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Abstract

Two recent trials of transcatheter mitral-valve repair in patients with functional mitral regurgitation (FMR) presented opposing
results for the MitraClip® compared to medical therapy alone. The conflicting results gave rise to intensive discussions about
assessment of mitral valve regurgitation (MR). A recent editorial viewpoint provided a potential explanation presenting a new
pathophysiologic concept. However, the echocardiographic characterization of both trials’ patients is inconsistent and the
discussed concepts appear to suffer from plausibility weaknesses. It is well conceivable that limitations in the echocardio-
graphic assessment of the trial patients introduced a bias regarding the selection of patients with severe (or less severe)
MR that may be a more plausible explanation for the differences in outcome. We here illustrate our viewpoint regarding
the two MitraClip trials and also illustrate the difficulties in assessing functional MR properly. It may indeed be “opening
Pandora’s box”, but we will also make an attempt to provide a solution.
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Introduction

Two recent trials of transcatheter mitral valve repair in pa-
tients with functional mitral regurgitation (FMR) presented
different results for the MitraClip® compared with medical
therapy alone with respect to all-cause mortality and the rate
of hospitalization for heart failure.1,2 While the MITRA-FR in-
vestigators did not observe an effect on death and hospitali-
zation within 12 month follow-up,1 the COAPT investigators
documented a 29% reduction of death and a 46% reduction
of hospitalization within a 24 month follow-up.2 These con-
flicting results gave rise to intensive discussions about assess-
ment of mitral valve regurgitation (MR) summarized and
addressed in several papers including a recent editorial view-
point.3–6 Because the echocardiographic characterization of
the patients in both trials is inconsistent, the assessment of
MR severity by semiquantitative parameters has to be
reconsidered.7–9 The different results of MITRA-FR and CO-
APT need to be interpreted in the context of previous surgical
trials using the Alfieri procedure.10–14 It is unclear why thera-
pies using nearly the same principle—Alfieri suture vs.

MitraClip®—will have different prognostic implications, if
patient cohorts of the recent trials are comparable.

Echocardiographic measurements in
MITRA-FR and COAPT

As illustrated in Figure 1, in the MITRA-FR trial (in both con-
trol and treatment groups), the mean values of left ventricu-
lar end-diastolic volume (LVEDV) were about 245mL (indexed
LVEDV—135 mL/m2), the left ventricular ejection fraction
(LVEF) 31%, the effective regurgitant orifice area (EROA)
0.3 cm2, and the regurgitant volume (RV) 45 mL. Based on
these data, the calculated total left ventricular stroke volume
(LVSVtot) is about 76 mL, left ventricular effective forward
stroke (LVSVeff) volume is about 31 mL, and regurgitant frac-
tion (RF) is about 59%.

In the COAPT trial (control and treatment groups), the
mean values for LVEDV were about 195 mL, the LVEF was
31%, the EROA about 0.4cm2, and RV were not presented
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in the primary outcome publication but presented by the
COAPT investigators at the recent meeting of the American
College of Cardiology.15 LVSVtot was reported as 51 mL and
the RV as 60 mL. Thus, calculated RF would exceed 100%.
These inconsistencies make the trial result difficult to
interpret.

Attempted explanation for the
conflicting echocardiographic results

It is accepted that using the popular proximal isovelocity sur-
face area (PISA) approach for quantification of MR severity,
the calculation of the EROA and consecutively also of RV de-
termined by the PISA method is highly prone to methodolog-
ical errors.4,7–9,16,17 The centre of the orifice area and the
maximum PISAs have to be correctly visualized in a represen-
tative sectional plane. Mathematical assumptions of a round
office area, a central jet formation, and symmetric sphere-
shaped PISAs are rarely present in reality. In addition, mitral
regurgitation is dynamic, which can hardly be fully character-
ized by single snapshot during the cardiac cycle. Despite
these limitations, the PISA method was used in the recent

two trials for MR quantification. Not surprisingly, MITRA-FR
presents conclusive data of RV, while the COAPT trial was
not able to provide conclusive data using the PISA method.

Because characterization of MR severity in the COAPT trial
is inconclusive, it is not appropriate to conclude per se that all
patients had moderate-to-severe or severe MR. Selection or
sampling bias towards moderate and mild FMR may have in-
duced inaccurate quantification.18–20

A second attempt to explain the different results of
MITRA-FR and COAPT is the relation of EROA and RV to
LVEDV and to distinguish between proportionate and dispro-
portionate FMR according to LV size.4,21 The more enlarged
LV dimensions, the less reverse remodelling can be presumed
after treatment. However, the mean difference of LVEDV be-
tween the two trials is ‘only’ 45mL, and the mean LVEF in the
COAPT trial cohorts is practically the same than in the MITRA-
FR cohort suggesting that LV remodelling of all cohorts in
both trials is in the same range considering the measuring er-
ror of LV planimetry using the Simpson’s method within the
range of ±20% using transthoracic 2D echocardiography due
to foreshortening views. Thus, conclusions based on LVEDV
and LVEF in FMR patients in MITRA-FR and COAPT should
be drawn with care. To analyse LV remodelling and reverse
LV remodelling after therapy in more detail, additional

Figure 1 Scheme of left ventricular long-axis view illustrating forward stroke volume and regurgitant volume in patients with FMR. The table summa-
rizes the haemodynamic parameters presented and calculated from the data of the MITRA-FR and COAPT trial. EROA, effective regurgitant orifice area;
LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke volume; RF, regurgitant fraction; RV,
regurgitant volume.
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parameters describing the LV geometry and LV function
should be presented such as sphericity ratio and index, lateral
and posterior dislocation of the papillary muscle,
interpapillary muscle distance, tenting area and tethering an-
gles, and LV contractility parameters such as peak power in-
dex and global longitudinal peak systolic strain.22–28

However, LV contractility parameters should only be deter-
mined in patients with regular sinus rhythm. Both trials have
not presented any of these assessments. This lack of informa-
tion substantially limits the interpretation of the results.

Can a ‘teleological approach’ to
characterize functional mitral
regurgitation be accepted?

Addressing the described inconsistencies and the potential of
reverse LV remodelling in FMR, Grayburn et al. proposed a
new conceptional framework.4,22 For clinical decision making,
‘the principal reason to fully characterize and quantify the de-
terminants of functional MR is to determine if an intervention
directed at the mitral valve is capable of changing the clinical
course of the disease’4 and ‘viewed through this lens, the
precise sequence of events that may have led to the clinical
presentation of the patient becomes irrelevant. If an inter-
vention directed at the mitral valve changes the natural his-
tory of the disease, then the MR should be considered a
target for therapy, even if it is “secondary” to LV dysfunc-
tion’.4 While these statements sound convincing, this rather
teleological approach to FMR should at least be based on
an accurate characterization of the patients’ haemodynamic
state. However, this characterization is not convincing in both
trials based on inconclusive data. As presented for COAPT,
the mean LVSVtot is about 50 mL. A 50% RF representing se-
vere FMR would correspond to an RV of 25 mL. Thus, the
mean measuring error of RV in COAPT is about 35 mL (RV
was reported to be 59 mL, Figure 1) corresponding to a
140% difference of the presumably correct RV. Considering
such an enormous measuring error, it has to be assumed
that patients with mild or moderate MR were also included
into the cohorts of COAPT, significantly influencing and
improving the overall prognosis per se. The assumed forward
stroke volume of 25 mL in the COAPT trial in the presence of
a 50% RF and an assumed heart rate of 100/min implies a
cardiac index in the range of 1.5 L/min m2 (which is probably
overestimated based on the assumptions made), which
meets criteria for cardiogenic shock. In addition, the forward
stroke volume of 31 mL at a heart rate of 73 bpm in the
MITRA-FR trial results in a cardiac output of 2.2 L/min and
an estimated cardiac index of 1.2 L/min m2, describing similar
haemodynamics as in COAPT.

If patients with mild and moderate FMR, who will have a
better prognosis per se, were included in the trials, the

impact of percutaneous mitral valve therapy in FMR has to
be reevaluated from a different point of view. The positive
outcome data from COAPT (improvement in symptoms and
survival in the MitraClip group) suggest a prognostic impact
of this intervention in patients with heart failure. It therefore
has to be compared with new options of conservative heart
failure therapy.29,30 Regarding this issue, it is extremely im-
portant that prior to inclusion into the trials, conservative
medical heart failure therapy was optimized. Unfortunately,
both trials do not provide clinical and echocardiographic data
of the patients prior to inclusion—especially prior to interven-
tion—to prove the optimization of baseline medical therapy
and to document exclusion of FMR due to potential acute
ischaemia-induced or inflammation-induced heart failure or
partial cardiac decompensation due to hypertension or
arrhythmias.

The PRIME investigators recently reported in a patient co-
hort with a mean LVEDV of 202 mL, a mean LVEF of 34%, and
(in contrast to MITRA-FR and COAPT) a mean EROA of only
0.2 cm2, significant changes in mitral valve function as a con-
sequence of medical treatment. Sacubitril/valsartan led to a
30% reduction of the EROA (primary end point vs. 9% with
valsartan alone) as well as a significant decrease of the sec-
ondary end point RV by 33% with sacubitril/valsartan and
12% with valsartan alone, documenting that optimizing med-
ical therapy has a substantial ability to reduce MR severity in
heart failure patients (presumably if reverse LV remodelling is
present).31,32

With respect to an optimized baseline medical therapy
prior to inclusion into the trial and the potential influence
of optimized medical therapy on the trial end point, Grayburn
et al. comment the COAPT data as follows: ‘the authors of the
COAPT trial have not explained why a difference in back-
ground drug treatment would explain the discordant results
across the two studies. Interestingly, in the COAPT trial—
even though medical therapy was supposed to have been
maximized prior to randomization—drug treatments were in-
tensified to a greater degree in the device than in the control
arms during the follow-up period’.4 Considering the PRIME
data, the discrepancy of baseline medical therapy casts doubt
on comparable optimization of medical therapy at inclusion
and during follow-up due to a relevant confounding bias.33,34

It would therefore be important to get insights into the clin-
ical and echocardiographic data of the pre-inclusion period of
both trials.

In addition, the potential long-term side effects of induced
mitral valve stenosis after Mitra-clipping have to be consid-
ered. Assuming a circular mitral valve orifice area, central clip-
ping and a clipping bridge of 4 mm after clipping an orifice
area of 4 cm2 (π × r[cm]2 = 4[cm2] = 3.14 × 1,13[cm]2 = 4[cm2])
will result in two orifice areas after clipping (3.14 × 0.57[cm]2

+ 3.14 × 0.57[cm]2 = 2.05[cm2]). Based on the recommenda-
tions of echocardiographic assessment of valve stenosis, the
range of mild mitral valve stenosis is between 1.5 and
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2.5 cm2. With respect to the impact of the MitraClip® proce-
dure on the generation of mitral stenosis, in theory, a mitral
valve orifice area should be larger than 4.5 cm2 prior to inter-
vention. Otherwise, one would risk inducing functional mild
or mild-to-moderate mitral stenosis. Thus, in future trials of
percutaneous mitral valve therapy, the mitral valve orifice
area prior and after therapy as well as echocardiographic pa-
rameters characterizing the pulmonary circulation should be
provided to be able to analyse potential long-term effects
of restrictive LV filling patterns after intervention potentially
influencing outcome.

Proposal of a new echocardiographic
approach classifying and analysing
functional mitral regurgitation

Because of the uncertainty in characterization of FMR pa-
tients, a more detailed echocardiographic assessment with
respect to the underlying pathophysiology would be helpful.
Four types of FMR may be differentiated and analysed ac-
cording to the stage of the disease (echocardiographic
examples are shown in Figure 2): first, FMR induced by non-
ischaemic LV remodelling due to congestive heart failure in
hypertensive heart disease (FMR type 1); second, non-

ischaemic LV remodelling in dilated or toxic cardiomyopathy
or post-myocarditis (FMR type 2); third, ischaemic FMR in-
duced by territorial myocardial infarction and LV remodelling
of the viable myocardium (FMR type 3); and fourth, FMR in-
duced by left atrial (LA) remodelling, most often due to
chronic atrial fibrillation (FMR type 4).

(1) FMR type 1: The echocardiographic characterization of
the disease stages in FMR type 1 due to hypertensive
heart disease is relatively easy. As an example, the echo-
cardiographic assessment in a patient with untreated hy-
pertensive heart disease is shortly described focusing on
the parameters LVEF, LVEDV (both determined by LV
planimetry), and left ventricular end-diastolic pressure
(LVEDP) determined by the surrogate parameter E/E′.
The first stage ofmildMR is characterized by a regurgitant
jet into the left atrium in the presence of normal values of
LVEF, LVEDV, and E/E′ determined by echocardiography.
An increasing amount of regurgitation resulting in mild-
to-moderate MR is compensated just by an increase in
LVEF to ranges >55% to maintain cardiac output. Thus,
LVSVtot increases due to the RV increase and LVSVeff re-
mains constant in the presence of normal values of LVEDV
and E/E′. A further increase of regurgitation results in di-
latation and an excentric LV hypertrophy described by
echocardiography by an increased LVEF and an increased

Figure 2 Illustration of different types of FMR: (A) FMR type 1 due to congestive hypertensive heart disease, (B) FMR type 2 due to dilated cardiomy-
opathy, (C) FMR type 3 due to extended anterior myocardial infarction, and (D) FMR type 4 with mitral annulus dilatation due to chronic atrial fibril-
lation. Each example is presented in the apical long-axis view at systole by grey scale imaging and by colour-coded Doppler imaging including scale with
Nyquist limit. FMR, functional mitral regurgitation; LA, left atrial; LV, left ventricular.
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LVEDV in the presence of a normal E/E′. With further in-
creasingMR, e-velocity will significantly increase resulting
in a significant increase of E/E′, which is in parallel docu-
mented by an increase in systolic pulmonic arterial pres-
sure. Beside medical therapy, interventional or surgical
therapy may be an option, presumably most effective if
LVEDP is increased. The last stage of FMR type 1 is charac-
terized by contractile insufficiency resulting in decreasing
LVEF in the presence of increased LVEDV and increased
E/E′. Deformation of the left ventricle and the mitral valve
in FMR type 1 is characterized among other parameters
by a large tenting area and the seagull sign.7,24,25

(2) FMR type 2: FMR in dilated or toxic cardiomyopathy is also
due to LV remodelling causing retraction and tethering of
themitral leaflets with consecutive FMR. In contrast to hy-
pertensive heart disease, LVEF decrease in the presence
of LVEDV increase will be primarily observed. Thus, the se-
quelae of LVEDV and LVEDP increase can vary.

(3) FMR type 3: The scenario in ischaemic FMR varies be-
tween different conditions depending on location and ex-
tension of myocardial ischaemia. The echocardiographic
evaluation is more complex. For example, a patient with
mild regurgitation may exhibit an RV of 25 mL and an
LVSVtot of 100 mL in a normal LV prior to infarction. The
RF is 25%. If an acute myocardial infarction occurs, con-
tractile function usually acutely decreases. Assume
LVSVtot is reduced to 50 mL. Because in the acute stage,
LV dimensions are normal, LVEDP is increased, RV is un-
changed with 25 mL, resulting at once in a 50% RF
representing severe MR according to current definitions.
Depending on revascularization success, LV remodelling,
concomitant medical therapy, and the tethering forces
to the mitral valve, different sequelae may occur. In the
presence of optimal circumstances with predominant
closing forces to the mitral valve, ischaemic myocardium
recovers and LV remodelling can be nearly completely
avoided resulting in restoration of mild MR. If myocardial
infarction and scar formation occurs without tethering of
the mitral valve under optimal therapy, LV remodelling
within at least borderline increases of LV dimension will
cause borderline increase of LVEDV and E/E′ in the pres-
ence of reduced LVEF and a mild-to-moderate or moder-
ate MR. If scar formation affects papillary muscles and
the mitral integrity of the chords and LV remodelling as
well as aneurysm formation occurs, the severity ofMRwill
increase and the constellation of reduced LVEF, increased
LVEDV, and increased E/E′ can be assessed. Deformation
of the mitral valve at this stage of FMR type 3 is also char-
acterized among other parameters by a large tenting area,
an increased vena contracta, and mostly by excentric jet
formation.

(4) FMR type 4: The echocardiographic scenario in FMR
type 4 may again be different—mainly with respect to
the differences in LV size due to concomitant

myocardial ischaemia and old infarcted areas as well
as due to arrhythmia-induced tachy-cardiomyopathy. If
LV function is normal, the mitral annulus is dilated
due to the LA remodelling resulting in insufficient coap-
tation of the mitral leaflets. The deformation of the mi-
tral valve in FMR type 4 is characterized by nearly zero
tenting area. In patients with FMR type 4, echocardio-
graphic assessment by semiquantitative MR parameters
is highly prone to error. Vena contracta and RV deter-
mination by PISA method is misleading due to the var-
iability of LV contraction during atrial fibrillation,
analysis of jet area and its relation to the LA is gener-
ally misleading and should not be used, and reversal of
pulmonary vein flow is misleading due to the large LA
dimensions. Thus, a quantitative assessment of RF can
be proposed—of course with respect to all their limita-
tions. The echocardiographic constellations of a rele-
vant FMR type 4 vary between normal and reduced
LVEF due to concomitant diseases, normal LVEDV or
mildly increased LVEDV in the presence of markedly in-
creased LA volume, and increased E/E′, which is, how-
ever, per se increased in patients with atrial fibrillation.

It has to be discussed whether or not this proposal of
FMR classification can be more differentiated into additional
types. However, this proposal sets the stage to determine
the prognostic importance of these echocardiographic
subgrouping in FMR.

Echocardiographic assessment of
functional mitral regurgitation focusing
on regurgitant fraction as target
parameter

The inconsistencies of echocardiographic assessment of MR
severity by semiquantitative parameters support a quantita-
tive approach to determine MR severity by echocardiogra-
phy.35,36 Thus, we suggest that RF may be the only
reliable parameter to quantify the severity of valvular re-
gurgitation. Parameters such as EROA or RV are as semi-
quantitative as vena contracta or reversal of pulmonary
vein flow. It is easy to understand that RV is semiquantita-
tive despite declaring a true number because a fixed RV
(e.g. 30 mL) may exhibit substantially different effects in re-
lation to potentially significantly different related volumes
(such as end-diastolic volume, EF, stroke volume, and car-
diac output.)

In conclusion, the relationship between LVSVtot and RV is
relevant in humans with significantly varying cardiac outputs.
Thus, MR severity can only be depicted by the parameter RF
as illustrated in Figure 3. Attempts to characterize FMR by
PISA radius without information about the Nyquist limit
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cannot be precise and the determination of an RV, which is
greater than LVSVtot, is implausible. Finally, describing vena
contracta in other sectional planes than the parasternal
long-axis view, in which the vena contracta was defined, is
not yielding valid numbers. The most reliable and most ro-
bust semiquantitative parameter to estimate MR severity ap-
pears to be the ratio of VTIMV (where VTIMV is the transmitral
velocity time integral) and VTILVOT (where VTILVOT is the veloc-
ity time integral of the left ventricular outflow tract), which is
unfortunately not provided in the MITRA-FR and in the CO-
APT trial.7–9

If we focus on RF, it is necessary to determine LVSVtot
and LVSVeff, using all options provided by conventional
echocardiography and cardiac magnetic resonance tomogra-
phy.8,35–41 3D echocardiography can additionally improve
the assessment of RF in patients with FMR by planimetry
of the cross-sectional areas of the left and right ventricular
outflow tracts in 3D data sets and by 3D volumetry of the
left and right ventricle using transthoracic or transesopha-
geal 3D data sets to determine LVSVtot and LVSVeff as a
countercheck of the conventional 2D Doppler

echocardiographic measurements. In case echocardiography
does not provide reliable data, cardiac magnetic resonance
tomography can be used for a quantitative approach to de-
termine RF in FMR patients.8,40,41 It should be highlighted
and pointed out that quantitative echocardiographic assess-
ment of RF in FMR is a challenge, because it is depending
on a comprehensive echocardiographic investigation
consisting in a complete documentation to perform a con-
clusive, objective, and transparent analysis.

Implications and conclusions

Our current understanding of assessing and treating patients
with FMR is still limited. The available diagnostic tools lack
clear-cut thresholds to determine the severity of secondary
mitral regurgitation and for guiding intervention. Multimodal
imaging and a comprehensive disease-based approach provide
the best strategy to treat heart failure patients with FMR. After
two large prospective randomized trials, it seems that a

Figure 3 Illustration of the impact of LV size, LV ejection fraction, and regurgitant volume (RV) on regurgitant fraction (RF): a case of mitral regurgi-
tation at early stage of hypertensive heart disease with normal sized LV (LVEDV about 60mL) is shown in the apical long-axis view by grey scale imaging
(A) and by colour-coded Doppler imaging including scale with Nyquist limit (B). In addition, the volume measurement of LVEDV is presented (C). A case
of FMR type 4 with increased sized LV (LVEDV about 210 mL) is shown by representative images in (D–F). The schemes on the right side illustrate the
relationship between LV size and LVEF on RF in the presence of equal RV. FMR, functional mitral regurgitation; LVEDV, left ventricular end-diastolic
volume; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke volume; MR, mitral valve regurgitation; RF, regurgitant fraction; RV,
regurgitant volume.
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therapeutic intervention may have a prognostic impact and
can improve symptoms in selected patients, but uncertainty
still exists with regard to the appropriate indication. After
MITRA-FR and COAPT assessing FMR based on echocardiogra-
phy still appears like opening Pandora’s box. However, we be-
lieve that the following conclusions can be drawn and should
be considered in the future:

(1) A precise quantitative approach to determine MR
severity is possible by comprehensive and standardized
2D and 3D echocardiography, focusing on RF as key
parameter.

(2) A pathomechanism-oriented classification of FMR by
echocardiography may be considered.

(3) The echocardiographic assessment of FMR severity as
performed in COAPT and MITRA-FR does not appear to
be appropriate for identification of patients deriving a
therapeutic effect of percutaneous mitral valve therapy
(a substantial selection bias appears likely). The calculated
RV in the FMR patients in COAPT appears to be higher
than the total stroke volume. With respect to the limita-
tions of semiquantitative grading of the MR severity
including the 2D-PISA method, future trials analysing

therapeutical effects in FMR should provide a quantitative
assessment of the individual RF.

(4) An additional image library should be considered in future
trials on FMR to illustrate echocardiographic documenta-
tion quality.

(5) Differences in baseline medical therapy between control
and treatment groups should be reason enough to pro-
vide additional clinical and echocardiographic follow-up
data prior to inclusion into future FMR trials and follow-
up after inclusion.

(6) The significant treatment effect in PRIME and the poten-
tial differences in baseline medical therapy in MITRA-FR
and COAPT should cause attention, because they suggest
a potential confounding bias.

(7) Echocardiographic analysis of LV filling properties and
right ventricular geometry and function should be in-
cluded into future FMR trials.

Conflict of interest

None declared.

References

1. Obadia JF, Messika-Zeitoun D, Leurent
G, Iung B, Bonnet G, Piriou N, Lefèvre
T, Piot C, Rouleau F, Carrié D, Nejjari
M, Ohlmann P, Leclercq F, Saint Etienne
C, Teiger E, Leroux L, Karam N, Michel
N, Gilard M, Donal E, Trochu JN,
Cormier B, Armoiry X, Boutitie F,
Maucort-Boulch D, Barnel C, Samson
G, Guerin P, Vahanian A, Mewton N,
MITRA-FR Investigators. Percutaneous
repair or medical treatment for second-
ary mitral regurgitation. N Engl J Med
2018; 379: 2297–2306.

2. Stone GW, Lindenfeld J, Abraham WT,
Kar S, Lim DS, Mishell JM, Whisenant
B, Grayburn PA, Rinaldi M, Kapadia SR,
Rajagopal V, Sarembock IJ, Brieke A,
Marx SO, Cohen DJ, Weissman NJ,
Mack MJ, COAPT Investigators. Trans-
catheter mitral-valve repair in patients
with heart failure. N Engl J Med 2018;
379: 2307–2318.

3. Arora G, Patel N, Arora P. Futile MITRA-
FR and a positive COAPT trial: where
does the evidence leave the clinicians?
Int J Cardiol Heart Vasc 2018; 22: 18–19.

4. Grayburn PA, Sannino A, Packer M. Pro-
portionate and disproportionate func-
tional mitral regurgitation: a new
conceptual framework that reconciles
the results of the MITRA-FR and COAPT
trials. JACC Cardiovasc Imaging 2019;
12: 353–362.

5. Arnold SV, Chinnakondepalli KM,
Spertus JA, Magnuson EA, Baron SJ,
Kar S, Lim DS, Mishell JM, Abraham
WT, Lindenfeld JA, Mack MJ, Stone
GW, Cohen DJ, COAPT Investigators.
Health status after transcatheter mitral-
valve repair in heart failure and second-
ary mitral regurgitation: COAPT trial. J
Am Coll Cardiol 73: 2123–2132.

6. Doenst T, Bargenda S, Kirov H,
Moschovas A, Tkebuchava S, Safarov R,
Diab M, Faerber G. Cardiac surgery
2018 reviewed. Clin Res Cardiol 2019 in
press. https://doi.org/10.1007/s00392-
019-01470-6

7. Lancellotti P, Tribouilloy C, Hagendorff
A, Popescu BA, Edvardsen T, Pierard
LA, Badano L, Zamorano JL, Scientific
Document Committee of the European
Association of Cardiovascular Imaging.
Recommendations for the echocar-
diographic assessment of native valvu-
lar regurgitation: an executive sum-
mary from the European Association
of Cardiovascular Imaging. Eur Heart J
Cardiovasc Imaging 2013; 14: 611–644.

8. Zoghbi WA, Adams D, Bonow RO,
Enriquez-Sarano M, Foster E, Grayburn
PA, Hahn RT, Han Y, Hung J, Lang RM,
Little SH, Shah DJ, Shernan S,
Thavendiranathan P, Thomas JD,
Weissman NJ. Recommendations for
noninvasive evaluation of native

valvular regurgitation: a report from
the American Society of Echocardiogra-
phy developed in collaboration with the
Society for Cardiovascular Magnetic
Resonance. J Am Soc Echocardiogr
2017; 30: 303–371.

9. Zoghbi WA, Asch FM, Bruce C, Gillam
LD, Grayburn PA, Hahn RT, Inglessis I,
Islam AM, Lerakis S, Little SH, Siegel
RJ, Skubas N, Slesnick TC, Stewart WJ,
Thavendiranathan P, Weissman NJ,
Yasukochi S, Zimmerman KG. Guide-
lines for the evaluation of valvular re-
gurgitation after percutaneous valve
repair or replacement: a report from
the American Society of Echocardiogra-
phy developed in collaboration with the
Society for Cardiovascular Angiography
and Interventions, Japanese Society of
Echocardiography, and Society for Car-
diovascular Magnetic Resonance. J Am
Soc Echocardiogr 32: 431–475.

10. Grigioni F, Enriquez-Sarano M, Zehr KJ,
Bailey KR, Tajik AJ. Ischemic mitral re-
gurgitation: long-term outcome and
prognostic implications with quantita-
tive Doppler assessment. Circulation
2001; 103: 1759–1764.

11. de Bonis M, Lapenna E, la Canna G,
Ficarra E, Pagliaro M, Torracca L,
Maisano F, Alfieri O. Mitral valve repair
for functional mitral regurgitation in
end-stage dilated cardiomyopathy: role

684 A. Hagendorff et al.

ESC Heart Failure 2019; 6: 678–685
DOI: 10.1002/ehf2.12491

https://doi.org/10.1007/s00392-019-01470-6
https://doi.org/10.1007/s00392-019-01470-6


of the “edge-to-edge” technique. Circula-
tion 2005; 112: I402–I408.

12. Bursi F, Enriquez-Sarano M, Jacobsen
SJ, Roger VL. Mitral regurgitation after
myocardial infarction: a review. Am J
Med 2006; 119: 103–112.

13. Asgar AW, Mack MJ, Stone GW. Second-
ary mitral regurgitation in heart failure:
pathophysiology, prognosis, and thera-
peutic considerations. J Am Coll Cardiol
2015; 65: 1231–1248.

14. de Bonis M, Lapenna E, Barili F, Nisi T,
Calabrese M, Pappalardo F, la Canna G,
Pozzoli A, Buzzatti N, Giacomini A, Alati
E, Alfieri O. Long-term results of mitral
repair in patients with severe left ven-
tricular dysfunction and secondary mi-
tral regurgitation: does the technique
matter? Eur J Cardiothorac Surg 2016;
50: 882–889.

15. Asch F, Daaboul Y. COAPT: mitral regur-
gitation after MitraClip implantation in
patients with heart failure and second-
ary mitral regurgitation: echocardio-
graphic outcomes from the COAPT
trial. http://clinicaltrialresults.org/

16. Dujardin KS, Enriquez-Sarano M, Bailey
KR, Nishimura RA, Seward JB, Tajik AJ.
Grading of mitral regurgitation by quan-
titative Doppler echocardiography: cali-
bration by left ventricular angiography
in routine clinical practice. Circulation
1997; 96: 3409–3415.

17. Biner S, Rafique A, Rafii F, Tolstrup K,
Noorani O, Shiota T, Gurudevan S,
Siegel RJ. Reproducibility of proximal
isovelocity surface area, vena contracta,
and regurgitant jet area for assessment
of mitral regurgitation severity. JACC
Cardiovasc Imaging 2010; 3: 235–243.

18. Rückbeil MV, Hilgers RD, Heussen N.
Assessing the impact of selection bias
on test decisions in trials with a time-
to-event outcome. Stat Med 2017; 36:
2656–2668.

19. Uschner D, Hilgers RD, Heussen N. The
impact of selection bias in randomized
multi-arm parallel group clinical trials.
PLoS ONE 2018; 13: e0192065.

20. Schulz KF, Grimes DA. Sample size cal-
culations in randomised trials: manda-
tory and mystical. Lancet 2005; 365:
1348–1353.

21. Sharir T, Feldman MD, Haber H,
Feldman AM, Marmor A, Becker LC,
Kass DA. Ventricular systolic assess-
ment in patients with dilated cardiomy-
opathy by preload-adjusted maximal
power. Validation and noninvasive
application. Circulation 1994; 89:
2045–2053.

22. Grayburn PA, Carabello B, Hung J,
Gillam LD, Liang D, Mack MJ, McCarthy
PM, Miller DC, Trento A, Siegel RJ. De-
fining “severe” secondary mitral regurgi-
tation: emphasizing an integrated

approach. J Am Coll Cardiol 2014; 64:
2792–2801.

23. NakayamaM, Chen CH, Nevo E, Fetics B,
Wong E, Kass DA. Optimal preload ad-
justment of maximal ventricular power
index varies with cardiac chamber size.
Am Heart J 1998; 136: 281–288.

24. Yiu SF, Enriquez-Sarano M, Tribouilloy
C, Seward JB, Tajik AJ. Determinants
of the degree of functional mitral regur-
gitation in patients with systolic left ven-
tricular dysfunction: a quantitative
clinical study. Circulation 2000; 102:
1400–1406.

25. Gelsomino S, van Garsse L, Lucà F,
Lorusso R, Cheriex E, Rao CM, Caciolli
S, Vizzardi E, Crudeli E, Stefàno P,
Gensini GF, Maessen J. Impact of preop-
erative anterior leaflet tethering on the
recurrence of ischemic mitral regurgita-
tion and the lack of left ventricular re-
verse remodeling after restrictive
annuloplasty. J Am Soc Echocardiogr
2011; 24: 1365–1375.

26. Borlaug BA, Melenovsky V, Marhin T,
Fitzgerald P, Kass DA. Sildenafil inhibits
beta-adrenergic-stimulated cardiac con-
tractility in humans. Circulation 2005;
112: 2642–2649.

27. Lavall D, Mehrer M, Schirmer SH, Reil
JC, Wagenpfeil S, Böhm M, Laufs U.
Long-term hemodynamic improvement
after transcatheter mitral valve repair. J
Am Soc Echocardiogr 2018; 31:
1013–1020.

28. Lavall D, Hagendorff A, Schirmer SH,
Böhm M, Borger MA, Laufs U. Mitral
valve interventions in heart failure. ESC
Heart Fail 2018; 5: 552–561.

29. Ponikowski P, Voors AA, Anker SD,
Bueno H, Cleland JGF, Coats AJS, Falk
V, González-Juanatey JR, Harjola VP,
Jankowska EA, Jessup M, Linde C,
Nihoyannopoulos P, Parissis JT, Pieske
B, Riley JP, Rosano GMC, Ruilope LM,
Ruschitzka F, Rutten FH, van der Meer
P, ESC Scientific Document Group.
2016 ESC Guidelines for the diagnosis
and treatment of acute and chronic
heart failure: the Task Force for the di-
agnosis and treatment of acute and
chronic heart failure of the European
Society of Cardiology (ESC) developed
with the special contribution of the
Heart Failure Association (HFA) of the
ESC. Eur Heart J 2016; 37: 2129–2200.

30. Falk V, Baumgartner H, Bax JJ, de Bonis
M, Hamm C, Holm PJ, Iung B,
Lancellotti P, Lansac E, Muñoz DR,
Rosenhek R, Sjögren J, Tornos Mas P,
Vahanian A, Walther T, Wendler O,
Windecker S, Zamorano JL, ESC
Scientific Document Group. 2017
ESC/EACTS guidelines for the manage-
ment of valvular heart disease. Eur J
Cardiothorac Surg 2017; 52: 616–664.

31. Kang DH, Park SJ, Shin SH, Hong GR,
Lee S, Kim MS, Yun SC, Song JM, Park
SW, Kim JJ. Angiotensin receptor
neprilysin inhibitor for functional mitral
regurgitation. Circulation 2019; 139:
1354–1365.

32. Mullens W, Martens P. Sacubitril/
valsartan to reduce secondary mitral re-
gurgitation. Circulation 2019; 139:
1366–1370.

33. Cleophas TJ, Zwinderman AH. Clinical
trials: how to assess confounding and
why so. Curr Clin Pharmacol 2007; 2:
129–133.

34. Skelly AC, Dettori JR, Brodt ED.
Assessing bias: the importance of con-
sidering confounding. Evid Based Spine
Care J 2012; 3: 9–12.

35. Hagendorff A, Stoebe S, Tarr A, Pfeiffer
D. Standardized transthoracic echocar-
diography in patients with primary and
secondary mitral valve regurgitation.
Ultraschall Med 2015; 36: 10–34.

36. Hagendorff A, Stöbe S. Konventionelle
echokardiografische Beurteilung der
isolierten Mitralklappen insuffizienz. In
Basiswissen Echokardiografie “Ars
echocardiografica”–Schritt für Schritt
zur korrekten Diagnose, 1st ed.
München: Elsevier Urban & Fischer;
2017. p 308–329.

37. Marsan NA, Westenberg JJ, Ypenburg C,
Delgado V, van Bommel RJ, Roes SD,
Nucifora G, van der Geest RJ, de Roos
A, Reiber JC, Schalij MJ, Bax JJ.
Quantification of functional mitral
regurgitation by real-time 3D echocardi-
ography: comparison with 3D velocity-
encoded cardiac magnetic resonance.
JACC Cardiovasc Imaging 2009; 2:
1245–1252.

38. Thavendiranathan P, Phelan D, Collier P,
Thomas JD, Flamm SD, Marwick TH.
Quantitative assessment of mitral
regurgitation: how best to do it.
JACC Cardiovasc Imaging 2012; 5:
1161–1175.

39. Thavendiranathan P, Phelan D, Thomas
JD, Flamm SD, Marwick TH. Quantita-
tive assessment of mitral regurgitation:
validation of new methods. J Am Coll
Cardiol 2012; 60: 1470–1483.

40. Uretsky S, Gillam L, Lang R, Chaudhry
FA, Argulian E, Supariwala A, Gurram
S, Jain K, Subero M, Jang JJ, Cohen
R, Wolff SD. Discordance between
echocardiography and MRI in the as-
sessment of mitral regurgitation
severity: a prospective multicenter
trial. J Am Coll Cardiol 2015; 65:
1078–1088.

41. Uretsky S, Argulian E, Narula J, Wolff
SD. Use of cardiac magnetic resonance
imaging in assessing mitral regurgita-
tion: current evidence. J Am Coll Cardiol
2018; 71: 547–563.

Echocardiographic assessment of functional mitral regurgitation 685

ESC Heart Failure 2019; 6: 678–685
DOI: 10.1002/ehf2.12491

http://clinicaltrialresults.org/

