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ABSTRACT

Introduction: In transcatheter aortic valve implantation (TAVI), assessment of aortic valve calcification is
not as standardized as aortic annulus measurement. Aortic valve calcification is important for stable
anchoring of the prosthesis to the aortic annulus. However, excessive aortic valve calcification is related
to procedural complications.

Areas covered: This review covers the methods to assess aortic valve calcification and the implications
of aortic valve calcium burden for TAVI outcomes. We performed a systematic review of the literature in
Pubmed and secondary sources. Furthermore, future perspectives on how to integrate aortic valve
calcification assessment in the management of patients with aortic stenosis is discussed.

Expert opinion: Thorough assessment of the aortic valve and aortic root components including aortic
valve calcification is key in the planning of TAVI. Aortic valve calcification load, location and extension are
important contributors to paravalvular regurgitation. Asymmetric calcification burden with greater calcifi-
cation of the left-coronary cusp related to higher need of permanent pacemaker implantation. Patients with
moderate and severe left ventricular outflow tract/subannular calcification are more susceptible to aortic
annular rupture. Periprocedural dislodgement of calcium form cusps and commissures is one of the main
reasons of coronary artery ostial occlusion during transcatheter aortic valve implantation.

Abbreviations: Ao, aorta; LA, left atrium; LAA, left atrial appendage; LV, left ventricle; LVOT, left
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1. Introduction

Transcatheter aortic valve implantation (TAVI) has been
a therapeutic breakthrough for patients with symptomatic
severe aortic stenosis (AS) who have contraindications for
surgery or have high operative risk, demonstrating to provide
better outcomes as compared to medical therapy or surgical
aortic valve replacement [1,2]. Subsequent randomized trials
in patients with symptomatic severe AS and intermediate or
low operative risk have also shown that TAVI is non-inferior to
surgical aortic valve replacement [3-5]. However, procedural-
related complications still remain a concern due to its impact
on morbidity and mortality.

Paravalvular aortic regurgitation and conduction distur-
bances are the most frequent complications. In the
Placement of Aortic Transcatheter Valves (PARTNER) trials,
moderate-to-severe paravalvular regurgitation was observed
in 12% of patients at 30 days and 11% at 1 year in patients
not suitable for surgery, and in 12.2% at 30 days and 6.8% at
1 year in patients with high surgical risk [1,2]. A fast learning
curve and new generation TAVI prostheses led to
a considerable decrease in the incidence of moderate-to-
severe paravalvular regurgitation, and in the PARTNER 2 trial
(including intermediate-risk patients), this complication was
only observed in 3.8% at 30 days and 3.4% at 1 year follow-
up [3]. The most frequent conduction disturbances after TAVI
are left bundle branch block (LBBB) and high-degree

atrioventricular block. The 30-day rate of new-onset LBBB
after TAVI is around 27% (ranging from 4% to 57%) and the
rate of high-degree atrioventricular block requiring permanent
pacemaker implantation is 17% (ranging from 2% to 51%)
[6,7]. These rates vary according to the type of prosthesis
(balloon or self-expandable), depth of implantation (deeper
into the left ventricular outflow tract [LVOT]), and the presence
of conduction abnormalities prior to the procedure.

In contrast, aortic annulus rupture and coronary ostia occlu-
sion are infrequent but are the most life-threatening compli-
cations. Aortic annulus rupture encompasses a spectrum of
lesions with very low prevalence (about 0.5% to 1.0% of TAVI
procedures) but with a reported mortality of 75% and usual
need of open-heart surgery [8]. The incidence of coronary
ostial occlusion is <1% and the left main coronary artery is
the most frequently affected (88.6%). The 30-day mortality rate
of this complication reaches 40% [9].

One of the factors that has been involved in all these compli-
cations is the burden of aortic valve calcification. Asymmetric
accumulation of calcium predominantly in one cusp, the extent
into the aortic root and/or LVOT, and the total amount of calcium
in the region where the prosthesis is deployed are the para-
meters that have been related to complications. However, the
evidence is controversial, and it is well accepted that some
degree of calcification is needed to ensure stable implantation
of the prosthesis. Therefore, the assessment of aortic valve
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Article highlights

e Transcatheter aortic valve implantation has expanded from non-
operable, to high-, intermediate, and low-surgical risk patients with
severe aortic stenosis.

e Aortic valve calcification load and location are related to adverse
outcomes during and after TAVI.

e Aortic valve calcium load and distribution and extension in the
landing zone are quantified by MDCT. It is worth noticing that
there are different cut-off values of calcification for men and
women with severe aortic stenosis, with lower values for women
despite the same aortic stenosis severity compared to men.

e Aortic valve calcification load plays an important role in PVL, as well
as location and extension in the device landing zone, asymmetric
calcification is relevant for conduction disturbances, and extension to
LVOT/subannular region impacts on the chances of aortic annular
rupture.

e Patients with bicuspid aortic valve have distinct calcification char-
acteristics compared to patients with tricuspid aortic valve.

e Assessment of calcification burden may aid in the choice of prosthe-
sis type aiming to prevent life-threatening complications.

calcification burden is not yet standardized and systematically
included in the preprocedural evaluation.

This review will focus on the methodology to assess aortic
valve calcium burden, the evidence showing how aortic valve
calcification can influence the outcomes of TAVI and what are
the potential solutions. We performed a systematic review of
the literature on Pubmed including the terms ‘aortic valve
calcification,” ‘transcatheter aortic valve implantation,’ ‘para-
valvular leakage,” ‘conduction disturbances,” ‘coronary artery
occlusion,” and ‘annular rupture.’ Further studies were sought
by means of a manual search of secondary resources, includ-
ing references from primary papers.

2. How to assess aortic valve calcification

Pre-procedural assessment of aortic valve anatomy and AS
severity can be performed with 2-dimensional echocardiogra-
phy in combination with 3-dimensional imaging methods
such as 3-dimensional transoesophageal echocardiography
(TOE) or multidetector row computed tomography (MDCT)
[10]. MDCT is the best imaging tool for procedural planning
because it provides information on the dimensions of the
aortic annulus, location, and quantification of calcification of
the aortic valve, LVOT, and aortic root and ascending aorta,
and distance of coronary arteries ostia from aortic valve annu-
lus plane [11]. In addition, MDCT is key to decide on the
procedural access by assessing the caliber of the femoral
arteries.

Assessment of aortic valve calcification is accomplished by
calculating the computed tomography aortic valve calcium
(CT-AVC) score on non-contrast enhanced data. This para-
meter has a good correlation with the measurement of cal-
cium in explanted native valves and with the valve
hemodynamics [12]. It is important to note that there are sex-
specific CT-AVC thresholds that indicate severe AS (=1,275
arbitrary units (AU) in women and >2,065 AU in men), which
are independent predictors of all-cause mortality, with higher

values such as =1,600 AU for women and >3,000 AU for men
making the diagnosis of severe AS very likely [13,14]. CT-AVC
score quantification requires good visualization of the aortic
valve and should be done in multiple planes to include only
the calcium of the aortic valve and to exclude the nonvalvular
calcification of the LVOT and aortic sinus (Figure 1). On con-
trast-enhanced images, measurement of the CT-AVC load
relies on the degree of opacification which results from the
interaction of factors related to the patient, the scanner, and
contrast material. Moreover, the threshold for CT-AVC derived
from these scans, in order to determine AS severity, has not
been standardized [12].

The aortic valve cusps, aortic annulus, and LVOT are the
components of the so-called device landing zone, and a high
burden calcification of this region is linked to TAVI complica-
tions. Estimation of annular and sub-annular (upper 4 to 5 mm
of LVOT) calcification with MDCT is based on the circumfer-
ential extent, the depth into the LVOT, and the thickness of
calcification projecting radially into the LVOT. Annular and
sub-annular calcification should be described (as crescent/
flat/adherent or protruding) as well as its relation to the aortic
cusps. The estimation is performed in a subjective and quali-
tative manner as none, mild (single, adherent, non-protruding
focus of calcification), moderate (two or more nodules of
calcification or a single nodule with limited protrusion into
annular/sub-annular lumen) and severe (single or multiple
nodules of calcification, protruding into the annular lumen,
and/or extending into the LVOT) [15].

3. Aortic valve calcification and paravalvular
regurgitation

Rates of significant paravalvular regurgitation after surgical
aortic valve replacement are considerably low and stable
throughout the years. This can be explained by calcium exci-
sion and suture of the prosthesis directly to the aortic annulus,
with more control when sealing potential areas for regurgita-
tion [16]. Implantation of transcatheter heart valve in a very
calcified aortic valve may prevent full and symmetric prosthe-
sis expansion, contributing to post-procedural residual leakage
(Figure 2). The association between the presence of moderate
or greater paravalvular regurgitation and increased morbidity
and mortality after TAVI was reported in several studies and
meta-analyses [17-23]. The pooled estimate for moderate to
severe paravalvular regurgitation post-TAVI was 11.7%, with
higher rates observed for self-expandable prostheses as com-
pared to balloon-expandable prostheses [24].

Several studies showed significant associations between
aortic valve calcification and paravalvular regurgitation after
TAVI (Table 1) [25-38]. Ewe et al. correlated aortic valve calci-
fication volume and location of the bulkiest calcifications on
CT with the location of paravalvular regurgitation on transe-
sophageal echocardiography in 79 patients who underwent
TAVI with a balloon-expandable prosthesis and showed that
patients with greater aortic valve calcification volume at base-
line had a greater prevalence of paravalvular regurgitation
[25]. It is important to acknowledge that besides aortic valve
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Figure 1. Evaluation of aortic valve calcification with computed tomography.

The upper row shows contrast-enhanced double oblique transverse reconstructions of the aortic valve. From left to right, note the increasing severity of the calcification of the aortic valve,
from none (left) to severe (right). In the lower row, the respective minimum intensity projection of the aortic valve where the calcium volume can be measured.

Figure 2. Association between aortic valve calcification and paravalvular regurgitation after transcatheter aortic valve implantation.

Patient with severe aortic valve calcification on the short-axis view of the aortic valve visualized on computed tomography (panel A) or transesophageal echocardiography (panel B). The
stretched view of the aortic valve on computed tomography shows the calcification at the base of the left coronary cusp in close relationship with the mitral annulus (pane C). After
implantation of the transcatheter valve prosthesis, the paravalvular regurgitation is visualized at the level where the calcification was (panel D).

calcification load, the location and extension of the calcifica-
tion are important contributors to significant paravalvular
regurgitation. The amount of calcium at the aortic wall was
the main determinant of paravalvular regurgitation at the
corresponding site. In addition, Feuchtner et al. found that
the presence of aortic annulus calcification greater than mild
and protruding annulus calcification greater than 4 mm,

particularly at the left and non-coronary cusps, predicted sub-
sequent development of significant paravalvular regurgitation
[26]. Patients with extremely high aortic valve calcification
(AVC score > 8,000 Agatston units) who underwent balloon-
expandable TAVI had significantly lower device success rates
(80% vs 95.3%) and more significant paravalvular regurgitation
(15% vs 1.8%) [39].



776 S. MILHORINI PIO ET AL.

Table 1. Aortic valve calcification and incidence of paravalvular regurgitation after transcatheter aortic valve implantation.

Number of patients AVC measurement Significant PAR rate Remarks
Ewe et al [25]. 79 patients Contrast-enhanced MDCT - 4% Balloon-expandable prosthesis
quantitatively (volumetric calcium AVC score of the valve and
score) specifically of the area of the

Haensig et al. [28] 120 patients

Koos et al. [27] 57 patients

John et al. [29] 100 patients

Feuchtner et al. [26] 94 patients

Schultz et al. [30] 56 patients

Mauri et al. [31] 212 patients

Pollari et al. [32] 539 patients

Unbehaun et al. [33] 358 patients

Colli et al. [34] 103 patients

Threshold > 800 HU
Aortic valve and aortic root and
extent and distribution of AVC

Non-contrast cardiac CT 4%
Agatston calcium score of coronary
cusps
MDCT 11%
Threshold on contrast-enhanced CT:
500 HU
Agatston calcium score (non-
contrast)
Contrast-enhanced CT to calculate
Agatston AVC scores for every single
AV cusp
MDCT 12%
Non-contrast: Agatston calcium
score of DLZ
Contrast-enhanced CT for
semiquantitative estimation of
amount and distribution of
calcification
Contrast-enhanced 12%
MDCT
Semiquantitative estimates: annular
calcium, and leaflets calcium
severity and asymmetry

MDCT 5%
Calcium scoring (volume, mass and
Agatston score) of aortic root

Contrast-enhanced MDCT 6%
Threshold > 500 HU
Device landing zone calcification —
calcium volume

Contrast-enhanced MDCT
2 different thresholds:
500 HU and 800 HU (for 46 patients)
Calcium volume of DLZ

Total: 4.0%
Sapien XT: 9%
Sapien 3: 3%
EvolutR: 9%
Acurate: 3%

MDCT (86% of patients) 1%
Device landing zone calcification
(assessed semiquantitatively)
Agatston score with cutoff level
between 450-600 HU

Transesophageal echocardiography 5%

paravalvular leakage were
significantly higher in the group
with significant paravalvular
regurgitation.
Balloon-expandable prosthesis
OR for paravalvular regurgitation:
11.38 (2.33-55.53) - p = 0.001.
67% self-expandable prosthesis vs
33% balloon-expandable
prosthesis.
Agatston AVC score was
significantly higher in patients with
paravalvular regurgitation >3.

Self-expandable prosthesis.
AVC scoring predicts relevant
paravalvular regurgitation after
initial release.

Balloon-expandable and self-
expandable prosthesis.
The mean size of calcium was
significantly higher in moderate to
severe paravalvular regurgitation
as compared to other groups.
Protruding annular calcification
greater than 4 mm was more often
in moderate to severe paravalvular
regurgitation.
Self-expandable prosthesis.
Higher calcification score of the
aortic root was associated with
paravalvular regurgitation > 1
(p < 0.01).
Self-expandable prosthesis.
Grade of paravalvular regurgitation
was significantly related to AVC,
LVOT and total device landing
zone calcification.
AVC > 410.6 mm? was
independent predictor of
paravalvular regurgitation > mild
(OR 6.9, Cl 3.0-15.8; p < 0.001)
Balloon-expandable and self-
expandable prosthesis.
Patients with calcium volume
>1079 mm? had higher incidence
of mild or greater paravalvular
regurgitation.
OR for increase of 100 mm? of
device landing zone calcium: 1.08
(1.04-1.12), p < 0.001.
Balloon-expandable prosthesis,
transapical access.
Asymmetric cusp calcification and
device landing zone calcification
were predictive of significant
paravalvular regurgitation.
Balloon-expandable prosthesis,
transapical access
Severe commissural calcification
and fusion associated with
significant paravalvular
regurgitation (OR 8.5-95%ClI
1.2-58.9).

AV, aortic valve; AVC, aortic valve calcium; Cl, confidence interval; CT, computed tomography; HU, Hounsfield unit; LVOT, left ventricular outflow tract; MDCT,
multidetector computed tomography; OR, odds ratio; TAVI, transcatheter aortic valve replacement.



First-generation transcatheter heart valves were used in the
majority of the aforementioned studies. The impact of aortic
calcification on postprocedural paravalvular regurgitation was
also assessed for new generation prosthesis, either balloon-
expandable and/or self-expandable. Akodad et al. compared
the incidence of paravalvular leakage between patients who
underwent TAVI with first-generation and new generation
balloon- and self-expandable prostheses and found lower
rates of residual regurgitation in the new generation group
(8.3% vs 22.9%). Aortic valve calcium score was strongly asso-
ciated with the occurrence of paravalvular regurgitation in
first-generation patients but not in the new generation
group [40]. Guimaraes et al. assessed the impact of calcium
score on the performance of a balloon-expandable prosthesis
with an outer skirt aiming at better sealing and found similar
rates of paravalvular regurgitation between patients with high
and low indexed calcium score. There was also no impact of
aortic valve calcification on residual regurgitation in the
patients with extreme indexed AV calcium score [41].

4. Aortic valve calcification and conduction
abnormalities

The occurrence of conduction disturbances in patients with AS
is explained by the intimate relationship of the aortic valve
and the membranous portion of the interventricular septum.
The His bundle pierces the membranous septum in the right
atrium and exits in the central fibrous body on the left side,
which comprises the membranous septum and the fibrous
triangle limited by the leaflets of the right and non-coronary
cusps, and is in close proximity to the right-coronary cusp [7].
The association between the presence of severe calcifications
in the device landing zone and the occurrence of conduction
abnormalities due to damage of the conduction system has
not been systematically demonstrated.

In a study with 300 patients who underwent TAVI (81.3%
balloon-expandable valves), aortic valve calcium quantification
was not predictive of the 30-day pacemaker implantation rate
(odds ratio for 500 unit increase: 1.05, p = 0.275) [42].
Conversely, in a study with 81 patients who underwent TAVI
with self-expandable valves (CoreValve ReValving system), the
device landing zone calcification was predictive of permanent
pacemaker implantation (odds ratio 1.06, p = 0.004) [43]
(Figure 3). It is important to point out that the total rate of
permanent pacemaker implantations was 19% in the former
study versus 47% in the latter and that these differences may
be related to other factors than the calcification of the device
landing zone and type of prosthesis implanted.

Although the association between the CT-AVC and the
need for permanent pacemaker implantation is controver-
sial, the asymmetric calcific burden is a relevant variable.
Fujita et al. showed that greater calcification of the left-
coronary cusp was related to a higher incidence of complete
atrioventricular block and the need for permanent pace-
maker implantation [44]. This asymmetric pattern of calcifi-
cation leads to the increased radial force exerted on the
non-coronary and right-coronary cusps and adjacent
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structures (including the His bundle and the left-ventricular
bundle branch). Mauri et al. found that LVOT calcium volume
in the left-coronary cusp sector above a threshold of
41.4 mm? was a risk factor for pacemaker implantation, but
the device landing zone calcium volume and calcification of
the aortic cusps were similar in patients with and without
need for permanent pacemaker implantation [31]. In addi-
tion, the asymmetry in calcification between the left-
coronary cusp (high) and the non-coronary cusp (low) was
significantly higher in patients requiring pacemaker
implantation.

5. Aortic valve calcification and aortic annulus
rupture

Aortic annulus rupture is a life-threatening complication that
comprises uncontained and contained aortic annulus rupture
(Figure 4), periaortic hematoma, and ventricular septal rup-
ture, resulting from disruption of the aortoventricular junc-
tion after balloon valvuloplasty, valve implantation, or valve
redilatation because of residual paravalvular regurgitation
[45-47]. Subannular damage is also of importance. The
LVOT has a fibrous component and a muscular, more vulner-
able, portion. The fibrous component of the LVOT is com-
posed of the aortomitral continuity and the membranous
portion of the interventricular septum, formed by strong
and distensible tissue. Injury of this region may result in
acute mitral regurgitation or perimembranous ventricular
septal defect. The muscular portion has a small segment
located below the commissure between the left and right-
coronary cusps and left fibrous trigone which has no external
support, and injury to this site represents an extreme risk of
fatal bleeding [8]. Clinical manifestations usually occur during
TAVI or in the first 3 hours after the procedure; rarely, small
injuries remain silent and are diagnosed later when the rup-
ture progresses leading to paravalvular leak or peri-aortic root
hematoma (Figure 4).

A high calcification burden of the aortic valve cusps, annu-
lar calcification (especially circular), presence of calcification
adjacent to the annulus (wall of sinuses of Valsalva and LVOT),
and a heavily calcified bicuspid valve are anatomic character-
istics that may predispose annular rupture [48,49]. Hansson
et al. reported on the effect of aortic valve calcium volume
and distribution on 33 patients experiencing aortic root injury
during TAVI with balloon-expandable valve and compared
them to a control group without aortic root injury [49].
Upper LVOT (2 mm distance down from the annulus plane)
calcium volume compared to LVOT (10 mm distance down
from the annulus plane), and upper LVOT calcium below non-
coronary cusp were the strongest predictors of aortic root
injury. Barbanti et al. identified MDCT anatomical predictors
of aortic root rupture in 31 patients who underwent TAVI with
balloon-expandable devices compared to a matched sample
of 31 patients without aortic root rupture [50]. Burden of
LVOT/subannular calcification was higher in patients with aor-
tic root rupture, but no difference was found in the rate of
moderate/severe aortic valve cusp calcification. Calcification of



778 S. MILHORINI PIO ET AL.

PNl IS

1 v

il sl Ll € B REG
—"m_._%m%.«A,,:\':—LJWLV-——«A\,:\:LM_TA,;W/Y./\A;::&%j___&v,\.ﬁ Iy

Jiz- o 6l ik famiit __..‘_Y-l/\‘.:___mdr-/\‘_‘ _____ ,.\JV._./ll_‘.’f___,,,,,v,/\_;,,‘_Qﬁ-,/p:ﬁ.d_‘.-—m-...»---_,-_L_MHMH (AL

:Rj/\“.w/\ﬁ:::t.«,v/\__hv/\_,...

\+_

m'inv cm_-\.ﬁv._rnv——%.f,-.._»v_._,whA\_rv._,.#__d.n.q,_—.m-—...r\_/\v,__._.,._,,«v‘,_,m.__,,._w_‘_.“ ..... 2 B St i

10.0 e s r o= 665 - ves ta 1

Figure 3. Implications of aortic valve calcification and conduction abnormalities after transcatheter aortic valve implantation.

Patient with severe aortic valve calcification on pre-procedural computed tomography (panel A). Panel B shows the pre-procedural ECG with narrow QRS complex duration (94 ms) and
panel C shows the ECG after transcatheter valve implantation with left bundle branch block (QRS duration 154 ms). The conduction disturbance was transient and the patient did not need

a permanent pacemaker.

the LVOT below the left and non-coronary cusps was compar-
able between groups. However, calcification of the LVOT
below the right-coronary cusp was present only in patients
experiencing annular rupture, which might be explained by
a higher radial force in the contralateral susceptible portion of
the muscular LVOT and injury to this unprotected region.
Moderated and severe LVOT/subannular calcification (odds
ratio 10.92, p < 0.001) and prosthesis oversizing 220% (odds
ratio 8.38, p < 0.001) were associated with aortic root rupture.

6. Aortic valve calcification and coronary ostia
occlusion

Coronary artery ostial obstruction during or after TAVI is a life-
threatening situation and must be considered when peripro-
cedural hemodynamic deterioration, electrocardiographic
changes, and ventricular arrhythmias occur. The left main
coronary ostium is the most frequently affected and the
obstruction is mainly the consequence of dislocated calcium
from the cusps or commissures after balloon dilatation and/or
prosthesis expansion [51].

In a large multicenter registry including 6,688 patients from
81 centers worldwide, the incidence of coronary obstruction
was 0.66%, with higher rates in patients who received balloon-

expandable valves (0.81% versus 0.34% in self-expandable
devices) and in patients with a previous aortic bioprosthesis
who underwent a valve-in-valve procedure (incidence of 2.4%)
[9]. Narrow aortic root (<28 mm at the sinuses of Valsalva) and
short distance between the aortic annulus and the coronary
ostia (<10 mm) increase the likelihood of obstruction of the
coronary artery ostia by native valve leaflets when the aortic
bioprosthesis is deployed [52,53]. This complication is more
frequently observed in women (>80%) probably related to the
smaller sinus of Valsalva dimensions and lower coronary ostia
height as compared to men. Global aortic valve calcium load,
however, was not associated with the occurrence of coronary
obstruction in this registry, although the role of calcium
nodules was not assessed.

7. Aortic valve calcification and stroke

Cerebrovascular events (CVE) are potential periprocedural com-
plications of surgical or transcatheter aortic valve replacement.
Independent risk factors of acute periprocedural CVE comprise
a new-onset of atrial fibrillation and calcification of the aortic
arch [54]. Calcification of aortic valve was also demonstrated to
be associated with emboli [55-57]. Analysis of aortic valve calci-
fication/degeneration by 2D TOE showed that patients in the
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Figure 4. Aortic annulus rupture in an 88 year-old patient receiving a balloon-expandable transcatheter aortic valve prosthesis.

At baseline, the aortic annulus shows a bulky calcification at the level of the base of the left-coronary cusp (panel A, arrow). Panel B shows the sagittal view of the aortic valve with severely
calcified cusps and insertions of the cusps into the mitroaortic continuity (arrow). The computed tomography performed after transcatheter aortic valve implantation shows a leak of
contrast in the vicinity of the left main origin (panel C, asterisk) and just below the ventricular rim of the prosthetic frame (panel D, arrow).On transoesophageal echocardiography, the
transgastric view shows the new cavity adjacent to the transcatheter valve (panel E, asterisk). Note the ventricular rim of the transcatheter valve prosthesis frame (panel E, arrow) where the

flow can be visible on color Doppler image (panel F, arrow).

upper quartile of the aortic valve calcification score had signifi-
cantly more acute CVE detected in diffusion-weighted brain
magnetic resonance imaging compared to the ones in the
lower quartile [56]. Moreover, calcium load in LVOT beneath
the right-coronary cusp, measured by MDCT, was significantly
associated with stroke. This could be explained by the fact that
the calcium deposit on the interventricular septum could be
more susceptible to embolization or that bloodstream reaching
this region favors the supra-aortic branches as targets for
emboli [57].

Clinical trials comparing TAVI and surgical aortic valve
replacement (SAVR) showed a significant higher incidence of
stroke at 30 days in high surgical risk TAVI patients (5.5% TAVI

vs 2.4% SAVR in PARTNER trial) and low surgical risk SAVR
patients (0.6% TAVI vs 2.4% SAVR in PARTNER 3 trial) whereas
data are controversial for intermediate-risk patients (5.5% TAVI
vs 6.1% SAVR in PARTNER 2 trial - non-significant difference -,
and 4.5% TAVI vs 6.5% SAVR in SURTAVI trial — significant
difference) [2-4,58]. However, long-term follow-up rates of
stroke are not significantly different between patients who
underwent TAVI and SAVR, irrespective of surgical risk
[20,59-61]. Nonetheless, TAVI patients who received balloon-
expandable valves had a significantly higher incidence of
stroke compared to the ones who received self-expandable
valves [62,63]. The rate of new radiographic cerebral lesions
after aortic valve replacement can be higher than 60%, and
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although only a minority of patients develop a focal neurolo-
gical deficit, they have been shown to negatively affect cog-
nitive function and increase the risk of future stroke [64-68].
Aiming at reducing the load of emboli reaching cerebral vas-
cular territory, embolic protection devices were developed.
Embolic material was observed in 99% of patients from 2
prospective studies and included thrombi, valve tissue, arterial
wall/necrotic core, calcification, foreign material, and myocar-
dium [69]. Despite a good rationale for their use and reduction
of the burden of cerebral embolism during TAVI, the studies
have not clearly demonstrated a decline in hard clinical out-
comes, such as mortality and stroke [64,70,71].

8. Expert opinion

The use of MDCT to evaluate patients with severe AS who may be
candidates for TAVI is crucial. Aortic valve calcium load is an
important parameter to identify patients with severe AS among
those with discordant grading on echocardiography. In this sce-
nario, according to the current European guidelines on valvular
heart disease, calcium score by CT is recommended in patients
with low-flow and low-gradient (LFLG) status: (1) with reduced
LVEF and no flow reserve on dobutamine stress echocardiogra-
phy, or (2) with preserved LVEF (=50%) as part of an integrated
approach to determine AS severity [14]. Assessment of calcium
load is also important to identify patients at increased risk for the
development of paravalvular aortic regurgitation, conduction
abnormalities following TAVI. The evidence showing the associa-
tion between bulky, asymmetric calcifications of the device land-
ing zone and the presence of significant residual paravalvular
regurgitation has helped to modify the design of the transcath-
eter prostheses to decrease this complication rate [72].

Discrepancies between the severity of AS by echocardio-
graphic criteria and AV calcium score by CT can occur. A study
reported that 16% of patients with severe AS who underwent
TAVI had AV calcium score below the threshold determined
for likely severe AS, mentioned in Section 2 [73]. Comparison
of outcomes between groups with high and low calcification
showed similar device success rate and survival up to
18 months after TAVI, but significantly lower rates of paravalv-
ular regurgitation in the group with low aortic valve calcium
score. In this group of patients, performing TAVI with balloon-
expandable valve was associated with higher device success
and decreased rates of residual regurgitation.

The rates of post-TAVI permanent pacemaker implantation in
patients who received self-expandable transcatheter heart valves
remain higher compared to surgical aortic valve replacement
[58,74,75]. It might be explained by the extended frame length
in the LVOT that comes in direct contact with the portion of the
membranous interventricular septum where the conduction sys-
tem is more superficial [76]. In patients with conduction distur-
bances post-TAVI, the data on the role of aortic valve calcium
score are conflicting, but calcification asymmetry is a relevant
variable because it determines higher exertional forces in the
central fibrous trigone with temporarily (edema, hematoma) or
permanent damage of the conduction system and need of per-
manent pacemaker implantation. Aortic valve calcification is also

related to life-threatening complications. The incidence of these
entities is <1.0% and to minimize the risk, proper preprocedural
measures regarding accurate annular sizing and prosthesis type
selection must be assessed.

The impact of aortic valve calcification in patients with
LFLG severe AS who underwent TAVI was analyzed using
tertiles of AVCgyensity, @ ratio of total AVC load to the aortic
annulus area measured by contrast-enhanced CT [77]. There
was no significant difference in permanent pacemaker implan-
tation rates according to aortic valve calcification, whereas
rates of more-than-mild paravalvular leakage were higher in
patients with high AVCyensity compared to low AVCgyensity (Sig-
nificant for classical LFLG and non-significant trend for para-
doxical LFLG). The impact of aortic valve calcification on
survival was present only in patients with classical LFLG: (1)
patients of the high AVCgengiy tertile had lower mortality rates
at 1 and 3 years after TAVI compared to their counterparts,
which may underscore a not beneficial effect of TAVI for
patients with a lower degree of calcification in this subtype
of severe AS, and (2) AVCqyensiry Was the strongest independent
predictor for survival after TAVI on multivariable analysis.

The majority of the data correlating the association of
aortic valve calcification and these complications concern
patients with tricuspid aortic valve. Extending this therapy
to patients with intermediate and low risk may lead to
a higher probability of bicuspid aortic valve since those
patients are usually younger than patients with contraindica-
tions and high risk for surgery. Patients with bicuspid aortic
valve were excluded from the main TAVI randomized clinical
trials since they have peculiar anatomy of the valve and
different distributions of calcification as compared to tricus-
pid aortic valve [1-3]. The higher burden of calcification of
the annulus and cusps, abnormal cusp fusion with asym-
metric orifice, and presence of raphe are postulated to affect
transcatheter heart valve expansion which can lead to less
optimal results [78-80]. In this population, MDCT is useful to
provide information on leaflet morphology, symmetry of
valve leaflets, presence of raphe, and location of calcification
[81]. Data on aortic valve calcium score in this population are
scarce and conflicting. Ferda et al. analyzed 37 patients with
severe AS, 13 with bicuspid aortic valve and 24 with tricuspid
aortic valve, who had non-contrast MDCT prior to valve
surgery and showed that aortic valve calcium score was not
significantly different between groups (1,168 + 717 AU in
bicuspid aortic valve vs 795 + 530 AU in tricuspid aortic
valve, p-value = 0.093) [82]. On the other hand, Watanabe
et al. analyzed retrospectively 67 patients from a population
of high-risk patients with severe AS treated with TAVI. Of 67
patients, 11 had bicuspid aortic valve morphology. Patients
with bicuspid aortic valve had significantly higher aortic
valve calcification volume and calcification index as com-
pared to patients with tricuspid aortic valve (1,263 + 396
AU vs 556 + 462 AU, p < 0.01 and 744 + 218 AU vs
313 + 251 AU, p < 0.01, respectively) [83]. The reported
rates of permanent pacemaker implantation after TAVI were
similar for balloon- and self-expandable valves in patients
with bicuspid aortic valves in two different studies: Mylotte



et al. reported rates of 16.7% for balloon-expandable and
26.7% for self-expandable devices, while lJilaihawi et al.
reported 25.5% for balloon-expandable and 26.9% for self-
expanding devices [81,84,85].

Recent randomized trials on low-risk patients treated with
TAVI have reported a reduction of these complications and
similar rates to those of surgical aortic valve replacement [5]:
significant paravalvular regurgitation was 0.8% in the TAVI
group vs 0.0% in the surgical aortic valve replacement group
at 30 days, and respective 0.6% vs 0.5% at 1 year; and new
pacemaker implantation rate was 6.6% in the TAVI arm vs
4.1% in surgical arm at 30 days and respective 7.5% vs 5.5%
at 1 year. However, patients treated with TAVI had a higher
prevalence of new left bundle branch block as compared to
the surgically treated patients (22.0% vs 8.0% at 30 days and
23.7% vs 8.0% at 1 year, respectively). It is postulated that the
annular calcification burden might play a role in these results
but further analysis is needed to identify the determinants of
outcomes in the low-surgical risk patients [86].

The relevance of assessing the aortic valve calcification prior to
TAVI will be demonstrated in ongoing studies including patients
in whom a watchful waiting strategy and medical therapy are
currently the standard of care, unless there are other concomitant
conditions that need cardiac surgery (for example, coronary revas-
cularization). While accurate measurement of the aortic valve
annulus to select the prosthesis size and accurate assessment of
the femoral artery anatomy remain key to ensure successful
transfemoral TAVI, the amount of aortic valve calcification may
impact on the results of this therapy. It is worthy to point out that
current guidelines on the management of valvular heart disease
recommend that SAVR must be preferred in patients with accep-
table surgical risk when valve morphology characteristics, such as
degree of calcification and calcification pattern, are unfavorable to
TAVI [14].

The Evaluation of Transcatheter Aortic Valve Replacement
Compared to Surveillance for Patients with Asymptomatic
Severe Aortic Stenosis (EARLY-TAVR ClinicalTrials.gov num-
ber, NCT03042104) randomizes patients with asymptomatic
severe AS and preserved left ventricular ejection fraction to
TAVI or to a watchful waiting strategy. As per current guide-
lines, these patients can follow a watchful waiting strategy
and do not need valve replacement. The association
between aortic valve calcium load and all-cause mortality
has been demonstrated [13]. However, it will be very inter-
esting to know whether the aortic valve calcification load
impacts on patient outcomes allocated to the TAVI arm and
how it compares to medically treated patients in terms of
outcomes.

In addition, the Transcatheter Aortic Valve Replacement to
Unload the Left Ventricle in Patients with Advanced Heart
Failure (TAVR-UNLOAD) trial randomizes patients with moder-
ate AS and reduced left ventricular ejection fraction to TAVI or
to medical therapy [87]. These patients usually undergo aortic
valve replacement if an associated intervention is needed
(particularly coronary revascularization). The hypothesis driv-
ing the trial is the fact that the stenotic aortic valve can
superimpose a pressure overload to a dysfunctioning left
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ventricle and by replacing the valve, the hemodynamics of
the left ventricle improve leading to better outcomes as com-
pared to patients treated medically. Patients with moderate AS
may have less calcium load of the aortic valve than the
patients with severe AS and this may impact on the outcomes
of TAVI. The prosthesis size may be larger to ensure stable
implantation and reduce paravalvular leakage.

The long-term impact of new valve technology, such as
fully retrievable devices, on outcomes, is still to be deter-
mined. Repositionable and fully retrievable self-expandable
transcatheter valves were designed to achieve accurate posi-
tioning and minimize paravalvular regurgitation. Short-term
outcomes studies showed high success rate with this device,
with 30-day all-cause mortality ranging from 2.6% to 4.2%,
overall stroke rates ranging from 3.0% to 5.9%, moderate/
severe paravalvular regurgitation from 0.3% to 1.0%, and per-
manent pacemaker implantation from 28.6% to 30.0%, with
a good safety profile although with a pacemaker need similar
to the first generation prostheses [88,89].

Furthermore, data on the safety and efficacy of TAVI in
bicuspid aortic valve are growing and will provide additional
evidence on how aortic valve calcification may influence on
the outcomes. It could be speculated that the specific location
of the aortic valve calcification (affecting the fusion raphe or
the asymmetric calcium load of one cusp) may be more
relevant than the total calcium load.

The results of the trials and registries will help to standar-
dize the assessment of the aortic valve calcium and to under-
stand when and how we need to quantify this aspect.
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