
Reperfusion Hemorrhage
Following Acute Myocardial
Infarction: Assessment with T2*
Mapping and Effect on Measuring the
Area at Risk1

Declan P. O’Regan, FRCR, PhD
Rizwan Ahmed, MRCP
Narayan Karunanithy, FRCR
Clare Neuwirth, RN
Yvonne Tan, RN, BA
Giuliana Durighel, BSc
Joseph V. Hajnal, PhD
Imad Nadra, MRCP
Simon J. Corbett, PhD, MRCP
Stuart A. Cook, PhD, MRCP

Research ethics committee approval and informed consent
were obtained. The purpose of this study was to assess the
feasibility of multiecho T2* mapping of the heart for de-
tecting reperfusion hemorrhage following percutaneous
primary coronary intervention (PPCI) for acute myocar-
dial infarction, and to measure the effect of hemorrhage on
quantifying the ischemic area at risk (IAR) on T2-weighted
magnetic resonance images. Fifteen patients (mean age,
59 years; 13 men, two women) were imaged a mean of 3.2
days following PPCI. The mean area of hemorrhage, indi-
cated by a T2* decay constant of less than 20 msec, was
5.0% � 4.9 (standard deviation) at the level of the infarct
and this correlated with the infarct (r2 � 0.76, P � .01)
and microvascular obstruction (r2 � 0.75, P � .01) vol-
umes. When 5% or less hemorrhage was present, the IAR
was underestimated by 50% at a standard deviation
threshold level of five, compared with a boundary detec-
tion tool (21.8% vs 44.0%, P � .05). T2* mapping is
feasible for quantifying post-reperfusion hemorrhage and
boundary detection is required to accurately assess the
IAR when hemorrhage is present.
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Occlusion of a coronary artery
leads to myocardial tissue edema
in the vascular bed downstream

of the vessel (1–3). This develops after
an hour of occlusion or more (4) and
may persist for several months (5). The
increase in mobile water content within
ischemic myocardium causes a prolon-
gation of T2 magnetic resonance (MR)
relaxation (6,7). Therefore, the extent
of hyperintense edema on T2-weighted
MR images allows the ischemic area at risk
(IAR) of injury to be retrospectively deter-
mined (6,8–11). This zone includes myo-
cardium that is potentially salvageable fol-
lowing reperfusion, as well as irreversibly
injured tissue (8). However, reperfusion of
severely ischemic myocardium also leads to
interstitial hemorrhage, which may be an
important marker for irreversible micro-
vascular damage (12,13). The effects of
hemorrhage on T2 signal are complex, but
between 1 and 7 days after reperfusion,
paramagnetic effects appear to predomi-
nate (14). Signal voids have been observed
within infarctions on gradient-echo MR im-
ages, which correspond to histologic evi-
dence of hemorrhage (11,15). Therefore,
cardiac T2*-weighted mapping has the po-
tential to quantify the extent of myocardial
hemorrhage and compare it with other in-
dexes of ischemic injury. Furthermore, the
paramagnetic effects of hemorrhage would
also be expected to cause signal loss on
T2-weighted spin-echo MR images, which
may lead to a clinically important underes-
timation of the IAR by using signal intensity
threshold level criteria.

In this study, we assessed the feasi-
bility of using T2*-weighted mapping to
quantify regions of myocardial hemor-
rhage following percutaneous primary

coronary intervention (PPCI) for acute
myocardial infarction. We also hypoth-
esized that myocardial hemorrhage
would lead to an underestimation of the
IAR on T2-weighted MR images by us-
ing conventional signal intensity thresh-
old intensity level criteria.

Materials and Methods

Participants
This study was approved by the re-
search ethics committee (Hammer-
smith Hospital, Hampshire, England)
and all patients gave written informed
consent. We prospectively investigated
15 consecutive patients (13 men, two
women; mean age, 59 years; range,
41–74 years) who had undergone PPCI
within the previous 7 days. The inclu-
sion criteria were men and women aged
18–85 years, who had an electrocardio-
graphic diagnosis of acute ST-elevation
myocardial infarction and coronary in-
tervention within 10 hours of symptom
onset. Exclusion criteria were contrain-
dications to cardiac MR imaging (n �
3), previous myocardial infarction (MI)
or heart failure (n � 0), clinical instability
(n � 2), significant arrhythmias (n � 0),
and pregnancy or lactation (n � 0). All
patients presented within 24 hours of the
onset of chest pain for treatment of a first
myocardial infarction. The diagnosis of
MI required ST-elevation of 1 mm or
more in two contiguous electrocardio-
graphic leads and chest pain onset within
12 hours of presentation (�24 hours in
the case of ongoing symptoms). Coronary
angiography and PPCI were performed
by means of a transfemoral or transradial
approach to identify and perform angio-
plasty on the infarct-related artery. The

use of bare-metal or drug-eluting stents
and abciximab (ReoPro; Eli Lilly, India-
napolis, Ind) was at the operator’s discre-
tion. All patients received antiplatelet
therapy with aspirin, clopidogrel (Plavix;
Bristol-Myers Squibb, New York, NY),
and intravenous heparin before PPCI.

Cardiac MR Protocol
The cardiac MR examinations were per-
formed with a 1.5-T imager (Achieva,
Philips; Best, the Netherlands) by an MR
technologist (G.D., with 5 years experi-
ence). The maximum gradient strength
was 31 mT/m and the maximum slew rate
was 200 mT/m/msec. A five-element car-
diac phased-array coil was used for signal
reception. Coil sensitivity–based unifor-
mity correction was performed by using
the constant-level-appearance algorithm
by using a breath-hold reference image of
the thorax (16).

Scout images were obtained and used
to plan an axial stack of balanced steady-
state free precession cine MR images in the
left ventricular (LV) short-axis plane from
base to apex by using the following param-
eters: repetition time msec/echo time
msec, 3.0/1.5; voxel size, 2.0 � 2.2 � 8
mm; flip angle, 60°; section thickness, 8
mm; intersection gap, 2 mm; bandwidth,
1250 Hz/pixel; and 20 cardiac phases. Myo-
cardial edema was imaged by using a
breath-hold black-blood T2-weighted turbo
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Advances in Knowledge

� Navigator-gated T2*-weighted MR
mapping can be used to image
myocardial hemorrhage following
infarct reperfusion.

� Myocardial hemorrhage leads to
an underestimation of the ische-
mic area at risk (IAR) seen on
T2-weighted MR images by using
signal intensity threshold level
criteria.

Implications for Patient Care

� Hemorrhage after reperfusion
may be quantified and compared
with other measures of ischemic
injury.

� Boundary detection avoids under-
estimating the IAR seen at T2-
weighted imaging in the presence
of reperfusion hemorrhage.
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spin-echo sequence with short inversion
time inversion recovery fat suppression
with the following parameters: repetition
time, two R-R intervals; echo time, 100
msec; voxel size, 1.9 � 2.6 � 10 mm; flip
angle, 90°; section thickness, 10 mm; and
bandwidth, 467 Hz/pixel.

Myocardial hemorrhage was imaged
with a dual-inversion black-blood gradient
multiecho T2* MR sequence by using the
following parameters: 17/2.3–16.1; seven
echoes obtained; change in echo time, 2.3
msec; voxel size, 1.7 � 2.8 � 10 mm; flip
angle, 20°; section thickness, 10 mm; and
bandwidth, 1387 Hz/pixel. A single short-
axis image plane was chosen at the level of
maximal edema. Cardiac triggering was set
for mid diastole to reduce motion artifact.
Localized volume shimming was used with
a volume placed over the whole heart. Nav-
igator echo respiratory gating was used to
acquire images during free breathing with
the pencil-beam excitation localized to the
right hemidiaphragm.

An intravenous bolus of gado-
pentetate dimeglumine (Magnevist;
Bayer Schering Pharma, Berlin, Ger-
many) was administered at a dose of 0.2
mmol per kilogram of body weight by
using a power injector (Spectris Solaris;
Medrad, Indianola, Pa). Microvascular

obstruction (MVO) was imaged within 1
minute of contrast material injection by
using a three-dimensional inversion-
recovery breath-hold sequence with the
following parameters: 4.3/1.4; inver-
sion time, 180 msec; voxel, 1.4 � 1.4 �
8 mm; flip angle, 15°; section thickness,
8 mm; and bandwidth, 266 Hz/pixel.
Infarct size was subsequently imaged in
the same manner at 15 minutes follow-
ing injection of contrast material, with
the inversion time adjusted to null the
signal from normal myocardium by us-
ing the Look-Locker method (17).

Cardiac MR Image Analysis
All cardiac MR measurements were per-
formed independently by two observers
(D.P.O. and S.A.C., each with 5 years
experience in cardiac MR) and the mean
value was used for analysis. Segmentation
of the LV cavity and wall from the short-
axis balanced steady-state free preces-
sion cine MR images was performed by
using software (CMRtools; Cardiovas-
cular Imaging Solutions, London, En-
gland). LV mass, end-diastolic volume,
and end-systolic volume were calculated
and indexed to body surface area. The
T2-weighted short inversion time inver-
sion recovery images were analyzed by

using software (Medical Image Process-
ing, Analysis, and Visualization; Na-
tional Institutes of Health, Bethesda,
Md) (18). The images were first manu-
ally masked to include only the myocar-
dium for subsequent analysis. This ex-
cluded any unsuppressed slow-flowing
blood adjacent to the LV wall. The area
of hyperintense myocardial edema, in-
dicative of the IAR, was measured with
semiautomated boundary segmentation
by using the level-set method (19). Each
observer defined a point at the edge of
the hyperintense zone and a boundary
was then automatically generated
around the IAR. This method was com-
pared with a conventional signal inten-
sity threshold level method by using
two, three, and five standard deviations
(SDs) above the mean of remote normal
myocardium (9). A pixel-by-pixel analy-
sis was performed of the multiecho T2*-
weighted images by using software
(Matlab, version 2007a; Mathworks,
Natick, Mass) with fitting to a simple
monoexponential decay by using the fol-
lowing equation:

S�t� � S0e�TE/T2*,

where S0 is the initial magnitude signal

Figure 1

Figure 1: LV short-axis images acquired 2 days after PPCI of left anterior descending artery occlusion. (a) T2*-weighted MR imaging map (17/2.3–16.1; flip angle,
20°; black-blood prepulse) acquired before contrast material administration. Pixels with T2* decay constant of less than 20 msec (red) show region of postreperfusion
hemorrhage (arrow). Susceptibility artifact adjacent to inferolateral epicardium was manually excluded, if present (arrowhead). (b) Hemorrhage closely corresponds to
area of MVO (red) shown on early enhancement image (4.3/1.4/180 and flip angle, 15°). (c) Extent of enhancing myocardial necrosis (red) and residual MVO (black core)
is shown on late enhancement image (4.3/1.4/250 and flip angle, 15°).
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intensity, S(t) is the magnitude of signal
intensity at TE, echo time, and T2* is the
decay constant. Hemorrhage was consid-
ered to be present if the T2* value was
below the normal myocardial value of 20
msec reported in healthy subjects (20)
and was expressed as a percentage of LV
area of that section. Susceptibility artifact
adjacent to the inferolateral LV epicar-
dium was excluded, if present (21,22).
The volume of myocardial hypointensity
on the early enhancement images was

used to define percentage of MVO, and
the volume of hyperintensity, including
residual MVO, on the late enhancement
images was used to define infarct percent-
age. A salvage index was calculated as the
proportion of the IAR that did not show
late enhancement.

Statistical Analysis
All continuous data are reported as the
mean � SD. The Mann-Whitney exact
two-tailed U test was performed to com-

pare variables in subjects with a hemor-
rhage area above or below the mean for
the whole group. A one-way analysis of
variance performed with the Dunnett
correction was used to make pairwise
comparisons between IAR measure-
ments by using each detection method.
The association between variables was
assessed by using the linear least-
squares regression. In each case, signif-
icance was assumed at a P value of less
than .05.

Results

Cardiac MR was performed at a mean
of 3.2 days � 2.0 (range, 1–7 days) after
PPCI, and imaging was well tolerated by
all subjects. The coronary vessels that
received intervention were the left ante-
rior descending artery (n � 7), right
coronary artery (n � 6), circumflex ar-
tery (n � 1), and obtuse marginal artery
(n � 1). Transmural edema was present
in all subjects on the T2-weighted short
inversion time inversion recovery im-
ages and was in the same anatomic re-
gion as the late gadolinium enhance-
ment. No patients had late enhance-
ment or edema in more than one area.

Intramyocardial Hemorrhage after PPCI
The mean area of hemorrhage, as indi-
cated by a T2* measurement of less
than 20 msec, was 5.0% � 4.9 (range,
0.1%–14.4%) at the level of the infarct.
A value of 5% of the hemorrhage area
was therefore considered as the cutoff
value for subsequent subgroup analysis.
In total, six (40%) of 15 of subjects dem-
onstrated 5% or more hemorrhage af-
ter reperfusion (Fig 1). There was a
close correlation between the extent of
hemorrhage and the MVO (r2 � 0.75,
P � .01) and infarct (r2 � 0.76, P � .01)
volumes (Fig 2). A summary of the pa-
tient information and cardiac MR–de-
rived indexes, given the extent of hem-
orrhage, is provided in the Table.

IAR and Myocardial Salvage Assessment
in Hemorrhagic Myocardial Infarcts
By using the edge detection method,
the mean IAR in all subjects was
33.9% � 12.0 (range, 20.3%–57.0%).
The mean IAR was larger in subjects

Figure 2

Figure 2: Graphs show correlation between extent of myocardial hemorrhage derived from quantitative
T2*-weighted map and (a) MVO (r2 � 0.75, P � .01) and (b) infarct (r2 � 0.76, P � .01) volumes (expressed
as percentage of total LV volume).

Patient Details and Cardiac MR Indexes Grouped by Using Extent of Myocardial
Hemorrhage

Characteristic
Hemorrhage �5%
(n � 9)*

Hemorrhage �5%
(n � 6)* P Value

Patient data
Age (y) 58.1 � 10.9 61.2 � 6.1 .689
No. of men 7 6
Time from pain to balloon angioplasty (h) 3.4 � 1.7 6.8 � 4.7 .181
Time from balloon angioplasty to cardiac MR (d) 3.0 � 2.2 3.0 � 1.9 .607
Troponin 84 � 147 150 � 89.5 .026†

Cardiac MR indexes
LV mass index (g/m2) 81.3 � 15.8 99.2 � 18.1 .113
LV end-diastolic volume index (mL/m2) 72.1 � 22.5 81.7 � 14.6 .224
LV end-systolic volume index (mL/m2) 30.3 � 11.8 48.7 � 15.5 .066
Stroke volume (mL) 81.0 � 24.7 61.7 � 6.6 .088
Ejection fraction (%) 59.8 � 5.4 42.0 � 12.0 .018†

MVO (%) 4.5 � 5.0 22.8 � 10.5 .001†

Infarct (%) 16.7 � 5.6 31.8 � 8.9 .001†

IAR (level set) (%) 27.0 � 6.3 44.1�11.2 .005†

Myocardial salvage (level set) (%) 40.7 � 19.7 14.5 � 13.7 .026†

* Data are the mean � standard deviation.
† Significant difference by using Mann-Whitney U test.
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with 5% or more hemorrhage with a
mean size of 44.1% � 11.2, as compared
with 27.0% � 6.3 in subjects with less
than 5% hemorrhage (P � .01).

Compared with level-set measure-
ment, a two-SD signal intensity thresh-
old level overestimated the IAR by 69%
(45.8% vs 27.0%, P � .01) in subjects
with less than 5% hemorrhage, while a
five-SD threshold level provided the
closest agreement (26.1% vs 27.0%,
P � .8). However, when 5% or more
hemorrhage is present, the IAR was un-
derestimated by 50% (21.8% vs 44.0%,
P � .05) by using the same five-SD
threshold level (Fig 3). This underesti-
mation of IAR was a result of diminished
T2 signal intensity in the IAR when hem-
orrhage was present (Fig 4).

Finally, we determined the effect of
the level-set and threshold level methods
on measurements of myocardial salvage.
Owing to the effects of hemorrhage on
threshold level–based estimation of IAR,
we observed marked variation in the sal-
vage index of patients with hemorrhage
across the range of threshold levels as
compared with the level-set method (Fig
5). Indeed, estimation of myocardial sal-
vage at three- and five-SD threshold levels
becomes unreliable in hemorrhagic in-
farcts as the apparent IAR becomes
smaller than the actual infarct size. It was
notable that by using the level-set tech-
nique, the mean myocardial salvage index
was reduced in subjects with 5% or more
hemorrhage with a mean index of 14.5%
� 13.7, as compared with 40.7% � 19.7
in subjects with less than 5% hemorrhage
(P � .01).

Discussion

Our findings demonstrate the feasibility
of using navigator-gated T2*-weighted
MR mapping of the heart to quantify the
extent of myocardial hemorrhage fol-
lowing infarct reperfusion. Hemorrhage
is frequently observed and is associated
with large infarcts where MVO is
present and is an indicator of poor myo-
cardial salvage. Hemorrhage in the core
of the ischemic region causes signal loss
on T2-weighted images and boundary
detection is required to reliably assess
the IAR.

Cardiac MR Imaging of Hemorrhage after
Reperfusion
The effects of hemorrhage on T2 relax-
ation are complex and depend on the
form of hemoglobin present (oxyhemo-
globin, deoxyhemoglobin, or methemo-
globin), the presence of blood degrada-
tion products (ferritin and hemosiderin),
and the effects of cellular compartmental-
ization. The patients in this study were
imaged 1–7 days after PPCI, when hema-
toma typically demonstrates marked T2
hypointensity owing to intracellular de-
oxyhemoglobin and methemoglobin (23).
The T2 signal of hemorrhagic myocar-
dial infarction is therefore determined
by using the two opposing mechanisms
of edema (increased T2 signal) and
paramagnetism (decreased T2 signal)
(14). The resulting relatively hypoin-
tense hemorraghic core of the infarct
seen on T2-weighted images (Fig 5)

shows a close correspondence to the
distribution of interstitial hemorrhage
on pathologic specimens in humans
(11). A more sensitive technique for de-
tecting intramyocardial hemorrhage is
to use T2*-weighted gradient-echo se-
quences, which have an additional de-
pendence on T2� decay owing to mag-
netic field inhomogeneities (24,25).
However, the use of T2*-weighted maps
to quantify hemorrhage after PPCI in
humans has not been applied, to our
knowledge. By using the approach we
have developed, it is now possible to
compare the extent of hemorrhage with
other indexes of ischemia or infarction.
Perhaps surprisingly, hemorrhage is
common during PPCI and can occur
even after short-term coronary occlu-
sion. Antiplatelet drugs and heparin,

Figure 3

Figure 3: Estimation of IAR by using level-set
and signal intensity threshold level techniques in
subjects with less than 5% and 5% or more
hemorrhage.

Figure 4

Figure 4: T2-weighted short inversion time inversion recovery (1600/100/180; flip angle, 90°; and black-
blood prepulse) LV short-axis images obtained in same patient as in Figure 1. IAR identified by using level set
edge detection (green) and SD signal intensity threshold levels (red). At low signal intensity threshold levels,
nonspecific signal noise results in bright pixels in nonischemic territories, causing overestimation of IAR. At
higher threshold levels, signal from myocardial edema can be masked by presence of hemorrhage in infarct
core (arrow), which leads to underestimation of IAR.

Figure 5

Figure 5: Estimation of myocardial salvage by
using level-set and threshold level techniques in
subjects with hemorrhage of less than 5% and 5%
or more.
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which are routinely prescribed peripro-
cedurally, might influence the extent of
reperfusion hemorrhage. A study with a
larger sample size may also confirm the
association between pain-to–balloon
angioplasty time and development of
hemorrhage.

Hemorrhage after Reperfusion Indicates
Diminished Myocardial Salvage
Hemorrhage has been observed in ca-
nine models following reperfusion of in-
farcted myocardium where the extent of
hemorrhage is determined by the time
delay between coronary artery occlu-
sion and subsequent reperfusion (26).
In this model, hemorrhage occurs only
in myocardium already markedly com-
promised at the time of reperfusion, in
which tissue necrosis has already devel-
oped (12,27) and is not the primary
cause of microvascular injury (28). In
human studies, qualitative detection of
hemorrhage by using cardiac MR fol-
lowing balloon angioplasty for myocar-
dial infarction has been associated with
irreversible microvascular damage
(24,25). Our data, obtained following
PPCI, show that hemorrhage is also an
indicator of poor myocardial salvage po-
tential. This reflects the observation
that larger infarcts tend to have MVO
(29), which predisposes the myocar-
dium to reperfusion hemorrhage.

Effect of Hemorrhage on Estimating the
IAR
Accurate measurement of the IAR is re-
quired for studies aimed at improving
myocardial salvage (30). Cardiac MR
techniques for measuring the IAR on
T2-weighted images have included man-
ual contouring (29), a half-maximal sig-
nal intensity threshold level (8,10), a
two-SD signal intensity threshold level
with a minimum contiguous area (31),
and a three-SD signal intensity thresh-
old level (32). The limitation of using
these methods on images with relatively
low contrast-to-noise ratio is that noise
outside the ischemic territory may be
erroneously included in the IAR mea-
surement. Also, our data show that low
signal within the infarct core owing to
reperfusion hemorrhage may also fall
below the signal intensity threshold

level for measurement. A similar issue
arises owing to the low signal of MVO
demonstrated at late gadolinium en-
hancement imaging. As there is a con-
tiguous region of myocardial edema fol-
lowing coronary occlusion, it appears
appropriate to define the IAR by using a
single boundary (13). For our study, we
used a level-set image analysis tool that
is designed for segmentation of less de-
fined boundaries owing to low contrast
or background noise levels (19) and is
freely available online (18). A similar
segmentation technique has been suc-
cessfully applied to the higher-contrast
images of late gadolinium enhancement
to quantify infarct size (33).

Study Limitations
The threshold level for detecting hemor-
rhage at cardiac MR was not determined
on the basis of histologic data, as none of
the prospectively recruited patients died.
However, there are autopsy case reports
demonstrating close histopathologic cor-
relation of the hypointense T2 signal with
post-reperfusion hemorrhage in human
(11) and animal studies that show that T2
and T2* sequences accurately localize
blood products (15,34). Changes in myo-
cardial T2* signal are not specific for
hemorrhage. Iron overload shortens T2*
signal (20) and the blood oxygen level–
dependent effect may also cause subtle
changes in T2* signal owing to capillary
recruitment in chronically ischemic myo-
cardium (35). None of the subjects in the
study were known to have iron overload.
Also the blood oxygen level–dependent
effect of intracapillary deoxyhemoglobin
is likely to be modest in comparison with
the paramagnetic effects of macroscopic
hemorrhage. Lastly, although nonenhanc-
ing myocardium within the infarct is
thought to represent MVO (29,36,37), it
is possible that the presence of blood
products may also contribute to its low
signal seen on cardiac MR images (11).

Practical application: Studies per-
formed with cardiac MR to determine
the IAR and myocardial salvage should
use boundary detection methods for
quantification, as arbitrary signal in-
tensity threshold levels are unreliable
when hemorrhage is present. Postre-
perfusion hemorrhage can be assessed

by using T2* mapping and may pro-
vide an imaging marker of poor myo-
cardial salvage.
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