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ABSTRACT

BACKGROUND Arrhythmia-risk assessment in congenital long-QT syndrome (LQTS) and drug-induced QT prolongation 
(diQTP) is primarily based on clinical, genetic, and electrical parameters. Electromechanical window (EMW) (aortic-valve closure 
time minus QT interval) assessment outperformed heart rate–corrected QT interval (QTc) as a predictor of symptomatic status in 
LQTS.

OBJECTIVE The study aimed to investigate the relationship between temporal QTc and EMW dynamics, and ventricular 
tachyarrhythmia (VT) timing in LQTS and diQTP.

METHODS 47 patients with LQTS/2VT, 18 patients with LQTS/1VT, 9 patients with diQTP/1VT, and 26 controls were included. 
QTc and EMW were obtained from standard 12-lead electrocardiograms and electrocardiogram-echocardiograms at 2 or 3 time 
points. Patients with 1VT were included if EMW/QTc assessments were performed within 2 weeks before or after VT. 

RESULTS In control subjects, EMW remained stably positive over time. In patients with LQTS/2VT, EMW was negative without 
significant variation. In patients with LQTS/1VT and diQTP/1VT, transient accentuations of EMW negativity were observed at 
the time point closest to VT (2 days [1–7] to arrhythmia), regardless of whether measured before or after VT. Temporary EMW 

negativity accentuation was driven by foreshortening of the mechanical systole despite concurrent QT prolongation. EMW re-
covery after VT was similar for patients with or without beta-blocker therapy. Multiple logistic regression analysis identified 
EMW negativity and EMW dynamics (ΔEMW) as independent predictors of imminent VT in LQTS. An EMW of 275 ms and a 
ΔEMW of 239 ms were optimal cutoffs to predict emergent arrhythmic deterioration in the LQTS cohort.

CONCLUSION Temporary accentuation of EMW negativity is a marker of impending VT in patients with LQTS and diQTP. 

KEYWORDS Risk stratification; Long-QT syndrome; Drug-induced QT prolongation; Electromechanical window; Sudden car-
diac death; Echocardiography
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Sudden cardiac death accounts for approximately half of all 
cardiac deaths and is primarily caused by ventricular tachyar-
rhythmia (VT) and fibrillation (VF). 1 Inherited channelopa-
thies, such as congenital long-QT syndrome (LQTS), 
account for 5%–10% of sudden cardiac death cases; howev-
er, the annual arrhythmia risk in patients with LQTS is rela-
tively low at 0.47%. 1–3 Drug-induced QT prolongation 
(diQTP) occurs more commonly and can be found in ∼6% 

of patients treated with repolarization-delaying cardiac or 
noncardiac compounds. Less than 5% of patients with diQTP 
develop VT. 4

Risk stratification in LQTS is primarily based on electrocar-
diogram (ECG) characteristics (prolongation of heart rate– 
corrected QT interval [QTc] and T-wave dynamics), torsades 
de pointes (TdP), syncope, sex, genotype, and family his-
tory. 5–7 Serial ECG assessment may further enhance risk 
stratification, given that QTc values in patients with LQTS 
fluctuate over time. 8,9

The electromechanical window (EMW) is an ECG-
echocardiographic parameter that indicates the relationship 
between repolarization duration and left ventricular (LV) 
contraction duration. 10 Previous studies have demonstrated 
that a single measurement of EMW outperforms the QTc in 
predicting the symptomatic status of patients with 
LQTS. 10–12 Patients with LQTS with a remote history of 
sudden cardiac arrest or TdP had a more negative EMW 

than those without, even for the same QT interval. 10–12 In 
addition, in a case report, profound EMW negativity was 
associated with life-threatening arrhythmic events in 
diQTP. 13 Whether accentuated EMW negativity in patients 
with LQTS/diQTP reflects an increased imminent risk of VT 
remains unknown. Here, we investigated the temporal vari-
ability of EMW in a large group of patients with LQTS and 
diQTP with documented VT, hypothesizing that EMW is 
more negative during episodes of electrical instability and 
arrhythmia. In addition, we examined whether accentuated 
EMW negativity and its change over time (ΔEMW) are associ-

ated with the timing of VT, to 
assess their potential for 
improving arrhythmia-risk pre-
diction.

Methods

Study design and criteria

Subjects were enrolled retro-
spectively from 6 centers 
across 5 countries, with a writ-
ten informed consent ob-
tained following the 
Declaration of Helsinki. Con-
trol subjects were recruited af-
ter cardiac abnormalities were 
excluded. LQTS was diag-
nosed according to the Euro-
pean Society of Cardiology 
Guidelines for the Manage-

ment of Patients With Ventricular Arrhythmias and the Pre-
vention of Sudden Cardiac Death, 1 and diQTP as transient 
QT prolongation during treatment with known 
repolarization-delaying drugs (https://crediblemeds.org/). 
Arrhythmic events (VT) were defined as documented TdP, 
VT, or VF. Patients with LQTS/diQTP/1VT were only included 
if echocardiography was performed less than 14 days before 
or after VT (Figure 1A). ECG and echocardiographic charac-
teristics were assessed at 2 or 3 time points. According to 
this study design, the reference time point was set as the first 
time point for controls and LQTS/2VT and the time point 
closest to VT for LQTS/1VT and diQTP/1VT. Parameter 
changes between time points (Δ) were calculated as the 
mean of the change between available time points (see re-
sults section for details). Data will be shared by the corre-
sponding author upon reasonable request.

QTc, QRS-onset to aortic-valve closure time, and EMW 

calculation

The QT time was determined from the single-lead ECG 

traces (usually lead II), which were recorded during apical 
aortic-valve Doppler echocardiography, and the tangent 
method was used to standardize QT assessment. 10 The 
QRS-onset to aortic-valve closure time (QAoC) was measured 
from the onset of the QRS complex to the center of the aortic-
valve closure artifact. EMW was calculated by subtracting the 
QT time from the QAoC of the same heartbeat. 10 For EMW, 
no heart-rate correction was performed, given that EMW is 
heart rate independent. 10,14 For comparability of QT and 
QAoC over time, these parameters were rate corrected using 
Bazett’s formula. Data were analyzed by 1 investigator (P.D.) 
and blindly reanalyzed in part by P.D. and R.t.B., showing 
high EMW intraobserver (0.99 [0.97–1.0]) and interobserver 
agreements (0.99 [0.96–1.0]).

Statistical analysis

Statistical analysis was performed with GraphPad Prism 

(GraphPad Software Inc, version 10.0.1) and R (version 4.4.1 
[2024-06-14]). In Table 1, continuous data are presented as 
mean 6 standard deviation or median (interquartile range). 
Statistical comparisons were performed using 1-way analysis 
of variance with Tukey’s post hoc correction or the Kruskal– 
Wallis test with Dunn’s post hoc comparison. Binary variables 
are shown as frequencies and percentages, and an omnibus 
Fisher’s exact test, followed by pairwise Fisher’s exact test 
with Bonferroni correction, was used. In Figure 1, a normal 
distribution of variables was assumed, 15 and a linear mixed 
model with random intercept analysis and Tukey post hoc 
correction was used. In Figure 2, the association between ab-
solute time to event and EMW was assessed based on a linear 
mixed-effects model with a random intercept. Kruskal–Wallis 
test with Dunn’s correction was used for comparisons of 
group Δ’s. Single and multiple logistic regression were based 
on the “glm2” R-package, and the “pROC” package was 
used for area under the curve (AUC) and receiver operating 
characteristic analysis. A 2-sided P < .05 was considered

Abbreviations

AUC: area under the curve

diQTP: drug-induced QT 
prolongation

EMW: electromechanical 
window

ICD: implantable cardi-
overter-defibrillator

LCSD: left cardiac sympa-
thetic denervation

LQTS: long-QT syndrome

QAoC: QRS-onset to aortic-
valve closure time

TdP: torsades de pointes

VF: ventricular fibrillation

VT: ventricular tachyar-
rhythmia
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Figure 1
Temporal variability of the EMW and its components. A: Study design, FU scheme with up to 3 study TPs, and parameters assessed. Per patient, a minimum of 2 TPs 
were assessed, and parameter changes between TPs (ΔQAoCc, ΔQTc, and ΔEMW) were defined as the mean of Δ1 and Δ2. The reference time points are high-
lighted in light blue. B: For controls, patients with LQTS without VT during FU (LQTS/2VT), and patients with LQTS with VT during FU (LQTS/1VT), 2 representative

e638 Heart Rhythm, Vol 23, No 4, April 2026



statistically significant. Additional details on the methods and 
statistical analyses are provided in the Online Supplement.

Results

The EMW differs between controls and patients with 
LQTS or diQTP, depending on symptomatic status

A total of 100 patients and control subjects with a median age 
of 42 years (interquartile range 27–57) and mean 6 SD follow-

up duration of 1869 6 1360 days were included: 26 controls, 
47 patients with LQTS without VT (LQTS/2VT), 18 patients 
with LQTS with VT (LQTS/1VT), and 9 patients with diQTP 
with VT (diQTP/1VT). 70% of all patients were female, and 
LQTS types 1–3 (LQT1–3) were the most common genotypes 
in LQTS/2VT (LQT1 38%; LQT2 21%; LQT3 36%; LQTS type
7 [LQT7] 0%; genotype-negative 4%) and LQTS/1VT (LQT1 
17%; LQT2 28%; LQT3 22%; LQT7 17%; genotype-
negative 17%). Overall, beta-blockers were used in 8% of

Table 1 Patient characteristics

Controls LQTS/2VA LQTS/1VA di-LQT/1VA

Number of patients 26 47 18 9
Age, 6 y 44 6 89 39 6 14 40 6 15 62 6 16* ,†,‡

Female sex, n (%) 18 (69) 30 (64) 15 (83) 7 (78)
Genotype, n (%) n/a LQT1: 18 (38) LQT1: 3 (17) n/a

LQT2: 10 (21) LQT2: 5 (28) 
LQT3: 17 (36) LQT3: 4 (22) 
LQT7: 0 (0) LQT7: 3 (17) 

Negative: 2 (4) Negative: 3 (17)
ICD at first TP, n (%) 0 (0) 4 (9) 3 (17) 0 (0)
Prev. symptomatic at first TP, n (%) 0 (0) 19 (40)* 11 (61)* 1 (11)
AAD therapy at any TP, n (%) 3 (12) 29 (62)* 13 (72)* ,† 6 (67)
β-blocker, n (%) 2 (8) 29 (62)* 13 (72)* 4 (44)
other, n (%) 1 (4) 3 (6) 2 (11) † 5 (56) †

QT-prolonging drugs at any TP, n (%) 0 (0) 0 (0) 5 (28)* ,† 9 (100)* ,†,‡ 

ECG
RR interval, ms 909 6 136 953 6 183 842 6 144 863 6 170 
QRS interval, ms 86 (82–91) 86 (80–95) 80 (75–92) 98 (84–105) 
QT interval, ms 392 6 27 439 6 43* 524 6 92* ,† 492 6 78* 
QTc, ms 414 6 22 454 6 29* 570 6 84* ,† 516 6 73* ,†,‡

Echocardiography 
LVEF, % 63 (59–65) 61 (56–65) 60 (53–65) 42 (31–56)* ,†

RR interval, ms 940 (788–1063) 910 (849–1020) 854 (750–1050) 781 (735–920)
QAoC interval, ms 400 (388–420) 400 (400–428) 376 (350–403) † 360 (325–415) †

QAoCc, ms 418 6 25 427 6 24 406 6 50 407 6 39
QT interval, ms 379 6 32 435 6 34* 512 6 55* ,† 487 6 65* ,†

QTc, ms 398 (390–408) 452 (434–461)* 541 (494–617)* ,† 521 (506–587)* ,† 

EMW, ms 25 (10–33) 230 (240 to 210)* 2124 (2170 to 298)* ,† 2113 (2150 to 294)* ,†

Follow-up
Total, d 1772 (1102–2512) 1906 (910–3114) 1613 (533–3056) 251 (38–1070)* ,†

Time to VT, d n.a. n.a. 3 (1–9) 1 (1–7)

Clinical characteristics of the patients at the reference TP, if not specified otherwise. Data are shown as n (%), mean 6 SD, or median (25th to 75th percentile). For 
controls and LQTS/2VT, the reference is defined as the first echocardiographic evaluation (TP-1 in Figures 1 and 2), for LQTS/1VT and diQTP/1VT, the reference is 
defined as the TP closest to VT (VT in Figures 1 and 2). For patients with VT during follow-up, the time elapsed from the reference point to VT is indicated under 
follow-up. Continuous data are shown as mean 6 SD or median (IQR), and 1-way analysis of variance with Tukey post hoc test or Kruskal–Wallis test with Dunn’s 
comparison was used. Binary variables are shown as frequencies and percentages, and an omnibus Fisher’s exact test followed by pairwise Fisher’s exact test with 
Bonferroni correction was used.
AAD 5 antiarrhythmic drug; diQTP 5 drug-induced QT prolongation; ECG 5 electrocardiogram; di-LQT 5 drug-induced long QT; EMW 5 electromechanical win-
dow; ICD 5 implantable cardioverter-defibrillator; IQR 5 interquartile range; LQT1 5 LQTS type 1; LQT2 5 LQTS type 2; LQT3 5 LQTS type 3; LQT7 5 LQTS type 
7; LQTS 5 long-QT syndrome; LVEF 5 left ventricular ejection fraction; n/a 5 not available; QAoC 5 QRS-onset to aortic-valve closure time; QAoCc 5 rate-
corrected QAoC by Bazett’s formula; QTc 5 heart rate–corrected QT interval; SD 5 standard deviation; TP 5 time point; VA 5 ventricular arrhythmia; VT 5 ven-
tricular tachyarrhythmia.
*P < .05 vs controls.
† P < .05 vs LQTS/2VT.
‡ P < .05 vs LQTS/1VT.

consecutive EMW measurements are depicted. EMW is calculated by subtracting the QT interval (lower line) from the QAoC interval (upper line). Note that the EMW 

is relatively stable in controls and LQTS/2VT, but shows exaggerated negativity in patients with LQTS/1VT close to VT, and becomes less negative again during FU. 
C: QAoCc and QTc are shown alongside EMW for each patient group. In patients with symptomatic diQTP/LQTS, exaggerated EMW negativity close to VT was 
composed of both a shortened mechanical systole (QAoCc↓) and a prolonged repolarization duration (QTc↑). The pooled analysis discussed in the text is high-
lighted in light gray. Data are shown as mean 6 SD. diQTP 5 drug-induced QT prolongation; ECG 5 electrocardiogram; EMW 5 electromechanical window; 
FU 5 follow-up; LQTS 5 long-QT syndrome; QAoC 5 QRS-onset to aortic-valve closure time; QAoCc 5 rate-corrected QAoC; QTc 5 heart rate–corrected QT 
interval; SD 5 standard deviation; TP 5 time point; VT 5 ventricular tachyarrhythmia.
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Figure 2
Time dependence and regression analysis of electromechanical parameters. A: EMW negativity correlates with the absolute time from VT in patients with LQTS and 
diQTP during longitudinal FU in a linear mixed model with a random intercept. B: To determine parameter changes between time points, the ΔQAoCc, ΔQTc, and 
ΔEMW were calculated according to the depicted formula (“I” being the indicator of whether the Δ is available for this time interval or not). Mean Δdays are shown
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controls (for hypertension), 62% of patients with LQTS/2VT, 
72% of patients with LQTS/1VT, and 44% of patients with 
diQTP/1VT at any time point (Table 1). In the 1VT group, 
21 of 27 patients experienced TdP, 3 of 27 (bidirectional) 
VT, and 3 of 27 VF based on medical records or implantable 
cardioverter-defibrillator (ICD) readouts. EMW at the refer-
ence time point was 25 ms (10–33) in controls, 233 ms 
(240 to 210) in LQTS/2VT, 2124 ms (2170 to 298) in 
LQTS/1VT, and 2113 ms (2150 to 294) in diQTP/1VT. 
For details, see Supplemental Figure 1.

The EMW is stable in controls and 2VT patients, but 
dynamically rendered more negative in 1VT patients 
close to arrhythmic events

Over time, the EMW remained stable and positive in controls 
and stable but negative in patients with LQTS/2VT 
(Figure 1B and 1C). In line with this, rate-corrected QAoC 

(QAoCc) and QTc remained unchanged between time 
points. In LQTS/2VT, QAoCc showed a small variation over 
time with stable QTc, which, however, did not result in signif-
icant EMW variability. In contrast, in patients with LQTS/1VT 
and diQTP/1VT, EMW became transiently and significantly 
more negative when assessed within days before or after 
VT (Figure 1B and 1C). In a pooled analysis of all patients 
with 1VT, QTc (baseline 485 6 63 ms; 555 days [1294–65] 
before VT) had prolonged significantly 2 days (1–7) after VT 
(545 6 63 ms; P 5 .002) and returned to a baseline level dur-
ing follow-up (482 6 64 ms; P 5 .0004), 627 days (151–2677) 
after VT. In the same period, QAoCc (baseline 452 6 51 ms) 
had dropped significantly close to VT (406 6 46 ms; P 5 

.009), returning to baseline (440 6 59 ms; P 5 .005) in the 
follow-up period. Consequently, the EMW (baseline 235 6 

57 ms) became most negative close to VT (2128 6 55 ms; 
P < .0001), returning to baseline values at follow-up (238 6 

35 ms; P < .0001). When analyzing the LQTS/1VT and 
diQTP/1VT study groups separately, both showed similar 
changes in the electrical and mechanical components of 
EMW near the time of VT (see Online Supplement for details). 
In addition, at time points remote from VT, patients with 
LQTS/1VT had more negative EMW values than patients 
with LQTS/2VT (before VT [2584 days {21543 to 2212}] 
245 [273 to 240] vs 230 ms [240 to 210]; P 5 .009; 
follow-up after VT [1722 days {276–2864}] 250 [260 to 
230] vs 230 ms [240 to 210]; P 5 .003). Temporal EMW vari-
ability was similar for patients with LQTS with LQT1–3, pa-
tients with Andersen-Tawil syndrome (LQT7), or genotype-
negative patients. Interestingly, absolute time from VT and 
EMW negativity was significantly associated for patients

with LQTS/1VT (P < .0001) and diQTP/1VT (P 5 .004) 
(Figure 2A).

EMW restitution after VT is independent of beta-
blocker therapy

In patients with LQTS/1VT (n 5 4) not treated with beta-
blockers before the event nor during follow-up, QAoCc was 
significantly shorter close to VT than at follow-up (391 6 34 
vs 416 6 34 ms; P 5 .03). QTc was numerically longer close 
to VT than during follow-up (505 6 54 vs 463 6 49 ms; P 5 

.12), and consequently, the EMW was more negative close 
to VT than during follow-up (2110 6 26 vs 243 6 14 ms; P
5 .01). Thus, EMW normalization during follow-up also 
occurred in the absence of beta-blocker therapy.

In the next step, we compared the 4 beta-blocker-naive 
patients with LQTS/1VT with 7 patients with LQTS/1VT 
who were initiated on beta-blocker therapy after the 
arrhythmic event (5 of 7 propranolol, 2 of 7 metoprolol). 
QAoCc, QTc, and EMW were similar between groups close 
to VT and during follow-up (2-way repeated measures anal-
ysis of variance with Sidak correction; see Online Supplement 
and Supplemental Figure 2).

Absolute EMW and EMW dynamics (ΔEMW) are 
independently associated with VT status in LQTS

Mean QAoCc, QTc, and EMW changes between time points 
(Δ) were quantified for every patient according to the formula 
shown in Figure 2B. In general, ΔQTc and ΔEMW were signif-
icantly larger in patients with LQTS/1VT and diQTP/1VT 
than in controls or patients with LQTS/2VT (Figure 2B and 
2C). Patients with 1VT of both LQTS and diQTP groups 
showed similar ΔQAoCc (27 [13–81] vs 38 ms [21–80]; P 5 

.99), ΔQTc (62 [28–99] vs 67 ms [50–106]; P 5 .99), and 
ΔEMW (70 [50–110] vs 92 ms [63–145]; P 5 .99, respectively) 
(Figure 2C). A single logistic regression model (Figure 2D) for 
the patients with LQTS/2VT and LQTS/1VT (n 5 65 patients) 
revealed that EMW (P 5 .001), QTc (P 5 .0002), and QAoCc 
(P 5 .03) were associated with VT status, but only EMW (P 5 

.03) remained significant after multiple regression analysis. In 
a second model investigating parameter changes (Δ) over 
time, ΔEMW (P 5 .0001), ΔQTc (P 5 .003), and ΔQAoCc (P
5 .02) were predictors of VT status, but only ΔEMW (P 5 

.03) remained significant after multiple regression analysis 
(Figure 2D). In a receiver operating characteristic analysis 
for identifying patients with LQTS/1VT, an AUC of 0.97 (con-
fidence interval 0.89–1.00) for EMW was found, with a cutoff 
EMW of 275 ms (sensitivity 0.94; specificity 1.00). For 
ΔEMW, an AUC of 0.93 (confidence interval 0.82–1.00) was

for all groups. C: The analysis of Δ parameters per patient group revealed pronounced dynamicity in patients with VT during FU, especially for ΔQTc and ΔEMW 

(Kruskal–Wallis test with Dunn’s comparison). D: 2 logistic regression models were created for the analysis of VT predictors in the LQTS cohort, one including the 
absolute parameter values measured at the reference time points (defined in Table 1) and the other including the mean Δ per parameter measured (defined in 
Figure 2B). These models only included the data from the LQTS cohort (47 patients with LQTS/2VT and 18 patients with LQTS/1VT). The analysis revealed 
that both the time-point value of QAoCc, QTc, and EMW and the Δ of values of these parameters were associated with the VT status in respective single logistic 
regression analyses. However, only the EMW and ΔEMW remained significant predictors of VT status in multiple logistic regression analysis. CI 5 confidence in-
terval; diLQT 5 drug-induced long QT; diQTP 5 drug-induced QT prolongation; EMW 5 electromechanical window; FU 5 follow-up; LQTS 5 long-QT syndrome; 
OR 5 odds ratio; QAoCc 5 rate-corrected QRS-onset to aortic-valve closure time; QTc 5 heart rate–corrected QT interval; VT 5 ventricular tachyarrhythmia.
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Figure 3
Examples of EMW temporal variability around moments of TdP in patients with highly symptomatic LQTS. A: In this patient with LQT3, TdP storm occurred, and TdP 
onset was coincidentally recorded with tissue-Doppler echocardiography, revealing a markedly negative EMW right before TdP induction (first panel: both 10 mi-
nutes before [left] and in the beat immediately preceding TdP onset [right]). During follow-up of >12 years, the patient experienced 2 adequate ICD shocks in the
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found, with a cutoff of 239 ms (sensitivity 0.89; specificity 
0.96).

Representative cases with a high arrhythmic burden 
illustrate temporarily accentuated EMW negativity just 
before TdP

In a patient with LQT3 with VT storm and a history of major 
adverse cardiac events, TdP onset was coincidentally re-
corded with ECG-echocardiography, revealing a markedly 
negative EMW of 2120 ms approximately 10 minutes before 
TdP onset in the absence of ventricular ectopy and an EMW 

of 2160 ms in the last sinus-rhythm beat before TdP. The 
latter may have been accentuated by a preceding short-
long sequence (Figure 3A, Supplemental Figure 3). 10 Years 
later, this patient experienced 2 appropriate ICD shocks for 
TdP, each coinciding with another transient exaggeration of 
EMW negativity. During clinically stable periods, EMW was 
consistently less negative at 250 ms (Figure 3A).

In a case of a patient with symptomatic LQT7 with a high 
burden of premature ventricular complexes (PVCs) and 
repeated episodes of nonsustained VT, flecainide therapy 
was started. The patient was admitted shortly thereafter 
with recurrent episodes of TdP, prompting flecainide discon-
tinuation. The EMW was assessed 3 days later (290 ms) and

returned to more positive values during follow-up 
(Figure 3B). Several years later, ajmaline provocation testing 
demonstrated effective PVC suppression, and flecainide was 
restarted. 1 month later, routine ECG-echocardiography 
showed an LV ejection fraction of 45%, with again a markedly 
negative EMW (2130 ms). 3 days afterward, the patient 
developed polymorphic VT and TdP, leading to the discon-
tinuation of flecainide and ICD implantation. After 2 addi-
tional arrhythmic events years later, the patient underwent 
left cardiac sympathetic denervation, which led to a substan-
tial reduction in PVC burden and complete suppression of 
TdP. The patient has remained free from TdP or any sus-
tained VT, and LV ejection fraction remained at >50% there-
after (Figure 3B). During event-free survival, the EMW 

gradually became more negative, approaching the values 
measured close to the first TdP episode. However, ΔEMW 

was much lower during this stable period (2–44 ms) than sur-
rounding the episodes of TdP (70–110 ms), which supports 
our contention that, apart from absolute EMW negativity, 
temporal EMW dynamics also provide important information 
about the underlying arrhythmia risk.

Finally, a patient with genotype-negative LQTS in their 
40s was admitted to a peripheral hospital (day 0) and trans-
ferred to our center for further evaluation. ECG-
echocardiography revealed an extremely negative EMW of

Figure 4
Transient EMW negativity preceding torsades de pointes in a patient with genotype-negative LQTS. A: In this patient with genotype-negative LQTS, EMW was 
2210 ms on admission to our center (day 1). During the following days (2–4), the patient experienced repeated episodes of nonsustained and sustained TdP. After 
clinical stabilization, the EMW had returned to significantly less negative values (day 7, 280 ms) and remained in this range during 8 years of follow-up without 
another arrhythmic episode. B: Classical TdP induction with a short-long-short sequence was observed during 12-lead electrocardiogram surveillance. This case 
demonstrates a clear correlation between exaggerated EMW negativity before TdP and EMW “recovery” during electrical stabilization. EMW 5 electromechanical 
window; ICD 5 implantable cardioverter-defibrillator; LQTS 5 long-QT syndrome; NSVT 5 nonsustained ventricular tachycardia; QTc 5 heart rate–corrected QT 
interval; TdP 5 torsades de pointes.

context of a fasting period and hyperthyroidism, both coinciding with transient exaggeration of EMW negativity measured on the day of the event. B: In this teen-
ager patient with LQT7, flecainide therapy was initiated twice for premature ventricular complex suppression. Flecainide therapy led to a transient exaggeration of 
EMW negativity, and polymorphic VT/TdP occurred. Interestingly, a markedly negative EMW was found 3 days before TdP occurred. Gray circles indicate EMW 

value at the time of measurement; ECG/echocardiography icons indicate points of EMW assessment, whereas the lightning icon marks the occurrence of TdP/ 
VT relative to ECG-echocardiography. Both examples demonstrate that accentuated EMW negativity develops before VT and is not a post hoc phenomenon occur-
ring in the aftermath of severe arrhythmia. CI 5 confidence interval; ECG 5 electrocardiography; EMW 5 electromechanical window; ICD 5 implantable 
cardioverter-defibrillator; LCSD 5 left cardiac sympathetic denervation; LQT3 5 LQTS type 3; LQT7 5 LQTS type 7; LQTS 5 long-QT syndrome; OR 5 odds ratio; 
QAoC 5 QRS-onset to aortic-valve closure time; TdP 5 torsades de pointes; VT 5 ventricular tachyarrhythmia.
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2210 ms (day 1) (Figure 4A). Subsequently, the patient expe-
rienced multiple nonsustained and sustained TdPs (days 2– 
4), of which one also deteriorated into VF (day 4; see example 
12-lead ECG TdP onset of the patient in Figure 4B). Electrical 
stabilization of the patient coincided with a rapid EMW in-
crease to 280 ms (day 7), and EMW remained within this 
range during 8 years of event-free follow-up (last EMW 272 
ms).

Discussion

In the setting of ventricular repolarization prolongation, TdP 
occurs under dynamic rather than static conditions. Electrical 
instability and emergent ventricular ectopy precede sus-
tained arrhythmia. 16,17 This study demonstrates that transient 
mechanical changes (QAoCc↓) parallel electrical alterations 
(QTc↑), and mark pending VT in patients with LQTS and 
diQTP. Consequential temporary accentuation of EMW 

negativity is an independent marker for imminent VT in pa-
tients with LQTS and is superior to QTc or its long-term vari-
ability (ΔQTc). These findings suggest that periodic 
noninvasive EMW monitoring to detect these changes pro-
vides significant added value for arrhythmia-risk stratification 
beyond the repeated determination of QTc.

Mechanical abnormalities in patients with LQTS were first 
described by Nador et al 18 in the 1990s, who observed an 
abnormal systolic contraction phase in patients with LQTS, 
which was attributed to abnormal intracellular Ca 21 

handling. 19,20 In addition, an abnormal relationship between 
electrical and mechanical systole was found in patients with 
LQTS, which was accentuated by exercise testing, indicating 
the central role of the autonomic nervous system. 21 Apart 
from the overall EMW assessment, 11,12 exercise-induced 
variability in EMW has been observed in patients with 
LQTS, particularly in those who were previously symptom-
atic. 22

The interplay of multiple (partially concealed) factors that 
align at a critical moment to provoke arrhythmic events may 
also lead to accentuated EMW negativity. Although acute 
drivers of arrhythmic instability are often unknown in patients 
with congenital LQTS, drug-mediated rapid delayed rectifier 
potassium current block serves as a dominant factor in pa-
tients with diQTP, whether or not against a background of 
repolarization lability by other causes. 23 To improve 
arrhythmia prediction in patients with LQTS and diQTP, the 
change of EMW (ΔEMW) around moments of TdP was inves-
tigated. Our analysis demonstrates that ΔEMW is an inde-
pendent predictor of imminent arrhythmia risk, with an 
optimal cutoff of 239 ms over time, yielding a sensitivity of 
0.89 and a specificity of 0.96. Interestingly, patients with 
LQTS and diQTP with pending TdP, VF, and/or bidirectional 
VT showed remarkable similarity in the temporal variability of 
the EMW and its components. This suggests that the mecha-
nisms driving EMW negativity and arrhythmogenesis partly 
overlap. These drivers likely involve electromechanical reci-
procity, meaning that transient changes in both electrics 
and mechanics can influence each other. 2 For example, early

and delayed afterdepolarizations may lead to mechanical ab-
normalities such as postsystolic shortening, aftercontrac-
tions, and dispersion of contraction, 24,25 whereas primary 
mechanical abnormalities (eg, acute afterload increases dur-
ing exercise) may, in turn, precipitate repolarization instability 
in susceptible myocardium. 2,26 In addition, episodes of 
increased sympathetic activity and pause-dependent poten-
tiation may transiently accentuate electromechanical disper-
sion. Such episodes may vary among individuals, as 
exemplified by interindividual differences in adrenergic 
responsiveness and neural regulation of the heart, even 
among patients harboring the same pathogenic gene muta-
tion. 27 Experimental work in a canine drug-induced LQT1 
model showed that left-stellate ganglion stimulation led to 
accentuated EMW negativity (and TdP initiation) owing to 
divergent autonomic effects on electrics (QT) and mechanics 
(QAoC). 10,28 Conversely, beta-blocker treatment and left-
stellate ganglion denervation rendered EMW less negative 
in patients with LQTS, reducing TdP occurrence. 10,11,29 Our 
results suggest that EMW normalization during follow-up 
cannot be solely attributed to the initiation of beta-blocker 
therapy after ventricular arrhythmia, given that a comparable 
reduction in EMW negativity was observed in beta-blocker-
naive patients, albeit with different absolute values. Further-
more, electrolyte imbalance (eg, hypokalemia, hypomagne-
semia) can impair electromechanical stability. 1,2 Finally, 
abnormal gene regulation, or proarrhythmic drug effects 
influencing ion-channel function and/or trafficking, may 
further aggravate electromechanical instability in susceptible 
patients, ultimately facilitating TdP. 23,30 Quantifying this 
accumulation or coincidence of transient functional abnor-
malities in the heart is challenging, which further highlights 
the need for integrated parameters such as the EMW for dy-
namic risk assessment.

In the present study, EMW was assessed within 2 weeks 
of the arrhythmic event (median 2 days [1–7] to arrhythmia), 
given that ECG-echocardiography was typically performed 
during the clinical workup after TdP. This raises 2 questions: 
(1) Is EMW negativity a cause or consequence of ventricular 
arrhythmia? (2) What is the timescale of the EMW change? 
To address the first issue, we have carefully reviewed cases 
with ECG-echocardiography just before the occurrence of 
VT (Figures 3 and 4), revealing that pronounced EMW nega-
tivity precedes the arrhythmia, confirming experimental 
data. 12,26 Therefore, accentuated EMW negativity may 
add to the substrate for TdP. Regarding the second ques-
tion, changes in autonomic tone or short-long-short se-
quences may modulate the EMW within seconds to 
minutes, 22,31 whereas myocardial remodeling associated 
with disease progression influences EMW over longer time-
scales. 32,33 Although unknown for LQTS and diQTP, signifi-
cant EMW negativity was already observed 79 days (21–192) 
before VT occurred in ICD carriers with mostly ischemic or 
dilated cardiomyopathy. 33

Ultimately, the findings of the present study raise the 
question of whether—and, if so, which—preventive mea-
sures should be implemented when a large EMW drop is
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found in a patient with LQTS or other susceptible patients. 
Although prospective trials are needed to answer this ques-
tion, it seems reasonable to speculate that this finding should 
trigger a thorough investigation of potential underlying and 
addressable causes (eg, electrolyte imbalance, new [QT-
prolonging] medication, insufficient beta-blocker adher-
ence). In addition, prospective trials should investigate which 
methods of continuous EMW monitoring (eg, photoplethys-
mography combined with repolarization monitoring) provide 
further insights into electromechanical dynamics under 
various conditions. 10

Limitations

The patient number in this retrospective study was relatively 
small, and follow-up intervals varied among subjects, limiting 
the assessment of the speed of change of the parameters, 
which would be available in a prospective study. However, 
given that repeated ECG-echocardiographic analyses are 
not routinely performed in patients with LQTS in most clinics, 
our dataset provides unique insights into the temporal vari-
ability of EMW. Although the number of 9 patients with 
diQTP/1VT was low, we have established the presence of 
exaggerated and dynamic EMW negativity for the first 
time, indicating that EMW assessment besides classic 12-
lead ECG testing may provide additional insights into the 
arrhythmic risk of this patient category.

Conclusion

While temporal stability characterizes the EMW of control 
subjects and patients with asymptomatic LQTS, EMW nega-
tivity is temporarily accentuated in patients with LQTS/diQTP 
with pending VT, and this is driven by both electrical and me-
chanical changes. Noninvasive EMW monitoring outper-
forms QTc in determining recent arrhythmia occurrence in 
patients with LQTS and diQTP and may improve the 
prediction of imminent TdP, thus facilitating preventive 
management.
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