
Supplemental table 1. Overview of experimental CMR sequences and AI applications in CMR 

Name Description Ref 

Novel experimental CMR sequences 

Diffusion tensor CMR Detects helical cardiomyocyte arrangement that drives 
rotation and torsion; abnormal myocyte orientation and 
sheetlet function has been demonstrated in congenital heart 
disease, ischemic and nonischemic cardiomyopathies 

1 

Oxygenation-sensitive CMR Detects myocardial oxygen delivery/extraction, based on 
the ratio of deoxyhemoglobin (paramagnetic) over 
oxyhemoglobin (diamagnetic) in T2*-weighted blood-
oxygen level-dependent (BOLD) sequences; in ischemic 
myocardium, oxygen extraction increases more than blood 
supply, causing a higher deoxyhemoglobin concentration 
and a low MR signal 

2, 3 

Hyperpolarized CMR Assessment of cardiac metabolism, based on the 
hyperpolarization of physiological molecules as contrast 
agents; hyperpolarized [1-13C] pyruvate looks particularly 
promising for the assessment of cardiac energy metabolism 

4 

Magnetic resonance elastography Detection of myocardial stiffness, using an external 
vibrating source that generates shear waves inside a tissue 
of interest, then vibrational displacements are measured in 
the tissue and a stiffness map is generated 

5 

Novel approached to CMR data acquisition and analysis  

Artificial intelligence Automated cardiac segmentation and contouring for image 
post-processing analysis 

Extraction of voxel-level information from conventional 
CMR images and conversion into multiple numeric data 
(features) 

Fast image reconstruction algorithm using all acquired raw 
data: while established techniques such as compressed 
sensing and parallel imaging are based on k-space 
undersampling and need an explicitly defined 
reconstruction algorithm, deep neural networks exploit 
large data sets to learn the key reconstruction parameters 
and to provide 2D or 3D images from all acquired data 

6 

 

7 
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Clinical cases  

Case 1  

A 75-year-old man was referred to the dedicated arterial hypertension outpatient clinic for cardiovascular 

risk assessment by his general practitioner. Medical history included arterial hypertension, active cigarette 

smoking, carotid atheromasia, impaired fasting glucose, overweight. He was already on aspirin, olmesartan, 

hydrochlorothiazide, bisoprolol. 

The patient was asymptomatic for chest pain, dyspnea, palpitations. He reported no history of syncope. 

Cardiopulmonary clinical examination was unremarkable. 12-leads electrocardiogram (ECG) was performed, 

showing sinus rhythm, 65bpm, normal atrio-ventricular conduction, interventricular conduction delay (QRS 

110msec), low voltages in the peripheral leads, fractioned QRS in V1-V2, DIII and aVF leads, QTc 430msec 

(Figure 1).  

The patient was referred for transthoracic echocardiography. Image quality was poor due to an inadequate 

acoustic window. The left ventricle appeared mildly dilated, with regional wall motion abnormalities and 

mildly reduced ejection fraction. Bi-atrial dilatation and mild pericardial effusion were also noted. Other 

findings were normal. 

The patient was referred for cardiac magnetic resonance (CMR) for a more in-depth assessment of 

morphology and function and for tissue characterization. Considering the high cardiovascular risk and 

regional wall motion abnormalities, adenosine first-pass perfusion assessment was also requested. 

CMR showed high-normal left ventricle (LV) end-diastolic volume (EDV) (195 ml [105-187ml]; 92ml/m2 [58-

93 ml/m2]), hypokinesia of the inferior, posterior and lateral walls with mildly reduced ejection fraction (EF) 

(LVEF 51% [59-77%]). Right ventricle (RV) was dilated (RVEDV 210ml [100-200 ml]; 99ml/m2 [52-98ml/m2]) 

with hypokinesia of the free wall and reduced EF (RVEF 52% [57-83%]). Extensive areas of subepicardial and 

mid-ventricular fibro-fatty infiltration were observed in both ventricles at T1-weighted and Dixon-separated 

fat-water images (1) and at late gadolinium enhancement imaging (Figures 2, 3 and 4).  



At in-line first-pass perfusion mapping (1) inducible perfusion defect was observed in the septum, inferior, 

posterior and lateral walls (Figure 5). 

The diagnosis of biventricular arrhythmogenic cardiomyopathy (AC) was made accordingly to the Padua 

criteria (≥1 morpho-functional and/or structural abnormalities of both the RV and LV) (2) The patient was 

then referred to the Cardiomyopathy Clinic, where he is undergoing additional testing (coronary CT, 24-hour 

Holter ECG, exercise test, genetic testing). 

This case illustrates the incremental value of CMR in the diagnosis of AC. The patient did not report cardiac 

symptoms, but the ECG was abnormal. Echocardiography, limited by an inadequate acoustic window, was 

suspicious for LV dilatation and dysfunction, with regional wall motion abnormalities that could have been 

interpreted as of ischemic origin. CMR not only confirmed the LV findings, but also demonstrated RV 

dilatation and dysfunction, and extensive fibro-fatty infiltration. The finding of reduced peak stress perfusion 

was consistent with areas of fibro-fatty replacement.  

Although this patient is 75 years old and has always been asymptomatic, this diagnosis can impact family 

members. 

 

 

 



 

 

 

Figure 1: 12-leads ECG 
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Figure 2: 4-, 2- and 3-chambers view. Panel A: b-SSFP cine. Subepicardial and mid-wall fatty infiltrations are 

already visible as hyperintense areas inside the myocardium in the lateral mid-apical wall, anterior distal wall, 

apical septum and posterior wall (red arrows). Panel B: T1-weighted images. Fat appears hyperintense (red 

arrows) and can also be observed in right ventricle free wall. 

 

 

Figure 3: Dixon-separated fat water 4-, 2- and 3-chambers views. Panel A: fat. Panel B. water. Red arrows 

indicate fatty infiltration, hyperintense in the fat image and suppressed in the water image. Subepicardial 

and mid-wall fatty are visible in the lateral mid-apical wall, anterior distal wall, apical septum and posterior 

wall. Fat can also be observed in right ventricle free wall (red arrows). 
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Figure 4: Motion-corrected segmented inversion-recovery and phase-sensitive-inversion-recovery gradient-

echo sequence late-gadolinium enhancement (LGE) imaging (3) Panel A:  4-, 2- and 3-chambers views. Panel 

B: basal, mid-ventricular and apical short axis. Red arrows indicate LGE. Subepicardial and mid-wall fatty LGE 

is visible in the lateral mid-apical wall, anterior distal wall, apical septum and posterior wall. LGE can also be 

observed in right ventricle free wall. 
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Figure 5: In-line quantitative perfusion mapping (1) acquired at peak adenosine stress (Panel A) and at rest 

(Panel B) in basal, mid-ventricular and apical short axis view (from left to right). An inducible perfusion defect 

may be observed in the basal posterior septum, inferior, posterior and lateral walls; in the mid ventricular 

posterior septum and inferior wall; a thin subendocardial rim in the apical septum and inferior wall. 
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Case 2 

A 70 year-old was admitted to our Neurological Science Department for recurrent dizziness associated with 

palpitations.  

He had already undergone exercise testing, carotid artery echography, 24-HolterECG monitoring and 

transthoracic echocardiogram (TTE) that had been reported normal, except for some degree of septal cardiac 

hypertrophy.  

His medical history included arterial hypertension; diabetes; dyslipidemia; history of spinal disc herniation 

corrected by surgery. 

He was already on nebivolol, spironolactone and simvastatin.  

During admission he underwent a repeated 24-HolterECG monitoring that showed I-degree atrioventricular 

block, short SVT runs and two NSVT. 

TTE confirmed cardiac hypertrophy and therefore he underwent cardiac magnetic resonance (CMR). 



CMR showed normal LV size (EDV 134 ml [105-187ml]; 75 ml/m2 [58-93 ml/m2], ESV 47 ml [25-70 ml]; 26 

ml/m2 [13-35 ml/m2]), concentric LV hypertrophy (MWT 20 mm in the mid septum) and increased LV mass 

(189 g [106-183 g]; 105 g/m2 [56-89 g/m2]) and hypertrophied papillary muscles; normal RV size and function 

(RVEDV 103ml [100-200 ml]; 57ml/m2 [52-98ml/m2]; RVEF 83% [57-83]) and RV hypertrophy (MWT 9 mm in 

the basal free wall; biatrial dilatation (LAA 17 cm2/m2, RAA 15 cm2/m2) (figure 1). Native T1 value was high 

(1290 ±50 msec, normal values on scanner 920-1040msec) with extensive oedema noted at T2 mapping 

images. Also extracellular volume (ECV) value was high:  48% (figure 2). After injection of contrast, alterated 

kinetic was noted. There was soft late gadolinium enhancement in all the basal segments, almost transmural 

in the septum; papillary muscles were heavily affected whilst there was a partial apical sparing (figure 3). 

 

The suspicion of cardiac amyloidosis was raised and the patient underwent total body PET that demonstrated 

findings consistent with cardiac amyloidosis. 

Genetic testing was performed and no mutations were found. 

Therefore the diagnosis of TTR-wt amyloidosis was performed. 

As he was also symptomatic for dyspnoea, he underwent cardiopulmonary exercise testing and six-minute 

walking test that showed signs of marked heart failure. Therefore he was started on tafadimis. 

 

 

This case illustrates the incremental value of CMR in performing the correct diagnosis, even beyond the 

genetic testing. Correct diagnosis is important also to start a targeted therapy.  

 



 

Figure 1: from left to right, SSFP-cine 4-chambers and basal, mid-ventricular and apical short axis views.  

 

 

 

Figure 2: Panel A: native mid-ventricula T1 mapping (Modified look-locker inversion recovery, MOLLI) is 

increased in the septum. Panel B: synthetic extracellular volume (ECV) map show severely increased ECV: 

48%. 

Case 3 

A 63y.o. gentleman was referred to the Cardiomyopathy clinic after deep inverted T waves had been noted 

on a 12-leads electrocardiogram (ECG) performed during a routine cardiological assessment for 

hypertension. 



 

His medical history included arterial hypertension since age 45; left-sided hypoacusia; deep vein thrombosis 

aged 50; impaired kidney function since age 50 and kidney transplantation aged 62 due to undetermined 

glomerulosclerosis. He was on therapy with carvedilol, amlodipine, aspirin, omeprazole and cortisone. 

 

His brother had history of proteinuria and seizures, no sudden death had occurred in the family. The patient 

reported no symptoms. On physical examination a mild systolic murmur was noted. The ECG confirmed the 

presence of deep T waves inversion in the infero-lateral leads (figure 1).  

The echocardiogram showed normal biventricular size and function, concentric left ventricle (LV) 

hypertrophy with 20 mm of maximal wall thickness (MWT), hyperechogenic postero-lateral and septal walls, 

upper normal right ventricle (RV) wall thickness (5 mm), mild left atrial (LA) dilatation and mild mitral 

regurgitation. 

Overall, the clinical suspicious was of Anderson-Fabry disease with multiorgan involvement, included cardiac 

hypertrophy. 

Blood sample for genetic testing was taken and the patient referred for cardiac magnetic resonance (CMR) 

for a better morphological assessment and for tissue characterization.  

CMR showed normal LV size (EDV 179 ml [109-191ml]; 93 ml/m2 [60-95 ml/m2], ESV 42 ml [27-72 ml]; 22 

ml/m2 [14-36 ml/m2]), concentric LV hypertrophy (MWT 23 mm in the mid posterior septum) and markedly 

increased LV mass (347 g [107-183 g]; 180 g/m2 [57-90 g/m2]), a small LV crypt and multiple papillary 

muscles; normal RV size and function and concentric RV hypertrophy (MWT 9 mm in the mid free wall); mild 

dilated LA (19 cm2/m2). Native T1 value normal due to the presence of extensive oedema was noted at T2-

weighted and T2 mapping images, mainly in the lateral wall and in all the distal segments. There was late 

gadolinium enhancement in the posterior-lateral wall, in the mid-apical anterior wall and soft patchy late 

enhancement in the remaining segments (figure 2). 



The findings confirmed the clinical suspicious of Anderson-Fabry disease. The genetic testing resulted positive 

c.644A>G disease-causing mutation on GLA. 

This case illustrate the incremental value of CMR in the morphological definition: CMR was able to better 

define the degree of hypertrophy both of the LV and RV. It also allowed a detailed tissue characterization 

that confirmed the diagnosis even before the genetic testing result. The right diagnosis is crucial also for 

targeted therapy. 

 

 

 

Figure 1: 12-leads ECG 

 



 

Figure 2: 4-, 2-chambers and mid-short axis view. Panel A: T1 mapping. Panel B: T2-mapping. Panel C: T2-

weighted images. Panel D: Motion-corrected segmented inversion-recovery and phase-sensitive-inversion-

recovery gradient-echo sequence late-gadolinium enhancement (LGE) imaging. Area of oedema and LGE are 

highlighted with red arrows. 

 


