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Aims Despite T-wave morphology abnormalities being well-known distinctive ECG features in patients with long QT syndrome 
(LQTS), the subjectivity of qualitative ‘eyeballing’ in T-wave characterization still hampers its integration into diagnostic/ 
prognostic criteria. We herein evaluated whether our quantitative software-based analysis of T-wave morphology 
(AnTwM) applied to digital ECGs may identify predictors of cardiac events (CEs) in our cohort of LQTS patients.

Methods and 
results

We enrolled LQT1, LQT2, and LQT3 patients having at least one digital ECG from our cohort of genotype-confirmed LQTS 
patients. Automated AnTwM analysis, using Glasgow and Bravo algorithms embedded in the CalECG software (AMPS-IIc, 
USA), provided scalar descriptors of ventricular repolarization. Cox regression analyses identified potential predictors of 
CEs (i.e. syncope, sudden cardiac death, resuscitated cardiac arrest, or appropriate shock delivered by implantable cardio
verter defibrillators). A total of 467 (58% female) patients were followed up for 15 ± 9 years, including 253 (54.2%) LQT1, 
182 (39%) LQT2, and 32 (6.8%) LQT3 patients. Corrected QT interval predicted CEs in the whole population (1 ms QTc 
increase: HR = 1.01, 95% CI: 1.0–1.01, P = 0.03) but not across genotyped subpopulations. Genotype-specific ECG markers 
associated with a greater risk of CEs were (i) those expressing a delayed accumulation of the mid-late T-wave area (de
creased t25 and increased t50) among LQT1 patients and (ii) those expressing T-wave flattening/widening (decreased T- 
wave ascending/descending slopes) among LQT2 patients.

Conclusion The software-based AnTwM on digital ECGs represented a reliable tool in clinical practice and identified unique ECG T- 
wave ‘fingerprints’ that allowed prediction of CEs in a genotype-specific manner.
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What’s new?

• Despite T-wave morphology abnormalities being well-known dis
tinctive ECG features in patients with long QT syndrome, the sub
jectivity of qualitative ‘eyeballing’ in T-wave characterization still 
hampers its integration into diagnostic/prognostic criteria.

• We evaluated the potential of a software-based T-wave analysis per
formed on digitally acquired ECGs to identify new electrical markers 
capable of discriminating symptomatic from asymptomatic patients 
in a cohort of genotype-confirmed LQTS patients.

• By providing a standardized evaluation of repolarization using our 
T-wave analytics tool, we identified unique ECG T-wave ‘finger
prints’, which allowed the prediction of cardiac events in a genotype- 
specific manner.

• We demonstrated that the quantitative analysis of repolarization 
morphology, using a standardized automated approach on digital 
ECGs, represents a feasible and reliable tool for clinical practice.

• The integration of repolarization heterogeneity features, which cap
ture the ECG signatures of high-risk LQTS, seems to hold great 
promise in refining risk stratification among LQTS patients.

Introduction
Congenital long QT syndrome (LQTS) is an inherited arrhythmic syn
drome characterized by prolonged ventricular repolarization potential
ly leading to life-threatening arrhythmias through the onset of Torsades 

de Pointes (TdP).1 Despite considerable progress, one of the major 
gaps in knowledge is represented by the absence of clear mechanistic 
explanations elucidating the incomplete penetrance and the variable ex
pressivity among LQTS patients.2 Previous studies demonstrated that 
several features may contribute to refinement of risk stratification, 
which currently relies on the combined evaluation of clinical character
istics (e.g. sex, age, or history of previous arrhythmia), genetic features 
(e.g. gene type, variant location, and related functional effect)3–7 and 
ECG (heart-rate corrected QT).

Importantly, as early as 1975, Schwartz et al.8 already demonstrated 
that ECG abnormalities in LQTS were not limited to QT prolongation 
but encompassed T-wave abnormalities, mirroring the spatial and tem
poral alterations of repolarization. Subsequent studies further suggested 
the prognostic implications of notched T waves, which were associated 
with an increased risk of arrhythmic events in LQTS.9 However, only in 
1995 did Moss et al. first describe peculiar qualitative T-wave character
istics according to LQTS subtypes.9–12 Type 1 LQTS (LQT1) patients 
often display T waves with broad base and early onset, while Type 2 
LQTS (LQT2) patients present with biphasic/notched T waves, often 
asymmetric and of low amplitude. Finally, Type 3 LQTS (LQT3) patients 
frequently exhibit normal morphology T waves with typical late-onset 
preceded by a prolonged isoelectric ST-segment.10,13 However, despite 
such well-known T-wave features, the analysis of T-wave morphology 
has not yet been fully and formally incorporated into diagnostic criteria, 
except for the presence of a notched T wave in three leads or the evi
dence for T-wave alternans, which both represent contributive features 
of the LQTS diagnostic score.14,15 The failure to incorporate into formal 
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diagnostic criteria a broader assessment of T-wave morphology may be 
probably explained by the subjectivity of qualitative ‘eyeballing’ in 
T-wave characterization, as well as by its reliance on the cardiologist’s 
experience, which often undermines the diagnostic contribution of T 
wave analysis.16 In addition, previous attempts to quantitatively analyse 
repolarization were often manually performed on paper ECGs, with a 
significant lack of result consistency, accuracy, and reproducibility. 
Moreover, manual measures risk being time-consuming and thus less 
practical in case of systematic assessments among large amounts of pa
tients. Thus, the quantitative and potentially automated assessment of 
T-wave morphology may have a huge diagnostic potential in LQTS.

In the current study, we evaluated whether our integrated and 
software-based T-wave analysis, performed on digitally acquired 
ECGs, may identify novel electrical markers to differentiate between 
symptomatic and asymptomatic patients in our cohort of genotype- 
confirmed LQTS patients. Secondly, we investigated whether this auto
mated T-wave analysis allowed the identification of prognostic markers 
in a genotype-specific manner, and we further analysed their predictive 
performance as compared to traditional prognostic factors.

Materials and methods
Study population
The population of the present study was identified from the historical pro
spective registry of genotype-confirmed LQTS patients followed from 
September 1993 to June 2021, at the Reference Center for Inherited 
Arrhythmia Syndromes of the Bichat-Claude Bernard University 
Hospital in Paris, France. Demographic, genetic, and clinical data were sys
tematically recorded at each visit.

Patients were enrolled for this analysis if they (i) were carriers of 
heterozygous pathogenic or likely pathogenic variants in KCNQ1, 
KCNH2, or SCN5A confirming the diagnosis of LQT1, LQT2, and 
LQT3, respectively, and (ii) had at least one digitally recorded ECG re
corded at baseline and/or at follow-up visits. Conversely, patients car
rying homozygous pathogenic or likely pathogenic variants in KCNQ1 
or KCNE1 (i.e. affected by Type 1 or 2 Jervell and Lange-Nielsen syn
drome) were excluded from the study, as were patients who did 
not undergo a follow-up visit within 1 year from the diagnosis or 
with digital ECGs of insufficient quality to allow automated analysis. 
For each patient enrolled, demographic and clinical data were retro
spectively reviewed including personal and family history, mode of 
diagnosis (symptom-driven, secondary to familial screening or inciden
tal diagnosis), age at clinical and genetic diagnosis, Schwartz score, age 
at symptom onset, type of symptoms (syncope or other arrhythmic 
events), circumstances of symptom onset, medications before and 
after the diagnosis, and non-pharmacological therapy (i.e. device im
plantation and sympathetic denervation). As about symptoms, we re
corded as ‘severe arrhythmic events’ (SAEs) the onset of any sudden 
cardiac death, resuscitated cardiac arrest, or any appropriate electrical 
shock delivered by an implantable cardioverter defibrillator (ICD). We 
documented instead as ‘arrhythmic events’ (AEs) the onset of any SAE 
or syncope.

The genetic data were obtained from genetic tests and results rea
lized in clinical practice for diagnostic purposes,17 according to the 
standard protocols of the Genetics and Cytogenetics Laboratory of 
the APHP Pitié-Salpêtrière Hospital. The affected protein site was 
documented and characterized according to its location in the channel 
pore regions or elsewhere. We also classified the variants according to 
the biophysical functional effect expected for the mutant protein. Based 
on the literature,7,18 we assumed haploinsufficiency for non-missense 
variants including truncating, frameshift, or splicing mutations, while a 
dominant negative effect was presumed for missense variants or in- 
frame deletions.

All patients or their legal representatives signed an informed consent 
to allow the collection of personal clinical and genetic data and their use 
for research purposes. In addition, the database was collected comply
ing with the National French Data Protection [Commission Nationale de 
l’Informatique et des Libertés (CNIL)]. Due to the design of the study 
based on routine clinical practice, the approval of the study protocol 
by an institutional review board was not necessary.

Automated analysis of digitally recorded 
electrocardiograms
Digital ECGs were obtained from digitalization of patients’ analogue 
cardiac electrical signals using a MAC 5500 device (General Electric©, 
Boston, MA, USA) with a 4.88 μV resolution and a 4 kHz sampling fre
quency. The automated analysis of T-wave morphology was then per
formed by an integrated approach which combined measurements 
outputted by two software programmes previously described,19,20

namely, the Glasgow and the Bravo algorithms. In brief, both pro
grammes analysed the reconstructed 10 s 12-lead ECG, the represen
tative beats of each lead being identified through the embedded 
CalECG software (AMPS-IIc, NY, USA). This latter allowed the meas
urement of representative beats based on the semi-automatic or the 
manual determination of pivotal calliper positions (e.g. QRS beginning, 
QRS end, and T-wave end). It is important to note that prior to T-wave 
analysis, all determinant calliper positions related to patients’ ECGs 
were visually checked and manually corrected by an expert operator 
(F.E.), when appropriate. Moreover, analysis of representative beats 
prevented any potential data selection bias, since software analysis 
was performed on the same waveforms. Table 1 and Figure 1 summarize 
the scalar time intervals and the T-wave morphology parameters com
puted by the two software programmes. For simplicity, repolarization 
features were grouped into three categories: (i) markers of T-wave 
area distribution during ventricular repolarization including Tx, 
SymArea, SymT, S1/S2, A1, and A2; (ii) markers of duration of ventricu
lar repolarization including TpTe, QTc, mu, and QT dispersion; and 
(iii) markers of T-wave spread including S1, S2, Lslope, and Rslope.

Statistical analysis
Normally distributed continuous variables were expressed as mean va
lues ± standard deviation, while non-normally distributed continuous 
variables were reported as median values and interquantile ranges 
(IQRs). Depending on distribution type (normal or non-normal), the 
independent-sample t-test, the analysis of variance (ANOVA), or the 
Kruskal–Wallis test was used to assess differences between continuous 
variables. Categorical variables were expressed as absolute number (N ) 
and percentage. Differences between categorical data were evaluated 
using the χ2 test or Fisher’s exact test. A P-value <0.05 was set to iden
tify statistical significance.

The analysis of event-free survival was performed using the Kaplan– 
Meier method, and event-free survival curves were compared using the 
log-rank test. Event collection was censored when the first cardiac 
event occurred during follow-up. A univariate Cox model allowed 
the assessment of potential risk factors for AEs/SAEs occurrence 
from birth. In line with the aim of our study and with previous literature, 
we opted for applying Cox models from birth through the end of 
follow-up (instead of starting follow-up from the time of ECG acquisi
tion) to allow uniform comparison across patients with different ages, 
while avoiding potential lead-time and selection biases associated with 
the variable timing of the first available ECG. We further incorporated 
factors with a P-value <0.1 in a multivariable Cox regression model to 
calculate hazard ratios (HRs) and 95% confidence intervals (CIs). 
Notably, to assess the role of ECG markers as potential risk factors 
for AEs/SAEs occurrence, the first available digitalized ECG was consid
ered for each patient. All statistical analyses were implemented using 
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R26 [version 4.5.0 (2025-04-11), R Core Team, Vienna, Austria] with 
survival analyses conducted using the survival, survminer, and ggplot2 
packages. Additional tests (t-test, ANOVA, Kruskal–Wallis, χ2 test, 
and Fisher’s exact test) were performed using base R functions with 
the stats package.

Results
Our prospective registry of genotype-confirmed LQTS patients in
cluded 1504 patients: 631 LQT1, 556 LQT2, 173 LQT3, 33 patients 
suffering from a Jervell and Lange-Nielsen Syndrome (JLNS), and 105 
heterozygous JLNS family members.

In this cohort, 1083 12-lead digital ECGs were performed among 
484 (32.2%) patients (2.2 ECGs per patient) from 217 different families, 
including 136 probands (proband/family ratio of 0.6). Due to not avail
able/uncertain genetic results (n = 12), to the detection of JLNS homo
zygous variants (n = 4), or to uninterpretable digital ECGs (n = 1), 17 
patients were excluded from the study.

A total of 467 (58% female) patients were finally included in the ana
lysis encompassing 253 (54.2%) LQT1, 182 (39%) LQT2, and 32 (6.8%) 
LQT3 patients. Table 2 summarizes patients’ characteristics. The ex
haustive list of detected variants is displayed in the Supplementary 
material (Supplementary material online, Tables S1, S2, and S3). A vari
ant located in the channel pore regions was pointed out among 53 
(11.6%) patients. According to literature criteria,7,18 haploinsufficiency 
was assumed for 119 (25.5%) variant carriers while a variant with a pre
sumed dominant negative effect was detected in the remaining 348 
(74.5%) patients.

Patients presented with at least one AE at the time of diagnosis num
bered 141 (30.2%), with a mean age at first AE occurrence of 18 ± 15 
years and a mean interval between first AE occurrence and diagnosis of 
8 ± 8 years. The global annual incidence of AEs and SAEs was 1.2 and 

0.1 per 100 patients-year. As about treatment, only 23 patients 
(4.9%) were already treated with beta-blockers at the time of diagnosis 
due to extra-cardiac reasons or to anti-hypertensive purposes.

Comparing symptomatic and asymptomatic patients, we observed a 
greater proportion of females (65 vs. 54%, P = 0.04), a greater Schwartz 
score (5 ± 1 vs. 2.8 ± 1, P < 0.001), a longer QTc (477 ± 38 vs. 458 ±  
33 ms, P = 0.01), and a greater proportion of pore mutation carriers 
(18, 4 vs. 8.3%, P < 0.01) in the symptomatic group. Conversely, a great
er number of patients carrying haploinsufficient variants was detected 
in the asymptomatic group (28.2 vs. 19.3%, P = 0.04). Of note, among 
the 119 carriers of a haploinsufficient variant at diagnosis, 18 were het
erozygous family members of JLNS patients. All 18 were asymptomatic 
at diagnosis, representing 19.6% (18/92) of the asymptomatic patients 
carrying a haploinsufficient variant. After excluding these 18 heterozy
gous JLNS patients from the analysis, the proportion of patients carry
ing haploinsufficient variants remained significantly higher in the 
asymptomatic group compared to the symptomatic one (24 vs. 
19.3%, P = 0.04), indicating that the difference was not solely attribut
able to the presence of heterozygous JLNS carriers. No significant dif
ference in terms of genotype distribution was observed between the 
symptomatic and asymptomatic groups at diagnosis.

Clinical follow-up
The mean follow-up period was 15.2 ± 9.2 years, and the study in
volved 445 patients. Of note, 22 patients were excluded from the 
follow-up analysis since they did not undergo a follow-up visit within 
1 year from the diagnosis. As summarized in Figure 2, during follow-up, 
64 patients (14.4%) developed at least one AE, including syncope in 48 
patients and SAEs in 16 patients.

Among patients with SAEs, we reported seven (43.8%) resuscitated 
cardiac arrests, six (37.5%) sudden cardiac death, and three (18.7%) ap
propriate electrical shock delivered by an ICD. The AE and SAE annual 
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Table 1 Repolarization parameters collected for analysis

Parameters Description Unit Reference

BRAVO software

QTc QT corrected using Bazett’s formula ms 21

TpTe T peak–T end interval ms 22

Tx (25, 50, 75, 97) Time to accumulate the x part (from 25 to 97%) of the total T-wave area divided by the absolute QT interval % 23

Tx_X Time to accumulate the part from x% to X% of the total T-wave area divided by the absolute QT interval % 23

A Tot T Total area of repolarization of the T-wave μV*ms

SymArea Ratio of the areas of the T-wave before and after its peak —

Lslope Coefficient of the upward slope of the T-wave μV/ms

Rslope Coefficient of the downward slope of the T-wave μV/ms

Mu (μ) Position in time of a function containing two hemi-Gaussian functions used to model the T wave from the main 

component signal of the principal component analysis (PCA)

ms 24

S1, S2 Width of the two hemi-Gaussian functions used to model the T-wave ms 24

S1/S2 Ratio between the widths of the two hemi-Gaussian functions used to model the T-wave — 24

A1, A2 Amplitudes of the two hemi-Gaussian functions used to model the T-wave μV 24

GMF Error Residual error of the function containing two hemi-Gaussian functions used to model the T wave

Tamp T maximum amplitude μV

GLASGOW software

QT dispersion Maximal difference between lead-related QT intervals ms 25

QRS, ST, T frontal 

axis

Interval-related axes obtained from frontal leads
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Table 2 Patients’ clinical characteristics at diagnosis

Whole cohort  
(n = 467)

Asymptomatic at diagnosis  
(N = 326)

Symptomatic at diagnosis  
(N = 141)

P

Female, n (%) 270 (58) 178 (54) 92 (65) 0.04

Age at diagnosis (year) 26.2 ± 19 26.3 ± 20 25.7 ± 17 0.86

Diagnosis context

• LQTS symptoms, n (%) 99 (21) 7 (2) 92 (65) <0.01

• Familial screening, n (%) 329 (70.4) 286 (88) 43 (30.5)

• Incidental finding, n (%) 39 (8) 33 (10) 6 (4.2)

Index case (%) 136 (28) 39 (12) 95 (67.4) <0.01

Age at first AE (year) 17.7 ± 15 17.7 ± 15

Interval between AE occurrence and diagnosis (year) 8.3 ± 7.8 8.3 ± 7.8

Schwartz score 3.5 ± 1.6 2.8 ± 1 5 ± 1 <0.01

QTc (Bazett) (ms) 467 ± 36 458 ± 33 477 ± 38 0.01

Genotype

• LQT1, n (%) 253 (54.2) 180 (55) 73 (51.7) 0.67

• LQT2, n (%) 182 (39) 122 (37.4) 60 (42.5)

• LQT3, n (%) 32 (6.8) 23 (7.1) 9 (6.4)

Pore mutation, n (%) 53 (11.6) 27 (8.3) 26 (18.4) <0.01

Haploinsufficiency, n (%) 119 (25.5) 92 (28.2) 27 (19.3) 0.04
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incidences were 0.9 and 0.24 per 100 patients-year, respectively, with a 
median delay between diagnosis and AE or SAE occurrence of 6 and 2 
years, respectively. Table 3 summarizes patients’ clinical characteristics 
during follow-up.

Comparing symptomatic and asymptomatic patients during follow-up, 
the proportion of females was similar between groups. However, the sex- 
related event-free survival curves pointed out a greater rate of AEs among 
females over the age of 13 (P < 0.01, HR = 1.23, 95% CI: 0.99–6.02). 
Conversely, we did not appreciate any statistically significant association 
between genotype and event-free survival (P = 0.08, 95% CI: 0.96–1.11) 
(Supplementary material online, Figures S1 and S2). In addition, the symp
tomatic group was characterized by a significantly greater number of pa
tients diagnosed following symptoms, and a positive personal history of 
AEs prior to diagnosis was associated with a five-fold increase in the risk 
of AE recurrence during follow-up. Regarding treatment, beta-blockers 
were started during follow-up among 355 (79.8%) patients including, in 
the most part of cases, nadolol (64%) or bisoprolol (24%). Of note, 59 
(92.2%) out of the 64 AEs recorded occurred despite beta-blocker treat
ment, accounting for an incidence of AEs despite beta-blockers of 0.86 per 
100 patients-year. However, at least 15 (25.4%) patients formally acknowl
edged that they had not taken the treatment the day of the event. Left car
diac sympathetic denervation was performed only in two LQT2 patients 
for secondary prevention, due to recurrent syncope despite beta-blockers 
during FU, with no relapse thereafter.

T-wave analysis on digitalized 
electrocardiograms in the entire LQTS 
population
Considering the initial cohort of 467 LQTS patients, 1050 digital ECGs 
were performed, accounting for a mean of 2.2 ECGs per patient. After 

checking for determinant calliper positions (including RR, PR, QRS, and 
QT intervals), a manual correction was performed for 109 (10.4%) 
ECGs, while the erroneous QRS detection in two ECGs led to their ex
clusion from the analysis. The exhaustive list of patients’ ECG para
meters automatically computed vs. computed after visual validation is 
summarized in the Supplementary material (Supplementary material 
online, Tables S4–S7). The mean age at the time of their first ECG 
was 29 ± 18 years.

We performed univariate and multivariable Cox models to investi
gate AE predictors in the global population using data available since 
birth. The analysis was performed on the first digitalized ECG available 
for each patient. Notably, 123 out of 445 (27.6%) were acquired under 
treatment. Conversely, none of the ECGs included in the analysis was 
acquired under atrial/ventricular pacing, and, for both patients undergo
ing cardiac sympathetic denervation, the analysed ECG was recorded 
prior to the denervation procedure. Results of univariate analyses are 
reported in the Supplementary material (Supplementary material 
online, Table S8). Following multivariable analysis, the presence of a vari
ant affecting the channel pore (HR = 1.68, 95% CI: 1.03–2.73, P = 0.04) 
was the sole genetic factor independently associated with AE occur
rence. Considering ECG parameters, we demonstrated that the QTc 
(HR = 1.01, 95% CI: 1.0–1.01, P = 0.03) and the mu values, expressing 
repolarization duration, were both associated with an increased risk of 
AEs. Moreover, we observed that ECG markers translating (i) a delayed 
accumulation of T-wave area (greater t50, t97, and S1/s2 and lower t25) 
or (ii) a tendency towards the widening of the T-wave base with reduc
tion of slope parameters (S1) were associated with an increased risk of 
AEs (Table 4). Notably, to account for the heterogeneity in the timing 
of ECG acquisition as a potential source of bias, we performed two add
itional sets of analyses. First, we included the age at first ECG acquisition 
as a further covariate in the model. Second, we re-applied the Cox model 
using the time of ECG recording, rather than the time of birth, as the 

141
symptomatic patients

33

15

5

290

16

11

91

6

At the time of
diagnosis ( n = 467)

Diagnosis
Followed-up

patients (n = 445)

Syncope (n = 48)

SAE (n = 16):
•  RCA(n = 7)
•  SCD (n = 6)
•  ICD therapy (n = 3)

No symptoms
(n = 381)

No follow-up
(n = 22)

Patients excluded
(n = 22)

326
asymptomatic patients

Figure 2 Flowchart of patients included in the analysis. SAE, severe adverse event; RCA, resuscitated cardiac arrest; SCD, sudden cardiac death; ICD, 
implantable cardiac defibrillator.
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starting point of follow-up. In both cases, the great part of key ECG mar
kers maintained statistical significance, consistent with the original ana
lysis. For those ECG markers that lost significance in the revised 
models, the hazard ratios and 95% CI remained directionally consistent 
with those observed in the main analysis (see Supplementary material 
online, Tables S9 and S10). All these findings supported the solidity of 
our results independently of the timing of ECG acquisition.

Genotype-specific electrocardiogram 
predictors of arrhythmic events
We further focused on univariate and multivariable Cox models to in
vestigate specific AE predictors within each LQTS genotype subgroup. 

• LQT1-specific ECG predictors
Among LQT1 patients, arrhythmic risk was independently predicted 

by ECG parameters reflecting a delayed accumulation of the mid-late 
T-wave area. We observed indeed a higher risk of AEs associated 
with prolonged t50 (HR = 1.53; 95% CI: 1.04–2.26; P = 0.03) and t97 
(HR = 1.20; 95% CI: 1.05–1.37; P < 0.01) values which represent the 
time to reach the 50% and 97% of T-wave area, respectively, translating 
a more delayed and protracted final stage of the repolarization process. 
Interestingly, longer t25 (HR = 0.56; 95% CI: 0.38–0.84; P < 0.01) and 
t20_80 (HR = 0.71; 95% CI: 0.53–0.96; P = 0.02), reflecting respectively 
a slower time to accumulate the first 25% and the central 60% of the 
T-wave area, were associated with a lower risk of AEs (Table 4).

• LQT2-specific ECG predictors
We observed a completely different set of high-risk ECG predictors 

among LQT2 patients. Key markers included lower ascending (LSlope 
HR = 0.63; 95% CI: 0.38–0.84; P < 0.01) and descending (RSlope HR =  
0.62; 95% CI: 0.45–0.85; P < 0.01) slopes of the T-wave, both reflecting 

T-wave flattening as a hallmark in high-risk LQT2 patients. Moreover, high
er S1/S2 ratios (ratio between the widths of the two hemi-Gaussian func
tions used to model the T-wave), translating greater T-wave asymmetry 
and potentially altered repolarization dynamics, were associated with a 
higher risk of AEs (HR = 1.86; 95% CI: 1.06–3.27; P = 0.03) (Table 4). 
These findings highlighted that, differently from LQT1, the risk of AEs in 
LQT2 is not only driven by repolarization delay, but by the flattening of 
the T-wave and the widening of its base, translating to a greater dispersion 
between early and late repolarization phases (Figure 3).

• LQT3-specific ECG predictors
Among LQT3 patients, the univariate analysis showed the association 

between a higher risk of AEs and ECG features translating a delayed end 
of repolarization such as the time to reach the 75% (HR = 1.17; 95% CI: 
1.01–1.36; P = 0.03) and the 97% (HR = 1.19; 95% CI: 1.01–1.41; P =  
0.04) of T-wave area. However, this association did not reach signifi
cance in multivariable analysis.

Discussion
The present study evaluated the potential of a software-based T-wave 
analysis performed on digitally acquired ECGs in identifying new elec
trical markers to discriminate between symptomatic and asymptomatic 
patients in a cohort of genotype-confirmed LQTS patients. In this con
text, beyond corroborating in our population the role of traditional 
clinical and genetic risk factors, we pointed out two main findings. 
First, the risk of AEs was associated not only with ECG features trans
lating the well-known prolongation of ventricular repolarization (i.e. 
QTc) but also with abnormalities of T-wave morphology, which were 
quantitatively and objectively captured by the software-based T-wave 
analysis. Secondly, the T-wave analytics tool identified genotype- 
specific sets of ECG markers which offered complementary prognostic 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Patients’ clinical characteristics during follow-up (FU)

Whole cohort  
(n = 445)

Asymptomatic during FU  
(N = 381)

Symptomatic during FU  
(N = 64)

P

Female, n (%) 259 (58) 215 (56.4) 44 (68.8) 0.09

Age at diagnosis (year) 26,2 ± 19 26 ± 19 24 ± 18 0.35

Diagnosis context

• LQTS symptoms, n (%) 94 (21) 61 (16) 33 (51.5) <0.01

• Familial screening, n (%) 311 (70) 283 (74) 28 (43.8)

• Incidental finding, n (%) 39 (9) 36 (9) 3 (4.7)

Schwartz score 3.5 ± 1.6 3.3 ± 1.5 4.7 ± 1.4 <0.01

Treatment started during FU 355 (80) 296 (78) 59 (92) 0.01

Treatment type

Nadolol 226 (51) 176 (46) 50 (78) <0.01

Bisoprolol 67 (20) 81 (21) 6 (9) 0.04

Other beta-blocker 13 (3) 12 (3) 1 (1.5) 0.7

Age at treatment introduction 26.2 ± 18 26 ± 18 25.8 ± 19 0.84

Treatment inobservance 57 (13) 42 (11) 15 (23) 0.05

ICD implantation 31 (7) 26 (6.8) 5 (7.8) 0.01

Left cardiac sympathetic denervation 2 (0.4) 0 (0) 2 (0.05)

Genotype

• LQT1, n (%) 236 (53) 207 (54) 29 (45) 0.32

• LQT2, n (%) 178 (40) 147 (39) 31 (48)

• LQT3, n (%) 31 (7) 27 (7) 4 (6)

Pore mutation 51 (11) 40 (11) 11 (17) 0.18

Haploinsufficiency 115 (26) 102 (27) 13 (20) 0.31
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insights. These results support the concept that spatial heterogeneity of 
ventricular repolarization is associated with an increased risk of life- 
threatening arrhythmias and contribute to T-wave morphologic altera
tions, which may be reliably quantified through automated scalar mea
sures. The integration of features that mirror the heterogeneity of 
ventricular repolarization holds then a major potential to refine risk 
stratification among LQTS patients.

Contribution of our automated T-wave 
analysis to LQTS prognostic prediction
Our study provides two major proofs of concept.

First, the quantitative analysis of repolarization morphology using a 
standardized automated approach on digital ECG represents a feasible 
and reliable tool in clinical practice. By providing a standardized evalu
ation of repolarization, our T-wave analytics tool guarantees measure
ment accuracy and reproducibility while avoiding the subjective 
qualitative ‘eyeballing’ in T-wave characterization. Moreover, we tried 
to further enhance software reliability by visually checking for determin
ant calliper positions. For this reason, a manual correction was per
formed in 10.4% of ECGs, while major errors were pointed out only 
in 0.6% of cases.

Secondly, beyond confirming the role of traditional prognostic fac
tors, we identified distinctive sets of ECG markers able to differentiate 
between symptomatic and asymptomatic LQTS patients in a genotype- 
specific manner. 

• Traditional prognostic markers
Focusing on established prognostic markers, we demonstrated that 

ECG features of prolonged repolarization (i.e. the QTc and mu values) 
and pathogenic variants affecting the channel pore were associated with 
a higher risk of AEs. In line with previous studies,7,18,27 our results con
firm that QTc prolongation and variant location significantly affect clin
ical expression. Conversely, according to our findings, genotype did not 
significantly impact free-event survival, diverging from previous stud
ies,3,5 which showed a different risk of life-threatening events according 
to genotype. Mazzanti et al.5 reported indeed a greater risk of AE for 
LQT2 and LQT3 patients compared to LQT1 patients, independently 
from QTc duration. Based on these results, the same authors proposed 
a 5-year LQTS-risk prediction model (the 1-2-3-LQTS-Risk calculator) 
based only on the QTc interval and genotype, with major implications 
for clinical management.4,5 In the latest 2022 ESC guidelines for the 
management of patients with ventricular arrhythmias and the preven
tion of sudden cardiac death,28,29 the 1-2-3-LQTS-Risk calculator has 
been integrated into clinical practice, being the basis for a Class IIb rec
ommendation for ICD implantation in asymptomatic LQTS patients 
with a high-risk profile (i.e. 5-year risk ≥5%). We do however mention 
the modest predictive performance of the 1-2-3-LQTS-Risk calculator 
as attested by the study C-index of 0.79 (95% CI: 0.70–0.88) in the dis
covery cohort and 0.69 (95% CI: 0.61–0.77) in the validation one.4 In 
contrast, our results align with the more recent study by Dusi et al.30, 
who similarly reported that genotype was not associated with clinical 
outcomes. Such results further corroborated earlier evidence support
ing the construction of the M-FACT scoring system, elaborated to pre
dict the probability of ICD shocks in LQTS patients, based on 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4 Multivariable analysis of AE predictors since birth

Whole population LQT1 population LQT2 population

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Clinical criteria

Female sex 1.23 (0.94–1.54) 0.081 1.44 (0.96–1.88) 0.072 1.09 (0.63– 1.86) 0.092

Genetic criteria

Haploinsufficiency 0.78 (0.38– 1.16) 0.096 0.83 (0.62– 1.33) 0.076 1.11 (0.47– 1.33) 0.673

Pore mutation 1.68 (1.03– 2.73) 0.042 1.78 (0.98– 2.37) 0.069 1.44 (0.37– 1.99) 0.211

ECG criteria

QTc (ms) 1.01 (1–1.01) 0.033 1.01 (0.99–1.00) 0.066 1.01 (0.98–1.00) 0.071

RR (ms) 1.22 (0.80–1.36) 0.891 1.11 (0.54–1.87) 0.817 0.96 (0.33–2.21) 0.551

t50 1.17 (1.01–1.36) 0.044 1.53 (1.04–2.26) 0.035 1.13 (0.76–1.66) 0.191

t25 0.74 (0.56–0.97) 0.034 0.56 (0.38–0.84) <0.01 1.10 (0.51–2.00) 0.223

t75 1.24 (0.79–1.12) 0.092 1.78 (0.95–1.09) 0.067 0.88 (0.34–2.44) >0.9

t97 1.20 (1.05–1.37) <0.01 1.20 (1.05–1.37) <0.01 1.09 (0.31–1.71) 0.661

t25_50 0.91 (0.15–1.21) 0.093 0.87 (0.11–1.23) 0.770 1.35 (0.77–1.91) 0.361

t50_75 1.07 (0.66–1.44) 0.401 1.89 (0.88–2.66) 0.067 1.22 (0.41 –2.88) 0.674

t20_80 1.04 (0.61–1.73) 0.09 0.71 (0.53–0.96) 0.024 1.27 (0.27 –1.88) 0.291

LSlope 0.96 (0.31–1.64) 0.362 1.14 (0.56–1.41) >0.9 0.63 (0.17–0.75) <0.01

RSlope 1.09 (0.66–1.96) 0.551 1.26 (0.61–1.87) 0.682 0.62 (0.45–0.85) <0.01

Mu (ms) 1.01 (1.01–1.02) <0.01 1.13 (0.44–2.01) 0.289 1.02 (1.01–1.03) <0.01

S1 (ms) 0.98 (0.97–0.99) <0.01 1.33 (0.14–1.79) >0.9 0.98 (0.95–1) 0.025

S1/s2 1.43 (1.06–1.91) 0.022 1.06 (0.57–1.21) 0.091 1.86 (1.06–3.27) 0.031

TpTe (ms) 1.23 (0.88–1.44) 0.083 1.44 (0.97–1.66) 0.061 1.44 (0.51–1.32) >0.9

QTc, QT corrected using Bazett’s formula; RR, RR interval; Tx (25, 50, 75, 97), time to accumulate the x part (from 25% to 97%) of the total T-wave area divided by the absolute QT 
interval; Lslope, coefficient of the upward slope of the T-wave; Rslope, coefficient of the downward slope of the T-wave; Mu, position in time of a function containing two hemi-Gaussian 
functions used to model the T wave from the main component signal of the principal component analysis (PCA); S1, width of the first hemi-Gaussian function used to model the T-wave; 
S1/S2, ratio between the widths of the two hemi-Gaussian functions used to model the T-wave; TpTe, T peak–T end interval.
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pre-implantation clinical features.31 As early as 2010, Schwartz et al.31

had already reported that genotype (except in the case of double muta
tions) was not associated with the probability of ICD therapy during 
follow-up. In their multivariable analysis, only a prior aborted cardiac ar
rest, cardiac events despite therapy, a markedly prolonged QTc interval, 
and a younger (<20 years) age at implantation were found to be inde
pendent predictors of future appropriate shocks. In conclusion, our re
sults are in line with the evolving understanding suggesting that, despite 
its fundamental mechanistic and diagnostic value, the ‘static’ role of com
mon genotypes (LQT1, LQT2, and LQT3) in risk stratification might be 
more limited than previously assumed. As recently highlighted by Wilde 
and van der Welf,32 accurate risk stratification should probably move 
beyond simplistic and static models, while incorporating evolving clinical 
and therapeutic factors which capture the dynamic evolution of risk.

• ECG prognostic markers
We observed that ECG markers mirroring abnormal features of re

polarization were independently associated with AE occurrence across 
the whole LQTS population. These encompassed both timing-related 
features, translating a delayed accumulation of the mid-late T-wave 
area (i.e. greater t50, t97, S1/s2, and lower t25) and morphological fea
tures, such as a widening/flattening of the T wave (i.e. lower S1, LSlope 
Val, and RSlope Val). Despite study comparisons are currently limited by 
the different types of ECG features used to quantify T-wave abnormal
ities, our study corroborates the work of Sugrue et al.33 These authors 
demonstrated that the upward slope of the T wave was one of the top 
three features (with the T-wave centre of gravity and the T peak–T end 
interval) identified by their T-wave analytics tool to discriminate be
tween LQTS patients and controls. Lower T-wave upward slopes char
acterized indeed both patients with manifest QTc prolongation and 
LQTS patients with completely normal QTc, as compared to healthy 
controls.31 Moreover, in a second study, Sugrue et al.34 also pointed 
out that lower left slopes of the T wave in lead V6 were independent 

predictors of future breakthrough cardiac events in a cohort of LQT1 
and LQT2 patients. Specifically, the integrated assessment of the 
T-wave left slope in lead V6 and of the T-wave centre of gravity 
x-axis in lead I resulted in a greater discriminative power, as compared 
to QTc alone.

Moreover, focusing on the multivariable Cox model by genotype sub
groups, we demonstrated distinctive genotype-specific repolarization 
markers associated with increased arrhythmic risk. Among LQT1 pa
tients, arrhythmic risk was independently predicted by a set of ECG 
markers reflecting a slowed and delayed mid-late phase of repolarization 
(i.e. prolonged t50 and t97 values; HR = 1.53 and HR = 1.20, respective
ly). Conversely, among LQT2 patients, lower ascending (LSlope HR =  
0.63) and descending (RSlope HR = 0.62) slopes of the T-wave, both re
flecting T-wave flattening, as well as higher S1/S2 ratios (HR = 1.86) 
translating greater T-wave asymmetry and altered repolarization dy
namics, were associated with a higher risk of AEs. These results thus 
seem to suggest two completely different genotype-specific T-wave fin
gerprints associated to AE occurrence. The loss of T-wave symmetry 
and the T-peak right shift from the QRS identified high risk LQT1 pa
tients. Conversely, the risk of AEs in LQT2 is not only driven by repo
larization delay but also by the flattening of the T-wave and the widening 
of its base, translating a greater dispersion between early and late phases 
of repolarization. These results are substantially in line with the study by 
Platonov et al.35 demonstrating in a cohort of LQT2 patients, that the 
presence of qualitatively appreciated T wave abnormalities (including 
broadness and flatness) was associated with a higher risk of cardiac 
events, regardless of QTc values and after adjustment for sex and beta- 
blocker therapy. Similarly, Sugrue et al.34 showed that a decreasing left 
slope of the T wave in lead V6 enhanced genotype-specific risk stratifi
cation by identifying LQT2 patients, who remained at increased risk of 
breakthrough cardiac events.

Taken together, our findings support the integration of ECG quanti
tative morphological analysis of repolarization to provide relevant 
genotype-specific prognostic insights into LQTS. Our results perfectly 
align with the current perspective in the field of inherited arrhythmic dis
eases, which—despite persisting challenges in fully integrating genetic 
testing into prognostic/therapeutic assessment36—has progressively 
evolved from early gene discovery to more sophisticated gene-tailored 
clinical management.37

Limitations
Despite the novel clinical findings and the substantial follow-up duration 
of our study, several limitations should be acknowledged. First, digital 
ECGs were acquired at different time points of clinical follow-up. 
Such heterogeneity may have affected our results in the case of time- 
dependent variation of our pre-specified ECG features. However, the 
identification of QTc as a risk factor for AE occurrence corroborates 
previous results of the literature38 and indirectly supports the interest 
of our analysis on ECG features, independently from ECG acquisition 
time. Moreover, several prior studies have applied survival analysis 
from birth when evaluating ECG prognostic markers in LQTS patients 
or have chosen arbitrary time points as the start of follow-up, inde
pendently of the timing of ECG acquisition. Such an approach is com
monly used in LQTS literature35,39 since the arrhythmic risk, despite 
being modulated by different factors over the life span, exists from 
the earliest stages of life. In addition, using time from birth allowed uni
form comparison across patients with different ages at first ECG and 
avoided potential lead-time and selection biases associated with the 
variable timing of the first available ECG.

Secondly, the retrospective approach might have hampered the 
rigorous record of cardiac events during follow-up. Similarly, we 
were only able to retrieve the type of prescribed treatment. 
Conversely, the systematic recording of beta-blocker dosage was not 
available for each patient, preventing any dedicated consideration about 
the relation between beta-blocker dosage and risk of cardiac events. 
Moreover, we could not exclude a potential attrition bias associated 

LQT1 LQT2

Symptomatic

Delayed
accumulation
of T-wave area

Greater
T-wave

flattening

Asymptomatic

Figure 3 Genotype-specific ECG T-wave ‘fingerprints’ of high-risk 
LQTS. LQT1, Type 1 long QT syndrome; LQT2, Type 2 long QT 
syndrome.
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with the non-negligible proportion (11.5%) of patients who were lost 
to follow-up.

Thirdly, the analysis of risk factors for AEs was entirely based on clin
ical data from patients’ birth onwards. Such an approach prevented us 
from investigating the role of treatment in modifying the arrhythmic risk 
and the pre-specified prognostic factors. In addition, we used Cox re
gression models to explore potential risk factors for AEs/SAEs occur
rence from birth. Such methodology assumes a linear relationship 
between covariates and the hazard of the outcome, which might not 
fully reflect the potential non-linear behaviour of biological phenomena. 
However, our primary objective was to identify ECG predictors of car
diac events in LQTS using a standardized and reproducible modelling 
framework to facilitate clinical application and direct comparability 
with prior studies. Indeed, several previously published studies in the 
field used linear models in the same context.34,35 In addition, applying 
non-linear transformations (i.e. restricted cubic splines) in the context 
of high-dimensional multivariable models (due to the high number of 
ECG covariates) would have significantly increased model complexity 
and the risk of overfitting, especially considering the limited number 
of available events. For all these reasons, we specifically choose to apply 
linear modelling in order to balance clinical applicability, comparability 
among studies, and robustness of the results.

Finally, the validation of our T-wave analytics tool on an independent 
cohort is necessary before the results can be generalized and the tool 
can be routinely applied in clinical practice. Moreover, our T-wave soft
ware programme could be further boosted by the integration of artifi
cial intelligence (AI) algorithms, which may enhance the identification of 
subtler patterns as well as the performance of predictive models.

Conclusions
The quantitative assessment of repolarization morphology using a 
software-based T-wave analysis on digital ECG represents not only a 
feasible and reliable tool in clinical practice but also provides valuable 
ECG markers to discriminate between symptomatic and asymptomatic 
LQTS patients. In particular, we identified unique ECG T-wave ‘finger
prints’, which allowed us to predict cardiac events in a genotype-specific 
manner. The integration of such repolarization heterogeneity features 
which capture the ECG signatures of high-risk LQTS holds then great 
promise in refining risk stratification among LQTS patients.
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Supplementary material is available at Europace online.
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