1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Magn Reson Med. 2012 January ; 67(1): 201-209. doi:10.1002/mrm.22975.

T2-weighted MRI of post-infarct myocardial edema in mice

Ronald J. Beyersl, R. Scott Smith14, Yaqin Xul, Bryan A. Piras1#, Michael Salerno?-3,
Stuart S. Berrl2, Craig H. Meyer1-24, Christopher M. Kramer2:34, Brent A. French1.2:3.4 and
Frederick H. Epsteinl.24.*

1Department of Biomedical Engineering, University of Virginia, Charlottesville, Virginia, USA

2Department of Radiology, University of Virginia, Charlottesville, Virginia, USA
SDepartment of Medicine, University of Virginia, Charlottesville, Virginia, USA

4Robert M. Berne Cardiovascular Research Center, University of Virginia, Charlottesville, Virginia,
USA

Abstract

T2-weighted, cardiac magnetic resonance imaging (T2w CMR) can be used to noninvasively
detect and quantify the edematous region that corresponds to the area at risk (AAR) following
myocardial infarction (MI). Previously, CMR has been used to examine structure and function in
mice, expediting the study of genetic manipulations. To date, CMR has not been applied to
imaging of post-MI AAR in mice. We developed a whole-heart, T2w CMR sequence to quantify
the AAR in mouse models of ischemia and infarction. The ABy and AB1 environment around the
mouse heart at 7 T were measured, and a T2-preparation sequence suitable for these conditions
was developed. Both in vivo T2w and late gadolinium enhanced CMR were performed in mice
after 20-minute coronary occlusions, resulting in measurements of AAR size of 32.5 + 3.1 (mean
+ SEM) % LV mass, and Ml size of 50.1 + 6.4% AAR size. Excellent interobserver agreement
and agreement with histology were also found. This T2w imaging method for mice may allow for
future investigations of genetic manipulations and novel therapies affecting the AAR and salvaged
myocardium following reperfused MI.

Keywords
T2-weighted; T2w; T2 prep; edema; area at risk; risk area; peri-infarct; mice

Introduction

In occlusive coronary artery disease, the area at risk (AAR) of infarction is defined as the
volume of tissue that is perfused, prior to occlusion, by blood flow in coronary arteries distal
to an occlusion site. The AAR can be detected after reperfusion using T2-weighted MRI, as
the AAR becomes edematous and, consequently, appears hyperintense using this technique
(1-3). The area of necrosis, or myocardial infarction (M), is a subregion of the AAR, and
can be delineated using late gadolinium-enhanced (LGE) T1-weighted MRI (4,5). Following
reperfusion, the remaining non-necrotic fraction of the AAR, defined as (AAR-MI)/AAR; is
called the salvaged area. Maximizing the salvaged area is an aim of both current and new
therapies (6-13).
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Pulse sequences for acquiring T2-weighted cardiac MR (T2w CMR) images have previously
been developed for application in humans and large animals. These include turbo spin echo
(TSE) with a double inversion-recovery (DIR) preparation (14), TSE steady state free
precession (SSFP), and T2-prepared SSFP (15-17). CMR of the AAR would also be useful
in imaging studies that employ mice, as mice are widely used to investigate experimental
therapies and the roles of individual genes in the setting of MI. However, due to the 10-fold
higher heart rate in mice compared to humans, as well as the different off-resonance
environment encountered when imaging the mouse heart at field strengths of 4.7 — 14.1
Tesla (T), pulse sequences for T2w CMR that have been previously optimized for imaging
humans do not directly apply to mice (18-20).

The overall goal of the present study was to develop T2w CMR methods that can be applied
to a mouse model of MI. To accomplish this goal, we (a) measured the variation in By and
B4 in the mouse heart at a field strength of 7 T, (b) designed and developed a pulse sequence
for T2w CMR that provides good image quality under the motion, B4, and off-resonance
conditions found in the mouse heart, and (c) evaluated the new sequence for in vivo imaging
of the AAR and salvaged area.

Materials and Methods

Pulse Sequence

A pulse sequence employing T2 preparation (T2 prep) and a multislice gradient echo
readout (GRE), along with combined respiratory gating and ECG triggering, was
implemented on a 7 T ClinScan MR system (Bruker, Ettlingen, Germany). Sequence
triggers (ECG and respiratory) were produced only during the quiescent phase of expiration
to minimize physiologic motion artifacts. The sequence was composed of two independent
modules including: 1) a non-selective T2 prep module with flow sensitization (FS) gradients
for intraventricular dark blood, and 2) a multislice GRE image acquisition module, as shown
in Fig. 1. The T2 prep module was ECG-triggered and applied after an appropriate delay to
place the subsequent GRE image acquisition at the next end-diastolic cardiac phase without
need for a second ECG trigger. By using a non-selective T2 prep and a multislice readout,
whole-heart coverage was achieved with one scan.

The T2 prep module was specifically designed to accommodate the fast heart rate of mice
and the ABg and AB; environment around the mouse heart at 7 T. We investigated different
RF pulse trains for this application with regard to their sensitivity to ABg and AB1 (21-27).
The specific RF refocusing pulses that were compared were singular hard rectangular (rect),
composite (90y:1804:90y) hard rect, and fast adiabatic pulse types (25). Our candidate pulse
sequences integrated the above refocusing pulse types into Carr-Purcell, Carr-Purcell-
Meiboom-Gill, and Malcolm Levitt (CP, CPMG, MLEV) methods. The FS gradients
included two mono-polar gradients placed to straddle one of the T2 prep refocusing pulses
(28). Although the T2 prep itself is nonselective, these FS gradients were played in the
through-plane (slice-select) direction of the GRE image acquisition. This method induces no
through-plane net phase accumulation for static tissue while the magnetization from moving
blood undergoes dephasing, thereby darkening the intraventricular blood. The FS gradients
were placed to play during diastole, when blood inflow is high and when cardiac wall
motion is low.

ABy and AB1 mapping

ABg and AB; maps of normal mouse hearts at 7 T were acquired to guide the design
requirements of the T2 prep module. To quantify the variation of By and B4 in a typical
mouse heart, we used a two-dimensional (2D) GRE sequence to generate Af maps and a
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modified 2D actual flip angle (AFA) GRE sequence (26,29) to produce AB; maps. Both
sequences were ECG gated to acquire all images at the end-diastolic cardiac phase. GRE
images were acquired in short- and long-axis planes. For each plane, a series of images was
acquired with echo times (TE) of 1.48 ms to 2.48 ms, at increments of 0.1 ms. Other
parameters included TR = 200 ms and slice thickness = 1.0 mm. From this GRE image set,
the phase images were then differenced and scaled to produce Af maps. Likewise, various
AFA GRE images in short- and long-axis cardiac planes were acquired with a fixed flip
angle of 70 degrees and two different TR times of 5 to 6-fold difference in length, such as,
20 and 120 ms. A detailed discussion of the AFA method may be found in Yarnykh (29). In
short, based on analysis of the longitudinal steady-state magnetization, the ratio of the signal
strength measured at two repetition times, expressed with their dependence on flip angle,
allowed solving for the actual flip angle. The AFA map was then converted to a AB; map.

Experimental evaluation of T2 prep methods using phantoms

Animal care

Phantoms were imaged to evaluate the performance of different T2 prep methods under the
ABg and AB; conditions found in vivo. Phantoms were composed of concentrations of
agarose gel and copper sulfate that provide T1 and T2 values similar to normal and
edematous myocardial tissues at 7 T, with ranges of T1 = 1200 to 1600 ms and T2 = 40 to
100 ms (30). These phantoms were used for sequence testing under both properly-tuned and
manually-detuned conditions to investigate sequence sensitivity to inhomogeneous
conditions. For these tests, the phantoms were first imaged with the MR scanner precisely
tuned, then imaged again after the scanner was incrementally manually detuned (offset) to
each of six predetermined levels of Af up to £2500 Hz and AB; up to £50%.

Image quality of the phantom images was quantified using the structural similarity (SSIM)
index method, as described by Wang, et al (31). Briefly, the SSIM method compares the
structural, intensity, and contrast qualities of modified images to a reference image to
produce a [—1, 1] score index, where index = 1 indicates an identical match. The SSIM
process first calculates an independent and normalized statistical matrix score for each of the
structural, s(x,y), intensity, 1(x,y), and contrast, c(x,y) qualities, then combines them into one
overall index score. We applied SSIM to quantify changes to image SNR and CNR and to
artifacts for each Af and AB; image using the respective Af = 0 and AB; = 0 images as the
SSIM reference. Before the SSIM calculation, the Af images were corrected for Af —induced
shifts in the readout direction. This allowed for an objective comparison by evaluating each
Af and AB4 image for degradation in structure, intensity, and contrast.

and surgical procedure

For animal studies, we used protocols in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23, Revised 1996). Protocols were approved
by the Animal Care and Use Committee at our institution. Ten wild-type male C57BI/6 mice
(11 to 14 wk old; Jackson Laboratories, Bar Harbor, ME) underwent surgically induced Ml
by a 20-minute occlusion of the left anterior descending (LAD) coronary artery followed by
reperfusion. The location along the LAD of the surgical occlusion point was intentionally
varied. This was done to ensure the ten mice received differing sizes and locations of Ml as
well as the corresponding AAR. Briefly, for all surgeries, the mice were anesthetized by
intraperitoneal injection of 100 mg/kg pentobarbital sodium and artificially respirated
(SAR-830/P ventilator) with an inspired O fraction of 0.80, a frequency of 100 strokes/min,
and a tidal volume of 2.0 to 2.5 ml. A parasternal incision was made to open the chest, and
the LV was located and exposed. Coronary artery occlusion was achieved by passing a 7-0
silk suture beneath the LAD coronary artery inferior to the left auricle and then tightening it
over a length of PE-20 tubing. Successful occlusion was verified by observed ECG
measurements with widening of the QRS complex and elevation of the ST segment, along

Magn Reson Med. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beyers et al.

Page 4

with visible blanching of the occluded AAR. Reperfusion was achieved by removing the
short length of PE-20 tubing. The chest was closed, and 1.0 to 1.5 ml of 5% dextrose was
injected intraperitoneally to replace fluids. Throughout the surgery, the mouse body
temperature was monitored and maintained at 37.0 £ 0.5 °C.

In vivo CMR preparation and physiological monitoring for mice

Anesthesia was initially induced using 3% isoflurane in the respiratory O, delivered via
nosecone, and was maintained at a 1% level during imaging. Pediatric ECG leads (Blue
Sensor, BRS-50-K/US; Ambu, Linthicum, MD) were attached to the shaved limbs of the
mice for cardiac gating. A pneumatic respiration sensor was placed just inferior to the
diaphragm for respiratory gating. A length of PE-20 tubing was surgically inserted into the
peritoneal cavity for the intraperitoneal (IP) infusion of gadolinium diethylenetriamine
pentaacetic acid (Gd-DTPA) contrast agent prior to LGE CMR. ECG, respiration, and body
temperature were monitored during imaging using an MRI-compatible system (SA
Instruments, Stony Brook, NY). Body temperature was maintained at 37.0 + 0.5 °C by
circulating temperature-controlled warm water under the mice.

CMR imaging

The 7 T scanner (ClinScan, Bruker, Ettlingen, Germany) was equipped with a RF birdcage
body coil for mice and gradient system capable of 6.50 x 10~1 T/m maximum strength and
6.667 x1073 T-s/m maximum slew rate. Localizer imaging was performed to identify
double-oblique long-axis (LA) and short-axis (SA) views of the LV. For supplemental
cardiac function data, a four-chamber LA, and a set of six to eight contiguous SA cine
images were acquired to cover the entire LV (32). For the T2w sequence, the flow
sensitization gradients were set to play in early diastole, when transmitral blood flow is high
and dephasing FS gradients are most effective. The multislice GRE acquisition was set to
image the same SA slices as the cine sequence. T2w imaging parameters included: CPMG-
MLEYV weighting with 16 adiabatic refocusing pulses for T2 prep, adiabatic pulse length =
2.4 ms, TR = 3 sec plus the time to the next ECG R-wave (< ~#100 ms), TE = 60 ms, slice
thickness = 1.0 mm, BW = 520 Hz/pixel, averages = 2, FOV = 25 x 25 mm, matrix = 128 x
128, and in-plane resolution of 0.20 x 0.20 mm.

In vivo CMR was performed initially on normal mice for sequence development, then later
on mice two days after infarct surgery to image AAR and M. In addition to T2w CMR,
LGE CMR was also performed as previously described (33). Briefly, LGE CMR was
accomplished by IP injection of Gd-DTPA (0.1 to 0.2 mmol/kg) followed 10 to 15 minutes
later by multislice inversion-recovery imaging.

Post-CMR histology

Following completion of all CMR, the mice were euthanized. The hearts were cannulated
through the ascending aorta for sequential perfusion with 3 to 4 ml of 1%
triphenyltetrazolium chloride (TTC) and 10% phthalocyanine (phthalo) blue (34). To
determine the AAR, the LAD was reoccluded with the same suture used for coronary
occlusion in preparation for the phthalo blue perfusion. After perfusion, the LV was cut into
five to seven transverse slices, mounted on slides and digitally microphotographed. These
digital images were processed using ImageJ where the total LV mass, AAR, and MI regions
of interest (ROI) were manually traced for each image by an independent analyst kept blind
of all CMR results. Specifically, for each histology image, non-phthalo blue indicated the
AAR, TTC red/pink indicated viable/non-MI within the AAR (salvaged), and white
indicated necrotic MI. From these three ROI, AAR as percent of LV mass, Ml as percent of
LV mass, Ml as percent of AAR, and salvaged area were determined.
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CMR image analysis

Results

CMR image analysis was performed using custom programs developed in MATLAB. Each
MR image was manually traced to segment the LV myocardium from surrounding tissue.
The SNR for an ROI was calculated using the mean magnitude within the ROI divided by
the standard deviation (SD) of a background region selected outside the animal. The CNR
between two ROI was the difference in SNR between the two ROI. In post-MI mice, a
“normal” ROI was selected in the septum, as it was unaffected by occlusion of the LAD
coronary artery. For T2w images, myocardial pixels with magnitude greater than the normal
ROI mean plus two SD were considered edematous and part of the AAR. For LGE images,
myocardial pixels with magnitude greater than the normal ROI mean plus four SD were
considered necrotic and part of the MI. These SD threshold values were selected to remain
consistent with prior T2w studies (7,35-37), prior LGE studies (3,38,39), and with our own
unpublished results from LGE imaging in post-MI mice compared to histological TTC
staining. As with the histology data, the MRI data were used to quantify AAR as percent of
LV mass, Ml as percent of LV mass, Ml as percent of AAR, and salvaged area. Tests for
statistical significance included the two-tailed Student’s t-test, where p-values less than 0.05
were considered statistically significant. Statistical group results in this study are reported as
the mean with standard error of the mean (mean = SEM). To assess interobserver variability,
two independent analysts processed the same T2w CMR images to calculate the AAR. Each
analyst performed their own independent segmentation.

ABg and AB1 mapping

In vivo ABg and AB; maps were collected from four normal mice. The ABg maps measured
Af as £250 Hz over the majority of the hearts as exemplified in Fig. 2A-2D. However, near
the cardiac apex in two of the mice, larger offsets of Af up to 1000 Hz were observed. The
AB1 maps measured a £12% variation for typical SA image slices and +19% variation for
typical LA slices, also exemplified in Fig. 2E-2H. Therefore, the in vivo, worst-case, ABg
and AB; mapped levels were Af = 1000 Hz and AB; = £19% variation.

Experimental evaluation of T2 prep methods using phantoms

Phantom imaging using the new pulse sequence confirmed the presence of T2 contrast
between phantoms representing normal and edematous tissue (40,41). The SNR values for
the tissue phantoms were 34.6 and 111.7, providing a CNR of 77.1. Qualitatively, phantoms
with similar T1 values but differing T2 values showed excellent contrast while phantoms
with differing T1 values and similar T2 values displayed virtually no contrast difference.
This supports the presence of strong T2-weighting with minimal T1-weighting.

Figure 3 presents phantom image results comparing the three RF refocusing pulse types
under manually detuned Af and AB4 conditions. These images demonstrate an example
where both singular hard rect and composite hard rect pulse types show prominent artifacts
for Af = 1500 Hz and AB1 = 40%, whereas adiabatic pulses produce an image without
artifacts under the same conditions. The SSIM index graphs, presented in Fig. 4, quantify
the performance for each RF pulse type, and illustrate that over a broad range of Af and AB1,
the adiabatic pulses provide the best performance. The SSIM index for both Af = 0 Hz and
AB1 = 0% is 1.0 by definition, since these images were the SSIM reference images. The
SSIM index decreases as |Af | and |AB4| increase for all pulse types. The higher values of
SSIM for adiabatic compared to other pulse types reflects their better performance under
off-resonance and AB; conditions. Overall, the adiabatic pulses provided artifact-free
performance up to Af = 1500 Hz and AB4 = £#40%. This was a three-fold improvement
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over singular hard rect and two-fold improvement over composite hard rect pulse
performance.

T2-weighted CMR in post-infarct mice

All ten mice underwent successful cine, T2w, and LGE CMR scans, in that order, of the
entire LV on day 2 after MI. The T2w CMR acquisition time was approximately 13 minutes,
depending on heart and respiratory rates. Figure 5 presents a representative set of T2w CMR
LA and SA images from a mouse that had a 20-minute coronary artery occlusion. The
images display a hyperintense signal in the AAR, with minimal artifacts. A good spatial
correspondence between the AAR and the M1 area was achieved, as shown in Fig. 6, with
the MI area being a subregion of the AAR. Suppression of intraventricular blood signal
achieved using the FS gradients is evident. However, incomplete suppression of low
velocity subendocardial blood, especially near the hypokinetic infarcted wall, often occurred
(Figs. 5 and 6). For the post-MI group, the SNR for the normal remote myocardium was
45.6 + 2.6 and the SNR for the hyperintense myocardium was 91.5 + 5.6, resulting in a CNR
of 45.9 + 3.4.

Comparison of CMR and histology

Following CMR, all ten post-MI mice were euthanized and their hearts were processed for
histology. An example comparing LGE imaging, T2w imaging, and histology at matched
locations is presented in Fig. 6. The region of hyperintensity on T2w imaging was fully
transmural, while the region of gadolinium enhancement was confined to the midwall
region. These patterns were common in many data sets, and show that the area of necrosis
depicted by LGE is a subset of the AAR as depicted by T2w imaging. For the entire post-Ml
group, MRI showed that the T2w AAR size was 32.5 + 3.1 %, and LGE MI size was 17.1 +
3.1 %. Similarly, histology showed that AAR and MI sizes were 34.1 + 3.2 and 14.2 + 2.6
%, respectively. The AAR size measured by T2w CMR was significantly larger than infarct
size measured by LGE CMR and histology, both with p-values less than 0.002. In addition,
measurements of AAR by T2w CMR and histology were not significantly different, and
measurements of infarct size by LGE CMR and histology were not significantly different.
The scatter plot of Fig. 7A shows good agreement between T2w CMR and histology for
measurement of AAR (R? = 0.86). The corresponding Bland-Altman analysis, presented in
Fig. 7B, quantifies a bias of —1.6% for T2w CMR, using histology as a gold standard. The
mean MI size as percent AAR size was 50.1 + 6.4 for mice subjected to a 20-minute
coronary occlusion, leading to a salvaged area of 49.9 + 6.4 percent of the AAR.

Interobserver variability

The scatter plot of Fig. 8A shows good agreement of T2w CMR measurements of AAR size
as assessed by two independent and blinded analysts, with excellent linear correlation (R2 =
0.91). The corresponding Bland-Altman analysis, presented in Fig. 8B, indicates a low
interobserver bias of —0.15%.

Discussion

We sought to develop methods for performing T2w CMR of the AAR in a mouse model of
MI. To overcome challenges associated with the rapid motion of the mouse heart, we
investigated a sequence design based on a T2 preparation period followed by a gradient echo
readout (21). Because T2 preparation methods can be subject to artifacts related to ABg and
AB; effects, and because these parameters were previously unknown for our specific
application, we measured ABg and AB; throughout the mouse heart on a 7 T system. These
measurements revealed Af values as high as £1000 Hz and AB1 up to £19 percent. We then
compared different RF pulses and pulse trains for these ABg and AB1 ranges in a series of
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phantom experiments. We found that adiabatic pulses combined with a CPMG-MLEV pulse
train yielded the best results under these conditions, which agrees with the findings of
Nezafat, et al, in humans (18). We also employed FS gradient pulses applied during diastolic
filling of the LV to dephase the signal from moving blood. The design of these FS gradients
was accomplished with care to minimize undesired dephasing of the myocardial tissue
signal. The key design features were to place the FS gradients to run at a time of high blood
velocity and minimal wall motion, during diastolic filling, and to use a relatively small, per-
lobe, gradient area of 4.68 x 10~ T-s/m and combined first moment of —1.32 x 10~/ T-s2/m.
Under these conditions, experiments in one post-MI mouse showed that SNR in both the
infarcted and noninfarcted regions decreased by less than 10% when using the FS gradients
compared to using no FS gradients. In general the FS gradients were moderately effective at
providing dark blood, with exceptions where blood velocity was reduced, such as near the
dysfunctional infarcted LV wall. In such cases, to reduce ambiguity when drawing
myocardial borders, our image analysis programs simultaneously displayed the T2w image
for segmentation along with cine images at a matched slice location. This simultaneous
display provided additional information to the analysts, and helped them draw the borders in
a consistent manner. Prior studies (11,12,42) and our preliminary experiments indicated that
a T2 prep echo time (TE) of 60 ms gave the best T2w contrast between edematous and
normal myocardium. Our multi-slice GRE readout employed a truncated sinc RF pulse.
When tested in a normal mouse by comparing a multislice to a single-slice acquisition, slice-
to-slice interference led to a 6.2% drop in SNR for multislice imaging. As a whole, the new
pulse sequence provided high CNR and minimal artifacts for in vivo CMR of the mouse
heartat 7 T.

For mice that underwent 20-minute coronary occlusion procedures, T2w CMR measured a
mean AAR of 33% of LV mass, which was similar to that measured by histology. Also,
LGE T1-weighted CMR found a mean Ml size of 17% of LV mass, which was also similar
to that measured by histology. The AAR was larger than the M1 size for all mice, resulting
in a salvaged area that was typically approximately 50% of the AAR. These results parallel
the findings of Aletras, et al, in canines (11), Garcia-Dorado, et al, in swine (12), and
O’Regan, et al, in humans (9). By varying the coronary artery occlusion site, we were able
to evaluate the CMR measurements for AAR’s ranging from approximately 20 — 50% of LV
mass. Comparisons using linear correlation and Bland-Altman analyses showed good
agreement between CMR and histology for both AAR and MI. Interobserver agreement was
also very good for assessing the AAR

In future studies these methods may be useful for investigating strategies for increasing the
salvaged area after MI. Using a mouse model of MI, genetic manipulations may be readily
performed or experimental therapies may be evaluated. In addition, because the AAR, Ml,
and salvaged area can be quantified noninvasively, these MRI methods should enable
studies of AAR, MI, and salvaged area to be combined with longer term post-MI LV
remodeling studies. Furthermore, the T2 prep sequence presented here may be easily
modified into a T2-mapping sequence by employing multiple TE values. Thus, noninvasive
MRI methods may uniquely enable investigators to apply novel therapies and assess both
their short-term impact on MI and salvaged area, as well as, their long-term impact on LV
remodeling in the same cohort of mice.
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Figure 1.

T2-weighted CMR pulse sequence design. For T2 preparation, a non-selective Carr-Purcell-
Meiboom-Gill, Malcolm Levitt (CPMG-MLEV) pulse train is used comprising adiabatic RF
pulses and flow sensitization (FS) gradients. For data sampling, a multislice gradient echo
readout is used. ED: end-diastole, ES: end-systole.
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Figure 2.

Representative long- and short-axis (LA, SA) cardiac ABg (as Af) and AB1 maps from mice
imaged at 7 Tesla. Panels A and C display phase-reconstructed gradient echo ABy maps with
corresponding panels B and D displaying the segmented and scaled Af maps for the
myocardium. Panels E and G display actual flip angle (AFA) B, magnitude-ratio maps with
corresponding panels F and H displaying the segmented and scaled AB, maps for the
myocardium. Overall, Af was generally in the range of +250 Hz and AB; was in the range of
+19% throughout the LV. Occasionally measurements showed Af up to 1000 Hz at air-
tissue interfaces.
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Figure 3.

Representative T2w CMR phantom images comparing performance of RF refocusing pulse
types including singular hard rect (top row), composite hard rect (middle row), and adiabatic
(bottom row). Optimally tuned images (left column) are artifact free for all pulse types,
while at manually detuned Af = 1500 Hz (center column) and AB; = 40% (right column), the
images remain artifact free for only the adiabatic pulse type while both singular hard rect
and composite hard rect types produce prominent artifacts.
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Structural similarity (SSIM) index was used to quantify the quality of T2w CMR in
phantoms at a range of off-resonance and ABq conditions for different RF refocusing pulse
types. On-resonance (Af = 0) and off-resonance (Af up to 2500 Hz) SSIM results (A). Ideal
(AB1 =0) and AB; up to £50% SSIM results (B). For both graphs, ideally tuned conditions
corresponded to SSIM index = 1. Both graphs demonstrate that the adiabatic pulse type is

least sensitive to changes in Af and AB;.
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Figure 5.

Representative T2-weighted images of the mouse heart acquired 2 days after inducing an
experimental myocardial infarction. One long-axis view (A) and three consecutive short-axis
views (B — D) are shown. Regions of myocardial hyperintensity appear in the anterolateral
wall, commensurate with edema in the area at risk (AAR) corresponding to a left anterior
descending (LAD) arterial occlusion. The segmentation lines delineating the myocardium
were hand-drawn. The signal from intraventricular blood was partially suppressed using
flow sensitization gradients.
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Figure 6.

In matched slices of a mouse heart acquired 2 days after a 20-minute coronary artery
occlusion, the area of infarction as assessed by hyperintensity on late gadolinium-enhanced
(LGE) T1-weighted CMR (A) is a subregion of the area at risk (AAR) as assessed by
hyperintensity on T2-weighted CMR (B). Histology of the same slice is shown in (C), where
non-blue indicates AAR, white indicates necrotic infarction, red/pink indicates the salvaged
area.
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Figure 7.

Comparison of area at risk (AAR) size measured by T2-weighted CMR and histology.
Scatter plot of AAR size as percent LV mass shows good linear correlation (R? = 0.86)
between T2w CMR and histology (A). Bland-Altman analysis indicates a bias of —1.6% for
T2w CMR compared to histology (B).
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Figure 8.

Interobserver variability for T2-weighted CMR for quantifying area at risk (AAR) as percent
left ventricular (LV) mass. Scatter plot of AAR measured by two different observers shows
good linear agreement (R2 = 0.91) over a wide range of AAR sizes (A). Corresponding
Bland-Altman analysis indicates a bias of —0.15% between the two observers (B).
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