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BACKGROUND: Risk stratification in type 2 long-QT syndrome remains challenging, as QT duration may not fully reflect all
underlying arrhythmic vulnerability. We assessed whether an index derived from the T-wave morphology is associated with
cardiac events in a cohort with type 2 long-QT syndrome.

METHODS: We retrospectively and prospectively analyzed 54 genotype-confirmed patients with type 2 long-QT syndrome. T-
wave morphology in 8 independent leads was assessed using a warping-based index, the T-wave morphology variation (TMV)
index, quantifying T-wave morphologic changes from a general population-based reference T-wave. Association with the first
lifetime occurrence of a cardiac event, including either syncope or the combined ventricular arrhythmia end point, was tested
using univariate and multivariable Cox regression models.

RESULTS: Using the 25th-percentile threshold (TMV<-18.41 ms), more negative TMV values indicating greater morphologic
changes and a broader or delayed repolarization phase in the T-wave signal relative to the control, as observed in lead |,
were significantly associated with increased risk of cardiac event (hazard ratio [HR], 3.505 [95% ClI, 1.673-7.341]; P<0.001).
The association remained significant after adjustment for corrected QT (HR, 2.92 [95% ClI, 1.111-7.676]; P=0.03) and after
additional adjustment for sex (HR, 3.375 [95% ClI, 1.256-9.067]; P=0.016), and the T-wave morphology combination score
(HR, 4.061 [95% Cl, 1.369-12.046]; P=0.012).

CONCLUSIONS: T-wave morphology abnormalities, quantified using TMV, are associated with a higher risk of cardiac events
after adjustment for corrected QT prolongation, sex, and morphology combination score. TMV could complement current risk
stratification strategies, although confirmatory validation in larger, independent, prospective cohorts is pending.
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opathy with an estimated prevalence of =1:2000,

with a slight female predominance."? Type 2
long-QT syndrome (LQT2) is caused by pathogenic
variants in the KCNH2 gene and represents 1 of the
most prevalent and clinically significant subtypes,
accounting for up to 30% to 45% of genetically con-
firmed diagnoses.® It is characterized by disorders of

Long-QT syndrome (LQTS) is an inherited channel-

myocardial repolarization that are associated with an
increased propensity to atypical polymorphic ventric-
ular tachycardia, called torsade de pointes,®’” which
can manifest as syncopal episodes or lead to a sud-
den cardiac death.*%” The need to properly identify
high-risk patients has prompted a growing body of re-
search focused on improving risk prediction and early
intervention.
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CLINICAL PERSPECTIVE

What is New?

e Anovel index, T-wave morphology variation, pro-
vides, from a median heartbeat, quantification of
T-wave morphology changes relative to a large-
scale normal reference population.

e T-wave morphology variation is linked to a higher
risk of cardiac events, maintaining this asso-
ciation after adjustment for sex, corrected QT
prolongation, and the T-wave morphology com-
bination score; T-wave amplitude and morphol-
ogy combination score, considered individually,
were not significantly associated with outcomes
in this cohort.

What Are the Clinical Implications?

e This study is the first to provide evaluation of
reference-based T-wave morphologic variations
in patients with type 2 long-QT syndrome;
T-wave morphology variation captures morphologic
patterns that are significantly linked to cardiac
events beyond corrected QT and may point to
a future complementary role in risk stratification
for patients with type 2 long-QT syndrome,
including those with borderline or prolonged
corrected QT values, pending validation in larger
cohorts.

Nonstandard Abbreviations and Acronyms

CE cardiac event

LQT2 type 2 long-QT syndrome
LQTS Iong-QT syndrome

MCS morphology combination score
QTc corrected QT

Tamp  T-wave amplitude

TMV T-wave morphology variation
UKB UK Biobank

VA ventricular arrhythmia

LQT2 is primarily characterized by prolongation of
the QT interval, which reflects the duration of myocar-
dial repolarization.2 Because the QT interval is strongly
dependent on heart rate, it is commonly corrected for
heart rate (corrected QT [QTc]), most often using the
Bazett formula. QTc prolongation remains the patho-
physiological hallmark for diagnostic and risk stratifica-
tion.8® However, ~25% to 50% of genetically affected
and asymptomatic individuals may present borderline or
even normal QTc durations at rest,'%-"? underscoring the
limitations of relying solely on the QTc interval for risk
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assessment. It has been pointed out that the proarrhyth-
mic risk in LQT2 may not only stem from the delayed
repolarization per se, but rather when associated with
an increased temporal and spatial heterogeneity.3'3
This view, supported by both experimental models and
clinical observations,’®'® has prompted the search for
complementary markers capable of capturing the un-
derlaying complexity of repolarization dynamics beyond
what QTc duration alone can convey.

In LQT2, the resulting dysfunction of the rapid de-
layed rectifier potassium current® (/K) leads to delayed
ventricular repolarization, which manifests electrocar-
diographically as low-amplitude, asymmetric, notched,
flattened, or bifid T waves.'®~"® Although these
genotype-specific T-wave abnormalities are qualita-
tively recognized and may offer insights beyond QTc,
they remain difficult to quantify and have not yet been
systematically integrated into clinical risk stratifica-
tion." Clinically, the occurrence of arrhythmic events in
LQT2 despite borderline or normal QTc'® further draw
attention to this gap and support the need for comple-
mentary approaches that capture the arrhythmogenic
substrate beyond conventional QTc measurements.

Although several existing T-wave—based biomark-
ers aimed at enhancing risk stratification are commonly
categorized as morphology-based markers for LQTS,
most of them rely on temporal measurements de-
rived from ECG fiducial points,'®'®2" and therefore do
not fully capture the morphologic complexity of the T
wave. To overcome these limitations, biomarkers such
as the morphology combination score (MCS)?>2% and
others, based on information provided by the vector-
cardiogram, have been evaluated.?"?* Separately, a
time-warping—based index, d,,, was recently proposed
to quantify pointwise time-domain variation between 2
distinct T waves by measuring the amount of warping
required to align 1 T wave to another.?®> This method
enables a more comprehensive, morphology-aware
characterization of ventricular repolarization dispersion.
Previous studies have demonstrated the value of d,,
in capturing changes related to heart rate fluctuations
(T-wave morphology restitution, TMR index)?® in patients
with heart failure?® and in the general population,?” and
in ischemia-induced alterations through a version re-
stricted to the T-peak-to-end interval in both human®®
and animal®® models, as well as in an adapted d,,-based
approach quantifying T-wave morphology variations
(TMVs) with respect to a population-based reference
T wave (TMV index),° which provides a global assess-
ment of T-wave morphology and is the metric adopted
in the present study. In this work, we hypothesized that
a global assessment of T-wave morphology using TMV
index may uncover relevant differences in repolariza-
tion dynamics beyond what conventional QT-based or
fiducial-point—based markers can reveal. The aim of this
study was to assess the association between the TMV
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index and the risk of cardiac events (CEs) in a cohort of
patients with LQT2.

METHODS

Detailed methods are provided in Data S1. The data
that support the findings of this study are available
from the corresponding author on reasonable request.

Patient Cohort

The study population comprised individuals diagnosed
with LQT2 recruited at the cardiogenetic clinics of the ter-
tiary care academic hospitals in Lund, Gothenburg, and
Linkdping (Sweden). Inclusion criteria were patients (1)
carrying a pathogenic or likely pathogenic genetic variant
in KCNHZ2 (LQT?2), as confirmed by standard genetic test-
ing according to clinical routines, and (2) at least 16years
old, to avoid potential variability in T-wave morphology
typically observed in pediatric and adolescent popula-
tions. Patients with multiple LQTS-related genetic variants
(>1) were not included in this study. Eight independent
standard leads (|, I, and V1-VV6) were collected during a
10-second resting recording in the supine position, and
digital ECG files were exported from either GE MUSE
ECG database (GE Healthcare, Chicago, IL) or Cardiolex
ECG database (Cardiolex Medical AB, Solna, Sweden).
Signals were acquired at a sampling frequency of 500 Hz
and with an amplitude resolution of 4.88 uV. The earliest
ECG ever recorded at or after the age of 16years was
used for analysis. The study received the Local Ethical
Review Board approval 2024-05551-02 (Lund, Sweden),
in accordance with national and international ethical and
deontological standards.

The reference cohort consisted of 23 962 middle-
aged adults with no history of cardiovascular disease,
selected from the UK Biobank (UKB).%' A reference
library of normal T-wave morphologies, clustered
by sex, heart rate, and lead, was previously de-
rived from standard 10-second, 8-independent-lead
resting ECGs available from the UKB database, as
described by Ramirez et al.3° Data access for this
component of the study was granted under UKB
application 8256. All participants provided informed
consent, and the study received institutional ethics
approval.

Data Collection and End Points

Study data corresponding to the first cohort (pa-
tients with LQT2) were collected and managed using
Research Electronic Data Capture (REDCap) tools
hosted at hospitals in Lund, Gothenburg, and Linkdping
(Sweden).323 Clinical data included demographic in-
formation, ECG findings, ongoing treatments (includ-
ing QT-prolonging medications), and clinical events
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documented both retrospectively (before inclusion into
the registry) and prospectively throughout long-term
follow-up. B-Blocker use was specifically collected to
enable time-dependent analysis of its potential impact
on cardiac outcomes.

The primary end point was defined as the first lifetime
occurrence of a CE, defined as the occurrence of syn-
cope (a sudden, transient loss of consciousness with
rapid recovery) or the composite end point ventricular
arrhythmia (VA). Accordingly, the first lifetime CE was
ascertained from the complete medical record and
could occur either before or after the first digital ECG
used for TMV computation. Each patient contributed
a single event time corresponding to the first lifetime
CE. VA includes documented episodes of torsade de
pointes, sustained ventricular tachycardia, appropriate
intervention by an implantable cardioverter-defibrillator,
aborted cardiac arrest (requiring external defibrillation),
or LQTS-related sudden cardiac death (abrupt in onset
and without an identifiable cause, whether witnessed
or unwitnessed). VA was considered as a secondary
end point.

ECG Signal Processing and
Characterization

The ECG preprocessing pipeline for the clinical cohort
with LQT2 comprised several stages. Initially, a bidi-
rectional sixth-order Butterworth band-pass filter with
a bandwidth of 0.5 to 40 Hz was applied to attenuate
high-frequency noise, including electrical and muscular
artifacts, and to minimize baseline wander. From each
10-second ECG recording, the median beat was ex-
tracted for each of the 8 independent leads (Figure 1A
shows the median beatinlead |). QRS and T-wave onset
and end timings were then annotated using a wavelet-
based delineation method.3* To match the T-wave seg-
mentation strategy used in the UKB cohort, the T-wave
segmentation window was subsequently adjusted by
shifting the T-wave boundaries (T, and T) forward
in time by an offset linearly proportional to the RR in-
terval, defined as T, =QRS s +40msxRR/1000
and Tog = Tog + 40 ms x RR /1000, where QRS de-
notes the end of the QRS complex. Finally, each iso-
lated T wave was further filtered using a sixth-order
bidirectional low-pass Butterworth filter with a cutoff
frequency of 20 Hz to eliminate residual high-frequency
content.

Quantification of T-Wave Morphology
Changes

To assess T-wave morphology changes, we used
TMV index, a dynamic time-warping—based algorithm
previously validated for quantifying morphology changes
relative to reference repolarization patterns.?>28-30 TMV
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Figure 1. Diagram of the method to obtain the time-warping-based index, TMV.

The color blue across panels corresponds to the healthy general condition, and the red one to LQT2. A, lllustrative median ECG beat
derived from the 10-second ECG recording in lead | for a particular patient. B, A median T wave (red line) extracted from A for an
individual patient together with its corresponding sex-, heart rate—, and lead-specific normal reference wave (blue line) derived from
the UK Biobank cohort represented by C. The green dashed lines illustrate temporal pointwise differences that would be necessary
to optimally match £ wave with f” wave. D, Warping function y (t") (solid red line) that optimally relates the reference ' (") and studied
fS(t5) waves. TMV index representing the total amount of warping is depicted by the green dashed line area between y (t") and t". LQT2

indicates type 2 long-QT syndrome; and TMV, T-wave morphology variation.

reflects the signed average time warping required to
optimally align each point of the T wave under study to a
representative normal reference T wave, thus providing
a geometry-aware measure of morphologic variation. In
brief, each median T wave, derived from each 10-s ECG
recording as described above, was compared with its
corresponding sex-, heart-rate—, and lead-matched
average reference waveform derived from the UKB
population cohort (Figure 1C). TMV is defined as follows:

Nf
TMV = Nlr n; [y () )| (1)
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where y(t") (solid red line in Figure 1D) is the optimal
warping function that reparametrizes the time dimension
of the patient’'s T wave to best match its correspond-
ing reference waveform f"(t") (of length N,), with an
additional derivative-based weighting variable that has
recently shown improved robustness against noise.®®
TMV is depicted as the average green dashed line area
in Figure 1D. TMV is additionally reported as a signed
measure, whose sign follows the net amount of warping
(see Data S1 for mathematical details). A positive (neg-
ative) sign indicates that aligning the wave under study
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with the reference one predominantly requires stretch-
ing (shrinking) the waveform, and larger absolute TMV
values indicate greater deviation from normal T-wave
morphology. Figure 1 summarizes the processing pipe-
line used to compute the TMV index for each patient. All
outcome and risk analyses were performed exclusively
in the cohort with LQT2.

Given prior reports linking lower T-wave ampli-
tude with increased arrhythmic risk'® and showing
genotype-dependent, circadian modulation of beat-to-
beat T-wave amplitude variability in LQTS,'® we included
a simple amplitude metric derived from each median
beat. T-wave amplitude, Tam, Was defined as the ab-
solute difference between the signal amplitude at the
automatically annotated T-wave peak (wavelet-based
method®¥) and the mean voltage of an isoelectric seg-
ment of the same beat. The isoelectric segment was
defined as a window of 10 ms x RR / 1000 within the PR
interval whose end was positioned 15 ms x RR /1000
before QRS onset. If the window extended beyond
the PR segment, it was truncated to remain within PR.
Similarly, considering prior literature on morphology-
based risk markers, we also included the MCS®® as a
benchmark comparator. MCS was obtained from the
QT Guard Plus software (GE Healthcare) using each
median beat. This algorithm computes MCS from T-
wave flatness, asymmetry, and notching, according to
the method proposed by Andersen et al.*® and further
explored in subsequent studies.?%23%7

To further evaluate the added value of the warping-
based index, standard clinical measurements were
extracted from each available ECG recording to serve
as comparative references. RR and QT intervals were
measured in milliseconds, and QT values were cor-
rected for heart rate using the Bazett formula.

The workflow was fully automated (median-beat an-
notation and TMV computation). Visual inspection of
annotated median beats and the TMV graphical output
was then performed as a verification step of the auto-
mated output (no manual reannotation was required).

Statistical Analysis
All data were first assessed for distributional normality
using the Shapiro-Wilk test. Continuous variables are
summarized as mean+SD or as median and interquartile
range, depending on distribution. Categorical
variables are presented as absolute frequencies and
percentages. Group comparisons were performed
using the Student f-test or the Mann—-Whitney U test
for continuous variables, and the x? or Fisher exact test
for categorical variables, as appropriate.

To explore the prognostic performance of the TMV
index, we dichotomized TMV using the population’s
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25th percentile as a cutoff value. Kaplan—Meier survival
curves were generated to assess cumulative event-free
survival, and differences between groups were evalu-
ated using the log-rank test. The association with clinical
events was evaluated using Cox proportional hazards
regression to estimate hazard ratios (HRs) and 95%
Cls for the first lifetime occurrence of age-dependent
CE, using age as the time scale®%8 (birth as time ori-
gin), with follow-up censored at the age of 60years, in
line with previous LQTS studies®®4° and assuming no
population-scale changes in the distribution of TMV val-
ues throughout the lifespan. Multivariable Cox models
adjusted for QTc, sex, and MCS were also performed.
The proportional hazards assumption was assessed
using standard graphical diagnostics (log-minus-log
plots) and time-dependence checks (introduction of a
time-dependent covariate into the model). Model dis-
crimination was summarized using Uno’s concordance
index (C-index) for the Cox models. Model calibration
was assessed at time 50years using internal boot-
strap validation with 400 resamples and comparing
predicted and observed event risk, and an optimism-
corrected calibration to reduce overfitting-related bias
from using the same data set for model development
and evaluation. {-Blocker therapy was not included
in the main multivariable models and was considered
only in sensitivity analyses because of its potential
confounding effect and time-varying nature. All statis-
tical analyses were 2 tailed and considered significant
if P<0.05. Analyses were performed using MATLAB
R2024b and IBM SPSS Statistics for Windows 29.0.1.0
(IBM Corporation, Armonk, NY).

Additionally, TMV computations were performed of-
fline and blinded to clinical outcomes. Statistical anal-
yses were subsequently conducted independently by
the clinical investigators.

RESULTS

Clinical and Demographic Characteristics
A total of 54 patients with congenital LQT2 were
included in the study. Table 1 summarizes the
demographic variables, baseline ECG intervals (RR,
QRS, and QTc), and treatment status up to the age
of 60years. The cohort had a median age at first
ECG of 35years and a balanced sex distribution. At
baseline, resting heart rate was in the low-normal
range, QRS duration was within normal limits with no
evidence of intraventricular conduction delay, and
QTc was moderately prolonged with interindividual
variability, consistent with the LQT2 phenotype.
The vast majority of patients were treated with
B-blockers.
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Table 1. Clinical Characteristics of Patients With LQT2

Characteristics Patients with LQT2 (n=54)

Demographics
Male, N (%) 25 (45.45)

Age at first ECG, y 35 (21-47)
Age at end of follow-up, y 52 (37-66)

Electrocardiography
RR, ms 951 (843-1110)
QRS, ms 88 (82-96)
QTe, ms 472 (449-499)

Treatment (up to the age of 60 y), n (%)
p-Blockers 46 (85)

ICD 15 (28)
Pacemaker 7 (13)

Cardiac events lifelong, n (%)* 32 (58)
Syncope 28 (51)
Documented VA 11 (20)

Cardiac events, before the age of 25 (46)

60y, n (%)

Of those documented VA 10 (18)

Data are presented as number (percentage) or median (quartile 1-quartile
3). Documented VA included torsades de pointes, ventricular tachycardia,
appropriate ICD therapy, aborted cardiac arrest, and sudden cardiac death.

ICD indicates implantable cardioverter-defibrillator; LQT2, type 2 long-QT
syndrome; VA, ventricular arrhythmia.

*Syncope and documented VA are not mutually exclusive; patients with
both are counted in both rows but only once in cardiac event (>1 event).

T-Wave Morphology

Analysis of TMV across the 8 independent leads
revealed a consistent pattern, with statistical signifi-
cance emerging in lead | in this cohort. Therefore, we
report descriptive ECG-derived metrics and clinical
outcome analyses for lead |. The simple amplitude
metric, Tamp, Showed a median (quartile 1-quartile
3) of 0.17 (0.12-0.23) mV across the cohort. Beyond
amplitude, the distribution of the TMV index across
patients with LQT2 patients ranged from -32.81
to 24.78 ms, with median (quartile 1-quartile 3) of
—12.96 (-18.41 to —7.81) ms. Note that, because the
warping indexes are signed, negative values indicate
a temporal compression (shrinkage) of the repolari-
zation phase required to align the patient waveform
with the reference waveform, reflecting a broader or
delayed repolarization phase in the original signal.
When comparing by sex, TMV did not differ between
men and women, with median (quartile 1—quartile 3)
values of -12.64 (-20.27 to -8.12) ms in men and
-13.68 (-17.01 to -6.92) ms in women (P=0.808).
The cohort’s 25th percentile (quartile 1=-18.41 ms)
was used as the cutoff to evaluate associations of
the TMV index with relevant clinical and electrocar-
diographic variables.
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As summarized in Table 2, demographic profiles were
comparable between patients with low TMV and those
with higher TMV, with no differences in sex distribution or
age at the first ECG. Baseline RR and QRS did not differ
between groups, with comparable resting heart rates and
uniformly narrow QRS complexes. In contrast, QTc was
higher in the subjects with LQT2 with lower TMV. For treat-
ment, B-blocker use did not differ significantly between
groups, implantable cardioverter-defibrillator implantation
was significantly more frequent in the low-TMV group,
whereas pacemaker use was similar in both groups.
Among T-wave metrics, the MCS index was significantly
higher in the low-TMV group, whereas T 4, index showed
no between-group difference.

Association of ECG Markers With Cardiac
Outcomes

At least 1 CE occurred in 32 patients; 28 patients had
syncope, and 11 had documented VA (categories
not mutually exclusive). Neither Tay,, nor MCS dem-
onstrated a significant association with the risk of CE
(Tamp: HR, 0.53 [95% CI, 0.00-7.10]; P=0.240; MCS:
HR, 1.25 [95% ClI, 0.67-2.38]; P=0.489). Both analyses
yielded wide 95% Cls and concordant nonsignificant
results, indicating no predictive value in this cohort.

In contrast, patients with low TMV (<-18.41 ms)
were more likely to experience CEs, either syncope
or VA, than those with higher TMV (93% versus 43%;
Table 2). Importantly, this pattern remained statistically
significant when considering VA alone, as shown by
the comparison of VA proportions between groups
(43% versus 10%).

Cardiac Events

Figure 2A shows Kaplan—-Meier survival curves for
time to first CE, comparing patients with LQT2 below
the 25th-percentile TMV cutoff (purple ling) with the re-
mainder of the cohort (blue line). Patients in the lowest-
quartile group exhibited markedly reduced event-free
survival compared with the rest of the cohort, with an
early and sustained separation of curves. The log-rank
test indicated a significant difference between groups
(P<0.001). Accordingly, TMV < —18.41 ms was associ-
ated with increased risk in the univariate model (HR,
3.505 [95% ClI, 1.673-7.341]; P<0.001). In multivariable
analyses, the association remained significant after ad-
justment for QTc and after additional adjustment for sex
and MCS. Full multivariable estimates are provided in
Table 3, whereas the univariate analysis of the remaining
ECG leads in which no significant findings were found is
presented in Table S1. Across those leads, TMV showed
similar risk estimates, however not reaching statistical
significance. Model discrimination for the univariable
TMV Cox model was modest (Uno C-index=0.61 [95%
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Table 2. Characteristics of Patients With LQT2 Based on Cutoffs of the 25th Percentile (Quartile 1) of the TMV Index

Morphology-Based Risk Prediction in LQT2

Characteristics TMV<quartile 1 TMV>quartile 1 P value
No. 14 40
Demographics
Male, N (%) 7 (50) 18 (45) 0.762
Age at first ECG, y 28 (18-44) 37 (24-51) 0.235
Electrocardiography
RR, ms 951 (819-1112) 950 (866-1098) 0.569
QRS, ms 88 (82-90) 88 (82-97) 0.504
QTc, ms 508 (498-517) 463 (442-480) 0.003*
T wave
MCS 1.89+0.58 1.24+0.41 <0.001*
Tamp MV 0.16+0.05 0.18+0.08 0.413
Treatment, up to the age of 60y, n (%)
p-Blockers 14 (100) 31(78) 0.092
ICD 8 (57) 7(18) 0.012*
Pacemaker 2 (14) 5(13) 1.000
Cardiac events lifelong, n (%)" 13 (93) 19 (48) 0.004*
Syncope 11(79) 17 (43) 0.030*
Documented VA 6 (43) 5 (13) 0.024*
Cardiac events, before the age of 60 y 13 (99) 17 (43) 0.001*
Of those documented VA 6 (43) 4 (10) 0.013*

In this cohort, quartile 1 (25th percentile) of TMV corresponds to —18.41 ms. Data are presented as number (percentage), mean+SD, or median (quartile 1—
quartile 3). Documented VA included torsades de pointes, ventricular tachycardia, appropriate ICD therapy, aborted cardiac arrest, and sudden cardiac death.
ICD indicates implantable cardioverter-defibrillator; LQT2, type 2 long-QT syndrome; MCS, morphology combination score; Ty, T-wave amplitude; TMV,

T-wave morphology variation; and VA, ventricular arrhythmia.
*Values indicate significance, P<0.05.

fSyncope and documented VA are not mutually exclusive; patients with both are counted in both rows but only once in cardiac event (=1 event).

Cl, 0.533-0.693]) and increased slightly in the fully ad-
justed model (TMV+QTc+sex+MCS; Uno C-index=0.65
[95% Cl, 0.539-0.754]). Internal bootstrap calibration
suggested reasonable agreement between predicted
and observed risk at the 50-year time horizon after op-
timism correction. The mean absolute calibration error
was 4.3%, with higher deviation at the extremes.

As a sensitivity analysis, we additionally in-
cluded f-blocker therapy in the fully adjusted model
(TMV+QTc+sex+MCS) and the association remained sig-
nificant (HR, 4.137 [95% CI, 1.405-12.183]; P=0.010).

Ventricular Arrhythmias

Figure 2B shows the Kaplan—Meier curve for time to
first VA, where the TMV < -18.41 ms group also had
lower VA-free survival, with a similar early divergence
maintained across the recorded clinical history (log-
rank P=0.006). In the univariate Cox model, low TMV
(<-18.41 ms) was associated with increased risk of
VA (HR, 4.978 [95% ClI, 1.4-17.705]; P=0.013). In mul-
tivariable models, estimates were directionally similar
but did not reach statistical significance; adjusted HRs
ranged from 2.623 to 3.116, but all 95% Cls crossed 1.0

J Am Heart Assoc. 2026;15:e048388. DOI: 10.1161/JAHA.125.048388

(smallest P=0.164). Corresponding HRs and 95% Cls
are reported in Table 3.

DISCUSSION

The present study assesses the association of the
TMV index with CEs in patients with LQT2. Changes
in T-wave morphology in each of the 8 independent
leads were quantified by means of a time-warping—
based method that quantifies morphologic variations
with respect to a healthy population-based reference
T wave. Our main findings are that the TMV index in
lead | was significantly associated with an increased
risk of CEs in patients with LQT2. More negative values
of TMV index, reflecting broader T waves and greater
morphologic dissimilarity from the normal T-wave pat-
tern, were linked to the occurrence of CE after ad-
justment for QTc prolongation, and the association
remained significant in models further adjusted for sex
and MCS, a T-wave morphology index earlier studied
in the context of type 2 LQTS or interventions involving
., (human ether-a-go-go-related gene, hERG) channel
inhibition. When ventricular arrhythmia was considered
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Figure 2. Probability of CE-free survival over lifetime censored at the age of 60years in patients with LQT2 dichotomized
by the 25th percentile cutoff of the lead I-derived TMV index: time to first cardiac event (A) and time to first ventricular

arrhythmia (B).

CE indicates cardiac event; LQT2, type 2 long-QT syndrome; TMV, T-wave morphology variation; and VA, ventricular arrhythmia.

as the end point, the association was significant in the
univariate model but did not persist after multivariable
adjustment.

Although many studies have explored T-wave mor-
phology in LQTS, only a few have successfully provided
prognostic information beyond subtype classification or
comparison with healthy controls. Among them, visu-
ally assessed abnormalities, such as flat or notched T
waves, have shown associations with increased cardiac
risk in LQT2 carriers with normal QTc.'® A more quan-
titative approach was proposed by Sugrue et al, who
identified the T-wave center of gravity x axis in lead |
(computed over the last 25% of the wave) as an inde-
pendent predictor of breakthrough CEs in patients with
LQT2, showing prognostic value beyond QTc in that
subgroup.*' In line with this lead-dependent pattern,
TMV association with CEs emerged in lead |, whereas
other leads did not reach statistical significance

Table 3. Risk of CEs and VAs in Patients With LQT2: Cox
Regression Analysis Dichotomized by the 25th Percentile
of the TMV Index Derived From Lead |

Adjustment ‘ HR ‘ 95% ClI P value
CEs
QTc 2.92 1111-7.676 0.03*
QTc and sex 3.375 1.256-9.067 0.016*
QTc, sex, and MCS 4.061 1.369-12.046 0.012*
VAs
QTc 3.035 0.625-14.728 0.168
QTc and sex 3.116 0.629-15.430 0.164

CE indicates cardiac event; HR, hazard ratio; LQT2, type 2 long-QT
syndrome; MCS, morphology combination score; QTc, corrected QT; TMV,
T-wave morphology variation; and VA, ventricular arrhythmia.

*Values indicate significance, P<0.05.
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(Table S1), suggesting that repolarization vector align-
ment and cohort-specific factors influence lead-specific
detectability. In addition, this concordance with lead |
may reflect that TMV, although computed over the full
T wave, can be dominated by late or terminal repolar-
ization mismatches relative to the reference, and may
therefore capture tail-weighted integral properties of the
T wave, as summarized by the lead-I center-of-gravity
metric. More recently, the 3-dimensional T-wave vector
magnitude has been shown to identify high-risk LQT2
mutation carriers with normal QTc.'® Most of these ap-
proaches are constrained to subsets of patients with-
out QT prolongation. In contrast, our approach is the
first to apply a warping-based method to this context,
capturing subtle morphologic variations across the full
T wave and showing an association with higher risk in
patients with LQT2 that is independent of QTc duration.
Specifically, we applied a single TMV cutoff (<-18.41 ms)
to categorize patients in this cohort, which captured the
most pronounced T-wave morphologic changes asso-
ciated with increased risk.

Survival analysis revealed a consistent trend: pa-
tients with wider T waves and more pronounced T-
wave morphologic changes, as indicated by more
negative TMV values, had significantly lower event-free
survival compared with the rest of the cohort, reflecting
a higher vulnerability to CEs when the T-wave morphol-
ogy differs largely from the normal pattern. Moreover,
Cox regression analyses point to the same risk pro-
file, further supporting the consistency of the TMV
index. The association persisted after adjustment for
QTc, suggesting that TMV captures relevant informa-
tion not fully conveyed by QTc prolongation alone. The
association persisted after adjustment for sex and re-
mained significant with additional adjustment for MCS,
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indicating that TMV provides additional information not
conveyed by these covariates.

Although MCS values were significantly higher in the
low-TMV group (Table 2), indicating morphologic abnor-
malities that covary with TMV, MCS itself was not as-
sociated with CEs in this cohort. This pattern suggests
that between-group contrasts can arise from correlated
morphology features without translating into indepen-
dent prognostic signal at the patient level. In other words,
MCS appears to track with TMV cross-sectionally but
does not carry sufficient information to inform risk on
its own in this cohort, likely reflecting a smaller effect
size and lower sensitivity of MCS, which would require
a larger cohort to detect its association with outcomes.
By contrast, TMV remained associated with outcomes
after multivariable adjustment, MCS included, indicat-
ing that TMV captures the information not included in
MCS. Conceptually, the warping-based approach may
better summarize temporally dispersed repolarization
changes that are less accessible to composite asym-
metry/notch/flatness aggregates. Separately, T-wave
amplitude values were overall low across the cohort,
consistent with the low-amplitude T-wave phenotype
often described in LQT2. However, associations with
CEs were consistently nonsignificant, indicating limited
precision that may reflect the small sample size. Taken
together with the TMV results, these findings suggest
that neither Ty, nor MCS had discriminant value here,
whereas a full-T-wave, warping-based measure cap-
tured morphology information relevant to risk in LQT2
within our data set.

A plausible mechanistic rationale for the observed
findings is that loss of function of the rapid delayed
rectifier potassium current (IK,) from KCNH2 mutations
amplifies temporal and spatial heterogeneity of repo-
larization, manifesting as T-wave morphology changes.
Such changes may not be fully captured by QTc dura-
tion alone. By applying a full-T-wave, morphology-aware
alignment, as provided by the warping-based strategy,
the TMV index quantifies pointwise timing variations
relative to a population reference and thereby reflects
broader or temporally dispersed repolarization patterns
characteristic of LQT2. This provides a concise morpho-
logic summary that complements the QTc and helps to
discriminate patients with significantly lower event-free
survival within this genotype, including those with bor-
derline or moderately prolonged QTc.

A possible explanation for the lack of statistical
significance in the adjusted models for VA is the lim-
ited number of events available for analysis (10 events
before the age of 60years), which reduces statistical
power and inflates 95% Cls. The inclusion of prespec-
ified covariates (QTc, sex, and MCS) may also have
attenuated estimates by distributing shared prognos-
tic information. Further confirmation in larger cohorts,
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containing more VA events, will be essential in subse-
quent studies.

Although the role of sex in modulating arrhythmic risk
among patients with LQT2 has previously been suggested
by Cortez et al, who reported that abnormal T-wave mor-
phology conferred higher risk in women with normal QTc
but not in men,'® Sugrue et al did not report sex-stratified
results in their analysis of morphology-based ECG mark-
ers in a size-comparable cohort.*' In our study, TMV
distributions did not differ by sex (Table 2), suggesting a
relatively homogeneous morphologic substrate between
men and women. Moreover, including sex as a covariate
did not alter the association between TMV and CEs, indi-
cating that the prognostic value of TMV was independent
of sex in our models. We did not perform sex-specific risk
analyses because of the limited cohort size and number
of events, so these observations should be interpreted
with caution and more robustly evaluated in larger, sex-
balanced cohorts.

Despite extensive explorations of ECG metrics to re-
fine risk stratification in LQTS, progress toward routine
use of morphology-based markers has been limited by
variability in measurement protocols and challenges
in validation and standardization. Within this context,
TMV offers a single-lead measure of full T-wave mor-
phologic variations relative to a large and consistent
population template, thereby facilitating straightfor-
ward large-scale comparison with normal patterns and
enabling prespecified dichotomization for clinical anal-
yses. From a clinical perspective, TMV may serve as a
valuable complement to existing risk stratification tools
in patients with LQT2, including those with borderline
or prolonged QTc values. As TMV index is computable
directly from T-wave morphology and does not rely on
specific fiducial points, it may be well suited for auto-
mated implementation in digital ECG platforms. Future
studies should aim to validate these findings in larger,
prospective cohorts and evaluate whether warping-
index—based classification improves clinical decision-
making or risk prediction models.

Limitations

This study has limitations that should be acknowledged.
First, this single-cohort study has a retrospective nature
and is intended as exploratory (hypothesis generating);
therefore, the findings should be interpreted accord-
ingly. Second, the overall LQT2 cohort size was limited,
which restricted the ability to perform subgroup risk
analyses and may have reduced power to detect weak
associations. Accordingly, stratified analyses by sex or
by QTc interval range (eg, normal versus prolonged)
were not conducted because of the relatively low num-
ber of events across both groups. Thus, no formal sex-
related risk interaction analysis was performed either. In
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addition, the high concentration of events in the lowest
TMV quartile leaves few event-free individuals in that
stratum, which may reduce the stability of adjusted es-
timates and contribute to wide 95% Cls. Consequently,
validation in a larger cohort is needed to confirm its
clinical utility and generalizability and to enable a robust
assessment of model performance (including discrimi-
nation and calibration).

CONCLUSIONS

T-wave morphology abnormalities quantified by the
TMV index showed a statistically significant association
with the risk of CEs in a cohort of patients with LQT2,
which included those with prolonged or borderline
QTc values, after adjustment for QTc, sex, and MCS.
These markers reflect repolarization abnormalities not
captured by QTc duration and may complement cur-
rent risk stratification strategies. Further validation in
prospective, multicenter cohorts is warranted to sup-
port their potential integration into clinical practice.
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