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Abstract

Background/Objectives: Atrial fibrillation (AF) may cause functional mitral regurgitation
(MR) and tricuspid regurgitation (TR) through atrial remodeling and annular dilation.
However, the prevalence and structural characteristics of combined MR/TR in AF are not
well defined. We aimed to determine the prevalence, clinical profile, and factors associ-
ated with combined clinically significant MR and TR in AF patients. Methods: In this pro-
spective observational study (REMO-FIB), 175 consecutive AF patients underwent com-
prehensive transesophageal echocardiography with three-dimensional mitral valve anal-
ysis. After excluding organic MR and significant aortic valve disease, 125 patients were
analyzed. Patients were classified into four groups according to the presence of moder-
ate/severe MR and/or TR. Multivariable logistic regression evaluated factors associated
with the combined phenotype. Results: Among 125 patients, 53 (42.4%) had no significant
MR/TR, 33 (26.4%) had isolated MR, 11 (8.8%) had isolated TR, and 28 (22.4%) had com-
bined MR/TR. Compared with patients without regurgitation, those with combined
MR/TR had higher symptom burden (EHRA class, p = 0.036), more heart failure (92.9%
vs. 67.9%, p = 0.048), larger left (47.0 vs. 42.0 mm, p = 0.002) and right atria (42.0 vs. 38.0
mm, p < 0.001), higher pulmonary artery pressure (40.0 vs. 28.0 mmHg, p = 0.004), and
lower left ventricular ejection fraction (47.5% vs. 55.0%, p = 0.006). Three-dimensional
analysis showed larger mitral annular perimeter (129.0 vs. 121.0 mm, p = 0.009), greater
annular area (12.7 vs. 11.1 cm?, p = 0.014), longer anterior leaflet length (26.5 vs. 24.0 mm,
p <0.001), and greater tenting area (2.1 vs. 1.4 cm?, p = 0.002). Factors independently asso-
ciated with the combined phenotype were female sex (OR 4.60, p = 0.015), lower ejection
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fraction (OR 0.47 per SD, p = 0.005), and larger right atrial diameter (OR 1.85 per SD, p =
0.037). Model discrimination was good (AUC 0.81). Conclusions: Combined moderate/se-
vere MR and TR affects over one-fifth of AF patients without organic valve disease and is
associated with advanced biatrial remodeling, adverse symptoms, and heart failure. Com-
prehensive assessment of both atrioventricular valves should be considered in AF.

Keywords: atrial fibrillation; atrial functional regurgitation; mitral regurgitation;
tricuspid regurgitation; three-dimensional echocardiography; transoesophageal
echocardiography

1. Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, affecting
over 37 million individuals worldwide, with prevalence projected to increase substan-
tially over the coming decades. Beyond its well-established associations with stroke and
heart failure, AF is increasingly recognized as a driver of functional valvular heart disease
through progressive atrial remodeling and annular dilation [1-4]. This distinct form of
valvular dysfunction, termed “atrial functional regurgitation”, differs fundamentally
from the classical ventricular functional regurgitation associated with left ventricular (LV)
dilation and dysfunction, and may require different therapeutic approaches [1,2].

Atrial functional mitral regurgitation (AFMR) occurs in 7-28% of patients with AF,
depending on arrhythmia duration, and results from left atrial (LA) dilation, causing mi-
tral annular enlargement through flattening of the normal saddle-shaped annular geom-
etry [2,3]. Loss of atriogenic annular contraction in AF further exacerbates regurgitation
by delaying leaflet coaptation until systole [3]. Similarly, atrial functional tricuspid regur-
gitation (AFTR) develops through right atrial (RA) dilation and tricuspid annular enlarge-
ment, predominantly affecting the more pliable portion of the annulus along the right
ventricular (RV) free wall [1,3]. Recent population-based studies have demonstrated that
approximately one-third of patients with AF develop moderate or more severe tricuspid
regurgitation (TR) over time, and this progression is associated with a more than two-fold
increased mortality risk [5].

While mitral regurgitation (MR) and TR in AF have traditionally been studied as sep-
arate entities, emerging evidence suggests that these conditions frequently coexist, reflect-
ing a shared pathophysiological substrate of biatrial remodeling [1,3]. Data from the ESC-
HFA Heart Failure Long-Term Registry demonstrated that combined moderate or severe
MR and TR was present in 11% of heart failure patients and was associated with the high-
est rates of adverse outcomes compared with isolated or absent valvular disease [6]. Anal-
ysis from the COAPT trial similarly showed that patients with secondary MR who also
have moderate or more severe TR exhibit more severe clinical and echocardiographic
characteristics and worse clinical outcomes [7].

Despite these observations, the specific phenotype of combined AFMR and AFTR in
patients with AF remains incompletely characterized. The prevalence of this combined
phenotype in AF populations without organic valve disease, its clinical correlates, the
structural determinants that distinguish it from isolated valvular involvement, and the
three-dimensional (3D) valvular changes underlying this condition have not been system-
atically evaluated.

The present study, conducted within the REMO-FIB (Remodeling in Atrial Fibrilla-
tion) project, was designed to address these knowledge gaps. We sought to (1) determine
the prevalence of combined moderate or severe MR/TR in a prospective cohort of patients
with persistent AF undergoing transesophageal echocardiography (TEE) before electrical
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cardioversion; (2) characterize the clinical profile, symptom burden, and therapeutic pat-
terns across distinct valvular phenotypes; (3) define the echocardiographic features that
distinguish patients with combined valvular disease from those with isolated or absent
regurgitation; (4) explore the 3D mitral valve changes associated with the combined phe-
notype; and (5) identify factors independently associated with combined atrioventricular
valve regurgitation. We hypothesized that the combined valvular phenotype would rep-
resent a distinct clinical and structural entity characterized by advanced biatrial remodel-
ing and specific determinants that could inform patient stratification and integrated clin-
ical assessment.

2. Materials and Methods
2.1. Study Design and Population

This was a prospective, observational study conducted within the REMO-FIB project,
designed to characterize the overlap between clinically significant MR/TR in patients with
persistent AF undergoing TEE for LA thrombi exclusion before electrical cardioversion,
and to define the associated clinical and structural phenotype. A total of 175 consecutive
patients with AF were prospectively enrolled in the overall database. For the purpose of
the present analysis, patients were initially classified according to the etiology of MR as
atrial functional, ventricular functional, or organic. In the overall cohort, AFMR repre-
sented the predominant mechanism, while a smaller proportion of patients exhibited ven-
tricular functional MR and a minority had organic mitral valve disease.

To preserve the mechanistic coherence of the analysis and to avoid confounding by
primary structural valve disease, the primary manuscript cohort was restricted to patients
without organic MR and without moderate or severe aortic valvular disease. In addition,
patients with significant MR in whom the mechanism could not be reliably classified were
excluded from the primary analysis. After these exclusions, a total of 125 patients were
included in the primary study population. Patient selection flowchart is presented in Fig-

ure 1.
50 patients excluded
175 patients with persistent AF « Organic MR, n = 34
enrolled in the REMO-FIB cohort »| © Ventricular functional MR, n = 5 125 patients included in
and undergoing TEE before * Moderate/severe aortic valve disease, n = 16 the primary analysis
electrical cardioversion ¢ Non-classifiable significant MR, n = 5
* Exclusion categories were not mutually exclusive

\ 4

!

!

!

!

Nohsllignif;cant Isolated MR, Isolated TR, C:nr:bined
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Figure 1.

Patient selection flowchart.
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2.2. Echocardiographic Assessment

All patients underwent comprehensive clinical evaluation and TEE. Standard echo-
cardiographic assessment included LV ejection fraction (LVEF), LV dimensions, LA di-
ameter, RV size, RA dimensions, tricuspid annular plane systolic excursion (TAPSE), sys-
tolic pulmonary artery pressure (sPAP), and TR maximal velocity [8-10]. MR and TR were
graded according to standard multiparametric criteria and were dichotomized as non-
significant when graded as none or mild and as clinically significant when graded as mod-
erate or severe [11]. For MR, moderate regurgitation was defined by PISA-derived effec-
tive regurgitant orifice area (EROA) 20-39 mm?, regurgitant volume (RVol) 30-59 mL, and
vena contracta (VC) width 3-6.9 mm, while severe MR was defined by EROA > 40 mm?,
regurgitant volume > 60 mL, and vena contract width > 7 mm. For TR, moderate regurgi-
tation was defined by EROA 20-39 mm?, RVol 30-44 mL, and VC width 3-6.9 mm, while
severe TR was defined by EROA > 40 mm? RVol 245 mL, and VC width 27 mm [11].

Three-dimensional mitral valve analysis was performed in all patients using TEE
[12]. The analysis focused on parameters reflecting annular remodeling and leaflet adap-
tation, including annular perimeter, annular area, anteroposterior diameter, commissural
diameter, annular height, anterior leaflet length, posterior leaflet length, tenting height,
and tenting area. These parameters were chosen to provide a mechanistic link between
atrial remodeling and valvular dysfunction. Based on the presence or absence of clinically
significant MR and TR, patients were categorized into four phenotypic groups: those with-
out significant regurgitation of either valve, those with isolated moderate or severe MR,
those with isolated moderate or severe TR, and those with combined moderate or severe
regurgitation affecting both valves.

All 3D mitral valve analyses were performed by the same experienced echocardiog-
rapher (D.-R.H.). Intraobserver and interobserver reproducibility of 3D mitral valve meas-
urements was assessed in a randomly selected subset of 20 patients. For intraobserver
variability, the same observer (D.-R.H.) repeated the measurements, blinded to the initial
results. For interobserver variability, a second independent observer (M.-L.1.) repeated the
measurements using the same 3D datasets, blinded to the first observer’s measurements.
Reproducibility was quantified using intraclass correlation coefficients (ICCs).

2.3. Statistical Analysis

Continuous variables were assessed for distribution normality using visual inspec-
tion and the Shapiro-Wilk test. Normally distributed variables are presented as mean +
standard deviation and were compared using one-way analysis of variance. Non-nor-
mally distributed variables are presented as median [interquartile range] and were com-
pared using the Kruskal-Wallis test. Categorical variables are presented as counts (per-
centages) and were compared using the chi-square test or Fisher’s exact test when appro-
priate.

To identify factors associated with the combined MR + TR phenotype, univariable
logistic regression analyses were first performed. Variables considered clinically relevant
and/or significant in univariable analysis were entered into a multivariable logistic regres-
sion model. Age and sex were included as demographic covariates, LVEF as a marker of
ventricular function, LA diameter as a marker of left-sided atrial remodeling, and RA di-
ameter as a marker of right-sided atrial remodeling. Continuous variables included in re-
gression models were standardized per 1 standard deviation increment. No formal sam-
ple-size was performed, as this was an exploratory analysis of a prospectively enrolled
cohort.

Model discrimination was evaluated using the area under the receiver-operating
characteristic curve (AUC) with 95% confidence intervals. Calibration was assessed using
the Brier score, calibration intercept, and calibration slope. Internal validation was per-
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formed using bootstrap resampling with 200 repetitions. Optimism-corrected discrimina-
tion was estimated by subtracting the mean bootstrap optimism from the apparent AUC.
Model calibration optimism was similarly estimated using the calibration slope. Multicol-
linearity was evaluated using variance inflation factors. As a sensitivity analysis, penal-
ized logistic regression with Firth correction was performed to reduce potential small-
sample bias. Missing data were handled using complete-case analysis. A two-sided p-
value < 0.05 was considered statistically significant. All analyses were performed using R
version 4.5.3 for Mac (R Foundation for Statistical Computing, Vienna, Austria).

3. Results

Among the 175 patients included in the overall persistent AF cohort, clinically signif-
icant MR was present in 100 patients (57.1%), while clinically significant TR was present
in 70 patients (40.0%). The combined phenotype of moderate or severe MR + TR was iden-
tified in 52 patients, representing 29.7% of the total cohort. With respect to MR mechanism,
AFMR represented the dominant etiology, whereas ventricular functional MR accounted
for a smaller subset of cases. Organic mitral valve disease was present in a minority of
patients and was excluded from the primary mechanistic analysis.

After exclusion of patients with organic MR, moderate or severe aortic valvular dis-
ease, and cases with non-classifiable MR, the primary analysis included 125 patients.
Within this cohort, 53 patients (42.4%) had neither clinically significant MR nor TR, 33
patients (26.4%) had isolated moderate or severe MR, 11 patients (8.8%) had isolated mod-
erate or severe TR, and 28 patients (22.4%) exhibited the combined phenotype of moderate
or severe regurgitation affecting both valves.

3.1. Clinical Profile Across Phenotypes

Baseline clinical characteristics are presented in Table 1.

Table 1. Baseline Clinical Characteristics.

No MR/TR (n =Isolated MR (n = Isolated TR (n Combined MR p-

Variable Overall (n =125) 53) 33) -11) +TR (n=28) Value
Demographics
Age, years 68.0 [63.0-72.0] 65.0 [61.0-69.0] 68.0 [63.0-72.0] 68.0 [63.0-72.5] 69.0 [65.0-74.0] 0.143
Female sex 50/123 (40.7%)  14/51 (27.5%)  16/33 (48.5%)  5/11 (45.5%)  15/28 (53.6%) 0.087
AF duration, months 3.0 [1.0-6.0] 3.0 [2.0-6.0] 2.0 [1.0-6.0] 3 [2.0-4.0] 3.0[2.0-6.0] 0.959
EHRA class 2.0 [1.2-3.0] 2.0 [1.2-3.0] 2.0 [1.0-3.0] 3.0 [3.0-3.8] 3.0[2.0-3.0] 0.036
CHA2DS2-VASc score 3.0 [2.0-4.0] 3.0 [2.0-3.5] 3.0 [2.0-4.0] 3.0 [2.0-3.5] 3.0[2.04.00 0.711
HAS-BLED score 1.0 [1.0-1.0] 1.0 [0.0-1.0] 1.0 [0.0-1.0] 1.0 [1.0-1.0] 1.0 [1.0-1.2] 0.233
Comorbidities
Hypertension 107 (85.6%) 41 (77.4%) 31 (93.9%) 10 (90.9%) 25 (89.3%)  0.680
Diabetes mellitus 38 (30.4%) 14 (26.4%) 11 (33.3%) 4 (36.4%) 9 (32.1%) 0.946
Dyslipidemia 105 (84%) 44 (83%) 31 (93.9%) 5 (45.5%) 25(89.3%)  0.001
Smoking 19 (15.2%) 10 (18.9%) 6 (18.2%) 1(9.1%) 2 (7.1%) 0.410
Obesity 44 (35.2%) 18 (34%) 11 (33.3%) 3 (27.3%) 12 (42.9%)  0.792
Coronary artery disease 17 (13.6%) 6 (11.3%) 6 (18.2%) 1(9.1%) 4 (14.3%) 0.844
Prior stroke/embolism 9 (7.2%) 4 (7.5%) 1 (3%) 2 (18.2%) 2 (7.1%) 0.421
COPD 3(2.4%) 0 (0%) 2 (6.1%) 0 (0%) 1(3.6%) 0.339
Thyroid disease 16 (12.8%) 4 (7.5%) 3(9.1%) 3 (27.3%) 6 (21.4%) 0.130
Any heart failure 98 (78.4%) 36 (67.9%) 28 (84.8%) 8 (72.7%) 26 (92.9%)  0.048
CKD 41 (32.8%) 16 (30.2%) 12 (36.4%) 3 (27.3%) 10 (35.7%)  0.944
Medications
Beta-blocker 99 (79.2%) 36 (67.9%) 31 (93.9%) 7 (63.6%) 25 (89.3%)  0.029
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RAAS inhibitor
Any antiarrhythmic
Oral anticoagulation
Antiplatelet therapy

SGLT2 inhibitor

Loop diuretic
Cardioversion attempted
Successful cardioversion

Laboratory
Creatinine, mg/dL
eGFR, mL/min/1.73 m?2

NT-proBNP, pg/mL

96 (76.8%) 35 (66%) 28 (84.8%) 9 (81.8%) 24 (85.7%)  0.359
94 (75.2%) 41 (77.4%) 25 (75.8%) 8 (72.7%) 20 (71.4%)  0.943
115 (92%) 47 (88.7%) 30 (90.9%) 11 (100%) 27 (96.4%)  0.580

10 (8%) 2 (3.8%) 7 (21.2%) 0 (0%) 1(3.6%) 0017
28 (22.4%) 5 (9.4%) 7 (21.2%) 4 (36.4%) 12 (42.9%)  0.008
54 (43.2%) 13 (24.5%) 14 (42.4%) 7 (63.6%) 20 (71.4%)  0.001
88 (70.4%) 37 (69.8%) 25 (75.8%) 10 (90.9%) 16 (57.1%)  0.132
83 (94.3%) 35 (66%) 24 (72.7%) 9 (81.8%) 15 (53.6%)  0.787

1.0[0.8-12]  1.1[0.8-12]  1.0[0.8-12]  1.0[0.8-1.0]  0.9[0.8-1.3] 0.569
68.0 [54.0-82.3] 69.1[51.9-82.3] 68.0 [53.9-76.6] 71.6 [61.1-91.5] 65.3 [54.6-77.7] 0.623
857.5[575.2—  690.0 [304.0-  857.5[661.5- 1187.2[533.9— 1284.0 [620.2—

1517.5] 1030.5] 1445.5] 2820.5] 2262.0] 0216

Data are presented as median [interquartile range] or n/N (%). AF = atrial fibrillation; CKD = chronic
kidney disease; COPD = chronic obstructive pulmonary disease; eGFR = estimated glomerular fil-
tration rate; MR = mitral regurgitation; NT-proBNP = N-terminal pro-B-type natriuretic peptide;
RAAS = renin—angiotensin-aldosterone system; SGLT2 = sodium-glucose cotransporter 2; TR = tri-

cuspid regurgitation.

3.1.1. Demographic Characteristics

The median age of the overall cohort was 68.0 years (IQR 63.0-72.0), with a trend
toward older age in patients with the combined phenotype (median 69.0 years, IQR 65.0-
74.0) compared with those without significant regurgitation (median 65.0 years, IQR 61.0-
69.0), although this difference did not reach statistical significance (p = 0.143). Female sex
was more prevalent in the combined phenotype (53.6%) compared with the group with-
out significant regurgitation (27.5%), with a borderline significant trend across groups (p
=0.087).

3.1.2. Symptom Burden and Comorbidities

Symptom burden differed significantly across phenotypic groups (p = 0.036), with
patients exhibiting isolated TR (median EHRA class 3.0, IQR 3.0-3.8) and those with the
combined phenotype (median EHRA class 3.0, IQR 2.0-3.0) presenting with higher EHRA
functional class compared with patients without significant regurgitation (median EHRA
class 2.0, IQR 1.2-3.0) or isolated MR (median EHRA class 2.0, IQR 1.0-3.0). This finding
suggests that right-sided involvement contributes significantly to symptom severity in
this population. AF duration did not differ significantly across phenotypes (p = 0.959).

The overall burden of traditional cardiovascular risk factors was relatively similar
across groups for most variables. A history of heart failure was significantly more frequent
in the combined phenotype, where it was present in 92.9% of patients, compared with
84.8% in isolated MR, 72.7% in isolated TR, and 67.9% in patients without significant val-
vular regurgitation (p = 0.048). Dyslipidemia varied significantly across groups (p <0.001),
largely due to a markedly lower prevalence in the isolated TR subgroup (45.5%) compared
with other groups (89.3-93.9%).

The therapeutic profile reflected the increasing complexity of the disease phenotype.
Beta-blocker use was significantly different across groups (p = 0.029). SGLT2 inhibitor use
increased progressively across phenotypes (p = 0.008), from 10.2% in patients without sig-
nificant regurgitation to 42.9% in the combined phenotype. Loop diuretic use showed the
most pronounced gradient across groups (p = 0.001), increasing from 27.1% in patients
without significant regurgitation to 71.4% in the combined phenotype.
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3.2. Echocardiographic Phenotype

Echocardiographic characteristics are summarized in Table 2.

Table 2. Echocardiographic Characteristics.

Overall (n= No MR/TR (n =Isolated MR (nlsolated TR (n= Combined MR +TR  p-

jabl

Variable 125) 53) =33) 11) (n=28) Value

Left Heart
LVEF, % 50.0 [45.0-55.0] 55.0 [50.0-55.0] 52.5 [48.0-55.0] 50.0 [50.0-53.5]  47.5[42.2-52.2]  0.006
Lv endijsrt;l: diam- o 0 [45.0-52.2] 48.0 [45.0-50.0] 49.0 [45.0-53.0] 45.0 [42.0-495]  49.0 [46.0-558]  0.119
LA diameter, mm  45.0 [41.0-48.0] 42.0 [39.5-45.0] 46.0 [42.0-49.0] 46.0 [45.5-47.0]  47.0 [42.2-53.0]  0.002

Right Heart
sPAP,mmHg  33.0 [27.0-44.5] 28.0 [24.5-30.0] 33.0 [23.0-44.0] 36.5 [34.0-51.8]  40.0 [335-45.8]  0.004
TR Vmax, m/s 27[23-3.0] 23[1.9-25] 27[1.63.0] 2.8 [2.7-3.0] 2.8 [2.6-3.0] 0.008

RV basal diameter, mm 36.0 [33.0-38.2] 36.0 [32.0-37.0] 35.0 [33.0-38.0] 37.5 [36.2-41.5]  37.5[34.0-39.8]  0.109

RA diameter, mm

TAPSE, mm
MR Severity
None
Mild
Moderate
Severe
TR Severity
None
Mild
Moderate
Severe

40.0 [37.0-44.0] 38.0 [36.0-40.5] 38.0 [35.0-41.0] 41.5 [40.0-49.5]  42.0[41.0-45.8]  0.001
19.0 [18.0-20.2] 20.0 [19.0-20.0] 19.0 [17.5-20.5] 18.0 [16.8-20.0]  17.0[16.0-21.0]  0.272

13 (10.4%) 12 (22.6%) 0 (0%) 1(9.1%) 0 (0%) —
51 (40.8%) 41 (77.4%) 0 (0%) 10 (90.9%) 0 (0%) —
32 (25.6%) 0 (0%) 18 (54.5%) 0 (0%) 14 (50.0%) —
29 (23.2%) 0 (0%) 15 (45.5%) 0 (0%) 14 (50.0%) —
20 (16.8%) 15 (31.2%) 5 (15.6%) 0 (0%) 0 (0%) —
60 (50.4%) 33(68.8%) 27 (84.4%) 0 (0%) 0 (0%) —
30 (25.2%) 0 (0%) 0 (0%) 9 (81.8%) 21 (75.0%) —

9 (7.6%) 0 (0%) 0 (0%) 2 (18.2%) 7 (25.0%) —

Data are presented as median [interquartile range] or n (%). LA = left atrial; LV = left ventricular;
LVEF = left ventricular ejection fraction; MR = mitral regurgitation; RA = right atrial; RV = right
ventricular; sSPAP = systolic pulmonary artery pressure; TAPSE = tricuspid annular plane systolic

excursion; TR = tricuspid regurgitation; Vmax = maximal velocity.

3.2.1. Left Ventricular and Left Atrial Parameters

LV systolic function, as assessed by LVEEF, declined progressively across groups (p =
0.006). Patients without significant regurgitation had the highest median EF (55.0%, IQR
50.0-55.0%), followed by isolated MR (52.5%, IQR 48.0-55.0%), isolated TR (50.0%, IQR
50.0-53.5%), and the combined phenotype (47.5%, IQR 42.2-52.2%). Although all median
values remained within the preserved or mildly reduced range, the progressive decline
across phenotypes suggests that subtle ventricular-atrial coupling abnormalities may con-
tribute to the development of combined valvular disease.

LA size increased significantly across phenotypes (p = 0.002), supporting the central
role of atrial remodeling in the pathophysiology of valvular dysfunction in AF. Patients
without significant regurgitation had the smallest LA diameter (median 42.0 mm, IQR
39.5-45.0), followed by isolated MR (median 46.0 mm, IQR 42.0-49.0), isolated TR (median
46.0 mm, IQR 45.5-47.0), and the combined phenotype (median 47.0 mm, IQR 42.2-53.0).

3.2.2. Right-Sided Parameters

Right-sided parameters showed an even more pronounced pattern of structural ab-
normalities across phenotypes. SPAP increased markedly across groups (p = 0.004), from
a median of 28.0 mmHg (IQR 24.5-30.0) in patients without significant regurgitation to
40.0 mmHg (IQR 33.5-45.8) in the combined phenotype.
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RA diameter was strongly associated with valvular phenotype (p0.001), with the
largest dimensions observed in patients with combined MR + TR (median 42.0 mm, IQR
41.0-45.8) and isolated TR (median 41.5 mm, IQR 40.0-49.5), compared with isolated MR
(median 38.0 mm, IQR 35.0-41.0) and patients without significant regurgitation (median
38.0 mm, IQR 36.0-40.5).

3.3. Three-Dimensional Mitral Valve Analysis

Three-dimensional mitral valve parameters are presented in Table 3.

Table 3. Three-Dimensional Mitral Valve Parameters.

Parameter

Annular perimeter, mm

Annular area, cm?
Anteroposterior diameter, mm
Commissural diameter, mm
Annular height, mm

Anterior leaflet length, mm
Posterior leaflet length, mm
Tenting height, mm

Tenting area, cm?

No MR/TR (n= Isolated MR (n= Isolated TR (n= Combined MR+ p-
53) 33) 11) TR (n =28) Value

121.0 [114.0-128.0] 130.0 [124.0-132.0] 124.0 [107.0-133.0] 129.0 [120.8-134.2] 0.009
11.1 [10.0-12.7] 12.8 [11.6-13.6] 12.3 [8.9-13.9] 12.7 [11.2-13.9] 0.014
36.0 [32.0-39.0] 39.0 [36.0-41.0] 38.0 [33.0-40.5] 38.0 [36.0-41.2] 0.034
36.0 [33.0-38.0] 37.0 [34.0-38.0] 38.0 [30.0-38.5] 37.0 [35.0-40.2] 0.274
6.9 [5.6-8.3] 8.1[6.3-9.1] 4.6 [3.1-7.4] 7.8 [6.8-8.6] 0.019
24.0 [21.0-26.0] 28.0 [27.0-29.0] 25.0 [21.5-27.0] 26.5 [24.0-31.0] 0.001
15.0 [13.0-18.0] 15.0 [12.0-18.0] 14.0 [12.5-16.5] 16.0 [14.0-18.2] 0.268
6.0 [4.0-8.0] 6.0 [5.0-8.0] 3.0 [3.0-6.0] 7.0 [6.0-9.0] 0.005
1.4 [1.1-1.9] 1.8 [1.4-2.2] 1.2 [0.8-1.7] 2.1[1.5-2.6] 0.002

Data are presented as median [interquartile range]. p-values were calculated using the Kruskal—
Wallis test across the four phenotypic groups. MR = mitral regurgitation; TR = tricuspid regurgita-

tion.

Reproducibility of 3D mitral valve measurements was good to excellent. Intraob-
server ICCs ranged from 0.939 to 0.990, while interobserver ICCs ranged from 0.920 to
0.989. The intraobserver/interobserver ICCs were 0.979/0.966 for annular perimeter and
0.960/0.949 for tenting area.

3.3.1. Annular Remodeling and Geometry

Patients with combined MR + TR exhibited larger annular dimensions compared
with patients without significant regurgitation. Annular perimeter was significantly in-
creased (129.0 mm [IQR 120.8-134.2] vs. 121.0 mm [IQR 114.0-128.0], p = 0.009), as was
annular area (12.7 cm? [IQR 11.2-13.9] vs. 11.1 cm? [IQR 10.0-12.7], p = 0.014). Anteropos-
terior diameter was also significantly larger in the combined phenotype (38.0 mm [IQR
36.0—41.2] vs. 36.0 mm [IQR 32.0-39.0], p = 0.034).

Notably, patients with isolated MR demonstrated the most pronounced annular di-
lation (perimeter 130.0 mm, area 12.8 cm?), while patients with isolated TR showed inter-
mediate values. This pattern suggests that annular dilation is the primary driver of iso-
lated MR, whereas the combined phenotype involves additional mechanisms.

Annular height differed significantly across groups (p = 0.019), with the lowest values
observed in isolated TR (4.6 mm [IQR 3.1-7.4]), indicating annular flattening. In contrast,
patients with isolated MR maintained relatively preserved annular height (8.1 mm [IQR
6.3-9.1]), suggesting preservation of the saddle shape despite dilation. The combined phe-
notype showed intermediate annular height (7.8 mm [IQR 6.8-8.6]).
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3.3.2. Leaflet Adaptation and Tenting Parameters

Anterior leaflet length was significantly greater in patients with valvular regurgita-
tion compared with those without (p0.001). Patients with isolated MR had the longest an-
terior leaflets (28.0 mm [IQR 27.0-29.0]), followed by the combined phenotype (26.5 mm
[IOR 24.0-31.0]), isolated TR (25.0 mm [IQR 21.5-27.0]), and patients without significant
regurgitation (24.0 mm [IQR 21.0-26.0]). This finding suggests compensatory leaflet elon-
gation in response to annular dilation. However, the presence of significant regurgitation
despite increased leaflet length indicates that this adaptation was insufficient to maintain
coaptation.

Tenting height (p = 0.005) and tenting area (p = 0.002) differed significantly across
groups. The combined phenotype exhibited the greatest tenting abnormalities (tenting
height 7.0 mm [IQR 6.0-9.0]; tenting area 2.1 cm? [IQR 1.5-2.6]), while isolated TR showed
the lowest tenting values (tenting height 3.0 mm [IQR 3.0-6.0]; tenting area 1.2 cm? [IQR
0.8-1.7]). This pattern suggests that the combined phenotype involves not only annular
dilation but also altered leaflet geometry and subvalvular mechanics, even in the context
of predominantly atrial functional disease.

3.4. Factors Associated with the Combined Phenotype

Logistic regression analysis was performed to identify factors associated with the
presence of combined moderate or severe MR + TR, as shown in Table 4.

Table 4. Factors associated with Combined Mitral and Tricuspid Regurgitation.

Univariable Univariable Univaria- Multivariable Multivariable 95% Multivariable

Variable OR 95% CI ble p-Value  OR CI p-Value
Age, per 1 SD 1.49 0.92-2.40  0.103 1.18 0.65-2.12 0.584
Female sex 1.98 0.84-4.64  0.116 4.60 1.35-15.69 0.015
LVEF, per 1 SD 0.50 0.33-0.77  0.002 0.47 0.27-0.79 0.005
LA diameter, per 1 SD 1.76 1.11-2.80  0.017 1.78 0.99-3.21 0.054
RA diameter, per 1 SD 1.93 1.22-3.06  0.005 1.85 1.04-3.30 0.037
sPAP, per 1 SD 1.63 0.89-298 0.116 — — —
TAPSE, per 1 SD 0.52 0.22-1.23  0.138 — — —
RV basal diameter, per 1 SD 1.31 0.84-2.03 0.234 — — —
Beta-blocker 2.14 0.58-7.85  0.251 — — —
SGLT?2 inhibitor 3.61 1.44-9.08  0.006 — — —
Loop diuretic 4.26 1.69-10.73 0.002 — — —

CI = confidence interval; LA = left atrial; LVEF = left ventricular ejection fraction; OR = odds ratio;
RA =right atrial; RV = right ventricular; SD = standard deviation; SGLT2 = sodium-glucose cotrans-
porter 2; sSPAP = systolic pulmonary artery pressure; TAPSE = tricuspid annular plane systolic ex-
cursion. Model performance: AUC 0.81 (95% CI 0.71-0.91); Brier score 0.133; calibration slope 1.00;
calibration intercept 0.00.

3.4.1. Univariable Analysis

In univariable analysis, several echocardiographic parameters were significantly as-
sociated with the combined phenotype. Lower LVEF was associated with increased odds
of the combined phenotype (OR 0.50 per SD; 95% CI 0.33-0.77; p = 0.002), indicating that
for each standard deviation decrease in EF, the odds of having the combined phenotype
approximately doubled. Larger LA diameter was associated with increased odds of the
combined phenotype (OR 1.76 per SD; 95% CI 1.11-2.80; p = 0.017), consistent with the
central role of LA remodeling in the pathophysiology of atrial functional valvular disease.
Larger RA diameter showed a particularly strong association with the combined pheno-
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type (OR 1.93 per SD; 95% CI 1.22-3.06; p = 0.005), highlighting the importance of right-
sided remodeling in the development of combined valvular disease.

Among clinical variables, the use of SGLT?2 inhibitors (OR 3.61; 95% CI 1.44-9.08; p =
0.006) and loop diuretics (OR 4.26; 95% CI 1.69-10.73; p = 0.002) was associated with the
combined phenotype. These associations likely reflect heart failure severity rather than
causality, as patients with more advanced valvular disease and heart failure are more
likely to receive these therapies.

3.4.2. Multivariable Analysis

In the multivariable model, which included age, sex, LVEF, LA diameter, and RA
diameter, three variables remained independently associated with the combined pheno-
type.

Female sex was independently associated with the combined phenotype (OR 4.60;
95% CI1.35-15.69; p = 0.015), indicating that women had more than four-fold higher odds
of having the combined phenotype compared with men, after adjustment for other varia-
bles. This finding is consistent with recent literature demonstrating sex differences in the
development and progression of AFMR. Lower LVEF remained independently associated
with the combined phenotype (OR 0.47 per SD; 95% CI 0.27-0.79; p = 0.005), confirming
that subtle LV dysfunction contributes to the development of combined valvular disease
even after adjustment for atrial dimensions. Finally, larger RA diameter also remained
independently associated with the combined phenotype (OR 1.85 per SD; 95% CI 1.04-
3.30; p = 0.037), confirming the importance of right-sided remodeling in the development
of combined valvular disease.

LA diameter showed a borderline association with the combined phenotype (OR 1.78
per SD; 95% CI 0.99-3.21; p = 0.054). The attenuation of this association in the multivariable
model may reflect collinearity with RA diameter, as both atria tend to dilate together in
the context of AF and heart failure. Age was not independently associated with the com-
bined phenotype in the multivariable model (OR 1.18 per SD; 95% CI 0.65-2.12; p = 0.584),
suggesting that the effects of age on valvular disease are mediated through other variables
in the model.

Model performance is shown in Figure 2, including the receiver-operating character-
istics curve (Figure 2A) and calibration plot (Figure 2B). The exploratory multivariable
model showed good apparent discrimination for identifying the combined MR + TR phe-
notype, with an area under the receiver-operating characteristic (AUC) curve of 0.81 (95%
CI 0.71-0.91). Predictive accuracy was supported by a Brier score of 0.133. Apparent cali-
bration showed a calibration slope of 1.00 and a calibration intercept near zero; however,
internal validation using 200 bootstrap resamples showed a mean AUC optimism of 0.040,
resulting in an optimism-corrected AUC of 0.77. The optimism-corrected calibration slope
was 0.79, indicating some degree of overfitting, consistent with the limited number of
events. Multicollinearity among variables was low, with all variance inflation factors be-
low 1.4: age, 1.10; female sex, 1.30; LVEF, 1.12; LA diameter, 1.18; and RA diameter, 1.39.
In sensitivity analysis using penalized logistic regression with Firth correction, the direc-
tion and magnitude of associations remained consistent, confirming robustness of the pri-
mary findings. Female sex, lower LVEF, and larger RA diameter remained independently
associated with the combined phenotype.
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Figure 2. Model performance of the exploratory multivariable model for identifying the combined
phenotype. (A) Receiver-operator characteristics curve showing an apparent AUC of 0.81. (B) Cali-
bration plot comparing predicted probabilities with observed proportions across risk groups. The

dashed line represents perfect calibration. AUC, area under the curve; CI, confidence interval.

Taken together, the data identify a distinct clinical and structural phenotype charac-
terized by the coexistence of moderate or severe MR/TR in patients with AF. This pheno-
type is associated with greater symptom burden (higher EHRA functional class), higher
prevalence of heart failure (92.9% vs. 67.9%), and more intensive medical therapy, includ-
ing greater use of SGLT2 inhibitors and loop diuretics. Patients also demonstrated larger
LA size (median 47.0 mm vs. 42.0 mm) and RA size (median 42.0 mm vs. 38.0 mm), higher
pulmonary pressures (median sPAP 40.0 mmHg vs. 28.0 mmHg), and subtle impairment
of LV systolic function (median LVEF 47.5% vs. 55.0%). Structural assessment further
showed mitral annular dilation with insufficient leaflet adaptation and increased tenting
area, suggesting altered leaflet geometry.

The integration of conventional echocardiography and 3D mitral valve analysis sug-
gests that this phenotype reflects a global remodeling process involving both atria and
both atrioventricular valves, rather than isolated disease of a single valve. This integrated
perspective has important implications for patient stratification, therapeutic decision-
making, and the design of future interventional studies.

4. Discussion

The present study provides a comprehensive characterization of the overlap between
clinically significant MR/TR in patients with AF, identifying a distinct combined valvular
disease phenotype associated with advanced biatrial remodeling, increased symptom
burden, and specific structural features. The main findings include: (1) the combined phe-
notype of moderate or severe AFMR + AFTR is present in approximately one-fifth of AF
patients without organic valvular disease; (2) female sex, RA dilation, and subtle LV dys-
function are independently associated with this phenotype; (3) patients with combined
valvular disease exhibit a progressive structural continuum characterized by biventricular
and biatrial remodeling; and (4) 3D analysis reveals mitral annular remodeling and insuf-
ficient leaflet adaptation as key mechanisms of valvular dysfunction. Importantly, the ex-
ploratory multivariable model demonstrated favorable internal performance, with good
discrimination and excellent calibration. These findings suggest that a limited set of rou-
tinely available clinical and echocardiographic variables may permit practical identifica-
tion of patients at risk for the combined phenotype. Although external validation is re-
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quired, the present results support the feasibility of phenotype-oriented risk stratification
in AF-associated valvular disease.

4.1. Prevalence and Clinical Significance of Combined Valvular Disease in Atrial Fibrillation

The 22.4% prevalence of combined moderate or severe MR + TR in our primary co-
hort, and 29.7% in the overall AF cohort, represents a substantial clinical burden that has
been underappreciated in prior literature. These prevalence rates are higher than the 11%
reported in the ESC-HFA Heart Failure Long-Term Registry [6], which included a broader
heart failure population with varying EFs. The higher prevalence in our cohort likely re-
flects the specific selection of patients with AF undergoing TEE, which may identify more
advanced disease and provides more accurate assessment of regurgitation severity.

Recent population-based studies have demonstrated that approximately one-third of
patients with AF develop moderate or more severe TR over time [5]. In an observational
study of patients with newly diagnosed AF in the absence of structural heart disease, 33.6%
developed moderate or greater TR during a follow-up period of 13 years, with older pa-
tients, women, and those with persistent or permanent AF being more likely to develop
TR [13]. Similarly, AFMR occurs in 7-28% of patients with AF [14], depending on arrhyth-
mia duration, with significant MR more frequently seen in patients with AF duration ex-
ceeding 10 years (27% vs. 4% in patients with shorter duration) [15].

Our findings extend these observations by demonstrating that when both valves are
affected, the clinical and structural burden is substantially greater than with isolated in-
volvement of either valve. The observation that patients with the combined phenotype
exhibit significantly greater symptom burden (higher EHRA class) and a higher preva-
lence of heart failure (92.9% vs. 67.9% in the group without significant regurgitation) un-
derscores the clinical impact of this entity. Data from the ESC-HFA Registry [6] demon-
strated that all-cause death, cardiovascular death, heart failure hospitalization, and com-
bined outcomes occurred more frequently in combined MR + TR, isolated TR, and isolated
MR versus no regurgitation, with the highest incident rates observed in isolated TR and
combined MR + TR.

Analysis from the COAPT trial [7] similarly showed that patients with severe sec-
ondary MR who also have moderate or more severe TR have more severe clinical and
echocardiographic characteristics and worse clinical outcomes compared with those with
mild or less TR. At 2 years, the composite rate of death or heart failure hospitalization was
significantly higher in patients with moderate or severe TR compared with mild or less
TR treated with guideline-directed medical therapy alone (83.0% vs. 64.3%; hazard ratio
1.74; 95% CI11.24-2.45; p=0.001). Furthermore, Agricola et al. [16] demonstrated that mod-
erate or more functional TR is independently associated with worse survival and a high
incidence of heart failure episodes in patients with functional MR, with survival free of
all-cause mortality at 6 years of 69%, 67%, 51%, and 40% for patients without, and with
mild, moderate, and severe functional TR, respectively (p = 0.004).

4.2. Biatrial Remodeling as a Substrate for Combined Atrial Functional Regurgitation

Our study demonstrates that LA and RA dilation represent key structural determi-
nants of the combined phenotype, with RA diameter remaining independently associated
with the combined phenotype in multivariable analysis (OR 1.85; p = 0.037). This finding
is consistent with recent literature highlighting the central role of RA remodeling in the
development of AFTR [17-20].

The mechanism by which AF leads to valvular regurgitation involves several inter-
connected pathways [3]. In AFMR, LA dilation causes mitral annular dilation through
flattening of the normal saddle-shaped annular geometry, increasing its projected area
[2,3]. The fibrous composition of the mitral annulus precludes intrinsic motion; annular
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contraction is instead facilitated by the motion of adjacent atrial and ventricular muscula-
ture. During late diastole, the mitral annulus narrows because of contraction of the cir-
cumferential fibers (arising from Bachmann’s bundle) that surround the base of the LA
(atriogenic annular contraction), whereas in systole, annular narrowing is facilitated by
contraction of the superficial oblique fibers of the LV inlet (ventriculogenic annular con-
traction). Loss of the atriogenic component of annular contraction in AF increases MR by
delaying the onset of leaflet coaptation until systole [3].

Similarly, for TR, RA dilation induces tricuspid annular dilation, predominantly af-
fecting the more pliable and adipose tissue-rich portion of the annulus located along the
RV free wall [17,19]. AFTR is characterized by normal-appearing leaflets that fail to coapt
in the presence of marked annular and atrial dilatation, with minimal leaflet tethering or
tenting and typically normal RV structure and function [17,21,22]. The association be-
tween tricuspid annular dilation and TR has been well established [18], with RA enlarge-
ment occurring before RV dilation, which occurs late and is associated with more severe
TR [21].

Recent studies have demonstrated that the ratio of RA area to RV end-systolic area
predicts progression to significant AFTR, suggesting that disproportionate atrial dilation
relative to ventricular size creates a substrate for valvular regurgitation [17,23]. Harada et
al. [23] demonstrated that RA dilation was common (78%) in patients with significant TR
in heart failure with preserved EF, exceeding the prevalence of RV dilation (32%), and that
RA dilation was strongly correlated with tricuspid annular diameter and TR vena con-
tracta width (r = 0.67 and r = 0.70, both p0.0001). This observation is particularly relevant
to our cohort, in which patients with the combined phenotype exhibited marked RA dila-
tion (median diameter 42.0 mm) in the absence of severe RV dilation, supporting the pre-
dominantly atrial phenotype. Nonetheless, RA evaluation has important prognostic im-
plications [24].

Importantly, Muraru et al. [17] recently proposed that AFTR accounts for 10-15% of
clinically relevant TR and has better outcomes compared with the more prevalent ventric-
ular phenotype, suggesting that patients with AFTR may benefit from more aggressive
rhythm control and timely valve interventions. However, they also noted that a large pro-
portion of patients present with mixed features in the late stages of disease, highlighting
the importance of early identification and intervention [19].

4.3. Insufficient Leaflet Adaptation and Three-Dimensional Remodeling

Our 3D mitral valve analysis revealed that patients with the combined phenotype
exhibit not only larger annular dimensions (increased perimeter and area) but also in-
creased anterior leaflet length and greater tenting area. These findings suggest that while
some leaflet adaptation occurs (increased length), it is insufficient to compensate for an-
nular dilation, resulting in malcoaptation and regurgitation [2,25].

The concept of insufficient leaflet adaptation has been proposed as a key mechanism
in AFMR [2]. Studies have demonstrated large disparities in MR burden despite similar
amounts of mitral annular dilation, suggesting that adaptive leaflet growth varies among
individuals [2,25]. Naser et al. [25] observed that after median 2.2 years of follow-up, the
progression of mild-moderate/moderate to severe AFMR was uncommon, occurring in
only 1.9% of patients every year, while regression occurred in 3.6% per year. This suggests
that the balance between annular dilation and leaflet adaptation determines whether re-
gurgitation progresses or regresses over time.

Factors influencing the adequacy of leaflet adaptation include age, sex, neurohormo-
nal balance (particularly renin—angiotensin—-aldosterone system activation), and the fibro-
blastic response to mechanical stress [25]. Sex hormones can modify the response of fibro-
blasts to the stress inflicted by changes in mitral annular dynamics and can be implicated
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in inadequate compensatory growth of the leaflets in the setting of LA enlargement. Fur-
thermore, the composition of mitral and tricuspid annuli is different between sexes, with
less/absent myocardium and less collagen matrix and elasticity, potentially contributing
to the propensity toward annular dilation in women [25].

The increased tenting area observed in our cohort also indicates that altered leaflet
geometry and subvalvular mechanics contribute to regurgitation severity even in the ab-
sence of significant ventricular remodeling. In particular, the greater tenting area in the
combined MR + TR group, despite annular dimensions comparable to isolated MR, un-
derscores that AFMR is not purely an annular disease but involves complex remodeling
of the entire valvular apparatus. Recent studies using 3D computed tomography have
demonstrated that decreased interpapillary muscle distance is strongly associated with
improvements in AFMR after catheter ablation, suggesting that subvalvular geometry
plays a role even in predominantly atrial disease [26]. Nonetheless, although organic MR
and overt ventricular functional MR were excluded, the lower LVEF, higher pulmonary
artery pressures, and greater heart failure burden observed in the combined MR + TR
group raise the possibility of a mixed atrial-ventricular functional mechanism in some
patients.

4.4. Sex Differences in Atrial Functional Valvular Disease

An important finding of our study is that female sex was independently associated
with the combined phenotype in multivariable analysis (OR 4.60; 95% CI 1.35-15.69; p =
0.015). This observation is consistent with recent literature demonstrating that women
have at least a two-fold higher risk of developing and progressing to severe AFMR com-
pared with men [25,27].

Naser et al. [25] demonstrated that female sex was independently associated with
progression of AFMR (HR 2.66; 95% CI 1.27-5.58; p = 0.01), while male sex was associated
with regression. Similarly, in a study of incident AFMR, female sex was an independent
risk factor in both AF and sinus rhythm populations [27]. For TR, observational studies
have shown that older patients, women, and those with persistent or permanent AF were
more likely to develop TR [19].

Several mechanisms have been proposed to explain this female predisposition.
Women with AF exhibit a greater burden of atrial fibrosis compared with men, possibly
due to presentation at a more advanced disease stage in the context of atypical symptoms
or a different response to the inflammation underlying AF as a result of sex hormones [25].
Sex hormones may also modify the fibroblastic response to mechanical stress and influ-
ence compensatory leaflet growth. Furthermore, the composition of the mitral and tricus-
pid annuli differs between sexes, with less myocardium and less collagen matrix and elas-
ticity in women, potentially contributing to greater propensity for annular dilation [25].
Recent data also suggest sex-specific patterns of right heart remodeling and adverse out-
comes in secondary TR, supporting the concept that women may be particularly suscep-
tible to advanced disease [28].

These sex differences have important clinical implications. Women with AF and val-
vular disease may benefit from earlier and more aggressive rhythm control strategies,
closer echocardiographic surveillance, and potentially earlier consideration of interven-
tional therapies. The independent association of female sex with the combined phenotype
in our study supports the need for sex-specific approaches to the management of atrial
functional valvular disease.
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4.5. The Role of Subtle Left Ventricular Dysfunction

Although our cohort was restricted to patients with functional regurgitation (exclud-
ing organic valve disease), we observed that lower LVEF remained independently associ-
ated with combined phenotype (OR 0.47 per SD; p = 0.005), even though median values
remained in the normal or mildly reduced range (47.5% in the combined group vs. 55.0%
in the group without significant regurgitation).

This finding suggests that subtle LV systolic dysfunction, possibly related AF-in-
duced cardiomyopathy or volume overload from valvular regurgitation, contributes to
the development of the combined phenotype [3]. Impaired LV systolic function, not infre-
quently associated with AF, causes a reduction in left ventricular basal twist, which may
potentially impair ventriculogenic annular contraction [3]. Additionally, LV dysfunction
may contribute to increased LA pressures, exacerbating atrial remodeling and annular
dilation.

Importantly, Flachskampf et al. [29] recently noted that because of the normal-sized
and normally or nearly normally contracting LV in AFMR, the amount of regurgitation is
typically not more than moderate or moderate-to-severe by standard criteria. However,
they also emphasized that there is a large overlap of symptoms and signs between AFMR
and heart failure with preserved EF, making it likely that the role of AFMR in patients
with heart failure has been underestimated [29].

4.6. Therapeutic and Clinical Implications, and Future Directions

From a therapeutic perspective, emerging data suggest that rhythm control in AF
may lead to reverse remodeling and reduction in valvular regurgitation severity [30].
Studies have demonstrated that maintenance of sinus rhythm after cardioversion or cath-
eter ablation is associated with reduction in LA volume, RA area, tricuspid annular diam-
eter, and regurgitation severity [18,30,31]. Importantly, AF ablation may be less successful
in patients with chronic TR, underscoring the importance of early intervention [2].

In this context, our findings support phenotype-oriented patient stratification rather
than direct therapeutic decision-making. The relatively high prevalence of combined MR
+ TR in patients with persistent AF (22.4% in the primary cohort) underscores the need for
comprehensive echocardiographic assessment of both atrioventricular valves. The associ-
ation of the combined phenotype with female sex, RA enlargement, lower LVEF, higher
pulmonary artery pressures, greater symptom burden, and higher heart failure preva-
lence may help identify patients who require closer follow-up, optimization of rhythm-
control and heart failure therapy, and multidisciplinary evaluation when clinically signif-
icant regurgitation persists.

For patients with advanced combined valvular disease who are not candidates for or
have failed rhythm control strategies, transcatheter approaches targeting the mitral valve
(edge-to-edge repair, annuloplasty) or the tricuspid valve may be considered. In patients
being considered for transcatheter mitral valve interventions, structured echocardio-
graphic screening remains essential, and recent data have supported relevant correlations
between transthoracic and TEE assessment during transcatheter edge-to-edge repair eval-
uation [32]. However, the present study was observational and did not assess longitudinal
clinical outcomes, procedural eligibility, intervention timing, or post-interventional out-
comes. Therefore, our data should be interpreted as supporting integrated valve assess-
ment and risk stratification in AF, while future longitudinal studies are needed to deter-
mine whether early rhythm-control strategies or valve-directed interventions can improve
outcomes in patients with combined AFMR and AFTR.
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4.7. Limitations

The study has several limitations that merit mention. First, the relatively small sam-
ple size, particularly for the isolated TR subgroup (n = 11), represents an important limi-
tation affecting the detection of more subtle differences between groups. Moreover, the
combined MR + TR group included 28 events; therefore, the events-per-variable ratio of
the multivariable model was limited. Second, the cross-sectional nature of the analysis
does not allow evaluation of valvular disease progression over time or the impact on long-
term clinical outcomes. Third, although cases with organic valvular disease were excluded,
the distinction between atrial and ventricular functional regurgitation may be difficult in
cases with mixed features, particularly in advanced disease stages. Fourth, the study was
conducted at a single center within a specific project (REMO-FIB) and included patients
with persistent AF referred for TEE before electrical cardioversion. Therefore, the findings
may not be generalizable to other AF populations. Fifth, volumetric parameters of atrial
size were not used in the analysis, given the TEE assessment, and atrial remodeling was
assessed using linear dimensions, which may misestimate atrial enlargement in patients
with non-spherical atrial geometry, particularly in long-standing AF. Finally, 3D analysis
was performed only for the mitral valve, since dedicated 3D tricuspid valve datasets were
not available in all patients; future studies incorporating 3D tricuspid valve assessment
would provide additional mechanistic insights.

5. Conclusions

Combined moderate or severe MR + TR represents a distinct phenotype in patients
with AF, affecting approximately one-fifth of patients with functional atrial regurgitation
and associated with greater symptom burden, heart failure prevalence, and advanced bi-
atrial remodeling. Female sex, RA dilation, and lower LVEF were independently associ-
ated with the combined phenotype. Three-dimensional TEE demonstrated that mitral an-
nular dilation and insufficient leaflet adaptation are key mechanisms underlying valvular
dysfunction. These findings support the concept of progressive atrioventricular remodel-
ing in AF and may help improve patient stratification and therapeutic decision-making.

Author Contributions: Conceptualization, A.-A.N., D.-RH. and C.F.; methodology, A.-A.N., D.-
R.H., C.F. and O.1; software, D.-R.H. and D.-M.T.; validation, D.-R.H., C.F., O.1. and 1.D.; formal
analysis, A.-A.N. and D.-R.H,; investigation, A.-A.N., D.-R.H., D.-M.T,, C-D.H,, M.-LI, AM.-M,,
G.-C.T,, 1D, E-RM., OM.-M,, R.-I.R,, O.I. and C.F,; resources, D.-R.H., C.F. and O.L.; data curation,
A.-AN, D.-RH, C-D.H, OlI,ID. and C.F.; writing —original draft preparation, A.-A.N.; writing —
review and editing, A.-A.N.,, D.-RH.,D.-M.T,, C.-D.H,, M.-LI1, AM.-M,, G.-C.T.,LD., E.-R.M., O.M.-
M., R-LR., O.I. and C.F; visualization, A.-A.N. and O.L; supervision, D.-R.H. and C.F.; project ad-
ministration, D.-R.H.; funding acquisition, A.-A.N., D.-RH., C.-D.H,, L.D., O.M.-M., M.-L.I. and C.F.

All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Romanian Ministry of Research, Innovation and Digital-
ization through the National Plan for Research, Development and Innovation (PNCDI 1V), Pro-
gramme 5.2 —Human Resources, Subprogramme 5.2.1 Start in Research, Project Type: Young Inde-
pendent Research Teams (Project ID PN-IV-P2-2.1-TE-2023-0531), Funding Contract No.
20TE/03.01.2025, awarded by the Executive Agency for Higher Education, Research, Development
and Innovation Funding (UEFISCDI).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee of The University of Medicine and Phar-
macy of Craiova, Romania (protocol code 170 and date of approval 10 February 2025).

https://doi.org/10.3390/jcm15135198


https://doi.org/10.3390/jcm15135198

J. Clin. Med. 2026, 15, 5198 17 of 19

Informed Consent Statement: Informed consent was obtained from all subjects involved in the

study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon reasonable request and following approval by the University of Med-
icine and Pharmacy of Craiova, Romania. The data presented in this study are not publicly available

due to privacy and ethical restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
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AF Atrial fibrillation

AFMR Atrial functional mitral regurgitation
AFTR Atrial functional tricuspid regurgitation

AUC Area under the curve
CI Confidence interval
EHRA European Heart Rhythm Association
eGFR Estimated glomerular filtration rate
IOR Interquartile range
LA Left atrium
LV Left ventricle
LVEF Left ventricular ejection fraction
MR Mitral regurgitation
OR Odds ratio
RA Right atrium
RV Right ventricle
SD Standard deviation
SGLT2 Sodium-glucose cotransporter2
sPAP Systolic pulmonary artery pressure
TAPSE Tricuspid annular plane systolic excursion
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TR Tricuspid regurgitation
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