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ABSTRACT 

Mitral valve prolapse (MVP) is thought to be one of the causes of unexplained cardiac arrest 

(UCA). However, previous studies are limited by the lack of a standardized evaluation of UCA 

and the absence of a control group to identify predictors of cardiac arrest. We performed a 

systematic review of studies that examined the yield UCA evaluation. We then reported the 

prevalence and characteristics of MVP patients from a multi-centre registry of patients with 

UCA. Lastly, we completed a protocol of a matched case-control study aiming at comparing 

echocardiographic features of MVP patients with and without cardiac arrest. As a result of these 

studies, we proposed a standardized algorithm for UCA evaluation and a definition for idiopathic 

ventricular fibrillation. Also, we reported the prevalence of MVP in patients with UCA and 

described few features that could potentially help distinguish patients with MVP at risk for 

cardiac arrest.  
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EXECUTIVE SUMMARY 

Mitral valve prolapse (MVP) has been reported to be a potential cause of cardiac arrest, even in 

the absence of left ventricular dysfunction or mitral regurgitation (MR).1, 2 However, these 

reports are hindered by the incomplete evaluation to role out concealed causes of cardiac arrest 

and/or referral bias. Moreover, while the characteristics of patients with MVP as the only cause 

of cardiac arrest have been described before, no studies have identified predictors of cardiac 

arrest that distinguish these patients from MVP patients who have a benign prognosis. In this 

thesis, we first performed a systematic review and meta-analysis of studies that examined the 

yield of comprehensive cardiac evaluation of patients with unexplained cardiac arrest (UCA), 

defined as cardiac arrest with no cause identified on initial evaluation. We analyzed the yield of 

tests incorporated in these studies and proposed criteria to assess the completeness of the 

evaluation which patients with UCA receive before the cause of their cardiac arrest is set to be 

unknown [i.e. before diagnosing idiopathic ventricular fibrillation (IVF)]. We used these criteria 

for our subsequent study and suggested using them in all studies examining the association 

between MVP and IVF, as it has been shown that this association depends on the rigors to which 

alternative causes of cardiac arrest has been performed.1, 3, 4 We then described the prevalence 

and characteristics of patients with MVP who sustained UCA from the Cardiac Arrest Survivors 

with Preserved Ejection Fraction Registry (CASPER), which is a national registry of patients 

who suffered UCA.5 We described 2 distinct phenotypes of patients with MVP and cardiac 

arrest: one of which where MVP was likely the cause of cardiac arrest (i.e. arrhythmic mitral 

valve prolapse, AMVP) and the other where MVP was likely an innocent bystander. We found 

that definite MVP is indeed associated with IVF. Lastly, we completed a protocol for a matched 
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case-control study that aims at identifying echocardiographic predictors of cardiac arrest in MVP 

patients by comparing pre-specified echocardiographic features of patients with and without 

cardiac arrest. The goal of this is to identify patients with MVP who are at high risk for 

developing cardiac arrest in the general population to institute primary preventive therapies such 

as implantable cardioverter-defibrillator (ICD).       
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CHAPTER 1: INTRODUCTION 

 

1.1 Rationale 

Mitral valve prolapse (MVP) has been reported to be a potential cause of cardiac arrest, even in 

the absence of left ventricular dysfunction or mitral regurgitation (MR). However, these reports 

are hindered by the incomplete evaluation to role out concealed causes of cardiac arrest due to 

the lack of a standardized evaluation of UCA patients. Although guidelines define IVF as cardiac 

arrest with cause identified despite “complete evaluation”, they do not provide guidance as to 

what constitutes “complete evaluation”, which led to inconsistency in reporting MVP as the only 

potential cause of cardiac arrest. Moreover, while the characteristics of patients with MVP as the 

only potential cause of cardiac arrest have been described before (i.e. characteristics of patients 

with arrhythmic MVP) , no studies have identified predictors of cardiac arrest that distinguish 

these patients from other MVP patients who have a benign prognosis.  

 

1.2 Hypothesis 

MVP is associated with IVF and has distinct features that can predict cardiac arrest. 

 

1.3 Objectives 

Our objectives were as follows: 

1. To standardize the evaluation of UCA (cardiac arrest with no cause identified on 

coronary angiogram, ECG and Echo) and the definition of IVF (cardiac arrest with no 

cause identified despite extensive evaluation). 

2. To determine the prevalence and characteristics of patients with MVP and IVF. 
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3. To determine predictors of cardiac arrest in patients with MVP.  

 

1.4 Outline 

This thesis has been prepared in a manuscript-based format. Three manuscripts are included 

(Chapters 3-5), in addition to a Background chapter (Chapter 2) and a Discussion chapter 

(Chapter 6).  

 

1.5 Chapter summaries  

Chapter 1: Introductory chapter detailing the structure of the thesis. 

Chapter 2: Background information on the association between MVP and IVF, highlighting the 

importance of a standardized definition of IVF and the need to identify predictors of cardiac 

arrest in patients with MVP given its prevalence in the general population.  

Chapter 3: Manuscript of a systematic review and meta-analysis of studies examining the yield 

of comprehensive cardiac evaluation in patients with UCA to develop a standardized evaluation 

of UCA and definition for IVF. 

Chapter 4: Manuscript on the prevalence, characteristics and predictors AMVP, defined as MVP 

patients at risk for cardiac arrest. This manuscript used data from the CASPER registry and 

compared MVP patients with and without an alternative diagnosis. 

Chapter 5: Protocol of a matched case-control study entitled: “Predicting Resuscitated Cardiac  

Cardiac Arrest with Echocardiographic and Doppler Images in Contemporarily Treated Mitral  
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Valve Prolapse (PREDICT-MVP)”. This study is aiming at identifying and quantifying the 

association between pre-specified echocardiographic features and cardiac arrest in patients with 

MVP. 

Chapter 7: Discussion on the overall results of the thesis and future directions. 
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CHAPTER 2: BACKGROUND 

Cardiac arrest most often occur in patients with established heart disease such as coronary artery 

disease or cardiomyopathy.1 However, it may develop in patients with no apparent cause on 

initial evaluation (i.e.  UCA). UCA is a challenging diagnosis given the uncertainty about the 

prognosis and the difficulty of treating recurrent episodes of ventricular arrythmias in these 

patients.2  

Finding a specific cause of UCA is an underappreciated step in the management of theses 

patients and has several important implications.3 First, it guides choosing therapies to prevent 

and treat future arrythmias. Second, it guides assessing the risk of cardiac arrest in family 

members as some of these conditions are inherited. Last, it helps discover new conditions that 

carry a risk of cardiac arrest in the general population such as Brugada Syndrome (BrS), which 

was discovered during the work-up of UCA by the Brugada brothers.4  

Multiple groups have published their results of comprehensive cardiac evaluations in patients 

with UCA and reported a high yield in finding the specific cause of UCA.3, 5-7 However, only the 

minority of patients with UCA in real life undergo comprehensive cardiac evaluations.3 

Waldmann et al3 reported that only 16% patients with UCA underwent comprehensive cardiac 

evaluation in Paris. This is likely, at least in part, due to the lack of a standardized approach to 

UCA endorsed by any guidelines.8, 9 It is also important to note that some of tests used in some 

studies are expensive, invasive and/or not readily available. As such, defining the contribution of 

each test used to the overall yield is important. It is important to note that while the yield of a test 

(i.e. the proportion of patients diagnosed with a condition that is thought to be the cause of 

cardiac arrest out of all patients who underwent the test) is an important factor in determining 

what test need to be done, it does not take into account the accuracy of that test, which will need 
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to be tested separately. However, determining the yield of tests is an essential step that will help 

guideline developers and clinicians to choose what test to use and when to use it.  

When the comprehensive cardiac evaluation fails to identify a cause for the UCA, patients are 

diagnosed with (IVF).3, 5, 6 It is possible that this is not a separate clinical entity by itself but 

rather a combination of undiscovered conditions. Indeed, almost all conditions associated with 

UCA nowadays were labelled as IVF before that association was revealed.4, 10 Developing a 

standardized definition of IVF will guide our continued efforts in examining conditions that are 

proposed to explain the cause of cardiac arrest in some patients with IVF such as MVP.  

MVP is a common valvular abnormality with a prevalence of 1-3% in the general population.11, 

12 It has a benign prognosis overall however its association with sudden cardiac death (SCD) has 

been proposed.13-15 The prevalence of MVP in patients with SCD or UCA has been reported in 

multiple studies.14, 16, 17 Sriram et al14 reported a prevalence of 42% in patients with UCA who 

underwent extensive evaluation with no identified cause. Basso et al16 found that 7% of  young 

adults with SCD and no structural heart disease on autopsy have MVP. On the other hand, in the 

population-based Oregon Sudden Unexpected Death Study, Narayanan et al17 evaluated 729 

patients with SCD and observed MVP in only 2.3%. The discrepancies in the reported 

prevalence of MVP in patients with SCD is likely due to the difference in population studied. It 

appears that MVP is only associated with cardiac arrest in those who underwent extensive 

evaluation to rule out other causes (i.e. IVF patients). However, there has not been a standardized 

definition for IVF used in these studies, which limits the ability to be certain about the 

association between MVP and IVF. It is also important to note that there are significant 

variations in demographics and referral biases among these studies that might contribute to the 

differences in the reported prevalence. This is suggested by the high degree of heterogeneity 
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(I2=91.2%) reported in a recent meta-analysis that looked at the prevalence of MVP in 

unexplained SCD.12 

It is probable that only a small subset of MVP patients is at high risk of SCD. Indeed, the 

reported annual risk of SCD in all MVP was found to be 0.2-0.4%, which is only slightly higher 

than the general population (≈ 0.1% per year).12, 18 In addition, few reports have shown that 

certain subgroups of MVP patients are at substantially higher risk of SCD such as patients with 

flail leaflets or myxomatous changes.15, 19, 20 The challenge is to identify this subset of patients 

early on to institute preventative therapies. Sriram et al14 described the phenotype of patients 

with MVP and UCA and proposed the term “Malignant Bileaflet Mitral Valve Prolapse 

Syndrome” to identify this subset with high risk of SCD. Subsequently, an international study 

reported a similar phenotype with bileaflet prolapse, frequent premature ventricular contractions 

(PVCs) and female predominance.21 However, none of these studies compared this phenotype in 

patients with MVP who did not have SCD. As such, it is unclear whether the features described 

in these patients can be used to identify patients at elevated risk of SCD. 

Another important aspect of defining the prevalence and characteristics of MVP in UCA patients 

is having a well-characterized denominator. Studies that examined the relationship between 

MVP and SCD suffer from referral biases and the lack of a well-defined denominator.14, 16, 21-24 

CASPER registry is a prospective national registry that enroll UCA survivors and their first-

degree relatives.2 It provides the ideal set-up to answer the question of whether MVP is an 

important cause of UCA, given its multi-center nature and the extensive evaluation that patients 

undergo when enrolled. While it is unlikely that the causality between MVP and SCD will be 

concluded, better defining the prevalence and characteristics of MVP in patients with UCA is 

certainly an important step forward in the journey of interrogating the relationship between MVP 
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and SCD. Moreover, identifying unique features in MVP patients who survived UCA can help 

risk stratify patients with MVP in the general population. Multiple new echocardiographic and 

cardiac magnetic resonance findings such as mitral annular disjunction, lateral mitral annular 

velocities and late gadolinium enhancement have been proposed as predictors of arrhythmic 

events in MVP patients and these were not examined in the previous studies that reported the 

characteristics of patients with UCA and MVP.25-27. Moreover, the prevalence of these features 

in MVP patients in general is not well defined which challenges the use of these features to 

screen patients with MVP who might be at high risk of SCD. 
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CHAPTER 3: SYSTEMATIC REVIEW AND META-ANALYSIS OF STUDIES 

EXAMINING THE DIAGNOSTIC YIELD OF CARDIAC EVALUATION IN PATEINTS 

WITH UNEXPLAINED CARDIAC ARREST 

The following is a manuscript with the objective of determining the yield of diagnostic testing in 

patients with UCA in order to develop a standardized definition of IVF that can be used in 

testing the association between any MVP and IVF (i.e. to ensure that no alternative causes of 

cardiac arrest were missed). 

 

Short Title:  Defining Idiopathic Ventricular Fibrillation 

 

Authors:  Wael Alqarawi MDa,b, Omar Dewidar HBSca, Rafik Tadros MD PhDc, 

Jason D. Roberts MD MASd, Christian Steinberg MDe, Ciorsti J. 

MacIntyre MDf, Zachary W. M. Laksman MDg, Martin S. Green MDb, 

Girish Nair MD MSca,b, George Wells PhDa,h, Andrew D. Krahn MDg 

 

This manuscript was submitted to HeartRhythm journal and is under review. 

 

The student (WA) was first author, for which he was responsible for study design, data 

collection, data analysis and interpretation, and manuscript preparation and revision. Drs. Wells, 

Nair, and Krahn provided guidance and feedback on all stages of this project. Other co-authors 

contributed to data collection and writing the manuscript. 



12 
 

Title   Defining Idiopathic Ventricular Fibrillation: A Systematic Review of 

Diagnostic Testing Yield in Apparently Unexplained Cardiac Arrest 

 

Short Title:  Defining Idiopathic Ventricular Fibrillation 

 

Authors:  Wael Alqarawi MDa,b, Omar Dewidar HBSca, Rafik Tadros MD PhDc, 

Jason D. Roberts MD MASd, Christian Steinberg MDe, Ciorsti J. 

MacIntyre MDf, Zachary W. M. Laksman MDg, Martin S. Green MDb, 

Girish Nair MD MSca,b, George Wells PhDa,h, Andrew D. Krahn MDg 

   

Affiliations:   a) School of Epidemiology and Public Health, University of Ottawa, 

Ottawa, Canada 

b) Division of Cardiology, University of Ottawa Heart Institute, Ottawa, 

Canada 

c) Cardiovascular Genetics Center, Montreal Heart Institute, Faculty of 

Medicine, Université de Montréal, Montreal, Canada 

d) Section of Cardiac Electrophysiology, Division of Cardiology, 

Department of Medicine, Western University, London, Canada 

e) Institut Universitaire de Cardiologie et Pneumologie de Québec, Laval 

University, Quebec City, Canada 

f) Dalhousie University and Queen Elizabeth II Health Sciences Centre, 

Halifax, Canada 

g) Center for Cardiovascular Innovation, Division of Cardiology, 

University of British Columbia, Canada 

h) Cardiovascular Research Methods Centre, University of Ottawa Heart 

Institute, Canada 

 

 

Word Count:   5645 

 

Funding:   None 

 

Disclosures:   None 

 

Acknowledgment:  We thank Sarah Visintini for her assistance with the systematic search 

and Margaret Sampson for peer reviewing the MEDLINE search strategy. 

 



13 
 

Correspondence: Wael Alqarawi  

   University of Ottawa 

40 Ruskin street,  

Ottawa, ON, Canada. 

K1Y 4W7 

Phone: (613) 696 7402 

E-mail: walqarawi@ottawaheart.ca 

 



14 
 

Abstract 

 

Background: Idiopathic ventricular fibrillation (IVF) is diagnosed in patients with apparently 

unexplained cardiac arrest (UCA) after varying degrees of evaluation. This is largely due to the 

lack of a standardized approach to UCA.  

 

Objectives: We sought to develop an evidence-based diagnostic algorithm for IVF by 

systematically examining the yield of diagnostic testing in UCA probands.  

 

Method: Studies reporting the yield of diagnostic testing in UCA were identified in MEDLINE, 

EMBASE, Cochrane Central Register of Controlled Trials and conference abstracts. Their 

methodological quality was assessed by the National Institutes of Health (NIH) quality 

assessment tool. Meta-analyses were performed using the random effects model.  

 

Results: A total of 21 studies were included. The pooled comprehensive diagnostic testing yield 

was 43% [95% CI (39% - 48%)] with no differences based on the protocol used (sequential vs 

discretionary). Lower yield was seen when only definite diagnoses by pre-specified criteria were 

used (32% vs 47%, p=0.15). Epinephrine challenge (when used to diagnose catecholaminergic 

polymorphic ventricular tachycardia), Holter monitoring and family screening were associated 

with low yield (<5%), whereas Cardiac MRI, exercise treadmill test and sodium-channel blocker 

challenge were associated with high yield (> 5%). Coronary spasm provocation, 

electrophysiology study and systematic genetic testing were reported to be abnormal in a high 

proportion of UCA probands (>10 %).  

 

Conclusion: Based on a systematic review of the yield of diagnostic testing in UCA, we 

proposed a standardized approach to UCA and criteria to assess the strength of IVF diagnosis.  

 

 

 

Keywords: diagnostic criteria, diagnostic algorithm, cardiac arrest, ventricular fibrillation 
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Introduction: 

Apparently unexplained cardiac arrest (UCA) is diagnosed when patients presenting with cardiac 

arrest are found to have no obstructive coronary artery disease, normal left ventricular systolic 

function, and a baseline electrocardiogram (ECG) that does not identify the cause of the cardiac 

arrest. Finding the cause of UCA is important as it guides family screening and has therapeutic 

and prognostic implications for probands. Multiple studies have established the role of 

comprehensive diagnostic testing in revealing a concealed cause of UCA.1-6 However, these 

studies used different protocols and reported different results. Consequently, current guidelines 

recommend performing comprehensive diagnostic testing in UCA probands and only diagnosing 

idiopathic ventricular fibrillation (IVF) when that fails to identify the cause, however, do not 

provide a clear guidance as to the panel of tests that need to be performed for the comprehensive 

diagnostic testing to be considered complete.7 This has resulted in considerable inconsistency in 

the literature regarding the use of the term “IVF” to describe UCA probands who underwent 

some degree of diagnostic testing.7 Inconsistency in using the term “IVF” renders interpreting 

the literature on the association between IVF and any condition such as MVP difficult to 

interpret.  As such, there is a need to develop a standardized approach to UCA in order to 

facilitate a uniform diagnosis of IVF in these patients. Systematically reviewing the yield of 

diagnostic testing used in UCA is an essential step in developing such an approach because the 

probability of missing an alternative diagnosis for cardiac arrest and consequently falsely 

diagnosing IVF depends on the yield of tests that were not performed. Thus, we sought to 

perform a systematic review and meta-analysis of studies reporting the diagnostic testing yield in 

patients with UCA. 
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Methods: 

Literature search 

The reporting of this review conforms to PRISMA guidelines. See Supplementary Table S1 for 

the PRISMA checklist. A protocol was devised and registered in PROSPERO (ID: 

CRD42020189981). The literature search strategy was developed in consultation with a medical 

librarian. See Supplementary Figure S1 for the complete search strategy. In brief, we searched 

MEDLINE, EMBASE, Cochrane Central Register of Controlled Trials and performed a hand 

search for conference abstracts from relevant professional associations. The search strategy was 

peer-reviewed by a second librarian and was conducted on June-15-2020. 

Eligibility criteria 

Studies that reported the diagnostic outcomes of comprehensive diagnostic testing in patients 

with UCA that were 1-year-old or older were included. Patients younger than 1-year-old were 

excluded due to the substantial differences in the evaluation and causes of cardiac arrest. UCA 

was defined as cardiovascular collapse of presumed cardiac etiology with no cause identified 

during initial evaluation that included cardiac imaging (typically transthoracic echocardiogram), 

ischemia assessment and a 12-lead ECG. Comprehensive diagnostic testing was defined as 

performing all tests deemed by the treating team to be necessary to identify the cause of UCA 

(i.e. patients were diagnosed with IVF when comprehensive diagnostic testing was completed). 

The primary outcome was the proportion of patients who eventually were “diagnosed”. Patients 

were considered “diagnosed” if the treating team identified a condition that was thought to 

explain the cardiac arrest. Studies that reported the diagnostic yield of a single test in UCA 
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patients were reported separately. When studies reported their updated results after the initial 

publication, the most recent results were used for the meta-analysis. 

Study selection and data extraction 

Articles were independently screened by 2 investigators (WA and OD). Disagreements were 

resolved by consensus. Pre-specified study details were collected in duplicates and discrepancies 

were resolved by consensus. Comprehensive diagnostic testing was defined as “sequential” when 

all patients received the same sequence of testing and “discretionary” when the testing was 

performed at the discretion of the treating team.  

The diagnostic yield of each test was determined by calculating the proportion of patients who 

were “diagnosed” based on the result of that specific test (out of all patients who underwent the 

test). These proportions were obtained from studies reporting the yield of single tests and were 

calculated from studies reporting the yield of comprehensive testing when essential data were 

provided. “Systematic” use of a test was defined as offering a test for all patients, whereas 

“discretionary” use was defined as selective offering of a test at the discretion of the treating 

team.  

Risk of bias 

The methodological quality of all included manuscripts was assessed using the National 

Institutes of Health (NIH) quality assessment tool.8 This was performed by 2 investigators 

independently (WA and OD) and discrepancies were resolved by consensus. Funnel plots were 

generated, and publication bias was assessed by visual inspection for plot asymmetry.  

Statistical analysis 
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The proportions of patients who were “diagnosed” were pooled using random-effects model. 

Freeman-Tukey double arcsine transformation was used to stabilize the variances associated with 

extreme proportions reported in certain studies (i.e. 0%).9 Statistical heterogeneity between 

studies was assessed using the I2 statistic. High heterogeneity was defined as I2 > 75% as per 

protocol and the source of high heterogeneity, when present, was examined through subgroup 

and sensitivity analyses. We performed pre-specified analyses as per protocol and exploratory 

analyses when there was a biologic (e.g. when there is a concern about false positive results) 

and/or methodologic reason (e.g. when there is a concern about selection bias with non-

consecutive inclusion of patients). Exploratory analyses were specified when presented. Meta-

analyses were performed using RevMan v5.4 (Cochrane Collaboration, Copenhagen, Denmark) 

and MedCalc Statistical Software version 19.4.1 (MedCalc Software Ltd, Ostend, Belgium; 

https://www.medcalc.org; 2020).     

 

Results: 

Study selection and characteristics 

Our search strategy revealed 3376 citations. Of these, 41 were selected for full text review. A 

total of 21 studies met inclusion criteria and were included in the systematic review. 

Supplementary Figure S2 depicts the PRISMA flow diagram. Seven studies reported the yield of 

comprehensive diagnostic testing and 14 reported the yield of single tests. 

Among studies that reported the yield of comprehensive diagnostic testing, 6 were manuscripts 

and 1 was an abstract. One study reflected a “real-world” setting, and the rest reflected the 

practice of referral centers. Two studies included adults alone, 1 was restricted to pediatrics cases 



19 
 

and the rest included all age groups, but predominantly involved adults. Only 2 studies 

performed sequential testing and the rest were discretionary. Table 1 summarizes studies that 

reported the yield of comprehensive diagnostic testing.   

Among studies that reported the yield of single tests, 9 examined genetic testing and the rest 

examined either coronary spasm provocation (CSP, N=3), electrophysiology study (EPS, N=2) 

or sodium-channel blocker challenge (SCB, N=1). Six studies were manuscripts and the 

remaining 8 were abstracts. Supplementary Tables S2 and S3 summarize studies that reported the 

yield of single tests. 

The yield of comprehensive diagnostic testing 

The pooled yield of comprehensive diagnostic testing was 43% [95% CI (39% - 48%)] with no 

heterogeneity between studies (I2 = 0%). Figure 1 shows the forest plot of the pooled estimate. 

After baseline investigations that identified cardiac arrest survivors as UCA, cardiac MRI (CMR) 

was the most common test performed (279/413, 68%) followed by genetic testing (262/413, 

63%). About half of UCA patients received at least one form of provocative testing for 

channelopathy [SCB, exercise treadmill test (ETT) and/or epinephrine challenge (Epi)].  

There were no differences in the yield based on the age group included (43% for all age groups 

vs. 44% for adults vs. 48% for pediatrics, p=0.83). Similarly, there were no differences between 

studies that performed sequential versus discretionary testing (44% vs 43%, p=0.87) or between 

multi-center versus single-center studies (43% vs 44%, p=0.93). Exploratory analysis stratifying 

studies by the use of pre-specified criteria for the strength of diagnosis and including only 

patients with definite diagnoses showed a large difference in the yield, albeit not statistically 

significant (32% with pre-specified criteria vs 47% without, p=0.15). Another exploratory 
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analysis including only studies with consecutive patients to avoid referral bias revealed similar 

yield (44% vs 43%, p=0.88). 

Diagnostic yield of provocative testing for channelopathy (SCB, ETT and Epi)  

Figure 2 depicts forest plots of diagnostic yields of single tests. The pooled diagnostic yield of 

SCB was 8% [95% CI (3% - 13%)], with moderate heterogeneity between studies (I2 = 45%) 

(Figure 2A). An exploratory subgroup analysis based on the agent used suggested a lower yield 

with procainamide as compared to flecainide or ajmaline, however, was not statistically 

significant (5% vs 10% vs 12%, p=0.34) (Supplementary Figure S3-B). Brugada syndrome (BrS) 

was more often diagnosed when SCB was performed systematically as compared to 

discretionarily (16% vs 5%, p=0.03). This trend persisted even when the study using 

procainamide was excluded from the discretionary group (16% vs 5%, p=0.08) (Supplementary 

Figure S3-A). 

The pooled diagnostic yield of ETT was 9% [95% CI (5% - 13%)] with no heterogeneity 

between studies (I2 = 0%) (Figure 2B). Exploratory subgroup analysis of systematic versus 

discretionary use of ETT showed no difference in the yield (9% vs 11%, p=0.76).  

The pooled diagnostic yield of Epi was 9% [95% CI (5% - 13%)] with no heterogeneity between 

studies (I2 = 0%) and no difference between systematic versus discretionary use (9% vs 9%, 

p=0.93) (Figure 2C). Given that Epi is used to diagnose LQTS and catecholaminergic 

polymorphic ventricular tachycardia (CPVT), and due to the concern about false positive rates 

for LQTS10, an exploratory analysis restricting its diagnostic role to CPVT revealed a yield of 

3% [95% CI (1% - 6%)] with no heterogeneity (I2 = 0%).10, 11 

Diagnostic yield of genetic testing 
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There was high heterogeneity between studies reporting the diagnostic yield of genetic testing (I2 

= 86%), which precluded pooling the estimate. On inspection of the forest plot, it was apparent 

that one study had a distinctly higher yield than other studies (Cunningham 2020). Cunningham 

et al5 was the only study that exclusively included pediatric patients, whereas other studies 

included predominantly adults. A subgroup analysis based on inclusion age (pediatric vs. 

predominantly adult) was performed and showed a statistically significantly higher yield of 

genetic testing in pediatric patients (39% vs 7%, P<0.001). Only 1 study performed systematic 

genetic testing and reported no diagnoses based on the result of genetic testing performed on 31 

probands. The pooled estimate of discretionary genetic testing in adults was found to be 11% 

[95% CI (4% - 22%)] with moderate heterogeneity (I2 = 55%) (Figure 2D). 

An exploratory analysis examining the proportion of patients with an actionable variant (likely 

pathogenic or pathogenic variant by the American College of Medical Genetics [ACMG] 

criteria)12 revealed a significantly higher proportion when using broad panels (defined as > 100 

genes) versus limited panels (< 100 genes) (46% vs 12%, P <0.0001).This definition of panels 

was derived by inspecting the forest plot for studies with similar yields and was not pre-

specified. Supplementary Figure S4 shows the forest plot for the proportion of patients with an 

actionable variant. Out of the 86 actionable variants reported, 51 (59%) were in cardiomyopathy 

genes and the remainder were in channelopathy genes. Variants details reported are included in 

Supplementary Table S3.     

Diagnostic yield of other tests (CMR, Holter, EPS, CSP and family screening) 

Pooling CMR diagnostic yield estimates was not possible due to high heterogeneity, which was 

resolved by stratifying studies based on inclusion criteria (“real-world” setting vs referral 
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centers) with a 33% yield in “real-world” setting versus 10% in referral centers (P<0.0001) 

(Figure 2E). 

The pooled diagnostic yield of Holter monitoring was 6% [95% CI (2% - 12%)] with no 

heterogeneity (I2 = 0%). Of note, 5 cases in total were diagnosed based on Holter monitoring: 3 

were probable diagnoses (2 LQTS and 1 short QT syndrome, where no additional evidence to 

support these diagnoses were found) and the other 2 cases were not reported. Due to the lack of 

criteria for diagnosing LQTS and SQTS on Holter monitoring, an exploratory analysis excluding 

these cases revealed a yield of 3% [95% CI (0.5% - 7%)] (Figure 2E). 

Only one study reported the diagnostic yield of family screening and found it to be 4/28 (14%), 

however, only 1/28 (4%) was supported by genetic testing (a proband with negative evaluation 

including SCB, but a first degree relative who had flecainide-induced type 1 Brugada pattern; 

both tested positive for a pathogenic variant in SCN5A). The pooled proportions of patients with 

abnormal EPS and CSP were 23% [95% CI (8% - 43%)] and 20% [95% CI (5% - 34%)], 

respectively. Details of protocols used, definitions of abnormal results and diagnoses made are 

available in Supplementary Table S2. 

Prevalence of conditions diagnosed 

Conditions diagnosed after comprehensive diagnostic testing for each study are included in Table 

1. LQTS was the most common condition diagnosed in most studies. Two studies reported the 

prevalence of coronary spasm and found it to be significantly different (9% vs 31%, p=0.002). 

Of note, the study that reported the high prevalence of CS performed CSP in 39/88 (44%) 

patients, whereas the use of CSP in the other study was not reported.  
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The prevalence of channelopathies (defined as LQTS, BrS or CPVT) was significantly higher in 

studies reflecting referral centers as compared to “real-world” settings (64% vs 8%, P<0.0001). 

Also, the prevalence of channelopathies was significantly higher in referral centers when CMR 

utilization was low (<50%), as compared to high use of CMR (> 50%) (80% vs 51%, P<0.002). 

Supplementary Figure S5 shows forest plots for the prevalence of channelopathies. 

Risk of bias  

Supplementary Figure S6 shows the quality assessment for all manuscripts included. All studies 

reporting the yield of comprehensive diagnostic testing were judged to have good quality, and 

their funnel plot shows no evidence of a publication bias (Supplementary Figure S7).  

 

Discussion: 

Examining the totality of experience evaluation apparently unexplained cardiac arrest, the yield 

of comprehensive diagnostic testing was found to be consistently high; however, there were 

significant differences between studies in the tests used and the conditions diagnosed. The results 

of our analysis suggest that a systematic use of CMR, ETT and SCB should be incorporated in 

the definition of IVF, due to their high yield. More evidence is needed to determine the role of 

EPS, CSP and systematic genetic testing 

 

The significant differences in the conditions diagnosed after comprehensive diagnostic testing of 

UCA probands are probably related to their different baseline characteristics. However, 

inaccurate diagnoses due to false positive results could have contributed to this variation, which 
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is supported by multiple findings in our analysis. We found that the use of pre-specified criteria 

for diagnosis was associated with a markedly reduced yield of comprehensive diagnostic testing. 

In addition, we found a higher prevalence of BrS in studies that used SCB systematically, a 

higher prevalence of coronary spasm in the study that frequently used Ergonovine challenge and 

a higher prevalence of channelopathies in studies with low use of CMR. These findings are 

suggestive but certainly not definitive, and should raise a concern about inaccurate diagnoses in 

UCA probands, which is not surprising given the lack of ‘gold standard’ tests for many 

conditions associated with UCA. However, it enforces the need to review diagnoses regularly 

and emphasizes the need to establish a standardized, evidence-based evaluation for patients with 

UCA. 

 

Current guidelines recommend comprehensive diagnostic testing in UCA patients, and define 

IVF by the exclusion of alternative causes, but do not specify a minimum requirement for 

testing. Defining a minimum requirement for testing is important for 3 reasons. First, it prevents 

incomplete evaluation in patients presenting with UCA. Waldmann et al showed that only 8% of 

patients diagnosed with IVF underwent ETT and 18% did not have CMR.13 It is probable that 

these tests would have revealed alternative diagnoses; rendering the diagnosis of IVF inaccurate. 

Second, it provides a more uniform definition for IVF. The term “IVF” is used in the literature 

for patients who have had varying extent of evaluation. As we identify new conditions that could 

be associated with IVF, it becomes essential to have a well-defined cohort of IVF patients, or 

else any attempt at studying associations can be misleading. Indeed, when one reviews the 

evidence that supports the association between arrhythmic mitral valve prolapse (AMVP) and 

IVF, it becomes apparent that the prevalence of AMVP varies depending on the rigors to which 
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alternative causes have been excluded. The prevalence of AMVP has been reported to be 2% 

when no alternative causes were excluded, 7% when structural, but not electrical causes were 

excluded, and 41% if all alternative causes were excluded.14-16 Last, having a well-defined cohort 

of patients with IVF facilitates a better description of their genetic background, prognosis and 

response to various therapies.     

 

Based on the pooled diagnostic yield, one can divide the tests incorporated in the comprehensive 

diagnostic testing of UCA probands into 3 groups. First, tests with high yield such as CMR, ETT 

and SCB. These should constitute the minimum requirement for testing before diagnosing IVF. 

In addition, the probability of missing an alternative diagnosis (i.e. strength of IVF diagnosis) 

should be based on how many of these tests were not performed. This is especially helpful in 

standardizing the terminology used when reporting patients with UCA who underwent an 

incomplete evaluation that failed to identify the cause of UCA. Second, tests with low yield such 

Epi, Holter monitor and family screening. These tests should be performed on a discretionary 

basis, and withholding them should not preclude diagnosing IVF. Given the established high 

false positive results of Epi when used to diagnose LQTS, it should mainly be used as an 

alternative to ETT (e.g. if patient can not exercise).10 Third, tests such as EPS, CPS and 

systematic genetic testing that require further study, given the uncertain clinical significance of 

the reported high rates of abnormal findings. Figure 3 shows a proposed standardized approach 

to UCA, and criteria for the strength of IVF diagnosis. 

 



26 
 

The significantly higher prevalence of BrS in studies that used SCB systematically is an 

interesting finding. It may suggest that some of these diagnoses are false positives, rather than 

exclusively secondary to an improved diagnostic yield.  Systematic performance of any test will 

result in a higher prevalence of the disease tested, either because of over-diagnosis (i.e. false 

positive results) or under-diagnosis (i.e. missing the disease with discretionary testing). Given 

the established concern about the specificity of SCB, one may speculate that the higher 

prevalence of BrS with systematic SCB is, at least in part, due to false positive results.17-19 

Tadros et al reported that 8% of families who had a positive SCB test (with ajmaline) had 

alternative diagnoses or non-segregation of the SCB response and arrhythmias; suggestive of 

false positive results.19 As such, clinicians should be cautious when diagnosing UCA probands 

with BrS based solely on the result of SCB, and these patients should be assessed by experienced 

teams in specialized clinics to exclude alternative diagnoses. Only one study in our systematic 

review used procainamide for SCB, thus it is difficult to provide any recommendations specific 

to its use. However, in the absence of access to alternate SCBs, procainamide should be 

performed in all UCA probands before diagnosing IVF until certain criteria are established that 

support withholding SCB without the risk of missing BrS. 

 

The clinical significance of the high proportion of abnormal EPS, CSP and genetic testing in 

UCA is unclear. The ongoing EPS ARREST study (NCT03079414) is examining the clinical 

value of performing EPS in UCA survivors, and will help define its role in the evaluation. 

Careful interpretation of CSP results is warranted given the suspected overlap with other 

conditions such as early repolarization syndrome (ERS) and BrS.20, 21 Lastly, concealed 

arrhythmogenic cardiomyopathies have been shown to be associated with UCA, and could 



27 
 

potentially explain the high proportion of pathogenic variants in cardiomyopathy genes, which 

needs further study.22, 23 

 

Our systematic review has several limitations. First, it is probable that some true causes of UCA 

were masked by inaccurate diagnoses in some studies, given that the diagnostic evaluation is 

often concluded once any diagnosis is made. This likely explains why the overall yield of 

diagnostic testing is similar in all studies despite the concern about false positive results in some 

of them. While this could have affected the prevalence of conditions diagnosed in these studies, 

it is unlikely that it had a significant impact on the yield of each test used, because we examined 

each test separately and performed sensitivity analyses when there was a concern about false 

positive results. However, more studies are needed to assess diagnostic accuracy of each test 

used in our proposed algorithm; not withstanding the difficulty of doing so given the lack of a 

gold standard test for most of conditions associated with UCA. Second, some conditions 

associated with UCA require multiple tests to reach the diagnosis, and determining what test was 

essential for the diagnosis can be challenging. However, we relied on the authors’ judgment and 

provided data on specific diagnoses, when possible. Third, our objective was to determine the 

yield of diagnostic testing in detecting a clinical diagnosis rather than abnormal findings. 

However, we reported abnormal findings when available (such as actionable variants with 

genetic testing and induction of sustained VT with EPS), but it is possible that some studies that 

reported abnormal findings in UCA (without a clinical diagnosis) were not included, as it was 

not the focus of this review. Similarly, studies that reported abnormal findings in IVF patients 

(rather than UCA) were not included because it is a different population, however, the distinction 

between UCA and IVF can be challenging given the lack of standardized definitions. As such, 
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we performed sensitivity analyses whenever the distinction was not clear. Fourth, patients were 

enrolled over a long time period, which could have affected the evaluation and diagnoses they 

received as our understanding of the appropriate diagnostic evaluation for UCA and associated 

conditions has changed significantly over time. Last, like any other diagnostic criteria, there are 

unavoidable arbitrary components such as the dichotomous categorization of the diagnostic yield 

(high vs low). While we strived to avoid bias in developing our proposed algorithm, there are 

undoubtfully components that are affected by our individual and collective opinions.   

 

Conclusion: 

Based on our systematic review, a comprehensive evaluation of an apparently unexplained 

cardiac arrest leads to a diagnosis in 43% of patients. We propose a standardized algorithm for 

the diagnostic evaluation of UCA, which can serve to assess the strength of an IVF diagnosis. 

This promises to facilitate a more uniform use of the term “IVF” in the literature.  Given the 

imperfect features of each test and the corresponding potential for false positive results, careful 

ongoing review of diagnoses made in UCA probands is essential, ideally in specialized clinics. 

The high proportion of abnormal EPS, CPS and genetic testing in UCA patients is intriguing, and 

warrants further study. 
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Perspectives: 

 

Competency in Medical Knowledge:  

Cardiac MRI, Sodium-channel blocker challenge and exercise treadmill test are associated with 

high diagnostic yield and should be performed in all patients with UCA before diagnosing IVF. 

 

Competency in Patient Care:  

Patients with UCA should be managed by an experience team to avoid inaccurate diagnoses 

 

Translational Outlook 1:  

Guidelines should recommend a standardized approach to UCA to facilitate a uniform use of the 

term “IVF”   
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Table1: Characteristics of studies examining the yield of comprehensive diagnostic testing in apparently unexplained cardiac arrest 

Study ID Setting 
Characteristics 

of UCA 
Evaluation protocol 

Tests 

performed 

Proportion 

diagnosed 

Conditions 

diagnosed 

Characteristics 

of IVF 

Herman 

20161 

Canada 

(manuscript) 

Multi-center 

registry 

41.5 yrs (14.7), 

40% Females 

Tests performed at 

the discretion of 

the treating team. 

pre-specified 

criteria for the 

strength of 

diagnosis was used. 

CMR= 77% 

ETT=73%  

SCB= 66% 

Epi=68% 

Genetics=79% 

81/200 

(40.5%)  

LQTS=22% 

BrS=9% 

CPVT=12%  

CMP=22% 

Other=35% 

42.7 yrs (14.5), 

39% Females 

Jimenez-

Jaimez 20152 

Spain 

(manuscript) 

Multi-center 

registry 

39.8 yrs (15.7), 

40% Females 

Sequential testing. 

CMR followed by 

Epi and SCB 

followed by family 

screening followed 

by genetic testing. 

pre-specified 

criteria for the 

strength of 

diagnosis was used  

CMR= 37% 

ETT=NA 

SCB= 100% 

Epi=100% 

Genetics=67% 

18/35 

(51.4%) 

LQTS=17% 

BrS=39% 

CPVT=28% 

CMP=0% 

Other=16% 

42.3 yrs (15.6), 

47% Females 

Waldman 

20183 

France 

(manuscript) 

Multi-

center, 

“real-

world” 

setting. 

Only Adults 

NA 

Tests performed at 

the discretion of 

the treating team. 

No pre-specified 

criteria for the 

CMR= 82% 

ETT=11% 

SCB= 27% 

Epi=15% 

39/88 

(44.3%) 

LQTS=3% 

BrS=3% 

CPVT=3% 

CMP=49%, 

48.7 yrs (14.8), 

30.6% Females 
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strength of 

diagnosis was used  

Genetics=15% Other=42% 

Cunningham 

20204 

Canada 

(manuscript) 

Multi-

center, 

retrospectiv

e case 

series, Only 

Pediatrics 

Median 13.8 

yrs (IQR 9-

16), 61% 

Females 

Tests performed at 

the discretion of 

the treating team. 

No pre-specified 

criteria for the 

strength of 

diagnosis was used  

CMR= 57% 

ETT= NA 

SCB=NA 

Epi=NA 

Genetics=79% 

20/42 

(47.6%) 

LQTS=30% 

BrS=0% 

CPVT=30% 

CMP=20% 

Other=20% 

NA 

Kumar 20135 

Australia 

(manuscript) 

Single 

center, 

retrospectiv

e case series 

of 

consecutive 

patients, 

Only adults 

32 yrs (14), 

51% Females 

All underwent 

ETT. Other tests 

were performed at 

the discretion of 

the treating team. 

Genetic testing 

only performed if a 

clinical phenotype 

is proven or 

suspected. pre-

specified criteria 

for the strength of 

diagnosis was used  

CMR= NA 

ETT=89% 

SCB= 46% 

Epi=20% 

Genetics=NA 

15/35 

(42.9%) 

LQTS=33% 

BrS=20% 

CPVT=7% 

CMP=13% 

Other=27% 

NA 

Peres 20206 

France 

(abstract) 

Single 

center, 

retrospectiv

e case series 

NA NA NA 
14/26 

(53.8%) 
NA NA 

Stepien-

Wojno 20187 

Single 

center, 
36.4 yrs (11.7), 

Sequential testing. 

Genetic testing 

followed by family 

CMR= 32% 
17/44 

(38.6%) 
LQTS=53% 37.6 yrs (12.5), 
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Poland 

(manuscript) 

prospective 

case series 

of 

consecutive 

patients 

48% screening followed 

by ETT and Holter 

then either CMR or 

SCB depending on 

clinical suspicion. 

pre-specified 

criteria for the 

strength of 

diagnosis was used.  

ETT=NA 

SCB= 11% 

Epi=NA 

Genetics=70% 

BrS=18% 

CPVT=6% 

CMP=0% 

Other=23% 

40.7% Females 

Data presented as mean (standard deviation) or number (percentages) unless otherwise specified. UCA: apparently unexplained 

cardiac arrest, IVF: idiopathic ventricular fibrillation, CMR: cardiac MRI, ETT: exercise treadmill test, SCB: sodium channel blocker 

challenge, Epi: Epinephrine challenge test, LQTS: long QT syndrome, BrS: Brugada syndrome, CPVT: catecholaminergic 

polymorphic ventricular tachycardia, CMP: cardiomyopathy. CMP defined as arrhythmogenic right ventricular cardiomyopathy 

(ARVC), dilated cardiomyopathy (DCM), myocarditis or hypertrophic cardiomyopathy (HCM) 
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Figure 1: Forest plot of the yield of comprehensive diagnostic testing. 
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Figure 2: Forest plots of the diagnostic yield of single tests. Forest plots of meta-analyses of 

studies that reported the diagnostic yield of single tests.  (A) SCB: sodium-channel blocker 

challenge. (B) ETT: exercise treadmill test. (C) Epinephrine challenge. (D) Genetic testing for 

adults, stratified by the protocol used (systematic vs discretionary). (E) CMR: cardiac MRI 

stratified by the setting (real-world vs referral centers). (F) Holter monitoring. 
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Figure 3: Suggested standardized approach to UCA and proposed criteria for the strength of IVF 

diagnosis.  

* Adopted from Davies B et al. The Hearts in Rhythm Organization: A Canadian National 

Cardiogenetics Network. CJC Open (2020). aMVP: arrhythmic mitral valve prolapse, CMR: 

cardiac MRI, challenge, CSP: coronary spasm provocation, ECG: electrocardiogram, Echo: 

echocardiogram, Epi: Epinephrine challenge test, EPS: electrophysiology study, ERS: early 

repolarization syndrome, ETT: exercise-treadmill test, IVF: idiopathic ventricular fibrillation, 

SCB: sodium channel blocker, SCVF: short-coupled ventricular fibrillation, UCA: apparently 

unexplained cardiac arrest 
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Supplementary materials  

Supplementary Table 1: PRISMA checklist 

 

Supplementary Table 2: Summary of studies examining the yield of single diagnostic tests 

 

Supplementary Table 3: Summary of studies examining the yield of genetic testing  

 

Supplementary Figure 1: Search strategy  

 

Supplementary Figure 2: Flow diagram for literature search  

 

Supplementary Figure 3: Forest plots from subgroup analyses of the yield of sodium-channel blocker challenge. (A) Systematic 

versus discretionary use. (B) Procainamide versus Flecainide versus Ajmaline. 

 

Supplementary Figure 4: Forest plots from subgroup analyses of the yield of genetic testing in detecting actionable variants (broad 

vs limited panel) 

 

Supplementary Figure 5: Forest plots from subgroup analyses of the prevalence of channelopathies after comprehensive diagnostic 

testing. (A) prevalence of channelopathies in studies reflecting referral centers’ setting versus “real-world” setting. (B) prevalence of 

channelopathies in studies with high versus low CMR use, defined as > 50% and < 50%, respectively.  

 

Supplementary Figure 6: A summary assessment of risk of bias for all studies included 
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Supplementary Figure 7: The funnel plot of studies that reported the yield of comprehensive diagnostic testing  
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Supplementary Table 1: PRISMA checklist 
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Adapted from:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic 

Reviews 

and Meta-Analyses: The PRISMA statement. PLoS Medicine, 6(6), e1000097. doi:10.1371/journal.pmed1000097  

For more information, visit: www.prisma-statement.org. 
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Supplementary Table 2: Summary of studies examining the yield of single diagnostic tests 

Study ID Protocol 
Description of the 

test 

Definition of a 

positive result 

Proportion of 

positive tests 

Proportion of 

clinical 

diagnosis 

SCB      

Herman 20161 
Discretionary. Performed in 132/200 

(66%) of UCA probands. 

10 mg/kg 

Procainamide 

infusion for 20 

minutes (to a 

maximum of 1 g) 

> 1 mm ST-segment 

elevation (new or 

increase from 

baseline) in standard 

or high leads 

NA 6/132 (4.6%) 

Jimenez-Jaimez 

20152 

 

Systematic. 35/35 (100%) Flecainide used. 

> 1 mm ST-segment 

elevation in standard 

or high leads 

NA 4/35 (11%) 

Waldman 20183 
Discretionary. Performed in 24/88 

(27.3%) of UCA probands. 
Ajmaline used. NA NA 1/24 (4.2%) 

Kumar 20134 
Discretionary after ETT. Performed in 

16/35 (45.7%) of UCA probands. 
Flecainide used. NA NA 1/16 (6.3%) 

Stepien-Wojno 

20185 

Discretionary after genetic testing, 

family screening, ETT and Holter. 

Performed in 5/44 (11.4%) of UCA 

probands. 

Flecainide used. NA NA 1/5 (20%) 
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Tadros 20176 
Performed in all UCA probands if BrS 

is suspected or can not be ruled out. 

1 mg/kg Ajmaline 

infused at 10 

mg/min. Higher 

doses were used 

in some cases. 

ST-segment elevation 

>2 mm with a coved 

morphology in 

standard or high leads 

11/54 

(20.4%) 
11/54 (20.4%) 

ETT       

Herman 20161 
Discretionary. Performed in 146/200 of 

(73%) of UCA probands 

Bruce or modified 

Bruce protocol. 

ECG performed 

at 1-minute 

interval during a 

6-minute recovery 

phase 

As per published 

algorithm7 or induced 

ventricular 

arrhythmias during 

exercise 

NA 

13/146 (8.9%) 

LQTS and 

CPVT 

Waldman 20183 
Discretionary. Performed in 10/88 of 

(11.3%) of UCA probands 
NA NA NA 

1/10 (10%) 

LQTS 

Kumar 20134 
Systematic. Performed in 31/35 (88.6%) 

of UCA probands. 

Sprint protocol 

with prolonged 

recovery up to 7 

minutes 

NA NA 

6/31 (19.4%) 

3 LQTS 

3 CPVT 

Stepien-Wojno 

20185 

 

Systematic. Part of a sequential testing 

that starts with genetic testing followed 

by family screening (ECG/Echo) 

followed by ETT. Performed in 20/44 

(45.5%) of UCA probands. 

Bruce protocol 

Positive for LQTS if 

4-minute recovery 

QTc is > 480 ms 

NA 
1/20 (5%) 

CPVT 



47 
 

Epi      

Herman 20161 
Discretionary. Performed in 136/200 of 

(68%) of UCA probands 

Mayo clinic 

protocol8  

For LQTS: if the 

absolute QT 

prolonged by ≥30 ms 

at 0.10 μg/kg per 

minute. For CPVT: if 

≥3 beats of 

polymorphic VT or 

bidirectional VT 

NA 

12/136 (8.8%) 

LQTS and 

CPVT 

Jimenez-Jaimez 

20152 
Systematic. 35/35 (100%) 

Mayo clinic 

protocol  
Same as above NA 

3/35 (8.6%) 

2 LQTS 

1 CPVT 

Waldman 20183 
Discretionary. Performed in 13/88 

(14.8%) of UCA probands. 

Mayo clinic 

protocol. 
Same as above NA 

1/13 (7.7%) 

CPVT 

Kumar 20134 
Discretionary after ETT. Performed in 

7/35 (20%) of UCA probands. 
NA NA NA 

2/7 (28.6%) 

2 LQTS 

CMR      

Herman 20161 
Discretionary. Performed in 154/200 

(77%) of UCA probands 
NA NA NA 

15/154 (10%) 
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Stepien-Wojno 

20185 

Systematic. Part of a sequential testing 

that starts with genetic testing followed 

by family screening (ECG/Echo) 

followed by ETT. Performed in 14/44 

(32%) of UCA probands. 

NA NA NA 0/14 (0%) 

Waldman 20183 
Discretionary. Performed in 72/88 

(82%) of UCA probands. 
NA NA NA 25/72 (35%) 

Cunningham 20209 
Discretionary. Performed in 26/42 

(62%) of UCA probands. 
NA NA NA 4/26 (15%) 

Holter      

Herman 20161 
Discretionary. Performed in 56/200 

(28%) of UCA probands. 
NA NA NA 2/56 (4%) 

Stepien-Wojno 

20185 

Systematic. Part of a sequential testing 

that starts with genetic testing followed 

by family screening followed by ETT 

and Holter. Performed in 28/44 (64%) 

of UCA probands. 

NA NA NA 

3/28 (11%) 

2 probable 

LQTS and 1 

probable SQTS 

Waldman 20183 
Discretionary. Performed in 6/88 (7%) 

of UCA probands. 
NA NA NA 0/6 (0%) 
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EPS      

Jimenez-Jaimez 

20152 

Discretionary. Performed in 15/35 

(43%) 
NA NA NA 0/15 (0%) 

Birnie 201210 Discretionary in UCA patients. 

Up to triple extra 

stimuli at 2 drive 

cycle lengths at 

each of two RV 

pacing sites. 

Sustained VT 7/48 (15%) NA 

Peters 199811 Systematic in IVF patients.  

Up to triple extra 

stimuli at 2 drive 

cycle lengths at 

each of two RV 

pacing sites and 

long-short 

sequence of 

stimuli on and off 

Isoproterenol. 

Sustained VT 6/18 (33%) NA 

CSP      

Waldmann 20183 
Discretionary. Performed in 39/88 

(44%) of UCA probands. 
Ergonovine 

Transient coronary 

artery occlusion 

(>90% constriction) 

with angina and 

ischemic ECG. 

12/39 (31%) NA 
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Peters 199811 Systematic in IVF patients. 

Ergonovine 

administered for 

at 0.05 mg with 

increment Q3 min 

up to 0.45 

> 1mm ST-segment 

elevation in > 2 

consecutive leads or 

induction of VT 

1/18 (6%) NA 

Myerburg 199212 Systematic in UCA patients 

Ergonovine 

administered at 

0.025 or 0.05 mg 

and up to 0.4 

> 1mm ST-segment 

elevation or 

depression in > 1 lead 

for at least 1 minute. 

5/12 (42%) NA 

Meune 200313 Systematic in IVF patients 

Ergonovine 

administered at 

0.05, 0.1 and 0.25 

mg at 3 min 

interval 

>75% narrowing with 

chest pain and > 2 mm 

ST-segment elevation 

in > 2 consecutive 

leads 

3/25 (12%) NA 

Family screening      

Herman 20161 
Discretionary. Performed in 65/200 

(33%) of UCA probands. 
NA NA 

14/85 (16%) 

85 family 

members 

NA 

Jimenez-Jaimez 

20152 

Systematic after CMR and provocative 

testing. Performed in 28/35 (80%) of 

UCA probands 

ECG with 

provocative 

testing if 

borderline results 

and Echo  

NA NA 

4/28 (14%) 

3 BrS and 1 

LQTS. All 

based on 

provocative 

testing. Only 1 

supported by 

genetic testing 
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Cunningham 20209 
Discretionary. Performed in 26/42 

(62%) of UCA probands. 
NA NA 6/26 (23%) NA 

Stepien-Wojno 

20185 

Systematic. Performed in 32/44 (73%) 

of UCA probands. 
ECG and Echo NA 

7/91 (8%) 

91 family 

members 

NA 

 Combined reference list attached to Supplementary Table S3. Data presented as number (percentages) unless otherwise specified. 

SCB: sodium channel blocker challenge, UCA: unexplained cardiac arrest, ETT: exercise treadmill test, BrS: Brugada syndrome, 

LQTS: long QT syndrome, CPVT: catecholaminergic polymorphic ventricular tachycardia, Epi: Epinephrine challenge test CMR: 

cardiac MRI. Echo: Echocardiogram. 
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Supplementary Table 3: Summary of studies examining the yield of genetic testing 

Study ID Protocol Description of the test 
Definition of 

actionable variants 

Proportion of 

patients with an 

actionable variant  

Proportion of 

clinical 

diagnosis 

Herman 20161 
(not included in the 

meta-analysis shown 

in Figure S4 due to 
overlap with Grondin 

2019) 

Discretionary after clinical testing was 

complete. Performed in 158/200 (79%) of 

UCA probands. 

Direct sanger sequences 

and NGS of single and 

multiple gene panels. 

NA 

13/158 (8.2%) 

LQTS=2 

CPVT=2 

ARVC=7 

SCN5A=2 

18/158 

(11.4%) 

Jimenez-Jaimez 

20152 

Patients with no phenotype identified on 

tests. Performed in 24/35 (67%) of UCA 

probands. 

NGS of 126 genes. NA NA 

5/24 (20.8%) 

4 CPVT 

1 SQTS 

Waldman 20183 
Discretionary. Performed in 13/88 (15%) 

of UCA probands. 
NA NA NA 0/13 (0%) 

Cunningham 20209 
Discretionary. Performed in 33/42 (79%) 

of UCA probands. 
NA 

P/LP by 2015 

ACMG 

classification 

13/33 (39.4%) 

LQTS=3 

CPVT=5 

DCM=2 

ARVC=1 

Other=1 

13/33 (39.4%) 

Stepien-Wojno 

20185 

Systematic. Performed in 31/44 (70%) of 

UCA probands. 
NGS of 53 genes 

P/LP by 2015 

ACMG 

classification 

2/31 (6.5%) 

2 FLNC  
0/31 (0%) 
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Mellor 201714  
(not included in the 

meta-analysis shown 
in Figure S4 due to 

overlap with Grondin 

2019) 

Discretionary after clinical testing was 

complete. Performed in 174/375 (46%) of 

UCA probands. 

Direct sanger sequences 

and NGS of single and 

multiple gene panels. 

P/LP by 2015 

ACMG 

classification 

29/174 (16.7%) 

LQTS=9 

CPVT=2 

ARVC=8 

SCN5A=6 

DCM=3 

HCM=1 

NA 

Asatryan 201815  Systematic. UCA probands NGS of 190 genes 

P/LP by 2015 

ACMG 

classification 

7/31 (22.6%) P/LP 

> change to: 

18/51 

NA 

Boo 201916 Not defined NGS of 174 genes 

P/LP by 2015 

ACMG 

classification 

42/78 (53.8%) 

LQTS=3 

SCN5A=7 

ARVC=18 

HCM=7 

DCM=6 

CACNA1C=1 

NA 

Giudicessi 201817 Not defined NGS of 32 genes 

P/LP by 2015 

ACMG 

classification 

7/57 (12.3%)  

Cardiomyopathy= 

6 

Channelopathy=1 

 

NA 

Leinonen 201818 

Systematic in UCA probands with 

negative phenotype despite extensive 

work-up 

NGS of a mixture of 

100 and 21 gene panels 
NA 

7/76 (9.2%) 

CPVT=5 

ARVC=1 

CACNA1C=1 

NA 
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Mazzanti 201819 

Systematic in UCA probands with no 

KCNQ1, KCNH2, SCN5A and RYR2 

mutations. 

NGS of 50 gene NA 

3/30 (10%) 

ARVC=2 

TRDN=1 

NA 

Probst 201520 UCA NGS of 163 genes 
Putative mutation 

(not defined) 

35/75 (46.7%) 

 
NA 

Visser 201721 

Systematic in UCA probands with 

negative phenotype despite extensive 

work-up 

NGS of 33 genes 

followed by 179 genes 

if negative 

 (33 patients underwent 

179 genes) 

Variants with a 

minor allele 

frequency of 

<0.05% were 

assessed for 

pathogenicity by 

using existing 

mutation databases 

and in silico 

predictive 

algorithms. 

13/74 (17.6%)  

LQTS=1 

 CPVT=3 

 ARVC=4 

 DPP6=3 

 HCM=1 

DCM=1 

NA 

Grondin 201922  Systematic in UCA probands NGS of 60 genes 

P/LP by 2015 

ACMG 

classification 

30/234 (12.8%) NA 

Data presented as numbers (percentages). UCA: unexplained cardiac arrest, NGS: next generation sequencing, LQTS: long QT 

syndrome, CPVT: catecholaminergic polymorphic ventricular tachycardia, ARVC: arrhythmogenic right ventricular cardiomyopathy, 

SQTS: Short QT syndrome, P:pathogenic variant, LP: likely pathogenic variant, ACMG: American College of Medical Genetics and 

Genomics, DCM: dilated cardiomyopathy, HCM: hypertrophic cardiomyopathy, IVF: idiopathic ventricular fibrillation. 
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Supplementary Figure 1: Search strategy 



60 
 

  

 

Supplementary Figure 2: Flow diagram for literature search  
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Supplementary Figure 3: Forest plots from subgroup analyses of the yield of sodium-channel blocker challenge. (A) Systematic versus 

discretionary use. (B) Procainamide versus Flecainide versus Ajmaline.  
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Supplementary Figure 4: Forest plots from subgroup analyses of the yield of genetic testing in detecting actionable variants (broad vs 

limited panel) 
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Supplementary Figure 5: Forest plots from subgroup analyses of the prevalence of channelopathies after comprehensive diagnostic 

testing. (A) prevalence of channelopathies in studies reflecting referral centers’ setting versus “real-world” setting. (B) prevalence of 

channelopathies in studies with high versus low CMR use, defined as > 50% and < 50%, respectively. CMR: cardiac MRI 
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Supplementary Figure 6: A summary assessment of risk of bias for all studies included 
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Supplementary Figure 7: The funnel plot of studies that reported the yield of comprehensive diagnostic testing  
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CHAPTER 4: THE PREVALENCE, CHARACTERISTICS AND PREDICTORS FOR 

ARRHYTHMIC MITRAL VALVE PROLAPSE: A REPORT FROM THE CASPER 

REGISTRY 

 

The objective was to determine the prevalence, characteristics and predictors of AMVP, defined 

as MVP at risk for cardiac arrest. The proposed criteria in chapter 2 were used to test the 

association between MVP and IVF. 
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Abstract 

 

Background: There is growing evidence that mitral valve prolapse (MVP) is associated with 

unexplained cardiac arrest (UCA). However, features distinguishing MVP patients at risk are 

lacking. 

Objectives: To report the prevalence and characteristics of MVP patients who had UCA, and 

compare those with and without an alternative diagnosis.   

Method: This was a retrospective cohort study utilizing data from CASPER registry which 

included patients with UCA, defined as cardiac arrest with no obstructive coronary artery 

disease, preserved left ventricular ejection fraction (> 50%) and no apparent explanation on 

baseline electrocardiogram (ECG). A comprehensive standardized evaluation was performed, 

and patients were diagnosed with idiopathic ventricular fibrillation (IVF) if no cause was found. 

Echocardiography reports were systematically reviewed for MVP. Probable MVP was defined as 

“borderline/probable” prolapse and definite MVP was defined as “> mild” prolapse. Patients 

with MVP were divided into 2 groups: those with IVF (Arrhythmic MVP, AMVP) and those 

with an alternative diagnosis for cardiac arrest (MVP+). Patient characteristics were compared 

between the 2 groups. The long-term outcomes of AMVP were reported and compared with IVF 

patients without MVP. 

Results: Among 571 with UCA, 34 patients had MVP. The prevalence of definite MVP was 

significantly higher in patients with IVF than those with an alternative diagnosis [23/365 (6.3%) 

vs 5/206 (2.4%), P=0.045]. Bileaflet prolapse and family history (FHx) of sudden cardiac death 

(SCD) were more prevalent in AMVP, as compared with MVP+ [16/23 (70%) vs 3/10 (30%), 

P=0.0346] and [5/20 (25%) vs 0/9 (0%), P=0.099)], respectively. Higher proportion of AMVP 

patients received appropriate implantable cardiovertor-defibrillator therapies, as compared IVF 

patients without MVP [4/19 (21.1%) vs 28/268 (10.5%), P=0.156]. 

Conclusion: MVP appears to be associated with IVF. Bileaflet prolapse and FHx of SCD are 

more commonly seen in AMVP, as compared with MVP+. Further studies need to test the use of 

these features to identify AMVP in the general population. 
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Introduction: 

Mitral valve prolapse (MVP) is a common valvular disease with a prevalence in the general 

population of 2.4%.1 While most adverse cardiovascular outcomes in MVP are related to 

progressive mitral regurgitation (MR), sudden cardiac death (SCD) has been reported in patients 

without significant MR.2 This has led to the interest in identifying the subset of patients with 

MVP who are at risk for malignant arrhythmic outcomes (i.e. Arrhythmic Mitral Valve Prolapse, 

AMVP). 

 

To do so, Sriram et al3 examined the prevalence and characteristics of MVP patients who 

survived cardiac arrest with no cause identified despite extensive evaluation (i.e. idiopathic 

ventricular fibrillation, IVF). This was the only study that examined the prevalence MVP in IVF 

and reported a substantially higher prevalence than the general population [42% (10/24)], 

suggesting an association between MVP and IVF. However, this was a single center study with 

small numbers and probably referral bias. In addition, while they described the common 

characteristics of these patients, which were later confirmed in an international collaborative 

study by Hourdain et al4, no comparison was made between MVP patients with and without an 

alternative explanation for cardiac arrest. This is important to help distinguish characteristics that 

are specific to AMVP from those that are common in all MVP patients. Defining those 

characteristics will facilitate identifying patients with MVP who are at risk for malignant 

arrhythmias (i.e. AMVP) to institute primary prevention therapies such as implantable 

cardiovertor-defibrillator (ICDs). 
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As such, we sought to report the prevalence and characteristics of MVP patients in our national 

registry of unexplained cardiac arrest (UCA) and compare the characteristics of those with and 

without an alternative explanation for cardiac arrest.        

 

Method: 

 

Study population: 

This study used data from the Cardiac Arrest Survivors with Preserved Ejection Fraction 

Registry (CASPER). Details of CASPER has been previously reported.5 Briefly, CASPER is a 

national registry of UCA, defined as cardiac arrest with no obstructive coronary artery disease, 

preserved left ventricular ejection fraction (> 50%) and no apparent explanation on baseline 

electrocardiogram (ECG). Enrollment started in 2004 with 4 centers and expanded to 20 centers 

that represent most centers that manage patients with UCA in Canada. Patients received standard 

testing to identify the cause of cardiac arrest including provocative testing, advanced imaging 

and genetic testing (Supplementary figure 1). Patient’s characteristics, testing reports and follow-

up data were prospectively captured in a secured database. Baseline and follow-up ECGs, 

exercise treadmill test (ETT) ECGs and Holter strips were retrospectively reviewed, when 

available, by experienced readers who were blinded to clinical data and basic pre-specified 

parameters were collected and entered in the database.  

 

IVF: 
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Patients with no cause identified were diagnosed with IVF. For the purpose of this study, patients 

who had MVP with no alternative cause for cardiac arrest were included in this group and then 

described separately.  

 

MVP: 

All echocardiography (Echo) reports of patients enrolled in CASPER were screened for the 

presence of MVP. Probable MVP was defined as “borderline” or “probable” prolapse and 

definite MVP was defined as “> mild” prolapse. All patients were included, and a sensitivity 

analysis was then performed excluding patients with probable prolapse. Patients with MVP were 

categorized into 2 groups: MVP with an alternative diagnosis for cardiac arrest (MVP+) and 

MVP without an alternative diagnosis (i.e. AMVP: IVF patients with MVP). Echo and cardiac 

magnetic resonance (CMR) reports were reviewed to collect data such as location of prolapse, 

severity of MR and presence of late gadolinium enhancement (LGE). All available ECGs 

including ETT and Holter were reviewed by authors and data that was not captured by the pre-

specified parameters included in the database was then added (T-wave inversion (TWI) in 

inferior leads, premature ventricular contraction (PVC) morphology, timing of PVCs during ETT 

and PVC burden on Holter).  

 

Diagnostic strength of the cause of cardiac arrest: 

All causes of cardiac arrest were categorized into possible, probable or definite diagnoses based 

on the certainty of the diagnosis, using established criteria when available (e.g. task force criteria 

for ARVC and Schawrtz score for LQTS). The full list of criteria was previously published 
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(Supplementary table 1). The cause of cardiac arrest was reviewed and updated at each follow-up 

visit. The strength of IVF diagnosis was also categorized into possible, probable or definite 

depending on the completeness of evaluation (i.e. probability of missing an alternative 

diagnosis), as recently proposed by our group (Supplementary figure 2). The strength of 

diagnosis was used to perform sensitivity analyses.  

 

Follow-up 

Patients were followed at each enrolling site, according to clinical standards. Follow-up data 

including appropriate Implantable Cardioverter-Defibrillator (ICD) therapies [shocks or anti-

tachycardia pacing (ATP)] and death were recorded and uploaded in the database. Available ICD 

tracings were reviewed by authors and were described.  

 

Statistical analysis: 

Continuous variables were presented as mean (+ standard deviation) or median (interquartile 

range). Categorical variables were presented as absolute numbers (percentages). Student t-tests, 

Wilcoxon Rank-sum test, chi square tests, or Fisher’s exact tests were used when appropriate to 

analyze data. A two-tailed p-value of <0.05 was considered significant for all comparisons. 

Kaplan-Meier survival curves for freedom from appropriate ICD therapies were generated and 

compared statistically using log-rank test. Analyses were performed using SAS (version 9.4, 

The SAS institute, USA) 
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Results: 

 

Overall cohort: 

A total of 571 patients with UCA were included. Of those, 34 patients (6%) had MVP. In total, 

206 patients were eventually found to have a diagnosis, rendering the yield of comprehensive 

evaluation of UCA to be 36.1% (206/571). This yield was not different between patients with or 

without MVP [10/34 (29.4%) vs 196/537 (36.5%), P=0.404]. 

 

IVF patients: 

Table 1 summarizes the characteristics of patients with IVF and compare those with MVP (i.e. 

AMVP) versus those without MVP. The prevalence of MVP in IVF patients was found to be 

6.6% [ (24/365), 95% CI 4.5%-9.6%] which was not different when only patients with complete 

evaluation (i.e. definite IVF) were included (8/119, 6.7%). 

The prevalence of MVP in IVF patients was higher but not statistically different than its 

prevalence in UCA patients who were eventually found to have an alternative cause for the 

cardiac arrest after evaluation [ 24/365 (6.6%) vs 10/206 (4.9%), P=0.404]. However, a 

sensitivity analysis including only patients with definite MVP showed significantly higher 

prevalence of MVP in IVF patients, as compared to those with an alternative diagnosis [23/365 

(6.3%) vs 5/206 (2.4%), P=0.045]. 

The clinical and electrical characteristics of IVF patients with (i.e. AMVP) and without MVP 

were comparable, except for the significantly higher proportion of females in AMVP [16/24 
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(66.7%) vs 118/341 (34.6%), P=0.002]. Figure 1 depicts the prevalence of MVP in IVF and 

patients who were diagnosed. 

 

MVP patients: 

Table 2 shows the characteristics of AMVP, as compared to MVP patients with an alternative 

diagnosis for cardiac arrest (i.e. MVP+). Patients with AMVP had similar age and a comparable 

proportion of females. There were significantly more bileaflet prolapse in AMVP, as compared 

to MVP+ [16/23 (70%) vs 3/10 (30%), P=0.0346] without a significant difference in the severity 

of MR. Family history of SCD was seen more frequently in the AMVP than MVP+ group, albeit 

not statistically significant [5/20 (25%) vs 0/9 (0%), P=0.099). These observations remained the 

same with sensitivity analyses (when including only patients with definite alternative diagnoses 

and when including only patients with definite MVP), with the exception of family history of 

SCD, where no patients had a family history of SCD with a definite alternative diagnosis. 

 

A detailed description of the evaluation and the final diagnosis of all patients with MVP included 

in the study is available in table 3. Notably, all patients with reported PVCs during ETT who had 

available tracings to determine PVC morphology had a morphology compatible with papillary 

muscle PVCs. Also, 2 patients (2/7, 28.6%) with available PVC burden on Holter had frequent 

PVCs (defined as > 5%).6 The first patient had AMVP with a burden of 10% (ID: 7171) and the 

other patient had possible CPVT with a burden of 12% (ID: 5859).  

 



76 
 

Follow-up: 

A total of 287 patients with IVF had available follow-up data [19 with MVP (i.e. AMVP) and 

268 without MVP]. The median follow-up was 56 months (IQR 26-96 months) with no 

significant difference between those with or without MVP (42 vs 57 months, P=0.299). Higher 

proportion of patients with MVP received appropriate ICD therapies as compared those without 

MVP, albeit not statistically significant [4/19 (21.1%) vs 28/268 (10.5%), P=0.156]. 

Consequently, the rate of ICD therapies was numerically higher in the MVP groups (0.3% per 

year vs 0.17% per year, respectively). Time to first appropriate ICD therapy is shown in the 

Kaplan Meier curves (Figure 2), demonstrating no statistically significant difference in freedom 

from appropriate ICD therapy between the two groups (Log rank P=0.657).  One patient died at 

40 months post arrest (ID:6969, IVF with no MVP and no history of appropriate ICD therapy). 

 

Among AMVP patients, there were no differences in the characteristics of those who 

subsequently had an appropriate ICD therapy, except for a higher proportion of cardiac arrest 

during exercise [(2/4 (50%) vs 1/13 (7.7%), P=0.052)].  

 

Discussion: 

Our study described the prevalence and characteristics of MVP in a large cohort of patients with 

UCA. We observed 2 distinct phenotypes of MVP; one of which was associated with IVF (i.e. 

AMVP) and the other was likely an innocent bystander. We compared these 2 phenotypes and 

provided features that can potentially help distinguish AMVP patients from the large number of 

patients with MVP in the general population.    
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The prevalence of MVP in patients with IVF in our study was found to be 6.6%, which 

significantly lower than the 41% reported by Sriram et al, despite the similar evaluation.3 This is 

likely related to the large sample size and the less potential for selection bias in our multicenter, 

national registry. In line with our results, Basso et al7 reported the prevalence of MVP in a large 

registry of unexplained SCD to be 7% and Nalliah et al2 meta-analyzed 18 studies the examined 

the prevalence of MVP in an otherwise unexplained SCD and found it to be 11.7%. The over-

representation of MVP in patients with IVF, as compared to the general population, suggested an 

association between MVP and cardiac SCD, however, no previous study has shown this 

association. We found that the prevalence of definite MVP is significantly associated with IVF 

[23/364 (6.3%) vs 5/20 (2.5%), P=0.045], confirming the clinical observation that AMVP is 

likely a potential cause of IVF, not withstanding that association does not necessarily mean 

causation and more evidence is needed to prove causation. 

 

Another important finding from our study is the yield of comprehensive evaluation of patients 

with MVP, which was not different than patients without MVP.  This highlight the point that 

MVP should not be assumed to be the cause of cardiac arrest until proper evaluation is done to 

role out alternative causes, given the lack of features that distinguish AMVP from “bystander” 

MVP. While we can not rule out the contribution of MVP in cardiac arrest for patients who 

eventually were found to have an alternative diagnosis, the similar prevalence of MVP in these 

patients, as compared to the general population strongly suggest that MVP is indeed an innocent 

bystander.  
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Features that distinguish AMVP from MVP in general is not only important in deciding who 

would benefit from a comprehensive evaluation with UCA buy also, and more importantly, to 

identify AMVP patients prior to their cardiac arrest to institute primary prevention therapies such 

as ICD. The common phenotype of AMVP patients with female predominance, bileaflet 

prolapse, frequent complex ventricular arrythmias and inferior TWIs on ECG has been well 

described and is confirmed in our study. However, it was unclear from previous studies whether 

any or all of these features are common in MVP in general or specific to the subset of patients 

with AMVP. For example, the proportion of females in all case series of AMVP have been 

reported to be high but this is likely due to the fact that MVP, in general, is more common in 

females as shown in the large community-based cohort study and confirmed in ours.1 As such, 

one should not use female gender as a feature to identify AMVP patients among MVP in general. 

In contrast, we showed for the first time that bileaflet prolapse is significantly associated with 

AMVP, which provides evidence supporting the clinical observation that bileaflet prolapse 

appears to distinguish the subset of patients with AMVP. We could not test other proposed 

features such ventricular arrhythmias, TWI and LGE in the current study given low numbers and 

the confounding effect of the underlying alternative cause of cardiac arrest (e.g. ventricular 

arrhythmias seen in patients with definite cardiomypathies and MVP bias the association toward 

the null). We did find however a new potentially promising feature which is family history of 

SCD that appears to be more prevalent in AMVP.  

 

The novel finding of the differential prevalence of family history of SCD between MVP patients 

with and without an alternative cause for cardiac arrest is interesting and warrants a closer look. 
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Delling et al8 reported the prevalence of family history of MVP in a large cohort of patients and 

found it to be 20.4%. This is interesting as it is similar to the prevalence of family history of 

SCD in our cohort of AMVP patients. Moreover, the international collaboration study that 

reported the characteristics of 42 patients with AMVP from 9 centers also reported a familial 

MVP of 14% and a prevalence of family history of SCD of 19%. The consistent finding of the 

high prevalence of family history of SCD and our finding of no family history of SCD in MVP 

patients with an alternative diagnosis suggest that this might be a feature that can distinguish the 

2 phenotypes. One would not expect this high prevalence of family history of SCD in the general 

population with MVP. Clearly, however, future studies will need to confirm this observation and 

identify genetic determinants.  

 

The long-term outcomes of AMVP patients showed that a significant proportion had recurrent 

ventricular arrhythmias (VAs) requiring ICD therapies. This calls for instituting preventative 

therapies to prevent VAs. However, while multiple therapies have been shown to reduce the risk 

of VAs in patients with AMVP such as catheter ablation and mitral repair, these are invasive 

procedures and will require further testing before their use for this indication.9-11 The only 

predictor of recurrent ICD therapies in our study was the cardiac arrest with exercise, and the 

clinical significance of that will need to be explored in later studies.  

 

Our study has several limitations. First, it is possible that there are cases with AMVP and cardiac 

arrest that were not included in the registry, given the potential explanation for their arrest on 

baseline Echo. However, the recognition of this condition as a cause of UCA is only recent and 
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we did not see any drop in enrolment of patients with MVP since its description [the median 

(IQR) date of enrolment/arrest in the overall cohort in patients with or without MVP: 2014 

(2011-2016) and 2012 (2008-2015), respectively]. Second, there was no core lab to diagnose 

MVP on Echo, which can lead to over or under diagnosis. We are in the process of performing 

blinded reviews of these Echos to adjudicate the presence of MVP. In addition, for the current 

analysis, we performed a sensitivity analysis for questionable diagnoses (i.e. probable MVP) and 

reported results separately. Third, it is possible that MVP was the cause or, at least, a contributor 

to the cardiac arrest in patients who were found to have an alternative diagnosis. However, we 

performed sensitivity analyses including only definite diagnoses, based on our strict pre-

specified criteria which showed similar results. It would be unlikely that a patient will have 2 

causes of cardiac arrest especially given how rare these cause are in the general population. Also, 

one should expect MVP to be present in patients who had cardiac arrest for different reasons 

with a similar prevalence to the MVP in the general population, which was we precisely found in 

our study; albeit in a sensitivity analysis of definite MVP. This will be confirmed with blindly 

reviwing all Echos. Last, only bileaflet prolapse was statistically significantly different between 

AMVP and MVP+. However, once echos are reviewed, we are expecting to find multiple other 

echo parameters from our pre-specified list (supplementary Figure 3) to distinguish AMVP.  

 

Conclusion: 

MVP is not an uncommon finding in patients with UCA. Care should be taken before assigning 

the cause of cardiac arrest to MVP without careful evaluation to rule out alternative diagnoses. 

Some features appear to be more prevalent in patients with AMVP than patients with MVP+ 

such as bileaflet prolapse and family history of SCD. These need to be examined in future 
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studies and can potentially be used to identify patients with MVP who are at risk for malignant 

for arrhythmias in the general population.  
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 Table 1: Characteristics of patients with idiopathic ventricular fibrillation (IVF): 

 IVF (n= 365) AMVP (n=24) No MVP (n=341) P value 

Age (years) 42 (31-52) 43.5 (35.5-49) 42 (31-53) 0.968 

Gender (female) 134 (36.7%) 16 (66.7%) 118 (34.6%) 0.002 

Ethnicity (white) 284 (77.8%) 18 (75%) 266 (78%) 0.795 

Circumstance of death (exercise) 40/221 (18.1%) 3/17 (17.7%) 37/204 (18.1%) 0.96 

Date of arrest (year) 2013 (2009-2016) 2014 (2011-2017) 2013 (2009-2016) 0.139 

CMR performed  279 (77.3%) 20 (83.3%) 259 (76.9%) 0.584 

ETT performed 247 (68%) 15 (62.5%) 232 (68.4%) 0.206 

Procainamide performed 192 (52.6%) 12 (50%) 180 (52.8%) 0.957 

FHx of SCD 60/333 (18%) 5/20 (25%) 55/313 (17.6%) 0.402 

ER on ECG 40/271 (14.8%) 4/19 (21.1%) 36/252 (14.3%) 0.423 

QTc (ms) 421 (404-446) 423 (413-460) 421 (403-444) 0.445 

TWI limb leads* 50 (13.7%) 5 (20.8%) 45 (13.2%) 0.293 

fQRS duration (ms) 113 (105-121) 111.5 (106-119) 113 (105-121) 0.493 

Duration of terminal 40 ms (ms)  34 (27-40) 37.5 (33-45) 33 (26-40) 0.13 

RMS voltage of terminal 40 ms (µV)  31 (19-47) 25.5 (18-29) 31 (19-48) 0.121 

Data presented as median (IQR) or numbers (percentages). * includes all limb leads. CMR: cardiac magnetic resonance, ETT: exercise treadmill test, 

FHx: family history, SCD: sudden cardiac death, ER: early repolarization pattern on ECG, QTc: corrected QT interval, TW: T-wave inversion, 

fQRS: filtered QRS, RMS: root mean square  
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Table 2: Characteristics of patients with mitral valve prolapse (MVP):   

 MVP (n=34) AMVP (n=24) MVP+ (n=10) P value 

Age (years) 41 (33-49) 43.5 (35.5-49) 35 (26-49) 0.369 

Gender (female) 22 (64.7%) 16 (66.7%) 6 (60%) 0.712 

Ethnicity (white) 26 (76.5%) 18 (75%) 8 (80%) 0.754 

Circumstance of death (exercise) 3/23 (13%) 3/17 (17.1%) 0/6 (0%) 0.27 

Date of arrest (year) 2014 (2011-2016) 2014 (2011-2017) 2012 (2006-2014) 0.071 

FHx of SCD 5/29 (17.2%) 5/20 (25%) 0/9 (0%) 0.099 

Prolapse location (bileaflet) 19/33 (57.6%) 16/23 (69.6%) 3/10 (30%) 0.0346 

MR severity (mild) 24/33 (72.7%) 16 (69.6%) 8 (80%) 0.536 

LGE on CMR 4/19 (21.1%) 3/13 (23.1%) 1/6 (16.7%) 0.750 

ER on ECG 5/29 (17.2%) 4/19 (21.1%) 1/10 (10%) 0.454 

QTc (ms) 430 (414-462) 423 (412-460) 447 (420-462) 0.529 

TWI inferior leads 24/33 (72.7%) 18/23 (78.3%) 6/10 (60%) 0.279 

fQRS duration (ms) 113 (106-120) 111.5 (106-119) 118 (105-131) 0.321 

Duration of terminal 40 ms (ms)  43 (36.5-46) 37.5 (33-45) 52.5 (42-79) 0.051 

RMS voltage of terminal 40 ms (µV)  18 (16-26) 25.5 (18-29) 16 (11-23) 0.047 

PVC on ETT 7/11 (63.6%) 4/7 (57.1%) 2/4 (50%) 0.819 

PVC on monitoring 10/16 (62.5%) 5/10 (50%) 5/6 (83%) 0.182 

Frequent PVCs on monitoring 4/7 (57.1%) 3/5 (60%) 1/2 (50%) 0.809 

Data presented as median (IQR) or numbers (percentages). FHx: family history, SCD: sudden cardiac death, MR: mitral regurgitation, LGE late 

gadolinium enhancement, CMR: cardiac magnetic resonance, ER: early repolarization pattern, QTc: corrected QT interval, TWI: T-wave inversion, 

fQRS: filtered QRS, PVC: premature ventricular contraction, ETT: exercise treadmill test.   
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Table 3: detailed description of the evaluation and the final diagnosis of all patients with MVP: 

ID Demo. Dx Strength 

of Dx 

CMR ETT Echo Monitoring 

AMVP 

267 51 M IVF Probable No comment on 

LGE 

Borderline. PVCs with 

exercise reported. 

Bileaflet prolapse. +3 

MR 

NA 

468 41 M  IVF Definite  Mid-anterolateral 

wall LGE. 

Normal. Mild prolapse. +1 MR NA 

1626 57 F  

Arrest with 

Exercise 

IVF Definite  No LGE PVCs increased with 

exercise. Single 

morphology: RBB-like, 

superior axis and transition 

in V3 

Bileaflet prolapse with 

moderate to severe MR 

2 Holters. Max. PVC 

burden: 7.4%, fastest 

NSVT: 294 b/min 

for 9 beats.  

4003 33 M IVF Probable No LGE Reported PMVT arrest in 

recovery requiring shock. 

No chest pain.  

Bileaflet prolapse. Mild 

prolapse with mild MR. 

NA 

4015 34 F  

Arrest with 

mild activity  

IVF Definite  No comment on 

LGE 

Normal. No PVCs. Mild prolapse with mild 

MR. Location not 

reported. 

NA 

4258 51 M  IVF Possible No LGE NA Severe MR. NA 

4380 47 M Arrest 

with exercise 

IVF Definite  No LGE Multi-focal PVCs reported, 

including triplets. 

Bileaflet prolapse. Mild 

prolapse with mild MR. 

NA 

4622 45 F  IVF Definite  Small area of LV 

subendocardial 

fibrosis in basal and 

mid anterior wall. 

Normal segmental 

and global function. 

Performed. No report 

available. 

Anterior prolapse. Mild 

MR 

NA 

5288 45 F 

Arrest with 

mild activity 

IVF Probable NA NA Bileaflet prolapse. Mild 

prolapse. Moderate MR 

1 Holter. PVC 

burden: 5%, 

(multifocal PVCs) 

fastest NSVT 195 

b/min for 4 neats.  

5804 43 F  

Arrest at rest 

IVF Definite  No comment on 

LGE 

No PVCs Bileaflet prolapse. Severe 

MR. 

1 Holter: PVC 

burden 1.1%. No 

NSVT. 
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6171 29 M  

Arrest at rest 

IVF Probable No LGE NA Bileaflet prolapse. 

Moderate MR 

NSVT on ICD 

6173 51 M  

Arrest at rest 

IVF Possible Transmural LGE of 

apical inferior wall. 

Ischemic changes reported. Posterior prolapse. 

Severe MR 

NA 

6327 45 M  

Arrest at rest  

IVF Possible No comment on 

LGE 

Normal. No PVCs Posterior prolapse. Mild 

to moderate MR 

NA 

6362 32 F  

Arrest with 

mild activity 

IVF NA Performed. No LGE Performed. Reported to 

have PVCs with exercise 

(up-to couplets). 

Bileaflet prolapse.  Mild 

MR. 

NA 

6429 41 F  

Arrest at rest 

IVF Definite  NA NA Posterior prolapse. Mild 

to moderate MR 

NA 

6446 17 F  IVF Definite  NA NA Bileaflet prolapse. 

Moderate MR 

NA 

7154 44 F  

Arrest with 

mild activity 

IVF Probable No LGE NA Posterior prolapse. Mild 

MR 

NA 

7171 52 F  

Arrest with 

exercise 

IVF Probable NA Performed Bileaflet prolapse. Mild 

MR 

1 Holter: PVC 

burden:10%, fastest 

NSVT: 156 b/min 

for 4 beats 

7248 41 F  

Arrest during 

an argument 

IVF Possible No comment on 

LGE 

Performed. Unifocal 

frequent PVCs during 

exercise from report. No 

strips 

Bileaflet prolapse. Mild 

MR. Borderline prolapse 

yes 

7967 37 F  

Arrest at rest 

IVF Definite  No comment on 

LGE  

NA Bileaflet prolapse. Mild 

MR 

NA 

8124 41 F  

Arrest at rest 

IVF Definite  No LGE PVCs in recovery, RBB-

like, superior axis, V5 

transition. 

Bileaflet prolapse. Mild 

MR 

1 Holter: PVC 

burden: <1% 

8278 54 F  

Arrest with 

mild activity 

IVF Definite  No comment on 

LGE  

NA Bileaflet prolapse. Mild 

MR 

NA 

8777 46 F  

Arrest at rest 

IVF Definite  No LGE Performed. Single PVCs, 

mainly in recovery, RBB-

like, superior axis, V3 

transition 

Bileaflet prolapse. Mild 

MR 

NA 
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8933 19 F IVF NA No LGE NA Bileaflet prolapse. Mild 

MR 

NA 

MVP+ 

181 32 F DCM 
(LMNA) 

Definite  NA PVCs with exercise 

reported.  

Borderline prolapse. 

Location and severity not 

reported 

1 Holter: Reported 

PVCs and NSVT 

1469 55M  

Arrest at rest 

spasm Probable NA NA Posterior prolapse. Mild 

prolapse with +1 MR. 

1 Holter: Reported 

PVCs 

3050 35 F  

Arrest with 

mild activity 

ARVC Possible No LGE.RV RWMA Resting PVCs. Anterior prolapse. Trivial 

MR. Borderline prolapse 

1 Holter. PVC 

burden: 2% (2 close 

morphologies). No 

NSVT 

4011 26 M  BrS Definite  No comment on 

LGE 

PVCs reported. Anterior prolapse with 

mild MR. Borderline 

prolapse 

NA 

4265 55 M  

Arrest with 

mild activity 

Sarcoid 
(Biopsy) 

Definite  Mild RV 

dysfunction. No 

comment on LGE 

Multi-focal PVCs reported. Anterior prolapse. Mild 

to moderate MR. 

Borderline prolapse 

NA 

5344 40 F  LQTS Probable No comment on 

LGE 

PVCs started in recovery, 

single morphology: RBB-

like, inferior axis, V6 

transition. 

Posterior prolapse. Mild 

MR. 

NA 

5720 49 F  

Arrest at rest 

LQTS Definite  No LGE  No PVCs Posterior prolapse. mild 

MR. 

NA 

5859 17 M  CPVT Possible No LGE Performed. No available 

tracings. 

Bileaflet prolapse. Trace 

MR 

1 Holter. PVC 

burden:12.4%, 20 

beats NSVT (rate: 

NA) 

6166 25 F  

Arrest with 

mild activity 

LQTS Possible No LGE Single PVC at stage 4: 

RBB-like and inferior axis 

Posterior prolapse. Mild 

prolapse with mild MR. 

3 Holters. no PVCs 

7355 Arrest with 

mild activity 

UCM Definite  Patchy subepicardial 

LGE in the mid 

inferolateral, inferior 

and anterolateral 

segments.  

NA Bileaflet prolapse. Mild 

MR 

NA 
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AMVP: arrhythmic mitral valve prolapse (MVP+IVF), MVP+: MVP with an alternative diagnosis for cardiac arrest. Demo.: demographics, Dx: 

diagnosis, M:male, IVF: idiopathic ventricular fibrillation, NA: non-available, LGE: late gadolinium enhancement, PVC: premature ventricular 

contraction, MR: mitral regurgitation, RBBB: right bundle branch block, NSVT: non-sustain ventricular tachycardia, DCM: dilated cardiomyopathy, 

LMNA: Lamin, ARVC: arrhythmic right ventricular cardiomyopathy, BrS: Brugada syndrome, LQTS: Long QT syndrome, CPVT: 

Catecholaminergic polymorphic ventricular tachycardia, UCM: unclassified cardiomyopathy 
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Figure1: The prevalence of mitral valve prolapse in patients with unexplained cardiac arrest 

(UCA). IVF: idiopathic ventricular fibrillation, MVP: mitral valve prolapse. * Only definite 

MVP were included. 
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Figure 2: Survival free from appropriate ICD therapies for idiopathic ventricular fibrillation 

patients with and without mitral valve prolapse. MVP: mitral valve prolapse, ICD: implantable-

cardioverter defibrillator.   
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Supplementary table 1: Pre-specified diagnostic criteria 

 Strength = Definite Strength = Probable Strength = Possible 

LQTS 

LQTS risk score≥3.5 in the 

absence of a secondary cause 

for QT prolongation 

and/or 

Unequivocally pathogenic 

variant in one of the LQTS 

genes 

and/or 

QTc≥500ms in repeated 12-

lead electrocardiogram (ECG) 

in the absence of a secondary 

cause for QT prolongation 

QTc between 480 and 499 ms 

in repeated 12-lead ECGs in a 

patient with unexplained 

syncope in the absence of a 

secondary cause for QT 

prolongation and in the 

absence of a pathogenic 

variant 

LQTS risk score 2.0-3.5 in the 

presence of a family history of 

definite LQTS that is genotype 

negative or when genetic 

testing has not been performed  

BrS 

ST elevation with type 1 

morphology ≥2mm in ≥1 of 

the right precordial leads V1-

V2 positioned in the 4th, 3rd or 

2nd intercostal spaces, either 

spontaneously or after 

provocative drug test with IV 

class 1 drugs 

Unequivocal pathogenic 

variant in SCN5A leading to 

decreased Nav1.5 function in 

presence of family history of 

definite BrS or in the context 

of a molecular autopsy 

ST elevation with type 2 

morphology and provocative 

testing has not been performed 

in presence of family history 

of definite BrS 
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CPVT 

Structurally normal heart, 

normal ECG, and unexplained 

exercise or catecholamine-

induced bidirectional VT or 

polymorphic ventricular 

premature beats (VPBs) or VT 

in an individual younger than 

40 years 

and/or 

Presence of an unequivocal 

pathogenic variant 

and/or 

Family members of a CPVT 

index case with a normal heart 

who manifest exercise-induced 

premature ventricular 

contractions or 

bidirectional/polymorphic VT 

Structurally normal heart, 

normal ECG, and unexplained 

exercise or catecholamine-

induced bidirectional VT or 

polymorphic ventricular 

premature beats (VPBs) or VT 

in an individual older than 40 

years 

NA 

HCM 

Wall thickness ≥ 15mm (z-

score ≥ 2 in children) in one or 

more LV myocardial segments 

that is not explained solely by 

loading conditions (e.g. 

SBP>160), excluding isolated 

basal septal hypertrophy in the 

elderly 

and/or 

Wall thickness ≥ 13 mm in 1st 

degree relatives of patients 

with definite HCM or with a 

pathogenic variant 

NA 

Wall thickness 13-14 mm in 

one or more LV myocardial 

segments that is not explained 

solely by loading conditions, 

(e.g. SBP>160), excluding 

isolated basal septal 

hypertrophy in the elderly, in 

the absence of 1st degree 

relatives of patients with 

definite HCM 
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DCM 

LV systolic dysfunction 

(LVEF<50%) AND 

enlargement, that is not 

explained by abnormal loading 

conditions, coronary artery 

disease, or a recent cardiac 

arrest 

NA NA 

ARVC 

Task Force criteria: 

2 major or 1 major and 2 

minor criteria or 4 minors 

from different categories 

Task Force criteria: 

1 major and 1 minor or 3 

minor criteria from different 

categories 

Task Force criteria: 

1 major or 2 minor criteria 

from different categories. 

LVNC 
LVNC diagnosed by TTE or 

CMR 
NA NA 

UCM 

Unclassified cardiomyopathy: 

Presence of cardiomyopathy 

not fulfilling diagnostic 

criteria for the previous 4 other 

entities. E.g. Presence of 

significant fibrosis on 

magnetic resonance. Describe 

clinical findings in comments.  

UCA/SCD with a pathogenic 

or likely pathogenic variant in 

a cardiomyopathy gene but no 

cardiomyopathy phenotype. 

NA 

Myocarditis 

Endomyocardial biopsy-

confirmed myocarditis (Dallas 

criteria) 

Clinically-suspected 

myocarditis according to 

published criteria including 

CMR evidence, in the absence 

of an endomyocardial biopsy 

Clinically-suspected 

myocarditis according to 

published criteria) in the 

absence of cardiac magnetic 

resonance imaging and 

endomyocardial biopsy 
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Coronary 

spasm 

Evidence of angina in the 

absence of fixed coronary 

artery stenosis >50% 

AND 

Transient ischemic ECG 

changes during the 

spontaneous episodes and/or a 

positive 

acetylcholine/ergonovine test 

showing evidence of >90% 

coronary vasoconstriction 

(Appendix 5) 

Polymorphic VT/VF in the 

absence of fixed coronary 

artery stenosis >50% or 

another etiology AND a 

positive 

acetylcholine/ergonovine test 

showing evidence of >90% 

coronary vasoconstriction 

Evidence of nitrate-responsive 

angina in the absence of 

transient ischaemic ECG 

changes and coronary artery 

spasm 

LQTS: Long QT syndrome, BrS: Brugada Syndrome, CPVT: Catecholaminergic polymorphic ventricular tachycardia, HCM; 

Hypertrophic cardiomyopathy, SBP: systolic blood pressure, LVEF: left ventricular ejection fraction, DCM: Dilated cardiomyopathy, 

ARVC: Arrhythmogenic right ventricular cardiomyopathy, LVNC: Left ventricular non-compaction, UCM: Unclassified 

cardiomyopathy, CMR: cardiac magnetic resonance imaging. Published in Davies B et al. The Hearts in Rhythm Organization: A 

Canadian National Cardiogenetics Network. CJC Open (2020).
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Supplementary Figure 1: Diagnostic cascade for unexplained cardia arrest in the CASPER 

registry. ECG: electrocardiogram, MRI: magnetic resonance imaging, CPVT: catecholaminergic 

polymorphic ventricular tachycardia. Herman et al Circ Arrhythm Electrophysiol. 

2016;9:e003619. DOI: 10.1161/CIRCEP.115.003619.)  
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Supplementary Figure 2: Proposed algorithm for idiopathic ventricular fibrillation diagnosis and criteria for strength of diagnosis. 

aMVP: arrhythmic mitral valve prolapse, CMR: cardiac MRI, challenge, CSP: coronary spasm provocation, ECG: electrocardiogram, 

Echo: echocardiogram, Epi: Epinephrine challenge test, EPS: electrophysiology study, ERS: early repolarization syndrome, ETT: 

exercise-treadmill test, IVF: idiopathic ventricular fibrillation, SCB: sodium channel blocker, SCVF: short-coupled ventricular 

fibrillation, UCA: apparently unexplained cardiac arrest 
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Baseline characteristics:  

1. Age 

2. Gender 

3. BSA 

Pre-specified echo features:  

1. LA volume 1  

2. Left ventricular systolic diameter 1  

3. Left ventricular diastolic diameter 1 

4. Mitral regurgitation severity 2 

5. Location of prolapse (anterior vs posterior) 

6. Maximum Leaflet thickness  

(the leading to the trailing edge of the thickest area of the midportion of the leaflet, excluding focal areas of thickness and chordae) 

3 

7. Presence of myxomatous valve  

(defined as maximum leaflet thickness > 5 mm) 3, 4 
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8. Leaflet length (anterior) 

(The maximum length obtained in diastole in the parasternal long axis view)5, 6  

9. Hight of the prolapse 

(The maximum excursion of the leaflet beyond the mitral annular plane as defined by a line connecting the inferolateral mitral 

annulus to the aortomitral junction during systole)6 

10. Presence of redundancy  

(Assessed in the parasternal short-axis view at the edges of the mitral valve and defined qualitatively as a disproportionate increase 

in the circumference of the leaflets relative to chamber size, so they had undulating appearance during valvular opening) 4  

11. Presence of flail leaflet 2 

12. Mitral annulus disjunction (MAD)  

13. (Defined as a separation between the LA valve junction and the atrial aspect of the LV free wall in parasternal long axis view)7 

14. MAD length 

15. (Measured from the LA wall–posterior MV leaflet junction to the top of the LV infero-basal wall during end systole in 

parasternal long axis view)8, 9  

16. Mitral annular diameter   
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17. (Measured from the junction between the posterior leaflet and the left atrium wall and the anterior leaflet and the aortic valve 

in the parasternal long axis view at end-diastole).5 

18. Mitral annular calcification 

19. (Graded by the how much of the circumference of the annulus being involved: <180, <270 or > 270).10 

20. Pickelhaube sign (high-velocity systolic signal TD)11  

21. Tricuspid valve prolapse 

22. (Defined as excessive billowing of tricuspid valve into the right atrium, associated with redundancy of tricuspid leaflet)2 

Calculated parameters: 

1- LA volume index  

2- LV mass index 

3- Number of prolapsed leaflets 

4- MA diameter / anterior leaflet length ratio 
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CHAPTER 5: PROTOCOL OF A MATCHED CASE-CONTROL STUDY ENTITLED: 

PREDICTINGRESUSCITATED CARDIAC ARREST WITH ECHOCARDIOGRAPHIC 

AND DOPPLER IMAGES IN CONTEMPORARILY TREATED MITRAL VALVE 

PROLAPSE (PREDICT-MVP) 

 

The objective of the proposed study is to confirm the findings from the previous study 

(CHAPTER 4) in a larger sample of patients who did not have cardiac arrest. The proposed study 

also aims at better quantifying the association between pre-specified echocardiographic features 

and cardiac arrest. 
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Background:  

Mitral valve prolapse (MVP) is seen in 1-3% of the general population.1, 2 While generally 

regarded as a benign condition, it has been suggested that it is associated with sudden cardiac 

death (SCD).3 Multiple studies have examined the prevalence of MVP in patients with SCD.4-6 

Sriram et al5 reviewed 24 patients who survived SCD and found MVP in 10 of them (42%), 

which is substantially higher than the prevalence of MVP in the general population. Basso et al4 

reported a 7% prevalence of MVP in young adults with SCD where structural heart disease was 

excluded. More recently, Nalliah et al2 performed a meta-analysis of studies examining the 

prevalence of MVP in unexplained SCD patients and found it to be 11.7%.  

 

Limited studies have examined the annual risk of SCD in patients with MVP due to the low 

incidence. However, prospective studies have reported an annual risk of as high as 0.4% which is 

higher than the risk of SCD in the general population.7-9 Moreover, Grigioni et al reported an 

annual risk of SCD of 1% in patients with MVP and a flail leaflet which is similar to the risk of 

SCD post myocardial infarction (MI).10, 11It is possible that only a small subset of patients with 

MVP are at a high risk of SCD just like patients post MI for example. Unlike post MI patients, 

however, there are no established predictors of SCD in MVP patients that allow us to identify 

these patients, rendering their management quite challenging. As such, there is a need to identify 

predictors of SCD that can inform decisions about effective primary prevention therapies such as 

implantable cardioverter-defibrillator (ICD) in these patients. Also, identifying this subset of 

high-risk patients will facilitate prospective studies to better estimate their risk of SCD and the 

effect of multiple proposed therapies such as valve repair and catheter ablation on mitigating the 

risk of SCD.12-14    
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Echocardiography is an excellent risk stratification tool as it is clinically indicated in the 

assessment of patients with MVP, easily available, non-invasive and relatively inexpensive. 

Echocardiographic features such as redundant mitral leaflet, flail leaflet and mitral regurgitation 

(MR) have been found to be associated with SCD in patients with MVP. 8, 10, 15 However, these 

associations were identified in relatively old studies where the management of conditions 

associated with MVP such as MR, left ventricular dilatation and dysfunction is quite different 

than current approaches, and can affect the risk of SCD. Indeed, more recent studies that re-

examined some of these features have found conflicting results.15, 16 Over the last decade, 

multiple promising echocardiographic predictors of SCD have been described such bileaflet 

involvement, mitral annular disjunction (MAD) and spiked systolic high-velocity signal on tissue 

Doppler of the lateral mitral annulus.5, 17, 18 These reports are limited, however, by the lack of a 

control group and/or the use of surrogates of SCD such as ventricular arrhythmias on Holter 

monitoring or fibrosis on cardiac magnetic resonance (CMR) rather than SCD itself. In their 

highly cited study, Sriram et al5 reported 10 patients with MVP who survived SCD and had no 

identifiable electrical or structural heart disease despite extensive work-up. They suggested that 

the cause of SCD in these patients is likely MVP. All these patients had bileaflet prolapse hence 

the term “Malignant Bileaflet Mitral Valve Prolapse Syndrome” was proposed to recognize this 

subgroup of patients with high risk of SCD. However, subsequent to this study, an international 

collaboration involving 9 tertiary centers reviewed 32 additional patients with MVP and 

unexplained SCD and reported a prevalence of bileaflet prolapse of 84%.19 Moreover, only 70% 

of patients had bileaflet prolapse in the study by Basso et al4 where autopsies of patients with 

isolated MVP as the only potential cause of SCD were examined. While it is widely believed that 
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bileaflet involvement is a predictor of SCD, these studies do not prove this association due to the 

lack of a control group of MVP patients without SCD and, more importantly, they do not provide 

a quantitative measure of the strength of association and the interaction with other predictors.  

 

Similarly, interest has been reignited recently in the role of MAD related arrhythmogenesis in 

patients with MVP.3, 17, 20 In the international collaborative study of patients with unexplained 

SCD and MVP, MAD was present in all patients that had echocardiographic images available for  

review.19 Does that suggest that MAD is a predictor of SCD in patients with MVP? Perhaps, but 

without a control group, one can not be sure that MAD is not a common feature of MVP. Indeed, 

Hutchins et al21 were the first to systematically examine myxomatous MVP for the presence of 

MAD. They examined 900 autopsies and reported a prevalence of (23/25) 92% of MAD in 

patients with myxomatous MVP. In addition, MAD, independent of MVP, was found to be 

associated with ventricular arrythmias and cardiac arrest.20 As such, the role of MAD in 

predicting ventricular arrythmias or SCD in patients with MVP remains unclear.  

 

Until there is a strong evidence of association for any of the proposed SCD predictors in patients 

with MVP, any effort to examine interventions aimed at reducing that risk are likely to face 

significant challenges and, arguably, are premature at this point of time. As such, our endeavour 

is to test the association between pre-specified echocardiographic features SCD in patients with 

MVP. 

 

Study objective: 
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Test and quantify the association between pre-specified echocardiographic features in MVP and 

cardiac arrest. 

 

Methods:  

This will be a matched case control study of MVP patients with and without cardiac arrest. Case 

control design was chosen due to limited number of “cases” and matching was performed on 

variables confounding the relationship between echocardiographic features and cardiac arrest. 

Cases: 

Patients with MVP that have survived SCD will constitute cases. These patients will be 

identified from the CASPER registry (Cardiac Arrest Survivors with Preserved Ejection Fraction 

Registry)22. The details of the CASPER registry are available in the original publications.22 In 

brief, patients that have survived cardiac arrest and were found to have a normal baseline 

electrocardiogram, no coronary artery disease, no left ventricular dysfunction and no apparent 

reversible cause were included. All patients in CASPER underwent extensive work-up to 

identify concealed causes of cardiac arrest. MVP patients will be identified by reviewing 

echocardiography reports of all patients enrolled in the registry. Baseline characteristics of these 

patients will be retrieved from CASPER and their echocardiographic images will be transferred 

to a secure database for independent review.   

 

Controls: 
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Patients with MVP that have not had SCD will constitute the control group. The University of 

Ottawa Heart Institute (UOHI) echocardiography database (Xcelera) will be searched for codes 

assigned to MVP, and patients who had cardiac arrest will be identified by the presence of a 

defibrillator lead in the right ventricle (RV) will be excluded. Patients with concomitant 

structural disease will also be excluded. This step is to ensure that both cases and controls 

represent patients with isolated MVP with and without cardiac arrest, respectively. Note that 

cases, by definition, had no significant structural abnormalities, which was a pre-requisite for 

inclusion in CASPER.  .   

Controls will be selected by the following steps: 

 

1- Codes for normal LV systolic function, normal RV size and systolic function, normal 

aortic root size, normal aortic valve structure and function, normal tricuspid valve and 

normal pulmonic valve will be combined with MVP codes to exclude patients with 

these abnormalities. 

2- Duplicate studies (i.e. repeated echos for the same patient over time).The last 

available study will be included. 

3- Before reviewing the pre-specified features, all echocardiography images will be 

screened by an experienced echocardiographer for any other rare significant 

abnormalities (e.g. severe pulmonary hypertension, congenital heart disease …ect), 

the presence of RV lead, poor images and incomplete images. These studies will also 

be excluded.  
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Matching: 

Individualized matching on age (+/- 5 years), gender and body surface area (+/- 0.1 m2) will be 

performed. These variables were chosen in view of their effect on the echocardiographic features 

being investigated.  

 

Echocardiographic review: 

Experienced echocardiographer(s) will review images. Pre-specified echocardiographic features 

will be recorded (list attached). These features were chosen based on previous literature or a 

biologic plausibility of an association with cardiac arrest. Definitions endorsed by guidelines or 

used in previous literature were utilized in the current study and are cited in the attached list. 

 

Potential biases: 

The major potential bias is “selection bias” in the controls. This is inherent to using a hospital 

echocardiography database. The concern is that patients who were referred for an 

echocardiography might not represent subjects with MVP in the general population. While this is 

a legitimate concern, it is unlikely to affect the result significantly for 4 reasons. First, our lab 

accepts referrals from general practitioners, who see a vast number of patients without known 

cardiac disease, and such subjects may better reflect the general population than subjects seen by 

cardiologists. Second, we have excluded patients with concomitant structural heart disease (i.e 

cases are either patients with a clinical presentation compatible with MVP or patients with 

incidental isolated MVP). Third, the reason to perform echocardiography in patients with MVP 
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is rarely due to malignant arrythmias (i.e. unlikely that patients with MVP with high risk for 

cardiac arrests will contaminate controls). Last, even if controls do not represent MVP in the 

general population, they do represent patients with isolated MVP seen by physicians and the 

results of this study will, at least, be generalizable to this group of patients, which is useful.     

  

Statistical plan: 

Summary of baseline characteristics will be described as median (interquartile) if continuous 

variable and counts (percent) if categorical. Proportions and ORs for each echocardiographic 

finding and pre-specified combinations will be presented. Pre-specified combinations were 

chosen based on clinical significance and include myxomatous valve with bileaflet involvement, 

myxomatous valve with MAD and bileaflet involvement with MAD. Continuous variables will 

be transformed to categorical variables based on established guidelines or will be divided into 

equal quartiles. P value ≤ 0.05 will be considered significant. Due to the hypothesized 

arrhythmogenicity of MAD itself and the fact that it might be present in a significant proportions 

of patients with each of the pre-specified echocardiographic features,20 the independent 

association of each echocardiographic finding will be tested by adding it to MAD in a 

multivariate conditional logistic regression model. Inter- or intra-reader reliability will be 

assessed on 10% on the variables using Kappa statistics.   

 

Assuming a prevalence of bileaflet involvement in controls of 33%,23-25 a correlation coefficient 

of 0.519 and 25 cases of MVP with cardiac arrest who have available echocardiography images 

for review, 1:5 matching is required to provide 80% power to detect a statistically significant 
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association ( odds ratio ≥ 5) with a type 1 error of 0.05. Bileaflet involvement was chosen given 

the availability of data in controls and its clinical importance (hence the proposed term 

“malignant bileaflet mitral valve prolapse syndrome”).5 Of note, the prevalence of MAD in 

patients with MVP in general is also reported to be 32% in a recent meta-analysis and, as such, 

this sample size will be sufficient to test the association between MAD and cardiac arrest as 

well.26   

 

Discussion:  

To our knowledge, our study will the first to provide evidence of association (or the lack of) 

between commonly cited echocardiographic features and cardiac arrest in patents with MVP. 

This is a critical initial step that will allow us to better define the subset of patients with MVP 

who are at high risk for cardiac arrest.  

 

While it is widely believed that a small subset of MVP patients is at high risk for cardiac arrest, 

there is limited prospective studies that examined this cohort pf patients. This is likely due to the 

difficulty of performing such studies without identifying predicates of this small subset. One will 

need thousands of patients and many years of follow-up to study this rare event prospectively 

given the lack of any evidence-based risk stratification tool. We hope that our study will help 

identify easily applied predictors which will facilitate performing such prospective studies in the 

future. 
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Our study has multiple potential challenges. First, it does not consider clinical predictors and the 

interaction between these and echocardiographic features. Akin to the use of left ventricular 

ejection fraction post myocardial infarction to predict cardiac arrest, echocardiographic features 

can be used alone, and future studies can explore the role of clinical characteristics. Second, we 

have a small number of MVP patients who survived cardiac arrest. However, this will be the 

largest study to date and should have enough power to show strong associations (i.e. OR > 5) as 

discussed above. It is possible that we could miss a weaker association although, practically 

speaking, a weaker association would be less useful clinically. Last, some of these patients might 

not have images with satisfactory quality to examine all the pre-specified features. However, at 

least some of commonly cited pre-specified features such as the number of prolapsed leaflets will 

likely be available for all patients which will be useful.   
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Supplementary materials: 

Baseline characteristics:  

4. Age 

5. Gender 

6. BSA 

Pre-specified echo features:  

23. LA volume 1  

24. Left ventricular systolic diameter 1  

25. Left ventricular diastolic diameter 1 

26. Mitral regurgitation severity 2 

27. Location of prolapse (anterior vs posterior) 

28. Maximum Leaflet thickness  

(the leading to the trailing edge of the thickest area of the midportion of the leaflet, excluding 

focal areas of thickness and chordae) 3 

29. Presence of myxomatous valve  

(defined as maximum leaflet thickness > 5 mm) 3, 4 

30. Leaflet length (anterior) 

(The maximum length obtained in diastole in the parasternal long axis view)5, 6  

31. Hight of the prolapse 

(The maximum excursion of the leaflet beyond the mitral annular plane as defined by a line 

connecting the inferolateral mitral annulus to the aortomitral junction during systole)6 

32. Presence of redundancy  
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(Assessed in the parasternal short-axis view at the edges of the mitral valve and defined 

qualitatively as a disproportionate increase in the circumference of the leaflets relative to 

chamber size, so they had undulating appearance during valvular opening) 4  

33. Presence of flail leaflet 2 

34. Mitral annulus disjunction (MAD)  

35. (Defined as a separation between the LA valve junction and the atrial aspect of the LV 

free wall in parasternal long axis view)7 

36. MAD length 

37. (Measured from the LA wall–posterior MV leaflet junction to the top of the LV infero-

basal wall during end systole in parasternal long axis view)8, 9  

38. Mitral annular diameter   

39. (Measured from the junction between the posterior leaflet and the left atrium wall and the 

anterior leaflet and the aortic valve in the parasternal long axis view at end-diastole).5 

40. Mitral annular calcification 

41. (Graded by the how much of the circumference of the annulus being involved: <180, 

<270 or > 270).10 

42. Pickelhaube sign (high-velocity systolic signal TD)11  

43. Tricuspid valve prolapse 

44. (Defined as excessive billowing of tricuspid valve into the right atrium, associated with 

redundancy of tricuspid leaflet)2 

Calculated parameters: 

5- LA volume index  

6- LV mass index 
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7- Number of prolapsed leaflets 

8- MA diameter / anterior leaflet length ratio 
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CHAPTER 6: DISCUSSION 

 

In this thesis, we proposed a standardized definition for IVF and used it to perform sensitivity 

analyses to test the association between MVP and IVF that we found in a large cohort of patients 

with UCA. Moreover, we identified features that appear to be more prevalent in AMVP patients, 

as compared to other MVP patients.  

 

Multiple studies and case reports have suggested that MVP is an important cause of IVF, 

however, they suffered from the lack of a standardized definition of IVF and, as such, the 

potential of missing alternative diagnoses.1, 2 This is important as the prevalence of MVP in these 

studies varies depending on the rigors to which alternative causes have been excluded.1, 3, 4 The 

prevalence of MVP has been reported to be 2% when no alternative causes were excluded, 7% 

when structural, but not electrical causes were excluded, and 41% if all alternative causes were 

excluded.1, 3, 4 We performed multiple sensitivity analyses based on our proposed definition of 

IVF to ensure that the prevalence is consistent regardless of the extent of evaluation performed in 

our cohort (i.e. unlikely that MVP is an innocent bystander). The other strength of our analysis is 

that it included patients from a national registry, with less risk of referral bias. This likely 

explains the different prevalence of MVP in patients with IVF in our study, as compared with the  

study by Sriram et al1, which was the only other study that examined this question.  

 

Identifying MVP patients at risk of cardiac arrest is important to institute preventative therapies. 

Previous studies have described phenotype features to identify this group of patients, however, 
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did not take into account the prevalence of these features in the patients with MVP who are not at 

elevated risk for cardia arrest.1, 5 For example, while female gender is shown to be predominant 

in patients with MVP and SCD, this might simply be due to the fact that MVP is more common 

in females than males. Indeed, in the study by Freed et al6, 3491 subjects (52% females) from the 

Framingham Heart Study were examined for the presence of MVP. They found that MVP was 

more common in females than males. Consequently, 60% of MVP patients were females, which 

is just slightly higher than the prevalence of females in case series of MVP with IVF.5, 7 This 

emphasizes the importance of having a control group with MVP but no cardiac arrest or MVP 

with an alternative cause for cardiac arrest (i.e. MVP is likely an innocent bystander) to identify 

features that can distinguish patients with high risk of cardiac arrest [i.e. arrhythmic MVP 

(AMVP)].    

 

Given the availability of echocardiogram (Echo) for all patients with MVP, it provides an 

excellent tool that can be used to distinguish AMVP from non-arrhythmic MVP. We found that 

bileaflet prolapse can distinguish AMVP patients from the general MVP population by 

comparing MVP patients with IVF to MVP with an alternative diagnosis in the CASPER 

registry. We plan to perform a matched case-control study with enough power to identify other 

features and to quantify the association between these features and AMVP. The hope is to find 

easily measured Echo features that are associated with AMVP, which will facilitate clinical care 

and research. Currently, for example, it is unclear who from the 1-2% in the general population 

with MVP need to be evaluated for the risk of SCD. By identifying features that distinguish 

AMVP patients, we can begin to select patients who are unlikely to benefit from any evaluation 

for the risk of SCD. This is imperative as questioning the risk of SCD for all MVP patients will 
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likely result in introducing unnecessary anxiety to patients and will overwhelm the heath care 

system with many patients with MVP who are at low risk for SCD. While the specificity of the 

features identified by our proposed study are not going to be tested, the results will inform future 

research to better select patients who are at higher risk of SCD in order to minimize the number 

of patients and years of follow-up required to prospectively assess that risk. 

   

Once AMVP patients are better defined, future studies can then focus on quantifying the risk of 

SCD and examining the benefit of various therapeutic tools to mitigate that risk. We plan to 

conduct PREDICT-MVP-1 study (the protocol is included in CHAPTER 5) followed by 

PREDICT-MVP-2 study (Predicting Sudden Cardiac Death in Contemporarily Treated Mitral 

Valve Prolapse: A Retrospective Cohort Study), which will utilize data from the University of 

Ottawa Heart Institute (UOHI) echocardiography database, linked with provincial administrative 

health data at ICES and vital statistics database to determine the incidence of SCD in MVP 

patients, stratified by the presence of risk factors identified in PREDICT-MVP-1. These 2 studies 

will hopefully help better define AMVP patients and their risk of SCD. Once that’s done, one 

can examine the effect of multiple primary prevention therapies on AMVP patients such as -

blockers, catheter ablation, mitral valve repair and ICD to better inform decisions about their 

management.8-12  
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