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Mitral regurgitation (MR) is highly prevalent among patients with heart failure and preserved ejection fraction (HFpEF). Despite this
combination being closely associated with unfavourable outcomes, it remains relatively understudied. This is partly due to the inherent
heterogeneity of patients with HFpEF. To address this gap, dissecting HFpEF into mechanism-based phenotypes may offer a promising
avenue for advancing our comprehension of these complex intertwined conditions. This review employs the validated CircAdapt model
to explore the haemodynamic implications of moderate to severe MR across a well-defined spectrum of myocardial disease, characterized
by impaired relaxation and reduced myocardial compliance. Both heart failure and mitral valve disease share overlapping symptomatology,
primarily attributed to elevated pulmonary pressures. The intricate mechanisms contributing to these elevated pressures are multifaceted,
potentially influenced by diastolic dysfunction, left atrial myopathy, and MR. Accurate evaluation of the haemodynamic and clinical impact of
MR necessitates a comprehensive approach, taking into account the characteristics of both the left atrium and left ventricle, as well as their
intricate interactions, which may currently be underemphasized in diagnostic practice. This holistic assessment is imperative for enhancing
our understanding and refining therapeutic strategies within this patient cohort.
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The interplay of MR and HFpEF: understanding increased pulmonary pressures and strategies for management. HFpEF, heart failure with preserved

ejection fraction; MR, mitral valve regurgitation.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) comprises
at least 50% of all heart failure patients and is projected to impose
an escalating burden on our healthcare in the near future.'3
Mitral regurgitation (MR) is frequently encountered in patients
with HFpEF, largely attributed to atrial enlargement (called atrial
functional MR [AFMR]) and age-related structural valve degener-
ation.*® This is substantiated by data from the European Society
of Cardiology Heart Failure Long-Term registry® and the study
by Bartko et al.® The former registry documents that 19.5% of
patients with HFpEF (n=1462) experience moderate or severe
MR, while Bartko et al’s cohort study (n=7362) reports a varied
prevalence, with severe MR in 5% of patients with HFpEF, mod-
erate in 61%, and mild or none in 34%. Unlike functional MR in
heart failure with reduced ejection fraction (HFrEF), the role of
MR in HFpEF remains underexplored.” Although even mild MR in
HFpEF is closely linked with unfavourable outcomes, it remains
unclear whether MR is causally contributing or merely a marker
of atrioventricular disease severity.*8~1"

Exertional dyspnoea is the predominant symptom observed
in both patients with HFpEF and patients with significant MR,
which is assumed to arise from elevated pulmonary pressures
leading to pulmonary oedema and eventually to right ventricular
failure.”>"3 The challenge lies in discerning the exact underlying
mechanisms responsible for these increased upstream pressures,
potentially influenced by left ventricular (LV) diastolic dysfunction,
left atrial (LA) myopathy, and/or the mitral regurgitant flow. The
identification and treatment of the culprit lesion(s) are crucial for
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effective clinical management and prognosis. Figure 7 illustrates the
clinical scenario of a patient with HFpEF and MR, as increasingly
encountered in daily clinical practice. One challenge is that LV
diastolic dysfunction and a diseased left atrium by itself can result
in prominent v-waves due to abnormal atrioventricular coupling.’
On the other hand, in the setting of a less compliant left atrium,
even mild to moderate MR can have significant haemodynamic
implications.’>¢

To enhance the therapeutic strategies for MR in HFpEF it
is essential to gain a more comprehensive understanding of
the haemodynamic impact, the underlying pathophysiological
mechanisms, and the intricate interplay between the valve and
myocardium. The growing importance of this issue is underscored
by the extensive range of percutaneous interventions currently
available, expanding treatment eligibility to include frail patients
with HFpEF, who frequently have numerous comorbidities, for
interventions aimed at reducing MR. Consequently, it is crucial
to rigorously select those patients who are most likely to derive
significant benefit from these costly therapeutic procedures. This
review aims to critically explore the haemodynamic consequences
of MR in HFpEF by reviewing existing literature and employing a
validated computer haemodynamic simulation environment.

Stratifying heart failure
with preserved ejection fraction
into haemodynamic phenotypes

Patients with HFpEF typically exhibit varying degrees of
atrioventricular disease with diastolic dysfunction and elevated
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Clinical context

Echocardiography

Diagnostic tests

Vena contracta 4.5 mm

LV-EF 55%

78-year-old female (EuroSCORE II 3.5%)
Permanent Atrial Fibrilllation — Arterial Hypertension
Dyspnea, fatigue (NYHA IIT) and edema

Right Heart Catheterization

mPAP 27 mmHg
PAWP 20 mmHg
Prominent v-waves *

Lab results

EROA 31 mm? LAVI 55 mL/m?
RV 36 mL Tall E-wave, E/e’ 23 NTproBNP 2257 ng/L
TRV 3 m/s eGFR 50 ml/min
Treatment target /\
MR ——{f PAWP [«— HFpEF

Heart failure treatment
Rhythm vs rate control
Comorbidity control

Figure 1 Evaluating the clinical challenges of treating the mitral valve in symptomatic heart failure with preserved ejection fraction (HFpEF)
with moderate to severe mitral regurgitation (MR). EROA, effective regurgitant area; eGFR, estimated glomerular filtration rate; LAVI, left
atrial volume index; LV-EF, left ventricular ejection fraction; mPAP, mean pulmonary artery pressure; M-TEER, mitral transcatheter edge-to-edge
repair; NTproBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PAWP, pulmonary arterial wedge pressure;

RV, regurgitant volume; TRV, tricuspid regurgitant jet velocity.

filling pressures as central components. To better comprehend
the haemodynamic impact of MR, we further categorize HFpEF as
predominant atrial, ventricular, or a mixed phenotype as shown in
Figure 2. For instance, what appears to be moderately volumetric
MR may exhibit significant haemodynamic severity when occurring
alongside a non-compliant left atrium. This can exacerbate LA
hypertension and its downstream adverse effects."” Conversely,
addressing moderate or severe MR in patients with prominent
stiffening of the left ventricle and diastolic dysfunction may not
substantially affect left-sided filling pressures, offering limited
symptomatic and prognostic benefits. This complex diagnostic
scenario requires an integrated systems physiology approach that
elucidates the functional interplay between the diseased valve and
its surrounding environment.

For the purpose of this review, we utilized the validated Cir-
cAdapt model to explore haemodynamics in patients with HFpEF.
Briefly, the CircAdapt model of the human cardiovascular system
offers a digital platform for well-controlled quantitative analy-
ses of cardiac haemodynamics for a diverse range of boundary
conditions.””~% Figure 3 illustrates normal atrial and ventricular

pressure—volume loops, as simulated by the default CircAdapt
model. In the following paragraphs, we will use this platform to
explore haemodynamic consequences of moderate to severe MR
(effective regurgitant orifice area [EROA] of 30 mm?) across a
comprehensive and well-defined spectrum of myocardial diseases.
This spectrum includes conditions characterized by impaired
relaxation and reduced myocardial compliance in both atrial
and ventricular myocardium. Consequently, HFpEF is defined
here from a haemodynamic perspective as increased myocardial
stiffness, rather than as a clinical syndrome.

Mitral regurgitation in normal setting

Regurgitant mitral flow interrupts the normal isovolumetric con-
traction of the ventricle, resulting in a decrease in LV volume
during systolic pressure build-up (Figure 4). During the subsequent
ejection phase, which is often prolonged in patients with MR,
the overall LV afterload is diminished given the low pressure LA
backflow, also contributing to a decrease of end-systolic volume
(ESV). In patients with severe MR undergoing percutaneous mitral

© 2024 European Society of Cardiology.
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Atrial Phenotype

Mixed Phenotype

Ventricular Phenotype

Most common

LA dysfunction

T LA remodelling
Atrial fibrillation

Stiff LA syndrome

LV diastolic dysfunction
LV stiffening
Concentric remodeling

Restrictive myopathies

Figure 2 Stratifying heart failure with preserved ejection fraction into haemodynamic predominant phenotypes. LA, left atrial;

L, left ventricular.
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Figure 3 Normal left ventricular and left atrial pressure—volume loops using the CircAdapt model. (A) Wiggers diagram with pressure and
volume tracing as a function of time during the cardiac cycle. (B) Left ventricular (top) and left atrial (bottom) pressure—volume loop. A-loop,
atrial loop; AVC, aortic valve closure; AVO, aortic valve opening; EDPVR, end-diastolic pressure volume relationship; ESPVR, end-systolic
pressure volume relationship; IVC, isovolumetric contraction; IVR, isovolumetric relaxation; LA, left atrium; LV, left ventricle; MVC, mitral

valve closure; MVO, mitral valve opening; V-loop, ventricular loop.

transcatheter edge-to-edge repair (M-TEER), haemodynamic
assessment before and after the procedure indeed demonstrated
a significant increase in ESV by a mean of 11ml (p=0.006)
immediately after M-TEER.2' Moreover, an increase in ESV, as
clinically monitored by the end-systolic diameter (>40 mm) serves
as an important prognostic marker and a compelling indication of
deteriorating coping mechanisms, necessitating intervention.??

© 2024 European Society of Cardiology.

During the filling phase, the endless loop of volume overload
leads to an augmentation in LV end-diastolic volume, which is
initially well tolerated in a compliant left ventricle given the
non-linear end-diastolic pressure—volume relationship (EDPVR).
As per the Frank—Starling mechanism, the elevated preload
plays a pivotal role in global LV performance.? The net effect of
these changes is an increased width and corresponding area of
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Figure 4 Comparison of left ventricular and left atrial pressure—volume loops and tracings in normal hearts, left atrial and left ventricular
phenotypes without and with mitral regurgitation (MR). A-loop, atrial loop; LA, left atrium; V-loop, ventricular loop.

the pressure—volume loop, augmenting total stroke volume and
(misleading) supranormal LV ejection fraction. Gaemperli et al.?’
observed an immediate reduction in ejection fraction from 55%
to 42% following M-TEER. This reduction was attributed to a
substantial 21% increase in afterload. Despite this, cardiac output
increased by 0.9 L/min, and load-independent parameters of LV
contractility, such as end-systolic pressure—volume relationship,
were not significantly affected.

In the setting of a compliant left atrium and left ventricle, the
v-wave induced by a moderate MR jet is restricted in its impact
on pulmonary artery wedge pressure (PAWP), owing to the
proficient LA buffer and the effective volume handling capabilities
of the left ventricle. Furthermore, after MR reduction (as depicted
in Figure 3), the limited v-wave completely vanishes. In the study
by Gaemperli et al,>' where 48% had degenerative MR and the
mean ejection fraction was 50%, a mean reduction of the v-wave
by 7mmHg (from 22 to 14mmHg, p=0.001) was reported
immediately after M-TEER.

Thus, within a well-functioning surrounding environment, mod-
erate to severe MR can be adequately accommodated through LA
and LV adaptation.

Mitral regurgitation in heart failure
with preserved ejection fraction
with predominant ventricular phenotype

In patients with impaired LV compliance, as commonly observed
in HFpEF, the EDPVR displays an upward and leftward shift.24?> As
a consequence, even minor alterations in volume overload, such
as the presence of moderate MR, can elicit substantial pressure
fluctuations as illustrated in the simulation environment when pre-
dominant LV stiffness is modelled (Figure 4).217:2426 The significant
rise in end-diastolic pressure (EDP) imparts resistance to ventricu-
lar filling and is subsequently transmitted to the left atrium, which
now operates at a higher pressure setpoint.

This phenomenon is prominently illustrated in the LA
pressure—volume loop, wherein a global rightward shift is evident

© 2024 European Society of Cardiology.
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while adhering to the intrinsic (non-linear) EDPVR curve. Further-
more, the biphasic pattern, reflective of the combined influences
from atrial and ventricular contractions, remains well-preserved.
These increased pressure levels superimpose over the MR jet,
serving as a crucial factor in long-term LA remodelling. Nonethe-
less, owing to the left atrium’s sustained functional capacity, it still
effectively buffers the moderate MR.

While the v-wave becomes more prominent, the overall influ-
ence on pulmonary pressures remains restricted in comparison
to simulated HFpEF patients without MR. Indeed, the haemody-
namic HFpEF study by Tamargo et al.'’ showed that the v-wave
amplitude at rest was higher in a HFpEF cohort with versus with-
out mild to moderate MR (25+ 10 vs. 19 +8mmHg) while the
difference in mean wedge pressure was rather small (17 +6 vs.
15 + 5 mmHg). This understanding holds the potential to facilitate
therapeutic management, as while the superimposed MR jet can
exacerbate the v-wave amplitude, it does not overwhelm the left
atrium’s buffering capacity. The primary concern in these patients
remains the elevated EDP.

Mitral regurgitation in heart failure
with preserved ejection fraction
with predominant atrial phenotype

Isolated atrial myopathies, encompassing predominant atrial amy-
loidosis, autosomal-recessive atrial cardiomyopathies, as well as
atrial fibrillation (AF) and ablation-induced atrial scar, have been
recognized as aetiological factors contributing to HFpEF, ultimately
culminating in the manifestation of severe atrial standstill and
stiff LA syndrome.?’ In the simulated LA pressure—volume loop
(Figure 4), these observations manifest as a pronounced steepening
of EDPVR and a notable reduction in atrial contribution or A-loop,
consequently leading to the loss of its characteristic biphasic pat-
tern as evidenced in HFpEF dogs with predominant atrial HFpEF28

The presence of additional MR in this poorly functioning left
atrium induces a rightward shift and further accentuates the influ-
ence of the left ventricle.?’-3* However, it is noteworthy that the
upward shift (pressure increase) is of a mild to moderate degree,
primarily due to the efficient diastolic transfer of volume and pres-
sure to the compliant left ventricle. In a study conducted by Inciardi

I.,3* it was demonstrated that the connection between EROA

eta
and pulmonary pressures in heart failure patients (mean ejection
fraction of 52%) was significantly influenced by LA function, as eval-
uated through non-invasive strain imaging (p-value for interaction
<0.0017). In patients with a normal peak atrial longitudinal strain
exceeding 30%, there was no correlation between an increase in
EROA and pulmonary pressures. Conversely, in patients with lower
peak atrial longitudinal strain, a progressive rise in EROA showed
a significant correlation with increased pulmonary pressures.**
The invasive v-wave assessment proves to be neither sensitive
nor specific, rendering it an imprecise measure for assessing
MR severity in patients with HFpEF and atrial dysfunction.'*3
The poorly compliant left atrium alone can induce a v-wave
during ventricular contraction, which becomes evidently more

pronounced with the superimposition of MR (Figure 3). In the study

© 2024 European Society of Cardiology.

of Tamargo et al,"" the presence of mild to moderate MR tended
to associate with adverse outcome (log-rank p=0.08), but this
appeared to be largely due to the coexistence of LA dysfunction
(log-rank p =0.0001) stressing the importance of considering the
left atrium when evaluating MR.

Mitral regurgitation in heart failure
with preserved ejection fraction
with mixed phenotype

The majority of HFpEF patients exhibit involvement of both the
atrial and ventricular compartments as remodelling occurs as a
continuous and interconnected process, thereby making it chal-
lenging to ascertain the individual impact of each component.
Advancements in imaging techniques and a growing focus on adopt-
ing a multimodality approach hold promise in enhancing this inte-
grative approach.

The simulated LA pressure tracing in the combined phenotype
(Figure 4) presents intriguing features. In comparison to the normal
condition, the left atrium functions at an elevated pressure setpoint
due to heightened LV end-diastolic pressure. Moreover, the intrin-
sic functions of the left atrium are compromised, evident from the
impaired waveforms including the disappearance of the A-loop with
minimal atrial contribution. Notably, the v-wave remains promi-
nent, even in the absence of moderate MR.

This highlights the clinical conundrum that merely addressing
the regurgitant jet will not lead to normalization of LA pressures,
which has become a noteworthy concept in routine clinical prac-
tice due to the increasing utilization of percutaneous interventions
within HFpEF. Although successful reduction in MR has been doc-
umented in observational studies of mitral interventions, the pri-
mary therapeutic objective remains the reduction of LA pressure
to enhance both symptoms and outcomes. In addition, it is impor-
tant to mention that the association between LA pressure, PAWP,
symptomatic presentation and exercise capacity may not be lin-
ear.3¢ The pathophysiology in this context is significantly influenced
by factors including pulmonary vasculature dynamics and the ability
of the right ventricle to adapt to heightened pressures.

Management of mitral
regurgitation in patients

with heart failure with preserved
ejection fraction

Building upon the pathophysiological insights discussed earlier
and illustrated in Figure 4, we strongly advocate for a thorough
assessment and treatment of the underlying HFpEF before con-
sidering these patients for mitral valve intervention (Figure 5).
This approach parallels the perspective in HFrEF, where func-
tional MR is recognized as secondary to underlying ventricular
disease, demanding a dedicated heart failure treatment. Interest-
ingly, current clinical practice guidelines for valve disease do not
discriminate between ventricular and atrial functional MR.%’
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HFpEF + MR

Time (ms)

LA Pressure (mmHg)

Mitral valve
intervention

Initiate SGLT-2 inhibitor
Optimize fluid balance
Consider rhythm control
Consider RAAS modulation

Figure 5 Proposed treatment strategy of mitral regurgitation (MR) in heart failure with preserved ejection fraction (HFpEF). LA, left atrium;
SGLT-2, sodium—glucose cotransporter 2; RAAS, renin—angiotensin—aldosterone system.

Pharmacological approach

An optimal fluid balance is of paramount importance as diuretics
can rapidly alter pulmonary congestion in HFpEF by mitigating
the steep rise in pressures in the higher EDPVR range.3® Addi-
tionally, diuretics may augment the closing forces on the mitral
valve by reducing LA pressure more than LV pressure.? During
decongestion in HFpEF, Ennezat et al* found that there was
an average decrease of mitral regurgitant volume and EROA of
11ml and 8 mm?, respectively. An analysis of the BIOSTAT-CHF
registry showed that adhering to guideline-recommended medical
therapy for HFrEF in patients with HFpEF was associated with an
increased likelihood of improving MR.*! Positive LA remodelling
has been reported in HFpEF patients, mice and rats treated
with angiotensin-converting enzyme inhibitors or the angiotensin
receptor—neprilysin inhibitor sacubitril/valsartan.33*?  Further-
more, angiotensin |l receptor blockers have been proposed to
modulate mitral valve leaflet remodelling.** Lastly, sodium—glucose
cotransporter 2 inhibitors (SGLT2i) have shown to be effective in
HFpEF** Patients with severe valvular heart disease were however
excluded and mechanism-based insights are eagerly awaited.*>
Recently presented data suggest a clear haemodynamic benefit of
SGLT2i in HFpEF, with 24 weeks of dapagliflozin associated with a
reduction in the PAWP of 3.5 mmHg at rest and 5.7 mmHg during
exercise.*’” Furthermore, dapagliflozin administration in stable
outsetting patients with chronic heart failure results in global
reverse remodelling of cardiac structure, including reductions in
LA volumes regardless of ejection fraction.*®

Rhythm control

Given the high prevalence of AFMR amongst HFpEF patients, early
AF-directed treatment is expected to improve MR over time.
The retrospective data of Gertz et al***° suggest that reducing
the burden of AF decreases the severity of MR. Compared with

patients with recurrent AF, there was a greater reduction in LA
volume and mitral annular diameter. Sinus rhythm restoration
allows gradual recovery of annular dynamics, may improve dias-
tolic and LA function and is linked with improved outcome in
HFpEF31-53 Newer techniques, especially pulsed field ablation,
seem to result in less scar formation and may conceptually cause
less detrimental impact on LA function, although long-term data
are still pending.>*>> The Early Treatment of Atrial Fibrillation
for Stroke Prevention Trial (EAST-AFNET 4) paves the way for
rhythm control in the early stages of AF>¢ Approximately 44% of
both arms of the study (rhythm control vs. usual care) had valvular
heart disease, although the details of this are not further specified.
Additionally, the initiation of guideline-directed medical therapy
serves to mitigate the likelihood of (recurrent) AF>’

Intervention

Percutaneous valve interventions have opened therapy options for
frail HFpEF patients. Much research effort has focused on patient
selection, although the indication in HFpEF is still an unexplored
territory. One can hypothesize that LV unloading, the increase
in forward cardiac output and decrease in pulmonary pressures
can outweighs the potentially negative LV afterload increase by
eliminating the backward LA flow.?! Based on retrospective data,
M-TEER (MitraClip, Abbott Vascular, Santa Clara, CA, USA) has
been shown to significantly reduce MR grade regardless of LV
filling pressure and LV ejection fraction.”*® In small series, a
significant increase in LA function and decrease in LA volume were
seen in HFpEF patients with initially severe MR .¢°-¢2 Interestingly,
severely elevated LA pressures at baseline are associated with
worse long-term survival regardless of MR aetiology or the degree
of post-procedural MR reduction, which may represent underlying
atrioventricular disease explaining at least part of the increased
pressures.®> Recent data raise the question of whether percuta-
neous interventions might be effective in HFpEF with moderate or

© 2024 European Society of Cardiology.
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severe MR in order to restore the bidirectional relationship of LA
remodelling and low-grade MR."" Of note, despite the appropriate
initiation of pharmacological management, the patient illustrated in
Figure T continued to exhibit prominent symptoms. Subsequently,
the M-TEER procedure was performed, successfully mitigating
regurgitation. However, it yielded only marginal enhancements
in pulmonary pressure and symptomatology. Further investiga-
tion into a more integrative diagnostic approach may necessitate a
reconsideration of our clinical strategy, although definitive answers
remain elusive.

Future perspectives

Despite the intertwined nature of HFpEF and MR, their relationship
remains underexplored. MR is determined by dynamic interactions
between closing and tethering forces on the mitral valve and can
thus vary over time and during exercise. Approximately one-third
of AFMR cases intensify during handgrip exercise, yet the prognos-
tic and therapeutic implications of this phenomenon are unclear
and warrant additional investigation.®*

The therapeutic approach is currently hypothetical and based on
pathophysiology. There is a deficiency in prospective randomized
trials, encompassing valve procedures, rhythm control, and poten-
tial pharmacological interventions. The ongoing PRAISE-MR trial
(NCT05991284), which tests sacubitril/valsartan in AFMR, may
provide further insights.

Conclusion

Mitral regurgitation is highly prevalent in patients with HFpEF.
Determining thresholds when MR is an active contributor to symp-
toms instead of an innocent bystander is of particular interest given
the evolving management options. Although the left atrium is the
first chamber to receive the volume excess, current guidelines
focus on the impact on LV function to indicate treatment inter-
vention. As a call to action, there is a compelling need for a more
integrated diagnostic approach that considers the functional status
of the ventricle, atrium, and valve. Comprehensive understanding
and quantification of these entities require knowledge of their func-
tional interactions. As HFpEF is an often an ‘umbrella’ diagnosis,
dissecting it into mechanism-based subtypes could move the field
forward.
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