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Abstract

Purpose: Post-contrast T} mapping has proven promising for automated scar
segmentation in subjects without ICDs, but this has not been implemented
in patients with ICDs. We introduce an automated cluster-based thresholding
method for T} maps with an ICD present and compare it to manually tuned
thresholding of synthetic LGE images with an ICD present and standard LGE
without an ICD present.

Methods: Seven swine received an ischemia-reperfusion myocardial infarc-
tion and were imaged at 3 T 4-5 weeks post-infarct with and without an
ICD. Mapping-based thresholding was performed using synthetic LGE and
artifact-corrected cluster-thresholding methods, both employing connected
component filtering. Standard pixel signal intensity thresholding was performed
on the conventional LGE without an ICD. Volumetric accuracy is relative to
conventional LGE and Dice similarity between SynLGE and cluster-based seg-
mentations were evaluated.

Results: No statistical significance was observed between LGE volumes with-
out an ICD and both SynLGE and artifact-corrected cluster-threshold volumes
with an ICD, when using connected component filtering. Additionally, Dice
alignment between SynLGE and cluster-thresholding was high for healthy
myocardium (0.96), dense scar (0.83), and dense scar union gray zone (0.91)
when artifact correction and connected component filtering were implemented.
Conclusion: Clustering of T} maps holds promise for a reproducible approach
to scar segmentation in the presence of ICDs.
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1 | INTRODUCTION

Sudden cardiac death is a leading worldwide cause of car-
diac mortality."?> Prevention of sudden cardiac death is
now possible with the use of implantable cardiac defibrilla-
tors (ICDs), with 7000 ICDs being implanted every year in
Canada.® ICD therapy is not curative and only aborts acute
sudden cardiac death instances, so electrophysiologic pro-
cedures such as cardiac ablations are often considered
to remove the arrhythmogenic circuits and reduce ICD
shocks, improving patient quality of life.* Pre-procedural
imaging using computed tomography or magnetic reso-
nance imaging (MRI) is an emerging method to inform
electrophysiologic procedures; three-dimensional maps of
dense and heterogeneous cardiac fibrosis are calculated
and used to determine optimal ablation targets.>® In par-
ticular, late gadolinium enhancement (LGE) MRI is often
used for imaging cardiac fibrosis,”® and prior work has
shown that integrating LGE MRI fibrosis maps into clini-
cal electrophysiology procedures reduces procedural time,
radiation exposure to patients, and arrhythmia recur-
rence.’

While MRI has been historically contraindicated in
patients with ICDs due to safety concerns, current devices
are manufactured to be MRI-conditional, and large-scale
studies have reported no long-term clinically significant
adverse events following MRI scans in ICD patients.'? Fur-
ther, current guidelines and consensus statements endorse
the use of MRI in patients with ICDs when a standardized
institutional protocol including device reprogramming
and patient monitoring is adhered to.'"!3 While ICDs
present image quality concerns due to off-resonance arti-
facts from the metallic device generator, this problem has
been mitigated via the integration of wideband inversion
pulses that reduce hyperintensity artifacts that confound
classification of healthy and injured myocardium.'* Wide-
band LGE has been extensively studied in ICD patient
populations and has been shown to be safe and effective in
maintaining diagnostic image quality.’>"'” LGE imaging is
highly sensitive to the choice of inversion time (TI) which
complicates tissue classification, so post-gadolinium (Gd)
T} mapping has been proposed to image the myocardium
at multiple inversion times and derive semi-quantitative
M, and T} maps.'s*?

After MRT has been performed, LGE images or T} maps
must be segmented and post-processed to return maps
depicting regions of healthy myocardium, dense scar, and
heterogeneous gray zone (Figure 1). Many simple thresh-
olding methods exist to process LGE data, but these meth-
ods require manual input to account for artifacts from
coil shading, signal dropout or hyperintensity from an
ICD, and changes in signal intensity histograms between
magnitude and phase-sensitive LGE.2

While thresholding analysis of M and T} maps is more
difficult and less agreed-upon, mapping two parameters
allows for advanced segmentation methods that improve
the robustness of artifacts. Prior work from Detsky et al
introduced a method to calculate segmentation masks
directly from the My and T} maps using probabilistic clus-
tering techniques.?! Alternatively, a simple analysis can
be performed using conventional LGE thresholding tech-
niques on intermediate synthetic LGE (SynLGE) images,
which are generated using an inversion-recovery signal
equation (Equation 6) with a user-specified synthetic TI
(TIgyn) and require manual regions of interest for seg-
mentation processing.’>?* Both classes of methods have
been evaluated without ICDs present, potentially due to
the limited availability of wideband T; mapping tech-
niques.?*?> In this article, we aim to demonstrate that
automated cluster-based thresholding in T} maps with
an ICD present agrees with manually tuned threshold-
ing of SynLGE images generated from the same mapping
data with an ICD present and agrees with thresholding of
standard LGE without an ICD present.

2 | THEORY

2.1 | LGE thresholding

LGE image thresholding is most commonly accomplished
with a full-width at half-maximum (FWHM) method,
which has been shown to be robust and reproducible.?%%’
Specifically, two additional regions of interest are man-
ually drawn in healthy left ventricular myocardium and
dense scar. The mean signal intensities SIny, and Slgs are
used to generate three tissue classes. Cutoff values cg,, cgs
are defined using SIny, and Slg:

Cgz i = Slinyo + 0.5 % (SIgs — SIimyo) = 0.5 # (SImyo + Slas)
1)
Cas i = Cgs + 0.5 % (Slus — Cgz) = 0.25 % (SIiyo + 3STas).
(2)

This procedure was modified from prior work?® for com-
patibility with magnitude and phase-sensitive imaging.
Tissue classes

Myo = {x : M(x) < ng} (3)
GZ = {x: Caz <M(X) < cgs} 4)
DS = {x : cas < M)} (5

were generated using the cutoff values, where Myo repre-
sents healthy myocardium, GZ represents heterogeneous
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FIGURE 1

Postprocessing threshold map workflows for LGE and T} mapping data, after manual epicardial and endocardial

contouring. A: After conventional LGE images are acquired, pixel signal intensity thresholding is performed to group voxels into healthy

myocardium, gray zone, and dense scar classes. This is typically performed by semi-automated thresholding methods like FWHM and NSD,

but manual threshold limits can be chosen as well. B: M, and T} maps can be thresholded using a similar method as in A, but generation of an

intermediate SynLGE image is required. This intermediate SynLGE image requires a user-specified choice of retrospective TI that varies from

subject to subject. C: Alternatively, M, and T} maps can be thresholded using an automated method that requires no subject-specific tuning.

“gray zone” fibrosis, and DS represents dense scar. This
thresholding method was used for conventional LGE with-
out an ICD and wideband SynLGE with an ICD.

2.2 | Synthetic LGE image generation
SynLGE image generation from only post-contrast T
maps has been investigated in depth, where proton den-
sity is assumed to be uniform across the entire image.?23%
However, these methods can break down when imaging
near ICDs due to By and B, variations near the heart.?® As
such, in this method, we perform a retrospective M, and
Ty fit using a two-parameter signal equation

M(TI) = My (1 - 2exp(-TI/T})) (6)

and use both of these maps to generate SynLGE images
that are more robust to off-resonance artifacts. Data was
normalized to a consistent range of [0, 1] for fitting and
was not divided by the proton density term to improve
computation time and limit divide-by-zero errors.
Manual left ventricular segmentation was performed
on the M, images due to the improved blood-scar contrast,
in regions of septal tissue to avoid regions of off-resonance

artifact. An optimal TI,was manually selected to null
healthy myocardium and maximize contrast between
healthy myocardium and dense scar (Supporting Informa-
tion in Figure S1). After image generation, SynLGE images
were thresholded using the same procedure as the clinical
LGE images.

2.3 | Cluster-thresholding
Cluster-thresholding automatically generates healthy
myocardium, gray zone, and dense scar maps from Mo, T}
maps in left ventricular tissue without generating auxil-
iary LGE volumes. This method was proposed by Detsky
et al.?! and is applied here with changes to the core
algorithm, postprocessing, and filtering to account for
the presence of ICDs. The main mathematical tool for
these calculations is fuzzy clustering, which generates
probabilistic segmentation maps

Pe(x) = P((Mo(x), T; (x)) € cluster c), (7
for c=1, ... , Neenter- Conventional fuzzy clustering uses

three cluster centers to identify healthy myocardium,
dense scar, and left ventricular blood from a region of
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interest drawn within a single epicardial contour.
Specifically, a voxel x within the manually segmented
myocardium is assigned to the cluster corresponding to the
maximum probability at that point. The gray zone mask is
determined by selecting voxels with a marginal probabil-
ity of at least GZ.y = 25% for both healthy myocardium
and dense scar. Finally, a four-class map is generated by
removing gray zone voxels from healthy myocardium and
dense scar segmentation maps.

In this work, endocardial and epicardial contouring
are both performed, and two cluster centers are used to
identify healthy myocardium and dense scar. Gray zone
identification is identical to prior work; Supporting Infor-
mation in Figure S2 shows the influence of the GZqy
value on threshold maps, when compared to standard LGE
thresholding. A three-class map is generated in a similar
manner, identifying voxels as healthy myocardium, gray
zone, or dense scar.

2.4 | Cluster-based artifact removal

Cluster-thresholding in the presence of ICDs requires spe-
cial consideration due to artifacts from incoherent dephas-
ing, incomplete inversion, and residual off-resonance
(Figure 2). In particular, regions of high susceptibil-
ity gradient interact with the incremental increase in
off-resonance due to the ICD to artifactually reduce M,
and T}. Without correction, these regions of signal loss
artifacts in the inferolateral wall appear as fibrosis in the

cluster-based threshold maps, degrading scarmap qual-
ity. To correct for this in an automated fashion, we first
perform a fuzzy clustering calculation with three cluster
centers using My, T} data that are separately normalized to
a signal intensity range of [0, 1]. The cluster with the low-
est mean M, value was selected as the artifact cluster and
used to generate a spatial artifact mask.

After creating the artifact mask, a standard fuzzy clus-
tering calculation is performed as described in Section 2.3.
The artifact mask is propagated onto the segmentation
results, and tissue in the artifact mask is set to healthy
myocardium. Figure 3 shows the effect of artifact correc-
tion on cluster-thresholding data and its interaction with
connected component filtering.

2.5 | Connected component filtering

A final step used in all thresholding calculations is con-
nected component filtering. Inspired by more complex
normalized cut filtering methods, this procedure is used to
remove spurious regions of artifactual gray zone or dense
scar due to statistical noise or mis-contoured blood pool
voxels.3!

For this procedure, voxels classified as either dense
scar or gray zone were temporarily assigned a pixel value of
“1”, and all other voxels classified as healthy myocardium
were assigned a pixel value of “0”. Pixel values of “1” were
grouped by connected component, and the connected
component with the largest pixel count was assumed to
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Characterization of artifacts due to ICD on WB-MOLLI data, shown in vendor T; map reconstructions of separate mapping

data not used for fibrosis mapping. Top row: WB-MOLLI with an ICD. Bottom row: FLASH-MOLLI without an ICD. Black arrows indicate
regions of incoherent dephasing. Purple arrows indicate regions of incomplete inversion. Magenta arrows indicate regions of T;

hypointensity from residual off-resonance. Yellow arrows indicate regions of true fibrosis, some of which are obscured by ICD artifacts.
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FIGURE 3

Susceptibility artifact correction and connected component filtering. A: Reference LGE image with M, and T data.

B: Cluster-thresholding maps with different post-processing strategies. Susceptibility artifact correction ensures that regions of spurious

enhancement due to artifactually low T} values are suppressed, improving fibrosis localization with reference LGE. Connected component

filtering reduces the contribution of statistical noise and mis-contoured blood pool voxels to the enhancement pattern. Usage of connected

component filtering without artifact correction results in scarmaps with incorrect fibrosis location.

be the physiological region of infarcted tissue, with pixels
outside this region being set to “0”. Finally, pixels with the
value “0” were reassigned to healthy myocardium in the
final tissue maps. In this paper, 3D connected component
filtering followed by 2D connected component filter-
ing is used to remove spurious regions of enhancement.
Figure 3 demonstrates the effect of connected component
filtering and its interaction with artifact correction in
cluster-thresholding data.

3 | METHODS

3.1 | Animal model and data acquisition
7 swine (5 male, nominal weight: 60 kg at the time of imag-
ing) were studied; all procedures were approved by the
Sunnybrook Animal Care Committee. Swine received an
ischemia-reperfusion myocardial infarction via a 100-min
balloon occlusion of the left anterior descending coronary
artery. Animals were scanned 4-5 weeks post-infarct with
a 2D multi-slice prototype wideband motion-corrected
FLASH-MOLLI (WB-MOLLI) T; mapping sequence
with an ICD (Cognis 100-D, Boston Scientific, Marlbor-
ough MA, USA) present and conventional 2D multislice

phase-sensitive LGE imaging without the ICD present.
The ICD was taped on the pigs’ chest approximately
8-12 cm away from the heart to mimic the artifacts seen
in patients. All scans were performed on a 3 T PET-MRI
scanner (Biograph mMR, Siemens Healthcare AG, Erlan-
gen, Germany). Sequence parameters for WB-MOLLI
include: Scan time = 9 heartbeats per slice, field of
view = 280 x 252 mm?, phase oversampling = 50%, par-
tial Fourier = 6/8, slice thickness = 5mm, resolution =
1.8 x 1.8 mm?, TR/TE/flip angle = 5.1 ms/2.78 ms/12°,
TI = [100,100+ RR, 100 + 2RR, 100 + 3RR, 180,180 + RR,
180 + 2RR, 260, 260 + RR] ms, linear phase-encode order-
ing, no asymmetric echo. TIs were updated in cases of
cardiac mistriggering to reflect the observed trigger delays.
No asymmetric echo was used for WB-MOLLI despite the
longer TE to maintain adequate SNR in the multi-contrast
T1lw images. A 4(1)3(1)2 acquisition scheme was used
for measurement of post-contrast T; values®?; a sequence
diagram is shown in Supporting Information in Figure S3.
A 4 kHz adiabatic hyperbolic secant inversion pulse was
used in WB-MOLLI to suppress ICD artifacts. Non-rigid
motion correction was utilized to correct inter-shot motion
arising from cardiac mistriggering and respiratory drift.>3
Sequence parameters for conventional phase-sensitive
LGE include scan time = 14 heartbeats per slice, field of
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view = 350 x 263 mm?, slice thickness =5 mm, phase
oversampling = 0%, partial Fourier = 8/8, resolution =
1.6 x 1.6 mm?, TR/TE/flip angle = 4.1 ms/1.64 ms/20°,
TI = [220, 300] ms depending on time since Gd injection,
linear phase-encode ordering, weak asymmetric echo. A
conventional adiabatic inversion pulse was used.

In 5 animals, phase-sensitive LGE was performed
5 min after Gd injection with a nominal TI = 220 ms, and
WB-MOLLI was performed 20 min after Gd injection. In
the other two animals, WB-MOLLI was performed 5 min
after Gd injection and phase-sensitive LGE was performed
20 min after Gd injection, with a nominal TI = 300 ms.
WB-MOLLI TIs were not changed between the two cases.

3.2 | Image processing

Conventional PSIR-LGE without an ICD and M, images
from the Tj fitting with an ICD were contoured in ITK-
Snap,>* where a myocardium segmentation mask was
manually generated using the paint tool. All left ven-
tricular slices were contoured for PSIR-LGE, and all left
ventricular slices with no incomplete dephasing or incom-
plete inversion artifacts were contoured in the WB-MOLLI
dataset. Additional regions of interest were drawn in
healthy and infarcted myocardium for PSIR-LGE and
WB-MOLLI separately as an input to the FWHM thresh-
olding as discussed in Section 2.1.

Ty fitting and SynLGE image generation was per-
formed using the SyntheticLGEjl toolkit.*® SynLGE
thresholding was performed on generated LGE images,
and artifact-corrected cluster-thresholding was performed
on multi-contrast images using a python-based fuzzy clus-
tering program.>> FWHM thresholding was performed on
the clinical PSIR dataset using custom Python code. All
volume maps were post-processed using connected com-
ponent filtering; connected component identification was
performed using the measure. label () function from
Scikit-Image.3

3.3 | Experiments and statistical analysis
The hypothesis of this paper is that automated
cluster-thresholding has non-inferior fibrosis volumetric
accuracy to manually optimized SynLGE-based fibrosis
volumetric accuracy in the same T} mapping dataset,
when compared to conventional LGE. Further, auto-
mated cluster threshold maps will be spatially aligned
to optimized SynLGE threshold maps. Together, these
hypotheses demonstrate that accurate and aligned

scarmaps can be generated from T} mapping data with

an ICD present, with limited operator input. This hypoth-
esis was tested using two metrics: Volumetric accuracy
with LGE without an ICD as the reference standard, and
spatial alignment using Dice similarity between SynLGE
and cluster-based segmentations on the same underlying
mapping data. A two-tailed independent-samples -test
was used to determine the significance between tissue
volumes, and a one-way ANOVA with post-hoc Tukey
test was used to assess statistical differences between
distributions of Dice coefficients.

4 | RESULTS

T7 mapping and SynLGE image generation were suc-
cessfully implemented in Julia, and pixel signal inten-
sity thresholding and cluster-thresholding were success-
fully implemented in Python. For a single volume, Ty
mapping required 49 s of compute time, SynLGE image
generation required 0.05 s of compute time, pixel sig-
nal intensity thresholding required 0.66 s of compute
time, and cluster-thresholding required 1.37 s of com-
pute time, with a maximum RAM usage of 7.3GB for Ty
mapping and 4.2GB for thresholding on a workstation lap-
top with a 12-core intel i7-9750H CPU with 32GB RAM.
The largest computation time is needed for T} mapping,
with cluster-thresholding requiring approximately twice
as long as pixel signal intensity thresholding.

Figure 4 demonstrates the thresholding process in the
presence of ICD artifacts. Notably, a signal dropout occurs
in M, maps, which propagates to SynLGE images, and sev-
eral types of artifacts occur in T; or T} maps, as shown
in Figure 2. Briefly, incoherent dephasing artifacts cause a
loss of spatial T; information in a region close to the ICD
(black arrows in Figure 2); incomplete inversion artifacts
cause a reduction in T} in the periphery of the incoherent
dephasing artifact caused by the spins not being inverted
(purple arrows); and residual off-resonance artifacts cause
reductions in T further from the device in regions of large
magnetic susceptibility gradients due to the increased
off-resonance from the ICD (magenta arrows). Regions of
true fibrosis (yellow arrows) can be obscured by the ICD,
causing the computed scar volume to be larger than aris-
ing from the off-resonance artifact. As a remark, changes
in T; solely due to the wideband pulse can be thought
of as negligible-several previous studies demonstrate good
agreement between conventional and wideband mapping
techniques without ICD artifacts present, with no statisti-
cally significant differences®*2>37

Figure 5 demonstrates sample curve fits for regions of
interest drawn in healthy myocardium, dense scar, and
artifact. Regions of artifact contain lower SNR in Tyw
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FIGURE 4 Sample scarmaps in slices with visible ICD artifact in mapping-based data. Top row: Full field of view images. Bottom row:
Images cropped to the heart. Right column: Reference LGE image and T1 map without thresholds. The green arrow indicates regions of
signal loss due to the ICD that is disjoint from the heart. Teal arrows indicate a missing region of fibrosis in the anterior wall adjacent to a
region of microvascular obstruction seen in the conventional LGE scarmap.

(B) Sample Ty Fits for Tissue Regions of Interest
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FIGURE 5 Sample M, and T; curve fits and cluster-maps. A: M, and T; maps are annotated with three regions of interest: Red in
healthy myocardium, blue in artifact, and green in dense scar. B: Top row: Sample curve fits are shown for voxels within the regions of
interest. In particular, low M, SNR in the artifact cluster causes an artifactual decrease in T. Bottom row: Clustering results show the

(M,, T7) pairs, classified into tissue types. The boundary separating the artifact region from the myocardium, gray zone, and dense scar
regions is dependent on both M, and T7, whereas the gray zone boundary between myocardium and the dense scar is largely invariant of M,.
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images, causing an artificial reduction in Ty. Addition-
ally, sample clustering results are shown: The boundary
separating artifact from non-artifact is dependent on both
M, and T7, but the gray zone boundary between healthy
myocardium and the dense scar is largely independent
OfMo.

Figures 6 and 7 demonstrate sample threshold maps
in two representative animals. In Figure 6, SynLGE
and cluster-thresholding scars have a similar enhance-
ment pattern to LGE without an ICD. In Figure 7,
cluster-thresholding demonstrates less artificial enhance-
ment than SynLGE or conventional LGE, where no

Slice 1

Slice 2

FIGURE 6

SynLGE

fibrosis is present and a substantial ICD artifact obscures
the myocardium.

No significant volumetric differences were observed
for myocardium, dense scar, and dense scar union gray
zone between any T, mapping-based technique with
an ICD present and LGE without an ICD, when con-
nected component filtering was applied (Table 1). Gray
zone volumes were only significantly different from LGE
without an ICD for cluster-thresholding without arti-
fact correction, which overestimated the mean gray zone
by nearly a factor of two. Without connected compo-
nent filtering (Table S1), all SynLGE volumes with an

Cluster

Sample threshold maps from two adjacent slices in one representative animal. Left column: Conventional LGE threshold

maps. Center column: SynLGE threshold maps. Right column: Cluster-threshold maps overplotted on the fitted M, map.

PSIR-LGE (no ICD)

Mapping (with ICD)

Image Thresholds

Cluster

SynLGE

1000

FIGURE 7

Performance of automated clustering in an animal not included for quantitative analysis with substantial ICD artifact. The

presented slice has no fibrosis, so any enhancement in scarmaps is artifactual. Left block: PSIR-LGE thresholding demonstrates artifactual
enhancement due to the presence of noise. Right block: SynLGE demonstrates artifactual hyperenhancement in the lateral wall due to
residual off-resonance artifact, whereas cluster thresholding has greatly reduced artifactual enhancement, with small gray zone

enhancement and no dense scar region.
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TABLE 1
techniques using connected component filtering.

Volumes [mL] Clinical LGE SynLGE

Myocardium 6.23 +£7.85 7.16 +£8.53,p=NS
Gray Zone 0.45 + 0.60 0.35 + 0.46, p = NS
Dense Scar 3.59 +6.90 4.04 +7.13,p=NS
Union 4.04 + 6.86 4.39 +7.09, p = NS

. . . . 2409
Magnetic Resonance in MedlcmeJ—

Volumetric results for T} mapping-based scarmaps with an ICD present and LGE scarmaps without an ICD present with all

Cluster AC + Cluster

8.10 + 8.03, p = NS 8.19 + 8.88, p= NS
0.82 + 1.07, p < 0.05 0.51 +0.73, p = NS
2.64 +2.79, p = NS 2.85+4.78, p=NS

3.46 + 3.64, p = NS 3.37+4.87,p=NS

Note: Cluster: Cluster-thresholding; AC: Artifact correction; Union: Dense scar union gray zone.

Dice Similarity Agreement between SynLGE and Cluster Thresholds
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FIGURE 8 Dicesimilarity between SynLGE and cluster-thresholding scarmaps generated from the same underlying data. Artifact

correction and connected component filtering return the highest median Dice similarity for myocardium, dense scar, and dense scar union
gray zone. Artifact correction without connected component filtering returns the highest Dice similarity in the gray zone, which may be due
to the loss of spurious gray zone regions in the connected component filtering process. CC filter: Connected component filtering; AC: Artifact

correction; Union: Dense scar union gray zone.

ICD remain not statistically significantly different than
the same volumes from conventional LGE without an
ICD, but most cluster-thresholding and artifact-corrected
cluster-thresholding volumes were significantly distinct
from LGE without an ICD. As such, we can conclude that
volumetric accuracy is acceptable for artifact-corrected
cluster-thresholding and SynLGE, but such measures
are an incomplete measure of success, as the volumetric
agreement does not imply spatial co-localization.

Dice similarity was evaluated between Ty
mapping-based thresholding methods with an ICD
present, with SynLGE as the reference standard (Figure 8).
Dice similarity between mapping-based methods and
conventional LGE is not shown here due to the need for
image registration because of the mismatched field of view
and matrix size. Combining artifact correction and con-
nected component filtering results in the highest median
Dice similarity for myocardium (0.96), dense scar (0.83),
and dense scar union gray zone (0.91). However, the Dice
distribution of artifact-corrected cluster-thresholding is
not significantly different from that of artifact-corrected
cluster-thresholding with connected component filtering
for these tissue types. For the gray zone, artifact correc-
tion without connected component filtering returned the
highest median Dice value (0.06 vs. 0.04), but this is not

statistically significant. In general, gray zone Dice is lower
than other tissue types due to the differing criteria for
assigning gray zone voxels.

5 | DISCUSSION

5.1 | Main findings

In this article, an automated cluster-thresholding method
for fibrosis quantification from wideband T mapping with
an ICD present was evaluated and compared to SynLGE
thresholding from the same data with an ICD and con-
ventional LGE without an ICD. The automated cluster-
ing pipeline requires no manual intervention, whereas
SynLGE requires a manual choice of Ty, and manual
regions of interest. Cluster-threshold scarmaps look visu-
ally similar to SynLGE scarmaps from the same dataset
with an ICD present and are spatially localized with the
territory of enhancement in conventional LGE without
an ICD. No statistical significance was observed between
LGE volumes without an ICD and both SynLGE and
artifact-corrected cluster-threshold volumes with an ICD,
when using connected component filtering. However, sig-
nificant volumetric differences were noted in gray zone
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volume with non-corrected cluster-thresholding data,
indicating the need for artifact suppression. Additionally,
Dice alignment between SynLGE and cluster-thresholding
was high for healthy myocardium (0.96), dense scar (0.83),
and dense scar union gray zone (0.91) when artifact cor-
rection and connected component filtering were imple-
mented. The dice similarity of the gray zone is lower,
which we hypothesize is due to the varying criteria for gray
zone assignment.

Cluster-based artifact correction is essential to ensure
spatial localization of fibrosis enhancement with LGE, as
large regions of spurious enhancement are in a different
territory than the infarct in this work. With or without con-
nected component filtering, artifact correction specifically
removes low-T; voxels that also have low M that indicates
low SNR values in the T;w images. The low SNR in the
inferolateral wall is a result of increased off-resonance in
an area of already high susceptibility gradients (Figure 2).
A simple SNR cutoff for artifact detection may be suffi-
cient for determining a large enough region to remove
for the connected component filtering to clean up, but
this introduces another manual parameter, whereas the
cluster-based correction is fully automatic. The rationale
for connected component filtering arises from physiologi-
cal arguments that dense and heterogeneous fibrosis forms
a single connected component in ischemic infarcts. While
connected component filtering is intended to remove small
areas of spurious enhancement, larger areas of physiolog-
ical infarct can be removed when artifact correction is not
used if the region of spurious enhancement has a larger
volume than the physiological infarct.

When comparing wideband motion-corrected T} map-
ping with state-of-the-art wideband motion-corrected LGE
techniques,®® % several similarities and differences are
present. In WB-MOLLI, one TI is acquired per heart-
beat, which has the potential for misregistration between
TIs. However, motion correction improves alignment
across TIs, which reduces misregistration-induced Ty
error. In comparison to wideband LGE, wideband Ty
mapping singular images have reduced SNR and respira-
tory motion compensation performance due to the lack
of repeated single-contrast acquisitions. Notably, wide-
band LGE is robust to free-breathing acquisitions, whereas
motion-compensated wideband T} mapping is only robust
to residual respiratory motion within a breath-hold.>
However, the implementation of motion correction into
the T} mapping pipeline improves robustness to respira-
tory drift and cardiac mistriggering seen in our animal
model.*' Additionally, wideband T} mapping allows for
the analysis of two separate parameters that allow for the
decoupling of spatial proton density from physiological
signal recovery.

5.2 | Limitations

This article acknowledges several limitations that are
worth discussing. First, while T} mapping techniques are
more robust to individual TI choice than LGE, there is
still a dependence on the time since Gd injection. Since
T, and T values change over time since Gd injection,
the choice of TIs used in the mapping sequence will
need to reflect the expected T; values at the desired time
since injection. Notably, changing the time since injec-
tion will require modification of the sequence TIs for
optimal results. Notably, the T; maps acquired at 5 min
post-Gd were of lower quality due to the limited sampling
at short inversion times needed to accurately characterize
T, shortly after Gd injection.

The artifact correction method in this method largely
identifies the region of low M, on the inferolateral wall,
which is consistent with prior work using dedicated
off-resonance mapping.*> However, performing artifact
correction using My and T7 directly, instead of performing
dedicated B, measurements, limits the method’s robust-
ness in regions of inferior infarcts. While performance
is reasonable in left anterior descending-territory infarcts
presented here that do not generally overlap with this
region of off-resonance, future work will need to consider
the interaction between true infarct and off-resonance for
generalization to multiple territories.

Manual epicardial and endocardial contours are
required for all thresholding methods presented in this
work, which may introduce interobserver bias. The con-
nected component filtering partially mitigates this, but
does not edit the largest regions of fibrosis, where endo-
cardial contours may include blood pool signal that ends
up misclassified as fibrosis. While cluster-thresholding
avoids the need for manual regions of interest or man-
ually selected TIgnvalues, contouring is still performed
manually, and implementing an automated myocar-
dial segmentation step would allow for fully automated
post-processing.

Our animal model with an ICD only used an externally
taped device, with no leads present. While the generator
artifact is similar to what is seen in humans, ICD leads
create small artifacts in the right ventricular blood pool
or septum, which may need to be taken into account in
future studies. Additionally, the infarct patterns seen in
pigs have been allowed to mature for 4-5 weeks, which
does not allow for the modeling of more complex patholo-
gies such as concurrent non-ischemic cardiomyopathy and
intramyocardial fat. Human anatomy is also different from
porcine anatomy, with a less pronounced heart-lung inter-
face; this will likely decrease the T; hypointensity artifact
size compared to our data in porcine scans. Finally, this
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study is performed at 3 T, which is not the clinical standard
field strength for ICD patient scans. As such, incoher-
ent dephasing and T; hypointensity artifact volumes are
expected to be less at 1.5 T due to the decreased suscepti-
bility gradient between lung air and myocardial tissue.

5.3 | Future directions
Technical developments in the mapping sequence and
analysis can improve the performance and robustness of
the techniques introduced in this paper. First, this work
uses Cartesian sampling, which is generally robust to
off-resonance artifacts, but not robust to intra-shot motion,
so the use of a non-Cartesian sampling pattern may allow
for improved motion robustness in patients with unstable
heart rhythms. Recent work uses a 2D golden-angle radial
readout and a modified GRASP-Pro reconstruction to
generate motion-robust single-shot multi-TI LGE images
that are inherently robust to arrhythmia.** Additionally,
decreasing the temporal resolution of each single-shot
image improves motion robustness during periods of
abnormal rapid contraction, as seen in arrhythmias, but
requires advances in image reconstruction to account
for the reduction in k-space lines.** As an alternative,
segmented multi-contrast late enhancement acquisitions
have been proposed to acquire multiple sub-bins within
cardiac diastole.*> However, motion compensation would
be needed to successfully implement segmented meth-
ods in patients with arrhythmias due to the need for
combining data across multiple heartbeats: Recent work
demonstrates the potential for robust motion compensa-
tion using a deep learning-based groupwise registration
technique.*® As well, 3D T; mapping would allow for
improved inter-slice alignment as well as the potential
for higher spatial resolution to identify smaller regions of
arrhythmogenic tissue. The thresholding techniques used
in this paper only require co-registered M, and T} maps, so
other mapping sequences can be used, such as SASHA,*
AIR T, mapping,>* or MR Fingerprinting.*®

All thresholding methods in this article require manual
myocardial segmentations, which introduce uncertainty
and add manual processing steps. Integration of deep
learning-based myocardial segmentation would allow for
fully automated and reproducible analysis.3'* As well,
deep learning-based dense and heterogeneous infarct seg-
mentation has been proposed using LGE images® and
may provide incremental accuracy improvements to sta-
tistical learning methods presented in this paper. How-
ever, deep learning-based methods require a large training
dataset and have optimal performance only on data simi-
lar to that it has been trained on, limiting generalizability
to datasets with patient-specific ICD artifacts. Finally, the
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spatial analysis in this work uses connected component
analysis, which is a low-order topological feature. Inte-
gration of higher-order topological features may improve
specificity to arrhythmia substrate.>!->2

6 | CONCLUSION

In conclusion, an automated cluster-thresholding method
for fibrosis quantification from wideband T mapping
with an ICD present was evaluated and compared
to SynLGE thresholding from the same data with an
ICD and conventional LGE without an ICD. In the
current study, cluster-based thresholding demonstrates
non-inferior performance to SynLGE, which requires
manual Ty, selection and regions of interest for accurate
segmentation calculations. Future work aims to improve
the robustness of the sequence and analysis of artifacts
from physiological motion and off-resonance.
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Figure S1. Choice of synthetic TI (TLy,) affects tissue con-
trast and image quality, and must be performed separately
for each subject. When the myocardial magnetization has
not reached the nulling point (left two columns), the
region of enhanced tissue is incorrect due to T1-dependent
intensity shifts and the use of connected component
filtering. After the myocardium has been successfully
nulled, the enhanced tissue region is largely unaffected,
but reduced contrast is seen between regions of healthy
myocardium and scar. Threshold maps are depicted in the
bottom row.

Figure S2. Effect of the cutoff probability GZ.: on
scarmaps compared to the reference LGE scarmaps. As
GZ.,: increases, the gray zone volume decreases, but spa-
tial localization of dense scar and gray zone is invariant
under moderate shifts of GZ.,; from the value of 25% used
for all analysis that visually aligns with the reference LGE.
Figure S3. Diagram of the 4(1)3(1)2 sequence used for
post-Gd T; mapping for this sequence. Black indicates a
wideband inversion pulse, and blue indicates the FLASH
readout synchronized to cardiac diastole.

Table S1. Volumetric results for T; mapping-based
scarmaps with an ICD present and LGE scarmaps without
an ICD present without the use of connected component
filtering for any technique. Cluster: Cluster-thresholding;
AC: Artifact correction; Union: Dense scar union gray zone.
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