
RESEARCH Open Access

Quantitative analysis of mitral valve
morphology in atrial functional mitral
regurgitation using real-time 3-dimensional
echocardiography atrial functional mitral
regurgitation
Tao Cong1*† , Jinping Gu2†, Alex Pui-Wai Lee3, Zhijuan Shang1, Yinghui Sun1, Qiaobing Sun1, Hong Wei1,
Na Chen1, Siyao Sun1 and Tingting Fu1

Abstract

Background: Atrial fibrillation (AF) can result in atrial functional mitral regurgitation (MR), but the mechanism remains
controversial. Few data about the relationship between the 3-dimensional morphology of the MV and the degree of
MR in AF exist.

Methods: Real-time 3-dimensional transesophageal echocardiography (3D-TEE) of the MV was acquired in 168 patients
with AF (57.7% persistent AF), including 25 (14.9%) patients with moderate to severe MR (the MR+ group) and 25
patients without AF as controls. The 3-dimensional geometry of the MV apparatus was acquired using dedicated
quantification software.

Results: Compared with the group of patients with no or mild MR (the MR- group) and the controls, the MR+ group
had a larger left atrium (LA), a more dilated mitral annulus (MA), a reduced annular height to commissural width ratio
(AHCWR), indicating flattening of the annular saddle shape, and greater leaflet surfaces and tethering. MR severity was
correlated with the MA area (r2 = 0.43, P < 0.01) and the annulus circumference (r2 = 0.38, P < 0.01). A logistic regression
analysis indicated that the MA area (OR: 1.02, 95% CI: 1.01–1.03, P < 0.01), AHCWR (OR: 0.24, 95% CI: 0.14–0.35, P = 0.04)
and MV tenting volume (OR: 3.24, 95% CI: 1.16–9.08, P = 0.03) were independent predictors of MR severity in AF patients.

Conclusions: The mechanisms of “atrial functional MR” are complex and include dilation of the MA, flattening of the
annular saddle shape and greater leaflet tethering.
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Background
The MV apparatus consists of several components: the LA,
MA, mitral leaflets, chordae tendineae, papillary muscles,
and left ventricle (LV). Dysfunction of any one of these
components can lead to MR. MR can be classified accord-
ing to the presence of mitral leaflet disease (organic MR)
or only secondary involvement of the leaflets

(functional MR) [1] and can also be categorized accord-
ing to Carpentier’s classification as normal (Type I), ex-
cessive (Type II), or restrictive (Type III) according to
the motion of the MV [2]. Among these types of MR,
normal leaflet motion MR is less common than the
other types and almost exclusively results from organic
leaflet disease [1]. However, AF may lead to Type I MR,
even though the mechanism remains controversial. Most
reports have suggested that AF causes functional Type I
MR through atrial remodeling that leads to MA dilation
[3–5]. However, it cannot be determined at present
whether combinations of other structural MV abnormalities
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occur in AF patients with MR (e.g., changes in MA geom-
etry or the size of the MV leaflets). An understanding of
these mechanisms may provide more detailed information
for surgeons for planning the surgical treatment of AF in
patients with severe MR [6].
With the development of 3D-TEE, high-resolution im-

aging and quantification of the morphology of the entire
mitral apparatus have become feasible [7–10]. 3D-TEE
studies of MV geometry have led to a new understanding
of the pathogenesis of functional MR. [11, 12] Few data
exist on the relationship between the 3D morphology of
the MV and the degree of MR in AF, which is a common
cause of functional MR. [3, 13] Therefore, we undertook
a 3D-TEE study in patients with AF to investigate the re-
lationship between 3D MV morphology and clinically
moderate to severe MR.

Methods
Patient selection
We retrospectively screened 321 patients with AF out of
472 patients who underwent transthoracic echocardiog-
raphy (TTE) and 3D-TEE on the same day due to clinical
indications between June 2014 and May 2016 (Fig. 1). The
study population consisted of consecutive patients with
symptom improvement or drug-refractory AF, including

persistent or paroxysmal AF,they all fit the indications of
ablation according to the guideline [14].We performed
3D-TEE to exclude left atrial thrombi and collected im-
ages of MR and 3D images of the MV. AF patients were
excluded from the study if they had organic heart disease
(including rheumatic heart disease, coronary heart disease,
congenital heart disease, MV prolapse, moderate to se-
vere MA or MV calcification according to the echocar-
diographic calcification score [15] or MV surgery, etc.),
Patients with a left ventricular ejection fraction (LVEF) < 50%
were excluded to avoid including patients whose MR
might be due to ventricular dysfunction. AF was classified
according to the clinical characteristics into two types: par-
oxysmal AF (self-terminating, lasting for < 7 days) and per-
sistent AF (lasting ≥7 days or terminated by intervention).
We enrolled sex-, age-, and body surface area-matched pa-
tients with no AF and MR from the remaining cohort.

Echocardiography
At first, using TTE, we obtained routine parameters, in-
cluding left ventricular end diastolic diameter (LVEDD), left
ventricular end systolic diameter (LVESD) and left atrial an-
terior posterior diameter (LAAPD), using an iE Elite system
(Philips Healthcare, Andover, MA, USA). The LV volume
and LVEF were calculated using a modified version of

Fig. 1 Flow diagram of patients included in the analysis. AF, atrial fibrillation; MR, mitral regurgitation; TEE, transesophageal echocardiography
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Simpson’s method. LA volume was defined as the largest
LA volume just before the MV opening and was measured
from an apical view using the biplane method of discs.
Diastolic function was described with in terms of the E/E′
ratio, where E was measured using pulsed Doppler of the
mitral inflow from the four-chamber view, and E′ was the
average of the septal and lateral MA diastolic velocities
using tissue Doppler imaging. For the patients with AF,
the above data were measured during an index beat,
which was the beat after the nearly equal preceding and
prepreceding intervals [16]. 3D-TEE of the MV was per-
formed using a fully sampled matrix transducer (X7-2 t).
Zoomed 3D images of the mitral apparatus, including the
annulus, leaflets, and aortic valve were acquired. The
region of interest was adjusted to the smallest volume
to obtain higher frame rates (> 8). For patients with sinus
rhythm, the 3D images were recorded with multiple car-
diac beats (2–4 beats), and for patients with AF, 3D data
were acquired from the index beat, as described above.
The images were acquired carefully to ensure optimal
image quality without stitching artifacts. Under the color
Doppler model, the maximum regurgitation jet area (RJA)
and the effective regurgitation orifice (ERO) were ob-
tained, and the ERO was used to assess the severity of
MR [17, 18]. The MR color jet area was measured based
on mosaic signals in the apical 4-chamber, apical
2-chamber, and apical long-axis views, and the color
Doppler scale and Nyquist limit were set to 50–70 cm/s.
The ERO of the MR was quantified using the proximal
isovelocity surface area method [19]. Moderate to severe
MR was defined by the presence of following criteria:
ERO ≥ 0.3 cm2 (MR+). Mild MR was defined by the pres-
ence of the following criteria: ERO < 0.3 cm2 (MR-). In
addition, supportive parameters, including RJA, continu-
ous wave Doppler jet configuration, pulsed wave Doppler
transmitral flow, and pulmonary venous flow were exam-
ined in an integrative approach for evaluating MR severity,
as previously recommended [19]. In addition, the patients
with no or trace MR for whom the ERO could not be ob-
tained were also included in the MR- group.

Quantitative assessment of the mitral apparatus
Images were analyzed offline by an investigator. The
quantitative morphological analysis of the mitral valve
was performed using dedicated software (QLAB MVQ,
Philips 9.1 version) [20]. The images were presented in 4
quadrants, including 3 orthogonal planes, each representing
an anatomic plane derived from the 3D data, and a
volume-rendered view. The end-systolic frame, immediately
before aortic valve closure, was tagged in the cine-loop se-
quence. The image was oriented by adjusting the rotation
of the image data in the orthogonal planes thus ensuring
that the mitral valve was bisected by the 2 long-axis planes
and that the short-axis plane was parallel to the plane of

the valve. Initially, the 4 major annulus reference points
were tagged in the appropriate planes. The annulus shape
was then manually outlined by defining intermediate
reference points in 18 radial planes (i.e., 36 reference
points) that were rotated around the long axis. The mi-
tral valve was then segmented to map the leaflet con-
tour and coaptation by manually tracing the leaflets in
multiple parallel long-axis planes spanning the valve
from commissure to commissure (6 trace points per
centimeter). Finally, the reconstructed mitral valve appar-
atus was displayed, and the parameters were automatically
generated. Parameters describing the annular geometry
included anteroposterior diameter (APD), commissural
width (the distance between the posteromedial and an-
terolateral horns of the annulus, CW), height (the max-
imal vertical distance between the highest and lowest
annular points AH), projected area (AA) and circumfer-
ence (AC). The ratio of annular height-to-commissural
width (AHCWR) was computed as an indicator of annular
saddle-shaped nonplanarity. We studied the 3D leaflet
surface topography by assessing the leaflet area [including
anterior leafet (AL) and posterior leafet (PL) area]and
tenting volume (Fig. 2).

Statistical analysis
Continuous variables are expressed as the mean ± SD, and
categorical variables are expressed as absolute values and
percentages. Normal distribution of the continuous param-
eters was verified using the Kolmogorov–Smirnov test and
compared using one-way analysis of variance (ANOVA)
with post-test Bonferroni correction. Categorical variables
were compared using the Chi-squared test or Fisher’s exact
test where indicated. All tests were two-sided, and statis-
tical significance was defined as P < 0.05. Correlations be-
tween continuous variables were explored using Pearson
analysis. Variables with a P-value less than 0.1 between
patients of the MR+ and MR- groups were included in
a multivariable logistic regression analysis using step-
wise forward elimination to identify factors with inde-
pendent associations with the severity of MR
(duration of AF, LA volume, E/E’, annulus area, annu-
lus circumference, annulus CW, AHCWR, AL surface
area, PL surface area and leaflet tenting volume). To
evaluate the reliability of 3D echocardiographic re-
sults, intra-observer and inter-observer variability was
assessed. 15 subjects were randomly chosen for that
analysis, The intraclass correlation coefficient (ICC)
was calculated.

Results
Study population and baseline characteristics
Complete datasets were available for 168 patients with
AF (paroxysmal AF: 95, 56.5%). We divided the patients
into 2 groups according to the severity of MR (MR+ and
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MR- groups). Twenty-five patients with moderate to se-
vere MR according to the standard were included in the
MR+ group, while other patients with no, trace or mild
regurgitation were included in the MR- group. Twenty-
five patients with no AF and MR were included in the
controls. The clinical characteristics of the three groups
are listed in Table 1. Patients in the MR+ group, when
compared to those in the MR- group, had a longer dur-
ation of AF (4.9 ± 0.5 VS 4.3 ± 1.0 years, P <0.01), and
there was no significant difference in the types of AF

between the two groups (paroxysmal AF: 12 [48.8%] vs.
83 [58.2%], P = 0.12).

TTE findings
The TTE measurements are shown in Table 2. As ex-
pected by design, in the MR+ group, patients had in-
creased LA volume compared with patients in the MR-
group and controls (MR+ 98 ± 22 ml vs. MR- 81 ± 18 ml,
P < 0.01; both P < 0.01 vs. controls 57 ± 5 ml). The E/E′ ra-
tio was significantly elevated in the MR+ group, whereas it

Fig. 2 Parameters of 3-dimensional geometry of the mitral valve. A, Anteroposterior diameter (APD). B, Commissural width (CW). C, Annular circumference.
D, Annular height (AH). E, Annular area on the projection plane. F and G, Areas of the exposed anterior leaflet (AL) and posterior leafet (PL) surfaces. H,
Leaflet tenting volume

Table 1 Baseline characteristics

variable Control
(n = 25)

Patients with AF (n = 168) P

MR- Group (143) MR+ Group (n = 25)

Age, years 66 ± 7 62 ± 6 66 ± 7 0.20

Women, n (%) 12(48.9) 68(47.8) 11(46.9) 0.96

Body surface area, m2 1.88 ± 0.16 1.92 ± 0.18 1.87 ± 0.15 0.22

Paroxysmal AF, n (%) 83(58.2%) 12(48.8%) 0.12

Duration of AF, years 4.3 ± 1.0 4.9 ± 0.5# <0.01

History of Hypertension, n (%) 14 (56%) 90 (58%) 16 (64%) 0.55

History of Diabetes Mellitus, n (%) 5 (20%) 32 (21%) 4 (16%) 0.6

Status during echocardiography

Sinus rhythm, n (%) 25(100%) 36(25.1%)* 8(30.4%)* <0.01

Heart rate, (beats/min) 84 ± 17 89 ± 16 92 ± 12 0.46

Systolic blood pressure, mmHg 128 ± 13 134 ± 12 132 ± 16 0.86

Diastolic blood pressure, mmHg 68 ± 9 77 ± 10 73 ± 8 0.59

*P <0.01 vs. controls, #P<0.01 vs. MR-Group
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was comparable in the MR- group and controls (MR+
9.2 ± 1.2 vs. MR- 8.2 ± 0.8, P < 0.01; MR+ vs. controls
8.0 ± 0.9, P < 0.01). The ERO of the MR+ group was
also larger than that of the MR- group (0.47 ± 0.07 cm2

vs. 0.18 ± 0.07 cm2, P < 0.01).

3D mitral valve geometry
Annulus
Compared with those in the MR- group and controls, pa-
tients in the MR+ group had A dilated MA with a sig-
nificantly increased annulus area, circumference and
commissural width. Commonly, the mitral annulus adopts
a non-planar saddle shape [21–23] with elevation of the
anterior and posterior annular segments, and the low
points of the saddle are close to the lateral and medial
commissures. In this study, the average AHCWR value of

patients in the MR+ group was significantly lower than
that of patients in the MR- group and controls (MR+ 15 ±
5% vs. MR- 17 ± 4%, P < 0.05; both P < 0.05 vs. controls
19.4 ± 4.3%), indicating the progressive flattening of the
mitral annulus (Table 3) in patients with AF with moder-
ate to severe MR.

Leaflet
Compared with those in the MR- group and controls, the
leaflet surface area (anterior: MR+ 6.81 ± 1.91 cm2 vs. MR-
5.34 ± 1.81 cm2 P < 0.01, MR+ vs. controls 5.38 ± 0.99 cm2,
P < 0.01; posterior: MR+ 6.14 ± 1.30 cm2 vs. MR- 5.41 ±
1.49 cm2, P = 0.02) and tenting volume of the mitral valve
(MR+ 2.67 ± 1.07 ml vs. MR- 1.72 ± 0.89 ml, P < 0.01, MR+
vs. controls 1.72 ± 0.73 ml, P < 0.01) were significantly
higher in patients in the MR+ group (Fig. 3).

Table 2 Measurements on Transthoracic Echocardiography

variable Control (n = 25) Patients with AF (n = 168) P

MR- Group (143) MR+ Group (n = 25)

LV end-diastolic diameter, mm 44 ± 2 46 ± 4 46 ± 3 0.17

LV end-systolic diameter, mm 30 ± 2 30 ± 3 31 ± 3 0.31

LV end-diastolic volume, ml 85 ± 8 87 ± 11 89 ± 12 0.20

LV end-systolic volume, ml 30 ± 4 32 ± 5 31 ± 5 0.30

LV ejection fraction, % 64 ± 5 64 ± 4 64 ± 2 0.66

LA anterior-posterior Diameter, mm 34 ± 2 39 ± 5* 41 ± 4* <0.01

LA volume, ml 57 ± 5 81 ± 18* 98 ± 22*,# <0.01

E/E’ 8.0 ± 0.9 8.2 ± 0.8 9.2 ± 1.2*# <0.01

Mitral regurgitation severity

Regurgitation area, cm2 1.84 ± 0.52 4.37 ± 0.68# <0.01

EROA, cm2 0.18 ± 0.07 0.47 ± 0.07# <0.01

LV left ventricle, LA left atrium, EROA effective regurgitant orifice area. *P <0.01 vs. controls, #P<0.01 vs. MR-Group

Table 3 Three-Dimensional Mitral Valve Geometry

variable Control (n = 25) Patients with AF (n = 168) P

MR- Group (143) MR+ Group (n = 25)

Annulus

Area cm2 8.86 ± 1.03 9.53 ± 1.42* 12.66 ± 0.85*# <0.01

Circumference mm 108 ± 9 115 ± 8* 134 ± 13*# <0.01

Anteroposterior diameter mm 30.6 ± 2.4 32.0 ± 20.4 32.9 ± 20.4 0.90

Commissural width mm 36.3 ± 2.3 38.3 ± 3.0* 41.0 ± 3.8*# <0.01

High mm 7.6 ± 2.0 6.3 ± 1.5* 6.2 ± 2.2* <0.01

AHCWR % 19.4 ± 4.3 17.3 ± 4.4† 15.2 ± 5.1*‡ <0.01

Leaflet

Anterior leaflet surface area cm2 5.38 ± 0.99 5.34 ± 1.81 6.81 ± 1.91*# <0.01

Posterior leaflet surface area cm2 5.96 ± 1.37 5.41 ± 1.49 6.14 ± 1.30‡ 0.03

MV tenting volume ml 1.72 ± 0.73 1.72 ± 0.89 2.67 ± 1.07*# <0.01

AHCWR annular height-to-commissural width ratio, MV mitral valve
†P <0.05 vs. controls, ‡P <0.05 vs. MR-Group. *P <0.01 vs. controls, #P <0.01 vs. MR-Group
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3D mitral valve morphology is associated with MR severity
Structural deformation of the mitral valve increased with
increasing MR severity in patients with AF. Larger EROs
were found to be associated with greater annular area
(r2 = 0.48, P < 0.01; Fig. 4) and annular circumference
(r2 = 0.38, P < 0.01; Fig. 5).
To identify independent factors associated with MR

severity in patients with AF, stepwise logistic regression
analysis was performed; variables found to be significant
or of borderline significance by univariate analysis (P ≤
0.10), including duration of AF, LA volume, E/E’, AA,
AC, annulus CW, AHCWR, AL surface area,PL surface

area and leaflet tenting volume, were included in the
equation. The AA (OR: 1.02, 95% CI: 1.01–1.03, P <
0.01), AHCWR (OR: 0.24, 95% CI: 0.14–0.35, P = 0.04)
and MV tenting volume (OR: 3.24, 95% CI: 1.16–9.08,
P = 0.03) were found to be independent risk factors af-
fecting the severity of MR.

Reproducibility of the MV parameters
Intraobserver ICC for AA, AC, APD, CW and AH were
0.91 (95% CI, 69–98%), 0.84 (95% CI, 46–96%), 0.88
(95% CI, 58–97%), 0.86 (95% CI, 55–96%), 0.97 (95% CI,
86–99%), Intraobserver ICC for AL surface area, PL

Fig. 3 Differences in the MV morphology between mild and severe atrial functional MR in patients with AF. A, Example of mild atrial MR with the
annular area and leaflet tenting volume. B, Example of severe atrial functional MR with enlargement of the annular area and leaflet tenting volume

Fig. 4 Correlation of the effective regurgitation orifice area (EROA) with the mitral annulus area
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surface area and MV tenting volume were 0.95 (95% CI,
81–99%), 0.87 (95% CI, 57–97%), 0.91 (95% CI, 70–98%).
Interobserver ICC for AA, AC, APD, CW and AH were
0.79 (95% CI, 34–94%), 0.90 (95% CI, 64–98%), 0.92 (95%
CI, 71–98%), 0.86 (95% CI, 54–96%), 0.87 (95% CI, 57–
97%), Interobserver ICC for AL surface area, PL surface
area and MV tenting volume were 0.81 (95% CI, 18–
95%), 0.95 (95% CI, 81–99%), 0.92 (95% CI, 74–98%).

Discussion
The results of our study indicated the following: (1)
long-lasting AF including paroxysmal AF causes atrial
functional MR; (2) atrial functional MR has multiple
deterioration factors, including LA enlargement, morpho-
logical changes of the mitral apparatus, and MA dilatation;
and (3) flattening of the annular saddle shape and leaflet
tethering are independent factors for determining the se-
verity of atrial functional MR.
In our study, 15.0% of AF patients exhibited moderate

or severe MR. These results are in accordance with pre-
vious studies [3, 4, 10]. Gertz et al. reported severe MR
in 6.5% of AF patients, and MR was alleviated in patients
with sinus rhythm after cardioversion [3]. Another study
indicated that the incidence of moderate and severe MR
were higher in AF patients (66% vs 6%) [13]. However,
the findings from other studies were not consistent with
these results; Otsuji or Zhou et al. [24, 25] thought that
isolated AF may not lead to severe MR. Combining our
findings with those of previous studies, we propose that
AF may be a cause of moderate to significant MR rather
than simply a concurrent finding. As noted by Gertz et al.,
this can be called atrial functional MR.

Pathophysiology of atrial functional MR
Using 3D-TEE, we were able to evaluate the possible
pathophysiological mechanism underlying atrial functional
MR. Previous studies have indicated that the mechanism
of MR include LA enlargement and MA dilatation. In
recent years, some scholars have studied the mechan-
ism of atrial functional MR using 3D-TEE [12, 26, 27];
in addition to the changes described above, they also
found geometric changes of the MA and the insuffi-
cient leaflet remodeling to annular dilatation. However,
the subjects of the studies were patients with persistent
AF, and few researchers have focused on mitral leaflet
adaptations in patients with moderate to significant
atrial functional MR. In our study, both paroxysmal AF
and persistent AF were included to investigate whether
or not paroxysmal AF could also result in atrial functional
MR. In addition, although 3D-TEE was used to analyze
changes in the size and MA geometrical morphology in AF
patients with moderate to severe MR, we also attempted to
determine the role of mitral leaflet adaptation changes in
the genesis of MR.
In our study, there was no significant difference in the

incidence of paroxysmal AF between the two studied
groups, but the duration of AF was longer in MR+ group.
Patients in the MR+ group had a larger LA, MA circum-
ference and projection area, in addition to the observed
changes in 3D MA geometry. The surrogate of annular
saddle-shaped non-planarity, AHCWR, was reduced,
representing a progressive flattening of the mitral annulus.
This result was confirmed by another study [26], in which
the author appraised the morphology and function of the
MV in patients with atrial functional MR and found that
the MA area, MA area fraction, nonplanarity angle, and

Fig. 5 Correlation of the effective regurgitation orifice area (EROA) with the mitral annulus circumference
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posterior mitral leaflet angle were independent determi-
nants of the EROA of MR. It has been postulated that the
saddle shape of the annulus in systole may provide a
configuration that is more capable of withstanding the
stresses imposed by left ventricular pressure [11, 19],
and Salgo et al. [28] demonstrated that optimal leaflet
stress reductions occur with AHCWR values in the
range of 15 to 20%; however, when AHCWR falls to
15%, the MA becomes more flattened, and leaflet stress
increases markedly. In our study, AHCWR was found
to be an independent factor leading to moderate or se-
vere MR. Therefore, we suggest that in addition to MA
dilation, flattening of the mitral annulus is also involved
in the mechanism of atrial functional MR.
Interestingly, we also found that the surface area of both

mitral leaflets and valvular tenting volume were signifi-
cantly greater in the MR+ group. This is the phenomenon
of “valvular deformation”. The first sign is enlargement of
the MV area, which can be considered mitral adaptation,
and has been observed in patients with LV remodeling
and MA dilatation in ischemic or dilated cardiomyopathy
[11]. Our results showed that the MV may have the cap-
acity to adapt by enlargement to some extent in response
to mechanical stretching from MA dilatation caused by
LA remodeling. However, if the extent of MA dilation is
beyond the limits of leaflet adaptation, then leaflet coapta-
tion will be insufficient, and atrial functional MR may
occur. The second sign is MV tenting, which is often
present in left ventricular dysfunction [29]. In our study,
the MV tenting volume was found to be an independent
factor affecting MR severity, consistent with the findings
of Yiu et al. [30] that the major determinant of the ERO in
functional MR was mitral deformation (i.e., systolic valvu-
lar tenting, which was measured as the valvular tenting
area using 2D echocardiography); the subjects in their
study were patients with left ventricular dysfunction,
which was different from our study. In our study, although
the systolic function of the LV was normal, dilation of the
MA also resulted in an increase in the distance between
the papillary muscle (PM) heads and the MA. We ob-
served an increase in valvular tenting volume using 3D
echocardiography, which illustrates the above mentioned
changes. Subsequent tethering restricts systolic closure
motion of the MV leaflets [31]. Tenting is characterized
by insufficient systolic leaflet body displacement towards
the annulus, with coaptation limited to the leaflet tips
[32], resulting in functional MR.
In the present study, the E/E’ ratio was higher in the

MR+ group indicating that the LA pressure was increased
in patients with moderate or severe functional MR, and
this may be one of the important mechanisms leading to
functional MR. As with another study, the author de-
scribed that elevated LA pressure was a key determinant
of functional MR in both patients with preserved and

reduced LVEF [33]. However, in patients with MR, the E/
E’ ratio is generally increased due to increased flow across
the regurgitant valve. It has been reported that LV filling
pressures were not predictable by the E/E’ ratio in subjects
with MR and preserved LV function [34]. Therefore, fur-
ther studies are needed to confirm the value of the E/E’ ra-
tio in patients with functional mitral regulation.

Clinical significance
Epidemiological data show that the incidence of AF
gradually increases with advancing age [35], and Gertz et
al. found a 6.4% incidence rate of functional MR in pa-
tients initially presenting with AF [3]. Therefore, the
prevalence of atrial functional MV will increase progres-
sively. It is generally believed that MR instigates atrial
and annular remodeling in a vicious cycle and that the
latter will lead to worsening MR and eventual heart fail-
ure with disease progression [1]. Therefore, atrial func-
tional MR will become increasingly important in the
future. Our findings have important implications for un-
derstanding the mechanism of atrial functional MR and
the options for treatment. The main causes of atrial
functional MR are the remodeling of the left atrium and
the MA. The primary purpose of treatment is to reverse
the remodeling of the left atrium and the MA in order
to maintain sinus rhythm. Experiments have demonstrated
the effectiveness of this treatment [3]. Furthermore, be-
cause the MV tenting volume independently aggravated
the atrial functional MR, repair strategies should aim to re-
store effective leaflet coaptation by reducing the MA area
and leaflet tethering at the PM, such as by simultaneous
annuloplasty and chordal cutting. Several smaller studies
have shown that this treatment can improve the prognosis
of patients [36, 37]. On the other hand, apically directed
leaflet tethering is the predominant mechanism of MR,
and the risk of recurrence of MR after undersized annulo-
plasty is increased [38].

Study limitations
This was a cross-sectional study; therefore, our study
suffered from the typical limitations of a cross-sectional
analysis. The number of patients in the study was limited;
therefore, our study should be considered a hypothesis-
generating study. Our study included patients with parox-
ysmal and persistent AF, and although our results failed to
show the different effects of the two types of fibrillation
on MR, in theory, the effect of persistent AF on the atrium
and mitral annulus was greater and was also confirmed by
the experiment [3]. The reason for this result may be the
limited numbers of patients included in our study. Due to
the older version of the analysis software used, we failed
to analyze the dynamic changes in the MA.
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Conclusions
Our findings suggest that some patients with AF will
develop moderate to severe MR (atrial functional MR).
The mechanism of atrial functional MR involves multiple
factors; in particular, MA dilatation, flattening of the
annular saddle shape and leaflet tethering are the most
influential factors affecting deterioration.
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3D-TEE: 3 dimensional transesophageal echocardiography; AF: Atrial fibrillation;
AH: Annular height; AHCWR: Annular height to commissural width ratio;
ANOVA: Analysis of variance; APD: Anteroposterior diameter; CW: Commissural
width; ERO: Effective regurgitation orifice; EROA: Effective regurgitation orifice
area; LA: Left atrium; LAAPD: Left atrial anterior posterior diameter; LV: Left
ventricle; LVEDD: Left ventricular end diastolic diameter; LVEF: Left ventricular
ejection fraction; LVESD: Left ventricular end systolic diameter; MA: Mitral
annulus; MR: Mitral regurgitation; MV: Mitral valve; PM: Papillary muscle;
RJA: Regurgitation jet area; TTE: Transthoracic echocardiography

Availability of data and materials
The data and material in this paper was availability in my manuscript.

Authors’ contributions
TC, JG and AP-WL analyzed the patients’ data. TC and JG were major
contributors in writing the manuscript. ZS, YS, HW, QS, NC, SS and TF
performed the echo cardiography examination. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
All of the authors agree to submit this paper for publication.

Competing interests
The authors declare that they have no competing interest.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Cardiology, The First Affiliated Hospital of Dalian Medical
University, Dalian 116000, Liaoning, China. 2Department of Intensive Care
Unit, The Second Affiliated Hospital of Dalian Medical University, Liaoning,
China. 3Division of Cardiology, Department of Medicine and Therapeutics,
The Prince of Wales Hospital of Chinese University of Hong Kong, Hong
Kong, China.

Received: 28 April 2018 Accepted: 4 July 2018

References
1. Enriquez-Sarano M, Akins CW, Vahanian A. Mitral regurgitation. Lancet.

2009;373:1382–94.
2. Carpentier A, Chauvaud S, Fabiani JN, Deloche A, Relland J, Lessana A,

D'Allaines C, Blondeau P, Piwnica A, Dubost C. Reconstructive surgery of
mitral valve incompetence: ten-year appraisal. J Thorac Cardiovasc Surg.
1980;79:338–48.

3. Gertz ZM, Raina A, Saghy L, Zado ES, Callans DJ, Marchlinski FE, Keane MG,
Silvestry FE. Evidence of atrial functional mitral regurgitation due to atrial
fibrillation: reversal with arrhythmia control. J Am Coll Cardiol. 2011;58:1474–81.

4. Tanimoto M, Pai RG. Effect of isolated left atrial enlargement on mitral
annular size and valve competence. Am J Cardiol. 1996;77:769–74.

5. Kihara T, Gillinov AM, Takasaki K, Fukuda S, Song JM, Shiota M, Shiota T.
Mitral regurgitation associated with mitral annular dilation in patients
with lone atrial fibrillation: an echocardiographic study. Echocardiography.
2009;26:885–9.

6. Vohra HA, Whistance RN, Magan A, et al. Mitral valve repair for severe mitral
regurgitation secondary to lone atrial fibrillation. European journal of cardio-
thoracic surgery : official journal of the European Association for Cardio-thoracic
Surgery. 2012;42:634–7.

7. Vohra HA, Whistance RN, Magan A, Sadeque SA, Livesey SA. Live 3-dimensional
transesophageal echocardiography initial experience using the fully-sampled
matrix array probe. J Am Coll Cardiol. 2008;52:446–9.

8. Maffessanti F, Marsan NA, Tamborini G, Sugeng L, Caiani EG, Gripari P,
Alamanni F, Jeevanandam V, Lang RM, Pepi M. Quantitative analysis of
mitral valve apparatus in mitral valve prolapse before and after annuloplasty: a
three-dimensional intraoperative transesophageal study. Journal of the
American Society of Echocardiography : official publication of the American
Society of Echocardiography. 2011;24:405–13.

9. Chandra S, Salgo IS, Sugeng L, Weinert L, Tsang W, Takeuchi M, Spencer KT,
O'Connor A, Cardinale M, Settlemier S, Mor-Avi V, Lang RM. Characterization
of degenerative mitral valve disease using morphologic analysis of real-time
three-dimensional echocardiographic images: objective insight into complexity
and planning of mitral valve repair. Circulation Cardiovascular imaging.
2011;4:24–32.

10. Lee AP, Hsiung MC, Salgo IS, Fang F, Xie JM, Zhang YC, Lin QS, Looi JL, Wan S,
Wong RH, Underwood MJ, Sun JP, Yin WH, Wei J, Tsai SK, Yu CM. Quantitative
analysis of mitral valve morphology in mitral valve prolapse with real-time
3-dimensional echocardiography: importance of annular saddle shape in the
pathogenesis of mitral regurgitation. Circulation. 2013;127:832–41.

11. Chaput M, Handschumacher MD, Tournoux F, Hua L, Guerrero JL, Vlahakes GJ,
Levine RA. Mitral leaflet adaptation to ventricular remodeling: occurrence
and adequacy in patients with functional mitral regurgitation. Circulation.
2008;118:845–52.

12. Ring L, Dutka DP, Wells FC, Fynn SP, Shapiro LM, Rana BS. Mechanisms of
atrial mitral regurgitation: insights using 3d transoesophageal echo. Eur
Heart J Cardiovasc Imaging. 2014;15:500–8.

13. Sharma S, Lardizabal J, Monterroso M, Bhambi N, Sharma R, Sandhu R,
Singh S. Clinically unrecognized mitral regurgitation is prevalent in lone
atrial fibrillation. World J Cardiol. 2012;4:183–7.

14. January CT, Wann LS, Alpert JS, Calkins H, Cigarroa JE, Cleveland JC Jr, Conti JB,
Ellinor PT, Ezekowitz MD, Field ME, Murray KT, Sacco RL, Stevenson WG, Tchou
PJ, Tracy CM, Yancy CW. 2014 AHA/ACC/HRS guideline for the management of
patients with atrial fibrillation: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines and the Heart
Rhythm Society. J Am Coll Cardiol. 2014;64:e1–e76.

15. Movva R, Murthy K, Romero-Corral A, Seetha Rammohan HR, Fumo P,
Pressman GS. Calcification of the mitral valve and annulus: systematic
evaluation of effects on valve anatomy and function. Journal of the
American Society of Echocardiography : official publication of the American
Society of Echocardiography. 2013;26:1135–42.

16. Tabata T, Grimm RA, Greenberg NL, Agler DA, Mowrey KA, Wallick DW,
Zhang Y, Zhuang S, Mazgalev TN, Thomas JD. Assessment of lv systolic
function in atrial fibrillation using an index of preceding cardiac cycles. Am
J Physiol Heart Circ Physiol. 2001;281:H573–80.

17. Castello R, Lenzen P, Aguirre F, Labovitz A. Variability in the quantitation of
mitral regurgitation by doppler color flow mapping: comparison of
transthoracic and transesophageal studies. J Am Coll Cardiol. 1992;20:433–8.

18. Castello R, Lenzen P, Aguirre F, Labovitz AJ. Quantitation of mitral regurgitation
by transesophageal echocardiography with doppler color flow mapping:
correlation with cardiac catheterization. J Am Coll Cardiol. 1992;19:1516–21.

19. Zoghbi WA, Enriquez-Sarano M, Foster EI. Recommendations for evaluation
of the severity of native valvular regurgitation with two-dimensional
and doppler echocardiography. Journal of the American Society of
Echocardiography : official publication of the American Society of
Echocardiography. 2003;16:777–802.

20. Jin CN, Salgo IS, Schneider RJ. Using anatomic intelligence to localize mitral
valve prolapse on three-dimensional echocardiography. Journal of the
American Society of Echocardiography : official publication of the American
Society of Echocardiography. 2016;29:938–45.

21. Levine RA, Handschumacher MD, Sanfilippo AJ, Hagege AA, Harrigan P,
Marshall JE, Weyman AE. Three-dimensional echocardiographic reconstruction
of the mitral valve, with implications for the diagnosis of mitral valve prolapse.
Circulation. 1989;80:589–98.

22. Kopuz C, Erk K, Baris YS. Morphometry of the fibrous ring of the mitral valve.
Annals of anatomy = Anatomischer Anzeiger : official organ of the Anatomische
Gesellschaft. 1995;177:151–4.

Cong et al. Cardiovascular Ultrasound  (2018) 16:13 Page 9 of 10



23. Levine RA, Triulzi MO, Harrigan P, Weyman AE. The relationship of mitral
annular shape to the diagnosis of mitral valve prolapse. Circulation.
1987;75:756–67.

24. Otsuji Y, Kumanohoso T, Yoshifuku S. Isolated annular dilation does not
usually cause important functional mitral regurgitation: comparison
between patients with lone atrial fibrillation and those with idiopathic or
ischemic cardiomyopathy. J Am Coll Cardiol. 2002;39:1651–6.

25. Zhou X, Otsuji Y, Yoshifuku S. Impact of atrial fibrillation on tricuspid and
mitral annular dilatation and valvular regurgitation. Circulation journal :
official journal of the Japanese Circulation Society. 2002;66:913–6.

26. Machino-Ohtsuka T, Seo Y, Ishizu T, Sato K, Sugano A, Yamamoto M,
Hamada-Harimura Y, Aonuma K. Novel mechanistic insights into atrial
functional mitral regurgitation- 3-dimensional echocardiographic study.
Circulation journal : official journal of the Japanese Circulation Society.
2016;80:2240–8.

27. Kagiyama N, Hayashida A, Toki M, Fukuda S, Ohara M, Hirohata A,
Yamamoto K, Isobe M, Yoshida K. Insufficient leaflet remodeling in patients
with atrial fibrillation: association with the severity of mitral regurgitation.
Circ Cardiovasc Imaging. 2017 Mar;10(3)

28. Salgo IS, Gorman JH 3rd, Gorman RC, Jackson BM, Bowen FW, Plappert T, St
John Sutton MG, Edmunds LH Jr. Effect of annular shape on leaflet
curvature in reducing mitral leaflet stress. Circulation 2002;106:711–717.

29. Boltwood CM, Tei C, Wong M, Shah PM. Quantitative echocardiography of
the mitral complex in dilated cardiomyopathy: the mechanism of functional
mitral regurgitation. Circulation. 1983;68:498–508.

30. Yiu SF, Enriquez-Sarano M, Tribouilloy C, Seward JB, Tajik AJ. Determinants
of the degree of functional mitral regurgitation in patients with systolic left
ventricular dysfunction: a quantitative clinical study. Circulation. 2000;102:1400–6.

31. Dal-Bianco JP, Levine RA. Anatomy of the mitral valve apparatus: role of 2d
and 3d echocardiography. Cardiol Clin. 2013;31:151–64.

32. Perloff JK, Roberts WC. The mitral apparatus. Functional anatomy of mitral
regurgitation. Circulation. 1972;46:227–39.

33. Maréchaux S, Pinçon C, Poueymidanette M, Verhaeghe M, Bellouin A,
Asseman P, Le Tourneau T, Lejemtel TH, Pibarot P, Ennezat PV. Elevated left
atrial pressure estimated by doppler echocardiography is a key determinant
of mitral valve tenting in functional mitral regurgitation. Heart. 2010;96:289–97.

34. Bruch C, Grude M, Müller J, Breithardt G, Wichter T. Usefulness of tissue
doppler imaging for estimation of left ventricular filling pressures in patients
with systolic and diastolic heart failure. Am J Cardiol. 2005;95:892–5.

35. Chugh SS, Havmoeller R, Narayanan K, Singh D, Rienstra M, Benjamin EJ,
Gillum RF, Kim YH, McAnulty JH Jr, Zheng ZJ, Forouzanfar MH, Naghavi M,
Mensah GA, Ezzati M, Murray CJ. Worldwide epidemiology of atrial fibrillation: a
global burden of disease 2010 study. Circulation. 2014;129:837–47.

36. Takahashi Y, Abe Y, Sasaki Y, Bito Y, Morisaki A, Nishimura S, Shibata T. Mitral
valve repair for atrial functional mitral regurgitation in patients with chronic
atrial fibrillation. Interact Cardiovasc Thorac Surg. 2015;21:163–8.

37. Feldman T, Young A. Percutaneous approaches to valve repair for mitral
regurgitation. J Am Coll Cardiol. 2014;63:2057–68.

38. Lee AP, Acker M, Kubo SH, Bolling SF, Park SW, Bruce CJ, Oh JK. Mechanisms
of recurrent functional mitral regurgitation after mitral valve repair in
nonischemic dilated cardiomyopathy: importance of distal anterior leaflet
tethering. Circulation. 2009;119:2606–14.

Cong et al. Cardiovascular Ultrasound  (2018) 16:13 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patient selection
	Echocardiography
	Quantitative assessment of the mitral apparatus
	Statistical analysis

	Results
	Study population and baseline characteristics
	TTE findings
	3D mitral valve geometry
	Annulus
	Leaflet

	3D mitral valve morphology is associated with MR severity
	Reproducibility of the MV parameters

	Discussion
	Pathophysiology of atrial functional MR
	Clinical significance
	Study limitations

	Conclusions
	Abbreviations
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

