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Aims To investigate valve sizing and the haemodynamic relevance of the predicted left ventricular outflow tract (LVOT)
in patients with mitral annular calcification (MAC) undergoing transatrial transcatheter valve implantation (THV).

...................................................................................................................................................................................................
Methods
and results

In total, 21 patients undergoing transatrial THV, multiplanar reconstruction (MPR), maximum intensity projection
(MIP), and cubic spline interpolation (CSI) were compared for MA sizing during diastole. In addition, predicted
neo-LVOT areas were measured in 18 patients and correlated with the post-procedural haemodynamic dimen-
sions. The procedure was successful in all patients (100%). Concomitant aortic valve replacement was performed
in eight patients (43%) (AVR group). Sizing using MPR and MIP yielded comparable results in terms of area, perim-
eter, and diameter, whereas the dimensions obtained with CSI were systematically smaller. The simulated mean
systolic neo-LVOT area was 133.4 ± 64.2 mm2 with an anticipated relative LVOT area reduction (neo-LVOT area/
LVOT area � 100) of 59.3 ± 14.7%. The systolic relative LVOT area reduction, but not the absolute neo-LVOT
area, was found to predict the peak (r = 0.69; P = 0.002) and mean (r = 0.65; P = 0.004) post-operative aortic gradi-
ent in the overall population as well as separately in the AVR (peak: r = 0.91; P = 0.002/mean: r = 0.85; P = 0.002)
and no-AVR (peak: r = 0.89; P = 0.003/mean: r = 0.72; P = 0.008) groups.

...................................................................................................................................................................................................
Conclusion In patients with severe MAC undergoing transatrial transcatheter valve implantation, MPR, and MIP yielded compar-

able annular dimensions, while values obtained with CSI tended to be systematically smaller. Mitral annular area
and the average annular diameter appear to be reliable parameters for valve selection. Simulated relative LVOT re-
duction was found to predict the post-procedural aortic gradients.
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Introduction

Mitral annular calcification (MAC) is present in 8–15% of the elderly
population.1 As populations grow older, symptomatic mitral valve
(MV) disease in conjunction with severe concentric annular calcifica-
tion is becoming more common and substantially complicates surgi-
cal MV replacement. For this reason, transcatheter balloon-
expandable valve implantation into the calcified annulus has been
investigated.2 Growing experience shows that a high proportion of
MAC patients are not suitable for the transseptal or transapical ac-
cess due to increased risk of obstruction of the left ventricular out-
flow tract (LVOT). Alternative strategies for preventing LVOT
obstruction (LVOTO) include intentional percutaneous laceration of
the anterior mitral leaflet (LAMPOON),3 alcohol septal ablation,4

and the use of the hybrid transatrial access. Principle advantages of
the transatrial compared to the transseptal or transapical approaches
include the systematic resection of the anterior MV leaflet, valve siz-
ing and implantation under direct visualization, and adjunctive techni-
ques aiming to prevent paravalvular leaks.5–7

All approaches require precise imaging for mitral annulus (MA) siz-
ing and assessment of the neo-LVOT in order to estimate the risk of
LVOTO, which has been described in more than 10% of patients
undergoing valve-in-MAC procedures.2 No data exist about the tech-
nique for sizing the mitral annulus in patients with MAC. Valve simula-
tion on computed tomography (CT) images or 3D printing have
been proposed for risk evaluation and pre-procedural planning.8,9

Data regarding the haemodynamic relevance of the neo-LVOT are
limited.

In this study, we aim to determine the most appropriate sizing
strategy in MAC patients undergoing transatrial transcatheter valve
implantation (THV) at six North American centres and to investigate
the haemodynamic relevance of the predicted change in LVOT
obtained by valve simulation on CT.

Methods

Patients
Patients with severe MAC and either severe mitral stenosis (MS), mitral
regurgitation (MR), or mixed disease included into a multicentre registry
investigating the outcomes of transatrial implantation of a balloon-
expandable THV were considered for this analysis. Severe MAC was
defined as a concentric calcification of the MA involving both the anterior
and the posterior leaflet over more than two-thirds of the circumference.

Exclusion criteria included insufficient quality of the pre-procedural
cardiac CT and untreated severe aortic stenosis in one patient. The deci-
sion of eligibility for treatment via the transatrial approach was based on
the judgement of the institutional Heart Team. The following criteria
were considered to support the use of the transatrial approach: increased
predicted risk of LVOTO, non-concentric calcifications or large annular
diameter increasing the risk of valve embolization, and the presence of
extensive calcifications of the subvalvular apparatus, possibly interacting

with the delivery system during a percutaneous approach. Clinical, pro-
cedural, and outcomes data were collected prospectively, whereas imag-
ing studies were analysed retrospectively. The study was approved by the
Institutional Review Board and follows the requirements of the
Declaration of Helsinki.

Procedure and surgical valve sizing
Implantation of a balloon-expandable THV was performed on cardiopul-
monary bypass via left atrial exposure as shown in Figure 1 and as previ-
ously described.7 The anterior MV leaflet was systematically resected and
pledgeted sutures were placed to enhance stability and minimize the risk
of paravalvular leak. Final decision on valve selection was made during
surgery based on direct inspection of the MV and balloon sizing. In the
majority of patients, post-dilatation of the valve was performed, generally
with the addition of supplemental volume into the implantation balloon.

Image acquisition
Transthoracic echocardiography

All patients underwent transthoracic echocardiography at baseline and
discharge in order to determine the severity of MV disease, record trans-
valvular, and LVOT gradients. Symptomatic patients with a MV area
<1.5 cm2 and a mean gradient >5 mmHg and/or moderate to severe MR
were considered eligible for the intervention.10 Patients were classified in
the mixed disease group if they had both moderate MS and moderate to
severe MR. Patients were divided into two groups according to whether
concomitant aortic valve replacement was performed (AVR group) or
not (no AVR group). Continuous wave (CW) Doppler through LVOT
and aortic valve were used to measure the highest velocity before and
after transatrial MV replacement. Peak and mean gradients were calcu-
lated based on the recorded signal and compared.

Transoesophageal echocardiography

In a subgroup of patients, 3D volumes were acquired in the operating
room immediately after valve implantation for analysis of valve expansion.
Area and perimeter of the implanted THV were measured at the inflow
and the level of the MA using a commercially available software enabling
semi-automated indirect planimetry (Qlab Mitral Valve Navigator
Version 10.0; Philips, Amsterdam, The Netherlands).

Cardiac CT

An example of a typical cardiac CT protocol and the imaging methods
used are available in the Supplementary data online. The mitral module of
the 3-mensio quantification software (Pie Medical, Maastricht,
Netherlands) was used for all annular and LVOT measurements.

For annulus sizing, the inner borders of the calcium within the MA
were traced during diastole (70–80% dependent on image quality) to
minimize motion artefact using three different methods:

(1) Multiplanar reconstruction (MPR) of a short-axis view (Figure 2A
and B): the plane was aligned with the annular calcium in two differ-
ent views. The images were windowed in order to optimize en-
hancement of the calcium. Accounting for non-planar distribution
of the calcium, the reformation plane was then moved longitudinally
in the atrial and ventricular dimension to obtain a plane with

2 F. Praz et al.
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circumferential distribution of calcium thought to represent the cal-
cific anchoring plane of the transcatheter valve.

(2) Cubic spline interpolation (CSI; Figure 2C and D): the maximally
protruding borders of the calcium were manually tracked by placing
16 segmentation points by automated stepwise rotation of a long-
axis view aligned to the long axis of the left ventricle. For non-
calcified portions, the leaflet-annulus hinge points were identified.
Minimal and maximal diameters were measured manually.

(3) Maximum intensity projection (MIP) (Figure 2E): MIP was
orientated to minimize foreshortening. This was achieved through
positioning of the volume in a way allowing complete discrimination
without overlap between the mitral annulus and the (generally calci-
fied) aortic valve, similarly to a surgical view on echocardiography in
order to obtain the true maximum dimensions of the annulus. The
annulus was directly traced on the reconstructed image.

Truncation of the anterior horn of the saddle-shaped annulus (creating
a D-shaped annulus) was exclusively used in the absence of anterior an-
nular calcium, otherwise the annular calcium was followed.

LVOTand neo-LVOT measurements

In patients with sufficient imaging quality, aortic root and LVOT were
reconstructed during mid-systole (35%) using the dedicated algorithms
(Figure 3A and B). Particular attention was paid to carefully adjust the cen-
treline in the middle of the LVOT. The implanted valve was simulated
according to the nominal manufacturer frame size in a way that mimicked
the surgical valve implantation, whereby 80% of the virtual frame was
localized in the ventricle and 20% (3–4 mm) in the left atrium. Following
the LVOT centreline, LVOT and neo-LVOT areas at the level of maximal
valve protrusion were measured. The relative LVOT reduction defined
as (LVOT area - neo-LVOT (at the same level)/LVOT area) � 100 was
then calculated and correlated to the aortic gradients obtained by CW
Doppler measurement across the aortic valve.

Calcium volume

For calculation of the mitral calcium volume, the MV was manually identi-
fied using the aortic module in an off-label fashion. Contrast enhancement
of the left atrium was measured, and an individual cut-off was defined for
each patient by adding 150 Hounsfield units to the obtained value. The
identification window was manually adjusted in order to include the en-
tire MV complex (Supplementary data online, Figure S1).

Statistical analysis
Statistical analyses were performed using IBM SPSS version 21 (IBM,
Armonk, NY, USA). Statistical significance was assumed for P < 0.05.
Continuous variables are reported as mean ± standard deviation.
Normality of distributions for continuous variables was tested using the
Shapiro–Wilk test. Comparisons between methods were performed
using a paired two-sided Student’s t-test. Pearson correlation coefficients
and multiple regression were used to assess the correlations between
measurements from echocardiography and CT. Intraclass correlation
coefficients were used to assess interobserver reproducibility between
readers (F.P. and O.K.K.), using a two-way mixed-model absolute-
agreement method. Both readers were blinded to the previous MA and
neo-LVOT measurements that were repeated in all patients.
Reproducibility of all reported correlations and analyses were confirmed
independently using the data of each observer.

Results

Study population
The images of 26 consecutive patients with MAC referred for trans-
atrial implantation of a balloon-expandable THV at six centres were
systematically reviewed. The study flowchart is shown in
Supplementary data online, Figure S2. Twenty-one patients had a CT
scan allowing for diastolic MA sizing and calcium volume analysis
were included. Among them, 18 patients had sufficient CT quality
enabling valve simulation and reconstruction of the neo-LVOT, and a
subgroup of nine patients had post-procedural 3D transoesophageal
echocardiography (TOE) volumes of the implanted valve available for
the assessment of stent frame dimensions.

Clinical and functional characteristics
The clinical baseline characteristics of the 21 patients with severe
MAC included into this study are summarized in the Supplementary
data online, Table S1. According to baseline echocardiographic as-
sessment, 11 patients (52%) had predominant MS, 6 (29%) predomin-
ant MR, and 4 (19%) had mixed MV disease. Eight patients (43%)
presented with significant aortic valve disease requiring concomitant
aortic valve replacement (AVR); aortic stenosis in seven cases and
aortic regurgitation in one case. One patient already had a normally

Figure 1 Transatrial implantation of a balloon-expandable valve in the mitral position. (A) The mitral valve is exposed through a left atriotomy, and
the transcatheter heart valve is deployed under direct visualization. Pledgeted sutures have been previously placed in order to minimize the risk of
paravalvular regurgitation. (B) Final result.
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functioning surgical AVR in place. The echocardiographic characteris-
tics are listed in Supplementary data online, Table S2.

Anatomic characteristics
The results of the diastolic MA measurements performed on the pre-
operative cardiac CT images using MPR, MIP, and CSI are listed in
Table 1. MA anatomy differed significantly according to the predomin-
ant MV disease aetiology. Patients with predominant MR presented
with significantly larger MA area, perimeter, and diameters compared
to those with predominant MS. Patients with mixed disease had inter-
mediate dimensions. In contrast, the mitral calcium volume, which
was highly elevated in all patients (mean 6528 ± 3863 mm3; range:
1504–13 781 mm3), did not significantly differ between groups.

The mean predicted neo-LVOT area based on valve simulation was
133.3 ± 66.4 mm2 with a relative LVOT reduction of 59.3 ± 14.7%,
consistently indicating high risk of LVOTO of the selected patients.
Importantly, no significant differences were found in LVOT dimen-
sions according to the predominant aetiology of MV disease.

Annulus sizing
MPR and MIP yielded comparable results in terms of area, perim-
eter, and diameters, whereas dimensions obtained with CSI were
systematically smaller with regards to area, projected perimeter,
and maximal diameter. Conversely, no statistically significant

differences were found between CSI 3D perimeters and minimal
MA diameters and the corresponding measurements obtained
with MPR and MIP. The corresponding Bland–Altman plots for
area, perimeter, and average diameter are shown in Figures 3–6.
Reproducibility was excellent for all methods with interclass coef-
ficients for interobserver agreement ranging from 0.90 to 0.96
(Supplementary data online, Table S3).

Procedural results
Two patients (10%) received an Edwards Sapien XT, and 19 (90%) an
Edwards Sapien 3 bioprosthesis. A mean extra volume of 2 ± 1 mL
was added in almost every patient either during implantation or post-
dilation. Concomitant AVR was performed in eight patients (38%)
and septal surgical myectomy in two patients. The mean transmitral
gradient decreased from 11± 6 to 4 ± 2 mmHg (P < 0.001) with trace
or mild MR in all patients. Thus, technical success according to the
criteria of the Mitral Valve Academic Research Consortium
(MVARC) was achieved in all patients. LVOTO was observed in one
patient—this patient had a systolic predicted neo-LVOT of 48 mm2,
relative area reduction of 83%, and leading to a post-procedural
mean aortic gradient of 30 mmHg. The patient was treated conserva-
tively, though she later died of respiratory failure. Two additional
patients had an increase of their mean aortic gradient of >10 mmHg
that did not translate into clinical symptoms.

Figure 2 The three imaging methods used for annular sizing. (A) MPR; (B) CSI used for delineation of the inner calcium contours; (C) MA area
measured by MPR. (D) Annular area obtained with CSI; (E) Annulus area assessed using maximum intensity projection. LA, left atrium; LV, left
ventricle.
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Table 1 Measurements by cardiac CTaccording to mitral valve disease aetiology

All (N 5 21) Predominant

MS (N 5 11)

Predominant

MR (N 5 6)

Mixed disease

(N 5 4)

P-valuea

Direct planimetry (CT_MPR)

MA area (mm2) 530.9 ± 177.3 429.0 ± 106.5 734.7 ± 165.2 505.2 ± 64.2 <0.001

MA perimeter (mm) 88.9 ± 13.1 81.3 ± 10.2 102.8 ± 10.1 88.9 ± 5.6 <0.001

MA maximal diameter (mm) 31.4 ± 4.8 28.2 ± 3.0 36.5. ± 3.8 32.5 ± 2.8 <0.001

MA minimal diameter (mm) 20.1 ± 5.1 17.6 ± 4.3 25.1 ± 4.5 19.6 ± 1.4 0.004

Maximum intensity projection (CT_MIP)

MA area (mm2) 520.2 ± 156.2 419.0 ± 114.7 708.4 ± 156.2 549.3 ± 61.7 <0.001

MA perimeter (mm) 88.0 ± 12.8 80.4 ± 11.8 99.4 ± 10.2 92.8 ± 2.8 0.005

MA maximal diameter (mm) 31.4 ± 4.5 29.1 ± 4.2 34.4 ± 3.8 33.6 ± 2.0 0.02

MA minimal diameter (mm) 20.1 ± 4.6 17.7 ± 3.8 24.9 ± 3.4 19.8 ± 2.4 0.002

Cubic spline interpolation (CT_CSI)

MA area (mm2) 496.7 ± 181.0 399.1 ± 120.0 698.3 ± 151.3 492.5 ± 95.4 <0.001

MA 3D perimeter (mm) 88.3 ± 15.2 81.5 ± 14.0 102.3 ± 10.4 90.3 ± 11.3 0.006

MA projected perimeter (mm) 84.9 ± 14.6 78.6 ± 13.9 98.9 ± 10.3 86.2 ± 9.1 0.007

MA maximal diameter (mm) 29.0 ± 5.4 26.5 ± 5.0 34.1 ± 3.3 30.6 ± 3.5 0.005

MA minimal diameter (mm) 20.0 ± 4.5 16.9 ± 3.4 24.7 ± 2.8 19.3 ± 1.3 <0.001

MA calcium volume (mm3) 6528 ± 3863 6369 ± 3810 8756 ± 4180 3619 ± 804 0.25

Anterior leaflet 629 ± 414 694 ± 474 580 ± 430 538 ± 272 0.64

Posterior leaflet 5929 ± 3752 5738 ± 3673 8176 ± 4053 3082 ± 660 0.23

Systolic LVOT and neo-LVOT dimensions

LVOT (mm2) 322.1 ± 73.6 309.8 ± 77.8 376.7 ± 71.2 301.4 ± 19.1 0.16

Neo-LVOT (mm2) 133.4 ± 64.2 133.3 ± 66.4 156.8 ± 76.2 96.7 ± 36.7 0.57

Absolute LVOT area reduction (mm2) 188.7 ± 51.7 176.5 ± 51.7 220.2 ± 55.0 204.7 ± 45.2 0.18

Relative LVOT reduction (%) 59.3 ± 14.7 57.9 ± 15.8 59.1 ± 14.3 65.1 ± 15.0 0.90

CSI, cubic spline interpolation; CT, computed tomography; MA, mitral annulus; MIP, maximum intensity projection; MPR, multiplanar reconstruction; MR, mitral regurgitation;
MS, mitral stenosis.
aP-values compare patients with MS to patients with MR.

Figure 3 Principle of valve simulation and prediction of neo-LVOT. (A) Virtual valve implantation (Edwards Sapien 3 26 mm) using a cylinder corre-
sponding to the nominal dimensions of the THV. (B) Measurements of the LVOT (interrupted yellow line) and neo-LVOT area (white continuous
line) at the level of maximal valve protrusion. Ao, aorta; IVS, interventricular septum; LA, left atrium; LV, left ventricle.
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..Valve sizing
Valve selection under direct visualization and balloon sizing resulted
into the implantation of a 29 mm Sapien THV in six patients, a 26 mm
in 12 patients, and a 23 mm in three patients.

Anatomic characteristics according to valve size expressed as me-
dian and interquartile range are listed in Table 2. Calculation of the
average diameter ( = maximal diameter þ minimal diameter � 2) and
the area-derived diameter ( = 2x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

annular area� p
p

) yielded com-
parable results.

Compared to area-based sizing recommended by the manufactur-
er for aortic implantation of the Edwards Sapien 3 valve, three
patients received a manifestly oversized valve after surgical inspec-
tion. Among them, a negative clinical impact was observed in only
one patient in the form of LVOTO, probably related to protrusion of
the covered valve stent portion into the LVOT.

Valve expansion
Stent frame areas and perimeters measured by TOE using semi-
automated indirect planimetry are shown in the table of

Supplementary data online, Figure S3. Due to shadowing induced by
the transcatheter heart valve, the outflow (on the ventricular side)
could not be assessed in any patients. The analysis of valve expansion
yielded the following results: (i) a larger valve area at the inflow or
atrial part (481.4 ± 91.5 mm2) was observed compared to the portion
of the frame at the level of the calcified annulus (412.3± 80.4 mm2);
(ii) irrespective of the method used for MA sizing, the area of the
mid-portion of the implanted THV did not exceed the anatomic an-
nular area measured on the CT images; and (iii) valve expansion
(assessed as the difference between the areas and perimeters of the
mid-portion and the inflow of the THV) was optimized with extra
volume added (above nominal volume) during post-dilatation
(Supplementary data online, Figures S3 and S4).

Haemodynamic relevance of the
predicted neo-LVOT
CW Doppler across the aortic valve at baseline according to the pres-
ence or not of concomitant aortic valve disease are listed in Table 3
After valve implantation, the peak and mean aortic gradients in the

Figure 4 Bland–Altman plots for the comparison between the different methods for measurement of MA area.

Figure 5 Bland–Altman plots for the comparison between the different methods for measurement of MA average diameter.
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..patients who underwent concomitant aortic valve replacement were
27 ± 13 and 14 ± 8 mmHg, respectively, whereas they were 23 ± 9 and
11 ± 4 mmHg, respectively, in the patients without AVR. While the
aortic gradients decreased in the patients with aortic valve disease at
baseline following concomitant aortic valve replacement (Dpeak gradi-
ent: -41 ± 42 mmHg and Dmean gradient: -19 ± 24 mmHg), an increase
was observed in the no-AVR group after transatrial MV implantation
(Dpeak gradient: 9 ± 11 mmHg, and Dmean gradient: 4 ± 5 mmHg).
Applying multiple regressions, the systolic relative LVOT area reduc-
tion and the presence of a surgical aortic valve in aortic position were
found to predict the peak and mean postoperative aortic gradients.
The corresponding correlations for the overall cohort as well as for
both the AVR and the no-AVR groups are shown in Figure 7.

The relative reduction of the LVOT area also predicted the abso-
lute change of the aortic gradients (defined as aortic gradient after
minus before the procedure) in the patients without aortic valve dis-
ease at baseline (Supplementary data online, Figure S5). A relative
LVOT reduction of 60% corresponded to an increase of the mean
and peak aortic gradients by about 3 and 7 mmHg, respectively,
whereas a relative LVOT reduction of 80% increased the mean and
peak aortic gradient by 8.5 and 19.5 mmHg, respectively.

Interobserver agreement assessed with intraclass correlation coef-
ficients for the measurement of the neo-LVOT and relative LVOT re-
duction were 0.98 and 0.91, respectively.

Discussion

The main findings of our study can be summarized as follows: (i) an-
nular dimensions in patients with severe MAC differ according to the
aetiology of MV disease; (ii) MPR, MIP yielded comparable, and reli-
able results for the measurements of the annular dimensions, where-
as dimensions obtained with CSI were systematically smaller, except
for 3D perimeter; (iii) rather than absolute values, the relative systolic
LVOT reduction was found to predict the post-procedural aortic
gradients in patients undergoing transatrial MV implantation; (iv) des-
pite routinely performed post-dilation, there is no evidence that valve
expansion beyond the pre-procedural annulus dimension measured
by CT occurred, though post-dilatation resulted in improved stent
frame expansion.

Imaging methods for annulus sizing
The best agreement between imaging methods was found for MPR
and MIP that yielded statistically comparable values for all considered
parameters. Conversely, the dimensions obtained with the semi-
automated CSI method were systematically smaller, except for the
3D perimeter (in contrast to the projected perimeter). These dis-
crepancies are likely explained by identification of the calcium pro-
truding into the annulus in several planes using the CSI method, finally
resulting in a smaller area.

Figure 6 Bland–Altman plots for the comparison between the different methods for measurement of MA perimeter.
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..According to Bland–Altman analysis, area measurement appears
overall more reproducible than perimeter in this particular setting.
Indeed, our experience shows that perimeter may be very variable
between techniques due to the complexity of the calcification pat-
tern. Measurement of diameter appears particularly reproducible
using the MPR and MIP techniques. With the Sapien valve system, the
MA is forced to adopt a more circular shape during balloon expan-
sion. As expected with an irregularly-shaped annulus, perimeter
measurements will result in gross over-estimations of average annu-
lar area (Supplementary data online, Figure S6). Thus, sizing recom-
mendations should focus on area and average diameters rather than
perimeter in this disease process. As there may be a risk of underesti-
mating annular dimensions with CSI, MPR, or MIP methods may be
preferred due to simplicity and availability in all radiology software
programmes. Further advantages and limitations of the different imag-
ing methods are listed in Table 4.

Anatomic characteristics
Our study is the first to report anatomic variations in patients with
severe MAC according to the predominant aetiology of MV disease.
Because of the homogeneity of the population included into this ana-
lysis (95% of women with preserved left ventricular ejection fraction),
these findings are unlikely to be explained by differences in baseline
characteristics. Importantly, the observed anatomic discrepancies
were not related to a lower severity of annular calcification. Specific
patterns of leaflets involvement may result in the phenotype of MR
rather than MS and promote annular dilatation or, conversely, the

development of MR may be secondary to annular dilatation and cor-
respond to a more advanced stage of the disease. Indeed, prior re-
search using 3D echocardiographic imaging of the MA in patients
with MAC has shown a reduction in systolic mitral annular contrac-
tion and increasing in systolic leaflet tenting as compared to controls,
both of which are potential substrates for MR.11 In line with these
findings, we found only minimal differences between diastolic and sys-
tolic values.

Valve selection in MAC patients
undergoing transatrial valve
implantation
With intraoperative direct visualization of the MA, final valve se-
lection in patients undergoing transatrial THV implantation was
mainly based on direct surgical and balloon sizing. As a result, use-
ful information can be derived about the relevance of anatomical
CT measurements. Compared to the aortic position, area-based
sizing yielded similar results except for slightly lower range limits
for 23 and 26 mm valve, accounting for a higher degree of oversiz-
ing. Despite the individual anatomic variability, the average diam-
eter was found to reliably approximate the area-derived diameter
and thus, should be considered an useful parameter for sizing in
addition to area.

In analogy to the sizing method proposed in patients without se-
vere MAC,12 D-shape truncation was performed in the patients with-
out calcification of the aorto-mitral curtain, whereas anterior annulus

....................................................................................................................................................................................................................

Table 2 CTanatomic characteristics according to the implanted valve size expressed as median and interquartile
range

Parameters 23 mm 26 mm 29 mm

Direct planimetry (CT_MPR)

MA area (mm2) 369.7 (351.3–406.8) 489.0 (384.0–557.2) 624.2 (553.1–681.9)

MA perimeter (mm) 70.4 (69.9–75.3) 88.6 (82.3–95.8) 95.3 (93.5–103.8)

MA maximal diameter (mm) 28.0 (25.4–28.2) 30.4 (29.1–32.3) 34.8 (31.6–38.0)

MA minimal diameter (mm) 19.1 (17.6–19.7) 18.6 (15.1–20.2) 24.8 (21.3–27.2)

MA area-derived diameter (mm) 21.7 (21.1–22.7) 24.9 (22.1–26.6) 29.5 (26.5–32.5)

MA average diameter (mm) 22.1 (21.8–22.9) 24.6 (22.1–26.1) 29.6 (26.5–32.6)

Maximum intensity projection (CT_MIP)

MA area (mm2) 352.9 (340.5–421.9) 481.5 (372.2–599.1) 616.5 (600.5–701.7)

MA perimeter (mm) 72.2 (71.3–76.1) 87.3 (80.1–92.8) 99.4 (92.2–108.0)

MA maximal diameter (mm) 26.7 (25.5–28.1) 31.4 (29.7–32.4) 34.1 (33.8–35.7)

MA minimal diameter (mm) 18.2 (16.7–20.3) 19.9 (15.9–21.9) 24.0 (19.0–26.8)

MA area-derived diameter (mm) 21.2 (20.8–23.1) 24.8 (21.8–27.6) 29.0 (27.2–30.9)

MA average diameter (mm) 22.4 (21.8–23.4) 25.3 (23.2–27.5) 28.9 (27.3–30.7)

Cubic spline interpolation (CT_CSI)

MA area (mm2) 340.0 (290.0–360.0) 430.0 (357.5–582.5) 600.0 (575.0–707.5)

MA 3D perimeter (mm) 70.2 (64.9–73.3) 85.5 (80.7–97.2) 100.5 (94.4–107.6)

MA projected perimeter (mm) 67.9 (62.5–70.9) 83.6 (77.2–91.9) 96.1 (90.7–103.2)

MA maximal diameter (mm) 22.1 (20.4–22.9) 29.1 (26.7–32.3) 32.4 (30.0–35.3)

MA minimal diameter (mm) 17.6 (16.3–18.3) 20.4 (17.0–21.8) 23.2 (20.5–25.8)

MA area-derived diameter (mm) 21.3 (20.8–23.4) 23.4 (21.3–27.2) 27.6 (27.3–30.8)

MA average diameter (mm) 21.3 (19.9–24.1) 24.3 (21.0–26.6) 26.9 (26.5–31.0)
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..calcium contours (not anterior leaflet calcium) were followed in the
others as already described by other groups.13,14 Although obtained
in a limited number of patients, the analysis of the post-interventional
3D TOE volumes of the implanted valve seems to support this ap-
proach, as valve expansion beyond the pre-procedural annular
dimensions measured by CT did not occur in any case. Moreover,
the full extent of valve oversizing expected with the addition of vol-
ume to the implantation balloon (as described for the aortic pos-
ition15) was not reached in any patients. This suggests that the
inclusion of the aorto-mitral curtain would have led to excessive

oversizing and potential catastrophic consequences in terms of pos-
terior annular disruption and LVOTO. From an anatomic point of
view, posterior and anterior calcium, and calcified fibrous trigones
seem to effectively constrain the (over-) expansion of the valve.
However, our findings also establish that post-dilation remains a use-
ful step for the transatrial approach in order to optimize of the stent
frame and promote apposition against the calcific annulus. Additional
sealing may occur on fibrotic and thickened mitral annular regions in-
side the circumscribed MAC or thickened mitral leaflets in this
setting.

Figure 7 Haemodynamic relevance of the neo-LVOT. Relationship between the relative LVOT reduction and the peak and mean post-procedural
aortic gradients in patients with and without aortic valve replacement. AVR, aortic valve replacement; LVOT, left ventricular outflow tract.

............................................................... .................................................................................................

....................................................................................................................................................................................................................

Table 3 Haemodynamic parameters determined by transthoracic echocardiography before and after mitral valve
implantation

Pre-procedural Post-procedural

Significant aortic

disease (N 5 9)

No aortic disease

(N 5 12a)

AVR

(N 5 9b)

No AVR

(N 5 12)

Change AVR

(post-pre)

Change no AVR

(post-pre)

CW Doppler across the aortic valve

Mean gradient (mmHg) 29 ± 21 8 ± 3 14 ± 7 11 ± 4 -19 ± 24 4 ± 5

Peak gradient (mmHg) 60 ± 39 14 ± 6 28 ± 13 22 ± 9 -41 ± 42 9 ± 11

AVR, aortic valve replacement; CW, continuous wave; N, number of patients.
aIncluding one patient with a bioprosthetic aortic valve already in place.
bIncluding the above-mentioned patient with previous AVR. One patient left with untreated aortic stenosis was excluded from the post-procedural analysis. The patient under-
went TAVR 6 months after transatrial mitral valve replacement.

Patients with severe MAC 9
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Haemodynamic relevance of the
simulated neo-LVOT
Although considered as an important parameter for the planning of
transcatheter MV replacement, only limited data exist concerning the
simulated neo-LVOT and its haemodynamic relevance has not been
established so far. One study investigating 38 patients undergoing
various transcatheter MV interventions found that an absolute neo-
LVOT area <_189.4 mm2 was predictive of the occurrence of
LVOTO as defined by an increase of 10 mmHg of LVOT invasive
peak-to-peak gradient.14 In another similar study investigating 194
patients, a simulated neo-LVOT area <_1.7 cm2 was found to predict
LVOTO with sensitivity and specificity.16

The increase of the continuous-wave Doppler aortic gradients
observed in the no-AVR patients after MV implantation is most likely
explained by the protrusion of the uncovered stent frame into the
LVOT, creating a flow acceleration with subsequent increase of the
LVOT gradient, but typically no clinically apparent obstruction thanks
to the resection of the anterior MV leaflet.

Importantly, our report also confirms that a certain degree of
LVOTO can rarely occur despite of the resection of the anterior MV
leaflet, as already described with the LAMPOON technique.17 This
most likely relates to protrusion of the part of the valve stent covered
by fabric skirt into the LVOT.

The difference in the magnitude of the correlations between the
AVR and the no-AVR groups (Figure 7) are the result of the different
haemodynamic characteristics of the patients of each group. Indeed,
patients with a surgical valve in aortic position naturally have higher
gradients compared to those with a native valve without relevant dis-
ease. This relates to the intrinsic haemodynamic characteristics of
surgical bioprostheses, including the presence of a metallic stent as
well as a smaller nominal valve area. Hence, the presence of an aortic
bioprosthesis was the strongest predictor of the post-procedural
aortic valve gradients according to multivariate analysis followed by
relative LVOT reduction, confirming that both factors determine
post-procedural haemodynamics.

Our report is the first establishing a haemodynamic relationship
between the simulated neo-LVOT and the post-procedural aortic
gradients, supporting the use of valve simulation for pre-procedural

planning. Importantly, only the relative LVOT reduction was found to
predict the aortic gradients and not absolute values. These findings
highlight the need to interpret the results of valve simulation individu-
ally and suggest the existence of a relative rather than an absolute
cut-off.

Differences with other approaches
to the MV
An algorithm summarizing the different steps of valve selection
according to anatomy and access is shown in Figure 8. The transatrial
approach offers the highest level of procedural control, while with
the transseptal and transapical access the implantation depth is far
less predictable. This certainly has important implications on pre-
procedural planning, in particular valve simulation. Indeed, the degree
of valve protrusion into the LVOT and, thus, the risk of LVOTO is
largely influenced by the implantation depth. Therefore, pre-
procedural neo-LVOT simulation may be more accurate and repro-
ducible with transatrial implantation compared to other approaches.
Moreover, the transatrial approach with anterior leaflet resection
allows for blood flow through the ventricular end of the Sapien valve
cells, which does not occur with the percutaneous approach due to
the presence of the anterior mitral leaflet and a functionally covered
stent frame.

Due to systematic resection of the anterior MV leaflet, the
described linear relationship between the aortic gradients and the
relative LVOT reduction is certainly specific for the transatrial
method and not transferable to other techniques. Indeed, the cut-off
for a significant increase of the aortic gradients, that correspond to a
relative reduction of the native LVOT of about 60% in our study, may
be much lower (probably <40–50%) for interventions sparing the an-
terior leaflet such as valve-in-valve or valve-in-ring procedures.
Nonetheless, our study confirm that patients at high risk for LVOTO
with a small predicted neo-LVOT area (<150 mm2) can be safely
treated using the transatrial approach, while they may not be eligible
for a transseptal or transapical procedure.

In contrast to other approaches, the transatrial hybrid technique
enables safe treatment of patients with large anatomy (up to
800 mm2). Although, suture placement may play a role, anchoring of
the valve is largely related to the radial force of apposition against the

....................................................................................................................................................................................................................

Table 4 Advantages and limitations of the different measurement methods used for MA sizing

Advantages Limitations

CT_MPR High reproducibility promoted by the use of a single planeGood

visualization of non-calcified portions of the MA

Potential overestimation of the MA dimensions through omis-

sion of protruding calcium deposits localized in other planes

(importance of careful plane adjustment through the most

calcified region of the MA)

CT_MIP 3D superposition (summation) of the calcium deposits localized

in different planes minimizing the risk to overestimate the

MA dimensions

No visualization of the non-calcified borders (less adapted for

sizing in patients with non-concentric/disrupted calcification

patterns)

CT_CSI Simultaneous delineation/adjustment in two different

planesAccurate identification of the leaflet-annulus hinge

point of the non-calcified MA portions

Potential variability in the delineation (D-shape) of the anterior

segments (particularly the aorto-mitral curtain) if calcifica-

tions are lacking

CSI, cubic sline interpolation; CT, computed tomography; MA, mitral annulus; MIP, maximum intensity projection; MPR, multiplanar reconstruction.
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..calcified annulus. Despite the fact that the presented sizing strategy
may not be literally translatable to other approaches (due to insuffi-
cient oversizing for the transapical and transseptal approach), we be-
lieve that some of the insights provided by our analysis will be useful
for other techniques, given concentric annular calcification involving
the anterior MV leaflet.

Limitations
We would like to acknowledge the following major limitations to our
work. The cohort investigated in our study consists of a small number
of highly selected patients with severe concentric MAC involving
both MV leaflets. All patients could not undergo transseptal or
transapical valve implantation due to increased risk of LVOTO or
valve embolization. The anterior leaflet was systematically resected,
so that the presented findings may not be translatable to other
approaches.

Conclusions

In patients with severe MAC undergoing transatrial transcatheter
valve implantation, we found important annular differences

depending on disease aetiology. MPR and MIP yielded comparable
results for the measurements of the annular dimensions, while values
obtained with CSI tended to be systematically smaller. Mitral annular
area and the average annular diameter were reliable parameters for
valve selection. Simulated relative LVOT reduction was found to pre-
dict the post-procedural aortic gradients.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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