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Abstract: Background: An electrocardiogram (ECG) is an essential and easily available
diagnostic test in the management of cardiomyopathies and channelopathies. Different
strategies based on ECG have been recommended for general population and athlete
screening. Objectives: The purpose of this study was to explore the value of the ECG
for the diagnosis of sudden cardiac death (SCD) cases. Methods: ECGs from 50 (aged
37.6 ± 19.9 years, 37 men) resuscitated cardiac arrest (26, 52%) and SCD cases (24, 48%)
were analyzed. Relevant medical history and results from clinical tests were reviewed. ECG
findings were compared with the final diagnosis. Results: Final ECG classification was as
follows: 9 (18%) normal, 15 (30%) unspecific, 14 (28%) suggestive, and 12 (24%) diagnostic.
Amongst 13 hypertrophic cardiomyopathy patients, ECGs were diagnostic in 6 (46%) and
suggestive in 1 (8%). Arrhythmogenic right ventricular cardiomyopathy was diagnosed in
seven patients, two (28%) with suggestive ECG. Dilated cardiomyopathy was diagnosed in
four patients, two (50%) with suggestive ECG. Six patients had Brugada syndrome: four
(66%) had diagnostic ECGs, and two (33%) had suggestive ECG. Long QT syndrome was
diagnosed in four cases; only one (25%) had a diagnostic ECG. Three patients had other car-
diomyopathies. After the complete study, 13 (26%) patients remained with a non-conclusive
diagnosis; their ECGs were unspecific or normal. Conclusion: ECG can be unspecific or
normal in an important percentage of SCD cases (48%). Furthermore, a significant propor-
tion of SCD cases after a comprehensive study remain without a definite diagnosis (26%).
These findings should be considered when planning SCD preventive strategies.

Keywords: sudden cardiac death; electrocardiogram; inherited cardiomyopathy; channelopathy

1. Introduction
Sudden cardiac death (SCD) is a devastating event at any age, particularly among the

young. The annual incidence rate of SCD in individuals under 35 years of age ranges from
1 to 13 per a 100,000 population [1–4]. In adults, the most common cause of SCD is coronary
artery disease, which is 10–15 times more prevalent than other cardiac conditions [2–4].
The second most frequent cause of death is unexplained. The term sudden adult death
syndrome (SADS) has been used for cases with normal postmortem study. Genetics
and family study leads to the identification of inherited arrhythmia syndromes or early
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cardiomyopathic forms in up to 40% of SADS cases [5,6]. Cardiac non-ischemic conditions,
such as cardiomyopathies and channelopathies, are common causes of SCD in individuals
under 35 years and in athletes [7,8].

A twelve-lead electrocardiogram (ECG) is an important and easily available diagnostic
test in cardiomyopathies and channelopathies. The ECG has been proposed as a useful tool
to identify cardiac disease and hence individuals at risk for SCD. It is widely used in familial
screening of cardiomyopathies and channelopathies, as well as in the pre-participation
cardiovascular evaluation of competitive athletes [9,10].

The main aim of this study was to explore the value of the ECG for the retrospective
diagnosis of non-ischemic SCD cases, and to compare ECG findings with the final clinical
diagnosis in patients in whom the case of SCD or SCA was a suspected or confirmed
cardiomyopathy or channelopathy.

2. Methods
2.1. Study Population

One hundred and twenty-two non-ischemic SCD or sudden cardiac arrest (SCA) cases
consecutively referred to a cardiac screening clinic from January 2005 to January 2011 were
retrospectively evaluated (Supplementary Figure S1). The study was approved by the
ethical committee of our hospital.

Coronary artery disease was ruled out by means of coronary angiography in SCA
patients, and by autopsy study in SCD cases. Patient clinical records were reviewed and
previous ECGs were analyzed in SCD cases when available. ECGs performed later than
48 h after resuscitation were employed in survivors of a cardiac arrest. Finally, 50 cases
(41%) were included in this study. The time delay between the date of the ECG and the
date of death in the 24 SCD cases was 1008 ± 947 days.

A final diagnosis in SCD cases was achieved after postmortem study and clinical
record review. The evaluation of SCA patients included the medical history, physical
examination, 12-lead ECG, M mode, two-dimensional and Doppler echocardiography, and
coronary angiography. Patients with unexplained SCA and no evident cardiac disease
(with normal echocardiography, coronary arteries, and resting ECG) underwent an exercise
test and pharmacological challenge with adrenaline and an antiarrhythmic-type Ic agent
to unmask subclinical primary electrical disease. Familial study and a genetic test were
offered in all cases.

Patients were diagnosed with hypertrophic cardiomyopathy (HCM), idiopathic di-
lated cardiomyopathy (DCM), arrhythmogenic right ventricular cardiomyopathy (ARVC),
Brugada syndrome (BS), long QT syndrome (LQTS), or short QT syndrome (SQTS) so
long as they fulfilled current diagnostic criteria [11–18]. If a certain diagnosis could not be
established after complete study, patients were classified as SADS.

Reasons for exclusion from the study were lack of a postmortem examination, a
drug/toxic cause, a non-cardiac cause of cardiac arrest, no ECG available, or paced ECG. A
flowchart detailing excluded subjects is provided in Supplementary Figure S1.

2.2. ECG Analysis

Standard 12-lead ECG tracing at a 25 mm/s paper speed and 10 mm/mV amplitude
was used. Two cardiologists, blind to the final diagnosis, performed the ECG reading, using
a manual caliper as the only aid. Bazett’s formula was used to correct the QT interval (QTc)
for heart rate. Therefore, ECGs were classified as normal, unspecific–abnormal, suggestive,
or diagnostic, according to the following criteria:

- Normal ECG: This included a sinus rhythm, a rate of 50–100 beats per minute, normal
intervals and frontal axis (−30◦ to 110◦), and normal transition and amplitudes.
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- Unspecific–abnormal: This included ECGs not fulfilling neither normality criteria nor
any of the following categories. Abnormalities considered in this category were atrial
fibrillation, a right bundle branch block, frontal axis deviation, a short PR interval, the
presence of a delta wave, an early repolarization pattern defined as an elevation in the
J-point more than 0.1 mV from baseline presented in two or more of the inferior (II, III,
and aVF) or lateral (I, aVL, V5 to V6) leads [19], and fragmented QRS that includes
the presence of an additional R wave (R’) or notching in the nadir of the R wave or the
S wave, or the presence of >1 R’ (fragmentation) in 2 contiguous leads in narrow QRS
complexes, or more than 2 R’ or S waves in wide QRS complexes [20].

- Suggestive: This included CG characteristics suggesting a cardiomyopathy or chan-
nelopathy as the cause of SCD or SCA, not meeting diagnostic criteria. The following
ECG patterns were classified in this group:

∗ Left ventricular hypertrophy not fulfilling Romhilt–Estes criteria [21] (Supple-
mentary Table S1).

∗ Type 2 or 3 Brugada patterns [16] (type 2, “saddleback” significant ST-segment
elevation, and type 3, “coved” or “saddleback” mild ST-segment elevation in
right precordial leads).

∗ A moderately prolonged QTc interval (less than 480 ms and more than 450 ms
in men or 460 ms in women).

∗ A moderately shortened QTc interval (less than 380 ms and more than 360 ms).
∗ Epsilon waves or negative T waves in V1–V4 leads in the absence of a right

bundle branch block.
∗ A left bundle branch block (LBBB) as suggestive of DCM.

- Diagnostic: The ECG is unmistakably diagnostic of a condition potentially caus-
ing SCD/SCA, such as a spontaneous type 1 Brugada pattern defined by coved
ST-segment elevation ≥ 2 mm (0.2 mV) followed by a negative T wave in at least
one right precordial lead (V1 to V3) positioned in the 2nd, 3rd, or 4th intercostal space;
this includes a prolonged QT interval (QTc ≥ 480 ms), or a short QTc interval less than
360 ms [18]. For the diagnosis of HCM, the Romhilt–Estes ECG score was applied,
and a definitive diagnosis was achieved if 5 or more points were obtained.

2.3. Statistical Analysis

Continuous variables are presented as the mean ± standard deviation. Qualitative
variables are presented as percentages. The SPSS for PC statistical software (SPSS, Chicago,
IL, USA, version 17.0) was used for the analysis.

3. Results
Population clinical characteristics: A total of 50 consecutive patients were included;

26 (52%) of them were SCA patients and 24 (48%) were SCD victims. Mean age at the time of
sudden death was 37.6 ± 19.9 years old; 37 (74%) patients were men. After a comprehensive
study, a definitive diagnosis was achieved in 37 (74%) patients, whereas 13 (26%) patients
remained undiagnosed; percentages of patients in each group are presented in Table 1 and
Figure 1. In 20 (40%) cases, the event occurred during daily normal activities, 10 (20%)
during exercise, 11 (22%) at rest, and 4 (8%) during sleep, and 1 (2%) was related to
emotional stress; in 4 (8%) cases, the context was unknown (Table 1). Causative mutations
related to specific conditions were found in 17 patients (46%) from 37 cases with complete
genetic study (Supplementary Table S2), and familial disease was demonstrated in 15 (35%)
cases from 43 cases with family study.
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Table 1. Summary of final clinical diagnoses, sudden death context, genetic findings, and familial
disease.

HCM DCM ARVC BS LQTS Others SADS

Number of patients 13 4 7 6 4 3 13
Age (mean) 43.2 ± 15.9 57.5 ± 10.7 36.9 ± 11.1 47.2 ± 18.0 31.7 ± 26.9 25.3 ± 11.0 27.1 ± 23.7
Male gender 10 (77%) 3 (75%) 5 (78%) 6 (100%) 2 (50%) 2 (67%) 7 (54%)
Clinical presentation

Sudden cardiac death 7 (53.8%) 2 (50%) 4 (57.1%) 1 (16.7%) 1 (25%) 2 (66.7%) †, ‡ 7 (53.8%)
Aborted cardiac arrest 6 (46.2%) 2 (50%) 3 (42.9%) 5 (83.3%) 3 (75%) 1 (33.3%) § 6 (46.2%)

Sudden death context
Daily activities 5 (38.5%) 4 (100%) 3 (42.9%) 2 (33.3%) 1 (25%) 1 (33.3%) § 4 (30.8%)
Exercise 1 (7.7%) - 2 (28.6%) - 2 (50%) 1 (33.3%) † 4 (30.8%)
Rest 5 (38.5%) - - 3 (50.0%) - - 3 (23.1%)
Sleep - - - 1 (16.7%) 1 (25%) - 2 (15.4%)
Emotional stress - - - - - 1 (33.3%) ‡ -
Unknown 2 (15.4%) - 2 (28.6%) - - - -

Positive genetics 5 (13.5%) 3 (8.10%) 4 (10.8%) 0 4 (10.8%) 1 (2.7%) ‡ 0
Familial disease 5 (11.6%) 4 (9.3%) 4 (9.3%) 2 (4.6%) 0 0 0

§ Endomyocardial fibroelastosis, † Chagas cardiomyopathy, ‡ Catecholaminergic ventricular tachycardia.
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Figure 1. Final clinical diagnoses.

ECG findings: Forty-six ECGs (92%) presented a sinus rhythm, while three patients
showed atrial fibrillation and one a low atrial rhythm. The PR interval was 157.8 ± 35.0 ms.
QRS duration was 101.5 ± 21.3 ms. QT and QTc intervals were 376.7 ± 47.3 ms and
430.2 ± 39.9 ms, respectively.

Out of 50 ECGs, 9 (18%) met normality criteria, 15 (30%) were considered non-specific
abnormal ECGs, 14 (28%) were suggestive of specific disease, and 12 ECGs (24%) met
diagnostic criteria (Figure 2; Figure 3, Supplementary Table S3).

Among 12 diagnostic ECGs, 6 were diagnostic of HCM, with five or more points for
the Romhilt–Estes score (1 scored five points, 2 ECGs scored six points, 2 ECGs scored
seven points, and the remaining ECGs scored eight points). Four showed a type 1 Brugada
ECG pattern, and the other two ECGs were considered as diagnostic of long QT syndrome,
as QTc was 500 and 550 ms, respectively. Final diagnoses agreed with ECG classification
in all patients. The patient diagnosed with endomyocardial fibroelastosis fulfilled ECG
criteria for HCM.
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Figure 3. Some electrocardiograms from sudden cardiac death cases. (A): ECG fulfilling Romhilt–
Estes criteria for left ventricular hypertrophy in patient diagnosed with hypertrophic cardiomyopathy
and positive genetic test. (B): Type 1 Brugada pattern. (C): Early “notched” repolarization in inferior
and lateral leads in sudden adult death syndrome case. (D): Left bundle branch block and long
PR interval in patient diagnosed with dilated cardiomyopathy. (E): Presence of epsilon waves in
V1 and V2 leads, and negative T waves in right precordial leads; this patient was diagnosed with
arrhythmogenic right ventricular cardiomyopathy.
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In the suggestive ECG group, cardiac diseases suspected by the ECG were two cases
of ARVC, four of BS, two of DCM, and two of HCM with 4 points for the Romhilt–Estes
score, and three cases of long QT syndrome, as QTc was 465, 480, and 475 ms, respectively.
Both ECGs suggestive of ARVC belonged to two patients with this final diagnosis. Among
the four ECGs with suspected BS, two corresponded to patients with this condition and the
other two to HCM and SADS cases. Two patients with LBBB were diagnosed with DCM. Of
the two patients with ECG suggestive of HCM, the disease was diagnosed in one of them,
the other ECG corresponding to a SADS case. The ECGs that were suggestive of LQTS
corresponded to two patients with SADS, and a patient with ARVC. This patient showed a
markedly prolonged QTc interval (480 ms) and slightly negative T waves in right precordial
leads; therefore, this ECG was classified as suggestive of LQTS but the echocardiogram was
suggestive of ARVC and the genetic study showed a causative mutation in Plakophilin-2.
In our series, two patients had a QTc interval between 350 and 370 ms, although these
ECGs were not classified as suggestive of SQTS as suggestive findings of HCM and BS
were present, respectively.

Final clinical diagnoses in the non-specific ECG group were four cases of HCM, two of
DCM, three of ARVC, one of LQTS, one of Chagas cardiomyopathy, and four of SADS.
The most common abnormality was a right bundle branch block in four patients (27%).
Two patients in this group presented “notched” early repolarization in inferolateral leads
(Figure 3), and after a detailed study, they remained without a diagnosis. One patient
diagnosed with ARVC showed fragmented QRS complexes on the ECG.

Final clinical diagnoses in the patients with normal ECGs were catecholaminergic ven-
tricular tachycardia, and two cases of LQTS, one of ARVC, one of HCM, and four of SADS.

4. Discussion
This is the first publication to our knowledge that has compared ECG findings with

the postmortem (in SCD cases) or post-resuscitation (in SCA cases) final diagnosis in non-
ischemic cardiac conditions. This investigation sought to determine the accuracy of the
ECG for the diagnosis of SCD cases in a selected SCD/SCA cohort. The main finding of the
present study was that a high proportion of SCD/SCA patients have ECG abnormalities
(82%): 30% of patients had unspecific–abnormal ECG; 28% of them had an ECG suggestive
of specific disease, and 24% had a diagnostic ECG.

The identification of a false negative ECG (unspecific or normal) in cardiomyopathies
and channelopathies is not novel. Although the proportion of each condition with non-
diagnostic ECGs is not well established, it has been estimated between 5 and 20% of
cardiomyopathies [8,13]. In channelopathies, ECG findings are typically variable both in
the BS and in LQTS. The proportion of non-diagnostic ECGs in SCD/SCA cases has not
been reported.

Theoretically, patients with the more severe phenotypes (ECG and morpho-functional)
are usually at higher risk of developing ventricular arrhythmias and sudden cardiac death.
As examples, QRS duration has been associated with severity of left ventricular systolic
function in DCM, some repolarization abnormalities (ST elevation) have been associated
with event rates in HCM, and an extreme QT interval is considered a high-risk feature in
LQTS. The results from our retrospective analysis of a small cohort do not seem to confirm
the assumption that the severity of ECG findings is associated with SCD/SCA.

In our series, there were disorders in which ECGs showed unspecific abnormalities or
were normal in a large number of patients, being the conditions ARVC (57%) and LQTS
(65%). In contrast, HCM and BS were associated with a high proportion of diagnostic or
suggestive ECGs (54% and 100%, respectively). Although DCM does not have specific ECG
findings, LBBB has been associated with LV dilatation and dysfunction. In total, 25–28%



Cardiogenetics 2025, 15, 5 7 of 10

of DCM patients have LBBB and an increased proportion of 45% in cases with arrhythmic
events [22–25]. As most other causes of LBBB like ischemic and valvular disease were ruled
out during postmortem examination and the prevalence of hypertension was low (10%),
we decided to consider LBBB as a suggestive finding of DCM. In keeping with Grimm
et al.’s findings [25], 50% of patients from our series with DCM had LBBB on the ECG.

Despite SCD/SCA having a relatively low incidence in the general population, its
effects are devastating. There is an increasing recognition of the role of inherited cardiac
conditions in SCD/SCA in young individuals and in SADS cases. A correct diagnosis is
of paramount importance for first-degree relatives at risk of having a cardiac condition.
An early diagnosis, risk stratification, appropriate treatment, and genetic counseling are
essential to avoid complications.

In the last decade, digital ECG machines have become available in most health care
systems. ECG devices include automatic measurement of the heart rate, duration of the P
wave, PR, QRS, QT intervals, QRS voltages, repolarization abnormalities, and sophisticated
algorithms that help physicians with the interpretation of diagnostic findings.

Moreover, digital ECG allows the incorporation of artificial intelligence that might in
the future increase our capability to identify individuals at risk of having an underlying
cardiac condition [26,27]. In the meantime, it should be acknowledged on the basis of the
results presented here that ECG might not capture a proportion of cases with an inherited
cardiomyopathy or channelopathy.

Screening programs in the general population and particularly in athletes have been
implemented worldwide. There is controversy on whether the protocol should include
an interview on symptoms of heart disease, family history of premature cardiac disease,
or sudden death and physical examination [28]. Resting ECG is recommended in most
pre-participation strategies. Exercise ECG is routine for pre-participation programs in Italy
and imaging tests are usually saved for symptomatic individuals or abnormal ECGs [9,29].

Based on the findings of our series, careful review of ECG for the identification not
only of characteristic findings but also of suggestive features is needed for the identification
of patients at risk. Further investigation on larger series is needed in order to evaluate the
threshold for additional tests. Cardiac imaging tests, exercise tests, and/or pharmacological
tests might increase diagnostic yield in this scenario.

5. Limitations
The main limitation of our study is the small number of patients included, the ret-

rospective nature, and the delay of time between the date of the ECG and the date of
death. Only 41% of SCD/SCA cases of this prospective series had available ECGs for
evaluation. Despite that cardiomyopathies and channelopathies are genetic conditions,
disease expression could have occurred after the ECG was recorded.

6. Conclusions
Despite the ECG being a useful tool in the assessment of patients or relatives with

suspected cardiomyopathies or channelopathies, the results from the present study support
the importance of a complete cardiovascular screening that includes detailed family history,
cardiac imaging, and stress or pharmacological tests in order to avoid misdiagnosing
patients with cardiomyopathies and channelopathies, particularly in patients with baseline
abnormal ECG.
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7. Future Perspectives
Inherited cardiac conditions are major causes of fatal arrhythmias and sudden cardiac

death (SCD). In one in two SCD cases with an underlying inherited cardiac disease, the
ECG is unremarkable. This finding might have an impact in the design of future SCD
preventive strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cardiogenetics15010005/s1, Figure S1: Flow chart for study inclusion
of cases; Table S1: Romhilt-Estes score for left ventricular hypertrophy (LVH) based on ECG findings;
Table S2: Genetic results identified in the study cohort; Table S3: ECG classification and relationship
with the final clinical diagnosis.
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QTc heart rate-corrected QT interval
SADS sudden adult death syndrome
SCA sudden cardiac arrest
SCD sudden cardiac death
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