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Abstract

Background

Dilated cardiomyopathy (DCM) is a major cause of heart failure and sudden cardiac
death (SCD), with a 5-year survival rate of approximately 45%—-50%. Current risk
stratification is predominantly dependent on left ventricular ejection fraction (LVEF),
which has limited sensitivity and specificity. Hence, more effective biomarkers should
be used in late gadolinium enhancement (LGE)-negative patients.

Methods

A total of 378 consecutive patients with LGE-negative DCM were enrolled from four
hospitals between December 2016 and December 2022. Cardiac magnetic reso-
nance imaging-derived strain parameters (global radial strain, global circumferen-
tial strain, and global longitudinal strain [GLS]) were assessed against the primary
(SCD and related events) and secondary (heart failure, appropriate implantable
cardioverter-defibrillator therapy) endpoints. Internal validation was performed
using stratified bootstrap resampling with Harrell’'s optimism correction to report

the optimism-corrected C-index. Data were accessed for research purposes from
15/06/2023—-30/12/2023, and all records were de-identified prior to analysis.

Results

Over a median follow-up of 59.78 months, 35 (9.26%) and 72 (19.0%) patients
presented with the primary and secondary endpoints, respectively. Based on the
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multivariate Cox analysis, GLS, LVEF, and age were independent prognostic factors.
However, only GLS (HR=1.37; P=0.041) remained significant in the LVEF <20%
subgroup. A model integrating GLS and LVEF had a better discrimination ability

for SCD than LVEF strata alone (apparent C-index 0.756 vs 0.714, P<0.001). This
advantage persisted after bootstrap internal validation (B =1000; optimism-corrected
C-index 0.754 vs 0.711, Holm adjusted P=0.048). Further inclusion of age and New
York Heart Association (NYHA) classification enhanced the model’s performance
(model 4): apparent C-index 0.801; optimism-corrected C-index 0.785).

Conclusion

GLS is an independent predictor of SCD-related events in LGE-negative DCM.
Incorporating GLS with conventional indicators such as age, NYHA classification, and
LVEF significantly enhances prognostic discrimination and model robustness, indicat-
ing potential value for future clinical risk stratification.

1. Introduction

Dilated cardiomyopathy (DCM), which is characterized by left ventricular dysfunction,
affects approximately 0.04% of adults, and it is the most common type of cardiomy-
opathy [1]. However, the prognostic outcomes of DCM vary widely among individu-
als, with 5-year mortality rates of 20%—50% [2,3], thereby underscoring the urgent
need for reliable risk stratification markers [3]. Replacement myocardial fibrosis, as
detected on late gadolinium enhancement (LGE) on cardiac magnetic resonance
imaging (CMR), is a major contributor to adverse cardiovascular events, particu-

larly ventricular arrhythmias (VAs) and sudden cardiac death (SCD) [4—7]. Never-
theless, LGE is only detectable in approximately 40% of patients with DCM [8,9],
highlighting the need for alternative prognostic indicators in a substantial proportion
of LGE-negative individuals who remain at substantial risk and require precise risk
assessment. Currently, left ventricular ejection fraction (LVEF) remains a key param-
eter for risk stratification in patients with DCM [10-12], reflecting global cardiac
function and contractile performance. However, LVEF has significant limitations,
particularly its reduced predictive power for adverse events in patients with preserved
ejection fraction, which requires the development of more comprehensive assess-
ment approaches. Importantly, a significant reduction in LVEF has not been observed
in the majority of patients with DCM who experienced SCD events over the last 15
years, indicating that reliance on LVEF alone does not yield highly precise prognostic
information [13,14]. In a multicenter cohort study, Di Marco et al. used a multipara-
metric stratification model integrating both LVEF strata (<20%, 21%—-35%, >35%) and
LGE status. Results showed that even among patients with severely reduced LVEF
(£20%), those who are LGE negative still exhibited a significant residual risk (annual
event rate: 2.7% vs. 8.1% in LGE-positive counterparts). Based on this study, two
important needs were identified: improved risk discrimination among patients with
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preserved LVEF via myocardial tissue characterization and more refined substratification in populations with severely
reduced LVEF using advanced phenotypic profiling [14].

In recent years, cardiac magnetic resonance feature tracking (CMR-FT) has facilitated the assessment of myocardial
deformation using conventional cine cardiac sequences. Myocardial strain parameters derived from CMR-FT can detect
subtle myocardial injuries even before the appearance of LGE [15-17]. Hence, CMR-FT can be a valuable tool for the
early evaluation of myocardial dysfunction—an independent risk factor for adverse events in patients with DCM [18,19].
However, with increasing research advancements, it has become clear that relying on a single parameter for prognostic
assessment in DCM is insufficient, as it fails to comprehensively identify patient outcomes. In particular, a few studies
have addressed the prognosis of LGE-negative patients, a subgroup that requires special attention due to the absence of
conventional fibrosis markers typically used in risk stratification. To address this unmet need, the current study aimed to
explore the prognostic value of myocardial strain parameters in patients with LGE-negative DCM. Further, novel risk strati-
fication models were developed by integrating myocardial strain measurements with different LVEF strata, thereby offering
a more refined approach to prognostic evaluation in this clinically important population.

2. Materials and Methods
2.1. Study population

Newly diagnosed DCM inpatients were consecutively enrolled from four hospitals between December 2016 and Decem-
ber 2022 (Fig 1). All participants underwent baseline CMR during the index hospitalization as part of the initial diag-
nostic work-up. The local ethics committee approved the study protocol (approval no. 2021ER134-1) and waived the
need for informed consent due to the study’s retrospective design. Data were accessed for research purposes from

630 DCM patients without LGE
assessed for eligibility

Excluded by

(1)Incomplete clinical data(n=56)

(2)With other cardiomyopathy such as cardiac valvular
S| disease or congenital heart disease (n=62)

(3)Poor CMR quality precluding strain analysis(n=75):

respiratory motion/inadequate breath-holding;
arrhythmia-related ECG-gating artifacts; metal/device
v artifacts or other technical limitations.

437 patients met inclusion criteria

—>| 59 patients lost contact during follow-up

378 patients included in analysis

Fig 1. Flowchart shows patient inclusion. DCM=dilated cardiomyopathy, LGE =late gadolinium enhancement, CMR = cardiac magnetic resonance.

https://doi.org/10.1371/journal.pone.0345077.9001
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15/06/2023-30/12/2023, and all records were de-identified prior to analysis. DCM was diagnosed according to the 2023
ESC guidelines [1], requiring an LVEF <45%, LV dilation (LV end-diastolic volume index >117% of predicted), and exclu-
sion of other causes (e.g., coronary artery disease with 250% stenosis, primary valvular heart disease, hypertension,
and tachyarrhythmia). The exclusion criteria included ischemic cardiomyopathy, acute/subacute myocarditis, other types
of cardiomyopathies, and MRI contraindications. Patients were also excluded if CMR image quality was insufficient for
reliable feature-tracking/strain quantification (e.g., severe respiratory motion, arrhythmia-related ECG-gating artifacts, or
device/metal-related artifacts, including cases with low signal-to-noise or incomplete LV coverage) (Fig 1).

2.2. CMR protocols and image analysis

In all cases, CMR imaging was performed using 3.0-T scanners equipped with vector electrocardiography and respira-
tory gating systems. A balanced steady-state free precession sequence was used to acquire cine images in the short-
axis, two-chamber, three-chamber, and four-chamber views of the left ventricle. LGE imaging was conducted 10—15 min
after the intravenous administration of gadolinium-based contrast agents, utilizing a phase-sensitive inversion recovery
sequence to obtain short-axis and four-chamber images. Images were analyzed offline using a dedicated software (CVI
42, Circle Cardiovascular Imaging, Inc., Calgary, Canada) by two blinded, experienced radiologists (*.*. and *.*.*.). The
presence of LGE was evaluated across long-axis, short-axis, and four-chamber views. The myocardial strain analysis was
based on manual delineation of endocardial and epicardial borders at end-diastole, excluding the papillary muscles and
chordae. Then, the software automatically generated global myocardial strain parameters and corresponding “bull’s-eye”
maps (Fig 2).

Inter- and intra-observer variability for strain measurements was assessed by comparing the analyses of two inde-
pendent observers with at least 2-week interval between readings, thereby maintaining blinding to previous results. The
coefficient of variation (CV) was calculated using the following formula: CV (%) = (s/X) x 100, where s represents the stan-
dard deviation and X indicates the mean of the measurements. Precision was expressed as the average %CV. If the CV
was < 15%, the initial measurements were considered final.

2.3. Follow-up

Follow-up data were collected by reviewing hospital records, outpatient clinic visits, or telephone interviews conducted by
a committee of radiologists who were blinded to the CMR findings. Duration of disease was defined as the time interval
from the documented diagnosis of dilated cardiomyopathy to the baseline CMR examination (the first CMR performed
after diagnostic confirmation). As baseline CMR was acquired as part of the initial diagnostic work-up, the timing of CMR
relative to initiation and subsequent optimization of guideline-directed medical therapy was not predefined or standard-
ized. Follow-up duration was defined as the interval from the initial CMR examination to the occurrence of an endpoint
event or the last recorded patient contact. The primary endpoints were SCD, aborted SCD, and cardiac arrest secondary
to ventricular fibrillation or sustained ventricular tachycardia. The secondary endpoint was a composite of all-cause mortal-
ity, heart failure-related rehospitalization, heart transplantation, and appropriate implantable cardioverter-defibrillator (ICD)
therapy.

2.4. Statistical analysis

Statistical analyses were conducted using the Statistical Package for the Social Sciences software (version 26.0; IBM
Corp., Armonk, NY, the USA) and R Studio (version 4.3.3). Continuous variables were presented as the mean + standard
deviation or the median with interquartile range (IQR), as appropriate. Meanwhile, categorical variables were expressed
as the frequencies and percentages. Group comparisons for continuous variables were made using the independent
Student’s t-test, one-way analysis of variance, or Mann—Whitney U test. The x? test was used for categorical variables.
The survival analysis included Kaplan—Meier curves with log-rank tests and univariate Cox regression to identify the risk
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Fig 2. A schematic diagram illustrating the measurement of myocardial strain at the end of left ventricular diastole.

https://doi.org/10.1371/journal.pone.0345077.9002

factors of the primary and secondary outcomes. Significant variables from the univariate analysis and clinically relevant
factors were included in the multivariate Cox models, with multicollinearity assessed using the variance inflation factor.
Four Cox models were developed and internally validated on complete-case data: model 1 (GLS), model 2 (LVEF),
model 3 (GLS+LVEF), and model 4 (GLS+LVEF+age+NYHA). Model discrimination was evaluated using the Harrell’'s
C-index, reported as apparent and optimism-corrected (via stratified bootstrap, B=1,000). Pairwise comparisons of AC
used the same resamples with two-sided sign tests and Holm correction. A two-sided P-value of <0.05 indicated statisti-
cally significant differences. In parallel, hierarchical (block-entry) Cox models were used to test the incremental value of
GLS beyond established clinical and conventional remodeling indices for both endpoints. We evaluated GLS on top of
(i) Age +NYHA class (llII/1V vs I/ll) plus left atrial diameter (LAD), left ventricular mass index (LVMassi), or left ventricular
end-diastolic volume index (LVEDVi), and (ii) logNT-proBNP plus LAD/LVMIi/LVEDVi. The incremental value of GLS was
assessed using likelihood-ratio tests comparing nested models; discrimination was reported using Harrell's C-index.

3. Results

3.1. Characteristics of the patients and CMR parameters

The current study included 378 patients (76.5% men, mean age: 38.65+ 14.20 years). At baseline, 40.2% of the
patients were classified as having NYHA class Il or higher disease. The mean LVEF was 24.61% £ 10.25%, with 68
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patients having LVEF >35%, 175 with LVEF 20%—-35%, and 135 with LVEF <20%. Patients with LVEF <20% had a
significantly lower body surface area and resting systolic blood pressure, and a higher heart rate and log N-terminal
pro—B-type natriuretic peptide (NT-proBNP) levels than those with LVEF >35% (all P<0.005; Table 1). The intra- and
inter-observer CVs for myocardial strain measurements were 5.54%—-9.32% for global radial strain (GRS), 8.48%—
9.72% for global circumferential strain (GCS), and 8.43%—8.95% for global longitudinal strain (GLS), indicating good
reproducibility. Initial strain measurements were used for the final analysis. The median GRS, GCS, and GLS values
were 12.04%, -11.40%, and -8.87%, respectively. Patients with an LVEF <20% had a significantly lower GRS and
more impaired (i.e., less negative) GCS and GLS values than those with LVEF >35% and those with LVEF 20%—-35%
(all P<0.001; Table 1 and Fig 3). During follow-up, the patients who experienced endpoint events had a shorter
median follow-up time (58.47 months, IQR: 40.99—-84.27 months) than those without events (60.23 months, IQR:
40.48-91.73 months).

3.2. Association between CMR, clinical variables and the primary endpoints

During a median follow-up of 59.78 (IQR: 40.70—89.86) months, 35 (9.26%) patients reached the primary endpoints

(29 SCD/aborted SCD, 6 VA events). According to the univariate Cox regression analysis, the significant predictors of

the primary endpoints included age, body surface area, heart rate, history of left bundle branch block, log-transformed
NT-proBNP levels, NYHA functional class Ill/IV, and creatine kinase levels (all P<0.05; Table 2). In the overall cohort,
GRS (hazard ratio [HR] = 0.81, 95% confidence interval [CI]: 0.74-0.90, P<0.001), GCS (HR=1.29, 95% CI: 1.15-1.45,
P<0.001), and GLS (HR=1.49, 95% CI: 1.23-1.80, P<0.001) were strongly associated with the primary endpoints. These
associations remained significant in the LVEF-based subgroup analyses (including LVEF <35% and <20%; Table 3). The
receiver operating characteristic curve analysis revealed that the optimal cutoff values for predicting the primary endpoints
were as follows: 11.37% for GRS, -9.93% for GCS, and -9.61% for GLS, with the corresponding area under the curve,
sensitivity, and specificity values detailed in Table 4. Based on the multivariate Cox regression analysis, GLS (HR=1.29,
95% CI: 1.04-1.59, P=0.019), LVEF (HR=0.93, 95% CI: 0.89-0.98, P=0.004), and age (HR=1.03, 95% CI: 1.01-1.06,
P=0.035) were independent predictors of the primary endpoints in the overall cohort. These associations remained sig-
nificant in patients with LVEF <35%. However, only GLS (HR=1.37, 95% CI: 1.01-1.85, P=0.041) retained its prognostic
value in the LVEF <20% subgroup (Table 3).

In additional hierarchical Cox analyses, GLS remained independently associated with the primary endpoint and
significantly improved model fit when added to models including Age+NYHA plus LAD/LVmassi/LVEDVi, as well as
models including log NT-proBNP plus LAD/LVmassi/LVEDVi (all likelihood-ratio test P<0.001; S1 and S2 Table in
S1 File).

3.3. Association between CMR, clinical variables and the secondary endpoint

During follow-up, 72 patients reached the composite secondary endpoint (n=29 all-cause deaths; n=33, heart
failure-related hospitalizations; n=2, heart transplants; and n=8, appropriate ICD therapies). The univariate Cox regres-
sion analysis showed that the significant predictors of the secondary endpoint included age, male sex, left bundle branch
block, NYHA functional class IlI/1V, high log-transformed NT-proBNP levels, and the presence of mitral insufficiency. In
addition, myocardial strain parameters including GRS (HR=0.89, 95% CI: 0.85-0.94, P<0.001), GCS (HR=1.16, 95% CI:
1.09-1.24, P<0.001), and GLS (HR=1.25, 95% CI: 1.13-1.39, P<0.001) were significantly associated with the composite
outcome. In the multivariate analysis, after adjusting for age, LVEF, and NYHA functional class lll/IV (vs. I/ll), only GLS
remained an independent predictor of the secondary endpoint. In particular, each unit increase in GLS was associated
with a 1.14-fold higher risk (HR=1.14, 95% CI: 1.01-1.29, P=0.037; Table 5).

A similar incremental value of GLS was observed for the secondary endpoint across all hierarchical models
(all likelihood-ratio test P<0.008; S3 and S4 Table in S1 File).
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Table 1. Baseline Characteristics for the 378 enrolled DCM patients.

DCM(N=378) LVEF<20% (N=135) LVEF =20-35%(N=175) LVEF>35%(N=68) P
value

Age (years) 38.65+14.20 39.53+15.41 38.63+13.99 36.94+£12.09 0.542

Male,n(%) 289(76.5) 105(77.8) 127(72.6) 57(83.8) 0.161

duration of 4(1,12) 3(1,10) 6(1,17.5)* 5(1,20) 0.026

disease(days)

BSA(m?) 1.86(1.69,2.01) 1.84(1.68,1.98) 1.87(1.67,2.03) 1.93(1.74,2.07)* 0.077

Resting heart 75(65,88) 78(70,93) 75(64,87)* 68.5(58,76)** <0.001

rate(beats/min)

Resting systolic blood 118(105.75,130) 110(102,123) 120(109,130)* 117(110,130)* 0.001

pressure(mmHg)

Resting dia- 74(68,81) 71 (65,80) 77(68,83) 74(68.25,80) 0.248

stolic blood

pressure(mmHg)

NYHA functional <0.001

class,n(%)

| 26(6.9) 4(3.0) 13(7.4) 9(13.2)

1] 194(51.3) 44(32.6) 106(60.6)* 44(64.7)*

1 125(33.1) 64(47.4) 47(26.9)* 14(20.6)*

\Y, 33(8.7) 23(17.0) 9(5.1)* 1(1.5)*

Atrial flutter or atrial 49(13) 19(14.1) 26(14.9) 4(5.9) 0.155

fibrillation,n(%)

Nonsustained ventric- 27(7.1) 9(6.7) 14(8) 4(5.9) 0.897

ular tachycardia,n(%)

Ventricular premature 78(20.6) 34(25.2) 33(18.9) 11(16.2) 0.252

contraction,n(%)

LBBB,n(%) 26(6.9) 16(11.9) 8(4.6)* 2(2.9)* 0.023

Pulmonary 30(7.9) 17(12.6) 11(6.3) 2(2.9)* 0.030

hypertension,n(%)

Mitral 107(28.3) 42(31.1) 44(25.1) 21(30.9) 0.447

insufficiency,n(%)

Tricuspid 57(15.1) 23(17) 23(13.1) 11(16.2) 0.612

insufficiency,n(%)

Comorbidity

Diabetes,n(%) 34(9) 14(10.4) 12(6.9) 8(11.8) 0.382

Hyperlipidemia,n(%) 89(23.5) 33(24.4) 41(23.4) 15(22.1) 0.930

Hypertension,n(%) 105(27.8) 40(29.6) 48(27.4) 17(25) 0.778

Smoking history,n(%) 105(27.8) 50(37) 47(26.9) 8(11.8)*# 0.001

Perinatal period,n(%) 6(1.6) 3(2.2) 3(1.7) 0(0.0) 0.756

DCM family 12(3.2) 6(4.4) 4(2.3) 2(2.9) 0.494

history,n(%)

SCD family 7(1.9) 1(0.7) 5(2.9) 1(1.5) 0.475

history,n(%)

Laboratory values

Log NT-proBNP 2.74(2.10,3.16) 3.03(2.63,3.40) 2.65(2.00,3.07)* 2.12(1.68,2.65)** <0.001

CK(U/L) 78(56,108.25) 84(57,139) 75(55,98)* 75(55.25,107.75) 0.028

Creatinine(umol/L) 79(66,92) 79.87(67,95) 81(64,92) 75.05(61.25,86.58) 0.453

HCT(%) 43.7(40.38,46.4) 43.7(40.3,47) 43.3(40.3,46.4) 44.35(40.77,45.9) 0.631

HGB(g/L) 150(137,159) 151(138,162) 148(137,159) 150(131.25,156) 0.212

LVmassi(g/m?) 59.12(45.18,73.37) 69.11(54.47,85.59) 55.2(44.79,68.83)* 50.95(40.67,60.87)** <0.001
(Continued)
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Table 1. (Continued)

DCM(N=378) LVEF<20% (N=135) LVEF=20-35%(N=175) LVEF>35%(N=68) P
value
LVEDVi(mL/m?2) 130.42(107.5,162.27) 163.10(135.12,205.6) 126.18(105.11,148.97)* 104.83(95.39,115.76)** <0.001
LVESV (mL) 183.32(132.89,246.93) 253.31(209.55,329.28) 168.2(136.92,209.53)* 115.99(101.28,133.36)** <0.001
LVCO (L/min) 4.22(3.27,5.28) 3.43(2.81,4.39) 4.48(3.56,5.41)* 5.07(4.25,6.21)** <0.001
LVSV (mL) 57.29(44.07,74.10) 41.76(33.8,52.94) 60.97(50.64,74.48)* 81.08(68.99,96.03)** <0.001
LVEDD (mm) 66.5(62,73) 72(66,80) 66(62,70)* 63(60,65)** <0.001
LAD (mm) 37(30,44) 42(35,49) 35(30,42)* 33(28,38)*# <0.001
LV GRS (%) 12.04(8.94,16.51) 8.47(7.25,10.46) 12.7(10.64,16.13)* 19.86(17.39,23.98)** <0.001
LV GCS (%) -11.40(-14.47,-8.22) -7.76(-9.24,-6.6) -12.16(-14.37,-10.74)* -16.91(-18.94,-14.89)** <0.001
LV GLS (%) -8.87(-11.04,-7.25) -7.47(-8.48,-6.42) -9.59(-11.25,-7.71)* -11.48(-13.53,-9.89)** <0.001
ACE inhibitors/ 226(59.8) 74(54.8) 110 (62.9) 42(61.8) 0.335
ARB,n(%)
Beta-blocker,n(%) 280(74.1) 100(74.1) 134(76.6) 46(67.6) 0.362
Spironolactone,n(%) 269(71.2) 100(74.1) 124(70.9) 45(66.2) 0.499
Diuretic,n(%) 185(48.9) 90(66.7) 83(47.4) 12(17.6) <0.001
Warfarin,n(%) 21(5.6) 9(6.7) 10(5.7) 2(2.9) 0.579
Aspirin,n(%) 97(25.7) 39(28.9) 47(26.9) 11(16.2) 0.130
Digoxin,n(%) 155(41.0) 80(59.3) 59(33.7) 16(23.5) <0.001
Statins,n(%) 32(8.5) 16(11.9) 11(6.3) 5(7.4) 0.204
Amiodarone,n(%) 16(4.2) 2(1.5) 14(8.0) 0(0.0) 0.004

Values are n (%), median (interquartile range), or mean+SD.

LVEF =LV ejection fraction; BSA=body surface area; NYHA=New York Heart Association; LBBB =left bundle branch block; DCM =dilated cardiomyopa-
thy; SCD =sudden cardiac death; NT-proBNP =N-terminal pro—B-type natriuretic peptide(log-transformed for inclusion in models); CK=creatine kinase;
HCT =hematocrit; HGB =hemoglobin; LVmassi=LV mass index; LVEDVi=LV end-diastolic volume index; LVESV =LV end systolic volume; LVCO =LV
cardiac output; LVSV =LV stroke volume; LVEDD =LV end diastolic dimension; LAD =left atrial diameter; GRS =global radial strain; GCS =global circum-
ferential strain; GLS =global longitudinal strain.

* indicates statistical significance compared to LVEF <20%; # indicates statistical significance compared to LVEF =20-35%.

https://doi.org/10.1371/journal.pone.0345077.t001

3.4. Novel prediction models combining strain and LVEF strata

Based on the strong association between myocardial strain and adverse outcomes, we evaluated different LVEF strati-
fication schemes for discriminating the risk of SCD, aborted SCD, or VA in this cohort, and assessed predictive models
combining strain with LVEF strata.

According to a previous research, an LVEF of 35% is the recognized threshold in major clinical guidelines for considering
primary prevention ICD therapy. Conversely, an LVEF of 20% indicates extremely severe ventricular systolic dysfunction,
and it is consistently associated with a significantly elevated risk of adverse clinical events [20,21]. Our study revealed that
the incidence of the primary endpoint was low in patients with an LVEF of >35% (n=1, 1.5%; annual rate: 0.3%). However,
it was substantially high in the LVEF <20% subgroup (n=27, 20.0%; annual rate: 5.9%), with an intermediate event rate
observed in the LVEF 20%—35% group (n=7, 4.0%; annual rate: 1.5%). Based on these findings, three LVEF strata were
defined as follows: >35% (n=68), 20%—35% (n=175), and <20% (n=135). A significant stepwise increase in the incidence
of SCD, aborted SCD, or VA was observed across the three LVEF categories (P<0.001; Fig 4a). To improve risk discrimi-
nation, a predictive model combining the optimal cutoff value of GLS with LVEF stratification was developed.

Based on this approach, the patients were stratified into three risk groups: low-risk (LVEF >35% or LVEF 20%—35%
with GLS <-9.61%; annual event rate: 0.2%), intermediate-risk (LVEF 20%—35% with GLS 2 =9.61% or LVEF <20% with
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GRS GCS GLS
LVEF=15%
GRS=5.7%
GCS=-7.4%
GLS=-4.9%
Pesk Radial Strain (%) Peak Longitudinal Strain (%)
107.8 mm (AMHA) 107.8 mm (AHA)
LVEF=25%
GRS=13.4%
GCS=-11.2%
GLS=-9.9%
Peak Radial Strain (%) Peak Longitudinal Strain (%)
113.3 mm (AHA) 113.3 mm (AHA)
LVEF=43%
GRS=22.9%
GCS=-14.9%
GLS=-12.1%

Peak Radial Strain (%) Peak Circumferential Strain Peak Longitudinal Strain (%)
93.0 mm (AHR) 93.0 ma (AHA)

Fig 3. The “bull’s eye” diagram of left ventricular myocardial strain in patients with DCM with different LVEF.

https://doi.org/10.1371/journal.pone.0345077.9003

GLS <-9.61%; annual event rate: 1.3%), and high-risk (LVEF <20% with GLS 2 —9.61%; annual event rate: 4.6%) (Fig_
4b). The Kaplan—Meier analysis showed a significantly reduced event-free survival rate across these groups (Fig 5a—c).
Compared with the low-risk group, the patients in the intermediate- and high-risk groups had progressively increased risks
of the primary endpoints, with HRs of 5.45 (95% ClI: 1.13-26.26; P=0.035) and 20.33 (95% CI: 4.82—-85.72; P<0.001),
respectively. In addition, the high-risk group had a significantly higher adjusted risk of SCD or aborted SCD than the
intermediate-risk group (HR=4.11, 95% CI: 1.69-9.99, P=0.002).

To evaluate performance, the following three schemes were compared: (1) a GLS cutoff of =9.61% (model 1), (2) LVEF
strata (>35%, 20%—35%, <20%; model 2), and (3) a combined risk-group classification using both markers (model 3),
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Table 2. The univariate Cox regression analyses for primary endpoints and secondary endpoints.

Primary endpoints
(n=35)

Secondary endpoints
(n=72)

variable HR (95%Cl) P value HR (95%Cl) P value
Age 1.03 (1.01-1.06) 0.006 1.02(1.01-1.04) 0.005
male 0.99(0.43-2.27) 0.979 1.67(1.01-2.77) 0.045
duration of disease 1.00 (1.00-1.01) 0.228 1.00(1.00-1.01) 0.363
BSA 0.10(0.02-0.41) 0.002 0.22(0.08-0.59) 0.002
Resting heart rate 1.02(1.00-1.04) 0.008 1.01(1.00-1.03) 0.088
Resting systolic blood pressure 0.98(0.96-1.00) 0.079 0.99(0.98-1.00) 0.130
Resting diastolic blood pressure 0.98(0.95-1.01) 0.130 1.00 (0.98-1.01) 0.651
NYHA functional class
| 1 [Reference] NA 1 [Reference] NA
Il 0.67(0.15-3.01) 0.602 1.07(0.33-3.55) 0.907
1 1.76(0.40-7.70) 0.456 2.63(0.80-8.58) 0.110
\Y 2.40(0.48-12.00) 0.288 2.59(0.70-9.59) 0.156
Atrial flutter or atrial fibrillation 0.58(0.18-1.89) 0.364 0.67(0.31-1.45) 0.307
Short array ventricular tachycardia 1.92(0.68-5.43) 0.222 1.30(0.56-2.99) 0.543
Ventricular premature contraction 1.35(0.63-2.89) 0.438 1.49(0.89-2.50) 0.129
LBBB 2.97(1.15-7.67) 0.024 2.17(1.04-4.53) 0.039
Pulmonary hypertension 2.70(0.94-7.76) 0.065 1.43(0.57-3.57) 0.444
Mitral insufficiency 1.23(0.55-2.75) 0.614 1.73(1.03-2.89) 0.037
Mricuspid insufficiency 1.53(0.58-4.02) 0.386 1.06(0.50-2.34) 0.883
Comorbidity
Diabetes 1.64(0.64-4.23) 0.307 1.45(0.72-2.92) 0.297
Hyperlipidemia 1.05(0.48-2.32) 0.898 1.24(0.73-2.10) 0.420
Hypertension 1.565(0.77-3.12) 0.225 0.95(0.55-1.62) 0.840
Smoking history 1.38(0.69-2.76) 0.356 0.98(0.59-1.64) 0.947
DCM family history 2.15(0.51-8.97) 0.296 2.01(0.73-5.53) 0.174
SCD family history 1.08(0.15-7.90) 0.943 1.11(0.27-4.52) 0.890
Laboratory values
Log NT-proBNP 2.39(1.32-4.32) 0.004 2.80(1.83-4.27) <0.001
Creatine kinase (CK) 1.00 (1.00-1.01) <0.001 1.00(1.00-1.01) <0.001
Creatinine 1.01(1.00-1.02) 0.224 0.99(0.98-1.00) 0.181
HCT 0.98(0.92-1.05) 0.596 1.00(0.96-1.04) 0.954
HGB 1.00(0.98-1.02) 0.884 1.00(0.99-1.01) 0.749
CMR parameters
LVmassi 1.02 <0.001 1.02 (1.01-1.03) <0.001
(1.01-1.04)
LVEDVi 1.01 <0.001 1.01 (1.01-1.01) <0.001
(1.01-1.01)
LVESV 1.00(1.00-1.00) <0.001 1.00(1.00-1.00) <0.001
LVEF 0.91(0.87-0.95) <0.001 0.94(0.92-0.97) <0.001
LVCO 0.79(0.61-1.02) 0.066 0.81(0.68-0.96) 0.017
LVSV 0.97(0.96-0.99) 0.001 0.98(0.97-0.99) <0.001
LVEDD 1.08(1.05-1.11) <0.001 1.05(1.02-1.07) <0.001
(Continued)
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Table 2. (Continued)

Primary endpoints Secondary endpoints

(n=35) (n=72)
variable HR (95%Cl) P value HR (95%Cl) P value
LAD 1.04(1.01-1.07) 0.009 1.04(1.02-1.06) <0.001

LVEF =LV ejection fraction; BSA=body surface area; NYHA=New York Heart Association; LBBB =left bundle branch block; DCM =dilated cardiomyopa-
thy; SCD =sudden cardiac death; NT-proBNP =N-terminal pro—B-type natriuretic peptide(log-transformed for inclusion in models); CK=creatine kinase;
HCT =hematocrit; HGB =hemoglobin; LVmassi=LV mass index; LVEDVi=LV end-diastolic volume index; LVESV =LV end systolic volume; LVCO=LV
cardiac output; LVSV =LV stroke volume; LVEDD =LV end diastolic dimension; LAD =left atrial diameter; GRS =global radial strain; GCS =global circum-
ferential strain; GLS =global longitudinal strain.

https://doi.org/10.1371/journal.pone.0345077.t002

Table 3. Univariate and multivariate cox regression for primary endpoints.

Any LVEF LVEF < 35% LVEF < 20%

HR (95% CI) P value HR (95% CI) ‘ P value HR (95% CI) ‘ P value
univariable analyses
GRS 0.81(0.74-0.90) <0.001 0.83(0.74-0.93) 0.001 0.99(0.86-1.14) 0.895
GCS 1.29(1.15-1.45) <0.001 1.28(1.12-1.47) <0.001 1.05(0.82-1.34) 0.694
GLS 1.49(1.23-1.80) <0.001 1.41(1.16-1.72) 0.001 1.37(1.01-1.85) 0.041
LVEF 0.91(0.87-0.95) <0.001 0.91(0.87-0.95) <0.001 1.05(0.95-1.17) 0.347
Age 1.03 (1.01-1.06) 0.006 1.04(1.01-1.06) 0.005 1.02(1.00-1.05) 0.103
NYHA class Il or IV 2.70(1.37-5.34) 0.004 2.46(1.23-4.94) 0.011 1.54(0.67-3.52) 0.309
(vslorll)
multivariable analyses
GLS 1.29(1.04-1.59) 0.019 1.24(1.01-1.54) 0.044 1.37(1.01-1.85) 0.041
LVEF 0.94(0.89-0.98) 0.005 0.93(0.88-0.98) 0.007 - -
Age 1.03(1.01-1.06) 0.008 1.03(1.01-1.06) 0.008 - -
NYHA class Il or IV - - - - - -
(vs lorll)

LVEF =LV ejection fraction; BSA=body surface area; NYHA=New York Heart Association; LBBB =left bundle branch block; DCM =dilated cardiomyopa-
thy; SCD =sudden cardiac death; NT-proBNP =N-terminal pro—B-type natriuretic peptide(log-transformed for inclusion in models); CK=creatine kinase;
HCT =hematocrit; HGB =hemoglobin; LVmassi=LV mass index; LVEDVi=LV end-diastolic volume index; LVESV =LV end systolic volume; LVCO =LV
cardiac output; LVSV =LV stroke volume; LVEDD =LV end diastolic dimension; LAD =left atrial diameter; GRS =global radial strain; GCS =global circum-
ferential strain; GLS =global longitudinal strain.

https://doi.org/10.1371/journal.pone.0345077.t003

with the addition of age and NYHA to create model 4. Model 3 was more effective in discriminating the primary endpoint
than models 1 or 2 (C-index=0.756 vs 0.681 and 0.714; P<0.001). Adding age and NYHA classification further improved
discrimination (model 4: apparent C-index=0.801, 95% CI: 0.729-0.873) and outperformed model 3 (0.801 vs 0.756;
P=0.010). Model 4 (0.785, 95% CI: 0.719-0.858) had the highest optimism-corrected C-indices, followed by model 3
(0.754, 95% ClI: 0.689-0.822), model 2 (0.711, 95% CI: 0.640-0.791), and model 1 (0.681, 95% CI: 0.636-0.734). Paired
bootstrap comparisons (B=1,000) confirmed that model 3 outperformed models 1 and 2 after correction (Holm-adjusted
P=0.048). However, the advantage of model 4 over model 3 did not reach statistical significance, even though the cor-
rected C-index was numerically higher. S5 and S6 Table in S1 File show further details.
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Table 4. The ROC curve analysis for primary endpoints in the LVEF subgroup of patients with DCM.

Cutoff AUC Sensitivity (%) Specificity (%)

Any LVEF

GRS (%) 11.37 0.720 59.5 80.0
GCS (%) -9.925 0.744 771 64.4
GLS (%) -9.605 0.703 88.6 43.1
LVEF <35%

GRS (%) 11.37 0.668 49.6 82.4
GCS (%) -8.85 0.708 67.6 68.5
GLS (%) -7.84 0.668 64.7 62.0
LVEF <20%

GRS (%) 7.84 0.502 63.9 51.9
GCS (%) -6.955 0.580 51.9 66.7
GLS (%) -5.68 0.578 29.6 92.6

LVEF =LV ejection fraction; BSA=body surface area; NYHA=New York Heart Association; LBBB =left bundle branch block; DCM=dilated cardiomyopa-
thy; SCD =sudden cardiac death; NT-proBNP =N-terminal pro—B-type natriuretic peptide(log-transformed for inclusion in models); CK=creatine kinase;
HCT =hematocrit; HGB =hemoglobin; LVmassi=LV mass index; LVEDVi=LV end-diastolic volume index; LVESV =LV end systolic volume; LVCO=LV
cardiac output; LVSV =LV stroke volume; LVEDD =LV end diastolic dimension; LAD =left atrial diameter; GRS =global radial strain; GCS =global circum-
ferential strain; GLS =global longitudinal strain.

https://doi.org/10.137 1/journal.pone.0345077.t004

Table 5. Univariate and multivariate cox regression for secondary endpoints.

Any LVEF

HR (95% Cl) P value
univariable analyses
GRS 0.89(0.85-0.94) <0.001
GCS 1.16(1.09-1.24) <0.001
GLS 1.25(1.13-1.39) <0.001
NYHA class Ill or IV 2.46(1.53-3.93) <0.001
(vs lorll)
multivariable analyses
GLS 1.14(1.01-1.29) 0.037
LVEF 0.96(0.93-0.99) 0.007
Age 1.02(1.01-1.04) 0.009
NYHA class Il or IV — —
(vslorll)

Abbreviations as Table 1.

https://doi.org/10.1371/journal.pone.0345077.t005

4. Discussion

In this multicenter cohort of patients with DCM who did not exhibit LGE on cardiac MRI, GLS had a substantial prognostic
value beyond conventional structural and clinical markers. It remained an independent predictor of SCD-related events after
controlling for LVEF, age, and NYHA classification, thereby emphasizing its sensitivity in detecting early myocardial dysfunction
that may not manifest as volumetric decline or overt fibrosis. When incorporated into LVEF-based models, GLS significantly
improved discriminative accuracy, and these enhancements remained consistent after bootstrap internal validation. Notably,
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Fig 4. The bar graph of annual primary events rate by different LVEF groups combined with strain measurements (a). The bar graph of annual
primary events rate among low-risk, intermediate-risk, and high-risk groups (b).

https://doi.org/10.1371/journal.pone.0345077.9004
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Fig 5. Prognostic stratification using ROC-derived cutoffs: Kaplan-meier analyses of survival by LVEF, strain, and risk groups. Using the cut off
values obtained from ROC curve analysis, Kaplan-Meier curves were constructed for each LVEF subgroup (a). Kaplan-Meier curve analysis of survival
free from primary endpoints, incorporating both stratification by LVEF groups and assessment of strain measurements (b). Kaplan-Meier curve analysis
of survival free from primary endpoints among low-risk, intermediate-risk, and high-risk groups (c).

https://doi.org/10.1371/journal.pone.0345077.9005

among patients with severely impaired systolic function (LVEF <20%), GLS was the only independent risk marker. This finding

underscores its unique value in identifying high-risk individuals in a group where traditional metrics provide limited stratification.
Previous literature has established the prognostic relevance of mid-wall fibrosis on LGE, especially for arrhythmic

events and SCD in nonischemic DCM [4,22—24].However, some patients do not present with visible LGE despite having
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significant arrhythmic risk [3,5], thereby creating an important clinical blind spot. Previous studies have established the
prognostic value of CMR feature tracking, including GLS. However, these analyses typically included mixed cohorts of
LGE-positive and LGE-negative patients. Therefore, it is challenging to draw conclusions about the LGE-negative sub-
group [25,26]. Our study directly addresses this gap by evaluating a relatively large, exclusively LGE-negative population,
thereby offering a clearer understanding of residual risk when fibrosis cannot be detected on standard imaging. Consistent
with earlier observations indicating that longitudinal dysfunction can precede circumferential impairment, we found that
GLS—but not GCS—was associated with adverse outcomes, which is in accordance with previous data showing that
GCS is less prognostically significant in LGE-negative DCM [6,27-29].

These findings can be explained by the distinct vulnerability of subendocardial longitudinal fibers, which are dispropor-
tionately susceptible to early interstitial fibrosis, microvascular dysfunction, inflammation, and cytoskeletal alterations—
which are pathophysiologic processes commonly observed in patients with DCM even in the absence of macroscopic
scar [30—32]. Such microstructural abnormalities may significantly impair longitudinal deformation, thereby contributing to
electrical instability and arrhythmogenesis. This mechanism offers a compelling explanation for why GLS continues to pre-
dict malignant arrhythmic events even if traditional structural measurement parameters, such as LVEF, fail to completely
identify the underlying risk. The strong association between GLS and adverse outcomes in patients with LVEF <20% fur-
ther underscores its role in detecting disease severity and arrhythmic vulnerability that are not captured by global systolic
function alone [33,34].

By integrating GLS cutoff values with established LVEF categories, this study developed a practical multiparametric
risk stratification system that clearly distinguished low-, intermediate-, and high-risk groups using Kaplan—Meier sur-
vival curves. This approach may be valuable for LGE-negative individuals who often fall into a management “gray zone”
regarding eligibility for ICD implantation or the need for intensified rhythm monitoring. Our findings support the notions that
arrhythmic risk in nonischemic DCM cannot be fully identified by LVEF alone and that incorporating additional functional
biomarkers may facilitate more individualized therapeutic decision-making, which is consistent with newer conceptual
frameworks in DCM management [3,35,36]. Our study did not directly evaluate treatment modification based on GLS.
Nevertheless, the observed stratification patterns indicated that GLS may help refine follow-up strategies, optimize timing
for electrophysiological assessment, or contribute to shared decision-making regarding device therapy, particularly in
intermediate-risk patients.

Considering that strain parameters predominantly capture functional impairment, combining GLS with tissue-level
markers, such as T1 mapping and extracellular volume, may offer further incremental value. T1 mapping has a strong
prognostic performance even among patients without replacement fibrosis [37—39]. However, heterogeneity in acquisition
protocols, scanner platforms, and cutoff values currently limits its widespread adoption. As emphasized in recent method-
ological analyses, harmonized multicenter studies and validation of standardized thresholds will be essential to integrating
T1-based diffuse fibrosis assessment into clinical risk models. Such integration may eventually lead to the development
of a more comprehensive imaging-based risk classification system that simultaneously captures structural, functional, and
tissue-level abnormalities [40].

The current study has several limitations. First, although consecutive patients from multiple centers were included, the
retrospective design may introduce selection and information bias. The number of primary endpoint events was relatively
modest, which constrained the complexity of multivariable models; therefore, we prespecified parsimonious models and
applied bootstrap internal validation to reduce the risk of overfitting. Second, outcomes were analyzed using time-to-first
event, and competing-risk analyses were not performed. Third, CMR-FT strain analysis was conducted using a single
vendor-specific platform, and reproducibility assessments relied on CV rather than intraclass correlation, which might have
restricted generalizability across imaging systems.

Fourth, baseline CMR was performed as part of the initial diagnostic work-up during the index hospitalization; there-
fore, the timing of CMR relative to initiation and subsequent optimization of guideline-directed medical therapy was

PLOS One | https://doi.org/10.1371/journal.pone.0345077 March 27, 2026 15/18




PLO\Sﬁ\\.- One

not predefined or standardized across patients. In addition, although baseline medication use was recorded, treat-

ment initiation, dose titration, adherence, and therapy modifications during follow-up (as well as variations in follow-up
intensity) were not systematically captured and could have influenced clinical outcomes. Fifth, advanced CMR tissue
characterization parameters (e.g., native T1 and extracellular volume mapping), which may further refine risk stratification
in LGE-negative DCM, were not available. In addition, due to the retrospective nature of the study and heterogeneity in
acquisition protocols, right ventricular volume/function and LV sphericity metrics were not consistently available; thus, their
independent prognostic value and incremental contribution could not be evaluated. Finally, high-sensitivity cardiac tropo-
nin was not routinely measured in the earlier period of our cohort; therefore, creatine kinase (CK) was used as a surrogate
marker. In our inpatient cohort, elevated CK may reflect acute myocardial injury and/or clinical decompensation at the
index hospitalization, which may partly explain its prognostic association.

In conclusion, GLS has a robust incremental prognostic value beyond LVEF in LGE-negative DCM. Moreover, it
enhances risk stratification when combined with age, NYHA classification, and LVEF. These findings underscore the clini-
cal value of myocardial deformation analysis in a subgroup of patients where conventional imaging markers may be insuf-
ficient, thereby providing a pathway toward a more precise and individualized arrhythmic risk assessment. Nevertheless,
prospective multicenter studies incorporating advanced tissue characterization and evaluating GLS-guided management
strategies should be conducted to further define the role of GLS in routine clinical practice.
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