray zone” approach.
One is that there is significant concern in regard to difficulty
measuring the gray zone in that it suffers from inadequate
spatial resolution of LGE imaging and thus partial volume
effects at the border of normal and infarcted myocardium
[94]. In addition, there is as of yet no standardization between
laboratories of methodologies used to measure the area of
“gray zone.” In fact, of the three manuscripts discussed
above, each used a completely independent method to make
this measurement. The assessment of “gray zone” will
require standardization before it can move forward and be
clinically useful.

Detection of Infarct Complications

Due to its high spatial resolution and ability to differentiate
tissue types, CMR can readily detect ventricular wall pathol-
ogy such as ventricular septal defects (Fig. 10.7), or free wall
aneurysms, and can differentiate aneurysm from pseudoan-

Fig.10.7 Short-axis SSFP image at end diastole in a patient after non-
reperfused anteroseptal MI demonstrating an apical VSD (black arrow)

eurysm (Fig. 10.8) [95], with its accompanying treatment
implications. Right ventricular infarction is also very well
visualized by LGE-CMR [96].

Visualization of LGE within the papillary muscles is
indicative of infarction and has been reported in post-MI
CMR studies to occur in 26-53% of patients [59, 97]. In a
study of 60 patients with old MI, bilateral papillary muscle
infarction was seen by LGE in 17% of cases and was associ-
ated with a higher incidence of severe mitral regurgitation
and LV remodeling than in those with unilateral or no papil-
lary muscle infarction [97]. Mitral leaflet LGE has been
seen more commonly in post-MI patients [98].

Inflammatory pericarditis is visualized by LGE of the peri-
cardium with high sensitivity and specificity after MI [99]
and has been reported to occur in as many as 40% of STEMI
patients [59]. High T2-W signal can be visualized in inflam-
matory pericarditis [100], although this has not been studied
specifically in post-MI patients.

The presence of intraventricular thrombi has been reported
in 7-29% of patients with decreased ejection fraction,
depending on the population studied [101, 102], and is asso-
ciated with a higher risk of thromboembolic events, including
stroke [101, 103]. The most prominent risk factors for the
development of LV thrombus include anterior infarction
(Fig. 10.9), infarct size, LV aneurysm, and decreased ejection
fraction (<40%) [102, 104]. Contrast-enhanced (LGE) CMR
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Fig. 10.8 (a) A 2-chamber
long-axis SSFP cine image at
end diastole in a patient

5 years after anterior MI
demonstrating a chronic
anterior pseudoaneurysm. (b)
Short-axis phase-sensitive
inversion recovery LGE
image from the same patient
demonstrating enhancement
of the fibrous outer layer of
the pseudoaneurysm which is
lined with thrombus which
appears black

Fig. 10.9 (a) 4-chamber long-axis cine steady-state free precession
(SSFP) image in a patient after late reperfusion of an anterior MI. Prior
to contrast, it is difficult to discern whether there is thrombus in the
apex. (b) Post-contrast 4-chamber SSFP image provides greater con-

has been shown to more accurately diagnose thrombi within
the LV than transthoracic echocardiography or transesopha-
geal echocardiography. In a multimodality imaging study of
361 patients with ischemic cardiomyopathy undergoing car-
diac surgery, the presence of LV thrombus by LGE-CMR,
TTE, and TEE was compared to pathology and was found to
have sensitivities and specificities of 88% and 99% for LGE,
23% and 96% for TTE, and 40% and 96% for TEE, respec-
tively [101]. While contrast echocardiography nearly doubles
the sensitivity of non-contrast echo, mural and small apical
LV thrombi are still frequently missed [102]. Recently, the
use of prolonged inversion times (600 ms) during LGE imag-
ing has been shown to increase the sensitivity of LGE for
detecting thrombus [102]. Post-contrast SSFP cine imaging
can be quite useful as well in this regard (Fig. 10.9).

trast between the slightly enhancing myocardium and nonenhancing
thrombus at the apex. (¢) LGE imaging clearly demonstrates the black
thrombus at the apex adjacent to the transmural apical infarct

Post-MI LV Remodeling

After MI, the LV undergoes a series of adaptive and mal-
adaptive changes [105], proportional to the size and trans-
murality of the infarct, which extend well beyond the
infarcted segment. Remodeling in the early post-MI period
is characterized by infarct expansion and thinning, with sub-
sequent cavity dilation in the infarcted area due to weaken-
ing of the infarct from myocyte slippage and loss [106, 107].
Over time, the necrotic, infarcted myocardium is replaced
by fibrous scar, while adjacent viable segments undergo
eccentric hypertrophy [19] and fibrous deposition [108]
causing global increases in ventricular volumes and wors-
ened mechanical function (Fig. 10.10) [20]. Although
these changes attempt to restore stroke volume and cardiac
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Fig. 10.10 (a) 4-chamber long-axis SSFP cine image in a patient 3 days after anterior MI. (b) 4-chamber long-axis SSFP cine image in the same
patient 6 months later. Note the interval dilation of the LV consistent with adverse remodeling as well as dilation of the RV and both atria

output, they are associated with worsened mortality [12,
109]. Therapies which successfully attenuate post-MI
remodeling have been shown to improve outcomes.
Because of its marked prognostic significance after MI,
there is substantial interest in finding accurate predictors of
remodeling which can be assessed at the time of MI. Baseline
measurements of left ventricular function and volumes are a
tempting target, and baseline ejection fraction and LV vol-
umes have been shown to be modestly predictive of remodel-
ing on follow-up [110]. However, due to the remodeling
process and the frequent presence of stunned, but viable,
myocardium in the peri-infarct area [111], measurements of
systolic performance immediately post-MI are inherently
unreliable. Clinical parameters, such as the ST-segment reso-
lution and the time from symptom onset to reperfusion, have
also been shown to be associated with poor LV function at
follow-up [112] but are also relatively poor and indirect
markers of follow-up function. Multiple studies have demon-
strated that several CMR-based parameters are much better
predictors of long-term LV remodeling. In a study of 73
STEMI patients in whom CMR was performed within
1 week and again 3 months after MI, infarct size, as mea-
sured by LGE, was shown to be a better determinant of fol-
low-up EF than was the baseline EF [113]. Larose et al.
confirmed this finding in a study of 103 STEMI patients,
demonstrating that infarct size was the most powerful pre-
dictor of 6-month LV dysfunction, with an area under the
receiver-operator characteristic curve of 0.92 for infarct size,

compared to 0.84, 0.79, and 0.71 for baseline ejection frac-
tion, peak enzyme elevation, and time from symptom onset
to revascularization, respectively [110].

Microvascular obstruction (MO) as a marker for subse-
quent remodeling was first demonstrated angiographically
[114], and CMR-based assessment of MO has since been
shown to be a powerful predictor of poor LV function, as
discussed earlier in this chapter. MO and IMH directly relate
to poor functional recovery and adverse LV remodeling
[115]. Myocardial salvage index is a relatively recent mea-
sure for predicting post-MI prognosis, but initial studies are
very promising. In a study of 137 reperfused acute STEMI
patients, MSI was shown to be more predictive of adverse
LV remodeling at 4 months than infarct size, MO, or tradi-
tional measures of prognosis [116]. Therapies that limit
reperfusion injury and thus limit MO and IMH and maxi-
mize myocardial salvage will prevent subsequent adverse
remodeling.
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