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ORIGINAL RESEARCH

Truncating Variants in TTN are Associated 
With Primary Atrial Myopathy
Daniel de Castro , MD; Diane Fatkin , MD; Enrique Rodriguez-Rubio , BS; Francois Haddad, MD;  
Fernando Hernández-Terciado , MD; Anisha Purohit , BS; Shadi P. Bagherzadeh, MD; Priyanka Nair, BS; 
Aria Rad, BS; Vikki A. Krysov , BS; Victoria N. Parikh , MD; Pablo García-Pavia , MD, PhD; 
Neal K. Lakdawala , MD

BACKGROUND: Truncating TTN variants (TTNtv) are the main genetic cause of dilated cardiomyopathy (DCM) and are inde-
pendently associated with atrial fibrillation (AF). In DCM, AF usually arises from left atrial (LA) remodeling attributable to left 
ventricular systolic dysfunction. Whether TTNtv are linked to primary LA dysfunction independent of left ventricular systolic 
dysfunction remains unclear.

METHODS: This retrospective, multicenter study evaluated atrial function by strain echocardiography in TTNtv carriers across 
the left ventricular ejection fraction (LVEF) spectrum and its relationship with AF. Individuals with TTNtv and LVEF ≥50% 
(TTNtv+/DCM–) were compared with matched healthy controls, and those with LVEF <50% (TTNtv+/DCM+) were compared 
with matched patients with idiopathic, variant-negative DCM (iDCM).

RESULTS: Among 460 participants, 153 carried a TTNtv (87 with LVEF ≥50%, 66 with LVEF <50%). All LA strain parameters 
were significantly lower in TTNtv+/DCM– than in controls (P<0.001). In TTNtv+/DCM+, only LA contractile strain was reduced 
compared with iDCM (P<0.001). LA contractile strain correlated with LVEF only when LVEF was <50% (TTNtv+/DCM+, r=0.50, 
P<0.001; iDCM, r=0.47, P<0.001). In TTNtv+/DCM–, all LA strain parameters except contractile strain correlated with LV strain. 
AF incidence was higher in TTNtv+/DCM+ (3.15/100 person-years) than in TTNtv+/DCM– (1.48) and iDCM (2.27), though cu-
mulative incidence was not significantly different (P=0.200).

CONCLUSIONS: LA myopathy, detected by strain imaging, appears early in TTNtv+/DCM– individuals and may represent an 
early phenotypic marker independent of left ventricular systolic dysfunction. When LVEF declines below 50%, atrial dysfunc-
tion worsens in parallel. AF was more frequent in TTNtv carriers, supporting further research on LA strain for AF risk stratifica-
tion within this population.
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Individuals with early-onset atrial fibrillation (AF) 
show a disproportionately high prevalence of patho-
genic variants in genes associated with inherited 

cardiomyopathies.1–3 Among these, TTN truncating 
variants (TTNtv), which affect the titin protein, are 
frequently identified in this population.4,5 Although 
TTNtv are a recognized cause of dilated cardiomyop-
athy (DCM), recent evidence suggests they may also 

contribute to atrial remodeling independently of ven-
tricular dysfunction.6

The evaluation of left atrial (LA) function has 
emerged as a cornerstone in understanding cardio-
vascular pathophysiology, offering profound insights 
into both early disease detection and prognostic as-
sessment.7 The LA, plays a crucial role in left ventric-
ular (LV) filling, operating through 3 distinct functional 
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phases: reservoir, conduit, and contractile.7 These 
phases are integral to the maintenance of hemody-
namic stability and cardiac performance, as they di-
rectly influence LV preload and overall cardiac output.7 
Notably, recent advances in imaging techniques, such 
as 2-dimensional and 3-dimensional echocardiogra-
phy and cardiac magnetic resonance strain analysis, 
have highlighted the utility of LA strain as a sensitive 
biomarker for early atrial dysfunction, often preceding 
structural alterations in atrial volume.7–9

Evidence suggests that impaired LA strain is closely 
associated with adverse cardiovascular outcomes, 
including heart failure (HF), AF, and ischemic stroke, 
underscoring its prognostic value.8–10 For instance, 

studies on patients with DCM have identified LA strain 
as a stronger predictor of outcomes than conventional 
metrics such as LV ejection fraction (LVEF) and LA vol-
ume index.8,10

The clinical implications of LA strain extend beyond 
its diagnostic and prognostic capabilities, highlighting 
its potential role in risk stratification and therapeutic 
decision-making.9 In inherited cardiomyopathies, pri-
mary atrial dysfunction, reflected by reduced strain 
values, has been observed even in the absence of 
left ventricular systolic dysfunction.10,11 In LMNA (lamin 
A/C)-related cardiomyopathy, primary atrial myopa-
thy has been identified as an early marker of cardiac 
dysfunction, with reduced LA contractile strain on 
echo serving as a significant predictor of AF, even in 
the absence of left ventricular systolic dysfunction or 
atrial dilation.11 Similarly, in patients with TTNtv-related 
DCM, decreased LA strain on cardiac magnetic reso-
nance—particularly reservoir and booster (contractile) 
phases—has been observed, reflecting both primary 
atrial dysfunction and its close interdependence with 
left ventricular performance.12

This study aimed to evaluate atrial function in indi-
viduals carrying a TTNtv, across a spectrum of normal 
and abnormal LVEF values, to characterize the effects 
of TTNtv on LA structure and function, and to explore 
the relationship of atrial dysfunction with AF risk.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Population and Study Design
This is a multicenter, retrospective study including 
individuals with confirmed TTNtv and available digi-
talized transthoracic echocardiography from 3 interna-
tional referral centers: Brigham and Women’s Hospital 
(Boston, USA), Hospital Universitario Puerta de Hierro 
Majadahonda (Madrid, Spain) and Stanford Center for 
Inherited Cardiac Disease, (Palo Alto, USA). Genetic 
testing results were reviewed to confirm the patho-
genicity of all included TTNtv. All TTNtv included had 
a percentage spliced in value >0.9. Subjects were in-
cluded irrespective of LVEF. Institutional Review Board 
approval was obtained from each participating center. 
The study followed the Declaration of Helsinki, and 
informed consent was obtained per local Institutional 
Review Board policies.

Exclusion criteria included: pathogenic variants in 
other cardiovascular disease genes; genetic testing 
before 2016; no echocardiogram at initial evaluation (or 
within 3 months of the first medical visit); poor image 
quality; AF, atrial or ventricular pacing at or before 

CLINICAL PERSPECTIVE

What Is New?
•	 TTN truncating variants are associated with a 

primary atrial cardiomyopathy.
•	 Abnormalities of left atrial strain, precede left 

atrium enlargement and left ventricular dysfunc-
tion, and may be a useful early phenotypic marker.

What Are the Clinical implications?
•	 This study identifies primary atrial dysfunction 

as a novel phenotypic feature of TTN truncating 
variant-related cardiomyopathy and highlights 
its value as an early marker of disease progres-
sion to guide closer follow-up and timely de-
tection of atrial fibrillation and/or left ventricular 
dysfunction.

Nonstandard Abbreviations and Acronyms

DCM	 dilated cardiomyopathy
iDCM	 dilated cardiomyopathy 

(idiopathic)
LAds	 left atrial conduit strain
LAcs	 left atrial contractile strain
LAEF	 left atrial emptying fraction
LArs	 left atrial reservoir strain
LAVI	 left atrial volume index
LV-GLS	 left ventricular global longitudinal 

strain
TTNtv	 TTN truncating variants
TTNtv+/DCM+	 TTN truncating variant and left 

ventricular ejection fraction 
<50%

TTNtv+/DCM–	 TTN truncating variant and left 
ventricular ejection fraction 
≥50%
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the first echocardiogram; suspected environmental 
causes (alcohol, chemotherapy, pregnancy)13; signifi-
cant coronary disease; uncorrected cardiac shunt; any 
mitral/aortic stenosis or severe regurgitation.

Healthy and DCM Controls
Subjects with a TTNtv and LVEF ≥50% (TTNtv+/DCM-) 
were compared with age- and sex-matched healthy 
subjects selected from a local database of community 
volunteers and genotype-negative family relatives with 
normal LVEF.

Subjects with a TTNtv and LVEF <50% (TTNtv+/
DCM+) were compared with age-, sex-, and LVEF-
matched patients with non-ischemic idiopathic DCM 
(iDCM), who had no pathogenic variants identified by 
panel based genetic testing, selected from inherited 
cardiomyopathy databases at our institutions.

Matching was performed using a structured, rule-
based approach conceptually aligned with propen-
sity score matching. Subjects were paired through 
sequential filtering, sorting, and application of stan-
dardized inclusion criteria across age, sex, and LVEF. 
Two strategies were applied: one based on age and 
sex, and another incorporating LVEF. Tolerances were 
set at ±2 years for age and ±5% for LVEF, with exact 
matching for categorical variables. A semi-manual ap-
proach was employed: initial filtering and pair selec-
tion were guided by predefined thresholds, followed 
by manual review to ensure clinical comparability. The 
process followed standardized protocols and was in-
dependently reviewed to ensure consistency and min-
imize selection bias. Covariate balance was confirmed 
using standardized mean differences (with a thresh-
old of <0.1 indicating acceptable balance) and visual 
inspection.

Data Collection
Clinical data were collected at each center, de-
identified, and entered into a dedicated database. 
Baseline information included demographics, clinical 
history, treatments, and electrocardiographic data at 
the initial clinical evaluation. Follow-up information was 
collected up to the most recent clinical contact, with 
data reviewed through February 2023. Heart rhythm 
was evaluated by electrocardiography and periodic 
ambulatory monitoring based on the clinician’s discre-
tion. AF episodes were defined as those lasting over 
30 seconds on documented recordings.14

Echocardiography Parameters
Echocardiographic studies from the initial evalu-
ation (or within 3 months of the first visit) were re-
analyzed by the same local investigator, blinded to 
clinical and genetic data. A level-3 trained cardiologist 

performed the reanalysis following American Society of 
Echocardiography guidelines.15 Resting transthoracic 
echocardiograms, part of routine care, were acquired 
using Philips (Philips Medical Systems) and GE (GE 
Medical Systems) scanners by credentialed sonogra-
phers. Digital data in DICOM format were interpreted 
with IntelliSpace Cardiovascular 3.2. LVEF was cal-
culated using the Simpson’s biplane method in apical 
4- and 2-chamber views. LA volumes were measured 
at end-systole (LA maximal volume) and end-diastole 
(LA minimal volume) in the apical 4-chamber view, with 
maximal volumes indexed to body surface area (left 
atrial volume index [LAVI]). Diastolic parameters and 
valvulopathies, including E/A and E/e′ ratios, were 
assessed using pulsed and tissue Doppler. Tricuspid 
annular plane systolic excursion was measured with 
M-mode. Mitral and tricuspid regurgitation were signifi-
cant if vena contracta ≥3 mm and effective regurgitant 
orifice area ≥20 mm2.

Myocardial strain was measured using chamber 
and phase specific tracings for LV and LA. Among 
the recorded cardiac cycles, the one with the best 
image quality and optimal speckle-tracking perfor-
mance was selected for strain analysis. The average 
LV global longitudinal strain (LV-GLS) was calculated 
from the 4-chamber, 2-chamber, and 3-chamber api-
cal views using LV AutoStrain software (TOMTEC-
Arena, Germany). LA strain analysis was performed 
from the apical 4-chamber view using LA AutoStrain 
software (TOMTEC-Arena, Germany), which combines 
2-dimensional speckle-tracking echocardiography 
with electrocardiographic synchronization. The soft-
ware defines reservoir, conduit, and contractile phases 
of left atrial function based on ECG (R-R interval gating 
technique) and valve timing, allowing precise quanti-
fication of phase-specific strain: LA reservoir (LArs), 
LA conduit (LAds), and LA contractile (LAcs) strain. 
For ease of interpretation, negative (LAds, LAcs and 
LV-GLS) and positive (LArs) percentages are reported 
as absolute values. The LA emptying fraction (LAEF) 
was calculated with the following formula: (LA maxi-
mum volume–LA minimum volume)/LA maximum vol-
ume×100. LAVI, LArs, LAds and LAcs were repeated 
by the initial operator and one additional investigator 
on a random sample of 12 patients using the same 
method, to assess intra- and interobserver variability.

Statistics
All continuous variables were tested for normality 
(Shapiro–Wilk test, Q–Q plots and histograms) and pre-
sented as mean±SD if the distribution was normal or 
median (Q1–Q3) otherwise. LA function values (LAcs, 
LAds, LAcs, and LAEF) were plotted using scatter plot 
diagrams. Missing data were imputed using multiple 
imputations by chained equations (MICE package in 
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R). Inter- and intra-observer variability was assessed 
using intraclass correlation coefficients. Comparisons 
between groups were performed using chi-square 
tests for categorical variables and independent sam-
ples t-tests for normally distributed continuous vari-
ables or the Mann–Whitney U test for non-normally 
distributed continuous variables. Multivariable logis-
tic regression was used to identify the independent 
variables associated with belonging to TTNtv groups 
(TTNtv+DCM− versus Healthy and TTNtv+DCM+ ver-
sus iDCM). Separate multivariable logistic regression 
models were built for each echocardiographic LA 
function parameter (LArs, LAds, and LAcs, as well as 
LAEF). Variables included in the multivariable model 
were selected based on clinical relevance and uni-
variable significance (P<0.2 in the univariable logistic 
model). Spearman correlation analysis was performed 
to assess the relationship between LVEF/LV-GLS and 
LArs, LAds, and LAcs. Correlation values were illus-
trated using scatter plots.

A univariable Cox proportional hazards model was 
performed using incident AF as the outcome of inter-
est, and TTNtv, LAVI, and hypertension as potential 
clinical predictors. Multivariable Cox modeling was 
only performed if variables with P<0.1 were detected in 
univariable Cox model. The incidence of AF was evalu-
ated using survival analyses. The first clinical encoun-
ter, corresponding to the baseline echocardiogram for 
all patients, was defined as time zero. AF incidence at 
various time points in the TTNtv+/DCM+ cohort was 
compared with that of the iDCM controls. Kaplan–
Meier curves and the log-rank test were used to il-
lustrate and compare AF incidence between groups. 
Individuals with death or heart transplant during follow 
up were censored. The proportional hazards assump-
tion was tested using Schoenfeld residuals (phtest). A 
P value <0.05 was considered statistically significant. 
Statistical analyses were performed using R software 
(v.4.3.3).

RESULTS
A total of 460 subjects were recruited, including 153 
patients with a TTNtv. Of these, 87 (56.9%) had an LVEF 
≥50% (TTNtv+/DCM−), while 66 (43.1%) had an LVEF 
<50% (TTNtv+/DCM+). The majority of TTNtv (81.7%) 
were in the TTN A-band region (Table 1). The propor-
tion of probands was higher in patients with LVEF 
<50% compared with those with preserved LVEF (70% 
versus 17%, P=<0.001). The median number of carrier 
relatives per proband was 0 (range: 0–3). Additionally, 
2 patients were found to be either homozygous or 
compound heterozygous for TTNtv variants. Table S1 
lists all TTNtv identified in the study cohort.

Baseline Characteristics in Individuals 
With LVEF ≥50%
Compared with healthy controls (n=169), the 87 indi-
viduals with TTNtv and LVEF ≥50% were 6.40 (±2.30) 
years younger (P=0.001) and had a higher prevalence 
of hypertension (14.9% versus 1.2%, P<0.001). Most 
patients in both groups were asymptomatic. The aver-
age body mass index was <30 kg/m2 in both, although 
it was slightly but significantly higher in the TTNtv co-
hort (P=0.02). The prevalence of diabetes was similar. 
TTNtv+/DCM− patients had a lower median LVEF and 
LV-GLS compared with healthy controls (P<0.001). No 
significant differences were observed in LAVI or dias-
tolic function parameters. All clinical and echocardio-
graphic characteristics at baseline for both cohorts are 
summarized in Table 2.

Baseline Characteristics in Patients With 
LVEF <50%
A total of 138 patients with iDCM were age-, sex-, and 
LVEF-matched to 66 patients with TTNtv+/DCM+. 
Patients in the iDCM had a higher prevalence of hyper-
tension (45% versus 23.5%, P=0.005) and left bundle 

Table 1.  Baseline Genetic Characteristics of Patients With a Truncating Variant in Titin

TTNtv+/DCM− (n=87)* TTNtv+/DCM+ (n=66)†

Variant location

Band A 69 (79%) 56 (85%)

Band I 14 (16%) 9 (14%)

Z disc 4 (4.6%) 1 (1.5%)

Mechanism

Truncating 74 (85%) 61 (92.4%)

Splicing 13 (15%) 5 (7.6%)

Compound heterozygous/homozygous 1 (1.1%) 1 (1.5%)

Proband 15 (17%) 46 (70%)

Family members 72 (83%) 20 (30%)

Values are expressed as frequencies (%).
*TTNtv+/DCM−: Truncating Variant in Titin and LVEF ≥50%.
†TTNtv+/DCM+: Truncating Variant in Titin and LVEF <50%.
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branch block (32.6% versus 1.5%, P<0.001). In contrast, 
patients with TTNtv+/DCM+ more frequently had a family 
history of cardiomyopathy (82% versus 35%, P<0.001). 
No significant differences were observed in LV global 
longitudinal strain, diastolic function parameters, LAVI or 
estimated pulmonary artery systolic pressure. All clinical 
and echocardiographic data at the time of the first clini-
cal assessment for both cohorts are detailed in Table 3.

Atrial Myopathy in TTNtv+/DCM- Patients
LA function was evaluated using LAEF, LArs, LAds, and 
LAcs. Although no significant differences were found in 
LAVI or diastolic function parameters, TTNtv+/DCM- ex-
hibited lower LArs (TTNtv+/DCM–: 39.70 [32.95–49.50] 

versus healthy controls: 57.70 [50.90–61.40]; P<0.001), 
LAds (28.80 [19.80–36.80] versus 37.10 [29.60–41.00]; 
P<0.001), and LAcs (11.20 [8.45–14.80] versus 23.10 
[20.30–27.20]; P<0.001) (Figure 1). LAEF (Figure S1) was 
also lower in the TTNtv cohort (61.70 [54.25–70.65] ver-
sus 64.90 [58.30–73.00]; P=0.007). The intraobserver 
and interobserver correlation coefficients were >0.75 for 
LAVI, LArs, LAds and LArs.

In multivariable analysis, LArs, LAds, and LAcs 
remained independently and significantly lower 
in TTNtv+/DCM– compared with healthy controls 
(Table  4). In contrast, LAEF did not reach statistical 
significance. These findings were unchanged when 
LV-GLS was included in the analysis instead of LVEF 
(Table S2).

Table 2.  Baseline Demographic, Clinical and Echocardiographic Characteristics of Patients With a Truncating Variant in 
Titin and Left Ventricular Ejection Fraction ≥50% (TTNtv+/DCM−) Versus Healthy Controls (Healthy)

TTNtv+/DCM− (n=87) Healthy (n=169) P value

Age (mean±SD) 36.80±12.30 43.20±14.60 0.001

Sex (men) 33 (37.9%) 58 (34.3%) 0.6

Race

White 79 (90.8%) 149 (88.2%) 0.004

Black, Asian or unknown 8 (9.2%) 19 (11.2%)

Hypertension 13 (14.9%) 2 (1.2%) <0.001

BMI (kg/m2) 25.00 (22.75–28.40) 23.58 (21.84–26.42) 0.02

NYHA at first visit

I 81 (93.1%) 169 (100%) …

II 6 (6.9%) 0

III 0 0

IV 0 0

Follow up days 1298 (730–2092) … …

IVSd (mm) 8.00 (7.35–9.00) 7.50 (6.40–8.50) 0.04

LVEDD (mm) 46.00 (42.00–49.60) 47.00 (45.00–50.00) 0.02

LVEDV index (mL/m2) 48.40 (39.90–59.85) 52.00 (45.00–57.50) 0.4

LVEF (%) 59.60 (55.00–61.25) 61.70 (59.70–64.00) <0.001

LV-GLS 17.70 (15.48–20.03) 21.35 (19.50–22.93) <0.001

E/A 1.30 (1.00–1.70) 1.40 (1.10–1.70) 0.2

E/e′ 6.30 (5.40–7.35) 6.40 (5.40–7.80) 0.6

LA volume index (mL/m2) 25.80 (20.25–31.10) 24.70 (19.70–31.00) 0.09

PH on echo 0 0 …

Diastolic dysfunction*

Yes 0 0 …

No 86 (98.9%) 167 (100%)

Indeterminate 1 (1.1%) 0

TAPSE (mm) 26 (23–28) 25 (23–29) 0.6

Values are presented as mean±SD or median (Q1–Q3) and frequencies (%). Strain values are presented as absolute. BMI indicates body mass index (kg/
m2); CRT, cardiac resynchronization therapy; E/e′, mean value of lateral and septal E/e′ ratios; FH, family history; IVSd, interventricular septum in diastole; 
LA, left atrial; LBBB, left bundle-branch block; LV, left ventricle; LVEDD, left ventricle end diastolic diameter; LVEDV, left ventricle end diastolic volume; LVEF, 
left ventricular ejection fraction; LV-GLS, left ventricular global longitudinal strain; NYHA: New York Heart Association Functional Class; PH, pulmonary 
hypertension (Echocardiographic Systolic Pulmonary Artery Pressure ≥35 mm Hg; Right atrial pressure was estimated at 5, 10, or 15 mm Hg based on the size 
and collapsibility of the inferior vena cava); and TAPSE, tricuspid annular plane systolic excursion.

*Diastolic dysfunction was classified according to the 2016 American Society of Echocardiography guidelines.
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Atrial Myopathy in TTNtv+/DCM+ Patients
There was no significant difference in LArs (TTNtv+/
DCM+: 16.90 [11.03–29.95] versus iDCM controls: 
22.80 [14.40–28.78]; P=0.319) or LAds (TTNtv+/
DCM+: 10.30 [6.63–15.65] versus iDCM controls: 
11.45 [6.23–15.98]; P=0.3) between cohorts. Only 
LAcs (TTNtv+/DCM+: 6.50 [3.25–10.35] versus iDCM 
controls: 10.85 [6.80–14.70]; P<0.001) (Figure 2) and 
LAEF (TTNtv+/DCM+: 44.60 [28.90–52.85] versus 
iDCM controls: 49.00 [39.68–58.78]; P=0.03) were 
significantly lower in the patients with TTNtv+/DCM+ 
(Figure S1).

In the multivariable analysis, only hypertension 
[OR=0.44 (0.20–0.91), P=0.03] and LAcs [OR=0.88 
(0.80–0.95), P=0.002] remained significantly and inde-
pendently lower in the TTNtv+/DCM+ group compared 
with patients with iDCM. LAEF was again not signifi-
cantly different between cohorts in the multivariable 
analysis (P=0.09).

Correlation Between Echocardiographic 
LA Strain and LV Function Parameters
To evaluate the relationship between LAcs and LVEF, 
a correlation analysis was conducted across the 4 

Table 3.  Baseline Demographic, Clinical and Echocardiographic Characteristics of Patients With a Truncating Variant in 
Titin and LVEF <50% (TTNtv+/DCM+) Versus Individuals With Idiopathic, Pathogenic Variant-Negative, DCM (iDCM)

TTNtv+/DCM+ (n=66) iDCM (n=138) P value

Age (mean±SD) 51.30±14.10 52.00±14.46 0.7

Sex (Male) 46 (70%) 91 (66%) 0.7

Race

White 58 (87.9%) 107 (78%) 0.9

Black, Asian or unknown 6 (12.1%) 31 (22%)

Hypertension 15 (23.5%) 62 (45%) 0.005

BMI (kg/m2) 27.45 (24.38–31.03) 28.45 (24.53–32.70) 0.4

NYHA at first visit

I 27 (40.9%) 63 (46%) 0.02

II 29 (43.9%) 38 (28%)

III 10 (15.2%) 26 (19%)

IV 0 11 (8%)

LBBB 1 (1.5%) 45 (32.6%) <0.001

FH at first visit 54 (82%) 48 (35%) <0.001

CRT 9 (6.5%) 2 (3%) 0.5

Follow up days 2310 (1230–3540) 2400 (1102–3960) 0.6

IVSd (mm) 8.95 (7.43–10.00) 10.00 (8.00–11.00) 0.03

LVEDD (mm) 59.00 (55.00–63.50) 58.00 (53.48–63.45) 0.3

LVEDV index (mL/m2) 74.95 (63.80–89.05) 78.40 (61.80–96.75) 0.2

LVEF (%) 35.40 (24.40–42.00) 35.00 (26.13–41.88) 0.8

LV-GLS 11.10 (8.40–13.80) 10.50 (7.45–13.30) 0.6

E/A 0.90 (0.72–1.80) 0.93 (0.70–1.40) 0.2

E/e′ 10.50 (7.90–14.30) 10.00 (7.60–13.48) 0.9

LA volume index (mL/m2) 38.15 (26.85–50.68) 34.85 (26.78–46.85) 0.1

PH in echo 18 (27.3%) 28 (20.3%) 0.3

Diastolic dysfunction*

Grade 1 87 (65.4%) 36 (56.2%) 0.4

Grade 2/3 26 (40.6%) 41 (30.8%)

Indeterminate 2 (3.1%) 5 (3.8%)

TAPSE (mm) 22 (18–26) 22 (19–25) 0.9

Values are presented as mean±SD or median (Q1–Q3) and frequencies (%). Strain values are presented as absolute. BMI indicates body mass index (kg/
m2); CRT, cardiac resynchronization therapy; E/e′, mean value of lateral and septal E/e′ ratios; FH, family history; IVSd, interventricular septum in diastole; 
LA, left atrial; LBBB, left bundle branch block; LV, left ventricle; LVEDD, left ventricle end diastolic diameter; LVEDV, left ventricle end diastolic volume; LVEF, 
left ventricular ejection fraction; LV-GLS, left ventricular global longitudinal strain; NYHA: New York Heart Association Functional Class; PH, pulmonary 
hypertension (Echocardiographic Systolic Pulmonary Artery Pressure ≥35 mm Hg; Right atrial pressure was estimated at 5, 10, or 15 mm Hg based on the size 
and collapsibility of the inferior vena cava); and TAPSE, tricuspid annular plane systolic excursion.

*Diastolic dysfunction was classified according to the 2016 American Society of Echocardiography guidelines.
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cohorts. The results showed no significant correlation 
when LVEF was ≥50% (TTNtv+/DCM- and Healthy 
controls). However, when LVEF was <50% (TTNtv+/
DCM+ and iDCM controls), a positive correlation was 
observed between the 2 parameters, indicating that 
the lower the LVEF, the lower the LAcs (Figure 3).

Similar findings were observed for LArs and LAds. 
A positive correlation was identified in both cases 
only when LVEF was <50%. LArs was positively 
correlated with LVEF (LArs TTNtv+/DCM+, r=0.50, 
P<0.001; LArs iDCM, r=0.53, P<0.001), as was LAds 
(LAds TTNtv+/DCM+, r=0.42, P<0.001; LAds iDCM, 
r=0.45, P<0.001).

We also evaluated the correlation between LA strain 
and LV-GLS. No significant correlation was observed 
between LAcs and LV-GLS in patients with TTNtv+/
DCM− and healthy controls. In contrast, LAcs and 
LV-GLS were only correlated when LVEF was <50% 
(Figure 3). LArs and LAds were positively correlated with 
LV-GLS in patients with TTNtv+/DCM− (LArs, r=0.49, 
P<0.001; LAds, r=0.84, P<0.001;), TTNtv+/DCM+ 
(LArs, r=0.70, P<0.001; LAds, r=0.62, P<0.001) and 
iDCM controls (LArs, r=0.70, P<0.001; LAds, r=0.59, 
P<0.001) whereas no correlation was found in healthy 
controls (LArs, r=0.09, P=0.2; LAds, r=0.04, P=0.6).

Atrial Fibrillation Incidence and LA Strain
Among the 460 patients included, 43 AF events were 
recorded during follow-up. In the TTNtv+/DCM- co-
hort, 5 AF events occurred (5.7%/1.48 per 100 person-
years). In contrast, 17 AF events (25.8%/3.15 per 100 
person-years) were observed in the TTNtv+/DCM+ 
cohort. Additionally, 21 AF events (15.3%/2.27 per 100 

person-years) were documented in patients within the 
iDCM cohort.

A univariable Cox regression analysis was performed 
to assess whether TTNtv, hypertension, and LAVI in-
fluenced AF incidence among patients diagnosed with 
AF. None of these variables were found to be signifi-
cantly associated with AF incidence during follow-up 
(TTNtv hazard ratio [HR]:0.99 [95% CI: 0.77–2.92], 
P=0.2; Hypertension, HR:1.20 [95% CI: 0.60–2.39], 
P=0.6; LAVI, HR: 0.90 [95% CI: 0.98–1.02], P=0.8). The 
cumulative incidence of AF at different time points in the 
TTNtv+/DCM+ group compared with the iDCM cohort, 
did not reach statistical significance (Figure 4).

Baseline demographic, genetic, clinical, and echo-
cardiographic characteristics of patients with a TTNtv 
diagnosed with AF during follow-up are presented in 
Table S3. Patients with AF and a TTNtv had a lower 
LAEF (P=0.02) and LVEF (P<0.001), as well as a higher 
LAVI (P=0.01) and a greater proportion of women 
(P=0.02). There was a non-significant trend towards 
lower in LArs, LAds, or LAcs (P=0.07, P=0.1, and 
P=0.2, respectively) between subjects with and with-
out AF.

DISCUSSION
In this study we evaluated atrial function using echo-
cardiographic LA strain in individuals with TTNtv with 
and without LV systolic dysfunction. We identified that 
TTNtv was associated with a primary atrial myopathy, 
evidenced by reduced echocardiographic LA strain 
detectable prior to the onset of LA enlargement or left 
ventricular systolic dysfunction and reductions in atrial 

Figure 1.  Baseline echocardiographic left atrial strain measurements from: patients with a truncating variant in TTN and 
LVEF ≥50% (TTNtv+/DCM−), versus healthy controls.
A, LA reservoir strain. B, LA conduit strain. C, LA contractile strain. Strain values are presented as absolute percentages. The 
subgroup of patients aged >65 years was excluded from the figure because of the small number of individuals. LA indicates left atrial; 
and yo, years old.
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contractile function in patients with DCM that was out 
of proportion to the degree of systolic dysfunction.

Echocardiographic Assessment of  
TTNtv-Related Cardiomyopathy Reveals 
Early Primary Atrial Myopathy
Previous studies have demonstrated a primary atrial 
myopathy associated with TTNtv-related DCM. 
Henkens et  al.,12 described this condition based on 
lower LA strain on cardiac magnetic resonance in pa-
tients with TTNtv-related DCM, compared with those 

with idiopathic DCM. Our study is the first to report 
atrial myopathy in patients with TTNtv+/DCM− before 
the onset of LV systolic dysfunction, as evidenced by 
decreased echocardiographic LA strain, independent 
of other variables that may influence LA function and 
assessed with a more accessible tool than cardiac 
magnetic resonance. In patients with TTNtv+/DCM−, 
atrial myopathy may be both a harbinger of LV dys-
function and progress concurrently with its decline.

New echocardiographic techniques have emerged 
as valuable tools for identifying atrial myopathy.7,9 In 
this study, we demonstrate the presence of a potential 
primary atrial myopathy, reflected by reduced echocar-
diographic LA strain (LArs, LAds, LAcs) in patients with 
a TTNtv. LArs and LAds measure LA function during 
systolic active filling and early diastolic passive emp-
tying, respectively, and are more sensitive to loading 
conditions.7,9 This was evident in our study, as no sig-
nificant differences were found in these parameters 
between TTNtv+/DCM+ and iDCM, both conditions 
typically associated with elevated LV pressures. In 
contrast, LAcs, which reflects atrial contractile func-
tion in late diastole and is less dependent on loading 
conditions,7,9 was the only parameter significantly re-
duced in patients with TTNtv+/DCM+ compared with 
iDCM, demonstrating the effect of TTNtv on primary 
atrial function. In vitro data further support the notion 
that TTNtv may contribute to atrial myopathy through 
structural and functional alterations that are specific to 
atrial tissue, independently of ventricular dysfunction.6

Interrelationship between 
Echocardiographic LA Strain and LV 
Function Parameters
We examined the correlation between LVEF and LV-
GLS with various LA strain parameters among study 
participants. Tremblay-Gravel et al11 reported a positive 
correlation between LAcs and LVEF in TTNtv-related 
cardiomyopathy when LVEF was <50%, which aligns 
with our findings. In contrast, no correlation was found 
between any LA strain parameter and LVEF, in pa-
tients with TTNtv+/DCM−. Our interpretation of these 
results suggests that LA function, as assessed by LA 
strain, is inherently reduced in the presence of a TTNtv. 
However, as LVEF declines and HF-related factors, 
such as increased atrial pressure develop, a further 
deterioration in LA function is observed.

We demonstrated that LVEF is associated with all 
echocardiographic LA strain parameters, when LVEF 
is <50%. This relationship likely reflects the hemody-
namic interdependence between the atrium and ventri-
cle, particularly through increased left atrial afterload in 
the setting of LV dysfunction. Nevertheless, we found 
that LAcs was independently and significantly lower in 
patients with TTNtv+/DCM+ compared with an LVEF-, 

Table 4.  Multivariable Models of Differences Between 
Patients With a Truncating Variant in TTN and LVEF ≥50% 
(TTNtv+/DCM−) Versus Healthy Controls

OR P value

LA reservoir strain model

BMI 1.00 (0.90–1.10) 0.9

Hypertension 20.10 (3.00–230.60) 0.005†

Age 0.92 (0.89–0.95) <0.001†

LVEF 0.84 (0.75–0.93) 0.002†

LA volume (mL/m2) 1.00 (0.95–1.05) 0.9

LA reservoir strain 0.84 (0.79–0.88) <0.001†

LA conduit strain model

BMI 1.04 (0.90–1.10) 0.3

Hypertension 27.50 (5.30–218.60) <0.001†

Age 0.92 (0.89–0.95) <0.001†

LVEF 0.83 (0.70–0.90) <0.001†

LA volume (mL/m2) 1.00 (0.97–1.06) 0.4

LA Conduit strain 0.89 (0.85–0.93) <0.001†

LA contractile strain model

BMI 0.87 (0.72–1.02) 0.1

Hypertension 118.80 (5.30–5656.10) 0.006†

Age 0.97 (0.92–1.02) 0.2

LVEF 0.77 (0.60–0.90) 0.001†

LA volume (mL/m2) 0.90 (0.87–1.01) 0.1

LA contractile strain 0.50 (0.40–0.60) <0.001†

LAEF model

BMI 1.05 (0.98–1.13) 0.2

Hypertension 33.30 (6.37–281.20) <0.001†

Age 0.92 (0.89–0.95) <0.001†

LVEF 0.83 (0.76–0.90) <0.001†

LA volume (mL/m2) 1.02 (0.99–1.07) 0.2

LAEF 0.98 (0.96–1.01) 0.2

Each multivariable logistic regression model included one LA functional 
parameter—reservoir strain, conduit strain, contractile strain, or LAEF—as 
the main predictor. All models were adjusted for age, BMI, hypertension, 
LVEF, and LA volume. The LA parameter under evaluation is shown in the 
title of each block and was not included again as a covariate. Odds ratios 
reflect the association with the end point of belonging to the TTNtvt+/DCM− 
group and are shown per 1-unit increase in each variable: age (years), BMI 
(kg/m2), LVEF (%), LA volume (mL/m2), and LA strain/LAEF (%). BMI indicates 
body mass index; LA, left atrial; LAEF, left atrial emptying fraction; LVEF, left 
ventricular ejection fraction; and OR, odds ratio.

†XXX.
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age-, and sex-matched population. Previous compu-
tational models16 simulating LV and LA function in pa-
tients with DCM, with and without TTNtv mutations, 
demonstrated that LV dysfunction alone was insuffi-
cient to explain the more pronounced LA dysfunction 
observed in TTNtv carriers.12 To align with real-world 
patient data, the simulation required the inclusion of 

an additional primary LA dysfunction component. This 
supports the notion that the presence of TTNtv not only 
affects ventricular mechanics but also directly impairs 
atrial function, even when LVEF is <50%.

LV-GLS has been described as another early phe-
notypic marker in patients harboring TTNtv.17 However, 
we found that this measure of LV contractile function 

Figure 2.  Baseline echocardiographic left atrial function measurement from: patients with a truncating variant in TTN and 
LVEF <50% (TTNtv+/DCM+) versus individuals with idiopathic, pathogenic variant-negative, DCM (iDCM).
A, LA reservoir strain. B, LA conduit strain. C, LA contractile strain. Strain values are presented as absolute percentages. iDCM, 
indicates dilated cardiomyopathy (idiopathic); LA, left atrial; and yo, years old.

Figure 3.  Interdependence between echocardiographic left atrial contractile strain and left ventricular function, across 
LVEF values.
A, LVEF. B, LV-GLS. Strain values are presented as percentages. Healthy indicates healthy controls; iDCM, indicates dilated 
cardiomyopathy (idiopathic); LVEF, left ventricular ejection fraction; LV-GLS, left ventricular global longitudinal strain; R, Pearson 
correlation coefficient; TTNtv+/DCM−, truncating variant in titin and LVEF ≥50%; and TTNtv+/DCM+, truncating variant in titin and 
LVEF <50%.
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did not correlate with atrial function measured by LAcs 
when LVEF was ≥50%. This shows that LAcs may be 
reduced even when LV-GLS remains preserved and 
supports the hypothesis that TTNtv has a direct effect 
on atrial function.

These findings support the potential role of mon-
itoring echocardiographic parameters of LA function 
as early disease markers, facilitating the detection of 
subclinical cardiac involvement in asymptomatic indi-
viduals carrying TTNtv, before changes in other echo-
cardiographic parameters become evident.

Atrial Myopathy and Atrial Fibrillation in 
TTNtv-Related Cardiomyopathy
The mechanisms by which TTNtv contribute to atrial 
arrhythmias, particularly in the absence of ventricu-
lar disease or overt cardiomyopathy, remain unclear. 
This effect may involve altered sarcomeric function, 
impaired mechanotransduction, and disrupted intra-
cellular signaling, promoting a substrate for atrial ar-
rhythmogenesis, as described by Huang et al.6

TTNtv are among the most frequently identified vari-
ants in genetic testing of patients with early-onset AF.4,5 
In our study, AF events were more frequent in TTNtv+/
DCM+ (25.8%) compared with patients with TTNtv+/
DCM− (5.7%), highlighting the increased risk of atrial 
tachyarrhythmias associated with LV dysfunction in 
TTNtv cardiomyopathy during follow-up.18–20 However, 

the 5.7% rate of AF over 52.12±36.69 months observed 
in TTNtv+/DCM− individuals, underscores the implica-
tions of early atrial myopathy in this disease. Although 
we do not have follow up data for the healthy volunteers 
in this study, the rate of AF in a comparably matched 
healthy population is 0.5% in this time frame.21 However, 
once overt LV cardiomyopathy develops, the severity of 
HF as opposed to the presence of a TTNtv was asso-
ciated with AF. Patients with a TTNtv who were diag-
nosed with AF during follow-up had a more dilated LA, 
along with lower LVEF and LAEF. However, no signifi-
cant differences were observed in LA strain values.

One interpretation of these findings is that this study 
may have been underpowered to support the hypothesis 
that the presence of a TTNtv is associated with higher AF 
risk in patients with LV dysfunction. This may be attribut-
able to a potential underdiagnosis of AF during follow-up. 
Because AF is not always symptomatic, subclinical cases 
may have remained undetected. Moreover, periodic am-
bulatory rhythm monitoring is not routinely performed in 
patients with TTNtv unless symptoms are present, de-
spite evidence that AF in this context is associated with 
a worse clinical course.22 As a result, AF incidence in this 
population may have been underestimated.

Limitations
This study has limitations that should be acknowl-
edged. Its retrospective design introduces potential 

Figure 4.  Atrial fibrillation incidence in patients with a truncating variant in titin and 
left ventricular ejection fraction <50% (TTNtv+/DCM+), compared with individuals 
with idiopathic, pathogenic variant-negative, DCM (iDCM).
iDCM indicates dilated cardiomyopathy (idiopathic).
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biases and limits causal inferences. Although patients 
with poor acoustic windows were excluded, echocar-
diographic strain measurements may still have been 
influenced by subtle image quality limitations. LA 
strain parameters were assessed using only the apical 
4-chamber view, as the left atrium was not consist-
ently well visualized in the 2-chamber view. Another 
relevant limitation is the inability to accurately estimate 
the true duration of atrial disease in the studied popula-
tion. Since atrial dysfunction may develop subclinically 
over time, the lack of precise temporal information on 
disease progression prevents a comprehensive un-
derstanding of its natural history. Furthermore, given 
the retrospective design, the study does not assess 
incident AF in a prospective manner, which limits the 
ability to establish temporal associations between 
atrial myopathy and AF development in patients with 
TTNtv+/DCM+. Although previous studies have sug-
gested that the location of TTNtv may affect titin pro-
tein length and the severity of cardiac dysfunction23–25 
the predominance of A-band variants in our cohort 
precluded analysis of their association with LV or LA 
function. Additionally, 35% of the iDCM controls had 
a family history of cardiomyopathy. We were unable to 
determine the impact of unknown genetic etiologies in 
this population on the development of atrial myopa-
thy. Biomarker levels, such as NT-proBNP, were not 
collected for most patients at baseline. The correlation 
between NT-proBNP and LA strain needs to be estab-
lished in future research. Despite these limitations, our 
results yield valuable insights into the characterization 
of the primary atrial myopathy associated with TTNtv.

Future Directions
Future work will be critical to unmask the prognostic 
role of early atrial myopathy in patients with TTNtv. The 
detection of atrial dysfunction—through echocardio-
graphic LA strain—prior to LA enlargement or LV im-
pairment supports its potential as an early phenotypic 
marker. Additional evidence is needed to determine 
whether atrial myopathy is associated with a faster de-
cline in LVEF and overall disease progression. Some 
patients in our study were already receiving prognostic 
HF medications at their first visit to the referral medical 
center. Future research is needed to assess the im-
pact of these treatments on the progression of atrial 
myopathy. Research incorporating dedicated rhythm 
monitoring and longitudinal follow-up in patients with 
TTNtv with atrial myopathy is essential to clarify its re-
lationship with AF development.

CONCLUSIONS
Atrial myopathy, assessed through echocardiographic 
LA strain, is evident in the early stages of cardiac 

involvement when a TTNtv is present, preceding al-
terations in other early disease markers, and may serve 
as a novel early marker of phenotypic expression in 
this condition. Once LVEF falls below 50%, atrial myo-
pathy continues to worsen in parallel, consistent with 
a risk of loss of atrial contractility as cardiomyopathy 
progresses. AF was more frequently observed in pa-
tients carrying TTNtv. Further research is warranted to 
evaluate the potential role of atrial strain as a risk strati-
fication tool for AF in patients with TTNtv.
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