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I ncident heart failure following acute myocardial
infarction (MI) is a preventable therapeutic
target. Adverse left ventricular remodeling,

which is the pathophysiological substrate for left ven-
tricular systolic dysfunction and heart failure, de-
velops insidiously, even in patients with seemingly
successful myocardial reperfusion following primary
percutaneous coronary intervention (PCI) (1). In fact,
primary PCI for acute ST-segment elevation myocar-
dial infarction (STEMI) routinely achieves normal
antegrade coronary artery blood flow in >90% of
cases; yet, imaging evidence shows failed myocardial
reperfusion, manifesting as microvascular obstruc-
tion (2) and myocardial hemorrhage (2-4), in approx-
imately 50% and 40%, respectively. Microvascular
obstruction (MVO) is independently associated with
an increased likelihood of death and heart failure, in-
dependent of the size of infarction (5).

Myocardial hemorrhage is caused by severe reper-
fusion injury within ischemic myocardium leading to
disruption of vascular integrity and extravasation of
erythrocytes (6,7). MVO, revealed by cardiac magnetic
resonance imaging (CMR), may diminish, and in some
cases, resolve (2). The extravasation of red blood cells
releases hemoglobin degradation products that are
toxic (8). Localization of iron degradation products
promote persisting inflammation and fibrosis,
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limiting infarct healing and promoting adverse left
ventricular remodeling and worse clinical outcomes
in the longer term (9).

The time course of MVO and myocardial hemor-
rhage in post-MI patients is now reasonably well un-
derstood. MVO is an upstream problem and almost
always precedes myocardial hemorrhage, which
would not be expected to occur in its absence (2,10).
Acute microvascular dysfunction (obstruction) may
recover or persist and evolve into irreversible
myocardial hemorrhage (2). Carrick et al (11) undertook
a longitudinal clinical study of the temporal
evolution of myocardial infarct pathologies using se-
rial contrast-enhanced cardiovascular CMR at 4 time
points after primary PCI (4-12 hours, 3 days, 10 days,
and 7 months) in an unselected series of STEMI survi-
vors. The main findings were as follows: 1) the overall
incidence of myocardial hemorrhage was 43%; and
2) approximately one-quarter of the patients had evi-
dence of myocardial hemorrhage 4-12 hours post-MI,
hemorrhage detection increased progressively with
20%new cases at 3 days comparedwith 4-12 hours, and
hematoma persisted at 10 days and 7 months in 37%
and 13% patients, respectively (Figure 1). Myocardial
hemorrhage was associated with sustained reductions
in left ventricular ejection fraction and adverse left
ventricular remodeling from baseline through
7 months. Based on these observations, myocardial
hemorrhage appears to increase progressively after
reperfusion with a primary hyperacute phase <12
hours post-MI culminating in a peak 3 days later. The
interval between days 1 and 3, potentially a phase of
secondary hemorrhage, suggests that there may be a
therapeutic window to prevent hemorrhage should
targeted therapies become available in the future.
SEE PAGE 35
In this issue of the Journal, Liu et al (12) provide a
translational clinical study of myocardial injury in
relation to the occurrence of intramyocardial
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FIGURE 1 Time-Course of MVO and IMH After Primary PCI
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Time course of microvascular obstruction and intramyocardial hemorrhage Reflected by T2- and T2* within the infarct core (2).

IMH ¼ intramyocardial hemorrhage; LV ¼ left ventricular; MRI ¼ magnetic resonance imaging; MVO ¼ microvascular obstruction;

PCI ¼ percutaneous coronary intervention.
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hemorrhage. They studied cardiac troponin kinetics in
70 patients treated by primary PCI for acute STEMI,
and 70% had evidence of myocardial hemorrhage by
T2* CMR criteria. They then assessed the effects of
myocardial hemorrhage on ischemic burden using a
canine experimental model of myocardial ischemia/
reperfusion injury and serial assessments of troponin
and MI size using time-lapse imaging. In the clinical
study, the investigators found that troponin following
primary PCI peaked earlier (12 hours vs 24 hours; P <

0.05) and was higher in patients with hemorrhage (P <

0.01). In hemorrhagic animals, reperfusion led to an
endo-epicardial wave front of necrosis that was not
observed in nonhemorrhagic cases (P < 0.001). MI size
and salvage were not different at 1-hour post-
reperfusion in animals with and without hemorrhage;
however, within 72 hours of reperfusion, a 4-fold
greater loss in salvageable myocardium was evident in
hemorrhagic MIs (P < 0.001). This paralleled observa-
tions in the clinical study, with larger MIs occurring in
hemorrhagic cases (P < 0.01). The investigators
concluded that myocardial hemorrhage is a determi-
nant of MI size, drives MI expansion after reperfusion,
and compromises myocardial salvage.

We applaud the investigators for providing new,
mechanistic insights into a difficult clinical problem
that has an unmet therapeutic need. Only through
mechanistic studies that are transferable to the clinic
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can therapeutic targets be identified. The authors
executed elegant experimental imaging with serial
scans. To avoid the limitations of edema as a surro-
gate of area-at-risk (AAR) (13), they acquired 13N-
ammonia positron emission tomography studies
during coronary occlusion. It is noteworthy that ani-
mals that were defined as having hemorrhagic
infarction based on the CMR scan at 3 days already
had a much larger MI size at 24 hours. Previous
experimental studies have demonstrated that hem-
orrhage at 24 hours is still not large (certainly much
smaller than at days 3-4 postreperfusion) (14).
Therefore, it is difficult to completely dissect the
impact of hemorrhage per se (vs MI size) on adverse
remodeling. It might be the case that more severe
ischemia/reperfusion events are associated with large
MI sizes and higher degree of hemorrhage. Consid-
ering some of the potential limitations of this paper,
the prevalence of myocardial hemorrhage (70%) was
higher compared with prior studies implying a level
of selection bias in the population. Further, future
research should assess the validity of T2* for accurate
sizing of intramyocardial hemorrhage, including at
different time points, because T2* decay is influenced
by the breakdown products of hemoglobin which
evolve over time.
In conclusion, intramyocardial hemorrhage repre-
sents the final frontier for preventing heart failure
post-MI. It is readily detected using CMR, and clinical
research of novel therapeutic approaches (15,16)
merits prioritization.
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