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Methodology for appointing the Scientific Expert Panel, identification of 

topics and selection of statements/recommendations.  

Organizers of the meeting (BI and VF) appointed a scientific committee (CB, DH, IE, 

JS, RF-J, CK) to discuss the appropriateness of the meeting, clinical needs, topics to be 

discussed, and more importantly identification of experts in the field to cover all aspects 

relevant to the goal of the meeting. The appointment of international experts was 

decided by general agreement between the scientific committee. Once the panel of 

experts was appointed, and the topics to be discussed decided, JACC editorial was 

notified to get preliminary approval of the group of experts and topic for a JACC Expert 

Panel submission (under the understanding that the paper needed to undergo a full 

external peer review processed handled by independent editors).  

Open discussions took place in the meeting and summary of key points circulated. 

Verbal agreements were taken during the meeting and then ratified accepting the table 

of statements/recommendations. Areas of controversy were solved by agreeing on 

inclusive text under the intention of delivering clear and useful recommendations. Some 

statements were controversial and corresponding statements/recommendation not 

unanimously supported. Only if majority of experts agreed with the 

statement/recommendation, this was included in tables. When a 

statement/recommendation was supported by a majority but no all experts, this is noted 

by an asterisk at the end of the statement/recommendation (i.e. asterisk denotes 

controversy among the expert panel). Statements/recommendations without the support 

of a majority of experts were not included in tables.  

 

Relevance of animal models to human pathophysiology  

Studies in animal models underpin our current understanding of the pathophysiology of 

myocardial I/R,(1,2) and informed the concept of I/R injury(3) and post-MI 

remodeling.(4,5) Animal models provide mechanistic and translational information 

along a continuous spectrum: at one end of this spectrum are models providing 

molecular and cellular data necessary to identify mechanisms of injury and targets for 

cardioprotection; at the other end are those models providing data on safety, efficacy 

and optimal study protocols to be applied in clinical studies. 

As reperfusion is the essential element of the treatment of STEMI patients, preclinical 

models of acute MI consist in general in a transient coronary occlusion. CMR has 

become a very useful tool for experimental I/R studies to be able to track even subtle 

myocardial changes and heart function across time in a translational manner. 

 

Small animal models.  

The most widely used small animals in myocardial I/R studies are rodents (mostly mice, 

but also rats). They are easy to keep and handle, relatively inexpensive, easy to 

genetically manipulate (mice), have a short life span, and can be imaged with a wide 

variety of techniques, including CMR. Important limitations of small animal models of 

I/R are their size. Additional limitations are the differences between species in 

cardiovascular anatomy and physiology, heart rate (around 600 bpm in mice), aspects of 

arrhythmogenesis, and response to I/R across strains from the same species.(6,7) Also, 

from the CMR perspective, sequences developed in small animals (usually at high field 

(7.0 and 9.4 Tesla (T) magnets) are different from those applied in clinically available 

magnets (1.5 or 3T). 
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Large animal models 

Large animal models provide important mechanistic and translational information 

beyond that provided by small animal models. Their main advantages derive from their 

anatomical and physiological characteristics, which are much more similar to humans 

than rodents. Pigs are the most widely used animals in pre-clinical studies of MI. 

Although the initial and fundamental studies on myocardial I/R were conducted in 

dogs,(1,2) the use of this species has been declining during the last two decades. Dogs 

and pigs have different physiological traits of which the most relevant to I/R studies is 

native collateral circulation, which is large and variable in dogs, and virtually absent in 

healthy pigs.(8-10) Collateral flow is a main determinant of the relationship between 

duration of coronary occlusion and infarct size. In addition, reperfusion-mediated 

myocardial salvage declines much more rapidly in pigs than in dogs.(11,12) Healthy 

humans have poor native collaterals (similar to the case of pigs), but older patients with 

underlying coronary artery disease may have developed important collateral networks 

(similar to the case of dogs)(13) and reperfusion-mediated myocardial salvage may 

decline even slower (12). Although other species have occasionally been used in 

coronary occlusion experiments, their use does not appear justified at present. An 

important reason is the need to reduce the variability to a minimum between 

laboratories, which means reducing the number of models. In some cases there are also 

serious ethical problems (primates). 

 

General aspects of the design of preclinical studies 

Before potential cardioprotective therapies are entered into pilot clinical trials, it is 

appropriate to perform experimental studies in large animal models. The execution of 

pilot clinical studies based on small animal studies alone is high-risk and thus not 

recommended.(14) Large animal studies should be performed according to a pre-

specified protocol and sample size based on the primary outcome, in an intention-to-

treat basis with an a priori protocol dictating exclusion criteria.(7,15) Whilst following 

a specific design as here indicated allows to maximize the chances for positive 

translation into humans, still related inherent uncertainty remains due to the following 

issues. Preclinical studies on myocardial I/R are generally performed in juvenile healthy 

animals and in most cases only one gender is used.(7) Another limitation is the lack of 

coronary artery disease and comorbidities. Finally, there is evidence that some 

medications routinely administered to patients with STEMI may modulate myocardial 

injury secondary to I/R, the clearest case being antiplatelet agents.(16) Up-to-date 

recommendations on preclinical studies on myocardial I/R can be found elsewhere.(15)   

A promising approach to improve quality of preclinical evidence in order to make 

translation faster and safer is the implementation of networks formed by different 

laboratories using the same models and highly standardized procedures with centralized 

facilities and core labs to perform large, adequately powered multicenter preclinical 

trials.(17) Experimental research is expensive and continuous funding through grants 

and other funding schemes is needed to sustain the workflow. 
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LGE methodology  

 

LGE imaging principles  

As indicated in the main document, LGE most typically involves acquisition of 

inversion recovery imaging 10-20 minutes after administration of intravenous 

gadolinium-based contrast agents. The sequence is designed to exploit the image 

contrast between infarcted and viable tissue because of the marked T1-shortening effect 

of the contrast that accumulates in the infarct but is (nearly) absent in non-infarcted 

myocardium after a few minutes. An inversion pre-pulse is delivered that inverts 

longitudinal magnetization of the tissue. This longitudinal magnetization tends to return 

to the baseline equilibrium at a rate proportional to the T1; thus, recovery occurs much 

more rapidly in the infarcted myocardium. The sequence is designed to time acquisition 

at the time where longitudinal magnetization of non-infarcted has recovered by 

approximately 50% and appears black, whereas magnetization of infarcted tissue has 

recovered substantially and appears white. 

 

The sequences, contrast dose and timing of acquisition are highly standardized, 

extensively validated, widely available, and extremely reproducible, making it suitable 

for widespread use in single- or multi-center studies. 

 

Post-processing of LGE images  

LGE images should be analyzed by observers who have been trained with software that 

is designed for infarct sizing. The latter should be confirmed on both the axial and long 

axis acquisitions. The epicardial and endocardial borders of the ventricle can be 

delineated by manual, semi- or fully automated methods. The papillary muscles, 

trabeculae and blood pool should be excluded from these contours. The apical short axis 

slice may be excluded to rule out partial volume effects.  

 

Quantifying infarct size 

The gadolinium enhanced myocardial mass (grams) can be quantified using computer 

assisted planimetry which may be user-defined (i.e. manual) or fully automated.  

Delineation of the infarct territory involves identifying the border of the bright infarct 

zone from the lower signal intensity of neighboring unaffected tissue and the remote 

zone. Now we are presenting the main approaches used for this task.  

 

Manual delineation 

The manual approach involves the observer drawing a border around the bright infarct 

zone to separate it from neighboring unaffected tissue. This approach is subjective but it 

minimizes the potential for errors introduced by an algorithm.  

It is important to note that all “automatic” methods of quantifying LGE first requires 

“subjective” manual delineation of endocardial and epicardial borders. 
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Thresholding of signal intensity  

The hyperintense zone on LGE can be segmented using different thresholds for SD 

signal intensity vs. the mean signal intensity in the remote zone. Many studies have 

used disparate thresholds, ranging from 2SD to 6 SD. It is important to highlight that 

there are limitations of using any single signal intensity threshold for determining 

infarct size. myocardium.myocardiumWith very high resolution (e.g. ex-vivo 3D 

imaging) partial volume effects, in which there are admixtures of both viable and 

nonviable myocardium, are significantly reduced and thus low signal intensity 

thresholds might be appropriate. Using currently in-vivo protocols, most frequently 

used thresholds for delineating the hyperintense zone are >5 SD or >6 SD difference in 

signal intensity vs. the mean signal intensity of a region of interest (ROI) in the remote 

zone. ROIs should be identified and confirmed by the user, rather than by a fully 

automated approach. The size of the remote zone ROI should be sufficiently large be 

representative and in general, 2.0 cm
2
 is taken as representative. 

 

Full Width at Half Maximum 

The FWHM technique invokes half the maximal signal within the scar as the threshold 

for boundary delineation and attempts to take care of partial volume effects.(18,19) A 

ROI should be identified in the infarct zone and hyperenhancement is calculated as 

pixels where signal intensity is greater than 50% of the automatically determined 

maximum signal intensity in the infarct zone. The FWHM method is unaffected by ROI 

size as it selects the threshold based on the single pixel with highest signal intensity.  

 

Otsu’s Automatic Threshold (OAT) 

The OAT method automatically identifies hyperenhanced areas and has minimal user 

dependence. The OAT method involves automatic calculation of the signal intensity 

threshold for each slice by dividing the signal intensity histogram in each slice into 2 

groups (enhanced, normal) based on the signal intensity threshold giving the least 

variance (lowest sum of variances) and thus most homogeneity of signal intensities 

within each group. Endo- and epicardial contours are user-defined, as is also manual 

correction of noise artefact. OAT does not involve ROIs and so is user-independent 

compared with other approaches. 

 

EWA 

The EWA method (Expectation maximization, Weighted intensity, A priori 

information) make use of an intensity threshold by Expectation Maximization (EM) and 

a weighted summation to account for partial volume effects. 

 

Comparative diagnostic performance of methods to quantify LGE 

The use of 2SD is a reasonable way to detect if there is myocardial damage, but the 

detection of some damage is not the same as the determination that 100% of the tissue is 

dead. In general, if LGE image intensity is between 2-to-4 or 2-to-5SD, it is likely that 

the myocardium represents an admixture of both alive and dead myocardium. 

Therefore, the use of a 2D threshold approach can lead to an over-estimation of infarct 

size. x5SDs and x6SDs are less affected by partial volume effect between dead and 

alive tissue.(19,20) The FWHM approach has good reproducibility. McAlindon et 



 

7/31 

 

al(21) measured infarct size repeatedly in 40 patients with recent STEMI. They found 

that the manual and FWHM methods were associated with the lowest inter- and intra-

observer variability for infarct size, with similar findings for inter-scan variability. 

Vermes et al(22) found no differences between the OAT and the 5-SD threshold 

methods. Khan et al(23) assessed infarct size in 10 STEMI patients repeatedly at 1.5T 

and 3.0T. They found that the FWHM method was accurate and reproducible, whereas 

the threshold approach (5SD) and OAT methods over-estimated infarct size at both field 

strengths. Engblom et al. compared all these methods and EWA against expert 

delineations. (24) Interestingly enough, thresholding between 2-8 SD and FWHM 

provided similar results with respect to predicting functional outcome after coronary 

revascularization.(25) Klem et al. evaluated the reproducibility of 3 core laboratories for 

the measurement of infarct size using a variety of methods.(26) Unlike prior 

investigations, this study included the step of manually tracing the endocardial and 

epicardial borders of LV myocardium which is a requirement for all methods. 

Interestingly, even automated techniques with no user interaction for infarct borders 

resulted in significant within-patient variability given the need to subjectively trace 

endocardial/epicardial contours. Manual planimetry and visual scoring had similar 

reproducibility to automated techniques. 

 

 

CMR sequences for edema imaging 

T2-weighted pulse sequences 

Dark-blood T2W-CMR methods are widely used for clinical and research purposes.(27-

34) Blood signal is suppressed applying a pair of non-selective and slice-selective 

inversion pulses and timing the acquisition read-out when blood longitudinal 

magnetization is nulled. Dark blood T2W short tau inversion recovery (STIR) pulse 

sequences apply an additional third inversion pulse to null the fat signal. In addition, fat 

suppression STIR pulse sequences merge T2 with proton density effectively increasing 

the sensitivity of the method to edema compared with pure T2 weighted sequences.(27) 

Strategies to optimize image quality include surface coil intensity correction through 

prescan normalization and slice-related shimming to reduce bright rim artefacts. In 

STIR, signal loss in the inferior wall may occur due to movement artefacts in 

combination with the effects of the dark blood inversion pulse. Optimized timing of the 

turbo spin echo (TSE) factor can limit artefacts from cardiac motion, however this is 

harder to optimize at higher heart rates, especially with variation in R-R intervals. 

Timing optimization maneuvers may complicate the examination. Motion tracking can 

further improve image quality.  Dark blood T2W-CMR is prone to bright artefact from 

slow moving blood at the LV wall, particularly at the LV apex.(35,36) The artefact 

causes subendocardial bright rim artefacts which can be particularly problematic when 

associated with a regional wall motion abnormality in a post-MI patient.  More recently, 

bright blood T2W-CMR techniques have emerged as potential alternatives to dark blood 

T2W-CMR. Building on previous work of Shea et al,(37) Kellman et al (35) developed 

a bright blood T2-prepared single-shot steady state free precession (T2-prepared SSFP) 

method which involves surface coil intensity normalization, parallel imaging techniques 

and motion-corrected averaging. T2-prepared SSFP can provide a uniform proton 

density field map and can be used for T2–mapping to measure absolute values of T2 

relaxation (ms) in the heart. Aletras et al (38) developed another bright blood T2W 

method, ACUT2E (Acquisition for Cardiac Unified T2 Edema) which is a hybrid of 

TSE and SSFP.(35) This hybrid method, which does not involve a T2 preparation, has a 
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SSFP readout gated during diastole. TSE-SSFP creates a coherent train of T2W spin 

echoes.(38) The bright blood ACUT2E TSE-SSFP method has higher SNR and contrast-

to-noise (CNR) compared with T2-prepared SSFP.(38) Coil sensitivity corrections with 

the ACUT2E method may be imperfect because of non-uniform proton density field 

map. Furthermore, neither ACUT2E nor STIR can be used for T2mapping and like 

STIR, ACUT2E is dependent on subjective image interpretation. 

 

T2-mapping 

In breath-hold parametric T2-mapping, the signal intensity within a single pixel of the 

image reflects the proton relaxation time in milliseconds for the tissue. T2-mapping has 

been validated against pathology for myocardial water content quantification in 

experimental MI models.(39,40) The acquisition may involve either balanced 

SSFP(40,41) or spoiled gradient echo (GRE) sequence with an initial T2 spin echo 

preparation module ,(42) or a hybrid spin echo excitation with segmented echo planar 

readout (GraSE).(39) T2 relaxation time (ms) should be determined from at least 3 

images acquired with different echo times (e.g. 0, 25 and 50 ms) plotting an exponential 

decay curve using a 2- or 3-parameter fitting model.(43) The parametric map is a 

product of pixel-wise fitting for a T2 decay curve derived from of a series images with 

different spin-echo TE, either by T2 preparation or refocusing pulses. Saturation pulse 

acquisition may help to remove T1 recovery bias. 

 

Pixel-mapping should involve motion correction(44) and free-breathing methods 

capable of generating 3D T2 maps are emerging.(45,46) T2-mapping has associations of 

myocardial T2 (ms) with age and sex and field strength.(47,48) The clinical applications 

of T2-mapping in post-MI patients are discussed in main document. 

 

 

T1 mapping 

The longitudinal relaxation time (native T1, ms) represents the capability of a proton to 

release energy to its surroundings i.e. the lattice (normally to the molecule that contains 

the proton) after excitation.  

There are several T1-mapping methods available or in development. T1-mapping 

involves fitting a T1 curve (normally inversion recovery) to each pixel in a series of 

images with different degrees of T1 recovery using a two- or three-parameter fit.(43) 

Native T1 values are also influenced by age, sex and CMR field strength.(49) 

 

T1 assessment is sensitive to motion artefacts and imperfect breath holding, which may 

reduce image quality.(43)  The most commonly used methods are Modified Look-

Locker inversion recovery (MOLLI),(50) and short-MOLLI (shMOLLI).(51) The 

MOLLI method has high precision but accuracy may be impaired by heart rate, 

magnetization transfer variation and technical factors e.g. miscalibrated flip angles. The 

shortened version of MOLLI (ShMOLLI) shortens breath hold time and is less heart 

rate dependent.(51) Newer methods aimed at improving accuracy such as SASHA are 

under investigation.(52) A detailed review of T1-mapping methods is beyond the scope 

of this review and can be found elsewhere.(43)  
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Data on comparison of sequences for imaging edema 

In patients with known or suspected acute MI, bright blood T2W CMR has higher 

diagnostic accuracy than dark blood T2W CMR with less impact of coil sensitivity 

variations.(53) This problem mainly affects detection of acute myocardial injury in the 

basal and mid inferior as well as posterior left ventricular walls. Dark blood T2W-STIR 

may have reduced diagnostic accuracy for non-anterior MI compared to anterior MI, 

leading to underestimation of the extent of edema.(35,36) 

Ferreira et al(54) found that T1 maps had a higher diagnostic performance for detecting 

acute myocardial edema as compared to T2W CMR with either dark blood STIR or 

bright blood ACUT2E. Native T1 increases with fibrosis and edema. A potential 

drawback of T1 mapping for imaging myocardial edema is the confounding effect of 

concomitant myocardial fibrosis (scar) secondary to previous, chronic MI.(50) In a 

multicenter study comparing contrast-enhanced cine-SSFP with T2W-STIR in 215 

patients both methods provided similar estimates for the extent of myocardial edema 

however, cine imaging provided higher quality images overall.(55) In an experimental 

model of MI, the extent of edema was similar when depicted by early gadolinium 

enhancement, T1- and T2-maps.(56)  

A comparative study using repeatedly 4 different edema sequences (T2W-CMR, 

ACUT2E TSE-SSFP, T2 mapping, early gadolinium enhancement) showed higher intra- 

and inter-observer agreement and greater test-retest reproducibility in the quantification 

of edema using T2 mapping.(57)   

 

 

Edema post-processing methods.  

The precision and accuracy of myocardial edema imaging are influenced by patient 

characteristics, such as the presence and extent of MVO and technical factors, such as 

image acquisition and display.  A computer display of a digital CMR image should have 

light-dark settings. The level setting corresponds to the dark-bright setting of the 

display. The setting for the window width reflects the range of pixel values to be 

incorporated into the display, and therefore determines image contrast. For standardized 

imaging assessments between and within subjects, the window-level settings of the 

displayed image should in general not be altered. If manual adjustments are necessary, 

then the approach should be standardized.(58)  

 

Same thresholding approaches presented for LGE apply for edema post-processing (see 

previous section).  

 

T1- and T2 maps may have artefacts relating to susceptibility effects or cardio-

respiratory motion. The color map can be assessed against the raw (grey-scale) images. 

Artefacts should be excluded from quantitative analyses.  

 

Edema-based CMR methodologies for retrospective AAR size estimate 

 

In the main document it has been presented the current uncertainty about the validity of 

edema-based CMR for retrospective AAR quantification. In order to provide a historical 

perspective, we now present the different CMR methodologies proposed for this 

purpose.  
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T2W-CMR  

Classical (pathology-based) studies have demonstrated that after I/R there is an intense 

edematous reaction confined to the AAR.(59-61) Areas of increased water content 

display a prolongation of T2 relaxation times. Based on these premises, García-Dorado 

et al proposed that ex-vivo CMR could identify post-MI edematous regions confined to 

the AAR.(62) A decade later, Aletras et al. were the first to publish an in-vivo CMR 

study testing the association between edema region as depicted on CMR and actual 

AAR.(63)  

A number of experimental and clinical studies have compared T2W imaging of 

myocardial edema with different AAR standards such as Evan’s blue,(64) coronary 

angiography jeopardy scores,(65) single photon emission computer tomography 

(SPECT),(66) infarct-endocardial surface area,(65,67) CE-SSFP,(55,68,69) and T1-

mapping.(70,71)  

Against this positive studies, some studies have questioned the use of T2W-imaging to 

delineate the AAR following I/R. Kim et al proposed that increased T2 signal was 

confined to areas of infarction and did not delineate the AAR in the canine reperfused 

MI model and in patients.(31) Using a porcine reperfused MI model, Mewton et al 

proposed that post reperfusion T2W-imaging significantly overestimated the AAR when 

compared to perfusion defect during index coronary occlusion.(72)  

 

T2-mapping  

T2-mapping has also been proposed as a method to differentiate salvaged from infarcted 

myocardium within the AAR in a canine model of reperfused MI with higher T2 values 

within the infarct zone when compared to the salvaged myocardium, a difference which 

increased from 4 to 48 hours post-MI, suggesting differential edema dynamics in 

salvaged and infarcted myocardium.(73) These results are consistent with the pathology 

evidence showing that larger amounts of edema occur in the actual infarcted than in 

salvaged myocardium.(59-61)  

 

 

T1 mapping  

Native T1 mapping has been shown to delineate regions with increased water content, 

assumed to correspond to the AAR in both experimental and clinical studies. The 

principle behind this observation is that edema results in prolonged T1 relaxation 

times.(74,75) Although the correlation between increased water content and T1 

relaxation times prolongation has been demonstrated in other organs different from the 

heart,(74,76) the physical principle is expected to apply to heart as well. In 2012, 

Ugander et al first proposed that native T1-mapping could delineate the AAR in a 

canine reperfused MI model when compared to T2-mapping and microspheres.(70) In 

the same year, Dall’Armellina et al suggested that native T1-mapping (ShMOLLI) 

delineated the same region as T2W-imaging in STEMI and NSTEMI patients.(77) 

Subsequent studies have tested native T1-mapping (MOLLI) to delineate the AAR as 

compared with different standards such as SPECT,(78) T2-mapping,(71,79) 

microspheres, and CT perfusion.(80)  
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Contrast-enhanced methods 

Administration of contrast-media before CE-SSFP imaging provides enhanced tissue 

characterization through T1 shortening.(55,81-83) In this case, the hyperintense signal 

is a function of T2 and T1 effects. The method is appealing because additional scans for 

imaging edema may be avoided, thus shortening the duration of the CMR exam. This 

method for AAR quantification has been tested against myocardial perfusion 

scintigraphy in experimental models(82) and post-MI patients.(55,69,81,83) The 

explanation for the hyperintense signal on non-contrast SSFP and CE-SSFP images is 

complex, and include  relaxation effects (increase in T2/T1 ratio, as well as proton 

density, within the AAR compared to the remote myocardium), as well as the alteration 

in thermal equilibrium (including magnetization transfer).(84) The extent of CE-SSFP 

abnormalities is stable from 3-30 minutes after contrast injection.(55,82) 

 

Early gadolinium enhancement (EGE) imaging during a very short time window at 2-3 

minutes after contrast media administration has been proposed to delineate the AAR as 

compared with a microspheres standard in an experimental model of MI.(56) The 

explanation for the hyperenhancement on EGE images in the AAR is not clear.  

 

Gadolinium is an extracellular contrast which is distributed in areas of increased ECV 

and its wash out is slower than from regions without increased ECV. Post-MI 

extracellular edema results in increased ECV, which can be visualized and quantified by 

CMR.(85,86)  ECV mapping has been recently proposed as a method to delineate the 

AAR by means of the area of increased intercellular space, in both experimental and 

clinical studies. Using the porcine reperfused MI model, Jablonowski et al suggested 

that CMR overestimated MI size when compared with TTC staining acutely (6 hours 

reperfusion) but not at 7 days, and found that this difference at 6 hours was due to 

higher ECV in salvage myocardium within the AAR, and this difference disappeared at 

7 days most likely due to resolution of myocardial edema within the salvage 

myocardium within the AAR.(87) In STEMI patients, Hammer-Hansen et al also 

proposed an overestimation of MI size when imaging too soon after contrast injections 

with higher ECV values within the salvaged myocardium when compared to remote 

myocardium.(88)  

 

 

Other CMR methodologies for AAR depiction not based on edema.  

Given the uncertainty of edema extension as an accurate surrogate for AAR (see main 

document), the possibility of having surrogates for AAR not relying on edema 

formation would be of great value. As described elsewhere in this document, there are 

several techniques with proven value for this matter but they have important limitations 

precluding its applicability in clinical trials (e.g. ex-vivo measures (dyes, microspheres), 

computed tomography (radiation, need to obtain imaging before reperfusion) or SPECT 

(radiation, low resolution). In addition given that the best imaging surrogate for infarct 

size is LGE CMR, the ideal tool should be a CMR one.  

 

 

The endocardial extent of infarction on LGE images (termed Infarct-endocardial surface 

length (ESL) in a single slice or area (ESA) if calculated from a stack of slices) has been 

suggested to delineate the AAR following STEMI. It is based on the wavefront theory 

of necrosis progression, in which infarction develops subendocardially and extends 
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transmurally with time. In 2007, Ortiz-Perez et al were the first to propose that Infarct-

ESA on LGE images could delineate the AAR, when compared to the BARI and 

APPROACH coronary angiography jeopardy scores in reperfused STEMI patients.(89) 

A study proposed that Infarct-ESA delineated the AAR in STEMI correlated with T2W-

imaging and angiography jeopardy score.(90) However, several subsequent clinical 

studies have suggested that Infarct-ESA on LGE images significantly underestimates 

the AAR when compared to T2W-imaging questioning its use as a method for 

delineating AAR in STEMI patients.(65,67,91,92)  

The advantages of Infarct-ESA on LGE imaging for delineating the AAR include: it 

does not require an additional CMR sequence, it is performed at the same exact time-

point, and it offers full LV coverage. However, the disadvantages include questions 

over its accuracy for quantifying the AAR, the reduction in LGE over the first week 

following STEMI, it not being measurable in early reperfused STEMI patients with 

minimal or absent LGE as in aborted infarction where the AAR cannot be determined 

with ESA.(67)  

 

Overall, contrast-based methods for AAR quantification have not been extensively 

validated and the mechanisms by which they delineate AAR is not completely 

understood. For these reasons they should be taken with the same caution as other 

edema based methods.  

 

Intervendor differences in LGE, non-parametric edema imaging and 

mapping methodologies 

 

LGE and T2/T1 mapping are the recommended techniques for outcome evaluation (see 

main text). Still non-parametric edema imaging is still being used extensively. 

  

LGE is a highly reproducible technique from imaging acquisition point of view and the 

reproducibility is modulated by the analysis technique as discussed in this supplement. 

 

The particular MRI platform used for acquiring non-parametric edema images and the 

specific protocol parameters are important. Nordlund et al have shown that, in a multi-

vendor, multi-center comparison, the commonly used T2-STIR approach for visualizing 

the edema can yield non-diagnostic quality images in 35% of the patients while CE-

SSFP only in 3% of cases.(55) 

 

T2 mapping techniques normally relay in the acquisition different TE after consecutive 

spin-echo pulses. There are two different approaches based on multi-echo gradient spin-

echo or the combination of single shot steady state free precession sequence combined 

with spin-echo preparation pulses for different echo times. Reproducibility study 

demonstrated that both techniques are highly reproducible between consecutive 

measurements, different measurements along the day and at different days in a week 

interval.(93) On the other hand, detail review of the data showed a slightly higher T2 

values for GraSE acquisition that for T2Prep approach probably due to difference in the 

number of sampling echo times.  

 

Regarding T1 values, almost all vendors include an implementation of Modified Lock-

Locker Inversion recovery technique and most of them provide a 5(3)3 MOLLI scheme 

as the default one.(50,94,95) This technique provides highly precise values with 
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minimal T1 underestimation. In all cases the image readout is based on steady-state free 

precession with flip angle of 35
o
 for 1.5T and 20

o
 for 3.0T systems to minimize readout 

effect on T1 estimation, maintaining proper SNR. Inversion recovery methods such as 

MOLLI have excellent precision and are highly reproducible when using tightly 

controlled protocols.(96) If equivalent T1 mapping techniques are not shared between 

the centers estimated T1 values can vary significantly, limiting the capability to pool 

data between different centers. 

 

 

 

Considerations regarding CMR endpoints in experimental studies 

The ultimate goal of new cardioprotective strategies is to reduce the extent of 

irreversible injury, thus infarct size is the natural primary outcome used in experimental 

studies. LGE has been demonstrated to be tightly correlated with areas of irreversible 

injury on pathology standards, being therefore the best surrogate for infarct size,(4) and 

the preferred CMR primary outcome measure in experimental studies. Recent evidence 

recommends against the use of edema-sensitive methodologies to estimate AAR,(64,97-

99) (refer to main document for more details). The extent of edema after reperfusion (as 

evaluated by different T2 sequences(97)), as well as the signal intensity (T2W),(99) and 

T2 relaxation times,(64,97,98) can be affected by strong cardioprotective interventions. 

Therefore, edema development might be used as secondary endpoint in experimental 

studies (not as a surrogate for AAR when therapy can be expected to affect edema 

formation). MVO is another CMR endpoint that can be quantified in experimental 

studies and has prognostic implications in patients. Other CMR endpoints discussed in 

main document can be obtained in large animal studies, and could be used as secondary 

endpoints.  

One important aspect to consider when deciding the primary outcome of a study is 

timing of the CMR scan. Infarct size, MVO, and other parameters are highly dynamic 

after reperfusion. Studies in different large animal species have shown that the extent of 

infarct size is much larger early after reperfusion when compared to days later. 

Jablonowski et al.(87) used a pig model of reperfused MI to estimate infarct size by 3 

different methodologies (in vivo LGE CMR, ex-vivo LGE CMR, and pathology TTC 

staining) in 2 groups of animals, one being evaluated 6 hours after reperfusion, and the 

other 7 days later. Infarct size was larger at 6 hours than 7 days by all 

methodologies.(87) Fernández-Jiménez et. al performed a serial CMR study in a similar 

pig model of reperfused MI.(32) Animals underwent 4 different scans after reperfusion 

(2 hours, 1, 4, and 7 days). The extent of LGE was largest immediately after 

reperfusion, and since then there was a progressive reduction.(32) These experimental 

data are in agreement with clinical studies where patients underwent CMR from day 1 

and up to 365 days later showing a reduction in infarct size with time.(100,101) The fact 

that LGE extension is larger at early time points does not mean that infarct size is 

overestimated. It rather reflects the biology of the processes occurring in the infarcted 

area; in fact, pathology evaluation of infarct size (TTC staining) also shows larger 

extension early after reperfusion than days later. LGE, MVO and other relevant CMR 

parameters are relatively stable in the time window of 3 to 7 days after reperfusion in 

the experimental setting.(97)   
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Evolving CMR methodologies  

Evaluation of LV strain post-STEMI: Feature Tracking and DENSE 

Feature tracking (FT) is a CMR post-processing analysis method that can be applied to 

routinely acquired long- and short-axis cine images by identifying features in the image, 

tracking them, and measuring the displacement of segments. Shetye et al demonstrated 

in 64 patients that global longitudinal strain (GLS) measured by both FT and tagging 

early after STEMI did not predict the development of LV remodelling. Although GLS 

had a good correlation with baseline infarct size, only the latter was a significant 

predictor of adverse LV remodelling.(102) In a study of 43 patients with STEMI, GLS 

demonstrated the strongest association with MVO and IMH (beta = 0.53, p < 0.001) 

compared to global circumferential strain (GCS) and global radial strain (GRS).(103) 

The prognostic role of deformation imaging after STEMI has been investigated in few 

studies. In an initial cohort of 323 patients acutely after STEMI, GLS was an 

independent predictor of MACE but it did not improve risk reclassification beyond 

baseline characteristics (time to reperfusion, TIMI risk score) and CMR LVEF.(104)  

Yoon et al, later demonstrated that myocardial deformation (all 3 components of GLS, 

GCS, GRS) were significant predictors of adverse events.(105) Similar results were 

confirmed in a subsequent larger multicentre study on 1,235 patients reperfused with 

primary PCI (n=795 STEMI, n=440 NSTEMI), in which GLS was the strongest 

predictor of MACE even after adjustment for established prognostic markers such as 

LVEF and infarct size.(106). However, a recent study in 323 patients with STEMI and 

an external 190 patients validation cohort, analysis of strain failed to add prognostic 

information over traditional CMR indexes.(104)  GLS and GCS have been shown to be 

sensible to detect the cardioprotective effects of early i.v. metoprolol before reperfusion 

in the METOCARD-CNIC trial at 2 two different timepoints: one week and 6 

months.(107)  

 

Displacement encoding with stimulated echoes (DENSE) or strain encoding 

(SENC)(108) are another non-contrast CMR methodology that evaluates strain with 

pixel-level resolution. Aletras et al. developed a phase contrast method for DENSE with 

the ability to extract myocardial motion data at high spatial density over segments of the 

cardiac cycle.(109) In a recent study of 259 STEMI patients undergoing CMR 2 days 

after reperfusion.(110) DENSE-, but not FT-derived strain provided incremental 

prognostic value above MI size for prediction of MACE. 

 

 

Dark-blood infarct imaging  

Conventional ‘dark-blood’ double-IR techniques were not designed to function after 

contrast administration since they rely on the long native T1 of blood and sufficient 

blood flow within this time period. Fortunately, dark-blood LGE techniques such as 

Flow-Independent Dark-blood DeLayed Enhancement (FIDDLE) allows visualization 

of tissue contrast-enhancement while simultaneously suppressing blood-pool signal. 

First described in 2010, FIDDLE uses a nonselective preparation pulse, an inversion 

pulse, and phase-sensitive reconstruction to suppress the blood-pool signal. The 

preparation pulse can be any pulse (e.g. T2, MT, T1rho, etc.) that has differential effects 

on the magnetization of myocardium compared with blood. 

An MT-prep variant of FIDDLE has been validated against histopathology in a canine 

model of MI, and shown to have higher diagnostic accuracy than conventional LGE in 
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patients with MI.(111)  Findings were similar at 1.5T and at 3T. A T2-prep variant of 

FIDDLE at 1.5T, which combined single-shot SSFP readout with motion correction to 

allow imaging during free breathing, demonstrated increased conspicuity of regions that 

were likely to represent subendocardial fibrosis,(112) and demonstrated a higher rate of 

detecting hyperenhanced myocardium than conventional LGE imaging.(113) 

The prep pulse can be placed before (prep-IR) or after the inversion pulse (IR-prep), 

however, the IR-prep variant is more limited since the time required for the prep pulse 

itself will restrict the minimum inversion time that can be chosen. This constraint may 

not allow a short enough inversion time to result in a black-blood image, depending on 

the dose of contrast media given and the time elapsed after administration.  

For either prep-IR or IR-prep FIDDLE, if the inversion time is extended beyond that 

needed to result in black-blood, a “grey-blood” image will result. Blood-pool signal will 

be higher than that of normal myocardium, however, grey-blood imaging could still be 

helpful since blood-pool signal will be suppressed relative to conventional LGE. This 

could improve the depiction of MI, unless the infarct is patchy and results in a similar 

grey myocardial image intensity to that of the blood-pool. Grey-blood imaging can be 

performed without phase-sensitive reconstruction.(114) 

 

 

3D T1/T2 mapping 

Cardiac mapping techniques have a unique ability to describe the underlying 

pathophysiology in cardiac muscle after MI. T2 and T1 mapping techniques of the 

cardiac muscle are typically acquired in a limited number of two-dimensional (2D) 

slices acquired in different breath-holds. However, the tissue characterization features 

often has a complex three-dimensional (3D) structure. Different expiration position for 

each breath-hold can make it difficult to follow this complex 3D structure. In recent 

years, some studieshave proposed 3D cardiac mapping techniques for T2(46,115-117) 

and T1.(117,118) Typically, 3D T2 mapping is measured with adiabatic spin-echo 

preparation pulses followed by a 3D steady-state free precession or stack-of-stars 

spoiled-gradient-echo readout. To avoid interaction between different spin-echo 

preparations and readouts on T2 estimation, a saturation pulse can be applied in the 

same heart-beat with the longest possible saturation time(115) or it is required to wait 

different heart-beats for fully magnetization recovery.(116)  

The most suitable acquisition approach for 3D T1 mapping techniques is saturation 

recovery. Saturation pulses reset the magnetization before any experiment not requiring 

to wait until full magnetization recovery before a new saturation pulse. On the other 

hand, proton density signal is required for normalization and capturing this signal can 

take up to 25% of the acquisition time.(118) The main limitation with these techniques 

is the acquisition time that can last several minutes. These acquisition times limit the 

application of this technique particularly for post-contrast T1 maps due to dynamic 

wash out of the contrast.  

There is very limited clinical experience with these techniques in MI. For T2 mapping 

techniques 3D sequenced show good agreement with 2D data in terms of estimated T2 

values in healthy volunteers and acute ischemia reperfusion animal models.(115) For 

fast 3D T1 mapping techniques such as QALAS, some clinical examples were shown in 

the original study but in none of the works have evaluated the clinical performance of 

this techniques compared with more stablished 2D mapping techniques.  
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T1 and T1-rho 

Native T1 mapping at 3T has been demonstrated to yield substantial improvement in 

image contrast, compared to native T1 mapping at 1.5T, towards accurate detection and 

characterization of chronic MI territories in large animal models of reperfused 

infarction.(119)  Follow-up studies in STEMI and NSTEMI patients have reproduced 

the findings in animals, which show that compared to LGE, native T1 mapping have 

similar diagnostic performance (bias of < 1% of LV mass, sensitivity/specificity > 85%, 

and AUC above 95%).(120) Multi-center studies may provide the impetus to advance 

the approach toward clinical use, especially in those MI patients who are 

contraindicated for gadolinium-based contrast agents.  

 

The T1-rho technique has also been proposed as an endogenous contrast to detect 

cardiac fibrosis. Although there is limited experience with T1-rho mechanism, it has 

been reported that T1-rho-weighted pulses on regular contrast enhanced cine images can 

improve the contrast between the acutely infarcted and remote myocardium after intra-

venous contrast administration.(121) Native T1-rho maps have shown good agreement 

assessing the infarct size compare with LGE in a I/R swine model at 1 and 4 

weeks.(122) 

 

Perfusion mapping  

Dynamic contrast CMR-enhanced CMR is a noninvasive imaging tool to evaluate 

myocardial perfusion. These studies acquire sequential saturation recovery images 

during the first pass of extracellular contrast media. The same experiment is acquired 

under rest and pharmacological stress conditions to evaluate myocardial perfusion 

reserve and to help differentiate artifacts from true perfusion defects.(123) 

Semi-quantitative analysis based on contrast enhancement ratio(124,125) or upslope 

index(126,127) have been proposed to evaluate the difference between stress and rest 

conditions. However, these approaches systematically underestimate myocardial flow 

reserve (MFR) compared with fully quantitative methods.(128) Absolute quantification 

of myocardial blood flow (MBF) has been achieved with a dual-bolus contrast injection 

protocol(129) at the cost of complex contrast injection protocols.(130) In this protocol a 

first bolus of diluted contrast is injected followed by a second bolus of full contrast 

concentration. The Arterial Input Function (AIF) is estimated from the first bolus 

avoiding signal saturation due to high contrast concentration in the blood pool while 

conventional myocardial contrast enhancement is measured from the second bolus 

injection. To simplify patient preparation dual sequence techniques have been proposed 

to acquire the AIF. In this acquisition AIF information is captured from an additional 

low resolution image with very short saturation recovery time which reduces signal 

intensity saturation even under high contrast concentration in the blood pool.(131-133) 

One low resolution AIF image is acquired each heart beat followed by conventional 

high resolution images (longer saturation time) to evaluate the contrast uptake in the 

cardiac muscle. Such sequences can provide full quantitative data within less than two 

minutes and have been validated in patients against PET perfusion imaging.(134) 

In addition to MBF estimation, quantitative techniques can also measure other 

physiological parameters as myocardial blood volume (MBV).(135) Although MBF and 

MBV are related, under dobutamine stress myocardial volume reserve (MVR) was able 

to distinguish between moderate and severe stenosis.(136) In addition, for equivalent 

MBF changes MBV was double for dobutamine stress compared with dipyridamole 

stress suggesting a better association of MBV with total myocardial oxygen demand. 
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Diffusion weighted and diffusion tensor imaging  

Beyond the assessment of changes in MR relaxation times, reflecting alterations in 

tissue structure and composition,(137)  diffusion weighted imaging (DWI) has been 

used to study microstructural changes of myocardial tissues in various pathologies. 

Early ex-vivo studies demonstrated that diffusion tensor imaging (DTI)(138,139) can 

reveal physiologically meaningful insights of the heart’s microstructure (4-6) 

(138,140,141) Functional insights have been gained by studying the dynamics of 

myofiber configurations after arresting hearts in systole and diastole(142) Besides the 

ex-vivo and experimental in-vivo work in animals, DWI/DTI of the human heart in-vivo 

has successfully been implemented.(143,144) 

The key technical challenge of in-vivo DWI/DTI relates to achieving sufficient 

sensitivity to diffusion of water molecules within the myocardium while, at the same 

time, avoiding image artefacts and signal cancellation due to bulk motion and strain of 

the cardiac muscle. Current approaches for imaging the in-vivo heart are either based on 

stimulated echo acquisition mode (STEAM) sequences(143) requiring two consecutive 

heart beats for a single diffusion encoding experiment or utilize spin-echo (SE) based 

diffusion encoding which allows single heart beat diffusion encoding.(145) 

 

Oxygenation-Sensitive CMR 

Oxygenation-sensitive CMR (OS-CMR) has emerged as a unique approach for 

monitoring changes of myocardial oxygenation without the use of contrast agents.(146) 

The approach is based on the known “BOLD (Blood-Oxygen-Level-Dependent) effect”, 

i.e. the correlation of the T2* signal of tissue with blood oxygenation. Known for nearly 

30 years, the application of OS-CMR to the heart has only slowly transitioned to the 

heart, given the technical challenges in imaging the heart while adequately sensitizing 

the CMR signals to oxygenation changes .(147) In OS-CMR, which typically employs 

T2*- or apparent T2-weighted protocols, the signal intensity is correlated with 

myocardial oxygenation. The technique has been applied to identify myocardial 

ischemia,(148) valvular disease, cardiomyopathies,(149) diabetes,(150) kidney 

disease(151) and hind-limb ischemia. 

Recently, OS-CMR has been successfully used with breathing maneuvers or 

prospectively targeted alterations in arterial CO2 tension as a replacement for 

pharmacological vasodilator stress to assess coronary vascular function.(152) This 

approach has been validated in large animal models with flow-limiting(153) and non-

flow limiting coronary stenoses. OS-CMR, particularly with breathing maneuvers has 

been shown to be clinically useful to detect regional and diffuse inducible oxygenation 

deficits in patients with coronary artery disease.(154) How this parameter changes 

within the infarct zone, salvaged myocardium, and remote myocardium following an 

acutely reperfused STEMI is not known, and would be interesting to investigate.  

 

CMR spectroscopy 

CMR spectroscopy (MRS) is the only non-invasive, non-radiation exposure technique 

for the investigation of cardiac metabolism in vivo providing comprehensive metabolic 

and biochemical information in reperfused post-infarction patients.(155) Such detailed 

pathophysiologic insights into the inter-relations among cardiac structure, function, 

perfusion and metabolism may be important in the near future to monitor patient 

responses to therapeutic interventions including pharmacologic, devices, or 
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interventional in patients with acute MI. However, this technology and expertise is 

currently not available in most centres.  

 

 

  

CMR in clinical practice 

CMR is already becoming an indispensable technique in the management of STEMI 

patients. In certain areas, such as the diagnosis and management of LV thrombi, the 

exact quantification of LVEF for evaluating qualification of patients for advanced 

therapies or for differential diagnosis of MI with non-obstructive coronary arteries 

(MINOCA), CMR has already become the reference technique. CMR is clinically 

useful not only in patients with STEMI(156,157), but also with NSTEMI.(158,159) 

Echocardiography is the standard of care cardiac imaging test in patients post-MI. 

However, it has some limitations, the main one being image quality, which is influenced 

by the availability of acoustic windows and the skill of the operator. When 

echocardiography is non-diagnostic, an alternative imaging test, such as CMR, is 

indicated and recommended by international guidelines.(157) CMR is an advanced 

cardiovascular imaging technology and access to CMR may be limited by logistics and 

costs. Some geographies have overcome this problem by providing access through 

regional networks of care.(160) 

In STEMI patients, CMR is usually performed when the patient is stable and few days 

have passed since the acute episode. However, recent studies have shown that CMR can 

be safely performed in hemodynamically-stable patients at earlier timepoints following 

reperfusion therapy.(32,161)  

CMR is useful in clinical practice to assess for myocardial viability, LVEF, LV 

thrombus, and mechanical complications following acute MI (ventricular rupture, 

ventricular septal defect, papillary muscle rupture leading to mitral 

regurgitation,..).(156-159) Greater local experience and availability as well as a 

decrease in scan times to roughly 30 minutes for a post-MI protocol significantly 

improved the practicability of CMR imaging.  

CMR is diagnostically useful to identify patients with acute myocardial ischemia, and 

discriminate patients with recent MI from established, chronic MI.(158,159,162,163) 

Delineating the extent of myocardial edema is less straightforward in patients with 

recent NSTEMI and mapping methods are useful.(77,79) CMR aids clinical risk 

stratification of post-MI patients, and to this end, CMR-based risk scores have recently 

been developed.(164,165) Despite the demonstrated prognostic value of these scores, 

today they hold no definite implications in terms of management decision. CMR may 

reveal MI when coronary angiography is not diagnostic(158,159,166) and is also useful 

to identify incidental cardiac and non-cardiac problems.(156,157,167) 

 

CMR has also the ability to assess the presence and extent of ischemic mitral 

regurgitation (MR) with phase contrast imaging, as well as the presence of papillary 

muscles infarction with the LGE technique. CMR is an accurate and reproducible 

method to quantify MR regardless of the jet(s) morphology or the presence of multiple 

valve lesions.(168,169) Studies indicate that CMR is more accurate than 

echocardiography in assessing the severity of MR with only modest agreement between 

the two modalities and with CMR better predicting post-surgical LV remodeling and 

outcome than echocardiography.(170)  
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Papillary muscles infarction is more frequently associated with infarction in the right 

and circumflex coronary artery and not necessarily associated with mitral 

regurgitation.(171) Although the prevalence of chronic ischemic mitral regurgitation is 

almost doubled in the presence of infarcted papillary muscles, the latter is not an 

independent predictor of chronic ischemic mitral regurgitation.(172) 

 

CMR is diagnostically useful in patients who present with an acute MI and coronary 

angiography rules out obstructive coronary artery disease (i.e. MI with non-obstructive 

coronary arteries (MINOCA).(158,159) Accurate diagnosis is not only important for 

prognostic estimates but also to guide therapeutic considerations in these cases. 

Multiparametric CMR may yield information to rule-in or rule out an acute 

cardiomyopathy, Takotsubo syndrome, or myopericarditis. (158,159) A systematic 

review showed that CMR imaging reveals a final diagnosis in at least three-quarter of 

MINOCA patients, thus underscoring the diagnostic performance of CMR.(173)  
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