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O B J E C T I V E S The aim of this study was to investigate the capabilities of balanced steady-state free

precession (bSSFP) cardiac magnetic resonance imaging as a novel cine imaging approach for

characterizing myocardial edema in animals and patients after reperfused myocardial infarction.

B A C K G R O U N D Current cardiac magnetic resonance methods require 2 separate scans for
assessment of myocardial edema and cardiac function.

M E T H O D S Mini-pigs (n � 13) with experimentally induced reperfused myocardial infarction and
patients with reperfused ST-segment elevation myocardial infarction (n � 26) underwent cardiac magnetic
resonance scans on days 2 to 4 post-reperfusion. Cine bSSFP, T2-weighted short TI inversion recovery
(T2-STIR), and late gadolinium enhancement were performed at 1.5-T. Cine bSSFP and T2-STIR images were
acquired with a body coil to mitigate surface coil bias. Signal, contrast, and the area of edema were
compared. Additional patients (n � 10) were analyzed for the effect of microvascular obstruction on bSSFP.
A receiver-operator characteristic analysis was performed to assess the accuracy of edema detection.

R E S U L T S An area of hyperintense bSSFP signal consistent with edema was observed in the infarction
zone (contrast-to-noise ratio: 37 � 13) in all animals and correlated well with the area of late gadolinium
enhancement (R � 0.83, p � 0.01). In all patients, T2-STIR and bSSFP images showed regional hyperintensity
in the infarction zone. Normalized contrast-to-noise ratios were not different between T2-STIR and bSSFP. On
a slice basis, the volumes of hyperintensity on T2-STIR and bSSFP images correlated well (R� 0.86, p� 0.001),
and their means were not different. When compared with T2-STIR, bSSFP was positive for edema in 25 of 26
patients (96% sensitivity) and was negative in all controls (100% specificity). All patients with microvascular
obstruction showed a significant reduction of signal in the subendocardial infarction zone compared with
infarcted epicardial tissue without microvascular obstruction (p � 0.05).

C O N C L U S I O N S Myocardial edema from ST-segment elevation myocardial infarction can be
detected using cine bSSFP imaging with image contrast similar to T2-STIR. This new imaging approach
allows evaluation of cardiac function and edema simultaneously, thereby reducing patient scan time and
increasing efficiency. Further work is necessary to optimize edema contrast in bSSFP images. (J Am Coll
Cardiol Img 2011;4:1265–73) © 2011 by the American College of Cardiology Foundation

From the *Heart and Lung Institute, Laval University, Québec City, Québec, Canada; †Stephenson Cardiovascular Magnetic
Resonance Centre at the Libin Cardiovascular Institute of Alberta, University of Calgary, Calgary, Alberta, Canada;
‡Department of Cardiology, Northwestern University, Chicago, Illinois; §Department of Radiology, Northwestern University,
Chicago, Illinois; and the �Biomedical Imaging Research Institute, Department of Biomedical Sciences, Cedars-Sinai Medical
Center, Los Angeles, California. This work was supported by grants from NIH/NHLBI (HL091989) and the American Heart
Association (SDG 0735099N). Dr. Friedrich is currently affiliated with the Montreal Heart Institute, Department of
Cardiology, Université de Montréal, Montréal, Québec, Canada. During this study, Dr. Kumar was a Canadian Institutes of

Health Research (CIHR) strategic training fellow in TORCH (Tomorrow’s Research in Cardiovascular Health Professionals).
Dr. Kumar holds a research grant from the Canadian Institutes of Health Research; receives financial support for



v
C

A

A

TR � repetition time

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 4 , N O . 1 2 , 2 0 1 1

D E C E M B E R 2 0 1 1 : 1 2 6 5 – 7 3

Kumar et al.

Myocardial Edema Imaging With Cine bSSFP Cardiac Magnetic Resonance

1266
T
2-weighted cardiac magnetic resonance

(CMR) has been successfully used for differen-
tiating acute from chronic myocardial infarction
(MI) based on elevations in myocardial T2 due

to tissue edema accompanying acute, but not chronic,
MI (1). Furthermore, T2-weighted assessment of
myocardial edema may allow the detection of acute
coronary syndromes (2,3) as well as the assessment of
the area at risk and myocardial salvage (4).

Currently, T2-weighted CMR is performed using
fast spin-echo sequences, with double or triple inver-
sion preparation to suppress signal from intracavity
blood and/or fat (1) or with a T2 preparation with
balanced steady-state free precession (bSSFP) read-
outs (5). Covering the entire left ventricle with T2-
weighted CMR takes 8 to 15 min, which is undesir-

able in the setting of a possible acute coronary
syndrome or acute myocardial infarction
(AMI). Because these acquisitions are limited
to a single cardiac phase, additional multiphase
(cine) scans are required to evaluate cardiac
function, which significantly extends the dura-
tion of the clinical examinations.

An alternate approach to ascertaining
the presence of myocardial edema may be
available through bSSFP imaging. Cine
bSSFP imaging is a clinically established
CMR method for the assessment of left
and right ventricular volumes and func-
tion. It is known that bSSFP signals are
influenced by T1, T2 (6), and magnetiza-
tion transfer effects (7). With increased
free water resulting from edema, T1 and
T2 are both increased (8), and magnetiza-
tion transfer is reduced (9). Although T2
and T1 effects are antagonistic in the
setting of bSSFP imaging and will work to
reduce the overall effect of relaxation

changes, with the residual relaxational contribution
combined with alterations in magnetization transfer
(10), it may be possible to visualize reperfused acute
myocardial infarct territories as hyperintense zones
relative to healthy/remote myocardium. Using
bSSFP imaging to detect edema in the setting of
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reperfused AMI would have important implica-
tions: 1) increased efficiency of cardiac examina-
tions; and 2) coregistration of cardiac function and
tissue characterization for clinical use.

The aim of this study was to investigate whether
bSSFP imaging can be used to visualize the pres-
ence of edema in AMI in a controlled swine model
as well as in patients with acute reperfused ST-
segment elevation myocardial infarction (STEMI),
using a control group of healthy volunteers. We
hypothesized that: 1) in animals and patients with
reperfused AMI, bSSFP will yield a hyperintense
signal in the infarction zone compared with the
remote zone; and 2) in healthy volunteers, bSSFP
signals are homogeneous throughout the myocardium in
the absence of edema, as determined by T2-STIR
imaging.

M E T H O D S

Animal studies. The animal study protocol was re-
iewed and approved by the Institutional Animal
are and Use Committee.

ANIMAL PREPARATION. In 15 Yucatan mini-pigs
(body weight 25 to 30 kg), MI was induced as
follows. The animals were anesthetized and me-
chanically ventilated with isoflurane. The right
femoral artery was cannulated, and a guide catheter
was advanced into the left circumflex artery. A
balloon catheter was positioned in the proximal third
of the artery and inflated to achieve complete occlu-
sion of the artery. Success of coronary artery occlusion
was controlled angiographically and by electrocardio-
graphic recording of ST segment elevation. The oc-
clusion was released after 90 min, and animals were
allowed to recover for 2 to 3 days.

Before CMR imaging, each mini-pig was se-
dated, intubated, and placed on a ventilator, and
systemic O2 saturation, end-tidal PCO2, and heart
rate were continuously monitored.

IMAGING PROTOCOL. All animal studies were per-
formed on a clinical 1.5-T CMR system (Sonata,
Siemens, Erlangen, Germany). Animals were posi-
tioned in a feet-first right-anterior oblique position,
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bSSFP � balanced steady-st

free precession

CMR � cardiac magnetic

resonance

CNR � contrast-to-noise rat

LGE � late gadolinium

enhancement

MVO � microvascular

obstruction

ROI � region of interest

SI � signal intensity

STEMI � ST-segment elevat

myocardial infarction

T2-STIR � T2-weighted sho

TI inversion recovery

TE � echo time

TI � inversion time
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and a flexible, phased-array surface coil was placed
over the chest. Scout images were obtained to
localize the true axes of the heart, and whole-heart
shimming was performed. Subsequently, multiple
contiguous short-axis 2-dimensional bSSFP images
were acquired in the cine mode covering the whole
left ventricle using a standard cine bSSFP sequence
(scan parameters: voxel size � 0.9 � 0.9 � 6 mm3;

ip angle � 65o; repetition time [TR]/echo time
[TE] � 3.1/1.5 ms; readout bandwidth � 930
Hz/pixel; 25 cardiac phases) with 2 to 3 signal
averages. Subsequently, a gadolinium-based con-
trast agent was injected intravenously (gadolinium-
diethylenetriamine pentaacetic acid, Magnevist,
Berlex Laboratories Inc., Montville, New Jersey) at
a dose of 0.1 mmol/kg, and late gadolinium en-
hancement (LGE) imaging was performed 10 to 15
min after contrast injection. LGE acquisitions were
breath held, triggered to end-systole, and covered
the entire left ventricle with the same slice positions
used for cine bSSFP imaging. LGE images were
acquired in end-systole to have the largest myocar-
dial surface for analysis while minimizing cardiac
motion. LGE-CMR images were acquired using an
inversion-recovery turbo FLASH sequence with
the following scan parameters: TR of 1 R-R inter-
val; TE � 1.1; inversion time [TI] � 200 to 240
ms; flip angle � 25o; voxel size � 1.3 � 1.3 � 6

m3; and same field of view as bSSFP scans.
Human studies. The study protocol for volunteers
and patients was reviewed and approved by the
Institutional Ethics Committee, and written in-
formed consent was obtained from each participant.

IMAGING PROTOCOL. All studies in humans were
performed on a clinical 1.5-T CMR system
(Avanto, Siemens). The anatomic axes of the heart
were determined, and a whole-heart shim was
performed. In healthy volunteers (n � 8, age 30 �
8 years, 4 women, no evidence of heart disease), a
short-axis slice was obtained at a midventricular
level using a cine bSSFP sequence followed by a
T2-STIR sequence. In patients (27 patients with-
out microvascular obstruction [MVO] as defined by
LGE, and 10 patients with MVO, all enrolled
within 4 days after successful angioplasty for a first
STEMI, as defined by American Heart Association
diagnostic criteria), the sequences were prescribed
along the midventricular short-axis slice. LGE-
CMR was performed with the same gadolinium
diethylenetriamine pentaacetic acid dose and imag-
ing sequence. Typical imaging parameters for
bSSFP were field of view of 340 � 276 mm,

imaging matrix of 192 � 156, slice thickness of 10 i
mm, flip angle of 65°, TR/TE of 3.32/1.16 ms,
bandwidth of 930 Hz/pixel, and 25 cardiac phases.
Typical imaging parameters for T2-STIR imaging
were field of view of 380 � 309 mm, matrix of
256 � 208, slice thickness of 10 mm, mid-diastolic
acquisition, echo-train length of 25, TR of 2 heart
beats, TE of 61 ms, and bandwidth of 245 Hz/
pixel. Both bSSFP and T2-STIR images were
acquired with the body coil. Typical LGE-CMR
imaging parameters were TR of 1 R-R interval, TE
of 3.32 ms, bandwidth of 235 Hz/pixel, field of
view of 400 � 300 mm, imaging matrix of 256 �
192, and slice thickness of 10 mm. No image-
acceleration methods were used in this study.
Image analysis. ANIMALS. CMR analysis was per-
formed to test for infarction-dependent signal dif-
ferences on bSSFP as follows: based on slice posi-
tion and trigger time, LGE-CMR and cine bSSFP
images were matched. Image analysis was per-
formed using Matlab 7.0 (MathWorks, Natick,
Massachusetts). On the basis of LGE-CMR im-
ages, remote (noninfarcted) regions of the myocar-
dium were identified, and the mean (signal intensity
of the remote myocardium [Sr]) and SD of the
signal intensities (SIs) of these regions were com-
puted in the LGE and bSSFP images. Similar to
previous studies (1,2), pixels with SIs �2 SD of the
remote areas of the bSSFP images were identified as
regions of edema and were used to compute the
mean signal within the hyperintense zones (S) and
total area of edema. The infarct zone was identified
as the myocardial region with SIs �5 SD of the
mean SI from the remote regions, as described
previously (11). Using this criterion, the infarct zones
were identified on a pixel-by-pixel basis, and the total
infarct areas and the corresponding average SIs of the
infarct areas were computed. This was performed on
every imaging slice positive for LGE-CMR. From the
measured bSSFP SIs, average signal-to-noise ratios
(SNRs) of infarction zones were computed for each
animal, using SNR � S/�, where � was the SD of

oise (air). Contrast-to-noise ratios (CNRs) were
omputed using CNR � (S � Sr)/�.

HEALTHY VOLUNTEERS. In healthy volunteers,
yocardial signal homogeneity was assessed based

n bSSFP and T2-STIR images, using a validated
oftware (cmr42, Circle Cardiovascular Imaging
nc., Calgary, Alberta, Canada), to rule out false-
ositive signal as follows: representative regions of
nterest (ROIs) were drawn manually on the T2-
TIR images in the anterior wall, septum, inferior
all, and lateral wall and copied to the correspond-
ng frame of the cine bSSFP. SIs were measured for



J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 4 , N O . 1 2 , 2 0 1 1

D E C E M B E R 2 0 1 1 : 1 2 6 5 – 7 3

Kumar et al.

Myocardial Edema Imaging With Cine bSSFP Cardiac Magnetic Resonance

1268
these ROIs. The SNR was computed in a manner
similar to that previously described. To assess signal
homogeneity throughout the myocardium, the
SNRs of ROIs in the anterior, septal, inferior, and
lateral walls were compared.

PATIENTS. To assess for myocardial edema, T2-
STIR and bSSFP images of patients with acute
reperfused MI were analyzed, using cmr42 software
as follows: based on slice position and trigger times,
T2-STIR and cine bSSFP images were matched.
On T2-STIR images, an ROI was drawn in remote
myocardium not affected by the infarct. Using the
threshold-based signal detection, as described pre-
viously (animal studies), remote and edematous
territories were identified (Fig. 1). The SI of the
remote and the area and SI of edematous myocar-
dium were measured. The ROIs were then copied
to the bSSFP images, and signal measurements
were repeated. In general, contrast was calculated
as: [[(mean SI (infarct) � mean SI (remote)]/mean
SI (remote)] � 100%. For MVO, contrast was
calculated as: [[(mean SI (infarct zone without
MVO) � mean SI (MVO)]/mean SI (infarct zone
without MVO)] � 100%. MVOs were identified as
hypointense regions in LGE images. bSSFP SIs
from the MVOs were measured by manually draw-
ing the ROIs in hypointense cores of LGE images
and copying them onto the corresponding frame of
bSSFP cine images. The contrast-to-noise ratio
(CNR) was computed as [(mean SI (infarct) �
mean SI (remote)/SD of noise]. To account for the
differences in acquisition bandwidth and spatial
resolution between T2-STIR and bSSFP images, a
normalized CNR (adjusting for voxel volume and
imaging BW), defined as CNRnorm � SNRnorm
(infarct) � SNRnorm (remote), was calculated, where

Figure 1. Representative Image Analysis in a 48-Year-Old Man W

The larger image on the left is a windowed balanced steady-state fre
The right upper panel shows the raw images. The right lower panel
detection. Based on a reference region of interest in remote myocardiu
than the mean signal intensity of remote myocardium are automatical
may be necessary to better visualize edematous territories in bSSFP image

LGE � late gadolinium enhancement; STEMI � ST-segment elevation myocard
SNRnorm � SNR � (BW)1/2/voxel volume, and
BW is bandwidth. Subsequently, threshold-based
signal detection was performed on bSSFP and
LGE images, as described previously.
Statistics. Signal and contrast values were compared
using a paired t test for 2 variables, and using 1-way
analysis of variance for multiple variables. Pearson’s
correlation statistics were used to compare signal
measurements and areas of pathology. The difference
in the threshold-based measurement of area of edema
using T2-STIR and bSSFP was measured as an
absolute and the percentage difference, and a Bland-
Altman plot was created. No correction was made for
multiple correlated observations within individuals.
Receiver-operator characteristic analysis, taking T2-
STIR images to provide the ground truth, was per-
formed using image contrast values computed from
regional SI measurements obtained from patients and
from healthy volunteers. Image contrast in bSSFP
images from volunteers were computed as the relative
percentage of signal differences by arbitrarily assigning
one of the walls to be edematous and another to be
remote. More specifically, contrast values were com-
puted between lateral and septal, anterior and septal,
inferior and septal, lateral and anterior, and anterior
and inferior walls. In total, 66 contrast values were
obtained and used to derive the receiver-operator
characteristic curves (26 data points from patients
positive for edema, and 40 data points from volunteers
not positive for edema). StatPlus:mac Version 5.2.0
(AnalystSoft Inc., Alexandria, Virginia), and SPSS
Version 16 for Mac (SPSS Inc., Chicago, Illinois),
Microcal Origin 7.0 (OriginLab Corp., Northamp-
ton, Massachusetts) were used for data analysis. Val-
ues are given as mean � SD. Results were deemed
significant for p � 0.05.

a First Acute STEMI in the Inferior Territory

cession (bSSFP) image showing hyperintensity in the inferior wall.
s the same images using semiautomatic threshold-based signal
here, the lateral wall), all pixels that have a signal intensity �2 SD
ghlighted. This example also demonstrates that manual windowing
th the naked eye. Arrows indicate the site of myocardial infarction.
ith

e-pre
show
m (
ly hi
s wi
ial infarction; T2-STIR � T2-weighted short TI inversion recovery.
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R E S U L T S

Animal studies. Two of the 15 mini-pigs died of a
atal ventricular arrhythmia. A total of 13 pigs com-
leted the protocol and were available for analysis.
ased on LGE-CMR images obtained over the
hole left ventricle in each animal, 2 to 4 short-axis

lices per pig were observed to have hyperintense
yocardial territories consistent with AMI.
A set of typical short-axis cine bSSFP images

btained from the midventricle of a mini-pig and the
orresponding LGE-CMR image (at end-systole) are
hown in Figure 2. The hyperintense areas, computed
n the basis of threshold-based detection performed
n bSSFP and LGE images, were highly correlated
Pearson’s R � 0.83, p � 0.01) (Fig. 3), with the line
f best fit given by ASSFP � 1.07ALGE � 0.41, where
SSFP and ALGE denote the hyperintense myocardial

rea (cm2) measured from the bSSFP and LGE
mages, respectively. The SNR of the infarction zones
n bSSFP images was significantly higher than that of
he remote myocardium (bSSFP SNR: 85.9 � 8.4
infarct] vs. 59.4 � 7.2 [remote]), resulting in a CNR
f 37.2 � 12.6. The mean SNR values in healthy
59.4) and affected (85.9) regions with a pooled SD of

Figure 2. Cardiac Phase-Resolved Edema Images and LGE From

Cine bSSFP-based short-axis magnetic resonance images (A to E) w
swine that received a complete occlusion of the left circumflex arte
acquired 3 days post-infarction, clearly shows a signal increase in th
artery. Also note the close correspondence between regional signal
trigger times for the images: 0 ms (A), 123 ms (B), 245 ms (C), 368
tion. Abbreviations as in Figure 1.
5.6 were significantly different (p � 0.0001).
Healthy volunteers. In healthy volunteers, the signal
easured in the anterior, septal, inferior, and lateral
alls of the myocardium was homogeneous (SI ante-

ne

he corresponding LGE image obtained in late systole (F) in a
r 90 min followed by reperfusion. The set of cine images,
osterior wall, which is perfused by the left circumflex coronary
respondence between bSSFP (A to E) and LGE (F) images. The
(D), 490 ms (E), LGE: 293 ms (F). Arrows indicate the site of infarc-

Figure 3. Scatterplot Showing the Correlation Between Infarct A
and Area of Edema Computed From bSSFP

Correlation between infarct area computed from LGE (ALGE) and are
edema computed from bSSFP (ASSFP) images obtained from mini-p
systole is shown. The line of best fit is shown as a dashed line. Equ
line of best fit: ASSFP � 1.07 ALGE � 0.41. A strong correlation was
between the 2 measures of infarct area (R � 0.83, p � 0.001) with
Swi

ith t
ry fo
e p
cor
ms
rea

a of
igs at late
ation for
observed
ASSFP
being larger than ALGE (slope �1). Abbreviations as in Figure 1.
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rior: 162 � 12, SI septum: 165 � 4, SI inferior: 160 �
10, SI lateral: 151 � 14; analysis of variance p � 0.08).
Patients. From the 27 patients without MVO, 1

atient was excluded because of the absence of
MR findings consistent with AMI, despite a

linical diagnosis of STEMI. The remaining 26
atients (age 57 � 9 years, 4 women) available for
nalysis had infarcts in the anterior/septal territory
n � 13), inferior territory (n � 9), or lateral
erritory (n � 4). Example images from different
nfarct locations are shown in Figure 4; phase-
esolved images from a representative patient are
hown in Figure 5. Ten patients with MVO were
ll male (age 58 � 9 years) and had MI of the
nterior-septal territory (n � 5), inferior territory
n � 4), or lateral territory (n � 1).

On T2-STIR images, the SI in the infarct zone
was higher than that in remote myocardium (SI:
373 � 107 [infarct] vs. 229 � 75 [remote], p �
0.001). Likewise, on the corresponding bSSFP
CMR (matched for cardiac phase), the SI in the
infarcted myocardium was greater than that of
remote myocardium (bSSFP SI: 253 � 41 [infarct]
vs. 162 � 28 [remote], p � 0.001). The infarction-

Figure 4. Example Images From Patients With Reperfused STEM

(First row) Anterior-septal STEMI in a 48-year-old man. (Second row
61-year-old man. (Fourth row) Lateral wall STEMI in a 42-year-old m
well to the region of high signal on T2-STIR (Middle column), but i

umn). AMI � acute myocardial infarction; other abbreviations as in Figu
to-remote myocardium contrast measured on T2-
STIR was not different from the contrast measured
on bSSFP (contrast T2-STIR: 67 � 33 vs. bSSFP:
59 � 26, p � 0.31). Likewise, the normalized CNR
was also not different between T2-STIR and bSSFP
(CNRnorm: 8.08 � 4.14 [T2-STIR] vs. 7.50 � 2.96
[bSSFP], p � 0.53).

The mean infarction volume (single slice) on LGE-
MR was 4.1 � 1.4 ml. Edema volumes on T2-
TIR images correlated well with edema volumes
easured on bSSFP images (Pearson R � 0.86, p �

.001) (Fig. 6). The volume of edematous tissue
single slice) measured on T2-STIR correlated with
nfarct size (Pearson R � 0.54, p � 0.01); edematous
tissue volumes on bSSFP also correlated with infarct
size (Pearson R � 0.47, p � 0.02). The edema volume
measured by T2-STIR were not significantly different
from those measured with bSSFP (volume of edema
on single slice: 6.0 � 2.3 ml (T2-STIR) vs. 4.9 � 2.1

l (bSSFP), p � 0.07). A Bland-Altman plot dis-
laying the difference between the measurements
sing both methods is shown in Figure 7.

Receiver-operator characteristic analysis of bSSFP
mages obtained from patients and volunteers

ptal STEMI in a 63-year-old man. (Third row) Inferior STEMI in a
The bSSFP area of hyperintense signal (Left column) corresponds
ceeds the area of irreversible injury as imaged by LGE (Right col-
I

) Se
an.
t ex
re 1.
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showed the following: 0.99 area under the curve,
96% sensitivity, and 100% specificity.

Zones of MVO consistently yielded reduced SI
on bSSFP images compared with the infarction
zone without MVO (mean SI from infarcted re-
gions with MVO was 262 � 27 and MVO zone

as 197 � 33, p � 0.001 for the difference). The
ontrast between MVO and non-MVO infarction
erritories was 25 � 8%. The mean SI from MVO
erritories was still higher than that from remote
yocardium (MVO zone: 197 � 33, remote myo-

ardium: 154 � 41; p � 0.05 for the difference).

D I S C U S S I O N

We demonstrated that cine bSSFP can detect
edema-related signal in reperfused acute myocardial
infarcts, in a swine model as well as in patients. In
every animal and patient, the bSSFP signal was
higher in the acute myocardial infarct zone com-
pared with remote myocardium. Consistent with
myocardial edema and the representation of the
area at risk (4,12), the zone of high signal on bSSFP
was consistently larger than the zone of irreversible
injury as assessed by LGE-CMR in animals and
patients. The volume of edema measured by bSSFP
was not different from that on T2-STIR, on a
slice-to-slice basis. Receiver-operator characteristic

Figure 5. Cardiac Phase-Resolved Edema Images and LGE From

Cine bSSFP-based short-axis cardiac magnetic resonance images (A
(F) from a patient with acute reperfused STEMI in the territory of th
nal increase patterns between the bSSFP (A to E) and LGE (F) imag
594 ms (D), 792 ms (E), LGE: 455 ms (F). Arrows indicate the site o
analysis revealed that T2-STIR and bSSFP images
have nearly the same sensitivity and specificity for
identifying myocardial edema associated with STEMI.
Zones of MVO yielded a lower signal on bSSFP
compared with infarcted tissue without MVO.

T2-weighted imaging plays a key role in the
assessment of patients with MI. Its ability to detect
myocardial edema (2,8) allows the differentiation of

Figure 6. Relation Between the Area of Hyperenhancement on
T2-STIR and bSSFP Images

Scatterplot displaying the correlation between edematous areas (in pa
measured from T2-STIR and bSSFP with a semiquantitative analysis. Th
line indicates the line of best fit. A strong correlation was observed betwe
measures of edematous areas (R � 0.86, p � 0.001). Abbreviations as in F

atient With an Inferior Wall MI

) Cine with the corresponding LGE image obtained in late systole
ght coronary artery. Note the close correspondence between sig-
he trigger times for the images: 0 ms (A), 198 ms (B), 396 ms (C),
ocardial infarction (MI). Abbreviations as in Figure 1.
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acute from chronic myocardial injury (1), the mea-
surement of the area at risk (4,13), and the identi-
fication of the perfusion territory subject to isch-
emic injury. This facilitates the diagnosis of the
culprit coronary artery (1). In conjunction with
LGE-CMR, T2-weighted CMR allows the assess-
ment of myocardial salvage (12,14). Commonly, T2-
weighted fast spin-echo images, limited to a single
cardiac phase, are clinically used to assess myocardial
edema. The approach that we present here using bSSFP
has important advantages over the most commonly used
T2-weighted edema imaging methods from a clinical as
well as a research perspective.
Clinical perspective. Time is of the essence when
using CMR because of the high operating costs of
scanners and required staff. Any approach that suc-
cessfully reduces scanner time will lead to more cost-
efficient protocols. Time-efficient imaging protocols
benefit patients with acute heart disease such as MI
because a delay in therapy in the acute phase is
associated with an increase in mortality. Although the
benefits of T2-weighted CMR in patients suspected
of having a non–ST-segment elevation acute coronary
syndrome has been demonstrated (3), the prescription
f the complete imaging protocol requires approxi-
ately 45 min of scan time, which may not be easily

olerated by the patient. Likewise, in hospitalized
atients with acute reperfused STEMI, it is important
o keep imaging times as short as possible because
hese patients are at risk of life-threatening arrhythmia
nd heart failure. In commonly used CMR protocols,
pproximately one third of that imaging time is

land-Altman Analysis of Edema Volume From
d bSSFP

no statistically significant difference between edema volume on
d bSSFP using a paired t test (see Results section). Abbreviations
e 1.
edicated to whole-heart T2-weighted imaging. De- m
iving equivalent information from bSSFP would
rovide opportunities to save nearly 15 min of valuable
ime by obtaining edema and function information (“2
or 1”). This may help to increase patient through-put,
ecrease waiting time for CMR studies, and make CMR
vailable for more patients.
Research perspective. Although the role of edema in

MI is largely recognized, several questions regarding
dema pathophysiology remain unsolved. The imag-
ng approach that we investigated can be applied in a
ine manner. This would lay the groundwork for
urther investigation into the effects of edema on
nfarction pathophysiology at a moderately high tem-
oral resolution and the investigation of edema at
ifferent phases of the cardiac cycle. Edema plays a
ole in a number of nonischemic cardiomyopathies as
ell (15–17); future investigations would have to

stablish the role of bSSFP imaging for edema in
hese settings.
Study limitations. This was a pilot study with a lim-
ted sample size in animals and humans. Nevertheless,
he results are consistent across the different analysis
roups (animals, healthy volunteers, and patients with
MI). In healthy subjects and patients, to remove
otential coil bias, the body coil was used. This may

ead to a reduction in the SNR compared with what
ne would expect with a cardiac (surface) coil. How-
ver, by using the body coil, a uniform signal was
chieved for all myocardial walls. We deemed a
niform signal with the body coil to be more impor-
ant than the optimal SNR with a cardiac coil.
evertheless, even with the body coil applied here, the
NR was sufficient for clinical imaging. Technical

mprovements that lead to better coil bias corrections
re expected to enable the use of the cardiac surface
oil for edema imaging with cine bSSFP. This will
ignificantly increase the SNR and the ability to
isualize edema without manual windowing in bSSFP
mages.

Shimming is critically important for the use of
yocardial edema imaging with bSSFP; incorrect

hims can significantly degrade image quality and
ssessment of edema. Moreover, because this study
sed conventional cine bSSFP imaging to identify
yocardial edema, possibilities of pulse sequence
odifications to optimize the SNR and CNR for

dema assessment with cine bSSFP imaging need
o be investigated. Given the lack of difference
etween the CNRnorm of T2-STIR and bSSFP
pproaches, one method to increase the CNR of
SSFP acquisitions is to decrease the acquisition band-
idth. Although this is likely to increase the TR, which
Figure 7. B
T2-STIR an

There was
T2-STIR an
ay make bSSFP imaging more sensitive to off-
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resonance effects, careful shimming and center frequency
selection may help overcome these artifacts. Alterna-
tively, image-averaging approaches may be used to in-
crease the CNR of bSSFP-based edema imaging (18).

In this study, bSSFP, T2-STIR, and LGE im-
ages were acquired from only a single (midventricu-
lar) slice per patient. This prevented us from report-
ing true volumetric comparison of edema between
T2-STIR and bSSFP for each patient.

The receiver-operator characteristic analyses and
the sensitivity and specificity measures may be inflated
due to the combination of STEMI patients and
healthy controls. A more detailed study in a larger
population is necessary to more accurately estimate the
sensitivity and specificity of bSSFP CMR for detect-
ing myocardial edema in the setting of AMI.

Although the threshold-based semiquantitative im-
age analysis applied here readily detected edema-
related hyperintense signals in the affected regions, the
nance Imaging: Physical Principles and

1

1

1

1
Analysis of myocard
was not assessed in this study. Manual adjustment of
image display for window and contrast may be neces-
sary for optimal visualization of the edema zone.

C O N C L U S I O N S

This translational study shows that myocardial
edema from STEMI can be detected using cine
bSSFP imaging, with image contrast similar to
T2-STIR. This new imaging approach allows eval-
uation of cardiac function and edema simultane-
ously, thereby reducing patient scan time and in-
creasing efficiency. Further work is necessary to
optimize edema contrast in bSSFP images.
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