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Abstract

Background and Objectives: Left ventricular global longitudinal strain (LV GLS) has prog-
nostic relevance in hypertrophic cardiomyopathy (HCM), but its incremental value for
identifying nonsustained ventricular tachycardia (NSVT) documented on ambulatory mon-
itoring is uncertain. We examined whether signed LV GLS was independently associated
with documented NSVT and whether it improved a fixed clinical and conventional echocar-
diographic model. Materials and Methods: This retrospective, single-centre cross-sectional
study included 201 patients with HCM. Transthoracic echocardiography was performed on
the day that 24-h ambulatory electrocardiographic monitoring was initiated. A reference
logistic regression model included age, sex, maximal septal thickness, maximal left ventric-
ular outflow tract (LVOT) gradient, and ejection fraction; signed LV GLS was then added.
Discrimination and calibration were internally validated using 2000 bootstrap samples
with coefficient refitting. Six secondary mechanical measures were analysed with false
discovery rate control. Results: NSVT was documented in 115 patients (57.2%). Median
LV GLS was —11.3% [interquartile range, —14.3 to —9.0] with NSVT and —10.9% [—14.3
to —9.2] without NSVT (p = 0.819); the 0.4-percentage-point difference lies within the
measurement variability of LV GLS, and the two distributions overlapped almost com-
pletely. The adjusted odds ratio (OR) for LV GLS per 1-percentage-point increase was 0.962
(95% confidence interval [CI], 0.884-1.047; p = 0.372). The apparent area under the curve
was 0.645 (95% CI, 0.564-0.724) for the reference model and 0.644 (95% CI, 0.564-0.723)
after adding LV GLS (paired difference, —0.001; 95% CI, —0.029 to 0.027; likelihood-ratio
p = 0.370); optimism-corrected values were 0.606 and 0.598. In exploratory analyses, higher
global radial strain was associated with lower odds of NSVT (OR per standard deviation,
0.619; 95% CI, 0.449-0.852; q = 0.020). Conclusions: LV GLS was not independently associ-
ated with documented NSVT and did not improve its discrimination beyond conventional
clinical and echocardiographic variables. The exploratory radial strain association requires
independent confirmation.

Keywords: hypertrophic cardiomyopathy; nonsustained ventricular tachycardia; global
longitudinal strain; radial strain; speckle-tracking echocardiography; ambulatory electrocar-
diography
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1. Introduction

Nonsustained ventricular tachycardia (NSVT) is an important component of the clin-
ical assessment of hypertrophic cardiomyopathy (HCM). Its interpretation nevertheless
depends on the broader phenotype rather than on the presence of an isolated imaging
abnormality. Current guidelines integrate rhythm findings with clinical history, structural
characteristics, and other markers of sudden cardiac death (SCD) risk [1,2]. A practical
question is whether a routinely available deformation measurement adds information about
NSVT beyond the conventional echocardiographic examination.

Left ventricular global longitudinal strain (LV GLS) can characterize impaired longitu-
dinal shortening despite a preserved left ventricular ejection fraction (LVEF). In HCM, LVEF
is typically normal or supranormal (>50%, and frequently >65%), and an LVEF below 50%
defines the end-stage phenotype with systolic dysfunction [1,2]; LV GLS can therefore be
reduced while LVEF remains within this preserved range [3]. Previous HCM studies have
associated LV GLS with appropriate implantable cardioverter-defibrillator (ICD) therapy,
longer-term adverse outcomes, and sudden-death-associated events [4—6]. Those obser-
vations support its biological and prognostic relevance, but they do not establish that it
can distinguish patients with and without an intermittent arrhythmia captured during one
ambulatory recording. The outcome definition, monitoring strategy, treatment history, and
composition of the studied cohort can all influence the relationship being estimated.

Research focused on ventricular arrhythmias has also examined regional dysfunction
and the timing of contraction rather than global longitudinal amplitude alone. Di Salvo
and colleagues investigated regional strain abnormalities in relation to NSVT, whereas
the studies by Haland and Jalanko emphasized mechanical dispersion [7-9]. Candan
and colleagues evaluated both global longitudinal peak strain and mechanical dispersion
in relation to appropriate ICD therapy [10]. More recently, three-dimensional systolic
dyssynchrony and nonlongitudinal strain measures have been studied alongside NSVT in
HCM [11]. These measurements characterize related but not interchangeable aspects of
myocardial mechanics.

We therefore examined whether signed LV GLS was independently associated with
documented NSVT and whether it improved a fixed clinical and conventional echocardio-
graphic model. The primary analysis concerned classification of NSVT on 24-h monitoring,
not prediction of future malignant ventricular arrhythmia. NSVT was ascertained by 24-h
ambulatory electrocardiography and LV GLS by transthoracic echocardiography; the two
modalities are independent, and the question was whether a same-day imaging measure-
ment carries information about the arrhythmic substrate detected by the rhythm recording.
Additional analyses considered radial, circumferential, and rotational measures and tricus-
pid annular plane systolic excursion as exploratory features, while accounting for multiple
testing and the optimism inherent in evaluating models in their development sample.

2. Materials and Methods
2.1. Study Design and Participants

This retrospective observational study was conducted at Kayseri City Training and
Research Hospital and included patients evaluated for HCM between January 2020 and
December 2024. HCM was defined by otherwise unexplained maximal end-diastolic left
ventricular wall thickness of at least 15 mm in one or more segments [1,2]. Of 255 screened
patients, 54 were excluded because of HCM phenocopies (1 =9), significant valvular disease
(n = 12), significant coronary artery disease or previous myocardial infarction (n = 15),
prior septal reduction therapy (n = 7), inadequate images for strain assessment (n = 3), or
insufficient 24-h ambulatory electrocardiographic data (n = 8). The final cohort comprised
201 patients (Figure 1). Records of patients evaluated between January 2020 and December
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2024 were reviewed retrospectively after ethics approval had been obtained (decision no.
991, 16 June 2026); no study-specific procedure was performed on any patient.

Patients screened for HCM
January 2020 to December 2024 (n = 255)

Excluded (n = 54)

HCM phenocopies (n = 9)
Significant valvular disease (n = 12)
E—— Significant CAD or previous Ml (n = 15)
Previous septal reduction therapy (n = 7)

Inadequate strain imaging (n = 3)
Insufficient ambulatory ECG data (n = 8)

Analytic cohort (n = 201)
Available LV GLS and 24-hour NSVT classification

| |

No documented NSVT Documented NSVT
n =86 (42.8%) n =115 (57.2%)

Figure 1. Participant selection and documented NSVT classification. Of 255 screened patients,
54 were excluded for the listed reasons. The remaining 201 had an available LV GLS measurement
and adequate 24-h ambulatory electrocardiography for NSVT classification. CAD, coronary artery
disease; ECG, electrocardiography; LV GLS, left ventricular global longitudinal strain; HCM, hy-
pertrophic cardiomyopathy; LV, left ventricular; MI, myocardial infarction; NSVT, nonsustained
ventricular tachycardia.

Eligibility required an interpretable echocardiogram with an available LV GLS measure-
ment and adequate ambulatory monitoring for NSVT classification. The study consequently
represents a clinically evaluated HCM cohort referred to a tertiary centre rather than an
unselected screening population. Transthoracic echocardiography was performed on the
day that 24-h ambulatory electrocardiographic monitoring was initiated, as part of the same
clinical assessment. All variables used in the primary and specified secondary analyses
were available for the 201 included patients. Reporting followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) framework [12].

2.2. Clinical Variables and NSV'T Ascertainment

Demographic characteristics, blood pressure, heart rate, functional class, history of
syncope, history of atrial fibrillation (AF), and ICD status were obtained from the clinical
record. Sex was coded as male versus female. New York Heart Association (NYHA) classes
III and IV were combined for the descriptive comparison because of the small number
in class IV. AF denoted a clinical history of documented AF at any time before the index
assessment rather than the rhythm during strain acquisition. Pharmacological therapy at
the time of the index assessment could not be reconstructed: treatment was recorded only
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in free-text fields that named a drug in fewer than 5% of records and could not be dated
relative to the echocardiogram and the ambulatory recording. Medication was therefore
not available as a descriptive variable or as a covariate; this is addressed as a limitation
(Section 4.5).

NSVT was defined as at least three consecutive ventricular beats at a rate of at least
120 beats/min, lasting less than 30 s [2]. Recordings were obtained with a SEER 1000 digital
Holter recorder (GE Healthcare, Chalfont St Giles, UK) and analysed with the manufac-
turer’s Holter analysis software. Two cardiologists reviewed the ambulatory recordings;
classification required physician confirmation, with disagreements resolved by consensus.
Initial independent classifications were not archived, so inter-rater agreement (kappa) for
NSVT classification could not be calculated retrospectively. NSVT classification was based
exclusively on the evaluated 24-h ambulatory electrocardiographic recording, irrespective
of ICD status. Episode frequency, maximum run length, and rhythm burden were not used
as outcomes. ICD presence was recorded descriptively but was not included as a predictor
and was not considered an incident endpoint, because the timing of implantation relative
to the study assessment could not be reliably established.

2.3. Echocardiographic and Deformation Measurements

Transthoracic echocardiography was performed using a GE Vivid E95 system (GE
Healthcare, Horten, Norway), with offline strain analysis in EchoPAC (GE Healthcare).
Conventional measurements included maximal septal and posterior wall thickness, left
atrial diameter and maximum volume, LVEEF, the highest recorded left ventricular out-
flow tract (LVOT) gradient, systolic anterior motion, and tricuspid annular plane systolic
excursion (TAPSE). Chamber measurements were obtained within the conventional echocar-
diographic assessment [13]. Maximum left atrial volume was analysed in millilitres with-
out indexing. Linear measurements stored in centimetres were converted to millimetres
for presentation.

An LVOT gradient of at least 30 mmHg was used to describe an obstructive haemo-
dynamic phenotype. Because resting and provoked gradients were not consistently distin-
guished, the maximum available value was entered as a continuous variable in regression
models. LVEF values obtained during the conventional echocardiographic assessment were
used in the analyses.

LV GLS was assessed from apical four-, three-, and two-chamber views acquired at a
frame rate of 5070 frames/s. After selection of an appropriate cardiac cycle, the endocardial
border was delineated and myocardial tracking was performed automatically in EchoPAC.
Tracking quality was visually inspected throughout the cardiac cycle, and the region of
interest was manually adjusted when necessary. Each apical view was divided into six
myocardial segments, yielding 18 left ventricular segments. Global longitudinal strain
was calculated automatically by the software from the analysed segments. Signed LV GLS
values were retained: a 1-percentage-point increase denotes a less negative value and less
longitudinal shortening.

Radial strain was assessed from parasternal short-axis views obtained at the basal,
midventricular, and apical levels. Ateach level, the left ventricular myocardium was divided
into six segments. After automated myocardial tracking, tracking quality was visually veri-
fied and the region of interest was manually adjusted when necessary. Global radial strain
was calculated as the mean of the segmental peak systolic radial strain values and expressed
as a positive percentage, with higher values indicating greater systolic radial thickening.

Global circumferential strain was analysed as a positive magnitude. Basal rotation,
apical rotation, and twist were analysed as recorded rather than algebraically reconstructed.
Right ventricular and right atrial strain were excluded from the analyses because the archived
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records did not support consistent definitions of the ventricular segments included or the
atrial strain phase. Standardized mechanical dispersion was unavailable because the timing
reference and peak-selection procedures were insufficiently documented, and an additional
four-chamber strain field of uncertain definition was excluded.

Image acquisition took place during routine clinical care and was performed by the
staff cardiologists of the echocardiography laboratory; it was therefore not restricted to
a single operator. All offline measurements, including the conventional parameters and
the strain analyses, were performed jointly by two cardiologists experienced in speckle-
tracking echocardiography (M.Z.A. and M.K.T.), who were blinded to NSVT status and
recorded a single consensus value for each parameter. Because independent observer-
specific readings were not archived, inter-observer and intra-observer agreement statistics
(intraclass correlation coefficients for continuous strain measures) could not be calculated
retrospectively; this is addressed in the Limitations section.

2.4. Statistical Analysis

Normality was assessed with the Shapiro-Wilk test. Sixteen of the 18 continuous
variables departed from a normal distribution (p < 0.05) in the full cohort or in at least
one NSVT group; only age and left atrial diameter were compatible with normality. For
uniformity of presentation, all continuous variables were therefore summarized as medians
with interquartile ranges and compared using Mann-Whitney U tests with tie correction,
which do not depend on distributional form. Logistic regression does not require normally
distributed predictors; the functional form of continuous predictors was examined with
restricted cubic splines, as described below. Categorical variables were presented as counts
and percentages, with Pearson chi-square tests or Fisher’s exact tests for sparse two-by-two
comparisons. Group comparisons were descriptive and did not determine which covariates
entered the primary model. All tests were two-sided. The 95% confidence interval (CI) for
each coefficient was calculated using the Wald method, and the primary significance level
was 0.05.

Binary logistic regression estimated the association with documented NSVT. The
reference model included age, male sex, maximal septal thickness, maximal LVOT gradient,
and LVEF. These covariates were specified before modelling according to four criteria: (i)
recognition in current HCM guidelines as clinical or structural determinants of arrhythmic
risk (age, sex, maximal wall thickness, LVOT obstruction) [1,2]; (ii) LVEF, because LV
GLS is interpreted relative to it; (iii) availability in all patients; and (iv) a total of five
terms, so that the 115 NSVT cases provided more than 20 events per parameter. Variables
were not selected on univariable p values and were retained regardless of their individual
significance; the univariable estimates reported in the Results are shown for completeness
only. ICD status was not entered because of indication bias and unknown implantation
timing (Section 2.2), and medication because treatment fields were unreliable; AF history,
syncope, and left atrial volume were examined in sensitivity analyses rather than in the
primary model. The extended model added signed LV GLS. Odds ratios (ORs) were scaled
per 10 years of age, 5 mm of septal thickness, 10 mmHg of LVOT gradient, 5 percentage
points of LVEF, and 1 percentage point of LV GLS. No automated stepwise selection was
applied. The HCM Risk-SCD score was excluded because it contains NSVT and would
make the predictor partly dependent on the outcome being classified.

Incremental model information was assessed by a nested likelihood-ratio test. Discrim-
ination was quantified by the area under the receiver operating characteristic curve (AUC).
Ten thousand paired, outcome-stratified bootstrap samples of the fitted scores provided
percentile confidence intervals for apparent AUCs and their paired differences. These
intervals describe uncertainty conditional on the fitted scores; they are distinct from internal
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validation. For LV GLS alone, higher signed values were retained as indicating impaired
shortening; the scale was not reversed to obtain an AUC above 0.50. No data-derived clinical
cut-off was proposed.

Internal validation used 2000 patient-level bootstrap samples with replacement, refit-
ting all coefficients in each sample. For each model, performance in the bootstrap sample was
compared with performance of that refitted model in the original cohort. Mean optimism
was removed from the original performance estimate [14]. We reported optimism-corrected
AUC, Brier score, and calibration slope. Calibration-in-the-large was also calculated with
the prediction coefficient fixed at one. Apparent calibration was displayed with a smooth
curve and observed proportions across ten approximately equal-sized groups, with Wilson
confidence intervals. A Hosmer-Lemeshow test was supplementary rather than the basis
for declaring calibration adequate [15].

Exploratory analyses added six mechanical measures individually to the extended
model: TAPSE, global circumferential strain, global radial strain, basal rotation, apical rota-
tion, and twist. Each was standardized using its full-cohort standard deviation. Benjamini-
Hochberg correction controlled the false discovery rate (FDR) across these six adjusted coef-
ficient tests; a separate family of six tests covered their unadjusted group comparisons [16].
Two exploratory blocks were also examined beyond the extended model: circumferential
plus radial strain, and twist alone. Their two likelihood-ratio tests formed a separate cor-
rection family. Basal and apical rotation were not combined with twist in the same block.
Because the exploratory set was revised after the initial analyses to exclude inadequately
defined measures, the original multiplicity corrections were retained as a sensitivity check.

Sensitivity analyses restricted the cohort to LVEF > 50% or added AF history and
syncope together or maximum left atrial volume in separate analyses. Robust modified
Poisson regression provided adjusted prevalence ratios as an alternative to odds ratios for
this common binary outcome [17]. Influence was examined with Cook’s distance, using
4/n as an exploratory exclusion threshold. Functional form was evaluated with three-knot
restricted cubic splines at the 10th, 50th, and 90th percentiles. A sex-by-LV GLS interaction
was exploratory. Radial strain follow-up analyses examined adjustment, influence, and
rank transformation. Sensitivity, nonlinearity, and interaction p values were nominal and
were not interpreted as independent replications or confirmatory subgroup tests.

The study protocol specified an a priori sample size of 68 patients (34 per group)
to detect a standardized difference of 0.70 in LV GLS between patients with and without
NSVT with 80% power at a two-sided « of 0.05 (G*Power version 3.1.9.4) (Heinrich Heine
University Diisseldorf, Diisseldorf, Germany); with the observed standard deviation of
3.5 percentage points, this corresponds to a difference of approximately 2.5 percentage
points. All 201 eligible patients were included. The protocol also envisaged a Youden-index
cut-off for LV GLS; this was not pursued because LV GLS showed no association with the
outcome, and a cut-off for a non-discriminating variable would be uninterpretable. Statistical
analyses were performed with IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY,
USA); restricted cubic spline modelling, bootstrap-based optimism correction, and bootstrap
confidence intervals for AUCs were conducted in R (version 4.3.0; R Foundation for Statistical
Computing, Vienna, Austria) with the rms and pROC packages. Post hoc power was
calculated with G*Power 3.1.9.4. The independent reproduction of the reported estimates
described in Section 2.5 used Python 3.11 (Python Software Foundation, Wilmington, DE,
USA) (statsmodels 0.15.0, scikit-learn 1.8.0, SciPy 1.17.1).

2.5. Use of Generative Artificial Intelligence

A generative artificial intelligence assistant (Claude Opus 5 (Anthropic, San Francisco,
CA, USA)) was used for two purposes. First, it independently re-executed the reported
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statistical estimates from the analytic dataset as a verification step, reproducing the descrip-
tive comparisons, regression coefficients, likelihood-ratio tests, discrimination measures,
and multiplicity-adjusted q values presented here. Second, it assisted with manuscript
language, structure, and formatting to journal style. The study design, data collection, the
primary statistical analysis, the figures, and the interpretation of the findings were carried
out by the authors. The authors reviewed and verified all output and take full responsibility
for the content of this manuscript.

3. Results
3.1. Cohort Characteristics

The analytic cohort included 201 patients, with a median age of 50.0 years [39.0-57.0];
148 (73.6%) were men. NSVT was documented in 115 patients (57.2%), and 86 had no
NSVT on the evaluated recording. Median LVEF was 64.0% [61.0-67.0], with a range of 47%
to 72%. Six patients (3.0%) had LVEF below 50%. An LVOT gradient of at least 30 mmHg
was recorded in 139 patients (69.2%), and a clinical history of AF was present in 117 pa-
tients (58.2%), indicating a predominantly obstructive and arrhythmia-enriched referral
population. Clinical and conventional echocardiographic characteristics are presented in
Table 1.

Table 1. Clinical and conventional echocardiographic characteristics by documented NSVT status.

Characteristic (n”l";)tzaél) 1\(13 1:?3\6/;[ (F:S‘lllg) p Value

Age, years 50.0 [39.0; 57.0] 49.5[39.5; 57.8] 50.0 [39.0; 57.0] 0.951
Male sex 148 (73.6) 52 (60.5) 96 (83.5) <0.001
Body surface area, m? 1.88 [1.75; 1.97] 1.92 [1.73;1.98] 1.85[1.77;1.97] 0.641
History of atrial fibrillation 117 (58.2) 46 (53.5) 71 (61.7) 0.241
History of syncope 67 (33.3) 29 (33.7) 38 (33.0) 0.920
ICD present 134 (66.7) 49 (57.0) 85 (73.9) 0.012
Heart rate, beats/min 71.0 [64.0; 76.0] 72.5[64.0;77.8] 71.0 [65.0; 75.5] 0.188
Systolic blood pressure, mmHg 127 [125; 131] 128 [125; 132] 127 [124; 131] 0.488
Diastolic blood pressure, mmHg 77 [75; 82] 77 [75; 83] 77 [75; 80] 0.776
NYHA functional class 0.646

I 133 (66.2) 56 (65.1) 77 (67.0)

I 46 (22.9) 22 (25.6) 24 (20.9)

Il or IV 22 (10.9) 8 (9.3) 14 (12.2)
Maximal septal thickness, mm 23.0 [20.0; 27.0] 22.5[20.0; 25.0] 23.0 [20.0; 27.0] 0.413
Posterior wall thickness, mm 11.0 [9.0; 15.0] 12.0[9.0; 15.0] 10.2 [9.0; 14.8] 0.055
Left atrial diameter, mm 41.0 [37.0; 45.0] 42.0[37.1;45.1] 41.0 [37.0; 44.7] 0.199
Maximum left atrial volume, mL 43.4 [37.2;49.5] 42.5[37.0; 48.6] 44.7 [37.3; 49.8] 0.357
Maximal LVOT gradient, mmHg ~ 54.0 [23.0; 80.0] 50.0 [13.5; 87.0] 57.0 [24.5; 80.0] 0.305
LVOT gradient > 30 mmHg 139 (69.2) 55 (64.0) 84 (73.0) 0.167
Systolic anterior motion 83 (41.3) 41 (47.7) 42 (36.5) 0.112
LVEE, % 64.0 [61.0; 67.0] 63.0 [60.0; 67.0] 64.0 [61.0; 68.0] 0.318
LVEF < 50% 6 (3.0) 3 (3.5) 3 (2.6) 1.000
Signed LV GLS, % ~11.0[-143; =9.0] —109[-143;-9.2] —11.3[-14.3;-9.0] 0.819

Values are median [25th percentile; 75th percentile] or 1 (%). Percentages use the column denominator.
All displayed variables were available for all 201 patients. Continuous comparisons use the Mann—
Whitney U test; categorical comparisons use Pearson chi-square tests or Fisher’s exact tests. The NYHA
p value is the overall three-category comparison. ICD presence is descriptive only; implantation timing
was not established. LV GLS remains signed, with more negative values indicating greater shortening.
LV GLS, left ventricular global longitudinal strain; ICD, implantable cardioverter-defibrillator; LV,
left ventricular; LVEEF, left ventricular ejection fraction; LVOT, left ventricular outflow tract; NSVT,
nonsustained ventricular tachycardia; NYHA, New York Heart Association.
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Men accounted for 83.5% of the NSVT group and 60.5% of the group without NSVT
(p <0.001). ICD presence was also more frequent among patients with documented NSVT
(73.9% versus 57.0%; p = 0.012); this comparison was descriptive. Age, septal thickness,
maximal LVOT gradient, LVEF, and maximum left atrial volume did not differ significantly
between groups. Median signed LV GLS was —11.3% [—14.3 to —9.0] with NSVT and
—10.9% [—14.3 to —9.2] without NSVT (p = 0.819).

3.2. Primary Association and Incremental Discrimination

In the extended model, the adjusted OR for LV GLS was 0.962 per 1-percentage-point
increase (95% CI, 0.884-1.047; p = 0.372). Male sex was associated with documented NSVT
(adjusted OR, 3.695; 95% CI, 1.850-7.381), whereas the estimates for age, septal thickness,
LVOT gradient, and LVEF were not statistically significant (Table 2). Variance inflation
factors ranged from 1.02 to 1.08, providing no evidence of substantial collinearity among
the primary predictors.

Table 2. Univariable and multivariable associations with documented NSVT.

Variable Une(|c91]5101/:tgl:l)OR p Value A‘g‘;i/:egl?l{ p Value
Age, per 10 years 1.016 (0.828-1.248) 0.877 1.113 (0.889-1.392) 0.350

Male versus female sex 3.304 (1.716-6.360) <0.001 3.695 (1.850-7.381) <0.001
Septal thickness, per 5 mm 1.145 (0.851-1.540) 0.373 1.167 (0.847-1.606) 0.345
LVOT gradient, per 10 mmHg 1.013 (0.948-1.083) 0.707 1.040 (0.968-1.117) 0.283
LVEF, per 5 percentage points 1.157 (0.857-1.562) 0.342 1.154 (0.839-1.588) 0.377
Signed LV GLS, per 1 percentage point  0.983 (0.908-1.064) 0.664 0.962 (0.884-1.047) 0.372

The multivariable extended model includes all six listed terms simultaneously (n = 201; 115 NSVT
cases). Odds ratios are not risk ratios. For signed LV GLS, a 1-percentage-point increase represents
less negative strain and less longitudinal shortening. The reference model contains the same variables
except LV GLS; adding LV GLS yields likelihood-ratio x2 = 0.802 (1 degree of freedom), p = 0.370.
Covariates were retained without stepwise selection. CI, confidence interval; LV GLS, left ventricular
global longitudinal strain; LV, left ventricular; LVEF, left ventricular ejection fraction; LVOT, left
ventricular outflow tract; NSVT, nonsustained ventricular tachycardia; OR, odds ratio.

Adding LV GLS did not significantly improve model likelihood (likelihood-ratio x? = 0.802,
1 degree of freedom; p = 0.370). The apparent AUC was 0.645 (95% CI, 0.564-0.724) for the
reference model and 0.644 (95% CI, 0.564-0.723) for the extended model. The paired AUC
difference was —0.001 (95% CI, —0.029 to 0.027). LV GLS alone had an AUC of 0.490 (95% (I,
0.411-0.572) in the predefined direction of impaired shortening (Figure 2).

3.3. Internal Validation and Calibration

All 2000 bootstrap refits were successful for each validated model. Optimism-corrected
AUCs were 0.606 for the reference model and 0.598 after adding LV GLS. Corrected calibra-
tion slopes were 0.806 and 0.763, respectively. Corrected Brier scores were 0.239 and 0.240,
compared with a prevalence-only Brier score of 0.245. The Hosmer—-Lemeshow p values
were 0.214 and 0.190. Model performance is summarized in Table 3; apparent calibration in
the development cohort is shown in Figure S1.
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Figure 2. Apparent discrimination for documented NSVT. The reference model contains age, sex,
septal thickness, maximal LVOT gradient, and LVEF; the extended model additionally contains signed
LV GLS. The LV GLS-only curve retains the direction of higher signed values indicating impaired
shortening. Curves show apparent discrimination in the development cohort. Confidence intervals
and optimism-corrected estimates are reported in the text and Table 3. AUC, area under the receiver
operating characteristic curve; LV GLS, left ventricular global longitudinal strain; LV, left ventricular;
LVEF, left ventricular ejection fraction; LVOT, left ventricular outflow tract; NSVT, nonsustained
ventricular tachycardia.

Table 3. Apparent and internally validated model performance.

Performance Measure Reference Model Reference + LV GLS Exploratory LV Block
Apparent AUC (95% CI) 0.645 (0.564-0.724) 0.644 (0.564-0.723) 0.698 (0.620-0.771)
Optimism-corrected AUC 0.606 0.598 0.648

Apparent Brier score 0.225 0.224 0.213
Optimism-corrected Brier score 0.239 0.240 0.234
Optimism-corrected calibration slope 0.806 0.763 0.747
Optimism-corrected
calibration-in-the-large ~0.003 ~0.003 —0.006
Added terms versus comparison model Not applicable LV GLS Circumferential + radial strain
Likelihood-ratio p value Not applicable 0.370 0.010
Successful bootstrap refits 2000/2000 2000/2000 2000/2000

Reference model: age, sex, septal thickness, maximal LVOT gradient, and LVEF. Extended model:
reference model plus signed LV GLS. Exploratory LV block: extended model plus global circumfer-
ential and radial strain. The reference-to-extended comparison is primary; the block comparison is
exploratory, with q = 0.020 after correction across the two exploratory block tests. AUC confidence
intervals are percentile intervals from 10,000 paired outcome-stratified resamples of fixed fitted scores;
they describe apparent performance, not uncertainty in optimism-corrected AUCs. Optimism correc-
tion used 2000 patient-level resamples with coefficient refitting. Lower Brier scores are better; the
prevalence-only Brier score was 0.245. A calibration slope of 1 and calibration-in-the-large of 0 are
ideal. AUC, area under the receiver operating characteristic curve; CI, confidence interval; LV GLS,
left ventricular global longitudinal strain; LV, left ventricular; LVEF, left ventricular ejection fraction;
LVOT, left ventricular outflow tract.
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3.4. Exploratory Mechanical Measures

None of the six secondary measures differed between groups after correction of the
Mann-Whitney U tests (Table S2). In adjusted analyses, however, higher global radial strain
was associated with lower odds of NSVT: the OR per standard deviation was 0.619 (95%
CI, 0.449-0.852; p = 0.003; q = 0.020). The corresponding standard deviation was 12.28
percentage points. No other individual secondary measure met the corrected significance
threshold (Table 4 and Figure 3).

Table 4. Exploratory adjusted associations of secondary mechanical measures with documented NSVT.

Measure, per 1 Standard Deviation Adjusted OR (95% CI) p Value q Value
TAPSE 0.944 (0.702-1.270) 0.704 0.964
Global circumferential strain magnitude 1.007 (0.744-1.363) 0.964 0.964
Global radial strain 0.619 (0.449-0.852) 0.003 0.020
Basal rotation 1.105 (0.821-1.488) 0.510 0.964
Apical rotation 0.931 (0.693-1.252) 0.637 0.964
Twist 0.984 (0.733-1.321) 0.916 0.964

Each mechanical measure was added separately to the extended primary model containing age,
sex, septal thickness, LVOT gradient, LVEF, and signed LV GLS. All analyses included 201 patients.
Standardization used the full-cohort standard deviation. The q values are Benjamini-Hochberg-
adjusted p values for this family of six coefficient tests. For radial strain, 1 standard deviation = 12.28
percentage points. Circumferential strain is expressed as a positive magnitude, and radial strain as
a positive percentage. Rotational measures were analysed as recorded. Sensitivity analyses have
nominal p values and are reported separately. CI, confidence interval; LV GLS, left ventricular global
longitudinal strain; LV, left ventricular; LVEF, left ventricular ejection fraction; LVOT, left ventricular
outflow tract; NSVT, nonsustained ventricular tachycardia; OR, odds ratio; TAPSE, tricuspid annular
plane systolic excursion.

TAPSE I

LV circumferential strain L
magnitude

LV radial strain I & |

Basal rotation ;

Apical rotation I

LV twist I

0.4 Oj6 Oj8 1.0 1.5
Adjusted odds ratio per 1 SD increase (95% Cl)

Figure 3. Exploratory secondary mechanical associations. Points and horizontal bars show adjusted
odds ratios and 95% confidence intervals for an increase of 1 standard deviation in each measure. Each
term was added separately to the extended primary model. The vertical line marks an odds ratio of 1.
After correction across the six tests, radial strain was the only measure meeting the false discovery
rate threshold (q = 0.020). Definitions and sign conventions are detailed in Table 4. CI, confidence
interval; LV GLS, left ventricular global longitudinal strain; LV, left ventricular; NSVT, nonsustained
ventricular tachycardia; OR, odds ratio; SD, standard deviation; TAPSE, tricuspid annular plane
systolic excursion.

https://doi.org/10.3390/medicina62112137


https://doi.org/10.3390/medicina62112137

Medicina 2026, 62, 2137

11 of 17

The combined circumferential and radial strain block improved model likelihood
beyond the extended model (x* = 9.233, 2 degrees of freedom; p = 0.010; q = 0.020 across
the two block tests). Its apparent AUC was 0.698 and its optimism-corrected AUC was
0.648, with a corrected calibration slope of 0.747. The twist block did not meet the corrected
threshold. These block analyses were exploratory.

3.5. Sensitivity and Functional-Form Analyses

The overall LV GLS estimate remained nonsignificant after restricting the analysis to the
195 patients with LVEF > 50%, adding the available clinical or echocardiographic covariates,
using robust modified Poisson regression, or excluding four influential observations (Table
51). There was no evidence of LV GLS nonlinearity (p = 0.654), and its overall spline
contribution was nonsignificant (p = 0.606). A nominal nonlinear LVOT gradient term was
observed (p = 0.048); allowing this term did not materially alter the LV GLS estimate (OR,
0.966; p = 0.433).

A nominal sex-by-LV GLS interaction was observed (likelihood-ratio p = 0.039). This
exploratory test was not adjusted for multiplicity and included only 19 NSVT cases among
women; conditional estimates are reported in Table S4.

Because ICD carriage was more frequent among patients with documented NSVT, ICD
status was added to the models in a further sensitivity analysis despite the indication bias
discussed in Section 2.2. Signed LV GLS did not differ by ICD status (median —11.2% [—14.4
to —9.3] with an ICD versus —10.9% [—14.2 to —8.9] without; p = 0.811). With ICD status in
the model, the adjusted OR for LV GLS was 0.966 (95% CI, 0.886-1.053; p = 0.426; likelihood-
ratio p = 0.424), and ICD carriage itself was associated with NSVT (OR, 2.278; 95% CI,
1.149-4.517). The apparent AUC was 0.691 (95% CI, 0.614-0.764) for the reference model
with ICD status and 0.689 (95% CI, 0.613-0.760) after adding LV GLS (paired difference,
—0.002; 95% CI, —0.019 to 0.014); optimism-corrected values were 0.652 and 0.644 (Figure
52). The LV GLS estimate was similar in patients without an ICD (n = 67; OR, 0.943; 95%
CI, 0.797-1.116) and with an ICD (n = 134; OR, 0.982; 95% CI, 0.885-1.088; interaction
p = 0.518). The radial strain association persisted after ICD adjustment (OR per standard
deviation, 0.614; 95% ClI, 0.443-0.850; Tables S1 and S3).

The radial strain association persisted in the preserved-LVEF subset (OR per standard
deviation, 0.633; 95% ClI, 0.457-0.876), with additional circumferential strain adjustment,
after rank transformation, and in the other reported sensitivity analyses. Robust modified
Poisson regression gave a prevalence ratio of 0.830 (95% CI, 0.728-0.945). The full sensitivity
results and exploratory block tests are provided in Tables S3 and S4.

4. Discussion
4.1. Principal Findings

In this HCM cohort, signed LV GLS was not independently associated with documented
NSVT and did not improve classification beyond age, sex, septal thickness, maximal LVOT
gradient, and LVEF. The minimal change in apparent AUC and the absence of an advantage
after bootstrap validation support a consistent primary finding. Higher global radial strain
was associated with lower odds of NSVT in the exploratory adjusted analyses.

The median LV GLS was numerically less negative in patients without NSVT (—10.9%
versus —11.3%). This 0.4-percentage-point difference is smaller than the test-retest variabil-
ity reported for LV GLS, the interquartile ranges of the two groups were nearly identical
(—14.3 to —9.2 versus —14.3 to —9.0), and the adjusted estimate was compatible with effects
in either direction. It should therefore be read as the absence of a detectable difference
rather than as better contractility among patients with NSVT. A contributing factor may be
the uniformly impaired LV GLS of this cohort (median —11.0%, interquartile range —14.3 to
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—9.0): when nearly all patients have reduced longitudinal shortening, the measure has little
range left with which to separate subgroups. Two further observations support this reading.
LV GLS is a load- and geometry-dependent deformation index rather than a measure of
contractility; in HCM, its reduction tracks the burden of hypertrophy and fibrosis, and in
this cohort it correlated weakly with septal thickness (Spearman p = 0.13) and not with
LVEF (p = —0.06). Patients with NSVT had a marginally thicker septum (23.0 versus 22.5
mm), which would predict a less negative LV GLS, yet their median value was marginally
more negative; a difference that runs against the expected direction of its own determinants
is most plausibly noise.

The 95% confidence interval for the adjusted LV GLS odds ratio (0.884-1.047) excludes
associations stronger than approximately 12% per percentage point in either direction. The
analysis therefore argues against a moderate or large incremental association in this setting
rather than demonstrating the absence of any association. The primary result was consistent
across sensitivity analyses and alternative estimators. It indicates a lack of demonstrated
incremental discrimination for the recorded global longitudinal amplitude in this cohort,
rather than evidence against the broader prognostic relevance of myocardial deformation.

4.2. Relation to Prior Strain and Arrhythmia Studies

The distinction between contemporaneous classification and prognosis helps explain
differences across studies. Debonnaire and colleagues related LV GLS and left atrial volume
index to appropriate ICD therapy, whereas Hiemstra and colleagues examined longer-
term outcomes in a larger HCM cohort [4,5]. Lee and colleagues evaluated myocardial
strain within a sudden cardiac death risk framework [6]. These endpoints incorporate
subsequent observation and clinical trajectory, while the present binary NSVT outcome
concerns arrhythmia captured during a single 24-h recording.

Candan and colleagues studied 63 patients with HCM and ICDs, examining global
longitudinal peak strain and mechanical dispersion in relation to appropriate device ther-
apy [10]. Their findings support an association between myocardial mechanics and subse-
quent ventricular arrhythmias in a selected device population. The present study instead
evaluated NSVT documented on ambulatory electrocardiography and did not use ICD ther-
apies as an outcome. Differences in cohort selection and endpoint ascertainment therefore
remain important despite similarities in the strain analysis approach.

Studies addressing NSVT more directly have emphasized regional or temporal het-
erogeneity. Di Salvo and colleagues evaluated regional longitudinal abnormalities during
repeated rhythm surveillance [7]. Haland and colleagues linked deformation measure-
ments to fibrosis and ventricular arrhythmias, with mechanical dispersion retaining an
adjusted association [8]. Jalanko and colleagues also found an association between mechan-
ical dispersion and NSVT in a genetically defined cohort [9]. Together, these studies suggest
that a global amplitude average may not capture the regional and timing abnormalities
relevant to arrhythmia.

Wang and colleagues evaluated three-dimensional systolic dyssynchrony alongside
several strain components and 24-h NSVT [11]. Differences in imaging dimensionality, mea-
surement definition, and case mix limit direct comparison with the present two-dimensional
analysis. Because standardized mechanical dispersion was unavailable here, our findings
concern the incremental contribution of global longitudinal amplitude rather than a com-
parison of amplitude-based and timing-based approaches.

4.3. Interpretation of the Radial Strain Association

Radial strain reflects systolic myocardial thickening and therefore represents a different
component of ventricular mechanics from longitudinal shortening [3]. The observed inverse
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association with documented NSVT may indicate that nonlongitudinal mechanical features
provide information not captured by LV GLS alone. The present study was not designed to
establish the underlying mechanism.

The unadjusted distributional comparison for radial strain was not significant, whereas
its adjusted association with NSVT met the FDR threshold. These analyses address different
statistical questions; the secondary finding remains exploratory and requires independent
confirmation.

Wang and colleagues included three-dimensional radial and circumferential strain in
their arrhythmia assessment [11]. In contrast, the independent strain finding in the cardiac
magnetic resonance tissue-tracking study by Pu and colleagues concerned circumferential
strain, alongside late gadolinium enhancement [18]. These studies provide context for exam-
ining nonlongitudinal mechanics but do not directly validate the present echocardiographic
radial association.

The duration of rhythm monitoring bears directly on this finding. NSVT is intermittent,
and extended ambulatory monitoring detects ventricular tachyarrhythmias in a substantial
proportion of patients in whom a single 24-h recording is negative [19]. Some patients
classified here as NSVT-free therefore had undetected NSVT. Because classification did
not depend on strain values, this misclassification is expected to be non-differential and
to bias associations toward the null, so it is unlikely to have generated the radial strain
association; but it also limits what the association can show. The outcome captured is
NSVT present on one day rather than the presence of an arrhythmic substrate, the estimate
is exploratory and was not significant in the unadjusted comparison, and radial strain is
the least reproducible of the strain components (Section 4.5). We therefore regard the
association as hypothesis-generating rather than as robust evidence. Establishing it would
require prospective enrolment, extended monitoring (multi-day ambulatory recording
or an implantable loop recorder) so that the reference standard approaches the true ar-
rhythmic burden, and independent, blinded radial strain measurements with documented
reproducibility.

The circumferential and radial strain block improved apparent discrimination, but its
optimism-corrected AUC was lower than the apparent estimate and its corrected calibration
slope remained below one. The improvement therefore warrants further evaluation rather
than a clinical prediction claim.

4.4. Clinical Interpretation

A single 24-h recording may miss intermittent NSVT. Rowin and colleagues demon-
strated that extended ambulatory monitoring identifies additional ventricular tachyarrhyth-
mias in HCM [19]. Observation time can therefore influence both measured prevalence
and associations with imaging findings. The relatively high NSVT and ICD frequencies
in the present cohort should also be considered when applying these findings to other
HCM populations.

These findings concern NSVT documented during 24-h ambulatory monitoring and
should not be extrapolated to prediction of future sudden cardiac death or used to define
clinical strain thresholds. Guideline-based risk assessment remains the appropriate clinical
framework [1,2]. The absence of incremental discrimination for LV GLS alone does not
exclude the value of combining functional measurements with tissue characterization. Kwak
and colleagues evaluated the complementary use of late gadolinium enhancement and LV
GLS during longitudinal follow-up, addressing information not uniformly available in the
present cohort [20].

The clinical relevance of a null result of this kind lies in what it rules out. LV GLS is
now reported routinely in echocardiographic assessments of HCM, and a reduced value is
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easily read as a marker of arrhythmic propensity. The present data indicate that, in a cohort
evaluated with same-day ambulatory monitoring, LV GLS did not identify patients with
NSVT beyond what age, sex, wall thickness, outflow gradient, and LVEF already conveyed.
An echocardiographic LV GLS value therefore cannot substitute for rhythm monitoring,
nor be used to select patients for extended monitoring; ambulatory electrocardiography
remains the method by which NSVT is documented [1,2], and imaging parameters that
reflect regional heterogeneity or timing of contraction [7-9], or tissue characterization [20],
are the more promising candidates for complementing it.

Discrimination was modest for all models, including the reference model, and this is
consistent with the literature. HCM Risk-SCD, derived for a harder endpoint with five-year
follow-up, achieved a C-index of 0.70 (95% CI, 0.68-0.72) in its 3703-patient international
validation [21], and the 2020 AHA/ACC and 2023 ESC pathways gave five-year time-
dependent AUCs of 0.677 and 0.724 for sudden cardiac death in the cohort of Lee and
colleagues [6]. NSVT on a single 24-h recording is a harder target still: it is intermittent,
so0 a proportion of patients classified as NSVT-free carry undetected arrhythmia [19], and
this misclassification caps the discrimination that any predictor can reach. The purpose of
the present analysis was therefore not to build a clinical classifier but to test whether LV
GLS adds information to conventional variables, and that answer does not depend on the
absolute level of the reference AUC. Figure 3 displays adjusted odds ratios rather than AUCs;
the only block that improved discrimination (circumferential plus radial strain, apparent
AUC 0.698, optimism-corrected 0.648) remained modest.

4.5. Limitations

This retrospective, single-centre study included a clinically selected HCM population.
The cohort was predominantly obstructive, with a maximal LVOT gradient of at least
30 mmHg in 69.2% of patients, and had high frequencies of documented NSVT (57.2%),
ICD carriage (66.7%), and a clinical history of AF (58.2%). These proportions exceed those
reported for unselected HCM populations and reflect referral to a tertiary centre with an
active device and septal-intervention practice. They limit generalizability to community-
based HCM cohorts and may also contribute to the high documented NSVT frequency.

NSVT classification was based on a single 24-h ambulatory recording and may not
capture intermittent arrhythmias outside the monitoring period. Device implantation timing
was not consistently available. Uniform information on cardiac magnetic resonance fibrosis,
genotype, disease duration, and treatment exposure was unavailable. Rhythm status and
detailed beat-selection procedures during strain acquisition were not systematically available
for retrospective verification.

Because echocardiographic and strain measurements were obtained by joint consensus
of two cardiologists rather than by independent observer-specific readings, neither inter-
observer nor intra-observer agreement (intraclass correlation coefficients for strain measures,
or kappa statistics for NSVT classification) could be calculated, and the reproducibility of
strain measurement in this laboratory is therefore undocumented. Published inter-observer
and inter-vendor variability for LV GLS is of the order of 1-2 percentage points, which is
of the same magnitude as the between-group difference observed here and reinforces the
interpretation of the primary result as a null finding. The exact EchoPAC software revision
was unavailable. Differences between strain analysis platforms may also affect measurement
comparability [22].

Two-thirds of the cohort carried an ICD, and NSVT is itself an indication for device
implantation. Because the timing of implantation relative to the index assessment could
not be established, part of the association between ICD carriage and documented NSVT
may reflect indication bias, with earlier NSVT prompting device therapy and the device
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population being enriched for recurrent NSVT. ICD status was therefore reported descrip-
tively and was not entered into the models, but this circularity should be kept in mind when
interpreting the high NSVT frequency.

The exploratory radial strain finding should also be weighed against the known mea-
surement properties of that parameter. Among speckle-tracking deformation components,
radial strain has the lowest reported inter-observer and inter-vendor reproducibility, and
its values are more sensitive to region-of-interest placement and frame rate than longi-
tudinal strain. The association was robust across the sensitivity analyses reported here,
but its reproducibility in independent data and on other analysis platforms remains to
be demonstrated.

No a priori power calculation beyond the protocol specification was performed, because
all eligible patients were included. The sample exceeded the prespecified requirement and
provided more than 19 events per model parameter, but the observed between-group
difference in LV GLS (0.4 percentage points, standardized difference ~ 0.06) was an order
of magnitude smaller than the difference the study was designed to detect. In post hoc
power calculations (G*Power 3.1.9.4; large-sample z test for logistic regression with variance
correction, R? of LV GLS on the other covariates = 0.054), power to detect an adjusted OR
per standard deviation of LV GLS of 2.0, 1.5, and 1.3 was 99%, 76%, and 41%, respectively;
the 95% CI of the observed estimate (OR per standard deviation, 0.87; 0.65-1.18) excludes
moderate or large associations but not small ones. The exploratory sex-stratified analysis,
with 19 NSVT cases among women, was underpowered.

Pharmacological therapy, an integral part of management in HCM, was not avail-
able. Beta-blockers, non-dihydropyridine calcium channel blockers, disopyramide, and
amiodarone all reduce ventricular ectopy and NSVT on ambulatory monitoring, and beta-
blockers and calcium channel blockers can modestly alter deformation indices through
heart rate and loading conditions. In a tertiary cohort with two-thirds device carriage,
most patients would be expected to be receiving at least a beta-blocker and a minority
amiodarone. Unmeasured treatment therefore acts as a confounder whose direction cannot
be established from these data: suppression of NSVT by antiarrhythmic therapy would
reclassify some treated patients as NSV T-free and bias associations with any imaging marker
toward the null, whereas preferential prescription of antiarrhythmic drugs to patients with
previously documented arrhythmia would act in the opposite direction. The absence of
medication data is a material limitation of the study and of the exploratory radial strain
finding in particular, and should be addressed in prospective work with treatment recorded
at the time of monitoring.

Secondary mechanical associations, functional-form analyses, and interaction analyses
were exploratory, with multiplicity correction applied within defined test families. Internal
bootstrap validation addresses optimism within the present cohort but does not establish
performance in an independent population.

5. Conclusions

Signed LV GLS was not independently associated with documented NSVT and did
not improve discrimination beyond conventional clinical and echocardiographic variables
in this HCM cohort. Higher global radial strain showed an exploratory association with
lower odds of documented NSVT and requires independent confirmation with extended
rhythm monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/medicina62112137/s1. Figure S1: Apparent calibration of the
extended primary model; Figure 52: Apparent discrimination for documented NSVT after adjustment
for ICD status; Table S1: Sensitivity analyses for signed LV GLS; Table S2: Group distributions of
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secondary mechanical measures; Table S3: Exploratory sensitivity analyses for global radial strain;
Table S4: Functional form, interaction, and exploratory mechanical blocks.
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