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ABSTRACT
Unlike secondary mitral regurgitation (MR) in the setting of left ventricular (LV) disease, the occurrence of functional MR

in atrial fibrillation (AF) and/or heart failure with preserved ejection fraction (HFpEF) has remained largely unspoken. LV

size and systolic function are typically normal, whereas isolated mitral annular dilation and inadequate leaflet adaptation

are considered mechanistic culprits. Moreover, the role of left atrial and annular dynamics in provoking MR is often

underappreciated. Because of this peculiar pathophysiology, atrial functional MR benefits from a different approach

compared with secondaryMR. Although both AF andHFpEF—two closely related disease epidemics of the 21st century—are

held responsible, current guidelines do not emphasize the need to differentiate atrial functional MR from (ventricular)

secondary MR. This review summarizes the prevalence and prognostic importance of atrial functional MR,

providing mechanistic insights compared with those of secondary MR and suggesting potential therapeutic targets.

(J Am Coll Cardiol 2019;73:2465–76) © 2019 by the American College of Cardiology Foundation.
M itral regurgitation (MR) is among the most
prevalent of valvular heart diseases, strik-
ing >2 million U.S. adults in 2000, and is

expected to double by 2030 (1,2). Functional or sec-
ondary MR in the context of left ventricular (LV)
dysfunction occurs in 20% to 25% of patients after
myocardial infarction and in up to 50% of heart fail-
ure patients (3). The occurrence of functional MR in
patients with atrial fibrillation (AF) but normal LV
size and function has received less attention, despite
its unique pathophysiology. Historically, isolated
mitral annular (MA) dilation has been considered
the mechanical culprit, but recent evidence has
added important nuances (4–8). Specifically, the role
of left atrial (LA) and annular dynamics in these sub-
jects may be underappreciated. In addition, atrial
functional MR—because of its peculiar pathophysi-
ology—may require a different approach compared
with secondary MR caused by increased tethering
and/or decreased closing forces. Current guidelines
do not acknowledge this distinction (9,10). This re-
view explores the current mechanistic understanding
of atrial functional MR and suggests potential thera-
peutic targets.

FUNCTIONAL MR SPECTRUM:

DYNAMIC INTERPLAY BETWEEN

CLOSING AND TETHERING FORCES

The mitral valve is an intricate apparatus that
allows inflow of blood from the LA to the LV during
diastole, while preventing systolic backflow
(Central Illustration). To fulfill this task, a delicate
interplay between LV contraction and/or relaxation,
papillary muscle contraction, annular motion, and
leaflets ismandatory. Any disturbance of this interplay
affects systolic leaflet coaptation and may cause MR.

Functional MR is the result of an imbalance be-
tween increased tethering forces (due to global
and/or focal LV dilation, papillary muscle displace-
ment and/or dysfunction) and decreased closing
forces (reduced LV contractility and/or synchronicity)
in the presence of a structurally normal valve.
Annular dimensions (tethering) and dynamics (clos-
ing) contribute to this imbalance in ischemic or
dilated cardiomyopathy, although concomitant sub-
valvular tethering is typically needed to cause more
than moderate (ventricular) functional MR (3,11).
Conversely, it has become clear that instead of being
the end result of longstanding MR, isolated annular
dilation can be a distinct etiology of MR (atrial func-
tional MR) at the other end of the functional MR
spectrum, typically in the context of AF (4) and/or
heart failure with preserved ejection fraction (HFpEF)
with severe LA dilation (Central Illustration, Figure 1)
(12). In this review, functional MR caused by sub-
valvular tethering will be referred to as secondary
MR.

ATRIAL FUNCTIONAL MR:

PREVALENCE AND CLINICAL IMPLICATIONS

Contrary to secondary MR, which has a prevalence of
up to 16,250 per million individuals (2), the



HIGHLIGHTS

� Atrial functional MR typically occurs in
the context of AF and/or HFpEF.

� Isolated annular dilation, insufficient
leaflet growth, and impaired annular
dynamics are mechanical culprits.

� Early discrimination between atrial
functional MR and secondary MR is
pivotal to accommodate for different
therapeutic needs.

� Further study is needed to clarify the
impact of early rhythm restoration stra-
tegies and mitral annular interventions to
treat atrial functional MR.

AB BR E V I A T I O N S

AND ACRONYM S

3D = 3-dimensional

AF = atrial fibrillation

CRT = cardiac

resynchronization therapy

HFpEF = heart failure with

preserved ejection fraction

HFrEF = heart failure with

reduced ejection fraction

LA = left atrial

LV = left ventricular

MA = mitral annulus

MR = mitral regurgitation

RAAS = renin-angiotensin-

aldosterone system

J A C C V O L . 7 3 , N O . 1 9 , 2 0 1 9 Deferm et al.
M A Y 2 1 , 2 0 1 9 : 2 4 6 5 – 7 6 Atrial Functional Mitral Regurgitation

2467
proportion with atrial functional MR is unknown. In
the original analysis by Carpentier et al. (13), nearly
all cases of type I disease (normal leaflet motion) were
organic. In the current era, the opposite seems true,
considering that the incidence of AF (14) and HFpEF
(15) is growing epidemically.

The number of individuals with AF in 2010 was
33.5 million globally, with annual new cases of
approximately 5 million (14). Significant atrial func-
tional MR was present in 7% of patients referred for
their first AF ablation (8). Similarly, Kim et al. (16)
found a 4.3% prevalence among 1,247 cases of
persistent AF.

The proportion of those with HFpEF varied in 3
epidemiological cohort studies according to baseline
age (53.3%, 46.5%, and 36.9% of all heart failure
events were subclassified as HFpEF in the Cardio-
vascular Health, the Framingham Heart, and the
Prevention of Renal and Vascular End-Stage Disease
studies, respectively) (15).

Moreover, one-third and two-thirds of patients
with HFpEF experience AF at time of diagnosis or at
some point during the disease, respectively (17). In
contrast, undiagnosed HFpEF is highly prevalent in
AF patients with unexplained exertional dyspnea (in
98% with persistent and/or permanent AF) (18). When
HFpEF and AF coexist, greater LA remodeling, natri-
uretic peptide elevation, exertional intolerance, and
worse outcome are observed (19). Whether this re-
flects a larger prevalence of atrial functional MR is
uncertain, but likely.

Early recognition of atrial functional MR seems
important because it relates to the success of ablation
(20), and considering maintenance of sinus rhythm
significantly decreases MR severity (8). The ATTEND
(Acute decompensated heart failure syndromes)
registry (21) found 53% and 18% of 1,825
decompensated patients with HFpEF still
showed mild or moderate-to-severe func-
tional MR at discharge, respectively, which
was linked to worse outcome (Figure 2).

PATHOPHYSIOLOGY OF

ATRIAL FUNCTIONAL MR

ISOLATED ANNULAR DILATION. The sequential
relationship between AF-induced LA en-
largement, MA dilation, and MR remains a
matter of debate (Central Illustration) (5,6).
Nevertheless, multiple studies have impli-
cated isolated MA dilation as the main culprit
for leaflet malcoaptation in AF patients, in-
dependent of LV dimensions. Gertz et al. (8)

retrospectively compared 53 patients with moderate
to severe type I functional MR and normal LV ejection
fraction ($50%) to a matched AF cohort with trivial
and/or mild MR during first AF ablation. Patients with
MR had significantly larger LA and MA dimensions
despite having similar LV size or function. After
multivariate regression, persistent AF, age, and iso-
lated MA dilation (odds ratio: 8.39; p ¼ 0.004) were
linked to significance of MR. After subcategorization
of the MR cohort according to rhythm at follow-up,
82% of patients with AF recurrence still showed
significant MR compared with 24% of patients who
had successful ablation (p ¼ 0.005), despite compa-
rable MR severity at baseline (p ¼ 0.72) (Figure 3).
The latter subgroup experienced significant re-
ductions in LA size (LA volume index 28.2 cm3/m2 vs.
23.9 cm3/m2; p ¼ 0.02) and MA dimensions (3.41 cm
vs. 3.24 cm; p ¼ 0.02) opposed to the near-significant
LA size reductions in the recurrence subgroup
(p ¼ 0.06). Thus, AF itself may be seen as an insti-
gator for type I functional MR, rather than simply a
consequence of MR, mediating its effect through LA
and MA dilation.

Alternatively, HFpEF might give rise to atrial
functional MR through MA dilation, even in the
absence of AF. Both AF and HFpEF share patho-
physiological grounds (22) (Figure 4). Diastolic
dysfunction and increased LA pressures, due to
neurohormonal imbalances (depletion of atrial
natriuretic peptide and activation of the renin-
angiotensin-aldosterone system [RAAS]) (22) ac-
count for a major role, resulting in excessive LA
stretch and fibrosis. Atrial remodeling facilitates
initiation and maintenance of atrial functional MR
and AF. In contrast, AF contributes to LV fibrosis,
diastolic dysfunction, and therefore, HFpEF (22), and
subsequently, atrial functional MR.



CENTRAL ILLUSTRATION Secondary Mitral Regurgitation Versus Atrial Functional Mitral Regurgitation

Deferm, S. et al. J Am Coll Cardiol. 2019;73(19):2465–76.

AF ¼ atrial fibrillation; Ao ¼ aorta; HF ¼ heart failure; HFpEF ¼ heart failure with preserved ejection fraction; LA ¼ left atrium; LV ¼ left ventricle; MR ¼ mitral

regurgitation; PM ¼ papillary muscle.

Deferm et al. J A C C V O L . 7 3 , N O . 1 9 , 2 0 1 9

Atrial Functional Mitral Regurgitation M A Y 2 1 , 2 0 1 9 : 2 4 6 5 – 7 6

2468



FIGURE 1 Echocardiographic Comparison of Secondary MR in the Context of LV Disease, Opposed to Atrial Functional MR

Subvalvular leaflet tethering with eccentric mitral regurgitation (MR) jet in secondary MR (left) and excessive left atrial dilation with central MR jet in atrial functional

MR (right).

FIGURE 2 Kaplan-Meier Estimate of All-Cause Mortality and HF Readmission
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However, annular dilation solves only 1 piece of
the puzzle, considering the large disparities in MR
burden, despite the similar amounts of MA dilation
seen in clinical practice.

INSUFFICIENT COMPENSATORY LEAFLET GROWTH.

Cardiac valves are no longer seen as static structures.
Instead, compensatory leaflet growth secondary
to altered cardiac dimensions is increasingly
being recognized (23). An increase in leaflet area
and thickness was reported in response
to subvalvular leaflet tethering in sheep (24). These
changes were attributed to endothelial cells
co-expressing a-smooth muscle actin more
in tethered leaflets (41 � 19% vs. 9 � 5%;
p ¼ 0.02), which indicated endothelial-mesenchymal
transdifferentiation.

Two studies (16,25) addressed the question of
whether leaflet area adaptation occurs when func-
tional MR arises from isolated annular dilation.
Kagiyama et al. (25) found a significant larger leaflet
area exclusively in patients with AF but without MR
compared with control subjects. Conversely, Kim
et al. (16) found the leaflet area was significantly
larger in all AF subjects, paralleling significant in-
creases in MA area. The ratio of total leaflet area to
MA area was significantly smaller in the MR group
versus the AF group without MR and control subjects
(16,25), specifically at lesser degrees of annular
dilation (16). When the MA dilates profoundly, the
increase in leaflet area plateaus, indicating that
insufficient leaflet adaptation serves as a contributing
factor for MR (Figure 5).



FIGURE 3 Impact of Rhythm Control on Atrial Functional MR Severity
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Subcategorization according the rhythm at follow-up after ablation. Eighty-two percent in the recurrence group (n¼ 11) showed significant MR

compared with 24% successfully ablated patients (n ¼ 21) (8). Abbreviation as in Figure 1.
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ATRIAL AND ANNULAR DYNAMICS. The MA is a
fibrofatty ring that sways passively, depending on the
aortic root motion besides contraction and/or relax-
ation of adjacent LA and mostly LV musculature.
Early systolic anteroposterior contraction promotes
annular size reduction, whereas the inter-
commissural diameter behaves relatively fixed (26).
Annular narrowing is accompanied by height in-
creases near the midanterior and midposterior point.
Consequently, the MA folds along the septolateral-
intercommissural axis, which accentuates its
saddle-shape and promotes coaptation (26). Simul-
taneously, a translational motion enforces LA and LV
filling and/or emptying during systole and diastole
(26) (Figure 6).

Which part of this 3-fold motion is impaired during
AF or LA hypertension, and whether this is important
for the mechanics behind atrial functional MR is
vague. Fractional annular area change was smaller in
AF patients and smallest in those with AF and MR,
together with a flattened annulus (16). To what extent
impaired LA dynamics affect annular behavior is
unclarified. Pre-systolic circumferential narrowing
may be harmed, although recent 3-dimensional (3D)
techniques minimized the contribution of LA systole.
In addition, LA enlargement and dysfunction lower
the threshold toward AF development, instigating a
vicious circle of adverse remodeling and perpetuation
of MR.

ECHOCARDIOGRAPHIC DIAGNOSIS

Echocardiography is the cornerstone of the evalua-
tion of mitral valve disease (Figure 1). Primary MR
etiologies are identified based on leaflet appearance
and/or motion. In functional MR, the leaflets are
considered normal, although mild fibrotic leaflet
thickening or annular calcification can be seen.

In secondary MR, leaflet motion appears restricted
and the coaptation point is found at distance from the
annular plane due to LV disease. Tethering occurs
either symmetrically in global LV dilation or more
often asymmetrically posteriorly in ischemic disease.
Tenting height (distance from the coaptation point to
the annular plane) and tenting area (area between
leaflets and annular plane) allow quantification of the
tethering degree that is associated with MR severity.
Finally, because of longstanding LA volume overload



FIGURE 4 Pathophysiology of Atrial Functional MR
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Pathophysiology of atrial functional MR. AF ¼ atrial fibrillation; HFpEF ¼ heart failure with preserved ejection fraction; LA ¼ left atrium;

LAP ¼ left atrial pressure; LV ¼ left ventricle; other abbreviations as in Figure 1.
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(and to a lesser extent, LV dilation), annular dilation
is noticeable (27).

In atrial functional MR, LV ejection fraction and
volumes are invariably normal, although global lon-
gitudinal strain may be impaired. The coaptation
point is typically found at the annular plane with the
MR jet located centrally along the coaptation line.
Annular dilation applies when the systolic ante-
roposterior diameter exceeds 35 mm (parasternal long
axis) or when the ratio of the systolic annular diam-
eter/diastolic anterior leaflet length exceeds 1.3 (27).

In 211 healthy subjects, mean 3D annular area was
8.4 � 1.9 cm2. Tenting height and area were 6.2 �
1.5 mm and 1.1 � 0.5 cm2, respectively. Tenting height
was significantly lower for a similar degree of annular
dilation in atrial functional MR, as opposed to sec-
ondary MR (3.5 � 1.5 mm vs. 8.1 � 2.4 mm; p < 0.001)
after quantitative analysis of 3D datasets (28).
Nevertheless, even in atrial functional MR, subtle
leaflet tethering occurred when there was insufficient
leaflet adaptation to match annular remodeling (16).
Biatrial dilatation is commonly present in this
population with longstanding AF and/or HFpEF, with
concomitant tricuspid regurgitation adding
complexity to diagnosis and management. In addi-
tion, the prevalence and impact of concomitant aortic
stenosis in HFpEF patients with atrial functional MR
is yet to be elucidated.

MANAGEMENT OF ATRIAL FUNCTIONAL MR

Current guidelines (9,10) do not discriminate between
secondary and atrial functional MR, although MR in
these entities is rooted in different pathophysiolog-
ical backgrounds. Currently, the management of
atrial functional MR is incompletely understood,
mainly due to lack of data in this distinct patient
population.

OPTIMAL HEART FAILURE THERAPY. Guideline-
directed medical therapy is the cornerstone of treat-
ment for secondary MR because MR adds volume
overload to a decompensated LV (9,10). Beta-blockers
(29), angiotensin-converting enzyme inhibitors (30),



FIGURE 5 Leaflet Adaptation Relative to Annular Dilation
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and sacubitril-valsartan (31) reduce secondary MR
due to LV reverse remodeling. Secondary analysis of
the COAPT (Cardiovascular Outcomes Assessment of
the MitraClip Percutaneous Therapy for Heart Failure
Patients With Functional Mitral Regurgitation) trial
(32) may provide insights into the effects of medical
therapy on MR severity because many patients
became ineligible after adequate treatment. Addi-
tionally, CRT-induced alleviation of secondary MR is
attributed acutely to increased closing forces (33)
together with papillary muscle resynchronization
(34) and chronically to reductions in LV dimensions
(35). MR improvement after CRT was less common in
patients with AF versus those in sinus rhythm,
despite comparable LV reverse remodeling. Baseline
LA volumes and MA diameters were significantly
greater in AF and remained unchanged, suggesting an
atrial contribution for differences in MR response
following CRT (36).

Medical therapy for contemporaneous HFpEF and
AF is no different than that in sinus rhythm, although
no drug has been proven to reduce morbidity and/or
mortality. Therapies that reduce elevated LA pres-
sures and prevent LA remodeling and fibrosis may
limit the risk of AF and atrial functional MR. RAAS
inhibition might lower the incidence of new-onset AF
and recurrence, although this effect was less in pa-
tients with HFpEF (37) and absent in those without
heart failure (38). Spironolactone was not superior to
placebo in HFpEF, although a significant reduction in
primary outcome was noted exclusively in the
American subgroup (39). The IMPRESS-AF (Spi-
ronolactone in Atrial Fibrillation; NCT02673463) trial
is investigating whether spironolactone improves
exercise capacity and diastolic function in patients
with HFpEF with permanent AF. Moreover,
sacubitril-valsartan significantly reduced LA vol-
umes, regardless of an unaltered diastolic (dys)func-
tion in HFpEF (40). Whether the use of these drugs
translates to a lower incidence of atrial functional MR
remains to be answered.

RHYTHM CONTROL STRATEGIES. A rhythm control
strategy for AF did not show differences in survival
and cardiovascular events compared with rate control
in the AFFIRM (Atrial Fibrillation Follow-up Investi-
gation of Rhythm Management) trial, nor in a sub-
group with HFrEF (41,42). Nevertheless, LA
enlargement itself is associated with adverse events
in AF (43).

Dell’Era et al. (44) reported improvements in
LA volume (from 41.12 � 12.92 ml/m2 to 37.56 �
12.60 ml/m2) and peak atrial longitudinal strain (from
11.4 � 5.2% to 17.2 � 7.5%; p < 0.001), and less MR
(MR jet/LA area from 0.11 � 0.1 to 0.07 � 0.07;
p < 0.001) 1 month after cardioversion. Significantly
lower rates of MR were found in successfully ablated
patients compared with the recurrence group (24%
vs. 82%; p ¼ 0.005), together with greater LA and MA
remodeling (8). Thereafter, multiple studies
observed congruent findings post-ablation (45,46).
Furthermore, Lam et al. (19) highlighted worse he-
modynamics, LA dilation, and neurohormonal stress
when HFpEF and AF coexist (47). In contrast, im-
provements in diastolic function were found in pa-
tients with HFpEF who maintained sinus rhythm
after ablation (48). These studies advocate that

https://www.clinicaltrials.gov/ct2/show/NCT02673463


FIGURE 6 Annular Motion

Normal annular motion during systole is entirely passive and 3-fold. AP ¼ anteroposterior; IC ¼ intercommissural diameter; PM ¼ papillary muscle.
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targeting AF might prevent progression of HFpEF,
and, potentially, atrial functional MR.

Therefore, atrial functional MR might benefit from
sinus rhythm restoration strategies via reverse LA
anatomical and mechanical remodeling. Preferably,
this strategy should be adapted in early stages of the
disease because AF duration is inversely linked to
the ability to maintain sinus rhythm (49). Future
prospective trials that will examine the effect of
early stage ablation on reversal of type I functional
MR are awaited. Ablation proved superior to drug
therapy for decreasing the incidence of death or
cardiovascular re-hospitalization in AF (50).
Currently, the EAST (Early Treatment of Atrial
Fibrillation for Stroke Prevention Trial; NCT01288352)
study is investigating whether early rhythm control
therapy can prevent AF-related complications.
Hopefully, these trials will include echocardiographic
follow-up to determine the impact on the severity of
MR.

https://clinicaltrials.gov/ct2/show/NCT01288352
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MITRAL VALVE INTERVENTION. Surgical restrictive
mitral annuloplasty that enhances leaflet coaptation
by reducing annular dimensions has long been the
gold standard approach for secondary MR based on
good mid-term data from observational studies (51).
However, recurrence rates up to 32.6% have
been reported 12 months after initial successful
annuloplasty (52), which reflect ongoing leaflet teth-
ering caused by continued LV remodeling, regardless
of annular size reduction (53).

In contrast, when the fundamental mechanism of
functional MR is annular dilation, targeting the MA
only might prove beneficial. Kihara et al. (54) and
Takahasi et al. (55) reported good short-term
outcomes after annuloplasty in 12 and 10 cases of
atrial functional MR, respectively. In contrast, the
need for annuloplasty (on top of sinus rhythm
restoration) was questioned by the 1-year follow-up
data by Gertz et al. (8). Mitral valve repair might
function as a bailout therapy in these patients when
early adapted rhythm restoration strategies fail to
reduce MR.

The net effect of the MitraClip (Abbott Vascular,
Menlo Park, California) on atrial functional MR
reduction has not been studied, although it is
assumed to be effective considering its effect on the
anterior-posterior MA diameter (56). The Carillon
System (Cardiac Dimensions Inc., Kirkland, Wash-
ington) uses the proximity of the coronary sinus to
the posterior annulus for annular remodeling
(CARILLON [Assessment of the Carillon Mitral Con-
tour System in Treating Functional Mitral Regurgita-
tion Associated With Heart Failure] trial;
NCT03142152). Cardioband (Edwards Lifesciences,
Irvine, California) improves coaptation after fixation
of an adjustable band posteriorly from commissure-
to-commissure (Edwards Cardioband System
ACTIVE Pivotal Clinical Trial; NCT03016975). Mitra-
lign (Mitralign Inc., Highwood Drive, Massachusetts)
mimics surgical suture annuloplasty by pulling P1 to
P3 pledgets together.

LEAFLET (MAL)ADAPTATION. Even in adult life, the
mitral valve remains a dynamic environment capable
of reactivating growth processes in response to
superimposed stresses (23). However, these
compensatory changes act as a double edged-sword.
Tethering stimulates leaflet growth (57) but also
counterproductive thickening (57) and fibrosis (58),
further impairing coaptation. This organic contribu-
tion is governed by transforming growth factor-b
overexpression, which results in endothelial-
to-mesenchymal transition. By inhibition of trans-
forming growth factor-b, losartan is able prevent
pro-fibrotic changes without eliminating compensa-
tory growth (59). Sacubitril-valsartan acts synergisti-
cally on this pathway without interfering with
growth (60).

To what extent MA dilation triggers compensa-
tory leaflet changes (16,25) and whether identical
embryonic pathways are addressed is unclear. A
deeper understanding of underlying cellular
and molecular mechanisms might trigger new
therapeutic opportunities to restore physiological
biomechanics.

CONCLUSIONS AND FUTURE PERSPECTIVES

Atrial functional MR is a distinct form of type I
functional MR, with a unique pathophysiology. Data
on its prevalence is scant due to the fact that this
entity is under-recognized and under-reported.
HFpEF and/or AF, 2 closely related disease epi-
demics of the 21st century are held responsible, and
occurrence of MR is associated with worse outcome.
Various studies have suggested that atrial functional
MR finds its roots in AF or HFpEF-induced LA
remodeling and subsequent annular dilation.
Although annular dilation is a prerequisite for leaflet
malcoaptation, insufficient leaflet remodeling is a
second major culprit mechanism. In addition, the ef-
fects of mitral annular dynamics probably play an
important role, although more quantitative echocar-
diographic studies are needed to provide deeper
mechanistical understanding. Furthermore, dis-
tinguishing atrial functional from secondary MR
caused by LV disease is pivotal, considering their
different pathophysiology and therapeutic needs. In
contrast to secondary MR, the key to successful
treatment of significant atrial functional MR might
consist of early adapted strategies to prevent LA
dilatation and restore sinus rhythm. Prospective trials
comparing rhythm restoration with surgical/endo-
vascular strategies are to be awaited to unravel this
enigma. Also, surgical and percutaneous approaches
targeting the MA might prove beneficial in these
subjects.
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