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CONTEMPORARY REVIEW

Surgical and Transcatheter Mitral Valve 
Replacement in Mitral Annular Calcification: 
A Systematic Review
Sophia L. Alexis , MD*; Aaqib H. Malik , MD, MPH*; Ahmed El- Eshmawi, MD; Isaac George , MD; 
Aditya Sengupta, MD; Susheel K. Kodali, MD; Rebecca T. Hahn , MD; Omar K. Khalique, MD; Syed Zaid, MD; 
Mayra Guerrero, MD; Vinayak N. Bapat, MBBS, DNB; Martin B. Leon, MD; David H. Adams, MD; 
Gilbert H. L. Tang , MD, MSc, MBA

ABSTRACT: Mitral annular calcification with mitral valve disease is a challenging problem that could necessitate surgical mitral 
valve replacement (SMVR). Transcatheter mitral valve replacement (TMVR) is emerging as a feasible alternative in high- risk 
patients with appropriate anatomy. PubMed, Embase, and Cochrane Central Register of Controlled Trials were searched from 
inception to December 25, 2019 for studies discussing SMVR or TMVR in patients with mitral annular calcification; 27 of 1539 
articles were selected for final review. TMVR was used in 15 studies. Relevant data were available on 82 patients who under-
went hybrid transatrial TMVR, and 354 patients who underwent transapical or transseptal TMVR. Outcomes on SMVR were 
generally reported as small case series (447 patients from 11 studies); however, 1 large study recently reported outcomes in 
9551 patients. Patients who underwent TMVR had a shorter median follow- up of 9 to 12 months (range, in- hospital‒ 19 months) 
compared with patients with SMVR (54 months; range, in- hospital‒ 120 months). Overall, those undergoing TMVR were older 
and had higher Society of Thoracic Surgeons risk scores. SMVR showed a wide range of early (0%– 27%; median 6.3%) and 
long- term mortality (0%– 65%; median at 1 year, 15.8%; 5 years, 38.8%, 10 years, 62.4%). The median in- hospital, 30- day, 
and 1- year mortality rates were 16.7%, 22.7%, and 43%, respectively, for transseptal/transapical TMVR, and 9.5%, 20.0%, 
and 40%, respectively, for transatrial TMVR. Mitral annular calcification is a complex disease and TMVR, with a versatile op-
tion of transatrial approach in patients with challenging anatomy, offers a promising alternative to SMVR in high- risk patients. 
However, further studies are needed to improve technology, patient selection, operative expertise, and long- term outcomes.
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Mitral annular calcification (MAC) is a degenera-
tive process of the fibrous annulus of the mitral 
valve.1 It is often an incidental finding, asymp-

tomatic, and under- reported. Prevalence ranges from 
8% to 15%, with a higher incidence among patients 
with advanced age, atherosclerosis, chronic kidney 
disease, hypertension, and valvular heart disease.2– 8 
Some studies have reported its prevalence to be as 
high as 40% in people aged >65 years.9 MAC has been 

associated with systemic atherosclerotic disease6 and 
is an independent predictor of poor outcomes.4 In 
addition, extensive calcification of the mitral annulus 
can cause mitral stenosis and/or mitral regurgitation.10 
MAC has also been associated with an increased risk 
of stroke, myocardial infarction, arrhythmias, heart 
failure, and perioperative complications.3,4,11– 22 Not 
only are patients with MAC at high surgical risk given 
their comorbidities, MAC makes mitral valve surgery 
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technically challenging.23 In a case series by Feindel 
et al, the presence of MAC led to a 6- fold increase in 
the operative mortality of patients undergoing isolated 
mitral valve surgery.23 Others have reported early mor-
tality with surgical mitral valve replacement (SMVR) in 
MAC to be as high as 28%.24,25 In such high- risk pa-
tients, transcatheter mitral valve replacement (TMVR) 
may provide a less invasive option.26,27 Initial reports 
have been encouraging, and TMVR has emerged as 
a reasonable alternative, especially in patients at pro-
hibitive surgical risk.28– 30 We sought to compile a list of 
surgical and transcatheter approaches to mitral valve 
replacement in patients with MAC and mitral valve dis-
ease and to critically assess the outcomes of such in a 
systematic fashion.

METHODS
A database search was performed in PubMed, 
Embase, and Cochrane Central Register of Controlled 
Trials without any limitations to identify all studies up 
to December 25, 2019. The keywords "mitral annu-
lar calcification", "calcific mitral valve", "calcific mitral 
stenosis", and "calcific mitral annulus" were indexed 
in all combinations for original reports and clinical 
studies, including cross- sectional studies, obser-
vational studies, clinical trial studies, and reviews. 
These reports were evaluated against a priori inclu-
sion and exclusion criteria for eligibility. Throughout 
the design and implementation process, we followed 
the Cochrane methodology and Preferred Reporting 
Items for Systematic Reviews and Meta- Analyses 
guidelines. The data that support the findings of this 
study are available from the corresponding author 
upon reasonable request.

Studies were included if (1) patients with MAC were 
evaluated, (2) they underwent mitral valve replacement 
(either surgical or transcatheter), (3) the relevant design 
constituted case studies, registry reports, or prospective 
or retrospective analyses, and (4) outcomes such as in- 
hospital, 30- day, 1- year, or long- term all- cause mortality 
were reported. Studies were excluded if (1) they reported 

results not pertinent to patients with MAC, (2) they were 
case reports, and (3) the procedure being assessed was 
mitral valve repair rather than replacement. If >1 study 
was published from a center with the same study popu-
lation, only the study fulfilling all inclusion criteria with the 
largest number of patients was included in the analysis. 
Weighting by study size was not performed.

The primary end point was short- term (in- hospital 
and 30- day) and long- term mortality for SMVR and 
TMVR. Median of the study- specific mortality rates 
were calculated. If available, the following secondary 
end points were included: procedural or technical suc-
cess, and rates of complications such as major bleed-
ing, left ventricular outflow tract obstruction (LVOTO), 
and paravalvular leak (PVL). Two independent investi-
gators (A.M., S.A.) extracted all data, and any disagree-
ments were resolved by mutual discussion. Details of 
the studies can be found in the Supplemental Material.

RESULTS
Our search identified 1539 articles, of which 963 re-
mained after de- duplication. A detailed title and abstract 
screen to identify and select full- text articles for com-
plete review was then performed (Figure 1). After full- text 
review, we determined 12 articles of SMVR had data rel-
evant to patients with MAC.24,25,31– 40 Similarly, 15 studies 
were found to report outcomes of TMVR, including the 
hybrid transatrial approach for MAC.41– 55 One- year data 
from the MITRAL (Mitral Implantation of Transcatheter 
Valves) trial were also added.56 In total, 6 studies re-
ported data for the transatrial approach.42,45– 47,55,56

Surgical Mitral Valve Replacement
Table S1 summarizes the characteristics of all the stud-
ies that have reported outcomes of SMVR in patients 
with MAC. Eleven studies evaluated a total of 447 pa-
tients, and 1 study contributed 9551 patients. Studies 
reporting SMVR outcomes generally provided fewer 
details on risk profiles. All reports were retrospective ob-
servational studies with a median follow- up of 3.5 years 
(range, in- hospital‒ 10 years). There were differences be-
tween in- hospital and 30- day mortality rates among the 
studies that reported 30- day outcomes. Early mortal-
ity, defined as in- hospital up to 30- day mortality, ranged 
from 0% to 27.3% (median 6.3%), whereas long- term 
mortality rates at 1, 5, and 10 years were 15.8% (range, 
0%– 17%), 38.8% (range, 0%– 68.6%), and 62.4% (range, 
60%– 64.8%), respectively (Figure 2).24,25,31– 40

Transseptal and Transapical 
Transcatheter Mitral Valve Replacement
The baseline characteristics and outcomes of pa-
tients with MAC from 13 studies of transseptal and 

Nonstandard Abbreviations and Acronyms

CTA computed tomography angiography 
LVOT left ventricular outflow tract
LVOTO left ventricular outflow tract obstruction
MAC mitral annular calcification
MITRAL  Mitral Implantation of Transcatheter 

Valves
PVL paravalvular leak
SMVR surgical mitral valve replacement
TMVR transcatheter mitral valve replacement
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transapical TMVR are shown in Tables S2 and S3. Data 
on a total of 354 patients with MAC were available, 
with the most extensive studies reporting outcomes 
on 100 and 116 patients from the STS/ACC/TVT 
(Society of Thoracic Surgeons/American College of 
Cardiology/Transcatheter Valve Therapy) Registry and 
the TMVR in MAC Global Registry, respectively.42,54

All included studies were observational with out-
come data collected retrospectively, except for the 
MITRAL trial, which was prospective.56 Almost half 
of the studies were short case series of ≤12 patients. 
The patient population that underwent TMVR for 
MAC was older compared with patients with SMVR 
(median age, 75 versus 72  years); 68% were fe-
male, and the mean Society of Thoracic Surgeons- 
Predicted Risk of Mortality score was 12%. These 

patients were at a significantly higher surgical risk, 
with a median of 92% of patients suffering from heart 
failure with New York Heart Association Class ≥III 
symptoms.

Currently, only short-  and medium- term follow- up 
are available after TMVR with a median of 9 months 
(range, in- hospital‒ 12 months). Two studies reported 
separate outcomes for the hybrid transatrial approach 
and transseptal/transapical approach.42,56 Four stud-
ies reported combined outcomes of all strategies. 
These studies were primarily based on transsep-
tal and transapical approaches, with the transatrial 
method constituting only 14 cases.44,48,52,55 Results of 
the hybrid transatrial approach are described below.

Most patients underwent Sapien valve (Sapien/XT/3) 
(Edwards Lifesciences LLC, Irvine, CA) implantation via a 

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta- Analyses diagram for 
study selection.
MAC indicates mitral annular calcification; MVR, mitral valve replacement; PVL, paravalvular leak; SMVR, 
surgical mitral valve replacement; and TMVR, transcatheter mitral valve replacement.
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transseptal approach. Median technical success for non- 
transatrial TMVR was 75%, and the risk of left ventricular 
outflow tract obstruction (LVOTO) was 11.2%. The median 
incidence of at least moderate post- procedural mitral re-
gurgitation was 4.1%. The median risk of device embolism 

was 3.7%; 16.7% of patients required reintervention, and 
5.2% suffered from significant major in- hospital bleeding. 
Overall, the median in- hospital, 30- day, and 1- year mor-
tality rates for non- transatrial TMVR in MAC were 16.7%, 
22.7%, and 43%, respectively (Figure 3).41– 44,48– 52,54,56

Figure 2. Mortality with surgical mitral valve replacement in patients with mitral 
annular calcification. 
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Hybrid Transatrial Transcatheter Mitral 
Valve Replacement
Eight- two patients from 6 studies underwent transa-
trial TMVR, which is a hybrid strategy that involves 
cardiopulmonary bypass and direct implantation of 
a transcatheter valve within the calcified mitral an-
nulus (Table  S4). The mean Society of Thoracic 
Surgeons- Predicted Risk of Mortality score was 
lower than that of the patients who underwent trans-
septal or transapical TMVR.45 The only prospective 
trial (MITRAL) showed the overall median in- hospital, 
30- day, and 1- year mortality for transatrial TMVR 
in MAC to be 9.5%, 20.0%, and 40%, respectively, 
with an LVOTO rate of 6.7% and 80% technical suc-
cess. Only 1.9% of patients required reintervention 
(Figure 4).42,45– 47,55,56

DISCUSSION
Key findings of our systematic review are: (1) SMVR, 
consisting of lower surgical risk patients, can lead to fa-
vorable long- term survival if patients can overcome the 
initial increased risk of surgical morbidity and mortality; 
(2) Percutaneous TMVR offers a promising alternative 
in higher- risk patients, with a 1- year survival >50%; (3) 
Hybrid transatrial TMVR with direct valve implantation 
may provide the most favorable short- term procedural 
success and clinical benefit; and (4) technological and 
procedural improvements are necessary to reduce 
the mortality and morbidity in this challenging patient 
population.

Conventional SMVR remains the preferred in-
tervention for symptomatic patients with MAC with 

Figure 3. Mortality with transcatheter mitral valve replacement (transseptal and transapical) in 
patients with mitral annular calcification.
MAC indicates mitral annular calcification; and STS/ACC/TVT, Society of Thoracic Surgeons/American 
College of Cardiology/Transcatheter Valve Therapy.
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acceptable surgical risk.57 The calcification of the 
mitral annulus severely hampers suture anchoring 
of a prosthetic valve during replacement, resulting in 
an increased risk of PVL, injury to the left circumflex 
artery, and atrioventricular groove dissociation. To 
address this, 2 contrasting surgical approaches of 
“respect” or “resect” have been used.58 The “respect” 
technique allows the implantation of the prosthetic 
valve on top of the calcium bar without removing it 
but can result in poor sealing and significant PVL. On 
the other hand, the “resect” technique, which would 
allow for a larger prosthesis and a better sealing with 
reduced PVL, risks weakening the mitral annulus and 
atrioventricular groove, leading to a potentially fatal 
disruption and high operative mortality.59 Moreover, 
the “resect” technique requires advanced technical 
expertise and longer cross- clamp and cardiopulmo-
nary bypass times.23,37,58 The study by Kaneko et al 
provided extensive data from 9551 patients under-
going SMVR, with estimated higher inpatient mortal-
ity of 5.8% among patients with MAC compared with 
patients without MAC (4.4%).39 However, the analy-
sis was based on the Society of Thoracic Surgeons 
Adult Cardiac Surgery Database that is prone to 
coding inadequacies and incompleteness, including 
a lack of information on the severity of MAC.

Following initial success, TMVR has expanded 
the treatment options for MAC, especially in patients 
with higher surgical risk.26,27,30,60,61 These patients 
are complex given their advanced age, multiple co-
morbidities, and hostile cardiac anatomy. Currently, 
the majority of TMVR in MAC is performed with the 
Sapien 3 valve, designed originally for transcatheter 
aortic valve replacement. Because the mitral annu-
lus is D- shaped and the Sapien 3 valve is a balloon- 
expandable valve, sufficient MAC is a prerequisite 
to anchor the valve securely; circularization of the 
mitral annulus is also necessary to avoid PVL.62 
Percutaneous TMVR has been associated with a 
higher risk of LVOTO, embolization, and perfora-
tion. However, intraprocedural complications have 
lessened with better patient selection and experi-
ence.42 Unlike in SMVR, the anterior leaflet cannot 
be resected in percutaneous TMVR, thus conferring 
higher risk of LVOTO.63 This risk can be alleviated 
by the techniques described below. Other compli-
cations such as left ventricular perforation and valve 
migration and embolization have been reported be-
cause of insufficient sizing, inability to predict an-
choring, and technical errors.10,63

In our review, the median incidence of LVOTO 
was 13.4%, similar to the 9.7% reported in the latest 

Figure 4. Mortality with transcatheter mitral valve replacement (transatrial) in patients with 
mitral annular calcification.
MAC indicates mitral annular calcification.
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prospective trial (MITRAL). In the earlier registry by 
Yoon et al, it was reported to be as high as 40%.52 
More recently, the same group evaluated the pre-
dictors of LVOTO and found an LVOTO incidence of 
54%.64 This highlights the importance of compre-
hensive preoperative evaluation, including the use 
of multidetector computed tomography and trans-
esophageal echocardiography to determine the risk 
of LVOTO and to evaluate the location and severity 
of MAC. Known predictors of LVOTO include septal 
hypertrophy, anterior mitral leaflet length, and aor-
tomitral angle.65 In addition to preoperative multi-
detector computed tomography, imaging software 
analysis and 3- dimensional printing can be used to 
predict the risk of LVOTO.10,64,66,67 Wang et al showed 
100% sensitivity and 96.8% specificity for predicting 
LVOTO by using post- processing tools and software 
to virtually overlay the transcatheter valve in the mitral 
position.68

When anticipated, strategies to prevent LVOTO 
include preemptive alcohol septal ablation69,70 or 
intraoperative resection of the anterior mitral leaflet 
+/− septal myectomy during transatrial implanta-
tion, and the LAMPOON (Laceration of the Anterior 
Mitral Leaflet to Prevent Left Ventricular Outflow 
Tract Obstruction) study technique as an adjunct to 
percutaneous TMVR.71 Alcohol septal ablation can 
be used as a bailout during TMVR; however, it is 
preferable to perform at least 4 to 6  weeks before 
TMVR, thus allowing adequate septal thinning and 
remodeling for sufficient left ventricular outflow tract 
clearance.72 Balloon- expandable valves have been 
deployed via a percutaneous transseptal approach, 
whereas both balloon- expandable and mechanically 
expanding valves have been deployed via a transapi-
cal approach.73,74 Accurate sizing of these valves is 
vital as excessive oversizing may rupture the annulus 
or cause LVOTO. Undersizing may lead to significant 
PVL or valve embolization. With an improved patient 
selection, especially identifying patients who are at 
risk for LVOTO, the transseptal approach has shown 
improvement in procedural and early mortality;54 7 
of 15 patients from the prospective MITRAL trial un-
derwent preemptive alcohol septal ablation based 
on the preoperative assessment that deemed them 
a higher risk of LVOTO. All patients were alive at 30- 
day follow- up, suggesting that preemptive alcohol 
septal ablation may be a viable strategy to reduce 
LVOTO risk in patients with appropriate anatomy.53 
Recently, the LAMPOON trial also showed promise 
with 93% 30- day survival in 30 patients, although 
only 15 patients had MAC and 30- day survival was 
87% in those patients.75 With growing experience, 
the 30- day mortality rate of percutaneous TMVR 
has improved from 25% to 16.7%.42,53 The TMVR in 

MAC Global Registry showed a much lower 30- day 
mortality and conversion to open surgery rates in the 
second half of treated patients (31%– 19% and 7.6%– 
0%, respectively).76 This improvement in outcomes is 
indicative of a steep learning curve associated with 
this procedure.

TMVR in MAC with a dedicated transcatheter mi-
tral valve is currently undergoing early feasibility and 
pilot studies. The Tendyne (Abbott Structural Heart, 
Santa Clara, CA) (NCT NCT03539458) TMVR device 
deployed transapically is presently being evaluated 
in patients with MAC with promising early results.77 
However, the screen failure rates for both Sapien 3 and 
dedicated TMVR devices because of unfavorable anat-
omy were at least 40%, because of the risk of LVOTO, 
non- concentric calcium, inadequate calcium to anchor, 
interference with the TMVR device, and high- risk fea-
tures predisposing to PVL or embolization. Continuing 
technological and procedural advancements are nec-
essary to improve both short-  and longer- term out-
comes of these patients.

Among patients with severe MAC who are surgi-
cal candidates, an emerging option is direct TMVR 
via a hybrid transatrial approach. There are several 
benefits of the transatrial approach: (1) It allows for 
anterior leaflet resection or septal myectomy to avoid 
LVOTO.47 (2) Commissural plication can be performed 
to better circularize the annulus to reduce the risk 
of PVL. (3) To improve sealing against the calcium 
bar and reduce the risk of PVL, ≥1 layers of Teflon 
felt stripe can be sewn circumferentially around the 
Sapien 3 valve frame. (4) Operators can place su-
tures directly at non- calcified segments of the annu-
lus, at the remnant of the anterior mitral leaflet, and 
at the left atrial wall, thus reducing the risk of de-
vice migration or embolization. This approach is cur-
rently being assessed in the prospective single- arm 
SITRAL (Surgical Implantation of Transcatheter Valve 
in Native Mitral Annular Calcification, NCT 08230204) 
trial. The transatrial approach has resulted in supe-
rior mean technical success (91.8% versus 64.3%) 
compared with other approaches, with a lower risk 
of mean device embolization (0.7% versus 4.2%) and 
reintervention (3.6% versus 13.3%). However, since 
it involves surgery, it is associated with a higher risk 
of major bleeding (11.3% versus 4.7%) and higher 
1- year mortality of up to 40% in the MITRAL trial. 
Post- procedural moderate mitral regurgitation has 
generally been lower with this approach (3% versus 
6.8%), except for the study reported by El Sabbagh 
et al which was early on at a single center that has 
improved with experience.55 Overall, with evolving 
trends, we can hope to see improved outcomes 
with innovative devices and standardized treatment 
algorithms.78,79
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Limitations
It must be noted that selection bias is inherent in 
this review, given the different anatomic inclusions 
for TMVR versus SMVR and the transatrial ap-
proach. Direct comparisons between procedures 
should be interpreted cautiously, as many patients 
who undergo TMVR are not surgical candidates, 
thus negating the validity of the comparative analy-
sis. Furthermore, the long- term safety and efficacy of 
TMVR in patients with MAC is uncertain and should 
be further evaluated.

Overall, the TMVR studies had limited, older study 
populations; were retrospective (with the exception of 
the MITRAL study); included higher risk patients; and 
had shorter follow- up. On the other hand, the SMVR 
studies had limited details on risk factors and involved 
a combination of operative techniques. Di Stefano et 
al32 avoided calcium debridement while Vander Salm40 
championed ultrasonic resection and Mihaljevic and 
Uchimuro promoted debridement.34,37 Others, such 
as Nataf et al, had caveats; they removed only leaflets 

with extensive MAC.38 The rest used a combination of 
“respect” and “resect” techniques depending on cal-
cium burden.

CONCLUSIONS
Future directions for MAC management in mitral valve 
disease include optimizing patient selection, per-
forming predictive modeling through multimodality 
imaging, improving device designs, and standardiz-
ing treatment strategies using an established algo-
rithm (Figure  5).79 Currently both conventional and 
transcatheter approaches are considered (Figure 6). 
SMVR is preferred in surgical candidates with favora-
ble anatomy. TMVR can be considered in patients 
with high or prohibitive surgical risk and appropriate 
anatomy. In surgical candidates with severe MAC, 
the transatrial approach combines the advantages of 
versatility in conventional SMVR and simplicity in per-
cutaneous TMVR and may be a superior alternative 
to either treatment strategy.

Figure 5. The Mount Sinai management algorithm of patients with mitral annular calcification (reprinted with permission). 
Current management algorithm at Mount Sinai of patients with mitral valve disease and mitral annular calcification. CTA indicates 
computed tomography angiography; LVOTO, left ventricular outflow tract obstruction; MAC, mitral annular calcification; MV, mitral 
valve; MVR, mitral valve replacement; and TMVR, transcatheter mitral valve replacement. Reproduced with permission from El- 
Eshmawi et al79 ©2020, Wolters Kluwer Health, Inc.
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annular calcification anatomy. In inoperable patients with favorable anatomy, percutaneous transcatheter mitral valve replacement 
can be considered. CABG indicates coronary artery bypass grafting; LAMPOON indicates Laceration of the Anterior Mitral Leaflet 
to Prevent Left Ventricular Outflow Tract Obstruction; LVOT, left ventricular outflow tract; MAC, mitral annular calcification; SMVR, 
surgical mitral valve replacement; and TMVR, transcatheter mitral valve replacement.
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Table S1. Characteristics of Surgical Mitral Valve Replacement (SMVR) in patients with Mitral Annular 
Calcification (MAC) 

First 
author, 
Year 

Patient
s (n) 

Mean 
Age 
(year

s) 

Femal
e % 

Mean 
follow-

up 
(years) 

NYHA 
class 
III or 

IV (%) 

Comorbidities % Prior 
cardia

c 
surger
y (%) 

Mortality % 

Short-term Long-term 

In-
hospita

l 

30 
day 

1 
year 

5 
years 

10 
years 

Kaneko, 
2019 

9,551 69 67 In-
hospita

l 

NA Mean STS-PROM 
(6.2); DM (30); HTN 

(81); PVD (11) 

25 5.8 NA NA NA NA 

Saran, 
2019 

115 69.9 67.8 7.8 
years± 

NA HTN (65.2); DM (27); 
PVD (12.2); CVA 

(10.4); CKD (10.4); 
MS (56.5) 

31.3 1 NA 12.2 38.8 64.8 

Salhiyyah, 
2017 

45 75.3 64 5 53 HTN (38); DM (18); 
PVD (4); MS (24); 

MR (28); Mixed (18) 

28 6.7 NA 6.7 21.2 60 

Ishida, 
2017 

3 75 66.7 2 NA MR (67) MS (33) 33% 0 0 33 NA NA 

Ben-Avi, 
2017 

118 69 63 4.6 63 HTN (72); DM (30); 
PVD (7); CVA (16); 

CKD (32) 

28 5.1 NA 17 68.6 NA 

Uchimuro, 
2016 

57 69.4 70.2  3.5 35.1 MS (35.1); MR 
(21.1); Mixed (33.3); 

DM (22.8) 

22.4 5.3 5.3 NA NA NA 

Mihaljevic, 
2013 

15 72 67 In-
hospita

l 

NA NA NA 20 NA NA NA NA 

Di Stefano, 
2009 

4 75 100 1.1 100 MS (25); MR (25); 
Mixed 50 

NA 0 0 0 NA NA 

d’Alessand
ro, 2007 

39 66.5* NA 4.2* 56* HTN (46) *; DM 
(12.5) *; CVA (22) *; 
CKD (13.6) *; MS (9) 

*; MR (10) *;  

NA 28 NA 36 79 NA 

Vander 
Salm, 1997 

19 73.4 78.9 3.4 NA NA NA 15.8 15.8 15.8 21.1 NA 

Nataf, 1994 21 NA NA NA NA NA NA 23.8 NA NA NA NA 



Cammack, 
1987 

11 NA NA In-
hospita

l 

NA NA NA 27.3 NA NA NA NA 

 

STS=Society of Thoracic Surgeons; NYHA= New York Heart Association; MV=Mitral Valve; CABG=Coronary Artery Bypass Graft; 
AVR=Aortic Valve Replacement; NA=Not Available; HTN=Hypertension; DM=Diabetes mellitus; PVD=Peripheral vascular disease; 
CVA=Cerebrovascular accident; CKD=Chronic kidney disease 

* Reported outcome for the full cohort and not specific for MAC 

±Median 



 

Transcatheter Mitral Valve Replacement=TMVR; Mitral Annular Calcification=MAC; STS-PROM=Society of Thoracic Surgeons 
predicted risk of mortality; NYHA= New York Heart Association; ACC= American College of Cardiology; TVT= Transcatheter Valve 
Therapy; MV=Mitral Valve; CABG=Coronary Artery Bypass Graft; AVR=Aortic Valve Replacement; NA=Not Available; MITRAL=Mitral 
Implantation of TRAnscatheter vaLves; DM=Diabetes mellitus; COPD=Chronic obstructive pulmonary disease; AF=Atrial fibrillation; 
RF=Renal failure; HTN=Hypertension; PAD=Peripheral artery disease; CLD=Chronic lung disease; CVA=Cerebrovascular accident; 
TIA=Transient ischemic attack; MI=Myocardial infarction; CAD=Coronary artery disease; NA=Not available 
* Data reported for the full cohort. ** 1 patient withdrew, and the full cohort includes patients who underwent the hybrid transatrial 
procedure. See table 4. ¥Published as abstracts only. ±Median  

Table S2. Baseline characteristics of studies of Transseptal and Transapical TMVR in patients with MAC 
First Author, 
Year 

Patient
s (n) 

Mean 
Age 
(year
s) 

Femal
e (%) 

Mean 
STS-
PROM 
(%) 

Follow-
up 
(months
) 

NYHA 
class III 
or IV (%) 

Prior cardiac 
surgery (%) 

Mean 
MV 
gradient 
(mmHg) 

Comorbidities % 

Prospective design  

MITRAL trial¥, 
2019 

15** 74.9* 71* 8.6 12 87.1* CABG (38.7); 
AVR (51.6) 

10.9 DM (39); COPD (43); AF (42); RF 
(29) 

Retrospective design  

Yoon, 2019 58 74.7 70.7 10.1 12 91.4 CABG (19) 11.8 DM (33); HTN (81); PAD (12); CVA 
(14); COPD (45); MI (12); 

Guerrero¥, 
2018 

STS/ACC/TVT 
Registry 

100 77± 69.0 10.3± 1 85.9 CABG (31); 
AVR (50) 

11 DM (42); AF (51); RF (64);  

Guerrero, 
2018, MAC 
global 
registry 

93** 73 68.1 15.3 12 90.0 CABG (32); 
AVR (53) 

11.5 DM (46); AF (43); PAD (24); 
COPD (42); RF (53); CVA/TIA (18) 

Urena, 2018 27 73 70.4 NA 12 88.9 51.9 NA DM (44); COPD (26); RF (63); 
CAD (44) 

Eleid, 2017 12 79 42.0 16.5 12 100 58 NA DM (33); HTN (83); PAD (33); AF 
(42); CLD (67); CVA (17);  

Kiefer, 2017 6 77.4 34 NA 12 100 100 NA NA 

Verma¥, 2017 7 73* NA 14.2* 1 92* 98* 12* NA 

Schirmer¥, 
2017 

26 76 47.7 9.4 In-
hospital 

NA NA NA NA 

Urena¥, 2015 6 66 NA NA 1 100 NA NA NA 

Himbert, 2014 4 64.3 75 10.8 6 100 100 NA NA 



Table S3. Procedural characteristics of the studies with Transseptal and Transapical TMVR in patients with MAC.  
First 
Author, 
Study 
Period, 
Study 
name, n 

Indication 
for 
intervention 
% 

Access % Valve 
Embolizati
on % 

Technic
al 
Succes
s % 

Reinterventi
on % 

In-
hospita
l Major 
Bleedin
g % 

Post-
procedur
al MR ≥ 
Moderate 
% 

LVOT 
Obstructio
n % 

All-cause Mortality 
% 

In-
hospita
l 

30 
Day 

1 
Yea
r 

Prospective 

MITRAL¥*
*, 2019, 
16 

MS (74); MR 
(10); Mixed 

(16) 

TS (94); TA 
(6) 

0 TS 
(73.3); 
68.8%*  

6.7* 6.7* 6.7* 13.4 13.4 13.4 25 

Retrospective 

Yoon, 
2019, 58 

MS (57); MR 
(19); Mixed 

(24) 

TS (53); TA 
(45); Trans-

atrial (2) 

6.9 62.1 22.4 1.8£ 13.2£ 39.7 NA 34.5 62.
8 

Guerrero, 
2018¥ 
STS/ACC/
TVT 
Registry, 
100 

NA TS (43); TA 
(42)*** 

3 74 4 NA 5.8 10 18 21.7 NA 

Guerrero, 
2018**, 
MAC 
global 
registry, 
93 

MS (94); MR 
(6) 

TS (50.5); 
TA (49.5) 

4.3* 76.7* 14.7* NA 4.8* 11.2* NA 25.8 53.
7 

Urena, 
2018, 27 

NA TS (82); 
Hybrid (19) 

0 77.7 NA 3.7£ NA 7.4 0 11.1 44.
4±  

Eleid, 
2017, 12 

MS (67); MR 
(8); Mixed 

(25) 

TS (75); TA 
(25) 

8.3 75.0 16.7 25 0 16.7 16.7 16.7 43 

Kiefer, 
2017, 6 

MS (83); MR 
(17) 

TA (83); 
Trans-atrial 

(17) 

16.7 83 16.7 0 0 0 NA 16.7 33.
4 

Verma¥, 
2017, 7 

NA NA NA 92* NA NA NA NA NA 28.6 NA 



Schirmer¥

, 2017, 26 
NA Trans-atrial 

(31) 
TA (69) 

11.4 80 7.6 NA 19.1 19.2 23.1 NA NA 

Urena¥, 
2015, 6 

NA TS (100) 0 66 33 0 0 16.7 NA 33.4 NA 

Himbert, 
2014, 4 

MS (50); MR 
(50) 

TS (100) 00 75 25 NA 25 0 0 0 NA 

 
Transcatheter Mitral Valve Replacement=TMVR; Mitral Annular Calcification=MAC; LVOT=Left Ventricular Outflow Tract; 
TS=Transseptal; TA=Transapical; NA= Not available; MR= Mitral regurgitation 
*Data reported for the full cohort 
**See Table 4 for patients undergoing hybrid transatrial approach. Patients were carefully chosen of lower surgical risk. 
¥Published as abstracts only 
£30-day outcome 
±Median of 13 months 
***Includes data with unknown access and 2% transa-trial. 
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Table S4. Characteristics and outcomes of hybrid (transatrial) approach for TMVR in 
patients with MAC 

 
 

MITRAL¥, 
2019 

Russell, 
2018 

Praz, 
2018 

Guerrero, 
2018, MAC 

global 
registry 

El 
Sabbagh, 

2018 

Langhamm
er, 2017 

Design Prospectiv
e 

Retrospecti
ve 

Retrospective Retrospecti
ve 

Retrospectiv
e 

Retrospecti
ve 

Patients (n) 15** 8 26 23 6 4 

Trans-atrial use 
out of whole 
cohort 

50% 100% 100% 20% 67% 100% 

Mean (age) 74.9* 76 78 NA 81 73.3 

Female (%) 71* 50 92 NA 50 75 

Median STS-
PROM (%) 

8.6 8.1 9.4 NA 10.3 3.7 

Follow-up 
(months) 

12 12 1 NA 1 19.3 

NYHA class III 
or IV (%) 

87.6* NA 96 NA 100 100 

Prior cardiac 
surgery (%) 

90.3* 62.5 28 NA 67 25 

Mean MV 
gradient 
(mmHg) 

10.9* NA 9.7 NA NA 10 

Comorbidities NA NA CAD (31; CLD (35); 
AF (27); CVA (12); 
RF (69); DM (42); 

HTN (85 

NA MI (33); 
PAD (83); 
AF (67); 

CLD (100) 

NA 

Indication for 
intervention % 

See table 
3 

NA MS (50); MR (35); 
Mixed (13) 

See table 3 MS (83); MR 
(17) 

MS (25); 
Mixed (75) 

Valve 
embolization  

0% 0% 0% 4.3*% 0% 0% 

Technical 
success  

80% 100% 100% 76.7*% 100% 100% 
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Reintervention 
% 

6.7* 0 0 14.7* 0 0 

In-hospital 
major bleeding 
(%) 

6.7* 25 8 NA 16.7 0 

Post-procedural 
MR ≥moderate 
(%) 

6.7* 0 3.8 4.8 83.3 0 

LVOT 
obstruction 

9.7% 0% 0% 11.2% 0% 0% 

Mortality %       

In-hospital 20 0 19 NA 50 0 

30 day 20 0 27 21.7 50 0 

1 year 40 12.5 34 ± 35 NA NA 

 

Transcatheter Mitral Valve Replacement=TMVR; Mitral Annular Calcification=MAC; LVOT=Left ventricular outflow tract; MR=Mitral 

regurgitation; CAD=Coronary artery disease; CLD=Chronic lung disease; AF=Atrial fibrillation; CVA=Cerebrovascular accident; 

RF=Renal failure; DM=Diabetes mellitus; HTN=Hypertension; MV=Mitral valve; NYHA=New York heart association; STS-PROM 

(Society of Thoracic Surgeons predicted risk of mortality) 

*Reported for the full cohort 

**1 patient withdrew consent before 30 days and 1 after 30 days. 

±Median of 8 months instead of 1 year. 


