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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.



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).%'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.* 34 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.> 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 MV/P is indeed associated with IVF. Lastly, we completed a protocol for a matched



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 I\VVF 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.



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 IVVF, 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



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.



CHAPTER 2: BACKGROUND

Cardiac arrest most often occur in patients with established heart disease such as coronary artery
disease or cardiomyopathy.! 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.?

Finding a specific cause of UCA is an underappreciated step in the management of theses
patients and has several important implications.® 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.*

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.® > However, only the
minority of patients with UCA in real life undergo comprehensive cardiac evaluations.®
Waldmann et al® 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.® ° 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).®>® 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.* 1° 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.**
121t has a benign prognosis overall however its association with sudden cardiac death (SCD) has
been proposed.®**® The prevalence of MVP in patients with SCD or UCA has been reported in
multiple studies.'* ¢ 17 Sriram et al** reported a prevalence of 42% in patients with UCA who
underwent extensive evaluation with no identified cause. Basso et al*® 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 al'’ 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



(I2:91.2%) reported in a recent meta-analysis that looked at the prevalence of MVP in

unexplained SCD.1?

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).!? 8 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.> *2° The challenge is to identify this subset of patients
early on to institute preventative therapies. Sriram et al'* 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.?* 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.4 16:21-24
CASPER registry is a prospective national registry that enroll UCA survivors and their first-
degree relatives.? 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

6



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.2>?", 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 MVVP 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).
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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 I\VF 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® 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.” 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.” 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.® 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

17



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%).° Statistical heterogeneity between
studies was assessed using the 12 statistic. High heterogeneity was defined as 12 > 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
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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 (12= 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 vield 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 (1% = 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 (12 = 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 (12= 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 LQTS, an exploratory analysis restricting its diagnostic role to CPVT revealed a yield of

3% [95% CI (1% - 6%)] with no heterogeneity (12 = 0%).1% 11

Diagnostic vield of genetic testing
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There was high heterogeneity between studies reporting the diagnostic yield of genetic testing (12
= 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 al® 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 (1> = 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)'? 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 vield 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 (12= 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.® 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.**® 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 I1\VF.
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).!® 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 I\VF diagnosis.
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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.*’1°
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.'® 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.2% 2! Lastly, concealed

arrhythmogenic cardiomyopathies have been shown to be associated with UCA, and could
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potentially explain the high proportion of pathogenic variants in cardiomyopathy genes, which

needs further study.?> 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 I\VF 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

te