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Abstract

:

Background: A routine diagnostic work-up does not identify structural abnormalities in a substantial proportion of patients with idiopathic ventricular arrhythmias (VAs). We investigated the added value of cardiac magnetic resonance (CMR) imaging in this group of patients. Methods: A single-centre prospective study was undertaken of 72 patients (mean age 46 ± 16 years; 53% females) with frequent premature ventricular contractions (PVCs ≥ 500/24 h) and/or non-sustained ventricular tachycardia (NSVT), an otherwise normal electrocardiogram, normal echocardiography and no coronary artery disease. Results: CMR provided an additional diagnostic yield in 54.2% of patients. The most prevalent diagnosis was previous myocarditis (23.6%) followed by possible PVC-related cardiomyopathy (20.8%), non-ischaemic cardiomyopathy (8.3%) and ischaemic heart disease (1.4%). The predictors of abnormal CMR findings were male gender, age and PVCs/NSVT non-outflow tract-related or with multiple morphologies. Patients with VAs had an impaired peak left ventricular (LV) global radial strain (GRS) compared with the controls (28.88% (IQR: 25.87% to 33.97%) vs. 36.65% (IQR: 33.19% to 40.2%), p < 0.001) and a global circumferential strain (GCS) (−17.66% (IQR: −19.62% to −16.23%) vs. −20.66% (IQR: −21.72% to −19.6%), p < 0.001). Conclusion: CMR reveals abnormalities in a significant proportion of patients with frequent idiopathic VAs. Male gender, age and non-outflow tract PVC origin can be clinical indicators for CMR referral.
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1. Introduction


Ventricular arrhythmias (VAs) are frequent in the general population and can present with a wide range of clinical manifestations from benign premature ventricular contractions (PVCs) to life threatening episodes of complex VAs such as ventricular tachycardia or fibrillation [1]. PVCs can be found in 40% to 75% of individuals on 24 to 48 h Holter monitoring and account for approximately 90% of “idiopathic” VAs in patients with structurally normal hearts while non-sustained or sustained ventricular tachycardia or fibrillation are less frequent in this context [2]. VAs can reflect primary electrical disease or may be associated with structural heart disease (SHD), major adverse cardiac events and an increased risk of sudden cardiac death (SCD). The prognostic significance of idiopathic VAs remains unclear and the data regarding the risk of SCD are discordant. However, the association of frequent VAs and potentially reversible arrhythmia-induced cardiomyopathy and systolic dysfunction has been well established [1,3,4].



The diagnosis, prognostication and treatment of patients with VAs are challenging. A routine diagnostic workup with transthoracic echocardiography and an assessment for the presence of coronary artery disease (CAD) as suggested by current clinical guidelines [1] cannot recognise focal structural abnormalities or underlying SHD in a substantial proportion of patients [4]. Cardiac magnetic resonance (CMR) provides an excellent assessment of cardiac morphology and function and enables a detailed myocardial tissue characterisation with a high degree of precision. CMR is widely regarded as the gold standard for identifying structural arrhythmogenic substrates in patients with VAs and normal echocardiography [5,6,7,8]. More importantly, myocardial structural abnormalities detected on CMR in patients with idiopathic VAs are associated with an increased risk of arrhythmic events and worse outcomes [4,9,10]. Interestingly, a pattern of ‘ring-like’ mid-myocardial/subepicardial scars on CMR was found to be associated with a high risk of future malignant arrhythmic events [11].



The purpose of this study was to evaluate the added value of CMR including feature-tracking strain CMR (FT-CMR) in identifying underlying SHD in a relatively ‘healthy’ population of patients with VAs but normal echocardiography and testing for CAD.




2. Materials and Methods


2.1. Study Design and Patient Population


A single-centre, longitudinal and prospective study was undertaken of 72 consecutive patients referred for a CMR scan due to frequent PVCs and/or NSVT, normal findings on echocardiography and no evidence of CAD. The echocardiographic studies were performed by the referring physicians. All participants provided written informed consent and the study protocol was approved by the Ethics Committee of our institution. The CMR findings were compared with those from 72 healthy volunteers matched for age and body surface area (BSA) without a history of PVCs/NSVT or palpitations. The electrocardiogram (ECG) recordings of patients were analysed by an expert electrophysiologist (RW) blinded to the CMR findings to determine the possible arrhythmic focus.



The inclusion criteria were the presence of frequent PVCs (≥500/24 h) or NSVT on ECG and/or Holter monitoring; otherwise, a normal ECG with no changes suggestive of structural heart disease, normal echocardiography findings and no evidence of CAD on anatomical and/or functional imaging. All echocardiograms were performed by the referring physicians; the assessment of the LV systolic function was performed with the biplane Simpson disk summation method. The exclusion criteria were a known history of cardiac disease (CAD, cardiomyopathy, congenital heart disease, more than mild valvular disease, previous cardiac surgery of any type), any severe systemic disease that could affect the heart, an allergy to gadolinium-based contrast agents, an estimated glomerular filtration rate < 30 mL/min/1.73 m2, significant electrolyte abnormalities, any contraindication to the MR environment (e.g., MR-unsafe implants/devices, shrapnel injury), pregnancy and claustrophobia.




2.2. CMR Protocol


The scans were performed on a 1.5 T Magnetom Avanto (Siemens, Erlangen, Germany) scanner using phased-array radiofrequency receiver surface coils and dedicated cardiac software. The images were obtained with breath-holding instructions and ECG gating. A standard cardiac protocol was used including balanced steady state free precession cine images (repetition time (TR) ~45.30 ms, echo time (TE) 1.27 ms, flip angle 55°, field of view (FOV) 360 to 420 mm, base resolution 256 × 200, sequential 7 mm slices with a 3 mm interslice gap, 30 phases per cardiac cycle) of three long-axes, short-axis slices and RV dedicated views and axial RV slices (sequential 6 mm slices with no interslice gap); T2-weighted fat-suppressed turbo spin echo imaging (three short-axis 10 mm slices, TR of 2 RR intervals, TE 50 ms, inversion time 170 ms, FOV 360 to 400 mm, base resolution 192 × 256) and late gadolinium enhancement imaging (gadobutrol 0.1 mmol/kg, TR 700 ms, TE 1.37 ms, flip angle 55°, FOV 380 to 420 mm, base resolution 256 × 232, sequential 7 mm slices with a 3 mm interslice gap). Arrhythmia detection and sorting algorithms were used in patients with occasional PVCs.



In patients with a high burden of PVCs (bigeminy or trigeminy), we administered procainamide on the scanner table to acquire high quality retrospective cine images, which has been shown to be effective and safe for the suppression of PVCs as previously described [12]. More specifically, procainamide hydrochloride (Biocoryl®, vial 1 g/10 mL) was administered on the scanner table at intermittent i.v. bolus doses of 50 mg every minute until the suppression of PVCs was achieved or a maximum dose of 10 mg/kg was reached. Procainamide acts mainly by delaying repolarisation and increasing the effective refractory period of atrial and ventricular fibres [13]. The onset of action of procainamide is 10–30 min after i.v. administration with peak concentrations achieved in 15–60 min and a half-life of 2.5–5 h in patients with a normal renal function [14,15]. The ability to suppress automaticity and the quick onset and short duration of procainamide when administered in bolus i.v. doses makes it an ideal antiarrhythmic agent for PVC suppression particularly in patients with a normal or only mildly impaired LV function [16]. During the administration of procainamide to the patients, their blood pressure was measured every minute and there was a continuous monitoring of the heart rate and ECG trace using a magnetic resonance-compatible vital signs monitoring system.



The CMR scans were analysed using dedicated cardiac software (cmr42, Circle Cardiovascular Imaging Inc., Calgary, AB, Canada). The ventricular volumes and mass were quantified from the cine short-axis stack with a manual contouring of the epicardium and endocardium at the end-diastole and end-systole; the left ventricular (LV) papillary muscles were included in the volumes. Different types of non-ischaemic cardiomyopathy (NICM) were diagnosed using the published diagnostic criteria in the absence of other cardiac or systemic diseases that could explain the cardiac appearances [17,18]. A diagnosis of a previous myocardial infarction (MI) was based on the typical subendocardial to transmural pattern of scarring in keeping with a coronary artery territory [19]. Possible previous myocarditis was diagnosed in patients with the typical subepicardial/mid-wall pattern of late gadolinium enhancement (LGE); additional evidence of an acute myocardial oedema on T2-weighted imaging was required for acute myocarditis [20]. Patients with borderline or only a mildly impaired LV systolic function but without LV dilatation or any other imaging evidence suggestive of an NICM were diagnosed with possible PVC-induced cardiomyopathy. PVC-induced cardiomyopathy is a potentially reversible condition in which the LV dysfunction is considered to be due to frequent premature ventricular contractions. The LV systolic function usually improves after PVC suppression [21].



The myocardial strain was measured using the feature-tracking CMR technique (FT-CMR) on the SSFP short-axis cine stack and three long-axes. The base was selected as the slice closest to the mitral valve annulus on the short-axis images without through plane distortion from the LV outflow tract; the apical slice was selected as the most apical short-axis slice with clear epicardial and endocardial contours. Left and right ventricular (RV) endocardial and epicardial borders were manually drawn in the end-diastole and were automatically propagated through the cardiac cycle. An analysis of a random set of scans by two of the investigators (CN, JLP; one blinded to the results) showed an excellent reproducibility for all strain variables (r > 0.90). The normal FT-CMR strain values were similar to those derived from speckle-tracking echocardiography (STE), with a good inter-technique agreement for the LV and a moderate intermodality agreement for the RV. Among the strain parameters derived on the FT-CMR, the LV global circumferential strain showed the smallest interobserver and intraobserver variability [22,23,24,25,26].




2.3. Statistical Analysis


We present continuous variables as means (SD) or medians (25th to 75th percentile), as appropriate. The normality of distribution was tested using the Shapiro–Wilk test. We compared the categorical variables between two or more groups with the chi-squared test and we compared the continuous variables with either a Student’s t-test or a Mann–Whitney U-test (for two groups, as appropriate) or by ANOVA (for more groups). We selected the optimum cut-off for the peak LV GRS by identifying the value that maximised Youden’s J statistic. We assessed the independent ability of the peak LV GRS to identify patients using a multivariable logistic regression model adjusted for LVEF, LV end-diastolic volume index, age, sex, BMI, smoking, hypertension and dyslipidaemia. Statistical analyses were performed in the R environment (R version 3.6.0 and R Studio version 1.2.1335). All tests were two-sided and α was set at 0.05.





3. Results


3.1. Patient Characteristics and CMR Findings


The main baseline characteristics of the patients and healthy control subjects are shown in Table 1 (see Supplementary Material online, Tables S1 and S2). Most of the patients were referred for CMR due to PVCs (n = 56, 77.8%) while 22.2% had NSVT. The average number of PVCs on 24 h Holter monitoring was 15,936 ± 12,894 with 61% of the patients having more than 10,000 PVCs. Compared with the control subjects, the patients with VAs had higher LV volumes and a lower LV and RV ejection fraction, albeit within a normal reference range; the RV volumes were not different.



CMR detected abnormal findings in 39 of the 72 patients (54.2%) with possible previous myocarditis being the most prevalent diagnosis (n = 17; 23.6%). A significant proportion of the patients (n = 15; 20.8%) with a borderline or only a mildly impaired LV systolic function but without LV dilatation or any other imaging evidence suggestive of an NICM were diagnosed with possible PVC-induced cardiomyopathy, as described above. Six patients (8.3%) were diagnosed with NICMs (four patients with dilated cardiomyopathy, one patient with possible left dominant arrhythmogenic cardiomyopathy and one patient with possible cardiac sarcoidosis) while only one patient had a previous subendocardial infarction (Figure 1).



The differences between patients with a normal CMR scan and those who had abnormal CMR findings are shown in Table 2. The patients with abnormal CMR findings were older and more frequently male and had higher LV volumes and a lower LV and RV ejection fraction compared with patients with a normal CMR scan. As expected, LV LGE was more common in patients with abnormal CMR findings. None of the patients had evidence of RV scarring/fibrosis on LGE or evidence of a myocardial oedema on T2-weighted imaging. The number of PVCs did not differ between the patient groups. Additionally, there was no difference when patients were divided into two groups of those with more or less than 10,000 PVCs/24 h. Although there was a numerical difference for NSVT in patients with an abnormal CMR scan, this did not reach a statistical significance.



Procainamide was administered intravenously in 29 (40.3%) of the patients on the scanner table prior to CMR scanning. The average dose of procainamide administered was 536 ± 200 mg (range 200–1000 mg). There was a small but statistically significant drop in systolic blood pressure after procainamide administration but no significant drop in diastolic blood pressure or heart rate (see Supplementary Data online, Table S3). None of the patients developed significant electrocardiographic changes such as a heart block, bradycardia, QRS or QT prolongation or exacerbation of the ventricular arrhythmia. Procainamide successfully suppressed PVCs in 96.6% of the patients (10 patients with complete suppression and 18 with significant reduction, i.e., less than 1 PVC in 10 normal sinus beats enabling the use of arrhythmia detection and sorting algorithms). There was no effect of procainamide in only one patient. The overall image quality and diagnostic capability significantly improved after PVC suppression with procainamide (see Supplementary Data online, Table S3).



The majority of the patients (69.2%; 45 out of 65 patients for which PVC morphology was available from the ECG recordings) had PVCs originating from the ventricular outflow tracts; eleven patients had a probable LV origin, two had a presumed RV focus and three patients had two different PVC morphologies (see Supplementary Data online, Table S4). When the PVC origin was grouped as common (LV and RV outflow tracts) and uncommon (ventricular focus or two different morphologies), it was found to be significantly different between the two groups. Interestingly, the PVC origin remained a significant predictor of the CMR findings with an OR of 5.09 (95% CI: 1.40–22.26, p = 0.02) after adjusting for age and number of ectopics.




3.2. Myocardial Strain Findings


An FT-CMR analysis was performed for 67 patients (93.1%). Four patients were excluded due to an impaired image quality from frequent PVCs; the patient with a previous MI was also excluded. Figure 2 shows the peak strain 16-segment maps and strain curves derived from the FT-CMR strain analysis in a patient with normal CMR findings (panels D–F) and a patient with a mid-wall septal fibrosis (panels G–I).



The strain measurements were compared with those from the seventy-two matched healthy controls. Compared with the control subjects, the patients with VAs had an impaired peak LV global short-axis radial strain (GRS) (28.88% (IQR: 25.87% to 33.97%) vs. 36.65% (IQR: 33.19% to 40.2%), p < 0.001) and global circumferential strain (GCS) (−17.66% (IQR: −19.62% to −16.23%) vs. −20.66% (IQR: −21.72% to −19.6%), p < 0.001) (Figure 3A).



The peak LV GRS showed a good diagnostic accuracy in detecting patients from the control subjects (AUC: 0.78 (95% CI: 0.69–0.86), p < 0.001) (Figure 3B). Moreover, in a multivariable regression model, the subjects with a low GRS (< 29.91% determined by Youden’s index) had five-fold higher odds of having VAs (OR: 4.99 (95% CI: 1.2–21.95)) after adjusting for LVEF, LV end-diastolic volume index, age, sex, BMI, smoking, hypertension and dyslipidaemia. The peak LV global longitudinal strain (GLS) and RV strain indices were not statistically different between the patients and the control subjects.




3.3. Myocardial Strain in Different Patient Groups


Figure 4 shows the peak LV GLS and peak LV GRS strain values in the different patient groups. The peak LV GCS could differentiate patients with previous myocarditis from patients with NICMs. The peak LV GRS could differentiate patients with possible previous myocarditis from patients with NICMs and those with PVC-related cardiomyopathy. No statistically significant difference was found among the other patient groups. Interestingly, the patients with frequent VAs and normal CMR findings had a significantly impaired peak LV GCS and peak LV GRS compared with the control subjects independent of LVEF and the presence of LGE. The findings were also independent of the number of PVCs on 24 h Holter monitoring.




3.4. Patient Outcomes


Ten patients with pathological CMR findings (26%; five patients with possible previous myocarditis; four patients with PVC-related cardiomyopathy; one patient with an NICM) underwent catheter ablation for the ventricular ectopy compared with three patients (9%) with normal CMR findings. One patient with an abnormal CMR was offered catheter ablation but refused. The catheter ablations were requested by the referring physicians. The rest of the patients in both groups remained stable with medical treatment.





4. Discussion


The present study showed that (i) CMR could identify underlying heart disease in a substantial number of patients with VAs and normal transthoracic echocardiography, (ii) myocardial deformation indices (peak global GRS and GCS) were more sensitive than the ejection fraction to depict contractile dysfunction in this cohort and (iii) male gender, age and the origin of VAs were independent predictors of abnormal CMR findings (Figure 5). Importantly, our study included a healthier patient cohort compared with previous studies underlying further the value of CMR in the diagnostic work-up of patients with VAs and normal findings on conventional investigations.



Based on the CMR findings, a definitive diagnosis of underlying SHD was established in 33.4% of patients with frequent PVCs/NSVT, a normal echo and no evidence of CAD. Additionally, approximately one in five patients (20.8%) was found to have a borderline or mildly impaired LV systolic function most likely related to the high ectopic burden, which was not detected on echocardiography. Therefore, CMR provided an additional diagnostic yield in 54.2% of patients considered to have normal hearts. Importantly, CMR, being the gold standard method for the assessment of myocardial volumes and function, demonstrated an impaired systolic function in a proportion of patients who had not been diagnosed on the echocardiogram performed by the referring physicians.



Our findings were consistent with those from previous CMR studies that showed the additive value of CMR in 31.6% to 78.8% of patients with frequent VAs and normal echocardiography [5,6,7,8,27]. Similar to previous studies, the most common diagnosis was myocarditis, which is associated with a wide spectrum of VAs during the acute or healed phase [28]. However, as expected, there was a much lower prevalence of previous MI because, in contrast to previous studies, all patients were rigorously assessed to exclude CAD.



Predictors of abnormal CMR findings on the univariate regression analysis were male gender and age, as has been previously shown in patients with idiopathic VAs [5], especially those of a LV origin [10]. Although one study showed that the PVC burden was higher in patients with abnormal CMR findings [7], our study confirmed previous observations that the number of PVCs was not predictive of pathological CMR findings [5,29]. On the contrary, one study in athletes found that those with no scarring on LGE imaging had a higher PVC burden than athletes with LGE findings [30]. This may be explained by the fact that ectopic foci located in the outflow tract of the ventricles may give rise to very frequent PVCs [31]. Moreover, in patients with VAs with a left bundle branch block morphology, the number of PVCs was not predictive of CMR abnormalities in contrast to the presence of VT [32]. In our study, there was a numerical difference for NSVT in patients with an abnormal CMR scan but this did not reach a statistical significance. Non-outflow tract PVCs and NSVT or PVCs with multiple morphologies as deduced from a surface ECG analysis were also predictive of CMR abnormalities. Previous studies have shown that patients with VAs with a presumed LV origin and patients with multiple PVC patterns have a higher prevalence of structural heart disease and/or myocardial fibrosis on CMR [33,34,35] while patients with RVOT arrhythmias have similar CMR findings to normal controls [36].



Although EF is the most commonly used measure of systolic function, myocardial strain has emerged as a superior index of systolic performance with an incremental prognostic value [37]. More importantly, myocardial deformation can be more sensitive than EF in detecting incipient contractile dysfunction [38]. Subtle changes in myocardial mechanics have been detected with speckle-tracking echocardiography in patients with frequent VAs and structurally normal hearts [39,40]. Even though the axial spatial and temporal resolution are superior in echocardiography to those in CMR, these are blunted by the low signal-to-noise ratio. Another limitation of 2D echocardiography is that, unlike CMR, the imaging planes may not depict the true apex of the heart, an effect known as foreshortening [41]. We evaluated the peak global LV and RV myocardial strain parameters on the FT-CMR, which have shown a better reproducibility than regional measures [42,43]. The peak global GRS and GCS were impaired in patients with VAs compared with control subjects independent of LVEF, with the peak LV GRS having a good diagnostic accuracy in detecting the patients from the control subjects. A previous study in 42 patients with VAs and structurally normal hearts found abnormal segmental GRS and GCS measures in the basal and middle LV segments and impaired GLS only in the mid-LV segments compared with the healthy control subjects [44]. In our study, the peak LV GLS and RV strain values showed no statistical difference between the patients and the controls. Future studies including a larger cohort of patients may detect differences in these strain measures if they are present. Furthermore, advancements in post-processing software packages or in the temporal resolution of CMR studies may improve the visualisation of the thin-walled RV to generate more reliable strain measurements [23].



CMR has an important clinical role in patients with idiopathic VAs. First of all, it can diagnose patients with cardiomyopathy and re-classify their risk of future adverse cardiac events and SCD. Second, it can identify the presence and location of scar tissue (for example, from previous myocarditis) and guide treatment with ablation [4]. Moreover, incipient myocardial dysfunction detected as a borderline LVEF or an impaired myocardial strain on CMR can guide the optimisation of medical treatment or catheter ablation to protect from a further reduction and improve cardiac function [45].



A few limitations of this study should be acknowledged. First, our sample size was relatively small and referral bias could not be avoided. Another limitation of the study was the lack of data from the speckle-tracking strain analysis as echocardiograms were performed by referring physicians so the correlation of the strain measurements on the FT-CMR with STE in our patient cohort was not possible. Furthermore, it should also be noted that arrhythmia-related cardiomyopathy is a clinical diagnosis and requires follow-up and reassessment of the LV systolic function after the suppression of VAs otherwise a mild/early dilated cardiomyopathy phenotype cannot be excluded with certainty. In addition, although we diagnosed possible previous myocarditis in patients with the typical subepicardial/mid-wall pattern of LGE [46], other NICMs with a similar pattern of scarring could not be completely excluded. Moreover, parametric mapping (T1, T2 and ECV mapping) for the assessment of a myocardial oedema and tissue characterisation was not performed as the sequences were not available at our centre. Finally, it should be taken into consideration that, in a few of the cases, the myocardial pathology and/or scarring identified on CMR may be just an incidental finding not directly related to the PVC aetiology [47].




5. Conclusions


CMR revealed structural abnormalities concealed to conventional diagnostic investigations in a significant proportion of patients with PVCs/NSVT and normal transthoracic echocardiography. Male gender, older age and non-outflow tract PVC origin but not the arrhythmic burden could be used as clinical indicators for referring for a CMR scan. The assessment of myocardial contractility should go beyond the simple measurement of the ejection fraction as the peak LV GRS and the peak LV GCS on the FT-CMR constitute markers of myocardial dysfunction on top and independently of EF.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/diagnostics11061109/s1, Table S1: Baseline characteristics of the 72 patients included in the study, Table S2: Cardiac magnetic resonance findings in patients and healthy control subjects, Table S3: Procainamide dose and effect on haemodynamic parameters and arrhythmia burden, Table S4: Possible origin of ventricular arrhythmia based on ECG findings.





Author Contributions


Conceptualisation and methodology, C.N. and T.D.K.; formal analysis, C.N., C.P.K., J.L.-P. and R.W.; investigation, C.N. and T.D.K.; writing—original draft preparation, C.N.; visualisation and writing—original draft, C.N., C.P.K. and T.D.K.; writing—review and editing, T.D.K., K.K., V.P.V., N.N., H.K., C.A. and S.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Committee for Bioethics and Ethics of the School of Medicine, Aristotle University of Thessaloniki, Greece (Protocol number 267/19.4.2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. All the data are stored at the local research server and are not publicly available.




Conflicts of Interest


C.A. and S.N. are founders and shareholders of Caristo Diagnostics, a CT image analysis company. The remaining authors have nothing to disclose.




References


	



Pedersen, C.T.; Kay, G.N.; Kalman, J.; Borggrefe, M.; Della-Bella, P.; Dickfeld, T.; Dorian, P.; Huikuri, H.; Kim, Y.H.; Knight, B.; et al. EHRA/HRS/APHRS expert consensus on ventricular arrhythmias. Europace 2014, 16, 1257–1283. [Google Scholar] [CrossRef]

	



Ahn, M.S. Current Concepts of Premature Ventricular Contractions. J. Lifestyle Med. 2013, 3, 26–33. [Google Scholar]

	



Alqarawi, W.A.; Ramirez, F.D.; Nery, P.B.; Redpath, C.J.; Sadek, M.M.; Green, M.S.; Birnie, D.H.; Nair, G.M. Identifying and Managing Premature Ventricular Contraction-Induced Cardiomyopathy: What, Why, and How? Can. J. Cardiol. 2017, 33, 287–290. [Google Scholar] [CrossRef] [PubMed]

	



Muser, D.; Santangeli, P.; Selvanayagam, J.B.; Nucifora, G. Role of Cardiac Magnetic Resonance Imaging in Patients with Idiopathic Ventricular Arrhythmias. Curr. Cardiol. Rev. 2019, 15, 12–23. [Google Scholar] [CrossRef]

	



Andreini, D.; Dello Russo, A.; Pontone, G.; Mushtaq, S.; Conte, E.; Perchinunno, M.; Guglielmo, M.; Coutinho Santos, A.; Magatelli, M.; Baggiano, A.; et al. CMR for Identifying the Substrate of Ventricular Arrhythmia in Patients with Normal Echocardiography. JACC Cardiovasc. Imaging 2020, 13, 410–421. [Google Scholar] [CrossRef]

	



Cabanelas, N.; Vidigal Ferreira, M.J.; Donato, P.; Gaspar, A.; Pinto, J.; Caseiro-Alves, F.; Providência, L.A. Added value of cardiac magnetic resonance in etiological diagnosis of ventricular arrhythmias. Rev. Port. Cardiol. 2013, 32, 785–791. [Google Scholar] [CrossRef] [PubMed]

	



Maldonado, S.; De Stéfano, L.; Pérez de Arenaza, D.; Maid, G.; Falconi, M.; Pietrani, M.; Dragonetti, L.; Pérez Etchepare, R.; García-Mónaco, R.; Belziti, C. Diagnostic Value of Cardiac Magnetic Resonance in Patients with Frequent Ventricular Arrhythmia and Normal Doppler Echocardiography. Argent. J. Cardiol. N. Am. 2013, 81. Available online: http://ppct.caicyt.gov.ar/index.php/rac/article/view/2005 (accessed on 2 February 2021).

	



Weisser-Thomas, J.; Ferrari, V.A.; Lakghomi, A.; Lickfett, L.M.; Nickenig, G.; Schild, H.H.; Thomas, D. Prevalence and clinical relevance of the morphological substrate of ventricular arrhythmias in patients without known cardiac conditions detected by cardiovascular MR. Br. J. Radiol. 2014, 87, 20140059. [Google Scholar] [CrossRef] [PubMed]

	



Muser, D.; Santangeli, P.; Castro, S.A.; Casado Arroyo, R.; Maeda, S.; Benhayon, D.A.; Liuba, I.; Liang, J.J.; Sadek, M.M.; Chahal, A.; et al. Risk Stratification of Patients with Apparently Idiopathic Premature Ventricular Contractions: A Multicenter International CMR Registry. JACC Clin. Electrophysiol. 2020, 6, 722–735. [Google Scholar] [CrossRef] [PubMed]

	



Nucifora, G.; Muser, D.; Masci, P.G.; Barison, A.; Rebellato, L.; Piccoli, G.; Daleffe, E.; Toniolo, M.; Zanuttini, D.; Facchin, D.; et al. Prevalence and prognostic value of concealed structural abnormalities in patients with apparently idiopathic ventricular arrhythmias of left versus right ventricular origin: A magnetic resonance imaging study. Circ. Arrhythm. Electrophysiol. 2014, 7, 456–462. [Google Scholar] [CrossRef]

	



Muser, D.; Nucifora, G.; Pieroni, M.; Nucifora, G.; Pieroni, M.; Castro, S.A.; Casado Arroyo, R.; Maeda, S.; Benhayon, D.A.; Liuba, I.; et al. Prognostic Value of Non-Ischemic Ring-Like Left Ventricular Scar in Patients with Apparently Idiopathic Non-Sustained Ventricular Arrhythmias. Circulation 2021, 143, 1359–1373. [Google Scholar] [PubMed]

	



Nikolaidou, C.; Kouskouras, K.; Fragakis, N.; Vassilikos, V.P.; Karvounis, H.; Karamitsos, T.D. Bolus Intravenous Procainamide in Patients with Frequent Ventricular Ectopics during Cardiac Magnetic Resonance Scanning: A Way to Ensure High Quality Imaging. Diagnostics 2021, 11, 178. [Google Scholar] [CrossRef]

	



Giardina, E.G. Procainamide: Clinical Pharmacology and Efficacy against Ventricular Arrhythmias. Ann. N. Y. Acad. Sci. 1984, 432, 177–188. [Google Scholar] [CrossRef]

	



Pritchard, B.; Thompson, H. StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2020; Procainamide. [Updated 24 May 2020]. Available online: https://www.ncbi.nlm.nih.gov/books (accessed on 20 December 2020).

	



Somani, R.; Krahn, A.D.; Healey, J.S.; Chauhan, V.S.; Birnie, D.H.; Champagne, J.; Sanatani, S.; Angaran, P.; Gow, R.M.; Chakrabarti, S.; et al. Procainamide infusion in the evaluation of unexplained cardiac arrest: From the Cardiac Arrest Survivors with Preserved Ejection Fraction Registry (CASPER). Heart Rhythm. 2014, 11, 1047–1054. [Google Scholar] [CrossRef] [PubMed]

	



Giardina, E.G.; Heissenbuttel, R.H.; Bigger, J.T., Jr. Intermittent Intravenous Procaine Amide to Treat Ventricular Arrhythmias. Correlation of plasma concentration with effect on arrhythmia, electrocardiogram, and blood pressure. Ann. Intern. Med. 1973, 78, 183–193. [Google Scholar] [CrossRef]

	



Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, F.; Charron, P.; Dubourg, O.; Kühl, U.; Maisch, B.; McKenna, W.J.; et al. Classification of the cardiomyopathies: A position statement from the european society of cardiology working group on myocardial and pericardial diseases. Eur. Heart J. 2007, 29, 270–276. [Google Scholar] [CrossRef] [PubMed]

	



Rapezzi, C.; Arbustini, E.; Caforio, A.L.P.; Charron, P.; Gimeno-Blanes, J.; Heliö, T.; Linhart, A.; Mogensen, J.; Pinto, Y.; Ristic, A.; et al. Diagnostic work-up in cardiomyopathies: Bridging the gap between clinical phenotypes and final diagnosis. A position statement from the ESC Working Group on Myocardial and Pericardial Diseases. Eur. Heart J. 2012, 34, 1448–1458. [Google Scholar] [CrossRef] [PubMed]

	



Karamitsos, T.D.; Neubauer, S. Cardiovascular Magnetic Resonance in Heart Failure. Curr. Cardiol. Rep. 2011, 13, 210–219. [Google Scholar] [CrossRef]

	



Friedrich, M.G.; Sechtem, U.; Schulz-Menger, J.; Holmvang, G.; Alakija, P.; Cooper, L.T.; White, J.A.; Abdel-Aty, H.; Gutberlet, M.; Prasad, S.; et al. Cardiovascular Magnetic Resonance in Myocarditis: A JACC White Paper. J. Am. Coll. Cardiol. 2009, 53, 1475–1487. [Google Scholar] [CrossRef] [PubMed]

	



Panizo, J.G.; Barra, S.; Mellor, G.; Heck, P.; Agarwal, S. Premature Ventricular Complex-induced Cardiomyopathy. Arrhythm. Electrophysiol. Rev. 2018, 7, 128–134. [Google Scholar] [CrossRef]

	



Erley, J.; Genovese, D.; Tapaskar, N.; Alvi, N.; Rashedi, N.; Besser, S.A.; Kawaji, K.; Goyal, N.; Kelle, S.; Lang, R.M.; et al. Echocardiography and cardiovascular magnetic resonance based evaluation of myocardial strain and relationship with late gadolinium enhancement. J. Cardiovasc. Magn. Reson. 2019, 21, 46. [Google Scholar] [CrossRef]

	



Erley, J.; Tanacli, R.; Genovese, D.; Tapaskar, N.; Rashedi, N.; Bucius, P.; Kawaji, K.; Karagodin, I.; Lang, R.M.; Kelle, S.; et al. Myocardial strain analysis of the right ventricle: Comparison of different cardiovascular magnetic resonance and echocardiographic techniques. J. Cardiovasc. Magn. Reson. 2020, 22, 51. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Dardeer, A.M.; Moody, W.E.; Edwards, N.C.; Hudsmith, L.E.; Steeds, R.P. Normal values for myocardial deformation within the right heart measured by feature-tracking cardiovascular magnetic resonance imaging. Int. J. Cardiol. 2018, 252, 220–223. [Google Scholar] [CrossRef]

	



Scatteia, A.; Baritussio, A.; Bucciarelli-Ducci, C. Strain imaging using cardiac magnetic resonance. Heart Fail Rev. 2017, 22, 465–476. [Google Scholar] [CrossRef] [PubMed]

	



Vo, H.Q.; Marwick, T.H.; Negishi, K. MRI-Derived Myocardial Strain Measures in Normal Subjects. JACC Cardiovasc. Imaging 2018, 11, 196–205. [Google Scholar] [CrossRef] [PubMed]

	



Ge, Y.; Antiochos, P.; Qamar, I.; Seno, A.; Steigner, M.L.; Aghayev, A.; Blankstein, R.; Stevenson, W.; Jerosch-Herold, M.; Kwong, R.Y. Diagnostic Impact and Prognostic Value of Cardiac Mri in Patients with Ventricular Arrhythmias. J. Am. Coll. Cardiol. 2020, 75 (Suppl. 1), 3665. [Google Scholar] [CrossRef]

	



Peretto, G.; Sala, S.; Rizzo, S.; Palmisano, A.; Esposito, A.; De Cobelli, F.; Campochiaro, C.; De Luca, G.; Foppoli, L.; Dagna, L.; et al. Ventricular Arrhythmias in Myocarditis: Characterization and Relationships with Myocardial Inflammation. J. Am. Coll. Cardiol. 2020, 75, 1046–1057. [Google Scholar] [CrossRef]

	



Ghannam, M.; Siontis, K.C.; Kim, M.H.; Cochet, H.; Jais, P.; Eng, M.J.; Attili, A.; Sharaf-Dabbagh, G.; Latchamsetty, R.; Jongnarangsin, K.; et al. Risk stratification in patients with frequent premature ventricular complexes in the absence of known heart disease. Heart Rhythm. 2020, 17, 423–430. [Google Scholar] [CrossRef] [PubMed]

	



Crescenzi, C.; Zorzi, A.; Vessella, T.; Martino, A.; Panattoni, G.; Cipriani, A.; De Lazzari, M.; Perazzolo Marra, M.; Fusco, A.; Sciarra, L.; et al. Predictors of Left Ventricular Scar at Cardiac Magnetic Resonance in Athletes with Apparently Idiopathic Ventricular Arrhythmias. J. Am. Heart Assoc. 2021, 10, e018206. [Google Scholar] [CrossRef] [PubMed]

	



Corrado, D.; Drezner, J.A.; D’Ascenzi, F.; Zorzi, A. How to evaluate premature ventricular beats in the athlete: Critical review and proposal of a diagnostic algorithm. Br. J. Sports Med. 2020, 54, 1142–1148. [Google Scholar] [CrossRef] [PubMed]

	



Aquaro, G.D.; Pingitore, A.; Strata, E.; Di Bella, G.; Molinaro, S.; Lombardi, M. Cardiac magnetic resonance predicts outcome in patients with premature ventricular complexes of left bundle branch block morphology. J. Am. Coll. Cardiol. 2010, 56, 1235–1243. [Google Scholar] [CrossRef]

	



Muser, D.; Piccoli, G.; Puppato, M.; Proclemer, A.; Nucifora, G. Incremental value of cardiac magnetic resonance imaging in the diagnostic work-up of patients with apparently idiopathic ventricular arrhythmias of left ventricular origin. Int. J. Cardiol. 2015, 180, 142–144.17. [Google Scholar] [CrossRef]

	



Muser, D.; Puppato, M.; Proclemer, A.; Nucifora, G. Value of cardiac magnetic resonance imaging in the setting of familiar cardiomyopathy: A step toward preclinical diagnosis. Int. J. Cardiol. 2016, 203, 43–45. [Google Scholar] [CrossRef]

	



Oebel, S.; Dinov, B.; Arya, A.; Hilbert, S.; Sommer, P.; Bollmann, A.; Hindricks, G.; Paetsch, I.; Jahnke, C. ECG morphology of premature ventricular contractions predicts the presence of myocardial fibrotic substrate on cardiac magnetic resonance imaging in patients undergoing ablation. J. Cardiovasc. Electrophysiol. 2017, 28, 1316–1323. [Google Scholar] [CrossRef] [PubMed]

	



Markowitz, S.M.; Weinsaft, J.W.; Waldman, L.; Petashnick, M.; Liu, C.F.; Cheung, J.W.; Thomas, G.; Ip, J.E.; Lerman, B.B. Reappraisal of cardiac magnetic resonance imaging in idiopathic outflow tract arrhythmias. J. Cardiovasc. Electrophysiol. 2014, 25, 1328–1335. [Google Scholar] [CrossRef] [PubMed]

	



Halliday, B.P.; Senior, R.; Pennell, D.J. Assessing left ventricular systolic function: From ejection fraction to strain analysis. Eur. Heart J. 2020, ehaa587. [Google Scholar] [CrossRef]

	



Rosen, B.D.; Lima, J.A.C. The prognostic value of global circumferential strain in patients with suspected myocardial disease. JACC Cardiovasc. Imaging 2015, 8, 550–552. [Google Scholar] [CrossRef] [PubMed]

	



Trivedi, S.J.; Campbell, T.; Stefani, L.; Kumar, S.; Thomas, L. Speckle-Tracking Strain Echocardiography in the Assessment of Myocardial Mechanics in Patients With Idiopathic Ventricular Arrhythmias. Circulation: Arrhythmia Electrophysiol. 2020, 13, e008748. [Google Scholar]

	



Yao, J.; Yang, R.; Xu, D.; Zhuang, Y.; Yong, Y.; Cao, K. Circumferential myocardial contraction patterns in patients with idiopathic frequent premature ventricular 18 complexes from the right ventricular outflow tract. Int. J. Cardiol. 2013, 166, 166–172. [Google Scholar] [CrossRef]

	



Amzulescu, M.S.; De Craene, M.; Langet, H.; Pasquet, A.; Vancraeynest, D.; Pouleur, A.C.; Vanoverschelde, J.L.; Gerber, B.L. Myocardial strain imaging: Review of general principles, validation, and sources of discrepancies. Eur. Heart J. Cardiovasc. Imaging 2019, 20, 605–619. [Google Scholar] [CrossRef] [PubMed]

	



Augustine, D.; Lewandowski, A.J.; Lazdam, M.; Rai, A.; Francis, J.; Myerson, S.; Noble, A.; Becher, H.; Neubauer, S.; Petersen, S.E.; et al. Global and regional left ventricular myocardial deformation measures by magnetic resonance feature tracking in healthy volunteers: Comparison with tagging and relevance of gender. J. Cardiovasc. Magn. Reson. 2013, 15, 8. [Google Scholar] [CrossRef]

	



Mangion, K.; Burke, N.M.M.; McComb, C.; Carrick, D.; Woodward, R.; Berry, C. Feature-tracking myocardial strain in healthy adults—A magnetic resonance study at 3.0 tesla. Sci. Rep. 2019, 9, 3239. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X.; Yu, S.; Yu, Y.; Ren, H.; Li, S.; Zhou, L.; Yang, Z.; Wu, H.; Zhou, W.; Gong, L. Left ventricular myocardial strain in ventricular arrhythmia without structural heart disease using cardiac magnetic resonance. Am. J. Transl. Res. 2017, 9, 3006–3016. [Google Scholar]

	



Huizar, J.F.; Ellenbogen, K.A.; Tan, A.Y.; Kaszala, K. Arrhythmia-Induced Cardiomyopathy: JACC State-of-the-Art Review. JACC 2019, 73, 2328–2344. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, V.M.; Schulz-Menger, J.; Holmvang, G.; Kramer, C.M.; Carbone, I.; Sechtem, U.; Kindermann, I.; Gutberlet, M.; Cooper, L.T.; Liu, P.; et al. Cardiovascular Magnetic Resonance in Nonischemic Myocardial Inflammation: Expert Recommendations. JACC 2018, 72, 3158–3176. [Google Scholar] [CrossRef] [PubMed]

	



Sassone, B.; Muser, D.; Casella, M.; Luzi, M.; Virzì, S.; Balla, C.; Nucifora, G.; Task Force on Imaging and Task Force on Ablation of Ventricular Tachycardia of the Italian Association of Arrhythmias and Cardiac Pacing (AIAC). Detection of concealed structural heart disease by imaging in patients with apparently idiopathic premature ventricular complexes: A review of current literature. Clin. Cardiol. 2019, 42, 1162–1169. [Google Scholar] [CrossRef]








[image: Diagnostics 11 01109 g001 550] 





Figure 1. Pie chart showing the main categories of CMR diagnoses within the patient population. Most of the patients had normal CMR findings; myocarditis was the second most common diagnosis while a significant proportion of patients were characterised as having possible PVC-related cardiomyopathy. A small proportion of patients were diagnosed with non-ischaemic cardiomyopathy while only one patient had a myocardial infarction. CM: cardiomyopathy; MI: myocardial infarction; PVC: premature ventricular contractions. 
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Figure 2. Feature-tracking CMR 2D left ventricular coloured strain analysis on short-axis (A) and long-axes (B,C) SSFP images. Normal peak radial strain 16-segment map (D) and strain curve (E) from a patient with normal CMR findings and no enhancement on late gadolinium imaging (F); impaired peak radial strain 16-segment map (G) and strain curve (H) in a patient with an enhancement pattern on late gadolinium imaging in keeping with previous myocarditis (I). 






Figure 2. Feature-tracking CMR 2D left ventricular coloured strain analysis on short-axis (A) and long-axes (B,C) SSFP images. Normal peak radial strain 16-segment map (D) and strain curve (E) from a patient with normal CMR findings and no enhancement on late gadolinium imaging (F); impaired peak radial strain 16-segment map (G) and strain curve (H) in a patient with an enhancement pattern on late gadolinium imaging in keeping with previous myocarditis (I).



[image: Diagnostics 11 01109 g002]







[image: Diagnostics 11 01109 g003 550] 





Figure 3. (A) Box plots showing the median values of the peak left ventricular global radial strain (LV GRS) and the peak left ventricular global circumferential strain (LV GCS) in control subjects and patients with ventricular arrhythmia. (B) Receiver operating characteristic (ROC) curve for the peak left LV GRS; the curve shows a good ability of the peak LV GRS to differentiate the patients from the control subjects. AUC: area under the curve. 
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Figure 4. Box plots showing the median values of the peak left ventricular global circumferential strain (LV GCS) (A) and the peak left ventricular global radial strain (LV GRS) (B) in the different patient groups. Patients with non-ischaemic cardiomyopathy had a significantly impaired peak LV GCS and peak LV GRS compared with patients with previous myocarditis. The peak LV GRS can also differentiate between patients with previous myocarditis and those with premature ventricular contraction (PVC)-related cardiomyopathy. The asterisk indicates p < 0.05. 
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Figure 5. Graphical representation of the study protocol and the main findings. 
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Table 1. Baseline clinical characteristics and CMR measurements of patients and matched control subjects.
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All Patients

(n = 72)

	
Controls

(n = 72)

	
p-Value






	
Clinical characteristics

	

	

	




	
Age (years)

	
49.5 (36.8, 58.0)

	
48.5 (40.0, 58.0)

	
0.701




	
 Males, n (%)

	
34 (47.2)

	
34 (47.2)

	
1.0




	
BSA (m2)

	
1.9 ± 0.2

	
1.9 ± 0.2

	
0.809




	
 Smoking, n (%) *

	
15 (24.2)

	
2 (2.8)

	
0.001




	
 Hypertension, n (%) †

	
12 (17.4)

	
7 (9.7)

	
0.277




	
 Hyperlipidaemia, n (%)

	
25 (36.2)

	
15 (20.8)

	
0.066




	
CMR measurements

	

	

	




	
 LVEDV index (ml/m2)

	
84.0 (75.4, 92.3)

	
79.0 (69.0, 87.3)

	
0.012




	
 LVESV index (ml/m2)

	
33.7 (28.3, 41.8)

	
27.0 (24.3, 31.5)

	
<0.001




	
 LV ejection fraction (%)

	
59.5 (56.0, 64.0)

	
65.0 (63.0, 67.0)

	
<0.001




	
 RVEDV index (ml/m2)

	
76.9 (68.4, 86.0)

	
77.6 (67.0, 85.2)

	
0.837




	
 RVESV index (ml/m2)

	
28.5 (23.7, 34.5)

	
25.6 (21.9, 30.0)

	
0.053




	
 RV ejection fraction (%)

	
62.6 ± 6.0

	
66.1 ± 4.3

	
<0.001








BSA: body surface area; EDV: end-diastolic volume; ESV: end-systolic volume; LV: left ventricular; RV: right ventricular. Values with a normal distribution are shown as a mean ± standard deviation while values without a normal distribution are shown as a median with an interquartile range. * 14% missingness; † 4% missingness.
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Table 2. Predictors of abnormal CMR findings and differences in measurements between patients with normal and abnormal CMR scans.
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Normal CMR Scan

(n = 33, 45.8%)

	
Abnormal CMR Scan

(n = 39, 54.2%)

	
p-Value






	
Clinical characteristics

	

	

	




	
Age (years)

	
46.0 (35.0, 51.0)

	
54.0 (42.0, 60.5)

	
0.045




	
Males, n (%)

	
9 (27.3)

	
25 (64.1)

	
0.004




	
BMI

	
27.1(4.7)

	
27.3 (5.1)

	
0.851




	
BSA

	
1.85 (0.20)

	
1.95 (0.21)

	
0.039




	
Smoking, n (%) *

	
7 (24.1)

	
8 (24.2)

	
1




	
Hypertension, n (%) †

	
3 (9.4)

	
9 (24.3)

	
0.188




	
Ectopy burden, n

	
11,668 (5283, 20,684)

	
14,363 (4731, 27,583)

	
0.739




	
NSVT, n (%)

	
5 (15.2)

	
11 (28.2)

	
0.297




	
Uncommon PVC origin

	
4 (12.9)

	
13 (38.2)

	
0.041




	
CMR measurements

	

	

	




	
LVEDVi (ml/m2)

	
78.6 ± 9.0

	
89.8 ± 13.2

	
<0.001




	
LVESVi (ml/m2)

	
28.4 (25.3, 31.3)

	
39.6 (34.7, 45.6)

	
<0.001




	
LVEF (%)

	
63.4 ± 3.6

	
55.5 ± 5.8

	
<0.001




	
RVEDVi (ml/m2)

	
73.8 (67.3, 85.1)

	
79.2 (69.1, 86.8)

	
0.369




	
RVESVi (ml/m2)

	
27.3 (8.0)

	
30.8 (10.1)

	
0.111




	
RVEF (%)

	
64.5 ± 5.5

	
60.9 ± 6.0

	
0.012




	
LGE, n (%)

	
1 (3.0%)

	
21 (53.8%)

	
<0.001








BMI: body mass index; EDVi: end-diastolic volume index; ESVi: end-systolic volume index; LGE: late gadolinium enhancement; LV: left ventricular; NSVT: non-sustained ventricular tachycardia; RV: right ventricular. Values with normal distribution are shown as a mean ± standard deviation while values without a normal distribution are shown as a median with an interquartile range. * 14% missingness; † 4% missingness.
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