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Traditionally, aborted cardiac arrest (ACA) due to documented ventricular fibrillation (VF) in the
absence of structural heart disease has been termed idiopathic VF. By careful evaluation, a specific
etiology can be found in a substantial proportion of patients. The aim of this survey was to assess the
yield of an advanced diagnostic work-up to reveal a causative etiology in a real-life clinical setting.
Patients from the University Hospital Brno’s ACA database were analyzed (514 patients in total).
Forty-six patients (31 males) fulfilled the inclusion criteria, which were: (1) absence of structural
pathology on echocardiography; (2) absence of coronary artery disease; and (3) absence of reversible
cause of ACA. The diagnostic work-up consisted in cardiac magnetic resonance imaging, stress
testing, sodium channel blocker challenge, and genetic testing according to the availability of the
method and patient compliance. A specific disease was found in 17 individuals (37.0%), although at
least one diagnostic step was refused by 13 patients (28.3%). True idiopathic VF was confirmed in 7
patients (15.2%), for whom the entire diagnostic work-up did not reveal any specific pathology. Our
real-life survey shows that, even with an incomplete diagnostic work-up (due to the unavailability
of a particular method or variable patient compliance), a specific diagnosis can be identified in more
than one third of the cases of “idiopathic” VF, which can thus enable targeted treatment and family
screening.

Sudden cardiac arrest (SCA), which is defined as a fatal unexpected event due to a cardiovascular cause, is a
major public health problem'. In Europe, SCA accounts for 10-20% of all deaths?>**. Coronary artery disease
(CAD) is the most common etiology of SCA>S, followed by cardiomyopathies, anatomical heart abnormalities,
and hereditary arrhythmic syndromes*”®. Nevertheless, to reveal the latter’s etiology a comprehensive cardiac
assessment is necessary as electrocardiographic (ECG) abnormalities may be subtle or intermittent.

Traditionally, aborted cardiac arrest (ACA) due to documented ventricular fibrillation (VF) in the absence of
structural heart disease has been termed idiopathic VF’. Using a thorough investigative algorithm, a definitive
diagnosis can be made in substantial proportion of VF-based ACA survivors. This work-up includes (in addition
to the standard clinical and paraclinical examinations) a repeated 12-leads electrocardiogram, cardiac imaging
(echocardiography and cardiac magnetic resonance (CMR)), coronary angiography, exercise stress test and
pharmacological challenge!®. Thus, currently the diagnosis of idiopathic VF is reserved for cases in which the
examinations mentioned above do not reveal positive results. However, not every real-life ACA survivor has
been investigated in a comprehensive manner.
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The aim of this survey was to assess the yield of advanced cardiological investigations to reveal a causative
etiology in a real-life clinical setting where some investigation modalities are not always available and patient
compliance is variable.

Methods

Study population

Patients were enrolled in this study if they were survivors of ACA with documented VF and they also fulfilled
the following criteria: (1) absence of structural pathology on echocardiography; (2) absence of CAD (coronary
arteries were without stenosis or with stenosis of < 50%); (3) absence of reversible cause as marked hypokalemia,
drug overdose or commotion cordis. Patients were allowed to have transient left ventricular dysfunction or QT
interval prolongation immediately after cardiac arrest if these findings normalized promptly.

In this single-center real-life survey, all consecutive patients fulfilling the criteria defined above who were
referred between January 2007 and December 2022 to the Department of Internal Medicine and Cardiology;,
University Hospital Brno, were analyzed retrospectively. The study conformed to the principles outlined in the
Declaration of Helsinki. For the clinical part of this survey, permission from ethics committees was not needed,
as all examinations were performed by clinical standards in accordance with the guidelines of the European
and Czech cardiology societies. Nevertheless, all patients consented separately to each individual investigation.

The genetic part of the study was approved by the Multicenter Ethical Committee, University Hospital Brno
(Brno, Czech Republic). All participants signed a written informed consent form.

Data collection

During index hospitalization, information on medical history, a physical examination, blood tests, baseline
12-lead ECG, continuous ECG monitoring during hospitalization, 2D transthoracic echocardiography (2D-
TTE) and coronary angiography were obtained in all the cases. CMR was intended for all patients, nevertheless
it was performed according to its availability for certain patients before they received an implantable cardioverter
defibrillator (ICD) for secondary prevention. The CMR findings were analyzed by an imaging expert to assess
possible signs of arrhythmogenic cardiomyopathy (ACM).

Coronary angiography was considered non-diagnostic of CAD if the coronary arteries were either with
no stenosis or if stenosis of <50% was present. Ergonovine challenge was performed at the discretion of the
interventional cardiologist.

2D-TTE findings were considered normal if the ejection fraction of the left ventricle was>50% (calculated
using the Teichholz and Simpson formula) and in the presence of, at most, mild valvar disease.

ECGs recorded during index hospitalization were reviewed by two cardiologists. The ECG recordings
were analyzed at a paper speed of 25 mm/s and an amplitude of 10 mm/mV. According to current guidelines,
a diagnosis of Brugada syndrome (BrS) was established if a coved ST elevation >2 mm was documented
spontaneously in > 1 lead from V1-2 positioned in the 4th, 3rd and 2nd intercostal space'. Long QT syndrome
(LQTS) was suspected if the QT interval was =480 ms corrected to heart rate using the Fridericia and Bazett
formulas.

Further investigations (exercise stress test and sodium channel blocker challenge using ajmaline) were offered
to all patients after recovery, usually not earlier than 4 weeks after the ACA. If they expressed their oral consent,
then in most cases at first a bicycle exercise stress test was performed. Standard 12-lead ECGs with Mason-Likar
electrode positions were used. The initial exercise stress was set at 0.5 W/kg and increased by 0.5 W/kg every
3 min up to achieving 75-85% of age-specific maximal heart rate, which was defined as 220 beats per minute
minus age in years. The LQTS was diagnosed if repeated QT interval prolongation (QTc >480 ms) was observed
or the diagnostic (Schwartz) score was > 3. Catecholamine polymorphic ventricular tachycardia (CPVT) was
diagnosed if bidirectional or polymorphic ventricular tachycardia was provoked during the exercise stress test.

Sodium channel blocker challenge was another part of the diagnostic work-up, while the sequence of stress
test and pharmacological challenge was at the discretion of individual physicians. Ajmaline was administered
intravenously at a dose of 1 mg/kg with a speed of 10 mg/min. BrS diagnosis was confirmed if a typical ECG
pattern developed (as described above).

The diagnostic work-up of idiopathic VF was considered complete if 12-lead ECG, coronary angiography,
2D-TTE, exercise stress test and sodium channel blocker challenge were performed or if the particular patient
refused a certain step of the protocol. The investigative algorithm was stopped at the particular step which led
to the establishment of the final diagnosis (i.e. sodium channel blocker challenge was not performed in patients
with LQTS or CPVT diagnosis).

Genetic analysis

Genetic analysis was offered to all patients with a definitive diagnosis of true idiopathic VF (full work-up protocol
completed or only stress test or sodium channel blocker challenge missing). Said analysis was performed with
next generation sequencing gene panels for both primary electrical diseases of the heart and cardiomyopathies
(KAPA HyperChoice (Roche, USA)/MiSeq or NextSeq 500 (Illumina, USA)). Only findings in genes with
definitive and strong gene-disease validity were taken into consideration'!'. All detected genetic variants were
classified according to the VarSome variant classifier (https://varsome.com) and the ACMG guidelines'? as
pathogenic/likely pathogenic (P/LP), variants of unknown significance (VUS), or benign/likely benign.

Statistical analysis
Statistical tests were performed using the Python programming language in the Spyder development environment.
Qualitative data were expressed as frequencies and quantitative data as mean + standard deviation. A two-tailed
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t-test was used for quantitative variables. The Shapiro-Wilk test was performed to verify normality and Levene’s
test was used to verify the agreement of variances. If the assumption of normality was not present, a non-
parametric test—the Mann-Whitney U-test—was used. This was done for sex and age. Since multiple statistical
tests were performed on the same dataset, the Bonferroni correction was used. For qualitative data, a Z-test
of proportions was used with Bonferroni’s correction. P <0.05 or P <0.02 after Bonferroni’s correction were
considered statistically significant.

Results
During the analyzed period, of the 514 ACA survivors in the registry 46 patients fulfilled the inclusion criteria.
Normal findings on resting ECG, 2D-TTE and coronary angiography were observed in all of these subjects.
Figure 1 shows a schema of the investigation protocol and the flow of individual cases. In the event of a conclusive
diagnosis at any step of the protocol, further investigations were not performed. As the order of examination was
not strictly given, the numbers of patients who underwent a stress test and sodium channel blocker challenge
are not equal. The characteristics of the population are summarized in Table 1.

In one female, coronary artery vasospasm was suspected and subsequently confirmed by acetylcholine testing.

CMR during index hospitalization was performed in 36 cases (78.3%). According to the CMR findings, 6
patients (13.0%) fulfilled the criteria of ACM, while 1 female was diagnosed with cardiac amyloidosis. Acute
myocarditis was detected by CMR in another female. In the remaining individuals, a CMR was not performed
as the method was not available (n =10, 21.7%). All of these cases fit in the period before 2017 and were labelled
as “incomplete” idiopathic VF in our survey.

Diagnosis known (CAD,
HF, efc.) N=468

Total ACA survivors
N=514
v

Initial "idiopathic” VF
N=46

ACM
N

=6
Amyloidosis

N=1
Myocarditis

N=1

CMR performed
N=36

CMR not performed
N=10

zm
o
Followeup ECG

a pmmtestlng[

Coronary vasospasm

Refused complete follow-up Refused complete follow-up
= N=2

A

.
ig
#

=
rS

SR Only stress test Only sodium channel .
S eannelblocker | | performed (sodum | | blocker challenge ik ook, diamens
chalEnG Beanaed channel blocker performed (stress test g 9
e challenge refused) refused) it
= N=4 N=4 =

N=5 Brs
Borderline CPVT N=1
N=1

Y

True idiopathic VF Incomplete idiopathic VF
N=T N=15

Figure 1. Sequence of the investigations and patient flow in the investigation protocol. ACA aborted

cardiac arrest, CAD coronary artery disease, HF heart failure, VF ventricular fibrillation, ACM arrhythmic
cardiomyopathy, CMR cardiac magnetic resonance, ECG electrocardiogram, BrS Brugada syndrome, LQTS long
QT syndrome, CPVT catecholaminergic polymorphic ventricular tachycardia.
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Overall <40years | >40years | Males Females

N=46 N=28 N=18 N=31 N=15
Age 36.4+153 |26.3%9.1 51.5+9.4 36.6+15.7 | 359%15.0
ECG 46 (100%) | 28 (100%) 18 (100%) 31 (100%) 15 (100%)
Imaging methods
2D-TTE 46 (100%) | 28 (100%) 18 (100%) 31 (100%) 15 (100%)

LVEF [%] 60.1+7.0 59.6+6.7 61.0+7.5 60.5+7.4 59.3+6.2

Coronary angiography 46 (100%) | 28 (100%) 18 (100%) 31 (100%) 15 (100%)
CMR 36 (78.3%) | 18 (64.3%) | 18 (100%) |22 (71.0%) | 14 (93.3%)
Stress test 30 (65.2%) | 21 (75.0%) |9 (50.0%) 18 (58.1%) | 12 (80.0%)
Sodium channel blocker challenge 26 (56.5%) | 18 (64.3%) |8 (44.4%) 19 (61.3%) |7 (46.7%)
Refused complete follow-up 13 (28.3%) | 6 (21.4%) 7 (38.9%) 8 (25.8%) 5(33.3%)

Table 1. Population characteristics. ECG electrocardiogram, 2D-TTE 2-dimensional transthoracic
echocardiography, LVEF left ventricle ejection fraction, CMR cardiac magnetic resonance.

Hereditary arrhythmic syndromes were diagnosed in 8 patients. Based on repetitive ECGs during follow-up,
LQTS was diagnosed in 1 female. Five patients (10.9%) had a positive stress test that revealed CPVT. In 2 males
(4.3%), Brugada pattern on ECG was observed during a follow-up investigation: in 1 man spontaneously after a
VF event during the follow-up, in the other during the sodium channel blocker challenge. In 1 patient, couplets
of bidirectional premature ventricular complexes (PVCs) were induced during the stress test; this case was
considered as borderline CPVT.

A complete follow-up examination (or any particular step) was refused by 13 patients (28.3%). Both the stress
test and pharmacological challenge were refused by 6 patients. Four individuals consented only with the stress
test and another 3 only with the pharmacological challenge, and after negative results this group (n=7, 15.2%)
was termed “incomplete” idiopathic VFE. A specific diagnosis was found in 17 patients (37.0%). In 7 patients
(15.2%), the entire diagnostic algorithm did not reveal any specific pathology and these cases were marked as
true idiopathic VF (Fig. 2).

All patients with a diagnosis of true idiopathic VF (n=7, see Fig. 1, Table 2) gave their consent with genetic
analysis. One P/LP variant in the RYR2 gene (NM_001035.3:¢.1244C>T p.(Thr415Ile)) was found in a male
patient without any clinical manifestation of CPVT. In 2 other individuals, a variant of uncertain significance
(VUS) was found in the following genes: SCN5A (NM_000335.5:c.403A>G p.(Met135Val)) in one female, and
MRPL44 (NM_022915.5: ¢.931A>G p.(Arg311Gly)) in one male.

From the group of “incomplete” true idiopathic VF (n=15, in which one or more examinations from the
investigation algorithm is missing, see Fig. 1), 10 patients gave their consent to genetic analysis. In 1 female, a
P/LP variant was found in the FLNC gene (NM_001458.5:c.3543dup p.(Glul1182Argfs*10)). In another female,
a VUS in the DSP gene was found (NM_004415.4:c.7412C>T p.(Pro2471Leu)). A VUS in the RYR2 gene
(NM_001035.3:c.14201A>G p.(Tyr4734Cys)) was found in one male patient.

In the subgroup of patients missing only CMR in the algorithm (n =8, see Fig. 1), genetic analysis was
performed in all these patients without finding P/LP variants. So genetic analysis by itself did not lead to any
particular diagnosis.

In the female patients, a statistically significantly higher incidence was observed in the category “Other” (i.e.
myocarditis, amyloidosis, coronary vasospasm), as was a trend to a lower incidence of ACM (Table 2, Fig. 3).
Similarly, no statistically significant differences were present between groups aged <40 years and aged > 40 years.

DEFINITIVE DIAGNOSIS OVERALL
N=46

Incomplete
follow-up
47%

é//l Specific
~ | diagnosis
38%

Figure 2. Definitive diagnosis. Incomplete follow-up group contains individuals who either refused all
investigations or some step of algorithm is missing. VF ventricular fibrillation.
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Overall <40years | >40 years Males Females

N=46 N=28 N=18 Pvalue | N=31 N=15 P value
LQTS 1(2.2%) 0 1(5.6%) NS 0 1(6.7%) NS
CPVT 5(10.9%) |5(17.9%) 0 NS 3(9.7%) 2(13.3%) | NS
Borderline CPVT 122%) |0 1(5.6%) NS 1(3.2%) 0 NS
ACM 6(13.0%) |2(7.1%) 4(22.2%) NS 6 (19.4%) 0 NS
BrS 2 (4.3%) 1(3.6%) 1(5.6%) NS 2 (6.5%) 0 NS
Other 3(6.5%) 2(7.1%) 1(5.6%) NS 0 3(20.0%) |0.01
Final diagnosis 17 (37.0%) | 10 (35.7%) |7 (38.9%) |NS 11 (35.5%) | 6(40.0%) |NS
Incomplete follow-up 21 (45.6%) | 14 (50.0%) |7 (38.9%) NS 15 (48.4%) | 6 (40.0%) | NS
True idiopathic VF 7 (15.2%) |4 (14.3%) 3(16.7%) NS 4(12.9%) 3(20.0%) | NS

Table 2. Diagnoses based on age and sex. NS no significance, VF ventricular fibrillation, LQTS long QT
syndrome, CPVT catecholaminergic polymorphic ventricular tachycardia, ACM arrhythmic cardiomyopathy,
BrS Brugada syndrome.

FINAL DIAGNOSIS - MALE FINAL DIAGNOSIS - FEMALE
N=31 N=15
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Figure 3. Sex differences in final diagnosis. In females, a statistically significantly higher incidence was
observed in the category “Other” (i.e. myocarditis, amyloidosis, coronary vasospasm) as was a trend to a lower
incidence of ACM. Incomplete follow-up group contains individuals who either refused all investigations or
some step of algorithm is missing. ACM arrhythmogenic cardiomyopathy, LQTS long QT syndrome, CPVT
catecholaminergic polymorphic ventricular tachycardia, ACM arrhythmic cardiomyopathy, BrS Brugada
syndrome, VF ventricular fibrillation.

In patients aged <40 years, there were trends to a higher incidence of CPVT and a diagnosis of true idiopathic
VF (Table 2, Fig. 4).

Discussion

ACA survivors with structurally normal hearts (i.e. normal findings on 2D-TTE and coronary angiography)
were traditionally labelled as idiopathic VF cases'®. In our survey, we are presenting the diagnostic yield of a
comprehensive investigation protocol of idiopathic VF in real-life clinical settings where some investigation
modalities are not always available and patient compliance is variable. Even with these modifying factors, a more
specific diagnosis was established in more than one third of our patients. Mostly, the diagnostic criteria of ACM
or primary electrical diseases of the heart were fulfilled. Maximizing the efforts to establish a particular diagnosis
in “idiopathic” VF cases has several implications. First, a proper diagnosis can modify recommendations for
the patient’s lifestyle (e.g. avoiding risk drugs in LQTS, immediate treatment of fever in BrS, and limitation of
exercise activities in CPVT or ACM) and future treatment (e.g. during arrhythmic storm). Second, a diagnosis
of a hereditary condition can lead to cascade family screening, which allows early diagnosis and prevention of
possible life-threatening events in the relatives of ACA survivors.

The most common etiology of SCD worldwide is CAD and heart failure. These etiologies are usually absent
in 5-10% of ACA survivors>'. A similar proportion of patients with normal findings on 2D-TTE and coronary
angiography were also identified in our study (8.9%) as these modalities were performed in 100% of our patients.
At this time, it is not uncommon that, in the absence of further diagnostic work-up, an ICD is implanted'®. This
fact is critical, especially for CMR, as this investigation should be performed before ICD implantation. In the
past, it was not possible to perform CMR imaging in ICD patients due to device incompatibility or because the
diagnostic quality was severely limited due to device-related artifacts, even in patients with MR compatible

Scientific Reports |

(2024) 14:14089 | https://doi.org/10.1038/s41598-024-64513-7 nature portfolio



www.nature.com/scientificreports/

FINAL DIAGNOSIS FINAL DIAGNOSIS
<40 YEARS > 40 YEARS
N=28 N=18

Incomplete D

follow-up

D 39%

Incomplete
follow-up
50%

True
idiopathic VF
14%

True
idiopathic VF |8

Figure 4. Final diagnosis according to age. No statistically significant differences were present between groups
aged <40 years and aged > 40 years. In patients aged <40 years, there were trends to a higher incidence of CPVT.
Incomplete follow-up group contains individuals who either refused all investigations or some step of algorithm
is missing. LQTS long QT syndrome, CPVT catecholaminergic polymorphic ventricular tachycardia, ACM
arrhythmic cardiomyopathy, BrS Brugada syndrome, VF ventricular fibrillation.

devices. Performing CMR before ICD implantation was thus the only option, while immediate availability of this
method was limited. In our group of patients, the proportion of CMR examinations reached 78.3% overall and
since 2017 in our institution 100% of patients after ACA without CAD or chronic heart failure have undergone
a CMR examination during initial hospitalization before ICD implantation, as it has become clear that CMR is
an essential tool for ruling out possible underlying causes of ventricular malignant arrhythmias. The importance
of CMR in ACA survivors is crucial as any diagnosis of ACM requires at least 1 morphological and/or structural
criterion'®. Fortunately, new mapping techniques are currently in development to increase diagnostic quality of
CMR imaging to identify and quantify myocardial fibrosis in patients with implanted cardiac devices'”. In our
survey, CMR led to a specific diagnosis in 8 patients (22.2% of individuals who underwent CMR and 17.4% of
the whole group)—see Fig. 1 for particular diagnoses. In the group with CMR performed, 14/36 (38.9%) patients
were classified as idiopathic VF or incomplete idiopathic VF compared with 8/10 (80.0%) patients labelled as
incomplete idiopathic VF in the group without CMR. The difference in results between these two groups was
statistically significant (p =0.032, Fisher’s exact test). This indicates the crucial role of CMR in the investigation
algorithm. Therefore the missing CMR in 10 individuals implies that similar proportion of them might have
undiagnosed cardiomyopathy. Without CMR, a potentially large group of patients with ACM, myocarditis or
amyloidosis may have been misdiagnosed.

In contrast to the narrow time window for CMR, the other parts of idiopathic VF diagnostic work-up can
be performed anytime in the follow-up. In this regard, it is necessary to emphasize the importance of repeated
analysis of routine resting ECG. In the described group, this simple and inexpensive method led to a diagnosis of
the only LQTS case and 1 of 2 BrS cases. The typical moment for ECG re-evaluation is each recurrent malignant
arrhythmia in idiopathic VF patients as ECG changes can be short-term and disappear quickly.

Further recommended steps of diagnostic work-up are exercise stress testing and sodium channel blocker
challenge®. In our survey, 13 patients refused both or one of these investigations. Again, this implies some missed
cases of hereditary arrhythmic syndromes, and it emphasizes the importance of repeated offers to complete the
investigation in individuals with variable compliance.

An important part of the diagnostic work-up is the exercise stress test, which is crucial for the diagnosis of
CPVT and helpful in LQTS cases. In our group, this investigation led to the identification of 5 definitive CPVT
and one borderline CPVT cases (13%). Recently, it has been shown that CPVT is one of the most often missed
and delayed diagnoses in young ACA survivors. As Giudicessi and Ackerman'® observed, the reason was not
only omission of this important investigation but also its misinterpretation when typical ventricular arrhythmias
were induced but the CPVT diagnosis was not established. In our survey, the diagnostic yield of the exercise
stress test was second to CMR (6 vs. 8 specific diagnoses identified by particular modality). The yield could have
been even higher as 7 individuals of our group refused this work-up step. Interestingly, no case of LQTS was
diagnosed during stress testing in our survey, although our centre has long-term experience with exercise testing
in primary electrical diseases of the heart'%.

For many years, sodium channel blocker challenge was a required part of the diagnostic protocol. Nevertheless,
in the current version of the European guidelines it is recommended as class I only in ACA survivors'®. Of 35
individuals indicated for this step, 25 (71.4%) consented with the challenge, which identified only 1 case of BrS.
As mentioned above, the other BrS case was identified by follow-up ECG evaluation. Thus, the total proportion
of BrS patients was 4.4%.

In our survey, the proportion of both structural and primary electrical diagnoses were comparable to other
studies'*?!. We observed variable compliance with the work-up protocol as 13 patients refused to undergo at
least one investigation despite repeated explanations. The most common reason was fear of induced arrhythmia.
This feature was not addressed in other studies.
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We performed genetic testing in the true idiopathic VF patients and also in the “incomplete” idiopathic VF
patients. Two P/LP variants were identified (RYR2 gene and FLNC gene, respectively). Interestingly, both of
these patients had normal findings on both CMR and stress testing. Genetic analysis was performed also in all
patients with the “incomplete” idiopathic VF (negative both stress test and sodium channel blocker challenge
but missing CMR, n=8, see Fig. 1) without finding P/LP variants. Thus genetic analysis by itself did not lead to
any particular diagnosis. Then, four VUS were identified. In the context of our current expertise, some of them
are currently being analyzed in our ongoing research project of in vitro and in silico functional evaluation.

Limitations

Our survey has a certain number of limitations. The number of patients is low due to the rarity of the condition,
to increase the numbers a multicentre project would be necessary. Also, this is a retrospective study of a
heterogenous population recruited at a single centre. Given the retrospective nature of case selection, it is not
possible to ascertain the sequence of cases. The entire diagnostic work-up was not completed in up to 30%
patients: in the period from 2007 to 2017 the CMR was not available for all patients, and certain patients refused
certain steps. Nonavailability of these results could have modified the possible diagnosis of true idiopathic VE
Nevertheless, in this regard, our survey reflects real-life clinical settings.

Conclusions

Our real-life survey shows that even with an incomplete diagnostic work-up (due to unavailability of a
particular method or variable patient compliance), a specific diagnosis can be identified in more than one third
of the cases of idiopathic VE Idiopathic VF is a diagnosis per exclusionem and, as such, it requires an active
diagnostic approach. The main point of care for ACA survivors is referral to an expert centre with experience in
cardiomyopathies and channelopathies. It is necessary to perform all invasive and non-invasive examinations
(with emphasis on CMR prior to ICD implantation) to maximize the chance of a definitive diagnosis, with
implications for treatment and family screening. In this regard, even in individuals who were missed initially
or refused further investigation at the moment it is necessary to repeat the offer continuously during follow-up.

Data availability
The datasets generated and analyzed during the current study are not publicly available due to potentially
identifiable nature but are available from the corresponding author on reasonable request.

Received: 26 October 2023; Accepted: 10 June 2024
Published online: 18 June 2024

References

1. Priori, S. G. et al. 2015 ESC guidelines for the management of patients with ventricular arrhythmias and the prevention of sudden
cardiac death: The Task Force for the Management of Patients with Ventricular Arrhythmias and the Prevention of Sudden Cardiac
Death of the European Society of Cardiology (ESC) Endorsed by: Association for European Paediatric and Congenital Cardiology
(AEPC). Eur. Heart . 36,2793-2867 (2015).

2. Winkel, B. G. et al. Nationwide study of sudden cardiac death in persons aged 1-35 years. Eur. Heart J. 32, 983-990 (2011).

3. Pilmer, C. M., Kirsh, J. A, Hildebrandt, D., Krahn, A. D. & Gow, R. M. Sudden cardiac death in children and adolescents between
1 and 19 years of age. Heart Rhythm 11, 239-245 (2014).

4. Risgaard, B. et al. Burden of sudden cardiac death in persons aged 1 to 49 years: Nationwide study in Denmark. Circ. Arrhythm.
Electrophysiol. 7,205-211 (2014).

5. Waldmann, V. et al. Burden of coronary artery disease as a cause of sudden cardiac arrest in the young. J. Am. Coll. Cardiol. 73,
2118-2120 (2019).

6. Waldmann, V. et al. Low rates of immediate coronary angiography among young adults resuscitated from sudden cardiac arrest.
Resuscitation 147, 34-42 (2020).

7. Bagnall, R. D. et al. A prospective study of sudden cardiac death among children and young adults. N. Engl. . Med. 374, 2441-2452
(2016).

8. Winkel, B. G. et al. Sudden cardiac death in children (1-18 years): Symptoms and causes of death in a nationwide setting. Eur.
Heart J. 35, 868-875 (2014).

9. Visser, M. et al. Idiopathic ventricular fibrillation: The struggle for definition, diagnosis, and follow-up. Circ. Arrhythm.
Electrophysiol. 9, €003817. https://doi.org/10.1161/CIRCEP.115.003817 (2016).

10. Zeppenfeld, K. et al. 2022 ESC guidelines for the management of patients with ventricular arrhythmias and the prevention of
sudden cardiac death. Eur. Heart J. https://doi.org/10.1093/eurheartj/ehac262 (2022).

11. Wilde, A. A. M. et al. European Heart Rhythm Association (EHRA)/Heart Rhythm Society (HRS)/Asia Pacific Heart Rhythm
Society (APHRS)/Latin American Heart Rhythm Society (LAHRS) Expert Consensus Statement on the state of genetic testing
for cardiac diseases. EP Eur. 24, 1307-1367 (2022).

12. Richards, S. et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the
American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 17, 405-424
(2015).

13. Meissner, M. D. et al. Ventricular fibrillation in patients without significant structural heart disease: A multicenter experience with
implantable cardioverter-defibrillator therapy. J. Am. Coll. Cardiol. 21, 1406-1412 (1993).

14. Krahn, A. D. et al. Systematic assessment of patients with unexplained cardiac arrest: Cardiac arrest survivors with preserved
ejection fraction registry (CASPER). Circulation 120, 278-285 (2009).

15. van der Werf, C. & Wilde, A. A. M. Why did this patient experience a sudden cardiac arrest? Follow your curiosity!. Heart Rhythm
16, 1240-1241 (2019).

16. Corrado, D. et al. Diagnosis of arrhythmogenic cardiomyopathy: The Padua criteria. Int. J. Cardiol. 319, 106-114 (2020).

17. Zaman, A. et al. Role of cardiac MRI imaging of focal and diffuse inflammation and fibrosis in cardiomyopathy patients who have
pacemakers/ICD devices. Curr. Cardiol. Rep. 24, 1529-1536 (2022).

18. Giudicessi, ]. R. & Ackerman, M. J. Exercise testing oversights underlie missed and delayed diagnosis of catecholaminergic
polymorphic ventricular tachycardia in young sudden cardiac arrest survivors. Heart Rhythm 16, 1232-1239 (2019).

Scientific Reports |

(2024) 14:14089 | https://doi.org/10.1038/s41598-024-64513-7 nature portfolio


https://doi.org/10.1161/CIRCEP.115.003817
https://doi.org/10.1093/eurheartj/ehac262

www.nature.com/scientificreports/

19. Andrsova, I et al. Clinical characteristics of 30 Czech families with long QT syndrome and KCNQ1 and KCNH2 gene mutations:
Importance of exercise testing. J. Electrocardiol. 45,746-751 (2012).

20. Andrsova, I. et al. Clinical characteristics and mutational analysis of the RyR2 gene in seven Czech families with catecholaminergic
polymorphic ventricular tachycardia. Pacing Clin. Electrophysiol. 35, 798-803 (2012).

21. Waldmann, V. et al. Characteristics and clinical assessment of unexplained sudden cardiac arrest in the real-world setting: Focus
on idiopathic ventricular fibrillation. Eur. Heart J. 39, 1981-1987 (2018).

22. Synkovd, L. et al. Long-QT founder variant T3091-Kv7.1 with dominant negative pattern may predispose delayed afterdepolarizations
under B-adrenergic stimulation. Sci. Rep. 11, 3573. https://doi.org/10.1038/s41598-021-81670-1 (2021).

Acknowledgements
This study was supported by the Ministry of Health of the Czech Republic—Grant NU22-02-00348 (FNBr.
65269705). Special thanks to Beau Daquila for language editing and proofreading of the manuscript.

Author contributions

Study design; S.L., T.N., M.S. and M.B.; Investigation: S.L., T.N., M.S., M.K,, LK., ].V,, M.B,, LS., ].Z. and S.R.;
Statistics: J.R.; Figures: S.L. and T.N.; Initial manuscript draft: S.L. and T.N.; Final manuscript: S.L., TN., M.S.,
M.B., JR, MK, LK,]J.V, LS, J.Z, S.R., and PK,; All authors have read and agreed to the published version of
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:14089 | https://doi.org/10.1038/s41598-024-64513-7 nature portfolio


https://doi.org/10.1038/s41598-021-81670-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The yield of a comprehensive investigation protocol for the diagnosis of true idiopathic ventricular fibrillation in a real-life clinical setting
	Methods
	Study population
	Data collection
	Genetic analysis
	Statistical analysis

	Results
	Discussion
	Limitations
	Conclusions
	References
	Acknowledgements


