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1 | BACKGROUND

Sudden cardiac death (SCD) is a leading cause of cardiac mortality in the United States! and is primarily attributed to malignant ventricular

arrhythmias associated with prior myocardial infarction (M), including ventricular tachycardia (VT) or fibrillation (VF).2 Implantable cardioverter

Abbreviations: CMR, cardiovascular magnetic resonance; CNR, contrast-to-noise ratio; CP-LASER, compressed sensing parallel imaging
reconstruction; DICOM, Digital Imaging and Communications in Medicine; DTPA, Diethylenetriaminepentaacetic acid; ECG, electrocardiogram;
FGRE, fast gradient echo; FOV, Field of view; FGRE, fast gradient echo; FWHM, full-width half maximum; ICD, implantable cardioverter
defibrillator; IR, inversion recovery; LGE, late gadolinium enhancement; LOST, low-dimensional-structure self-learning and thresholding; LV,
left ventricle; LVEDV, left ventricular end diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end systolic volume;
MCLE, multi-contrast late enhancement; MI, myocardial infarction; M, steady-state magnetization; RF, radiofrequency; SCD, sudden
cardiac death; Sl, signal intensity; SSFP, steady-state free precession; T#, apparent T, relaxation; TE, Echo time; TI, inversion time; TR,
Repetition time; VF, ventricular fibrillation; VPS, views per segment; VT, ventricular tachycardia
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defibrillators (ICDs) can effectively terminate most episodes of VT/VF and are considered for primary prevention of sudden death in post-infarction

patients with a low left ventricular ejection fraction (LVEF). Currently, the clinical standard approach to identifying appropriate candidacy for
ICD implantation relies on impaired LVEF < 35% as the primary index.>* However, only a 5% annual incidence of appropriate ICD firings has
been reported on the patients selected by this approach for primary prevention of SCD® and it fails in identifying the patients who undergo
the majority of SCD events.® Direct assessment of the underlying arrhythmic substrate using CMR has shown the potential to facilitate risk
stratification of patients with prior Ml for appropriate ICD implantation.” 12 The critical isthmuses of VTs have been located in the peri-infarct zone
identified using CMR (i.e. gray zone) in patients with prior MI.131* Furthermore, the extent of infarct heterogeneity assessed by CMR predicts the
occurrence of VT/VF post-MI, motivating ICD implantation.®?1! However, the measure of peri-infarct gray zone varies in size with degradation
of imaging resolution due to partial volume effects, which has been substantiated in preclinical studies with comparison to histopathology.'>1¢
Recent clinical studies of VT patients with prior Ml have demonstrated that the gray zone channels identified using three-dimensional late
gadolinium enhancement (3D LGE) with an isotropic resolution on the level of 1.5 mm matched the majority of the critical VT isthmuses
identified with electrophysiology mapping techniques, while two-dimensional (2D) LGE with a slice thickness of 5 mm yielded a lower matching
rate.1”18 Therefore, volumetric imaging with a high spatial resolution is preferable for accurate assessment of infarct heterogeneity for patient
risk stratification to indicate appropriate ICD therapy.

2D LGE has become the clinical gold standard for Ml visualization1®2° and can identify infarct heterogeneity by quantifying relative differences
in signal intensities within the infarct territory using a variety of thresholding methods.”?%?2 Multi-contrast late enhancement (MCLE) is an
alternative technique that provides multi-contrast visualization of MI?® and uses a data clustering method to identify infarct heterogeneity.?*
In several clinical studies, 2D MCLE has demonstrated clinical benefits over conventional 2D LGE in terms of the sensitivity of M| detection
and the robustness of infarct heterogeneity characterization.?>2” To maximize the clinical utility of MCLE in infarct heterogeneity assessment, a
3D version is implemented to provide continuous coverage of M, avoiding slice misregistration due to inconsistent breath-hold positions over
multiple single-slice MCLE scans, and to achieve increased spatial resolution to minimize the partial volume effect on gray zone measurement.
Under the restrictions posed by limited acquisition time and contrast agent kinetics, a highly accelerated acquisition is needed for 3D MCLE to
acquire isotropic resolution in a single breath-hold or a short free-breathing scan.?® Recently, a low-rank and spatially varying edge-preserving
constrained compressed sensing parallel imaging reconstruction method (CP-LASER) was developed to effectively preserve contrast of small
features from accelerated multi-contrast volumetric imaging for cases of varying contrast-to-noise ratio (CNR), ensuring accurate reconstruction
of fine image features in the peri-infarct zone using isotropic 3D MCLE.2? This method has demonstrated robust multi-contrast reconstruction of
peri-infarct characteristics with excellent correspondence with histopathology in a preclinical study using 3D MCLE with an isotropic resolution
of 1.5 mm, acquired in a single breath-hold scan. In a clinical demonstration on a patient with prior MI, 3D MCLE with an isotropic resolution
using CP-LASER has shown obvious variations of peri-infarct characteristics across adjacent 2.2-mm-thick short-axis slices, which conventional
2D LGE was not able to recognize due to the partial volume effect occurring with a slice thickness of 8 mm. In this work, we hypothesize that
isotropic 3D MCLE can provide improved assessment of infarct heterogeneity on patients with prior Ml, compared with conventional 2D LGE
and 3D MCLE with anisotropic resolution that is inferior in the through-plane dimension. The objective of this study is to translate isotropic 3D

MCLE toward clinical utility in infarct heterogeneity assessment.

2 | METHODS

2.1 | Patient Population

Eleven post-infarction patients with coronary artery disease were enrolled for a detailed CMR assessment from April 2015 to September 2017

in studies approved by our institutional research ethics board. Informed consent was obtained in all subjects.

2.2 | Imaging Protocol

All CMR scans were performed on a GE 1.5T scanner with electrocardiogram (ECG) gating and using a 30-channel cardiac coil array (GE
Healthcare, Waukesha, Ml). The imaging protocol included cardiac cine pre-contrast, as well as cine inversion recovery (cine IR), conventional 2D
LGE and accelerated 3D MCLE post-contrast. Cardiac cine acquired short-axis slices covering the entire left ventricle (LV) prescribed based on
a 3-plane localizer. Post-contrast imaging was performed starting from 8 minutes after injection of 0.2mmol/kg Gadolinium-DTPA (Magnevist;
Berlex Inc., Wayne, NJ, USA). LGE images were acquired right after cine IR imaging and MCLE was performed 10-20 minutes after LGE. Using
the same short-axis localization as cardiac cine imaging, LGE and MCLE were prescribed to cover the infarct region.

Cardiac cine uses steady-state free precession (SSFP) with the following parameters: TR/TE = 4.6/1.9 ms, flip angle = 60°, receiver
bandwidth = 83.3 kHz, field of view (FOV) = 35 cm, acquisition matrix = 256 x 256, slice thickness = 8 mm, views per segment (VPS) = 16,
number of phases = 20. LV functional parameters including LVEF, left ventricular end diastolic volume (LVEDV) and end systolic volume (LVESV)
were measured on cardiac cine images using CMR*? software (Circle Cardiovascular Imaging, Calgary, Canada).

Cine IR uses multiphase fast gradient echo (FGRE) cine acquisition after an inversion recovery (IR) pulse, and captures image contrast change
at different inversion times (Tls), facilitating determination of the optimal Tl value for LGE. The parameters for cine IR included: TR/TE = 4.5/2.0
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ms, flip angle = 5°, receiver bandwidth = 31.25 kHz, FOV = 35 cm, acquisition matrix = 128 x 128, slice thickness = 8 mm, VPS = 8, number of
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phases = 50, number of R-R intervals = 1.

Conventional 2D LGE uses an IR-FGRE sequence. With cine IR images as reference, the optimal Tl value in LGE was determined for each
subject by selecting the null point for healthy myocardium, and it varied from 200 to 300 ms. LGE parameters were as follows: TR/TE = 5.9/1.6
ms, flip angle = 15°, receiver bandwidth = 22.5 kHz, FOV = 35 cm, acquisition matrix = 256 x 128, slice thickness = 8 mm. Due to a given Digital
Imaging and Communications in Medicine (DICOM) format, LGE images were interpolated into a 256 x 256 matrix before analysis.

The 3D MCLE sequence uses a segmented SSFP readout following an IR pulse. Variable density Poisson-disc sampling was implemented to
sparsely sample the 3D k-space with a net acceleration rate of 5, facilitating acquisition of a 3D slab in a single breath-hold. Sampling patterns
varied for acquisitions at different inversion times. The accelerated 3D MCLE used the following parameters: TR = 3.2 or 3.4 ms, TE = 1.4 ms,
flip angle = 45°, receiver bandwidth = 125 kHz, FOV = 35 cm, acquisition matrix = 160 x 160 x 10, slice thickness = 2.2 mm, number of slices in
a single 3D slab = 10, VPS = 16, number of Tls = 5 or 6. Multi-contrast images were acquired at the inversion times in the range between 60 ms
and 340 ms.

For both conventional 2D LGE and 3D MCLE, the trigger delay was adjusted for each subject, using pre-contrast cine images as reference
so that the acquisition happened during the diastolic periods to minimize cardiac motion. Images were acquired during breath-holds of 15-20
seconds. For 2D imaging including cardiac cine as well as cine IR and LGE, each slice was acquired in a single breath-hold. 3D MCLE acquired
each slab covering 10 slices in a single breath-hold.

2.3 | Image Reconstruction for 3D MCLE

The CP-LASER method was developed to effectively preserve contrast of small-scale structures in CNR-limited scenarios, particularly for infarct
heterogeneity characterization, when reconstructing multi-contrast image volumes from undersampled data (here, a five-fold accelerated 3D
MCLE acquisition). Such contrast loss is a challenge to any sparse-model based reconstruction in cases of low CNR and high accelerations.

The detailed explanation for CP-LASER and the approach for selecting its regularization parameter 4 have been previously described.282?
Briefly, CP-LASER synergistically integrates low-rank temporal MR relaxation signal behavior (via principal component analysis on a training
matrix or on fully sampled low-order k-space at different inversion times) and low-rank spatial sensitivity profiles of receiver coils (via the ESPIRIT
eigenvalue-based method®) for signal denoising. This is followed by iterative compressed sensing reconstruction at progressively finer spatial
scales, enforcing spatial sparsity in images via a weighted total variation regularization function. Spatially varying weights within this function
are calculated from the spatial gradients in the image volume at each iteration to minimize regularization in the vicinity of ‘edges’. The relative
emphasis on regularization versus data fidelity is further tuned at a global scale via A.

Generally, one expects greater image smoothing with greater emphasis on regularization, although this is mitigated to some extent by
edge-preserving constraints. Since image smoothing could increase apparent gray zone, we evaluated the effect of changes in A on the gray zone
size calculation.

For a succinct description, an appropriate 4 was selected to facilitate suppressing artifacts and noise while not over-regularizing the
reconstruction. In this work, the selected regularization parameter 1, was 8 x 1074,

Using 3D MCLE, a 2.2-cm-thick short-axis slab comprising 10 slices in the infarct territory were reconstructed for each of 10 subjects and two
slabs covering different infarct regions were reconstructed for the 11th subject. Given the slab boundary artifacts due to imperfect slab-selective
radiofrequency (RF) pulse profiles, 2 slices at each edge of the slab were excluded from the analysis following the image reconstruction, leaving
the central 6 slices for analysis. Our approach to producing MCLE images with an anisotropic resolution of 2.2 x 2.2 x 8.8 mm?® was to average
4 consecutive 3D MCLE slices. By this means, multi-contrast images for 3 slices with such anisotropic resolution were produced for each slab,
which corresponded respectively with the first, central and last 4 slices in the six slices. All the reconstructed MCLE images were interpolated

into a 256 x 256 matrix for the following analysis.

2.4 | Infarct Heterogeneity Analysis

Infarct heterogeneity analysis in LGE uses a full-width half-maximum method (FWHM) to distinguish peri-infarct gray zone from infarct core in
an infarct region.”?* Epicardial and endocardial contours were drawn manually to segment out pixels from the left ventricle. Papillary muscle
infarcts located in the LV blood pool were manually drawn as separate infarct regions and were included in the analysis. A region of remote
myocardium was chosen as a reference region free of artifacts and with uniform myocardial suppression, and the peak signal intensity of this
region (Peakmote) Was calculated. Similarly, the maximum intensity region of the myocardium was chosen as the infarct and the peak signal
intensity among all pixels in the infarct regions (Peaki¢.t) Was determined. The signal intensity (Sl) thresholds for determining the infarct core
and peri-infarct gray zone using FWHM were as follows: Slcgre > 0.5 * Peakintarct and Peakremote < Slgrayzone < 0.5 * PeaKintarct, Where Slcqr is the
signal intensity of a pixel classified as the infarct core and Slg,,zone is the signal intensity of a pixel classified as the peri-infarct gray zone.”%!

In the multi-contrast volumetric images, signal characteristics over multiple Tls for a single voxel can be represented by two tissue-dependent
MR parameters including the apparent T, relaxation (T;) and steady-state magnetization (M).28 In this study, the two MR parameters were
calculated by fitting voxel-wise signal intensities at six inversion times into a parametric exponential recovery model. The fuzzy C-means clustering

method was then applied to a scatter plot of T; and M, for voxels of interest to calculate the probability of each voxel belonging to infarct, healthy
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myocardium or blood. The infarct core and healthy myocardium were determined as the voxels with a probability greater than 75% of belonging to

infarct or healthy myocardium, respectively. The peri-infarct gray zone was determined as the voxels with less than a 75% probability of belonging

to one of the two clusters (including infarct and healthy myocardium) and greater than a 25% probability for belonging to the other one.?4?”

2.5 | Evaluation & Comparison

Following infarct heterogeneity analysis, all the measures of the infarct core and peri-infarct gray zone were expressed in grams of tissue. This is
the clinically accepted standard measure; to convert to cubic centimetres, we may scale by the tissue density (~1 g/cm3), and then divide by the
slice thickness to obtain areas.

In previous preclinical MR and histopathological studies, we demonstrated that edema and inflammation resorb almost completely after 5-6

weeks post-MI.3233 As all the infarcts in this study were more than one month old, the conversion above was sufficient.

2.5.1 | Effect of 1 on Gray Zone Measure

The peri-infarct gray zone size for each of the central 4 slices with isotropic resolution in each MCLE slab reconstructed with different regularization
parameters was calculated and compared to assess sensitivity to parameter selection. The regularization parameters under evaluation included
the selected 4y and the values that are smaller and larger than Ay by 25%.

2.5.2 | Isotropic versus Anisotropic 3D MCLE

The total sizes of the infarct core and peri-infarct gray zone of the central 4 slices with an isotropic resolution of 2.2 mm for each MCLE slab
were calculated and compared with those of the corresponding slice with an anisotropic resolution of 2.2 x 2.2 x 8.8 mm? to assess impact of

partial volume effects.

2.5.3 | Isotropic 3D MCLE versus Conventional 2D LGE

For each MCLE slab, the 8-mm-thick LGE slices with locations in the range of the six MCLE slices with isotropic 2.2-mm resolution were selected
and aligned to these isotropic MCLE slices using the slice location information. A stack of four consecutive isotropic MCLE slices was paired with
a given LGE slice by choosing the stack with a minimal location difference from the LGE slice among the six MCLE slices. The central location of
a stack was used for calculating the location difference from a given LGE slice. For each MCLE slab, only the pair of a LGE slice and a stack of
4 consecutive MCLE slices with the smallest distance in location was chosen for analysis and considered geometrically corresponding (overall
average location difference 0.28 + 0.40 mm). The total sizes of the infarct core and peri-infarct gray zone of the 4 consecutive MCLE slices in a

chosen pair were calculated and compared to those of the corresponding LGE slice.

2.6 | Statistical Analysis

Data were analyzed for all subjects with LGE and MCLE. The measures of the infarct core and peri-infarct gray zone across all subjects using
different methods were compared using regression and correlation analysis, the Bland-Altman analysis and the paired Student's t-test. A p-value
less than 0.05, calculated from the paired Student's t-test, was considered as having a statistical significance. For the regression and correlation
analysis, the slope, intercept, correlation coefficient (Pearson's r) and root-mean-square error (RMSE) were calculated for each comparison. Effect
sizes were calculated with Cohen's d, for paired samples and reported where they were large (> 0.8).

Image reconstruction and all following analyses were performed in MATLAB (MathWorks, Natick, MA, USA). The statistics toolbox in MATLAB
was used for statistical analysis.

3 | RESULTS

Baseline characteristics of our cohort are summarized in Table 1. In the cohort, the average age was 60 + 14 (means + SD) and 45.5% of our
patients were male. All the patients had previous Ml more than 1 month old and mean LVEF at baseline was 42 + 11%. The average heart rate
during imaging was 56 + 5 bpm (range: 49-65 bpm).

Figure 1 shows CMR images for a short-axis slice on a 44-year-old male acquired 27 weeks after MIl. MCLE images at different inversion times
yielded varying tissue contrast and the dark blood image at the inversion time of 214.4 ms provided better visualization of the sub-endocardial
infarct than the LGE image, where the infarct presented similar signal to that of adjacent blood.

Figure 2 shows CMR images and the resulting segmentation of the infarct core and peri-infarct gray zone for a mid-ventricular short-axis slice
on a 62-year-old female acquired 26 weeks after Ml. This example demonstrated the inferior wall myocardial infarction with involvement of both
papillary muscles, clearly seen from the dark blood MCLE image in Figure 2C. Our LGE analysis produced more gray zone pixels than isotropic
MCLE, especially in the peri-infarct zone along the inferior epicardial border.

Figure 3 demonstrates the segmentation results of the infarct core and peri-infarct gray zone using different methods for a given infarct region
on the same patient as in Figure 1. With high isotropic resolution, MCLE was able to identify the variations of the peri-infarct characteristics

across multiple 2.2-mm-thick consecutive slices, which were not recognized using conventional 2D LGE and MCLE with anisotropic resolution
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that was inferior in the through-plane dimension. Both conventional 2D LGE or MCLE with anisotropic resolution yielded more peri-infarct gray
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zone pixels than the individual MCLE slice with isotropic resolution that was visually closest to them, likely due to the partial volume effect
occurring with a thicker slice thickness on the order of 8 mm.

Figure 4 compares the measures of the peri-infarct gray zone size of a single 2.2-mm-thick MCLE slice using different regularization parameters
across 4 slices for each of 11 subjects. There is excellent agreement between the gray zone size measure using Ay and that using a regularization
parameter either larger (r = 0.94,p = 0.81) or smaller (r = 0.95,p = 0.31) than iy by 25% with no statistically significant differences in either
comparison. As seen in Figure 4, there is no clear effect of increasing or decreasing A on gray zone size, demonstrating that choice of the precise
value of this parameter is not critical to this measurement.

Figure 5 compares MCLE measures in the infarct core and peri-infarct gray zone size of a 8.8-mm-thick short-axis slice between using an
isotropic resolution of 2.2 mm and using an anisotropic resolution of 2.2 x 2.2 x 8.8 mm?3. For MCLE measures of the infarct core size, there was
good agreement between using anisotropic resolution and isotropic resolution (r = 0.86, p = 0.43) and no bias detected using the Bland-Altman
analysis. The peri-infarct gray zone size measured using anisotropic resolution was significantly larger than that measured using isotropic
resolution with a mean percent difference in size of 26%(overall average 1.62 +0.70 g versus 1.18 +0.52 g, p < 0.001, Cohen's d, = 1.33). The
corresponding Bland-Altman plot showed a large bias for the difference in the peri-infarct gray zone size between using anisotropic resolution
and isotropic resolution.

Figure 6 shows the relationships between LGE and isotropic MCLE measures of the infarct core and gray zone sizes of a short-axis slice with
thickness on the order of 8 mm across 11 subjects. Agreement was observed in the measures of the infarct core size between conventional
2D LGE and isotropic 3D MCLE (r = 0.88, p = 0.12), and no bias was detected using the Bland-Altman analysis. The peri-infarct gray zone size
measured by conventional 2D LGE was significantly larger than that measured by isotropic 3D MCLE with a mean percent difference in size of
27%(overall average 1.55+0.61 g versus 1.09+0.42 g, p = 0.0016, Cohen's d, = 1.20). The corresponding Bland-Altman plot demonstrated a
large bias for the difference in the peri-infarct gray zone size between using conventional 2D LGE and isotropic 3D MCLE. Furthermore, over the

same short-axis slice on each of 11 subjects, we respectively compared measures of the two infarct heterogeneity indices between conventional

Total (n = 11) TABLE1 Baseline characteristics of the patient population
Age (years) 60+ 14
Male (%) 5 (45.5)

Previous Ml (%) 11 (100)
Heart rate (bopm) 56+5
Hypertension (%) 6 (54.5)

Diabetes (%) 1(9)
Smoking (%) 1(9)
Dyslipidemia (%) 6 (54.5)
LVEF (%) 42+11
LVEDV (ml) 174 + 66
LVESV (ml) 103+ 56

Abbreviations used in the table: LVEF
(left ventricular ejection fraction);
LVEDV (left ventricular end dias-
tolic volume); LVESV (left ventricular
end systolic volume); bpm (beats per
minute)

TI=112.0 ms

FIGURE1 Imaging results for a representative short-axis slice of a patient with prior myocardial infarction. A-F, Multi-contrast images at varied
Tls with an isotropic resolution of 2.2 mm. g: The corresponding LGE image with a resolution of 1.37 x 2.7 x 8 mm?

85U SUOWIWOD dARERID 3|qedtidde aup Ag pausencd ke sap e YO ‘88N JO SaIni 104 ARIQIT BUIIUO AB]IM UO (SUORIPUOD-pUB-SLLBYWOY B 1M"ARIq 1 [Bu1|UO//SARY) SUORIPUOD PUe S L 83 885 *[£202/60/TZ] U0 A%eigiT8uliuo As|im BBressssIN ouoio L JO AISIAIN AQ £52'WAU/Z00T OT/I0P/W0d 8] 1 AReiq 1 [oul U0 S N0 BoLs 125 o NA e/ SARY W01 papeo|umoa ‘2T ‘0202 ‘Z67T660T



60f11 | ZHANG ET AL

NMR
WILEY-\BIOMEDICINE

(©)

/ /

1400

1300

200

FIGURE2 Imaging and infarct segmentation results for a representative short-axis slice on a patient different from the one shown in Figure 1. A-F:
MCLE images with an isotropic resolution of 2.2 mm. The green arrows in c point to the infarcted papillary muscle. The infarct segmentation result
was overlaid to the magnitude image at the inversion time of 337.4 ms. G, The corresponding LGE image with a resolution of 1.37 x 2.7 x 8 mm3.
H, Infarct segmentation result for the corresponding LGE slice. Green and yellow indicated infarct core and gray zone, respectively

Isotropic MCLE Isotropic MCLE Anisotropic MCLE
lice thickness = 2.2 mm | lice thickness = 2.2 mm | #Slice thickness = 8.8 mm

Isotropic MCLE| . Isotropic MCLE ; LGE
lice thickness = 2.2 mm Slice thickness = 2.2 mm Slice thickness = 8 mm

FIGURE3 Infarct core and peri-infarct gray zone segmentation results overlaid onto the magnitude images acquired using different methods for
the same patient as in Figure 1. A-D, Infarct segmentation results for the central 4 consecutive slices of a short-axis slab using MCLE with an
isotropic resolution of 2.2 mm (MCLE with Tl = 60.8 ms shown). e: Infarct segmentation result for the 8.8-mm-thick short-axis slice that
corresponds to the 4 slices in a-d using MCLE with an anisotropic resolution of 2.2 x 2.2 x 8.8 mm3. F, Infarct segmentation result for a
corresponding LGE slice (Tl = 240 ms) with a resolution of 1.37 x 2.7 x 8 mm?®. Green and yellow indicated infarct core and gray zone, respectively

2D LGE and anisotropic 3D MCLE (resolution = 2.2 x 2.2 x 8.8 mm?). There were no statistically significant differences between the measures of
the infarct core (r = 0.89, p = 0.07) or peri-infarct gray zone (r = 0.78, p = 0.19) using conventional 2D LGE versus anisotropic 3D MCLE.

4 | DISCUSSION

In this work, we demonstrated the feasibility of applying accelerated 3D MCLE with isotropic resolution reconstructed using the CP-LASER
technique to assess infarct heterogeneity in a clinical study of 11 post-infarction patients.

This study was performed at 1.5T; while 3T has better signal-to-noise ratio, in our feasibility studies performed on a 3T GE scanner using a
swine model of chronic infarct?82? we observed more pronounced artifacts related to the IR balanced SSFP, as compared to the same sequence
on 1.5T. In addition, ICDs are a consideration for this patient population and it will be difficult to scan them at 3T in the near future.

In the clinical study, we observed that for a given short-axis slab, the extent of the peri-infarct gray zone seemed to be overestimated by using
anisotropic resolution compared to the measure derived from using higher isotropic resolution that is superior in the through-plane dimension.
Pop et al also reported a similar observation from the quantitative analysis of the peri-infarct gray zone using 3D MCLE in an ex vivo preclinical
study on a swine model of chronic infarction.1® Arai et al demonstrated the measure of the peri-infarct gray zone size using 3D LGE in ex vivo rat
hearts with chronic myocardial infarction varies inversely with spatial resolution.> Consistent with these exploratory preclinical research studies,
our clinical findings further emphasize the potential utility of volumetric CMR with high spatial resolution in assessing infarct heterogeneity.

A previous clinical study of 15 post-infarct patients showed that: 1) using exactly the same anisotropic resolution, 2D MCLE using the fuzzy

clustering method yielded similar measures for both infarct core size and peri-infarct gray zone size to 2D LGE using FWHM; 2) there was no
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statistical difference when comparing the infarct core or peri-infarct gray zone sizes derived by the MCLE and LGE analysis.2* In our study, we
also made a comparison of infarct core and peri-infarct gray zone measures for corresponding short-axis slices using anisotropic 3D MCLE versus
2D LGE at similar spatial resolutions. Large effect sizes were only seen in the gray zone measurements between anisotropic MCLE and isotropic
MCLE, and in the gray zone measurements between 2D LGE and isotropic MCLE. Our findings agree with the observations from the previous
study: the infarct core and gray zone sizes measured by anisotropic 3D MCLE were statistically similar to the corresponding sizes measured by
conventional 2D LGE. This means the differences in the gray zone size between high-resolution 3D MCLE and 2D LGE with thicker slices are
primarily due to resolution rather than any differences in the ways gray zone is analyzed.

The use of manually drawn remote regions and manual epicardial and endocardial contours in the LGE analysis could add significant variability
to the measure of the peri-infarct gray zone. Different remote zones in healthy myocardium, where noise dominates and the true signal intensity
is approximately zero, can lead to variable lower-bound thresholds for defining the peri-infarct gray zone using FWHM. The determination of
the peri-infarct gray zone pixels in the infarct-blood border area could also be greatly affected by differences in manually drawn endocardial
contours, particularly when the signal intensity of the infarct is similar to that of adjacent blood. A previous study using low-resolution 2D MCLE
(1.7 x 1.7 x 8 mm?®) reported that: 1) image noise has a bigger impact on peri-infarct gray zone variability using the LGE analysis (16%) than the
MCLE analysis (4%); 2) a 12% variability in the measure of peri-infarct gray zone size was caused by differences in manual contouring across
reviewers in the LGE analysis, and there were no manual contours used in the MCLE analysis.?* In this study, mean percent difference in gray
zone measurements was greater than 12% when comparing isotropic 3D MCLE to anisotropic 3D MCLE (26%), and isotropic 3D MCLE to 2D

LGE (27%), showing a larger effect than the variability due to manual contouring.
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In this study, LGE was performed around 10 minutes after contrast bolus, and MCLE was performed 10-20 minutes after LGE. A previous
study has shown that consistent measures in the infarct core or peri-infarct gray zone size were observed using two sets of LGE images acquired
10 minutes apart, and also indicated that reproducible quantification of infarct heterogeneity could be achieved between 20 and 30 minutes after
contrast bolus.” Therefore, the effect of contrast kinetics on infarct heterogeneity assessment is likely to be negligible in this study. Furthermore,
inconsistent breath-hold positions between LGE and MCLE scans could occur, adding variability to the following infarct heterogeneity assessment.
However, when comparing anisotropic 3D MCLE and 2D LGE, the measures of the infarct core or peri-infarct gray zone demonstrated good
agreement with no statistical difference. That being said, inconsistency in breath-hold positions between LGE and MCLE scans should primarily
increase variability between MCLE and LGE scans, rather than introducing systemic bias.

Isotropic 3D MCLE has demonstrated advantages over conventional 2D LGE in assessing infarct heterogeneity. Firstly, isotropic 3D MCLE was
able to capture variations in infarct characteristics across thin short-axis slices, which could not be identified using conventional 2D LGE. Secondly,
with an isotropic resolution, assessment of infarct heterogeneity by 3D MCLE was less affected by partial volume effects than conventional 2D
LGE. For a given infarct region, the peri-infarct gray zone size measured by isotropic 3D MCLE was significantly smaller than that measured
by conventional 2D LGE, while the measures in the infarct core size by the two methods were similar. When the through-plane resolution of
3D MCLE was changed from 2.2 mm to 8.8 mm to be similar to that of conventional 2D LGE, the gray zone size measured by anisotropic 3D
MCLE did not statistically differ from that measured by conventional 2D LGE. Since the peri-infarct region comprises a patchy mixture of viable
myocytes and fibrotic bundles with different MR contrasts, where patch sizes are on the order of a few millimetres, the estimation of gray zone
size attributable to this region is expected to be more sensitive to changes in imaging resolution when compared to regions of core infarct where
the MR contrast is expected to be more uniform. As such, conventional 2D LGE using an inferior resolution would have likely overestimated the
extent of the true heterogenous mixture of infarct and healthy myocardium in this work. Lastly, the MCLE-derived infarct heterogeneity analysis
is expected to be more reproducible than the LGE-derived counterpart, because the fuzzy clustering method requires no manual operator input
and uses data fitting of signal intensities at different Tls, yielding parameters more directly reflective of contrast agent distribution, with reduced
variability caused by image noise.?*

Using CP-LASER accelerated 3D MCLE, volumetric infarct imaging in the short-axis view at an isotropic resolution of 2.2 mm with a
long-axis coverage of 2.2 cm has been achieved in a single breath-hold scan. A recent clinical study demonstrated the feasibility of using
low-dimensional-structure self-learning and thresholding (LOST) accelerated 3D LGE to assess myocardial viability, where a long-axis coverage
of 10 cm with a high isotropic resolution of 1.4-1.7 mm was implemented in a navigator-gated free-breathing scan of 4-6 minutes with a
fixed navigator efficiency of 60%.343 Similarly, the CP-LASER accelerated 3D MCLE would be able to achieve a clinically favourable isotropic
resolution of 1.5 mm while increasing long-axis coverage to 10 cm using short navigator-gated free-breathing scans of 4-5 minutes assuming a
navigator efficiency of 50-60%.

To evaluate the performance of isotropic 3D MCLE in infarct heterogeneity assessment, we compared to conventional 2D LGE rather than 3D

LGE, as 2D LGE has been considered as the clinical gold standard for infarction visualization, and is widely used to quantify infarct heterogeneity
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in a variety of clinical settings.””? On the other hand, fully-sampled 3D LGE usually requires a very long acquisition time resulting in a contrast

ZHANG ET AL

washout issue, and 3D LGE using acceleration techniques at a high acceleration rate > 4 is not yet widely available or extensively tested for
clinical utility in peri-infarct imaging.

Although isotropic 3D MCLE has demonstrated the potential to more accurately assess infarct heterogeneity, our findings on post-infarction
patients lack direct correspondence with clinical outcomes. In a recent retrospective clinical study of 27 post-infarction patients with preventative
ICD implantation, inferior spatial resolution caused an increased CMR measure in the peri-infarct gray zone, leading to reduced sensitivity in
predicting appropriate ICD therapy.%¢ As indicated by this research, with a high isotropic resolution, 3D MCLE should be able to provide more
precise assessment of infarct heterogeneity, which would potentially be better correlated with appropriate ICD therapy.

In the absence of commercially available 3D MCLE, high resolution 3D LGE methods should be used in clinical routine for scar-imaging in
post-Ml patients where these methods are readily implemented as in.1-18 Also, although we did not perform a head-to-head comparison between
3D MCLE and 3D LGE, we suggest that based on current results, 3D MCLE can perform more robustly with respect to infarct delineation due
to: 1) the multi-contrast nature of the technique which allows us to extract T; steady-state maps instead of trial- and error-based optimization
of inversion times for LGE acquisition, as well as to obtain a superior CNR between tissue types (infarct-blood, infarct-healthy myocardium) and
better detection of subendocardial VT substrate as compared to LGE methods; and 2) the elimination of uncertainties and unreproducible results
associated with Sl thresholds and tedious epicardial/endocardial manual contouring as in LGE analysis.

The utility of isotropic 3D MCLE to improve clinical outcome on post-infarction patients needs to be further evaluated in more extensive
clinical studies with either short-term or long-term follow-up. Given the encouraging preliminary results in this pilot patient study, we propose
next a study using 3D MCLE and 3D LGE with a high isotropic resolution covering the infarct territory to compute the total size of the peri-infarct
gray zone in post-infarction patients prior to ICD implantation as a complementary index, facilitating risk stratification based on correlation with
appropriate ICD firing, particularly for those patients with preserved LVEF. The 3D distribution of infarct core and peri-infarct gray zone could
also be applied to model and simulate the re-entrant substrate, thereby predicting the inducibility of ventricular arrhythmias.

5 | CONCLUSION

In conclusion, clinical infarct heterogeneity assessment would benefit from multi-contrast volumetric imaging with isotropic resolution, which
enables detecting smaller peri-infarct structures and facilitates more accurate peri-infarct gray zone measurement. Isotropic 3D MCLE provides
better delineation of infarct morphology and improved infarct heterogeneity assessment on post-infarction patients compared to conventional
2D LGE.
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