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Abstract

Our laboratory has published the first evidence obtained from fast low-angle-shot cine magnetic resonance
imaging (11.7 T) studies demonstrating secondary myocyte death after ischemia=reperfusion (IR) of the murine
heart. This work provides the first evidence from 11.7-T magnet-assisted pixel-level analysis of the post-IR
murine myocardial infarct patches. Changes in function of the remodeling heart were examined in tandem. IR
compromised cardiac function and induced LV hypertrophy. During recovery, the IR-induced increase in LV
mass was partly offset. IR-induced wall thinning was noted in the anterior aspect of LV and at the diametrically
opposite end. Infarct size was observed to be largest on post-IR days 3 and 7. With time (day 28), however, the
infarct size was significantly reduced. IR-induced absolute signal-intensity enhancement was highest on post-IR
days 3 and 7. As a function of post-IR time, signal-intensity enhancement was attenuated. The threshold of
hyperenhanced tissue resulted in delineation of contours that identified necrotic (bona fide infarct) and reversibly
injured infarct patches. The study of infarct transmurality indicated that whereas the permanently injured tissue
volume remained unchanged, part of the reversibly injured infarct patch recovered in 4 weeks after IR. The
approach validated in the current study is powerful in noninvasively monitoring remodeling of the post-IR
beating murine myocardium. Antioxid. Redox Signal. 11, 1829–1839.

Introduction

Reperfusion of the ischemic myocardium is aimed at re-
ducing myocardial dysfunction and improving tissue

survival. Reperfusion, however, also poses the threat of tissue
injury. Reperfusion injury may be broadly viewed as having
two major components: oxidant-induced myocardial tissue
damage during the reperfusion process, and progressive tis-
sue damage secondary to the initial insult. We previously
reported that acute myocardial infarction is followed by ac-
tivation of myocyte death in the surviving portion of the heart
(33). Remodeling of the heart after ischemia=reperfusion (IR)
has a major impact on the survival of patients who have had a
myocardial infarction. Understanding of post-IR myocardial
remodeling is therefore critically important. The use of non-
invasive technologies for such studies allows the repeated

measure of the same heart in an experimental setting, pro-
viding powerful longitudinal data.

Left ventricular (LV) remodeling, after IR injury, is associ-
ated with changes in LV geometry, function, and histologic
characteristics that lead to increased risk of heart failure and
death (29, 34). Cardiac magnetic resonance imaging (MRI) is a
well-established clinical tool commonly used to monitor the
infarcted heart (28, 48). MRI enables the noninvasive repeat-
ed-measures assessment of the anatomy and physiology of
the infarcted heart (19, 24). The advent of high-field-strength,
small-bore magnets has enabled high-resolution MRI of the IR
rodent heart. Recently, our laboratory published the first ev-
idence obtained from fast low-angle-shot (FLASH) cine MR-
imaging studies using an 11.7-T magnet to track secondary
myocyte death after IR of the murine heart (33). Myocardial
delayed contrast-enhancement imaging represents a versatile

Davis Heart & Lung Research Institute, Department of Surgery The Ohio State University Medical Center, Columbus, Ohio.

ANTIOXIDANTS & REDOX SIGNALING
Volume 11, Number 8, 2009
ª Mary Ann Liebert, Inc.
DOI: 10.1089=ars.2009.2635

1829



tool to assess regional contractile function and myocardial
viability (13,49).Aninversion-recovery FLASH sequence, with
gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA)
as the contrast agent, enables the visualization of IR-induced
myocardial infarction (35, 36, 43), as well as of specialized
anatomic abnormalities, such as left ventricular apical bal-
looning (4, 5, 35) in large animals and humans.

Whether delayed hyperenhancement is specifically limited
to dysfunctional but viable myocardium or to reversibly
injured regions surrounding the acute infarct tissue as well
remains unclear (24). In this study, we sought to address this
issue by pixel-level analysis of the scar tissue and tandem
assessment of heart function. Such analysis of contrast-
enhanced inversion-recovery MR images enabled the visual-
ization of hyperenhanced and moderately enhanced patches
in murine post-IR heart. The findings reported represent the
first evidence from 11.7-T high-field-strength imaging of post-
IR myocardial patches. High-resolution images generated by
such an approach enabled, for the first time, pixel-level
analysis of the IR murine heart at multiple time points after
reperfusion. Murine cardiac cine-FLASH sequences were
optimized for the measurement of functional parameters such
as left ventricular chamber volumes (end-diastolic, end-
systolic, stroke), ejection fraction (EF), cardiac output (CO),
and LV mass.

Materials and Methods

Animal preparation and left anterior
descending artery occlusion

Male C57BL=6 adult mice (8-week-old; 24.5� 1.5 g,
mean� SD; Harlan Technologies, IN) were maintained under
standard laboratory housing conditions with access to chow
and drinking water ad libitum. Ischemia=reperfusion of mice
was performed as described earlier (33, 38). In brief, mice
were anesthetized by using IP injection of a mixture of keta-
mine (50 mg=ml) and xylazine (10 mg=ml), laid on a warm
surgical table, and intubated endotracheally. The mice were
ventilated with a device (Harvard Apparatus, Boston, MA) on
an air-isoflurane at an appropriate rate and tidal volume.
Cardiac electrophysiology was monitored throughout the
surgery by using a three-lead ECG setup, and changes were
recorded by using PC Powerlab software (AD Instruments).
The heart was accessed via left thoracotomy. The left lung was
retracted to allow entrance to the pericardium. The left auricle
was elevated to expose the coronary left anterior descending
(LAD) artery, which was isolated by using 7-0 silk suture with
a tapered needle. The suture was tightened over a piece of PE-
10 tubing to induce reversible ischemia. LAD was occluded
for 60 min. After 60 min, the suture was released to allow re-
perfusion in the injured myocardium. On successful reperfu-
sion, the thorax was closed with interrupted 7-0 nylon
sutures, as well as the skin incision with 5-0 polypropylene
(Prolene) sutures. Throughout the surgery, body temperature
was maintained at 36.7� 0.58C by using a heated surgical
table and monitored with a rectal thermal probe. The ischemia
episode was observed with pale coloration of LV myocar-
dium. Thorax was closed, sutured, and the tracheal tube was
disconnected, enabling the mouse to breathe on its own. The
animal was then returned to its cage and placed on a heating
block set to 378C. Once the recovery was complete, the ani-
mal was returned to the rodent vivarium unit before the MRI

experimental procedure. Mice were killed for harvesting the
heart tissue after MR imaging, according to a standard pro-
tocol. All procedures were approved by the Institutional La-
boratory Animal Care and Use Committee (ILACUC) of the
Ohio State University.

Image acquisition

Baseline MR images (n¼ 5) were obtained 3–5 days before
the surgery to allow sufficient time for recovery. After IR
surgery, longitudinal repeated measures (post-IR days 3, 7, 14,
and 28) were performed for the same mouse over time, such
that each mouse served as its own control (paired baseline
data). During the MRI, mice were anesthetized by using 1.5%
isoflurane in a 95% oxygen and 5% carbon dioxide mixture.
Mice were then positioned prone in a custom-manufactured
animal holder, as reported previously (33). A custom-designed
cradle was used to position the mouse vertically in the magnet.
The cradle consisted of a nose-cone, lines for delivering and
scavenging anesthetic gases, temperature control and electro-
cardiography (ECG) leads, and a respiratory monitoring sys-
tem. Body core temperature was maintained at 378C by using a
specifically designed warm-air blower. ECG coupled with a
respiratory gating device (Small Animal Instruments, Inc.,
Stony Brook, NY) was used for monitoring cardiac and respi-
ratory signals derived from two needles inserted subcutane-
ously in the front-left and rear-right paws. Mice were secured
within the holder by using surgical tape, without compressing
their abdomen and chest regions.

MRI was performed by using a Bruker 11.7-T (500 MHz)
MR microimaging system, which consists of a vertical magnet
of bore size 30 mm (Bruker Biospin, Ettlingen, Germany).
Quadrature-driven birdcage coils with inner diameters of
25 mm (Bruker Biospin) were used to transmit=receive the MR
signals. In brief, mice were imaged by using a 30-mm proton-
imaging probe. Tuning and matching the probe, slice-
selective shimming and flip-angle calibration were performed
manually before each experiment. Scout imaging for long-
and short-axis orientation of the heart, by using a k-space
segmented cardiac-triggered and ECG-gated gradient-
recalled echo (GRE) fast low-angle shot (FLASH) sequence
were performed. Six to seven contingent slices (slice thickness,
1 mm) were then acquired in short-axis orientation covering
the entire heart. The imaging parameters were as follows:
FOV (30�30 mm); matrix size, 256�192 (256�256 reconstru-
cted postimaging); TE=TR, 1.43=8 ms; NEX, 4 to 6, a gaussian
excitation pulse was applied for all chronically failing mouse
hearts for the first data set of each normal mouse followed by
post–time point assessment experiments.

After the ECG R-wave trigger pulse, images were collected
at a frequency of 8 to 10 ms, such that 16 images were collected
for each cardiac cycle, which lasts approximately 150 ms.
Breath holding was achieved by acquiring images within
short acquisition times, which produced images that were
comparatively free of motional artifact from cardiac or re-
spiratory movement. The fast acquisition times also allowed
images of the entire thorax to be obtained during a single
breath-hold. Controlling the contingent supply of the air–
anesthesia mixture also helped minimize respiratory-motion
artifacts. Because only a single line of the image can be
acquired for K-space filling in each cardiac cycle, data from
multiple heartbeats were acquired to form a complete image.
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FIG. 1. Murine heart function after ischemia/reperfusion. (A) (i) top: long-axis four-chamber view showing six (1–6) axial
imaging planes; center bottom: two chamber views: end diastole (center) and end systole (bottom); (ii–vi) short-axis image
series for each of the six planes shown in i (top). Sixteen frames were imaged per cardiac cycle by using white blood FLASH.
Sequence: TR *160 ms; TE¼ 1.34 ms; FA¼ 15 degrees. (B) Quantitative illustration of observations made in (A). (i) All
volumes are presented in one plot with two vertical axes (left, EDV and ESV; right, SV). The thin curve represents EDV (top,
diamond); the thick curve, ESV (middle, solid rectangle); and the dashed curve (bottom, solid triangle) corresponds to SV. (ii) Heart
functional parameters: EF (top, solid curve) and CO (bottom, dotted curve). (iii) Left ventricular mass; (iv) heart rate (beats per
minute; bpm). Data represent mean� SEM. Statistical treatment of data is presented in Table 1. IR, ischemia=reperfusion; LV,
left ventricle; TR, repetition time; TE, echo time; FA, flip angle. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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Signal averaging was used to enhance the signal-to-noise-
ratio (SNR) and to minimize motion artifacts. The MR se-
quence used consisted of a radiofrequency (RF) pulse that
excited the magnetization and gradient waveforms that spa-
tially modulated the magnetization for image acquisition. The
repetition time (TR) and echo time (TE) for GRE were chosen
to be as short as possible to improve the temporal resolution
and to allow more heart phases to be captured during the
cardiac cycle. The flip angle of the excitation RF pulse used to
acquire the image was 15 degrees. A single-slice acquisition
was obtained in 2–3 min, depending on relevant imaging
parameters (i.e., matrix size and number of signal averages).
The imaging time was estimated by multiplying the duration
of the R–R interval of the ECG with the image matrix size and
the number of signal averages. All animals were killed after
MRI, and tissue was collected for histologic studies. All pro-
cedures were approved by the Institutional Laboratory Ani-
mal Care and Use Committee (ILACUC) of the Ohio State
University.

MR contrast enhancement for infarct imaging

To discriminate between viable and nonviable myocardial
tissue in the infarct region, delayed-contrast enhancement
(DCE) was performed on a separate group of C57BL=6 mice
(n¼ 4; time points: baseline and post-IR days 3 and 28). Ga-
dolinium diethylenetriamine pentaacetic acid (Gd-DTPA; IP
injection, 0.1–0.2 mmol=kg) was used as the contrast agent. Gd-
DTPA shortens the T1 (spin-lattice) relaxation time of the tissue
(43). T1-weighted images were acquired 20–30 min after con-
trast injection to detect the post-IR nonviable myocardium,
which appears hyperintense because of the diffusion and re-
tention of contrast agent into the site of the injury. Before image
acquisition, an inversion RF pulse was applied, which inverted
the tissue magnetization. The magnetization recovered at a rate
corresponding to the T1 time of the specific tissue. An inversion
time (TI) of 300 ms was used to match the time at which the
magnetization for normal myocardium nulls. At this time, the
maximal contrast between viable and nonviable myocardium
was achieved in murine heart. The optimal TI for DCE imaging
can vary with the type of contrast agent, its concentration, and
the field strength of the magnet. Proper selection of TI is im-
portant, as the contrast of the image can significantly vary,

based on the choice of TI (8, 12, 42). A large flip angle (60
degrees) and a long TR (1,000 ms at 11.7 T) of 2 to 3 times the T1

of normal myocardium with signal averages of 6 were used to
maximize signal per acquisition. Because of the long TR, the
total time needed to acquire a DCE image with an adequate
spatial resolution was 10–12 min per acquisition. To image the
entire left ventricle, a multislice acquisition (six slices of slice
thickness 1.2 mm) technique was applied.

Image processing

LV function and mass. MR images were converted to
DICOM format, as reported previously (33). A stack of short-
axis image slices was acquired (thickness, 1.0 mm), fully
covering the LV (planned at end-diastole) from the very base
to the apical point. After the end-diastolic and end-systolic
phases were identified on a slice-by-slice basis, the endocar-
dial and epicardial borders were traced. LV end-systolic vol-
ume (ESV), LV end-diastolic volume (EDV), LV stroke
volume (SV), cardiac output (CO), and LV ejection fraction
(EF) were computed based on the traced borders. LV mass
was calculated by slice summation by using the cardiac NMR
(local software package), taking a specific gravity of 1.05 g=cc.
LV mass was measured, including the most basal image slice
and papillary muscles.

LV wall-thickness measurement. Left ventricular epi-
and endocardium were delineated in all data sets. Image an-
alyses were performed off-line by using Segment software
(http:==segment.heiberg.se) (15). Two slices were selected
from the midventricular level of each heart for analysis of
regional contractile function (11). The midventricular level
was chosen because the infarct pattern in this region typically
includes all three tissue types of interest (i.e., enhanced, ad-
jacent, and remote) (44). Slices closer to the base of the heart
contain typically no or less infarct, whereas slices closer to the
apex are nearly circumferentially infarcted. The circumference
of each short-axis slice was divided into 18 equiangular radial
segments, each of 20 degrees, taking right ventricular (RV)
corner as the starting point, with clockwise rotation, as shown
in the representative images (Fig. 2A). Papillary muscles were
excluded in the endocardial borders during planimetry.

Infarct measurement. Delayed contrast-enhanced MR
images were converted to DICOM format and transferred to
Segment v1.8 R0670 software for infarct analysis. Images were
processed pixel-wise by using Para-Vision PV4.0 software for
infarct area, volume, and signal-intensity analysis. At each
short-axis slice position, the end-diastolic phase was selected
for infarct analysis. Image contrast and brightness were ad-
justed to nullify the noninfarcted myocardium while maxi-
mizing signal in the contrast-enhanced infarcted region. In the
contrast-enhanced images, endocardial and epicardial bor-
ders as well as the borders of the signal-enhanced region were
then subjected to planimetry. At each slice position, the
number of enhanced and nonenhanced pixels was deter-
mined by using PV4.0. The size of the contrast-enhanced re-
gion was then expressed as a ratio of infarct to LV myocardial
volume for all time points (Fig. 4ii). Scar size was assessed by
using planimetry on each short-axis slice. Delineation of the
hyperenhanced area followed by summation of data from
each slice resulted in volume determination.

Table 1. Statistical Treatment for Fig. 1B Addressing

Cardiac Function

LVEDV LVESV SV LVEF CO LV Mass

pre vs d3 * *** *** *** *** ***
pre vs d7 * *** *** *** *** ***
pre vs d14 * *** *** *** *** ***
pre vs d28 * *** *** ** ** **
d3 vs d7 ns ns ns ns ns ns
d3 vs d14 ns ns ns ns ns ***
d3 vs d28 ns ns ns ns * ***
d7 vs d14 ns ns ns ns ns ns
d7 vs d28 ns ns ns ns ns ns
d14 vs d28 ns ns ns ns ns ns

*p< 0.05.
**p< 0.01.
***p< 0.001.
ns, not significant different.
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Infarct patch–area analysis. Signal intensity was mea-
sured in the normal region of the myocardium, and mean� SD
was calculated. To determine hyperenhanced zones, we de-
fined regions with image intensities greater than the mean
signal intensity of the normal region within the transient and
permanent infarct territories. If hyperenhancement was pres-
ent, image intensities were thresholded at a level equal to 2 SD
above the mean of the normal region and outlined only the
hyperenhancement region to account for nontransmural in-
volvement. The criterion for the threshold was chosen such
that the ‘‘bright in the infarct is dead’’ (20). Contrast-enhanced
short-axis images of the apical lower half of the LV with total
infarct, magnified infarct region, and scar patches at different
intensity levels were obtained by using these criteria. The de-
layed-hyperenhanced regions were subjected to contouring to
detect the area of individual patchy islands. The necrotic and
reversibly infarcted areas were quantified with planimetry.

Transmurality analysis. The transmural extent of infarc-
tion (transmurality) was computed for each segment as the

ratio of hyperenhanced to nonhyperenhanced areas, as shown
in Fig. 6. Average transmurality for each infarct was calcu-
lated as the average of all segments with transmurality greater
than zero.

Statistical analyses

Data are presented as mean� SEM. Significance of differ-
ence between means was determined (SPSS software pack-
age) with one-way analysis of variance (ANOVA) by using
Tukey pairwise comparisons to assess differences between
time points. Individual slices were considered to be separate
observations (36). Student’s paired t test was used to compare
differences in transmurality in post-IR d3 and d28 (Fig. 6).

Results

LV function and mass

Attenuated R-wave amplitude, marked ST-segment ele-
vation, and development of a large Q-wave were hallmarks of

FIG. 2. Segmental measurement of wall-motion abnormality to assess anatomic remodeling of ischemia/reperfused
murine heart. (A) (i) Representative long-axis image of a baseline mouse heart with a schematic depiction of the six imaging
planes studied. The actual planes studied covered the entire LV long axis, enabling LV mass and volume calculation at the
base; (ii) typical representative short-axis image obtained from the apical half of the LV; (iii) demarcation of sectors for wall-
thickness measurements. Images with maximal infarction at the region below LAD occlusion for all time points were
processed. LV epi- and endocardial borders and radial lines were drawn as shown. All pre- and postischemic images were
processed based on the radii as reference lines to measure the wall thickness. LV was divided into 18 sectors (each 20 degrees)
starting from the right ventricular corner as sector 1, with all other equal sectors rotating anticlockwise. The thicknesses of the
wall at each radial line were measured by using Segment software. LV, left ventricle; RV, right ventricle; PM, papillary
muscle; IVS, interventricular septum. (B) Post-IR wall thinning. Significant LV wall thinning caused by IR injury (sectors from
4 to 10) is observed. Post-IR wall-thickness data measured at different time points were compared with pre-IR data (left
column, i) and post-IR day28 (right column, ii). Optimal compromised wall motion was observed on day 7 and day 14. Data
represent mean� SEM. Statistical treatment of data is presented in Table 3. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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successful LAD occlusion during surgery. IR-insult compro-
mised LV contraction, as manifested by enlarged end-diastole
and end-systole volumes (Fig. 1A). Because our aim was to
study remodeling in the surviving heart, myocardial infarc-
tion was limited to being mild. Under such conditions, EDV
practically remained unchanged over time after IR. IR rapidly
decreased stroke volume, and compromised stroke volume
persisted over the duration of the study (Fig. 1Bi). Consistent
with this observation, IR rapidly compromised LV functions,
as represented by LVEF as well as CO (Fig. 1Bii). Concomitant
with IR-induced rapid loss of LV function, LV mass sub-
stantially increased. This change was most prominent on day 3
after IR. This observation may have been contributed by
edema in the inflammation phase or acute cardiomyocyte
hypertrophy or both. As a function of recovery time, IR-
induced increase in LV mass was noted to decrease. Although
LV mass on post-IR day 28 was significantly higher than pre-
IR baseline values, it was also significantly lower than the LV
mass noted on post-IR day 3 (Fig. 1Biii; Table 1).

LV wall-motion abnormality

A segmental approach to measure LV wall motion was
adopted (Fig. 2A). IR compromised LV contractility and caused
enlargement of the cavity. IR-induced wall thinning was spe-
cifically noted in the anterior aspect of the LV, as represented
by the angular positions 4 through 10. Unlike changes in
LV function and mass that were most prominently noted on
day 3 after IR, the LV wall-thinning response was most marked
in post-IR days 7 and 14. In the border-zone sectors encom-
passing the midventricular and apical anterior septum, which
were adjacent to infarcted anterior sectors, marginal de-
cline of wall thickness was noted on post-IR day 3 (see data,
Table 2). Such wall-thinning response, however, was signifi-
cant on post-IR days 7 and 14. Recovery of wall thickness in
these segments was noted in post-IR day 28. In the sector
representing the midventricular septum, located remote from
the infarct site, no significant change in wall motion was noted
(Table 3).

Infarct volume

The time course of hyperenhancement of LV injury was
assessed by using the MR inversion-recovery sequence, which
recognized true infarct size (Fig. 3). Earliest contrast-enhanced
images were obtained 20–30 min after contrast administra-
tion. Consistent with IR-induced changes noted in LV mass
and function, infarct size was observed to be the largest on
post-IR days 3 and 7. With time, however, the infarct size
significantly decreased (Fig. 3, Table 3). Pixel-wise analysis
of delayed hyperenhancement of infarct region via signal
intensity was performed for the assessment of ischemic se-
verity. A typical four-chamber view of the infarcted heart
on post-IR day 3 is shown Fig. 4i. A representative contrast-
enhanced short-axis image of the apical half of the LV de-
picting the injury on post-IR day 3 is presented in Fig. 4ii.
Both normal (x) and hyperenhanced (y) regions were ana-
lyzed to obtain intensities of the normal myocardium and
hyperenhanced myocardium, respectively. We observed that
IR-induced absolute signal-intensity enhancement was high-
est on post-IR days 3 and 7. As a function of post-IR time,
the signal-intensity enhancement was attenuated, suggesting
that some of the damaged tissue may have recovered or
the formation of scar tissue that does not lend itself to Gd-
DTPA access because of compromised vascularization or
both.

Infarct patch area analysis

The hyperenhanced region was thresholded to obtain
image intensities at three different regions: the normal myo-
cardium, myocardium transient to infarction, and permanent
infarction (24). Representative contrast-enhanced short-axis
images of apical lower-half of LV depicting the total infarct,
magnified infarct region, and scar patches at different inten-
sity levels are shown in Fig. 5. The delayed-hyperenhanced
regions are shown by contours. The necrotic and reversibly
infarcted areas are quantitatively illustrated in Fig. 5iii (36).
Interestingly, although the necrotic tissue area remains unal-
tered during the course of the post-IR recovery period, the
reversibly infarcted tissue markedly was minimized during
4 weeks of recovery (Fig. 5iii).

Table 2. Sector-wise Diastolic Mean Wall Thickness

(in mm) Following Ischemia=Reperfusion

# of Sectors pre-IR d3 d7 d14 d28

1 0.931595 1.033396 0.953974 0.975056 1.101323
2 0.852572 0.997633 0.905107 0.90879 1.108634
3 0.82386 0.98937 0.880231 0.881996 1.046132
4 0.986903 0.935859 0.818781 0.757131 0.881652
5 0.996074 0.865452 0.750749 0.610858 0.820135
6 0.995524 0.839362 0.676961 0.620387 0.814028
7 1.000417 0.811848 0.677347 0.582921 0.787473
8 1.024419 0.84299 0.6526 0.630149 0.777751
9 0.997985 0.767196 0.655264 0.66597 0.795837
10 0.982131 0.854038 0.701213 0.745519 0.843884
11 0.883158 0.902111 0.73539 0.814041 0.842338
12 0.843916 0.911095 0.761959 0.803375 0.868553
13 0.960949 0.89578 0.930933 0.976098 0.922397
14 0.929974 0.921196 0.796173 0.918665 0.897535
15 0.936043 0.96056 0.780904 0.877941 0.905034
16 0.929974 0.921196 0.796173 0.918665 0.897535
17 0.926043 0.95056 0.770904 0.867941 0.895034
18 0.947729 0.974049 0.839618 0.965841 1.034308

Table 3. Statistical Treatment for Fig. 2B Addressing

Cardiac Wall-motion Abnormality

pre-IR vs d3 ns
pre-IR vs d7 ***
pre-IR vs d14 **
pre-IR vs d28 ns
d3 vs d7 **
d3 vs d14 *
d3 vs d28 ns
d7 vs d14 ns
d7 vs d28 *
d14 vs d28 *

*p< 0.05.
**p< 0.01.
***p< 0.001.
ns, not significant different.
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Transmurality analysis

The average transmurality of each infarct was calculated as
the average of all segments with evidence of transmurality
(Fig. 6). Delayed contrast-enhanced images obtained by ad-
ministering Gd-DTPA to mice at different time points after IR
were processed for the calculation of hyperenhanced and
nonhyperenhanced patch areas of myocardium for all af-
fected slices. Transmurality was expressed as a ratio of mean
hyperenhanced to mean nonhyperenhanced areas (34). The

approach adopted in this study was able to track infarct
transmurality in beating murine hearts subjected to IR. Infarct
transmurality markedly increased during post-IR recovery
(day 3 vs. day 28), indicating that the permanent injury re-
mains unchanged, whereas part of the reversibly injured tis-
sue recovers in 4 weeks after IR.

Discussion

Increased end-diastolic volume and compromised con-
tractile function are commonly noted in the IR heart (50). Our
observations are consistent with the literature demonstrating
that after IR, cardiac functions are compromised and remain
so over time (3, 17, 50). Attenuated LV ejection fraction and
cardiac output in the post-IR heart represent hallmarks of a
compromised state of cardiac function (41). Left ventricular
hypertrophy, as is noted after myocardial infarction (2, 30, 46),
was observed as an acute response after IR. Interestingly,
during the four weeks of recovery after IR, although LV hy-
pertrophy was still evident, LV mass was significantly lower
compared with results recorded on post-IR day 3. Abnormal
regional wall motion after myocardial infarction is caused by
disrupted perfusion of the affected sites (11). LV segmental
wall motion is useful to assess overall left ventricular function
in acute myocardial infarction (22). Consistent with the clini-
cal literature (1), we observed a gradation of wall-motion
abnormality that consisted of hypokinetic (thinning, 40–50%)
and akinetic (thinning, 30–40%) components. Progressive
worsening of wall motion was noted during the first 2 weeks
after IR. This is consistent with the notion of progressive
myocyte death in the IR-affected myocardial site (33). In all
middle and apical slices, the circumferential extent of wall
thinning progressively increased in regions at angular posi-
tions 4 through 10. Analysis of the midventricular slices re-
vealed that it was not only the IR-affected site where wall
thinning was evident but also the wall diametrically opposite
the infarct site had the thinning response. This response, al-
though not clearly evident on post-IR day 3, was significantly
noted on post-IR day 7. Mechanical load on the remote wall
caused by the malfunctioning infarct site is likely to be re-
sponsible for the observation. Longitudinal measures con-
ducted in our study demonstrate that in the murine heart, the
thinning response is a progressive process that seems to peak
on post-IR days 7 to 14. Beyond the first 2 weeks of IR, the
structural geometry of the heart suggests that the thinning
response not only stops but also partly reverses, as noted on

FIG. 3. Infarct size after ischemia/reperfusion. Contrast
enhancement after Gd-DTPA injection at different time
points after IR. T1 weighting was achieved with an inversion-
recovery fast low-angle shot (ir-FLASH) pulse sequence
(TE¼ 30 ms; TR¼ 1,000 ms; matrix size¼ 256�192 mm;
TI¼ 275 ms; FA¼ 60 degrees). Images were acquired during
breath-hold (acquiring images within short acquisition times,
which produced images that were comparatively free of
motional artifact from cardiac or respiratory movement) (8 s)
and were ECG gated to end systole to achieve contrast
caused hyperenhancement between normal and injured tis-
sue. (i) Representative epi- and endocardial borders and in-
farct contours were drawn by using Segment software for all
time points (see time-point label for ii vertically below). The
area of hyperenhanced injury was obtained by planimetry on
two to three slices, depending on the infarct size and location
and by applying Simson’s rule. Infarct volume was calcu-
lated by multiplying the total area by the slice thickness;
Note: image quality is poorer at the apex because of motion.
Therefore, mid-LV slices are shown for the sake of better
image quality. (ii) Changes in infarct size over time. The ratio
of infarct volume to normal LV myocardial volume was
plotted over time. Data represent mean� SEM. Statistical
treatment of data is presented in Table 4. T1, tissue magne-
tization recovery time; TI, inversion recovery time; LV, left
ventricle; TR, repetition time; TE, echo time; FA, flip angle;
IR, ischemia=reperfusion; Gd DTPA, gadolinium diethyle-
netriamine pentaacetic acid. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the
web version of this article at www.liebertonline.com=ars).

Table 4. Statistical Treatment for Fig. 3ii Addressing

Cardiac Infarct Size

pre-IR vs d3 **
pre-IR vs d7 **
pre-IR vs d14 **
pre-IR vs d28 **
d3 vs d7 ns
d3 vs d14 *
d3 vs d28 *
d7 vs d14 *
d7 vs d28 *
d14 vs d28 ns

*p< 0.05.
**p< 0.01.
ns, not significant different.
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post-IR day 28. Contribution of the scar tissue to this reversal
response is likely, and histologic characterization is therefore
of interest.

Clinically, hyperenhancement is commonly noted in post-IR
myocardium after Gd-DTPA administration (31). Double-
inversion pulse to null blood signal enhanced the contrast-
to-noise ratio. Gd-DTPA rapidly diffuses out of capillaries into
the extracellular space but cannot cross intact cell membranes.
At the site of injury, however, Gd-DTPA enters into cells with
compromised membrane integrity and is retained at that lo-
cation because of poor perfusion of the injured tissue (45, 47).
Partial-volume effect in the injured myocardium adds a layer of
complexity to this interpretation (18, 23, 24). The partial-
volume effect represents any of a set of effects that occur due to
the finite size of the detection elements or resolution elements
(voxels) and the fact that the object structure may vary rapidly
over the region. When the object varies rapidly over distances
comparable to the spatial resolution, one expects the image
value to reflect the average value over the resolution element.
This partial-volume averaging, a manifestation of the limited
spatial resolution, is also called the linear partial-volume effect.
Prudent consideration of the partial-volume effect is critical to
the rational interpretation of MRI observations (27). We ob-
served that the absolute volume of hyperenhanced myocar-
dium decreased by a factor of 3.6 between post-IR days 3 and
28. Hyperenhancement includes both acutely necrotic regions
and surrounding reversibly injured regions (10), as presented
on post-IR day 3. Over the 4-week period of post-IR recovery,
the necrotic tissue cannot reverse into viable myocardium, but
a fraction of the reversibly injured tissue does recover, frac-
tionally attenuating the infarct size. We also noted that the
spatial extent of post-IR scar at 4 weeks of recovery was 3.6
times smaller than the spatial extent of acute myocyte necrosis
at post-IR day 3. In canines, it is known that the infarct shrinks
fourfold between post-IR day 4 and 6 weeks (30, 37). This is
consistent with our observation demonstrating a significant
reduction of proportional infarct size during 4 weeks of post-IR
recovery. The observed reduction of infarct size over a 4-week
period of post-IR recovery may be explained by (a) replace-

ment of necrotic tissue by scar tissue (6, 9, 16, 28, 32), and (b)
compensatory hypertrophy or enlargement of the uninjured
tissue, with the goal to preserve cardiac function in the insulted
heart (44).

Transmural ischemia is said to exist when ischemia extends
subepicardially. This process has a more-visible effect on
recovery of subepicardial cells compared with sub-
endocardial cells. Recovery is more delayed in the sub-
epicardial layers, and the subendocardial muscle fibers seem
to recover first. Delayed contrast-enhanced cardiac MRI al-
lows the direct visualization of the transmural extent of scar at
high spatial resolution. This work provides a validated
methodologic approach that is useful to quantify post-IR in-
farct tissue. When imaged by adopting a DHE MRI technique
with an inversion-prepared T1-weighted sequence after in-
jection of gadolinium chelates, the infarcted myocardium
appears hyperenhanced relative to the unaffected healthy
myocardium. The transmural extent of DHE predicts func-
tional and anatomic remodeling in acute myocardial infarc-
tion as well as in chronic ischemic heart disease (7, 32, 34, 40).
This approach can accurately discriminate between infarcted

FIG. 4. Pixel-wise analysis
of delayed hyperenhancement
of infarct region. (i) Typical
four-chamber view of infarcted
heart (post-IR day 3). (ii) Re-
presentative contrast-enhanced
short-axis image at apical half
of LV depicting the injury on
post-IR day 3. (iii) Quantitative
data from images processed by
using Para-Vision PV4.0 (Bru-
ker, Ettlingen, Germany) soft-
ware for intensity analysis.
Both normal and hyper-
enhanced regions were ana-
lyzed to obtain intensities of
the normal myocardium (x) and
hyperenhanced myocardium
(y) by using the pixel-scan
option. Bottom left, signal-

intensity profile for the normal myocardium (x). Bottom right, signal-intensity profile for the infarcted myocardium (y). Data
represent mean� SEM. Statistical treatment of data is presented in Table 5. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).

Table 5. Statistical Treatment for Fig. 4Aiii

Addressing Delayed Hyperenhancement

of Cardiac Infarct Tissue

pre-IR vs d3 ***
pre-IR vs d7 ***
pre-IR vs d14 ***
pre-IR vs d28 ***
d3 vs d7 ns
d3 vs d14 *
d3 vs d28 *
d7 vs d14 *
d7 vs d28 *
d14 vs d28 ns

*p< 0.05.
***p< 0.001.
ns, not significant different.
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and dysfunctional but viable myocardium. The extent of de-
layed enhancement is reproducible and closely correlates with
the size of myocardial necrosis or infarct scar (40). The
transmural extent of viable tissue is inversely proportional to
infarct expansion and may protect from subsequent LV re-
modeling (14). This work provides the first evidence from the
study of transmurality in the post-IR heart of mice by using an
11.7-T system. Our observations are in tight agreement with
clinical results addressing the key significance of scar size in
LV remodeling (21, 34). Previously, it was suggested that
contrast-enhanced MRI overestimates the size of myocardial

infarcts when images are acquired much less than 20 min after
contrast injection (24). We observed that chronic infarct or scar
volume, assessed by MRI, remained practically constant from
post-IR day 3 (2.09 mm3) to day 28 (2.76 mm3). However, IR-
induced change in volume of the injured-tissue compartment
represented by moderate gadolinium concentration was re-
versible (post-IR day 3, 2.90 mm3; day 28, 0.66 mm3). Under-
standing the biology of these patches of repairing infarct
tissue by using laser capture microdissection approaches (25,
26, 39) is likely to provide major advances in our under-
standing of post-IR myocardial wound healing.

FIG. 5. Analysis of delayed
hyperenhanced infarct patchy-
scar area. Delayed contrast–
enhancement MR imaging was
performed on mice injected with
Gd-DTPA. Contrast-enhanced
pixel-wise analysis was per-
formed. Representative contrast-
enhanced short axis image at the
apical half of the LV depicting the
injury (infarct region), magnified
version of the infarct (ROI-2), and
scar patches of different intensity
values thresholded from the in-
farct region (ROI-1) at post-IR
day3 (i) and day 28 (ii) (A). The
delayed-hyperenhanced region is
shown by contours. Hyperen-
hanced regions were thresholded
to obtain image intensities at
three different regions: normal
myocardium, myocardium tran-
sient to occlusion, and permanent
occlusion. (B) (iii) Bar graphs il-
lustrate total infarct area, scar
area, and reversibly infarcted
area. Data represent mean�
SEM. *p< 0.05; **p< 0.01. ROI, region of interest; ROI-1, necrotic tissue or bona fide infarct tissue; ROI-2, reversibly infarcted
tissue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article
at www.liebertonline.com=ars).

FIG. 6. Assessment of in-
farct transmurality. Delayed-
contrast enhancement MR
imaging was performed on
mice injected with Gd-DTPA.
Images were processed for the
calculation of hyperenhanced
and nonhyperenhanced in-
farct patch areas for all af-
fected slices. (i) Axial image
montage illustrating hyper-
enhanced LV myocardium.
Only three (1–3) of six slices of
slice thickness 1.2 mm were
affected by IR. Thresholds for
enhanced and nonenhanced
patches areas were calculated.
Transmurality was expressed
as a ratio of mean hyperenhanced to mean nonhyperenhanced area; (ii) the direction of propagation of scar is shown (cyan
edge) as spatial percentage maximum scar transmurality, estimated by using Segment software; (iii) results of scar trans-
murality on post-IR days 3 and 28 are illustrated. Data represent mean� SEM. ***p< 0.001. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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