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Objectives: Myocardial injury assessment from delayed enhancement magnetic
resonance images is routinely limited to global descriptors such as size and
transmurality. Statistical tools from computational anatomy can drastically improve
this characterization, and refine the assessment of therapeutic procedures aiming
at infarct size reduction. Based on these techniques, we propose a new
characterization of myocardial injury up to the pixel resolution. We demonstrate it on
the imaging data from the Minimalist Immediate Mechanical Intervention randomized
clinical trial (MIMI: NCT01360242), which aimed at comparing immediate and
delayed stenting in acute ST-Elevation Myocardial Infarction (STEMI) patients.
Methods: We analyzed 123 patients from the MIMI trial (62 ± 12 years, 98 male, 65
immediate 58 delayed stenting). Early and late enhancement images were
transported onto a common geometry using techniques inspired by statistical atlases,
allowing pixel-wise comparisons across population subgroups. A practical
visualization of lesion patterns against specific clinical and therapeutic characteristics
was also proposed using state-of-the-art dimensionality reduction.
Results: Infarct patternswere roughly comparable between the two treatments across
thewhole myocardium. Subtle but significant local differences were observed for the
LCX and RCA territories with higher transmurality for delayed stenting at lateral and
inferior/inferoseptal locations, respectively (15% and 23% of myocardial locations
with a p-value <0.05, mainly in these regions). In contrast, global measurements
were comparable for all territories (no statistically significant differences for all-
except-one measurements before standardization / for all after standardization),
although immediate stenting resulted in more subjects without reperfusion injury.
Conclusion:Our approach substantially empowers the analysis of lesion patterns with
standardized comparisons up to the pixel resolution, andmay reveal subtle differences
not accessible with global observations. On the MIMI trial data as illustrative case, it
confirmed its general conclusions regarding the lack of benefit of delayed stenting,
but revealed subgroups differences thanks to the standardized and finer analysis scale.
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EGE, early Gadolinium enhancement; LAD, left anterior descending; LCX, left circumflex; LGE, late
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1. Introduction

Cardiac magnetic resonance imaging (MRI) has a central role

in myocardial infarction experimental and clinical trials, and is

frequently recognized as providing the best in vivo surrogate

endpoints for infarct size and microvascular obstruction

(MVO) (1–3). The lesion patterns visible on delayed

enhancement images vary from ischemia-reperfusion lesions to

final scar within the infarct zone on late Gadolinium

enhancement (LGE), with or without MVO region on early

Gadolinium enhancement (EGE) and LGE and at the acute

phase. However, most analyses only assess a tiny part of the

imaging data related to these lesions, whose distribution within

the myocardium and across slices is complex. They focus on

simple global measurements (mainly size, transmurality, and

endocardial surface area) (4–6), which drastically limit the

quantification of the mechanisms of ischemia-reperfusion and

treatment effects. Recent tools (not limited to MRI) offer more

detailed assessment and in particular standardized anatomical

diagrams (7), but are still insufficiently exploited for the

analysis of populations.

Computational tools inspired by statistical atlases can

overcome the main bottleneck to a finer analysis of such lesions,

namely anatomical differences across subjects and acquisitions

(8). First, they allow advanced statistical analysis of myocardial

shape differences across a population, as recently demonstrated

on acute myocardial infarction patients (9). In addition, as in our

study, they allow bringing all the imaging data to a standardized

geometry (the “atlas”). This means that much finer statistical

comparisons can be performed, up to examining differences in

the lesion patterns at each pixel of the myocardium in the EGE

and LGE images. This operation is a prerequisite to detect

potential inter-subject differences inaccessible and not evaluated

by global or regional descriptors of the lesions. In addition, in a

logic of personalized medicine, these tools allow understanding

and visualizing how a subject is positioned with respect to a

given population and/or how she/he responds to a given

therapeutic intervention.

In this paper, we re-examined the delayed enhancement

images from the Minimalist Immediate Mechanical Intervention

(MIMI) trial (10) with such techniques. This multicenter

randomized clinical trial aimed at comparing immediate and

delayed stenting in acute ST-Elevation Myocardial Infarction

(STEMI) patients, two treatment strategies that are still under

debate (11, 12). By examining commonly-used global descriptors

of the lesions, the original MIMI study failed to support delayed

stenting against immediate stenting, and even suggested a

deleterious effect of delayed stenting on MVO size. However,

similar studies reported potential benefits of such intervention

regarding infarct size or the incidence of MVO (13, 14). Thus, it

sounds as a relevant playground to evaluate if a finer analysis,

with standardized comparisons up to the pixel resolution, could

better characterize infarct and MVO pattern differences across

subjects and provide a fresh look at the quantification of the

intervention outcome.
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2. Materials and methods

2.1. Participants

This study retrospectively analyzed the imaging data from the

MIMI study (ClinicalTrials ID: NCT01360242), which was a

multicenter, prospective, randomized, open-label trial with

blinded endpoint evaluation. The study protocol was approved

by the local ethics committee (IRB 2010–048), and complied

with the Declaration of Helsinki and French laws. All subjects

gave written informed consent.

The included patients were adults with symptoms consistent

with STEMI ≤12 h, with ST-segment-elevation ≥1 mm in ≥2
contiguous limb leads or >2 mm in ≥2 precordial leads on the

electrocardiogram, intended for primary percutaneous coronary

intervention. The clinical and angiographic inclusion criteria and

the intervention procedure were detailed in Belle et al. (10).

Patients were randomized between two different strategies:

immediate stenting or 24–48 h delayed stenting. The primary

endpoint was MVO [% of left ventricular (LV) mass] on cardiac

magnetic resonance performed 5 days (interquartile range 4–6)

after inclusion.
2.2. Imaging protocol and labeling

The MRI protocol was performed in multiple centers 3 to 8

days after inclusion on 1.5 T systems. The analysis performed in

this paper focused on EGE and LGE images for which LV and

lesion segmentation was feasible (Figure 1), obtained according

to the detailed MRI protocol provided in the Supplementary

Material section of Belle et al. (10).

The myocardial and lesion contours were manually segmented

offline by one experienced observer (LP) and controlled by two

other experienced observers (MV, PCr) using commercial

software (CVI42 v.5.1.0 Circle Cardiovascular Imaging, Calgary,

Canada). They consisted of the endocardium, epicardium, infarct

(from LGE), and early and late MVO (EGE and LGE,

respectively) (Figure 2). The infarct zone was determined semi-

automatically on LGE images using the full-width half-maximum

method. MVO corresponded to hypo-enhancement within the

infarct zone on the EGE and LGE images, and was segmented

manually. The segmented images were exported as Dicom files.

Contours were exported in the XML format as.cvi42wsx files.

Both images and contours were loaded in Matlab (v.R2016a,

MathWorks, Natick, USA) for post-processing and analysis.

The LV-RV junction was manually identified by one

experienced observer (ND) using a single landmark on each slice.

The myocardial borders around the LV outflow tract were

marked by two landmarks to exclude this region on the

concerned slices. Finally, the slice locations corresponding to the

endocardial apex and the mitral level (the most extreme basal

slice with more than 50% myocardium around the blood cavity)

were identified. These locations were extrapolated in case the

acquisition did not cover such slices.
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FIGURE 1

Study flow chart. EGE, early Gadolinium enhancement; LGE, late Gadolinium enhancement; STEMI, ST-elevation myocardial infarction.
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2.3. Standardization onto a common
geometry1

We first parameterized the myocardium by defining radial,

circumferential, and long-axis coordinates on each slice, for each

individual. They were estimated on images oversampled by a

factor 4 to prevent artifacts in case few pixels covered the

myocardium, in particular along the radial direction. Their values

ranged from 0 to 1, corresponding to endocardium-to-

epicardium (radial), apex-to-base (long-axis), and the

anticlockwise direction starting from the LV-RV junction

(circumferential), as illustrated in Figure 3A, top row.

Then, we arbitrarily defined a common reference geometry

onto which standardizing the image data, as a semi-ellipsoid with

maximal endocardial and epicardial radii of respectively 30 and

50 pixels, represented on 21 slices of 80 × 80 pixels each

(Figure 3A, bottom row).

Finally, images were warped by mapping each patient’s

coordinates onto the reference coordinates. This was achieved by

linear interpolation tailored for data defined on a scattered grid

(here, the myocardial coordinates) (Figure 3B). No extrapolation

was performed out of the minimal and maximal slices acquired.
2.4. Pixel-wise analysis

Once standardized onto a common geometry, lesions can be

compared at each pixel of the myocardium in the EGE and LGE

images. We first estimated the representative (average) infarct
1Code and demo data corresponding to this standardization process will be

made accessible upon acceptance at: https://github.com/nicolasduchateau/

CMR-imageDataAlignment
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pattern for each coronary territory and each treatment subgroup,

and visualized it at each slice of the reference geometry

(Figure 4A). A Bull’s eye representation also summarized this

information across slices (Figure 4B). The Bull’s eye consisted of

21 concentric circles corresponding to all the slices of the

reference geometry, and 24 segments around the circumference.

The following information was displayed: (i) location, estimated

as the maximal value of the infarct pattern along the radial

direction; (ii) transmurality, estimated as the average value of the

infarct pattern along the radial direction; and (iii) statistical

differences between the two treatment options, assessed by the p-

value from the Hotelling t-squared test (performed on the pixel

map), displayed in a logarithmic color scale.
2.5. Link with other characteristics

Despite being standardized onto a common geometry, the infarct

patterns still contain a lot of information, which is challenging to

visualize and relate to other patient characteristics. We therefore

estimated a simplified representation of all the individual subjects in

the studied population that can be visualized in two dimensions. To

do so, we used the t-SNE (T-distributed Stochastic Neighbor

Embedding) algorithm (15), a widespread statistical method for

reducing the dimensionality of complex data and visualizing it. Its

purpose is similar to the very popular Principal Component

Analysis algorithm, except that the latter performs linear

dimensionality reduction, which is not fully suited to medical

images compared to non-linear dimensionality reduction (16) as

performed by t-SNE.

On our data, t-SNE provided a two-dimensional cloud of points

where each point corresponds to a sample in the population, while

forcing similar patterns to be represented by nearby points, and

conversely dissimilar patterns to be represented by distant points.

Then, we examined the link between infarct patterns and other

variables of interest by coloring each point according to the value
frontiersin.org
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FIGURE 2

EGE and LGE data from one representative patient with microvascular obstruction and infarct. (A,C): 3D stacks of the segmented structures on each slice.
(B,D): image data and segmented structures on a mid-cavity slice.

FIGURE 3

Data alignment steps illustrated on the representative patient from Figure 1. (A): automatically defined radial-circumferential-long axis coordinates on the
studied subject’s anatomy, and on the reference used for the statistical analysis of the whole population. The color encodes the coordinates value ranging
from 0 to 1 (long-axis coordinate = 0.625 for this slice). (B): standardization of the image data onto the reference (one slice out of two displayed for the
sake of clarity, numbers indicate the standardized long-axis coordinates). The red and dark colors encode the segmented infarct and MVO, respectively.
The blue dots stand for the location of the LV-RV junction on each slice.
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FIGURE 4

Representative infarct patterns depending on treatment (immediate vs. delayed) and territories (LAD mid or proximal, LCX, and RCA). (A): average pattern
for each subgroup, from apex to base (one slice out of two displayed for the sake of clarity). The dashed region corresponds to incomplete myocardium at
the basal level. (B): Bull’s eye representation that summarizes this information across slices: infarct location and variability, transmurality, and statistical
differences between the two treatment options (p-value displayed in a logarithmic color scale).
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of the variable we inspect. We focused on a subset of relevant clinical

and therapeutical variables related to patients’ risk: coronary artery

of concern, ejection fraction, stenting strategy, delay from onset of

symptoms to coronary intervention, sex, age, diabetic status,

smoking status, and body mass index.

This was implemented in Python, using a public open-source

version of t-SNE from the scikit-learn library2. The retained

hyperparameters were two components (for two-dimensional

visualization), perplexity of 10 (to define how much neighboring

samples are considered for non-linear dimensionality reduction),

and Principal Component Analysis initialization (for improved

stability).

Before applying t-SNE, infarct patterns were realigned to the

left anterior descending (LAD) territory, to better focus on the

pattern shape without being confounded by different infarct

localizations and analyse all the population at once. This was

achieved by rotating all infarct patterns along the circumference

such that the average infarct center of a given coronary territory
2https://scikit-learn.org/stable/modules/generated/sklearn.manifold.TSNE.

html
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is aligned to the average infarct center for the LAD territory, as

previously reported (17).
2.6. Global descriptors

We also estimated commonly-used global descriptors of the main

lesion characteristics: the proportion of damaged myocardium (for

the infarct and the MVO, in %), the average transmurality over the

infarcted myocardium (excluding the preserved myocardium, in

%), and the endocardial surface area (in %). These characteristics

were both estimated before and after standardization to the

reference geometry to quantify the consistency of global

observations regarding standardization (Table 1).
2.7. Reproducibility analysis

The identification of the LV-RV junction on each slice, and the

identification of the apex and mitral valve slice locations were

repeated by the same operator and another experienced operator

(LP). The reproducibility of these measurements (Supplementary

Figures S1, S2) and its effect on the statistical analysis of the
frontiersin.org
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TABLE 1 Global characteristics of the lesion against the treatment subgroups, before and after standardization to a common reference geometry:
proportion of lesion area compared to the whole myocardium (infarct and early/late MVO), infarct transmurality, and endocardial surface area
compared to the whole myocardium.

Before standardization After standardization

Immediate stenting
(N = 65)

Delayed stenting
(N = 58)

p-value Immediate stenting
(N = 65)

Delayed stenting
(N = 58)

p-value

Infarct area (% myocardium)
LAD mid 20.8 (19.0–27.3) 24.4 (15.9–31.2) 0.767 18.2 (11.6–23.4) 18.8 (11.1–23.4) 1.000

LAD proximal 30.3 (25.6–36.6) 26.8 (20.9–37.8) 0.571 23.1 (19.1–25.9) 21.5 (16.5–30.6) 0.792

LCX 21.1 (16.3–29.9) 19.8 (18.0–28.1) 1.000 18.7 (14.9–21.9) 18.4 (16.6–26.7) 0.481

RCA 12.0 (9.5–19.3) 13.3 (10.4–22.1) 0.412 12.3 (8.1–18.0) 11.9 (9.4–20.1) 0.611

Early MVO area (% myocardium)
LAD mid 2.0 (0.1–4.7) 1.3 (0.1–4.7) 0.976 0.8 (0.0–2.4) 0.5 (0.0–3.8) 0.976

LAD proximal 2.5 (0.9–9.6) 5.3 (3.7–9.5) 0.270 1.5 (0.5–7.8) 4.5 (2.3–7.3) 0.305

LCX 6.9 (0.2–9.7) 3.8 (1.4–7.9) 0.779 5.5 (0.1–8.0) 3.2 (1.1–6.6) 0.779

RCA 0.6 (0.0–3.7) 2.1 (0.0–4.3) 0.466 0.3 (0.0–3.0) 1.1 (0.0–3.8) 0.470

Late MVO area (% myocardium)
LAD mid 0.1 (0.0–3.0) 1.1 (0.0–3.8) 0.572 0.1 (0.0–2.6) 0.8 (0.0–2.8) 0.501

LAD proximal 1.8 (0.4–9.3) 4.1 (1.4–7.7) 0.305 1.1 (0.2–8.1) 2.9 (0.9–6.7) 0.384

LCX 3.7 (0.0–6.1) 2.7 (0.8–8.8) 0.481 3.6 (0.0–5.3) 2.3 (0.7–8.0) 0.743

RCA 0.0 (0.0–0.9) 0.6 (0.0–2.5) 0.044 0.0 (0.0–1.0) 0.4 (0.0–2.1) 0.065

Transmurality (%)
LAD mid 62.4 (50.4–81.3) 61.7 (51.3–68.2) 0.893 55.8 (51.0–75.0) 58.5 (49.4–64.4) 0.687

LAD proximal 69.8 (61.0–76.3) 69.3 (60.5–76.1) 0.910 69.0 (59.4–73.3) 66.5 (56.5–74.4) 0.792

LCX 62.0 (52.2–73.8) 69.1 (56.7–76.0) 0.321 56.5 (44.9–66.8) 64.0 (51.1–66.5) 0.481

RCA 55.6 (46.7–66.4) 63.4 (45.5–74.2) 0.184 50.6 (40.2–60.3) 57.0 (36.5–66.6) 0.182

Endocardial surface area (% endocardium)
LAD mid 25.3 (20.0–36.6) 28.2 (20.9–38.5) 0.687 24.7 (19.0–29.3) 29.8 (20.5–35.3) 0.467

LAD proximal 37.8 (27.7–41.5) 34.2 (27.6–45.4) 1.000 33.2 (30.7–38.7) 32.2 (23.5–44.6) 0.970

LCX 25.6 (15.1–35.8) 24.5 (17.4–27.6) 0.673 25.2 (19.4–34.3) 26.6 (20.7–30.3) 0.963

RCA 13.5 (8.0–19.0) 12.8 (8.4–22.5) 0.674 14.4 (8.4–21.8) 12.1 (10.2–21.8) 0.850

MVO, micro-vascular obstruction; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery. Bold font highglights statistically significant differences.
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standardized lesion patterns (Supplementary Figure S3) is

reported in Supplementary Material.
2.8. Statistical analysis

Standard statistical analysis was performed in complement of

the pixel-wise analyses exposed in the previous sections, as

follows. Continuous variables were expressed as median and

interquartile range, with Mann-Whitney U-test used for inter-

groups comparisons. Categorical variables were expressed in

percentage over the number of samples, with Fisher’s exact test

used for inter-groups comparisons. P-values below 0.05 were

considered statistically significant. All the patient and the global

lesion characteristics were analyzed using the SPSS software

(Version 21.0, IBM Corp, Armonk, NY).
3. Results

3.1. Patient characteristics

The original MIMI study enrolled 160 patients between June

2011 and December 2012, of which 140 patients had interpretable
Frontiers in Cardiovascular Medicine 06
MRI scans (10). In the present study, the datasets of 17 patients

were unexploitable with our analysis techniques for technical issues

(sub-optimal LV coverage, or image artifacts); the EGE images

were not analyzed for these 17 patients and 6 additional patients

for which the EGE data were missing. We therefore analyzed the

EGE and LGE images for 117 and 123 patients, respectively,

corresponding to 65 patients with immediate stenting and 58

patients with delayed stenting (Figure 1). The baseline

characteristics of the patients are summarized in Table 2.

The median resolution of the analyzed images was 1.5625 ×

1.5625 × 5 mm. The LV ranged over 17 ± 2 slices, with 1 ± 1 extra

slices lying out of the acquired stack of slices.
3.2. Pixel-wise analysis

Figure 4 displays the representative infarct patterns associated

to each territory and treatment. The left side shows these patterns

slice by slice from apex to base, while the right side uses Bull’s eye

views to summarize specific characteristics of the patterns across

slices.

Infarct patterns (see “location”, “transmurality” and

“variability” Bull’s eye plots for a synthetic view) were roughly

comparable between the two treatments for all territories and
frontiersin.org
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TABLE 2 Main clinical and lesion characteristics depending on the
treatment subgroup.

Immediate stenting
(N = 65)

Delayed stenting
(N = 58)

p-value

Age (years) 55.9 (47.9–65.0) 60.7 (50.4–68.7) 0.095

Sex (% male) 55 (84.6) 43 (74.1) 0.181

Body mass index
(kg/m2)

26.5 (23.78–29.4) 26.0 (23.6–28.6) 0.413

EDV (ml) 153 (136–186) 152 (124–176) 0.221

ESV (ml) 73 (59–91) 73 (56–90) 0.914

LVEF (%) 54 (47–62) 51 (46–60) 0.256

Infarct (g) 30.38 (14.03–44.67) 27.89 (16.65–45.11) 0.905

Infarct (% of LV
mass)

18.64 (8.88–24.78) 20.75 (12.43–27.60) 0.361

MVO (g) 2.00 (0.00–8.41) 5.27 (0.53–10.31) 0.134

MVO (% of LV
mass)

1.29 (0.00–4.43) 3.86 (0.35–6.45) 0.059

Infarct artery location
LAD mid 11 14 1.000

LAD proximal 12 8 0.642

LCX 8 9 0.206

RCA 34 27 0.224

EDV, end-diastolic volume; ESV, end-systolic volume; LVEF, left ventricular ejection

fraction; MVO, micro-vascular obstruction; LAD, left anterior descending; LCX, left

circumflex; RCA, right coronary artery.

FIGURE 5

Link between infarct patterns and other variables of interest. Each subplot d
visualization (of arbitrary units) obtained with the t-SNE algorithm of how
dissimilar infarct shape are placed close/far from each other, as illustrated on
to match the LAD territory, so that observations focus on the actual pattern
the color code indicates the value of a specific clinical and therapeutic char
coronary artery territory and differ more between different territories. A slig
link is observed for the other variables.
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across all slices. However, for the left circumflex (LCX) infarcts,

higher transmurality was observed with delayed stenting at the

lateral locations (average transmurality in these segments: 36%

(immediate) vs. 53% (delayed)). A similar trend was observed

for the right coronary artery (RCA) infarcts at the inferior/

inferoseptal locations (average transmurality in these segments:

32% (immediate) vs. 38% (delayed)). These subtle observations

were confirmed by the “p-value” Bull’s eye, which quantified

statistical differences between the two treatment groups at each

location. The LAD mid and LAD proximal groups respectively

had 9% and 13% of myocardial locations with a p-value <0.05,

but rather sparsely distributed across the ventricle and not

necessarily matching the infarct zone. In contrast, the LCX and

RCA groups respectively had 15% and 23% of myocardial

locations with a p-value <0.05, including marked statistical

differences grouped over a portion of the infarct zone.

Early MVO was absent in 28/117 patients: 16/61 (28%) with

immediate stenting and 12/56 (23%) with delayed stenting. Late

MVO was absent in 48/123 patients: 32/65 (49%) with

immediate stenting and 16/58 (28%) with delayed stenting. No

infarct was observed in one patient (immediate stenting, RCA

ischemia).
epicts the same cloud of points, which is a simplified two-dimensional
subjects differ regarding their infarct shape: two subjects with similar/
subplot (A). Beforehand, infarct patterns of any territory were realigned
shape and not its position around the myocardium. On subplots (B–J),

acteristic of the patients. Infarct shapes appear consistent across a given
htly similar trend is observed regarding ejection fraction. In contrast, no
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3.3. Link with other characteristics

Figure 5 proposes a two-dimensional visualization of the whole

population where subjects with similar/dissimilar infarct shapes are

mapped close/far from each other, as estimated by the t-SNE

dimensionality reduction algorithm. On each subplot, the color

code corresponds to the values of a specific clinical or

therapeutic variable for each subject, to examine its potential link

with the infarct patterns. We remind that to construct this plot,

infarct patterns of any territory were realigned to match the LAD

territory, so that observations focus on the actual pattern shape

and not its position around the myocardium.

We first observe that even when this anatomical alignment was

performed, the shapes of infarct patterns showed anatomical

consistency across subjects from the same coronary artery. The

shapes of LAD infarcts were quite similar, while RCA and LCX

infarcts showed more dissimilar shapes that are likely related to

broader anatomical and collaterality variations across patients

having RCA and LCX culprit arteries. A more subtle grouping of

patterns was observed regarding ejection fraction, which might

reflect the varying impact of each coronary artery on the cardiac

function. In contrast, no specific grouping of patterns was

observed for the stenting strategy, confirming the main finding of

the MIMI study. The lack of grouping of patterns for all the

other selected variables (delay from onset of symptoms to

coronary intervention, sex, age, diabetic status, smoking status,

body mass index) indicated the lack of bias and the quality of

randomization.

Similar observations were obtained by multiple launches of the

t-SNE algorithm, which confirmed results against the random state

intrinsic to this algorithm.
3.4. Global descriptors

Table 2 examines the five global descriptors of the lesion

patterns (area of the infarct, early MVO, and late MVO,

transmurality, and endocardial surface area). No statistically

significant differences were observed between the two treatments,

for all territories, for all-except-one measurements before

standardization / for all after standardization to the common

reference geometry.
3.5. Reproducibility analysis

Supplementary Figure S1 summarizes the intra- and inter-

operator variability in the identification of the LV-RV junction

on each slice, for the EGE and LGE images. Angles were defined

by the lines joining the measurement of each operator and the

center of the LV cavity, on each slice. Intra-operator differences

were low, with higher differences near the apex but variability in

the range [−20.0°,8.7°]. Inter-operator differences were higher

but moderate, with higher differences near the apex but
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variability in the range [−18.9°,23.4°]. Observations were

comparable for the EGE and LGE images.

Supplementary Figure S2 complements this analysis by

summarizing the intra- and inter-operator variability in the

identification of the apical and basal slices, for the EGE and LGE

images. Differences were low, mostly ±1 slice both for the EGE

and LGE images. They were higher for the intra-operator

experiment, in particular at the basal level (more cases with a

difference of ±2 slices, a few up to ±3 slices), in part due to the

difficulty of extrapolating this location when the LV was not fully

covered by the slices.

Finally, Supplementary Figure S3 provides a display similar to

the Bull’s eyes from Figure 4 for the location, transmurality, and

variability of the infarct patterns, and for the p-value quantifying

statistical differences between the two treatment groups, for

identification of the LV-RV junction and basal/apical slices

repeated by the same operator or by a second one. Patterns are

very similar to the ones in Figure 4, and lead to equal

conclusions: comparable patterns between the two treatments for

all territories and across all slices, but higher transmurality with

delayed stenting for the LCX and RCA infarcts, confirmed by

statistically significant differences near the infarct zone, contrary

to the LAD mid and LAD proximal infarcts.
4. Discussion

We proposed a fresh look at the characterization of myocardial

lesions (infarct and early/late MVO) to go beyond global

assessment with quantitative and standardized comparisons up to

the pixel resolution. On the delayed enhancement imaging data

from the MIMI study, which aimed at assessing acute myocardial

infarction patients while comparing different reperfusion

strategies, our results not only confirmed at a much finer

resolution and in a more standardized manner that immediate

and delayed stenting led to comparable infarct and reperfusion

lesions, but revealed a deleterious effect of delayed stenting at

specific locations. They also indicated that the infarct shape was

not related to other clinical and therapeutic variables of interest.

Comparing delayed vs. immediate stenting highly depends on

the chosen MRI endpoints (2). In the original MIMI study (10),

the primary endpoint was MVO (% of total LV mass observed

by MRI 5 days after inclusion). Primary endpoints were slightly

different in similar randomized controlled trials of moderate

sample sizes. The INNOVATION study used the infarct size (%

of total LV mass observed by MRI 30 days after inclusion) (14),

while the DEFER-STEMI study considered the incidence of no-/

slow-reflow (Thrombolysis In Myocardial Infarction ≤2, 2 days

after inclusion) (13). They concluded that delayed stenting may

better preserve the myocardium, not necessarily for all territories

or supported by statistically significant differences. The much

larger DEFER-DAMANI randomized controlled trial did not find

evidence of improvement with delayed stenting using a

composite score of clinical outcomes (18). Its findings were

confirmed by a sub-study, which considered the final infarct size

as primary endpoint (19). Current guidelines do not therefore
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recommend delayed stenting (12). Nonetheless, differences in the

conclusions brought by these studies should be tempered, mainly

due to different primary endpoints, different delays in the

stenting procedure, and different spectrum of included patients

(11). Delayed stenting might still benefit a subset of patients, to

be confirmed by other randomized controlled trials and re-

analysis of the existing studies as targeted in the PRIMACY

trial (20).

In the literature, the lack of clear differences between treatment

options may also come from the simplicity of global descriptors

(occurrence, size, transmurality, or endocardial surface area as a

surrogate of the area at risk, mainly) to assess lesions of complex

shapes. Many studies investigating the cardiac function, not

necessarily with MRI, already underlined the value of regional or

local descriptors of the observed diseases (7, 16). Our approach

also goes into this direction and provides a more complete and

standardized assessment of the lesion patterns up to each pixel of

the myocardium. In our study, this local quantitative assessment

not only confirmed the lack of benefit from delayed stenting, but

also revealed subtle differences insufficiently rendered by global

measurements and suggesting a deleterious effect visible at some

locations (in particular, higher transmurality with delayed

stenting for the LCX and RCA).

Statistical atlases have been widely used to quantify shape

differences across of a population (8), as recently demonstrated

on acute myocardial infarction patients (9). In our work, we used

these techniques beyond shape assessment and analyzed the

imaging data on a common geometry. This standardization was

inspired by previous works on the statistical analysis of

myocardial infarct (21, 22), except that these considered 3D

mesh data (while we directly operated on the image data), and

did not incorporate MVO. The use of such spatial alignment

goes in the sense of recent recommendations, to better

standardize the imaging data (2).
4.1. Study limitations

Seventeen patients were not analyzed due to technical issues

related to the image quality. Besides, our population size was

moderate, and the statistical analysis of lesion patterns may be

affected by this sample size, in particular in case of small or

unbalanced subgroups as observed for some territories. We

therefore supported as much as possible our observations with

complementary measurements (the variability and statistical

differences computed locally, the global lesion characteristics, and

intra/inter-operator reproducibility analysis).

Spatial alignment required the semi-automatic segmentation of

the myocardium and the manual identification of few landmarks

on each slice, which is time-consuming and needs careful quality

control in the current implementation. This could be solved by

considering recent advances in the automatic segmentation of

delayed enhancement MRI, when its accuracy reaches acceptable

ranges on all slices on routine imaging data (23, 24).

Non-linear statistical analysis techniques may overcome some

limitations of the techniques we used here to estimate
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representative lesion patterns (21, 25), but would require larger

populations and may still provide limited rendering of sharp

transitions in the analyzed data, such as the interface between

the myocardium and the infarct (17).
5. Conclusion

Our methodology allows assessing the acute myocardial

infarction lesions much beyond commonly used global

descriptors while delivering a synthetic picture of a

population, and could be used for standardized reporting in

many cardiac MRI clinical research studies. This approach

provides quantitative finer insights into how lesions differ

between subgroups of subjects, and enables to locate a given

subject within the population/group response in a logic of

personalized medicine. On the MIMI study, it confirmed at a

much finer scale the comparable myocardial damage between

immediate and delayed stenting, and even suggested a

deleterious effect of delayed stenting visible at some locations.

This strategy appears highly promising to analyze in a much

more integrated manner the multi-parametric and longitudinal

data from ischemia-reperfusion studies, and better state on

potential therapies to reduce myocardial loss after myocardial

infarction.
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SUPPLEMENTARY FIGURE S1

Intra- and inter-operator reproducibility in the identification of the LV-RV
junction, on all slices of EGE and LGE images.

SUPPLEMENTARY FIGURE S2

Intra- and inter-operator reproducibility in the identification of the apex and
mitral valve slice locations, on EGE and LGE images.

SUPPLEMENTARY FIGURE S3

Representative infarct patterns depending on treatment (immediate vs.
delayed) and territories (LAD mid or proximal, LCX, and RCA), when the
standardization process was repeated (a) for the same operator or (b)
performed by a second operator. Bull’s eye representation only, display
similar to Figure 4.
References
1. Wince WB, Suranyi P, Schoepf UJ. Contemporary cardiovascular imaging
methods for the assessment of at-risk myocardium. J Am Heart Assoc. (2013) 3:
e000473. doi: 10.1161/JAHA.113.000473

2. Ibanez B, Aletras AH, Arai AE, Arheden H, Bax J, Berry C, et al. Cardiac MRI
endpoints in myocardial infarction experimental and clinical trials: JACC scientific
expert panel. J Am Coll Cardiol. (2019) 74:238–56. doi: 10.1016/j.jacc.2019.05.024

3. Beijnink CWH, van der Hoeven NW, Konijnenberg LSF, Kim RJ, Bekkers SCAM,
Kloner RA, et al. Cardiac MRI to visualize myocardial damage after ST-segment
elevation myocardial infarction: a review of its histologic validation. Radiology.
(2021) 301:4–18. doi: 10.1148/radiol.2021204265

4. Ortiz-Pérez JT, Meyers SN, Lee DC, Kansal P, Klocke FJ, Holly TA, et al.
Angiographic estimates of myocardium at risk during acute myocardial infarction:
validation study using cardiac magnetic resonance imaging. Eur Heart J. (2007)
28:1750–8. doi: 10.1093/eurheartj/ehm212

5. Alexandre J, Saloux E, Dugué AE, Lebon A, Lemaitre A, Roule V, et al. Scar extent
evaluated by late gadolinium enhancement CMR: a powerful predictor of long term
appropriate ICD therapy in patients with coronary artery disease. J Cardiovasc
Magn Reson. (2013) 15:12. doi: 10.1186/1532-429X-15-12

6. Bulluck H, Dharmakumar R, Arai AE, Berry C, Hausenloy DJ. Cardiovascular
magnetic resonance in acute ST-segment-elevation myocardial infarction: recent
advances, controversies, and future directions. Circulation. (2018) 137:1949–64.
doi: 10.1161/CIRCULATIONAHA.117.030693

7. Dewey M, Siebes M, Kachelrieß M, Kofoed KF, Maurovich-Hovart P, Nikolau K,
et al. Clinical quantitative cardiac imaging for the assessment of myocardial ischaemia.
Nat Rev Cardiol. (2020) 17:427–50. doi: 10.1038/s41569-020-0341-8

8. Young AA, Frangi AF. Computational cardiac atlases: from patient to population
and back. Exp Physiol. (2009) 94:578–96. doi: 10.1113/expphysiol.2008.044081
9. Acero J C, Schuster A, Zacur E, Lange T, Stiermaier T, Backhaus SJ, et al.
Understanding and improving risk assessment after myocardial infarction using
automated left ventricular shape analysis. JACC Cardiovasc Imaging. (2022)
15:1563–74. doi: 10.1016/j.jcmg.2021.11.027

10. Belle L, Motreff P, Mangin L, Rangé G, Marcaggi X, Marie A, et al. Comparison
of immediate with delayed stenting using the minimalist immediate mechanical
intervention approach in acute ST-segment-elevation myocardial infarction:
the MIMI study. Circ Cardiovasc Interv. (2016) 9:e003388. doi: 10.1161/
CIRCINTERVENTIONS.115.003388

11. Oldroyd KG. Is delayed stenting of the culprit artery in patients with STEMI ever
worth the wait? J Am Coll Cardiol. (2017) 69:2805–7. doi: 10.1016/j.jacc.2017.04.009

12. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H, et al. 2017
ESC Guidelines for the management of acute myocardial infarction in patients presenting
with ST-segment elevation: the task force for the management of acute myocardial
infarction in patients presenting with ST-segment elevation of the European society of
cardiology (ESC). Eur Heart J (2018) 39:119–77. doi: 10.1093/eurheartj/ehx393

13. Carrick D, Oldroyd KG, McEntegart M, Haig C, Petrie MC, Eteiba H, et al. A
randomized trial of deferred stenting versus immediate stenting to prevent no- or
slow-reflow in acute ST-segment elevation myocardial infarction (DEFER-STEMI).
J Am Coll Cardiol. (2014) 63:2088–98. doi: 10.1016/j.jacc.2014.02.530

14. Kim JS, Lee HJ, Yu CW, Kim YM, Hong SJ, Park JH, et al. INNOVATION Study
(impact of immediate stent implantation versus deferred stent implantation on
infarct size and microvascular perfusion in patients with ST-segment-elevation
myocardial infarction). Circ Cardiovasc Interv. (2016) 9:e004101. doi: 10.1161/
CIRCINTERVENTIONS.116.004101

15. van der Maaten LJP, Hinton GE. Visualizing high-dimensional data using t-SNE.
J Mach Learn Res. (2008) 9:2579–605.

16. Duchateau N, King A, De Craene M. Machine learning approaches for
myocardial motion and deformation analysis. Front Cardiovasc Med. (2020) 6:190.
doi: 10.3389/fcvm.2019.00190

17. Mom K, Clarysse P, Duchateau N. Population-based personalization of
geometric models of myocardial infarction. In: Ennis DB, Perotti LE, Wang VY,
editors. Functional Imaging and Modeling of the Heart. LNCS. Springer (2021)
12738. p. 3–11. doi: 10.1007/978-3-030-78710-3_1.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2023.1136760/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1136760/full#supplementary-material
https://doi.org/10.1161/JAHA.113.000473
https://doi.org/10.1016/j.jacc.2019.05.024
https://doi.org/10.1148/radiol.2021204265
https://doi.org/10.1093/eurheartj/ehm212
https://doi.org/10.1186/1532-429X-15-12
https://doi.org/10.1161/CIRCULATIONAHA.117.030693
https://doi.org/10.1038/s41569-020-0341-8
https://doi.org/10.1113/expphysiol.2008.044081
https://doi.org/10.1016/j.jcmg.2021.11.027
https://doi.org/10.1161/CIRCINTERVENTIONS.115.003388
https://doi.org/10.1161/CIRCINTERVENTIONS.115.003388
https://doi.org/10.1016/j.jacc.2017.04.009
https://doi.org/10.1093/eurheartj/ehx393
https://doi.org/10.1016/j.jacc.2014.02.530
https://doi.org/10.1161/CIRCINTERVENTIONS.116.004101
https://doi.org/10.1161/CIRCINTERVENTIONS.116.004101
https://doi.org/10.3389/fcvm.2019.00190
http://humanheart-project.creatis.insa-lyon.fr/
https://doi.org/10.3389/fcvm.2023.1136760
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Duchateau et al. 10.3389/fcvm.2023.1136760
18. Kelbæk H, Høfsten DE, Køber L, Helqvist S, Kløvgaard L, Holmvang L, et al.
Deferred versus conventional stent implantation in patients with ST-segment
elevation myocardial infarction (DANAMI 3-DEFER): an open-label,
randomised controlled trial. Lancet. (2016) 387:2199–206. doi: 10.1016/S0140-
6736(16)30072-1

19. Lønborg J, Engstrøm T, Ahtarovski KA, Nepper-Christensen L, Helqvist S,
Vejlstrup N, et al. Myocardial damage in patients with deferred stenting after
STEMI: a DANAMI−3-DEFER substudy. J Am Coll Cardiol. (2017) 69:2794–804.
doi: 10.1016/j.jacc.2017.03.601

20. Jolicoeur EM, Dendukuri N, Belisle P, Range G, Souteyrand G, Bouisset F, et al.
Immediate vs delayed stenting in ST-elevation myocardial infarction: rationale and
design of the international PRIMACY Bayesian randomized controlled trial. Can
J Cardiol. (2020) 36:1805–14. doi: 10.1016/j.cjca.2020.01.019

21. Duchateau N, De Craene M, Allain P, Saloux E, Sermesant M. Infarct
localization from myocardial deformation: prediction and uncertainty quantification
by regression from a low-dimensional space. IEEE Trans Med Imaging. (2016)
35:2340–52. doi: 10.1109/TMI.2016.2562181
Frontiers in Cardiovascular Medicine 11
22. Rumindo GK, Duchateau N, Croisille P, Ohayon J, Clarysse P. Strain-based
parameters for infarct localization: evaluation via a learning algorithm on a
synthetic database of pathological hearts. In: Pop M, Wright G, editors. Functional
imaging and modeling of the heart, LNCS. Toronto, Canada: Springer (2017) 10263.
p. 106–14. doi: 10.1007/978-3-319-59448-4_11

23. Lalande A, Chen Z, Pommier T, Decourselle T, Qayyum A, Salomon M, et al.
Deep learning methods for automatic evaluation of delayed enhancement-MRI. The
results of the EMIDEC challenge. Med Image Anal. (2022) 79:102428. doi: 10.1016/
j.media.2022.102428

24. Zhuang X, Xu J, Luo X, Chen C, Ouyang C, Rueckert D, et al. Cardiac
segmentation on late gadolinium enhancement MRI: a benchmark study from
multi-sequence cardiac MR segmentation challenge. Med Image Anal. (2022)
81:102528. doi: 10.1016/j.media.2022.102528

25. Freiche B, Clarysse P, Viallon M, Croisille P, Duchateau N. Characterizing
myocardial ischemia and reperfusion patterns with hierarchical manifold learning.
In: Puyol-Antón E, et al., eds. Statistical atlases and computational models of the
heart, LNCS. Springer (2021) 13131. p. 196–207. doi: 10.1007/978-3-030-93722-5_8
frontiersin.org

https://doi.org/10.1016/S0140-6736(16)30072-1
https://doi.org/10.1016/S0140-6736(16)30072-1
https://doi.org/10.1016/j.jacc.2017.03.601
https://doi.org/10.1016/j.cjca.2020.01.019
https://doi.org/10.1109/TMI.2016.2562181
https://doi.org/10.1007/978-3-319-59448-4_11
https://doi.org/10.1016/j.media.2022.102428
https://doi.org/10.1016/j.media.2022.102428
https://doi.org/10.1016/j.media.2022.102528
https://doi.org/10.1007/978-3-030-93722-5_8
https://doi.org/10.3389/fcvm.2023.1136760
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Pixel-wise statistical analysis of myocardial injury in STEMI patients with delayed enhancement MRI
	Introduction
	Materials and methods
	Participants
	Imaging protocol and labeling
	Standardization onto a common geometry1
	Pixel-wise analysis
	Link with other characteristics
	Global descriptors
	Reproducibility analysis
	Statistical analysis

	Results
	Patient characteristics
	Pixel-wise analysis
	Link with other characteristics
	Global descriptors
	Reproducibility analysis

	Discussion
	Study limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


