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Abstract

Purpose of review Mitral annular calcification (MAC) and associated calcific mitral stenosis
(MS) are frequent in the aging population, although optimal management remains
debated and outcomes are poor. This article summarizes challenges in the diagnosis and
therapy of calcific MS, the indications for valve intervention, procedural concerns, and
emerging treatment options.

Recent findings Surgical mitral valve replacement is the procedure of choice in symptom-
atic patients at acceptable surgical risk, with transcatheter mitral valve replacement
(TMVR) being evaluated in clinical trials as an alternative for patients at prohibitive
surgical risk. Significant challenges exist with the currently available technology and
outcomes have been suboptimal. Optimizing the patient-selection process by using
multimodality imaging tools has proven to be essential.

Summary MAC and calcific MS is an increasingly prevalent, challenging issue with poor
outcomes. While surgical valve replacement can be performed in patients with acceptable
surgical risk, TMVR can be considered for patients at higher risk. Clinical trials are underway to
optimize outcomes. Dedicated device designs and techniques to minimize risk of left ventricular
outflow tract obstruction, paravalvular leakage, and device embolization are to be awaited.
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Introduction

Mitral annular calcification (MAC) is a chronic, degen-
erative process originating at the level of the posterior
fibrous mitral annulus that can be associated with—and
less frequently is the primary cause of—significant mi-
tral valve (MV) dysfunction [1ee, 2]. The estimated prev-
alence of MAC ranges from 8 to 15% in the general
population. MAC is more common in women, in ad-
vanced age, chronic kidney disease, and it is associated
with multiple cardiovascular risk factors [3-8]. In fact,
the pathophysiologic mechanisms of MAC share simi-
larities with the pathogenesis of atherosclerosis [9-11].
Prior chest irradiation is another specific cause of annu-
lar calcification, which more commonly involves the
anterior mitral annulus and aortic-mitral intervalvular
fibrosa [12, 13]. In addition, MAC is known to be asso-
ciated with calcific aortic valve disease and with condi-
tions that increase stress on the MV annulus such as
hypertension, left ventricular hypertrophy, and MV pro-
lapse [14]. As such, the prevalence of MAC in people >
65 years of age is over 40% [15]. In aortic stenosis
patients referred for transcatheter aortic valve replace-
ment (TAVR), MAC is reported in up to 50% of the
cases. “Severe” (circumferential) MAC, causing severe
mitral stenosis (MS), is present in up to 24% of TAVR
patients [16, 17].

While commonly an asymptomatic and incidental
finding, MAC is a marker of poor cardiovascular status
and outcome [3, 15, 18, 19]. Significant valvular stenosis
directly caused by the calcification occurs in the minority

of patients, although prevalence increases with increas-
ing life expectancy [20e]. Pathologic elevations in the
mean transmitral gradients have been reported in 0.2-
0.5% of patients undergoing transthoracic echocardiog-
raphy. The prevalence increases to 2.5% in patients >
90 years of age [21, 22] and to > 20% in younger hemo-
dialysis outpatients [23]. Significant MS is reported in
approximately 8% of patients with echocardiographic
evidence of MAC [24], typically mixed with coexisting
mitral regurgitation (MR) [25, 26]; however, one needs
to account for the increased regurgitant volume leading
to increased MS gradients. In addition, a growing pro-
portion of elderly patients will present with significant
MYV disease in the presence of MAC, posing a challenge
to conventional treatment modalities.

The optimal therapeutic strategy for patients with
calcific MS remains complex and debated [20e, 27e].
First, indications for intervention are ill-defined in this
typically elderly population with significant comorbidi-
ties. Second, conventional surgical and percutaneous
interventions to repair or replace the MV in case of
calcific disease are known to be associated with consid-
erable complexities and risk. The purpose of this article
is to provide an overview of the currently available
treatment options for calcific MS, the indications for
intervention, and the respective procedural concerns.
Finally, emerging therapeutic interventions and poten-
tial improvements toward future clinical application
will be discussed.

Diagnostic challenges in calcific mitral valve stenosis

International guideline recommendations for the treatment of MS must be

applied cautiously in patients with calcific valve disease [28, 29]. Indeed, most
of the recommendations are based on outcome data in theumatic MS and
should not be extrapolated to calcific valve dysfunction. Percutaneous balloon
valvuloplasty is usually not an option in these patients who often have mixed
mitral valve disease. Moreover, in contrast to patients with rheumatic MS, the
valve commissures typically retain their pliability and mobility, rendering
balloon valvuloplasty anatomically less indicated [1ee, 4]. Sparing of the
commissures also explains the relatively low rate of isolated severe hemody-
namic stenosis in MAC patients when compared to rtheumatic valve disease,
with pathologic gradients only occurring once the anterior MV leaflet has
become calcified and immobile [22]. In developed countries, the MS etiology
and prevalence are shifting from rheumatic to calcific MV disease. According to
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recent studies, some degree of calcific MS may now account for 12 to 26% of all
MS cases [20e]. In the Euro Heart Survey, when subdividing the age groups 50
to 70, 70 to 80, and > 80 years, calcific MS accounted for approximately 10-
15%, 30%, and 60% of all MS cases, respectively [30, 31].

Decision-making in patients with calcific MV disease is based on a thorough
echocardiographic evaluation and confirmation of stenosis severity. A mitral
valve area (MVA) < 1.5 cm? is now considered to be severe MS. This usually
corresponds to a mean transmitral mean gradient of >5 to 10 mmHg at a
normal heart rate [28]. The echocardiographic assessment of calcific MS how-
ever is subject to several challenges [32ee, 33, 34], as the “classic” echocardio-
graphic techniques used for MVA evaluation (pressure half-time method,
proximal isovelocity surface area, continuity equation, and mitral valve
planimetry) lack validation in calcific MV disease. The pressure half-time
method (MVA = 220/pressure half time), as first described by Liv Hatle in 1979
[35], is influenced by the compliance of the left ventricle and atrium. In patients
with diastolic dysfunction related to decreased left ventricular compliance, as is
frequently observed in an elderly population with MAC and associated risk
factors, the pressure half-time method has been shown to significantly overes-
timate MVA and should thus be used cautiously [36]. The continuity equation
for calculation of the effective orifice area is not valid in cases of significant
concomitant mitral (or aortic) regurgitation, which is highly prevalent in de-
generative calcific disease. Calcium-shadowing artifacts pose additional chal-
lenges to the assessment of concomitant MR severity, and transesophageal
echocardiography may be indicated in some cases to accurately diagnose mixed
valvular disease [37]. Similarly, direct two-dimensional MV planimetry to assess
MVA, which is the gold standard in rheumatic MS patients, is difficult and
unreliable in calcific MS because of the orifice geometry (absence of commis-
sural fusion) and the presence of calcium. Direct planimetry using three-
dimensional echocardiography and color flow Doppler has been proposed
showing a good correlation with MVA by continuity equation; however, data
are limited [38].

Medical management

The prognosis of patients with calcific MS is generally poor. Pasca and col-
leagues [39¢] retrospectively studied a cohort of 1004 patients with calcific MS,
defined as severe MAC without commissural fusion and a mean transmitral
diastolic gradient of >2 mmHg. Over a mean follow-up period of 3.5 +
2.8 years, there were 549 deaths, with 1-, 5-, and 10-year survival rates of 78%,
47%, and 25%, respectively. The 5-year calculated mortality rate of 53% was
three times the calculated mortality rate of an age- and gender-matched group
from the US general population. A possible protective effect of renin-
angiotensin system blockers and statins was noted using propensity score
analysis, although further validation is needed with prospective follow-up. Risk
factors for increased mortality included older age, renal insufficiency, atrial
fibrillation, and concomitant valvular lesions [39e].

In symptomatic patients with severe calcific MS, the cornerstone of therapy
is medical management with heart rate control and optimization of volume
status using diuretics [20e, 29, 40]. Beta blockers and calcium channel blockers
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are most commonly used to lower the heart rate and/or to rate-control
coexisting atrial fibrillation with the aim to decrease transmitral flow and thus
diastolic pressure gradients and symptoms. In patients with symptoms refrac-
tory to medical therapy, the decision of invasive valve intervention should be
made on a case-by-case basis, weighing the considerable risks of intervention
with the expected benefits.

Mitral valve surgery

Surgical MV replacement remains the intervention of choice to treat severe
symptomatic calcific MS in patients with low or intermediate surgical risk [20e].
The presence of annular calcification introduces a number of technical chal-
lenges to the procedure and to the anchoring of the replacement prosthesis.
Addressing the annular calcification causes a surgical dilemma between a
“respect” strategy and a “resect” strategy [27¢]. Mitral valve replacement while
preserving the calcium bar (“respect”) is associated with increased risk of
significant paravalvular leakage, injury to the left circumflex coronary artery or
conduction system, and the use of smaller sized valve prostheses prone to
prosthesis-patient mismatch. Debridement of the calcified tissue (“resect”)
allows for better valve seating, larger valve sizing, and lower risk of paravalvular
leakage [41, 42]. However, this technique comes with the risk of weakening the
annulus and increasing the risk of catastrophic atrioventricular groove disrup-
tion [43]. Several methods have been proposed for dedicated annular debride-
ment and reconstruction to avoid this complication with good technical results
and outcome [44, 45], but longer cardiopulmonary bypass times and technical
expertise are implicated [27e, 46].

In patients with MAC presenting predominantly with MR, depending
on the extent of leaflet calcification, MV repair could be achievable. In
1996, Professor Carpentier described his surgical methods for annular
debridement and reconstruction demonstrating feasibility and durable
technical success with mainly MV repair [44]|. More recently, long-term
outcome data from the Leiden group are confirmative that MV repair for
calcific MV disease is feasible and safe in MAC patients when performing
dedicated annular decalcification and reconstruction [47]. Even in an
elderly population aged > 70 years, outcomes of repair remain superior to
replacement as shown in a recent analysis from the STS Adult Cardiac
Surgery Database [48].

Transcatheter mitral valve replacement

A growing number of elderly patients with severe MAC are at high or prohibitive
surgical risk. Transcatheter mitral valve replacement (TMVR) for the treatment
of severely calcified MVs has therefore gained attention, in similarity with TAVR
for calcific aortic stenosis [49]. Despite the conceptual similarities, i.e.,
deploying a stented bioprosthesis into a surrounding bulk of calcium, the
elliptical, saddle-shaped mitral valve annulus and MV annular dynamics pose
significant challenges to percutaneous MV replacement/implantation [50].
Major concerns for TMVR have been the anchoring of the prosthesis, obstruc-
tion of the left ventricular outflow tract (LVOT) by the displaced anterior mitral
leaflet, and occurrence of significant paravalvular leakage, typically at the level
of the commissures [21, 51].
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Two multicenter registries of the initial real-world experience with TMVR in
MAC patients provide insights into the current challenges. The TMVR in MAC
Global Registry included 116 patients in 51 centers worldwide who underwent
TMVR with compassionate use of balloon-expandable transcatheter heart valves
(98% Edwards-SAPIEN valves; Edwards Lifesciences, Irving, CA, USA) between
September 2012 and March 2017 [52, 53e¢]. Mean age was 73 + 12 years, 68%
were female, and surgical risk was very high with a mean Society of Thoracic
Surgeons (STS) score of 15.3 + 11.6%. Procedural success was achieved in 77%
of patients, with 15% of patients needing a second valve implantation due to
either migration or severe regurgitation. LVOT obstruction with hemodynamic
compromise occurred in 13 patients (11.2%) and was ultimately fatal in 11
(9.4%). Thirty-day and 1-year all-cause mortality was 25% and 53.7%, respec-
tively. On multivariable Cox regression analysis, LVOT obstruction was found
to be an independent predictor of mortality at 30 days (HR 3.16, 95% CI 1.19
to 8.36; p=0.02) and at 1 year (HR 3.56; 95% CI 1.81 to 7.01; p<0.001).

The TMVR multicenter registry included a subgroup of 58 valve-in-MAC
patients (81% Edwards-SAPIEN valve; 15.5% Lotus valve, Boston Scientific,
Marlborough, MA, USA; 3.4% Direct Flow valve, Direct Flow Medical, Santa
Rosa, CA, USA) in 40 European and American centers after November 2015
[54¢]. Mean age was 75 + 11 years, 71% were female, and the mean STS score
was 10.1 £ 6.9%. Technical success rate was only 62%, with LVOT obstruction
(defined as increment in mean LVOT gradient > 10 mmHg from baseline)
occurring in almost 40% of patients. Thirty-day and 1-year all-cause mortality
was 34.5% and 62.8%, respectively, with postprocedural moderate or greater
MR identified as an independent predictor of worse outcome.

These registry data are consistent in highlighting the contemporary limita-
tions and challenges of TMVR in MAC. Nevertheless, there are reassuring signals
in these registries indicating that the procedural learning curve is steep and the
outcomes are improving with increasing experience. In the TMVR in MAC
Global Registry, there was a trend toward lower 30-day mortality in the second
half of patients treated (31% vs. 19%; p = 0.07). Moreover, 4 patients (7.6%)
needed conversion to surgery in the first half of the experience (7.6%) versus no
need for conversion to surgery in the second half (p = 0.04). A prospective
feasibility trial for TMVR (MITRAL trial, NCT02370511) has recruited a sub-
group of 30 patients with MAC for either transseptal or transatrial TMVR.
Preliminary results presented at TCT in 2017 showed a 30-day mortality of less
than 20%, with the best outcomes observed in the transseptal group.

Evolving strategies and considerations

The initial experience with balloon-expandable TMVR in MAC has demon-
strated important limitations of the currently available technology. Several
strategies and solutions are emerging to overcome the respective challenges and
to improve outcome of TMVR in MAC (Table 1).

Advanced multimodality imaging with computer-assisted planning and simulation
is emerging as an essential step in the pre-procedural work-up and selection of
TMVR patients [21, 55]. Cardiac computed tomography (CT) allows accurate
detection and characterization of the extent of MAC, evaluation of the mitral
annulus and valve area, and assessment of anatomic suitability for different
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Table 1. Remaining challenges and potential solutions for transcatheter valve interventions in calcific mitral stenosis

Challenge Potential solutions Ongoing trial

LVOT obstruction Dedicated pre-procedural planning LAMPOON, NCT03015194
Anterior leaflet resection SITRAL, NCT02830204
Hybrid approach
Septal ablation

Device embolization Dedicated device designs SITRAL, NCT02830204
Hybrid approach

Paravalvular leakage Pre-procedural planning and simulation
Dedicated device designs

Valve thrombosis Standardized anticoagulation schemes

Prospective vigilance and reporting

devices [56-59]. Post-processing tools and software to “virtually” overlay
prosthetic valves of various sizes in the MV position allow estimation of the
expected “neo-LVOT" [60, 61] (Fig. 1). Wang and colleagues showed validity of
this prediction technique by demonstrating that a predicted neo-LVOT surface
area of < 189.4 mm? has a 100% sensitivity and 96.8% specificity for predicting
TMVR-induced LVOT obstruction (defined as an increase of > 10 mmHg LVOT
gradient post-TMVR) [62]. These CT techniques offer significant improvement

Fig. 1. Clinical example of a patient with severe calcific mitral valve disease treated with transcatheter valve-in-MAC after dedicated
image-based planning. Apical four-chamber TTE view (a) and parasternal long-axis view (c) demonstrating severe annular calcium
extending into the leaflets and importantly into the anterior leaflet causing significant mitral stenosis by color Doppler. Three-
dimensional TEE imaging (b) confirms severe circumferential MAC while preserving the commissures, in contrast to the classic
rheumatic pattern. Computer tomography is used for pre-procedural anatomic assessment and virtual overlay of a 29-mm SAPIEN 3
(Edwards Lifesciences, Irvine, CA) device (d), calculating the predicted neo-LVOT in three-dimensional reconstruction (Mimics
software, Materialise NV, Belgium) (e). Post-procedural imaging (f, g) confirms adequate device seating, unrestricted transmitral
inflow, no evidence of LVOT obstruction, and absence of paravalvular leakage.
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to the pre-procedural TMVR evaluation and are gradually becoming essential in
the work-up. Further advances to this technique can be obtained by using
computer modeling tools that actually simulate device deployment (instead of
merely overlaying an undeformed device geometry), thereby accounting for
device-native heart tissue interaction and the displacement of the calcified MV
leaflets, as demonstrated by De Jaegere et al. [63]. The latter tools have the
potential to predict occurrence of post-procedural paravalvular leakage as well
[64] and could be integrated in the real-time procedural imaging [65]. Finally,
another option for assessing device-tissue interaction for pre-procedural plan-
ning and simulation of TMVR deployment is by the use of three-dimensional
printing techniques based on patient-specific anatomic reconstruction [66, 67].

In patients at highest risk of LVOT obstruction, a novel transcatheter approach
with intentional laceration of the anterior mitral leaflet has been proposed to prevent
LVOT obstruction post-TMVR [68]. This technique creates a longitudinal split/slit
of the middle scallop (A2) of the anterior MV leaflet, immediately before TMVR.
As a result, chordal attachments displace the split anterior mitral leaflet away
from the LVOT after the cylindrical prosthesis is implanted which allows blood
to flow unobstructed across the prosthesis stent struts. The first in-human expe-
rience included one patient with severe MAC predicted to have life-threatening
LVOT obstruction after TMVR, in which successful leaflet laceration was per-
formed [69]. The technical safety and outcomes of anterior MV leaflet laceration
are currently being studied in the prospective LAMPOON trial (NCT03015194).

Another approach to prevent or treat TMVR-related LVOT obstruction is
transcoronary alcohol septal ablation in patients with unfavorable septal anatomy for
TMVR. This technique can be used as a bailout during the TMVR procedure [70, 71],
although preferably it is performed 4 to 6 weeks before TMVR in patients at high
predicted risk of obstruction to allow for basal septal tissue necrosis/remodeling to
take place. Drawbacks of this technique include sacrificing myocardium and risk of
conduction system injury and subsequent pacemaker dependence. Moreover, this
technique is unsuitable in patients with a thin interventricular septum.

A hybrid surgical approach is being investigated after initial reports of transatrial
“direct vision” deployment of a percutaneous balloon-expandable SAPIEN
(Edwards Lifesciences, Irvine, CA) valve prosthesis in severe MAC patients [72-
74]. This hybrid approach overcomes some of the surgical issues encountered
with valve suturing in the calcium and device undersizing. It allows for resection
of the anterior leaflet before deploying the valve prosthesis, alleviating the risk of
LVOT obstruction. Furthermore, device seating and anchoring can be assessed
prior to release, as well as risk of significant paravalvular leakage. The major
drawback however is the need for thoracotomy and cardiopulmonary bypass in
patients already believed to be at high risk for cardiac surgery. This approach is
being investigated within the prospective SITRAL trial (Surgical Implantation of
TRAnscatheter valLve in Native Mitral Annular Calcification, NCT02830204).

Dedicated mitral valve devices are expected to further improve the TMVR
technique as compared to the currently implanted cylindrical prostheses de-
signed for aortic valve procedures [75-77]. However, patients with severe MAC
and calcific MS have typically been excluded in the initial experience of these
dedicated MV devices. Current evidence with newer devices in MAC patients is
therefore limited to case reports [78].

Finally, anticoagulation regimens after TMVR deserve consideration. Reports of
subclinical device thrombosis in TAVR valves [79] have increased vigilance, not
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in the least for bioprosthetic valves in the mitral position. Quick et al. reported a
hemodynamically significant valve thrombosis following valve-in-valve TMVR
occurring 3 months after being discharged on dual antiplatelet therapy regimen
[80]. Capretti et al. found an incidence of 3 valve thromboses in a total of 70
TMVR procedures. In two of the patients, the thrombosis occurred after dis-
continuation of oral anticoagulation following a 3-month post-procedural
regimen of oral anticoagulation and aspirin [81]. Longer-term anticoagulant
therapy may therefore be necessary in combination with antiplatelet therapy.

Conclusions and future perspectives

MAC and calcific MS is an increasingly prevalent clinical conundrum in the
current era, as the optimal management remains challenging with overall poor
outcomes. Surgical MV replacement is the procedure of choice in symptomatic
patients with acceptable surgical risk. TMVR is being evaluated as an alternative for
those patients at prohibitive surgical risk. Important challenges exist with the
currently available technologies, and outcomes have been suboptimal. Optimiz-
ing the patient-selection process by using multimodality imaging tools is essential.
Studies evaluating different techniques to minimize the risk of LVOT obstruction,
paravalvular leakage, and device embolization are currently under investigation.
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