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Abstract

Purpose

To report initial experience with TE-averaged susceptibility weighted imaging (SWI) in nor-

mal subjects and acute myocardial infarction (AMI) patients for the detection of intramyocar-

dial hemorrhage (IMH).

Materials and Methods

15 healthy control and 11 AMI subjects were studied at 1.5T before contrast agent adminis-

tration with a dark blood double inversion recovery multiple spoiled gradient-echo se-

quence. Magnitude, susceptibility weighted and TE-averaged images were reconstructed

from raw data. Contrast and signal-difference-to-noise were measured and compared be-

tween methods for IMH detection.

Results

There were six patients with microvascular obstruction (MVO) and four patients with IMH

detected by TE-averaged SWI imaging. All patients with IMH on SWI scans had MVO on

late gadolinium-enhanced (LGE) imaging. There was a three-fold increase in IMH contrast

with SWI compared to magnitude images. IMH contrast decreased and signal-to-noise in-

creased with increased TE averages.

Conclusions

TE-averaged SWI imaging is a promising method for myocardial tissue characterization in

the setting of AMI for the detection of IMH. Along with gray-scale colormap inversion, it com-

bines not only magnitude and phase information, but also images across TEs to provide a

single image sensitive to IMH with characteristics similar to LGE imaging.
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Introduction
Magnetic resonance (MR) offers a noninvasive imaging modality with ongoing technical devel-
opments for the assessment of myocardial function, perfusion and tissue characterization [1–
4]. In the setting of acute myocardial infarction (AMI), therapeutic [5–8] and spontaneous [9]
reperfusion of ischemic myocardium can lead to interstitial intramyocardial hemorrhage
(IMH) [10–12] which is associated with microvascular obstruction (MVO) [13,14] and subse-
quent adverse clinical outcomes [5]. Gadolinium-enhanced imaging [15] is routinely used for
the clinical assessment of myocardial perfusion [16] and viability [17]. Imaging without con-
trast agents (so-called native imaging) can be used in AMI patient for additional myocardial
tissue characterization. Native T1 and T2 weighted imaging and quantitative measurements
have been reported to detect myocardial edema and depict the myocardial area at risk [18–20].
IMH affects T1, T2 and T2� relaxation as well as susceptibility [21–26] and the feasibility of
several MR image contrasts (T1 [27–29], T2 [25,27–40], T2� [25,26,30,38,41,42] and gradient-
echo phase [43] has been demonstrated for the depiction of IMH.

Susceptibility weighted imaging (SWI) [44,45] uses a type of image contrast different from
traditional spin density, T1 or T2 weighted MR imaging. SWI typically uses a flow compensat-
ed, long gradient recalled echo pulse sequence to acquire complex images and then emphasized
susceptibility differences between tissues contained in image phase. Magnitude and phase data
are combined to produce an enhanced contrast magnitude image which is sensitive to venous
blood, hemorrhage and iron storage. The aim of SWI is to enhance the image contrast between
tissues with different susceptibilities for better visualization. Original SWI was a single gradi-
ent-echo sequence, but has been extended to multiple echoes for improvements in contrast and
signal-to-noise (SNR) using echo combination [46–49].

In a recent publication [43], we showed that IMH significantly reduces image phase below
normal variations. In the present work, we report our initial experience with myocardial SWI
imaging (combined gradient-echo magnitude and phase imaging) in normal subjects and AMI
patients for the detection of IMH. We propose TE image averaging and gray-scale inversion as
a means of providing a single image with good image SNR and excellent contrast for the detec-
tion of IMH. Additionally, we compared single-echo SWI and TE-averaged SWI quantitatively
for image SNR and contrast characteristics.

Materials and Methods
Study data from a previous published report [43] which studied gradient-echo image phase
was used to generate SWI images. LV functional measures and infarct sizes are listed in this
publication. Twenty-six individuals underwent MR imaging at 1.5T using a standard body ma-
trix phased array coil (Magnetom Siemens Avanto, Erlangen, Germany). The coil consisted of
four clusters of three anterior and posterior elements. Elements were combined with the Auto
(CP) coil mode and sampled as four clusters. Eleven subjects were enrolled at 3 days after their
first myocardial infarction (age = 55.0 ± 11.5 years, range = 38.1–79.0) and fifteen were healthy
control subjects (age = 61.7 ± 8.9 years, range = 41.9–76.4). AMI patients volunteered for this
research study prior to hospital discharge after successful emergent reperfusion therapy with
stent placement. Each subject underwent imaging according to a protocol approved by the in-
stitutional review board. All subjects signed an institutional review board approved, Health In-
surance Portability and Accountability Act compliant consent form prior to study initiation.

MR Imaging
Acquisitions were performed during suspended respiration at end-expiration. Oxygen (2 l/min
via a nasal cannula) was provided to improve breath-holding. For each part of the study,
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identical slice locations were used consisting of 7–10 parallel short-axis slices spanning the LV
myocardium from the base to apex and three LV long axis views (two-, three, and four cham-
ber). Before contrast agent administration, a dark blood double inversion recovery multiple
spoiled gradient-echo sequence (1 slice per breathhold, repetition time = 20 ms; 12 echo times,
2.4–15.5 ms (1.2 ms spacing), flip angle = 20 degrees, bandwidth = 1860 Hz/pixel, in-plane spa-
tial resolution = 2.3 x 1.7 mm2, slice thickness = 8 mm, velocity compensation in read and
slice) was used for SWI imaging. Imaging was performed in mid-diastole using a prospectively
gated segmented acquisition of k-space over 13 heartbeats with ECG gating using a signal from
leads placed on the subject's chest. Raw k-space data were saved to the scanners hard disk and
transferred to a personal computer for offline image reconstruction. A phase sensitive inver-
sion recovery gradient-echo pulse sequence (1 slice per breathhold, repetition time = 8.7 ms;
echo time = 3.4 ms; flip angle = 25 degrees, bandwidth = 130 Hz/pixel, in-plane spatial resolu-
tion, 1.7 x 1.3 mm2, slice thickness = 8 mm) was used for late gadolinium enhanced (LGE) in-
farct imaging [50]. LGE imaging was commenced 15 minutes after bolus contrast agent
administration (0.15 mmol/kg gadopentetate dimeglumine, Magnevist, Bayer Healthcare,
Wayne, NJ). The inversion time parameter was manually adjusted to minimize the signal of vi-
able myocardium (250–350 ms) at the start of LGE acquisitions.

Image Reconstruction
Offline SWI image reconstruction was performed using Matlab R2009b (Mathworks, Natick,
MA) from saved raw data files for both long and short axis images. Three classes of image re-
construction were performed: 1) standard magnitude and high-pass filtered phase 2) SWI and
3) echo time (TE) averaged.

1. Standard Magnitude and High-pass Filtered Phase Image Reconstruction. Images were
independently reconstructed for each TE and coil element. Complex images were recon-
structed using Matlab’s two-dimensional discrete Fourier transform function (fft2) and full
resolution magnitude and phase images were extracted. Next, a complex low pass filtered
(LPF) image using an N = 64 point radial squared hanning filter

LPF kx; kyð Þ ¼ 0:5 1� cos 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kx2þky2

p
N�1

� �� �2"
was reconstructed by filtering k-space

data and Fourier transform. High-pass filtered phase images were then calculated by dividing
the low pass filtered image into the full resolution complex image and then extracting the
phase component [44]. Individual coil element magnitude images were combined using a sum-
of-squares reconstruction [51].
2. Susceptibility Weighted Image (SWI) Reconstruction. SWI images for each TE were con-

structed with 3 and 6 phase mask multiplications (N).

SWIðx; yÞ ¼ jIðx; yÞj � Phase maskðx; yÞN

The phase mask was computed to emphasize negative phase:

Phase maskðx; yÞ ¼ ðpþ φðx; yÞÞ=p �p < φðx; yÞ < 0

1 otherwise

(

3. TE-Averaged Image Reconstruction. To improve signal-to-noise, magnitude and SWI im-
ages were averaged across echo times (nTE = number of TE averages). 11 averaged images
were constructed by averaging the longest echo time images. The longer echo times have the
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lowest SNR and greatest IMH contrast. Therefore averaged images consisted of (nTE = 2) =
TE11+TE12, (nTE = 3) = TE10+ TE11+ TE12, (nTE = 4) = TE9+ TE10+ TE11+ TE12, etc.
nTE = 1 represents the longest TE image without averaging.

T2� measurements were performed from magnitude images using ImageJ for region-of-in-
terest (ROI) measurements and Matlab for curve fitting. ROIs were drawn on the short-axis
images (basal, mid-ventricular and apical) according to the 16-segment AHA model [52]. For
each ROI, the mean image intensity for each TE was computed and a T2� decay curve was con-
structed. Each measured decay curve was fitted with an exponential function: S = So exp(-TE/
T2�) + C; where S is the image signal intensity, So and C are constants, TE is the echo time and
T2� is the transverse relaxation time.

Image Analysis
Average signal intensity was measured from identical region-of-interests for each reconstruc-
tion in the hemorrhagic infarct (identified as a hypointense lesion) and adjacent myocardium.
The noise standard deviation was estimated from an ROI without signal (either outside of the
body or in the lung cavity). Contrast and signal-difference-to-noise (SDNR) [53] were calculat-
ed from these measurements for source magnitude images, SWI images and TE-averaged im-
ages. Contrast = (S1-S2)/S1 and SNDR = (S1-S2)/STD, where S1 and S2 are mean image
intensities and STD is and estimate of the noise standard deviation. Analysis of variance
(ANOVA) and Student’s t-test was used to determine significant differences between recon-
struction methods and number of TE averages as appropriate. A p-value less than 0.05 was
used to determine significant differences.

A single reader blindly reviewed TE-averaged SWI images for artifacts and recorded the
number of control subjects and AMI patient with artifacts and their anatomical location. Using
a semi-automatic detection algorithm, a signal intensity threshold of fifty percent of the maxi-
mummyocardial signal was applied to quantify the total LGE infarct volume from short-axis
images [54]. Discrete areas of hypointensity within LGE were considered to be MVO. Although
under the fifty percent signal intensity threshold, these pixels were included in the calculation
of LGE infarct volume. Volumes of IMH and MVO were measured using visual intensity
thresholding. LGE, IMH and MVO volumes are reported as a percentage of LV myocardial vol-
ume. For the analyses of T2� and segments with IMH detected with TE-averaged SWI, repeated
measures ANOVA and mixed model analysis was used. Marginal means and standard
deviations reported.

Results
There were nine transmural and three subendocardial MIs. Culprit lesions were located in the
left anterior descending coronary artery [n = 3], left circumflex coronary artery [n = 3] and
right coronary artery [n = 5]. Peak cardiac serum biomarkers were Creatine Phosphokinase
(CPK) (n = 10) = 1612.9 ± 813.5 (u/l), Creatine Kinase-MB (CK-MB) (n = 10) = 123.0 ±
95.7 (ng/ml), MB Relative Index (n = 10) = 7.3 ± 3.4 (%) and Troponin I (n = 8) = 25.4±
29.5 (ng/ml).

Results from a representative AMI subject are given in Figs 1–5. Source magnitude images
(Fig 1) show an IMH lesion in the mid to basal inferior wall. SWI images (Fig 2) show better le-
sion definition via improved image contrast across all echo times. The IMH lesion is best de-
fined at TE = 15.5ms, but image quality is severely degraded by increased noise giving it a
cloudy appearance. TE-averaging (Figs 3 and 4) improves SNR for both magnitude and SWI
images, but IMH contrast is better in SWI images, (see Fig 4, nTE = 9). Grayscale colormap

Imaging of Intramyocardial Hemorrhage with Magnetic Resonance SWI

PLOS ONE | DOI:10.1371/journal.pone.0123560 April 13, 2015 4 / 14



inversion of echo combined SWI images (Fig 5) yields images characteristics similar to LGE
imaging; normal myocardium is dark, with bright fat and blood. In this patient with MVO,
IMH is seen as a hyperintense lesion in the inferior wall in the same segment as MVO.

Quantitative results from ROI measurements displayed in Fig 6 show the reduction in IMH
contrast and increase in IMH SDNR with increased averages (p<0.001). There was a three-fold
increase in IMH contrast with SWI compared to source images. Contrast increased when com-
paring six vs. three phase mask multiplications (p<0.01). Contrast decreased and signal-to-
noise increased with increased TE averages. SDNR increased with TE averages up to nTE = 9
(p = 0.07). When comparing unaveraged single echo magnitude source and SWI images,
SDNR increased 75.1% and 77.5% respectively as echo time increased from TE = 2.3 to 15.5ms
in this study. Both were always lower than TE-averaged image SDNR irrespective of the num-
ber of averages.

There were six patients with microvascular obstruction and four patients with intramyocar-
dial hemorrhage detected by TE-averaged SWI imaging. All patients with IMH on SWI scans
had MVO on LGE scans. Results of IMH and MVO volume measurements are displayed in Fig
7. The trend was that larger infarcts had MVO and IMH, but this was not true in all cases as
the largest infarct had no evidence of IMH. Three additional patients are shown in Figs 8, 9

Fig 1. Sourcemagnitudemultiple gradient-echo images from a patient with an inferior myocardial infarction at 3 days after emergent
revascularization and stenting of a right coronary artery occlusion. A hypointense lesion is seen in the basal inferior wall. T2* weighting increases with
echo time improving intramyocardial hemorrhage (IMH) lesion (arrows) contrast, but signal-to-noise loss at longer echo times markedly reduces
image quality.

doi:10.1371/journal.pone.0123560.g001
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and 10. The first without IMH (Fig 8 and two patients with IMH (Figs 9 and 10). Excellent
IMH definition is realized with similar positive image contrast when compared to LGE images.

Fig 11 shows a common artifact found in TE-averaged SWI images resulting from the coro-
nary vein. 6/15 (40%) control subjects and 3/11 (27%) of AMI patients had at least one image
with this artifact. Although common among patients, the artifact rarely affected more than one
slice orientation. Six two chamber, three short axis and one three chamber orientations were af-
fected, allowing interpretation of the myocardial segments in other orientations without
image artifacts.

There was a no significant difference in segmental T2� between LGE absent (34.1 ± 0.7 ms)
and LGE positive segments without IMH (T2� = 35.3 ± 1.2 ms). But both were significantly dif-
ferent with segments with IMH (T2� = 16.2 ± 3.3 ms) detected by TE-averaged SWI imaging
(p<0.001), showing that TE-averaged SWI imaging is consistent with T2� calculations.

Discussion
This study has demonstrated the utility of SWI imaging for myocardial tissue characterization
in the acute phase of myocardial infarction. SWI depicted myocardium in areas of MVO indic-
ative of IMH. When compared to magnitude imaging, SWI provided incremental improve-
ments in IMH contrast and TE-averaging provided incremental improvements in image SNR.

Fig 2. Susceptibility weighted (SWI) images from a patient with an inferior myocardial infarction at 3 days after emergent revascularization and
stenting of a right coronary artery occlusion. Images combine magnitude and phase for each individual echo time. Note the increased IMH lesion
(arrows) contrast and definition compared to source magnitude images (Fig 1).

doi:10.1371/journal.pone.0123560.g002

Imaging of Intramyocardial Hemorrhage with Magnetic Resonance SWI

PLOS ONE | DOI:10.1371/journal.pone.0123560 April 13, 2015 6 / 14



Combined with grayscale colormap inversion, TE-averaged SWI imaging provided a high
image contrast and SNR method for the depiction of IMH with characteristics similar to LGE
infarct imaging.

There are a number of MR methods for the detection of IMH with encouraging reports in
the literature. T1 weighted imaging is sensitive not only to IMH [24] but also to myocardial
edema [19] and intramyocardial fat [55]. T2-weighted imaging [18] depends on the hyperin-
tense signal from myocardial edema and depiction of IMH as a hypointense core
[28,29,31,35,36,38]. Both HPF phase imaging [43] and T2� imaging [25,26,30,38,41,42] are
closely related to SWI imaging. T2� weighted imaging with a single long TE is often compro-
mised by dropout artifacts in the inferior and lateral walls, SNR and motion degradation. T2�

mapping combines images from multiple TEs into a quantitative map where a normal T2�

threshold could be applied, but also can suffer from image quality artifacts. HPF phase imaging
produces a phase image which is also quantitative, but is typically not clinically viewed. TE-av-
eraged SWI should be viewed as an incremental improvement to T2�-weighted imaging of
IMH as it utilizes the same pulse sequence, but provides better contrast via magnitude and
phase combination and averaging over TEs to improve SNR. SWI similar to T2� and T2 tech-
niques detect IMH via a low contrast signal mechanism. Detecting hypointense IMH could be
complicated by other low intense structures such as the LV cavity. IMH is typically seen within

Fig 3. TE-averagedmagnitude images from a patient with an inferior myocardial infarction at 3 days after emergent revascularization and stenting
of a right coronary artery occlusion. Images are averaged over the nTE longest source echo time images (Fig 1). Note the improved SNR, but decreased
IMH lesion (arrows) definition compared to source images.

doi:10.1371/journal.pone.0123560.g003
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Fig 4. TE-averaged susceptibility weighted (SWI) images from a patient with an inferior myocardial infarction at 3 days after emergent
revascularization and stenting of a right coronary artery occlusion. Images are averaged over the nTE longest SWI images (Fig 2). Note the improved
SNR and loss of contrast increased number of echo time averages (NTE). nTE = 9 was quantitatively shown to have the best SNR across patients with good
hemorrhage contrast.

doi:10.1371/journal.pone.0123560.g004

Fig 5. Short axis and VLA late gadolinium-enhanced (LGE) and echo-combined (nTE = 9) susceptibility weighted (SWI) images from a patient with
an inferior myocardial infarction at 3 days after emergent revascularization and stenting of a right coronary artery occlusion. SWI images are
displayed with an inverted grayscale colormap to show abnormal tissue as hyperintense, similar to LGE images. LGE images show circumscribed
hyperenhancement of the mid to basal inferior wall infarct (arrows) with microvascular obstruction (MVO) (top row, arrows). SWI images obtained before
contrast agent administration show a mid-wall hyperintense lesion consistent with intramyocardial hemorrhage (bottom row, arrows).

doi:10.1371/journal.pone.0123560.g005
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Fig 6. Analysis of Hemorrhage contrast and signal-to-noise.Graphs show the effect of increased TE-averaging on hemorrhage contrast and signal
difference to noise ratio (SDNR) for susceptibility weighted (SWI) and source magnitude images. Contrast decreases with more TE averages (nTE), while
SDNR increases up to nTE = 9. Six phase mask multiplies (SWI6) when compared to three (SWI3) provided better contrast and SDNR.

doi:10.1371/journal.pone.0123560.g006

Fig 7. Comparison among LGE, MVO and IMH volumes.Graph shows the left ventricular percentage of late gadolinium enhancement (LGE),
microvascular obstruction (MVO) and intramyocardial hemorrhage (IMH) for acute myocardial infarction study participants. * denotes two subjects with
similar volume which overlap in the graph.

doi:10.1371/journal.pone.0123560.g007
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the LV myocardium and in this study was always surrounded by high contrast myocardium.
SWI image artifacts can results from sources with susceptibility differences. Deoxygenated
blood in the coronary sinus was a frequent source of an artifact identified in this study. The
coronary vein can be distinguished from IMH due to its predictable location outside of the
LV myocardium.

Higher main magnetic field strengths (3T or 7T) have the advantage of better susceptibility
weighting, but may have more artifacts. Optimal field strength for IMH detection would have
to be determined, but preliminary results obtained in this paper support the use of 1.5T SWI
imaging for the detection of IMH. Gray scale inversion of SWI images yields positive contrast
with bright injured myocardium and dark or nulled viable myocardium. Image contrast could
improve adoption with bright IMH similar to infarcted myocardium in LGE imaging, but

Fig 8. Example study images from an acute myocardial infarction patient without intramyocardial hemorrhage (IMH). Images from a patient with an
inferior wall myocardial infarction. LGE images show transmural hyperenhancement (top row arrows) of the inferior wall. Precontrast SWI images show no
hyperintense lesions indicative of IMH (bottom row).

doi:10.1371/journal.pone.0123560.g008

Fig 9. Example study images from an acute myocardial infarction patient with intramyocardial hemorrhage (IMH). Short-axis and three-chamber
images from a patient with an inferior lateral wall myocardial infarction. LGE images show transmural infarction with MVO (Top row, arrows). Precontrast SWI
images show a hyperintense lesion consistent with IMH in the same area as MVO defined by LGE imaging (bottom row, arrows).

doi:10.1371/journal.pone.0123560.g009
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could also cause confusion between the two imaging techniques. Another advantage of this
technique and motivation of this work is the combination of multiple (in this case 24) magni-
tude and phase images into a single image. Similar to T2� mapping. TE-averaged SWI imaging
yields fewer images through image information combination to improve physician
evaluation speed.

The results of this study should be considered in light of some limitations. Limitations of
this study include the small study size, predominantly male study population. Patients in this
study were physiologically stable and without contraindication to MR imaging. The patient
population must be considered when interpreting the data and may not be representative of a
larger population. IMH was not seen in normal volunteers or in segments without LGE. This
study has demonstrated the feasibility of IMH detection with TE-averaged SWI imaging, but
future larger studies are needed to determine its widespread performance and accuracy across

Fig 10. Example study images from an acute myocardial infarction patient with intramyocardial hemorrhage (IMH). Short-axis and two chamber
images from a patient with an acute inferior lateral wall myocardial infarction. LGE images show circumscribed transmural infarction with MVO (Top row,
arrows). Precontrast SWI images show a hyperintense lesion consistent with IMH in the same area as MVO defined by LGE imaging (bottom row, arrows).

doi:10.1371/journal.pone.0123560.g010

Fig 11. Artifacts observed in TE-averaged susceptibility weighted imaging (SWI). Image artifacts from
coronary artery veins are shown (arrows) from two patients in short axis and two-chamber views.

doi:10.1371/journal.pone.0123560.g011
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a wide range of infarct ages and types. Optimal imaging parameters for routine clinical imaging
have not been determined in this study. The optimal longest TE, number of echo times as well
as the necessity of velocity compensation in imaging myocardium should be further investigat-
ed. We did not investigate lower bandwidth acquisitions which would increase signal-to-noise
at the expense of a longer sampling intervals during the cardiac cycle and hence did not deter-
mine the optimal bandwidth for cardiac SWI imaging. Semi-automated image analysis was
used and manual drawing of endo- and epi-cardial borders as well as intensity threshold may
be operator dependent.

In conclusion, TE-averaged SWI imaging is a promising method for myocardial tissue char-
acterization in the setting of AMI for the detection of IMH. Along with gray-scale inversion, it
combines not only magnitude and phase information, but also images across several TEs to
provide native images sensitive to IMH with characteristics similar to LGE imaging.
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