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Abstract: In recent years, transcatheter aortic valve implantation (TAVI) has become an established
treatment option for selected high-risk patients with severe aortic stenosis (AS). Favorable results with regard
to both hemodynamics and clinical outcome have been achieved with transcatheter valves.
Aortic regurgitation (AR) remains a major concern after TAVI. Echocardiography is the imaging modality
of choice to assess AR in these patients due to its wide accessibility and low cost. Mostly mild residual AR
has been observed in up to 70% of patients. However, as even a mild degree of AR has been associated with
a decreased survival up to two years after TAVI, accurate evaluation and classification of AR is important. AR
in transcatheter valves can be divided into three types according to different pathophysiological mechanisms.
Besides the well-known transvalvular and paravalvular forms of regurgitation, a third form termed supraskirtal has recently been observed. A thorough understanding of AR in transcatheter valves may allow to
improve device design and implantation techniques to overcome this complication.
The aim of this review is to provide an overview of the three types of AR after TAVI focussing on the
different pathophysiological mechanisms.
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Introduction
Degenerative aortic stenosis (AS) is the most common
isolated valve disease in the Western world (1,2), and
its prevalence is steadily increasing with the ageing
population (3). Surgical aortic valve replacement (SAVR)
remains the standard treatment for patients with severe
symptomatic AS (4). Over the last decade, however,
transcatheter aortic valve implantation (TAVI) has emerged
as a less invasive treatment option for patients with
contraindications to open heart surgery, high surgical risk,
severe comorbidities, old age, or reduced left ventricular
ejection fraction (5-8). This novel technique is now
performed with high procedural success. Superiority to
medical management as well as non-inferiority to high-
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risk surgery have been demonstrated in randomized clinical
trials (6,9-11). The Edwards SAPIEN and the Medtronic
CoreValve prosthesis currently are the two most widely
used prostheses worldwide. Procedural complications
such as major bleeding, vascular complications, stroke,
and death are dreaded in the context of transcatheter valve
implantation (6). Improvements of screening standards,
implantation techniques, and post-procedural intensive
care have considerably reduced complication rates in recent
years (12-14).
Aortic regurgitation (AR), predominantly of the
paravalvular type, is considered the most common and
characteristic drawback of transcatheter valves (15). The
aim of this review is to give an overview of the different
types of AR occurring after transcatheter valve implantation
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with a focus on the pathophysiological mechanisms.
Prevalence of aortic regurgitation in
transcatheter valves
Hemodynamic results of transcatheter valves successfully
implanted within a degenerated native aortic valve are
excellent with regard to post-procedural transvalvular
pressure gradients. Mean transvalvular pressure gradients
and valve effective orifice areas are at least comparable to
surgically implanted prostheses (9,16). However, AR is more
frequently observed after TAVI as compared to SAVR. In
the PARTNER trial, moderate to severe AR was observed
in 6.8% of patients in the TAVI group compared to 1.9%
in the surgically treated group at 1 year follow-up (9). Some
degree of AR, mostly mild, has been reported in about 70%
of TAVI patients after up to 1 year follow-up; moderate
to severe forms have been documented in 4% to 35% of
patients in different studies (9,17-21). In the U.K. TAVI
Registry including 870 patients, some degree of paravalvular
AR was observed in 61% of patients, being moderate to
severe in 13.6% (21). In the European Sentinel Registry
of Transcatheter Aortic Valve Implantation including over
4,500 patients, grade 2 AR was observed in 7.7% and
grade 3 in 1.3% in the pre-discharge echocardiography
study (22). In patients treated with transcatheter valvein-valve implantation for failed surgical bioprostheses,
the incidence of significant AR seems to be comparable
to TAVI in native valves; however, increased transvalvular
pressure gradients are a major concern in these patients. In
the Global Valve-in-Valve Registry, 5% of patients had ≥+2
degree of AR after the procedure (23).
Whereas long-term follow-up is available for surgically
implanted bioprostheses, experience is limited to a few
years in TAVI patients (24,25). In patients with a Toronto
stentless porcine valve, freedom from significant AR was
reported to be about 97% at 5 years and 83% at 9 years,
respectively (26). Similarly, after aortic valve replacement
with a Freestyle bioprosthesis, freedom from significant AR
at 15 years was reported to be about 80% (27). So far, both
incidence and severity of AR after TAVI are considered to
remain stable over time (6,9,19).
Clinical relevance of aortic regurgitation in
transcatheter valves
Post-procedural AR has been identified as a strong and
independent predictor of all-cause and cardiovascular
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mortality after TAVI (18,28,29). There is growing evidence
that not only moderate to severe AR, but also mild forms
impair patient outcome after TAVI, and that the prognostic
implications of AR have been underestimated so far (11,18).
Indeed, an increased in-hospital mortality of over 12%
has been observed in patients with grade 2/4 to 4/4 AR
compared to less than 8% in those with grade 1/4 or
no AR (18). In the 2-year follow-up of the PARTNER
trial, the effect of AR on mortality was proportional to
the severity of the regurgitation (11). Furthermore, the
presence of AR affects heart failure symptoms after TAVI,
since 80% of patients with none or mild AR improved
their New York Heart Association (NYHA) functional class
after TAVI compared to 60% of patients with moderate to
severe regurgitation (30). The causal relationship between
mild AR and increased mortality after TAVI as well as the
pathophysiological mechanisms underlying this observation
remain to be elucidated. This is particularly important
because the regurgitation severity is difficult to assess by
transthoracic echocardiography, mainly in elderly patients
after TAVI, and might easily be underestimated at least in
some patients.
The discrepancies in the reported prevalence and
severity of AR after TAVI might at least in part be due
to the absence of standardized definitions and specific
protocols to detect and score AR in transcatheter valves.
According to the Valve Academic Research Consortium
(VARC) consensus document, the standard classification
used to describe regurgitation in native valves has been
adopted to TAVI patients (31). However, a comprehensive
and quantitative echocardiographic evaluation of AR
in prosthetic valves is challenging, in particular in
transcatheter valves (32). Multiple jets, eccentric jets, and
different types of regurgitation may co-exist in one patient,
and anteriorly located jets may be hidden in transesophageal
echocardiography by the stent-induced shadowing artifacts.
Similarly, two-dimensional transthoracic echocardiography
is considered to underestimate the degree of AR after
TAVI, in particular with the eccentric or irregularly
shaped jets often encountered with paravalvular leaks.
To improve the echocardiographic evaluation of TAVI
patients, determination of vena contracta planimetry
has been recommended (33). Furthermore, integrative
approaches such as calculation of regurgitation fraction
based on stroke volumes measured by three-dimensional
transthoracic echocardiography have been suggested. The
latter provides more information regarding both location
and extent of paravalvular regurgitation because the
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Figure 1 Regurgitation mechanisms after transcatheter aortic valve implantation. A. Transvalvular regurgitation (arrow); B. Paravalvular
regurgitation between the prosthesis and the aortic annulus (arrow); C. Supra-skirtal regurgitation above the skirt (arrow). Adapted from
www.edwards.com/products/transcathetervalve/Pages/sapienthv.aspx

regurgitation jet can better be visualized (34-36). Cardiac
magnetic resonance imaging may further add to a detailed
analysis of regurgitation after TAVI (37), in particular in
the assessment of selected patients with significant or illdefined AR. However, due to its easy applicability and low
cost, echocardiography remains the method of choice in the
assessment of valvular regurgitation after TAVI.
Despite the high incidence of mild AR following
TAVI, specific evaluation criteria for the assessment of
AR are lacking, and pathophysiological mechanisms
are controversially discussed. A better understanding of
regurgitation mechanisms may lead to improvements in
both implantation technique and prosthesis design and
thereby further optimize the outcome after TAVI.
Different types of transcatheter aortic valve
regurgitation
Consistent with the VARC consensus documents and
according to current echocardiographic guidelines,
regurgitation after TAVI is graded as mild, moderate, or
severe (31,38). Traditionally, regurgitation is categorized as
transvalvular (located within the prosthesis), paravalvular
(located between the prosthesis and the native aortic
annulus), or combined (Figures 1,2). A third form of
regurgitation termed supra-skirtal has recently been
described (Figures 1C,2C) (39). To understand the different
mechanisms of AR in transcatheter valves, some anatomic
principles and procedural characteristics need to be
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reflected.
The aortic annulus as the landing zone of the implanted
prosthesis represents the most relevant anatomic structure
with regard to the development of post-procedural AR
(15,40). The aortic root forms the continuation of the left
ventricular outflow tract and consists of the aortic annulus,
the leaflets of the aortic valve, the fibrous interleaflet
triangles, and the sinus of Valsalva (40). The leaflets
themselves are attached in a crown-like fashion and show
a considerable intra- and interindividual variability in size
and shape (41). Hence, a detailed understanding of the
individual aortic root anatomy including the relation to
coronary artery ostia as well as the location and extent of
calcifications is important (40). In contrast to surgery, direct
inspection of the aortic root and sizing of the aortic annulus
is not possible during TAVI, and only indirect assessment
utilizing multimodality imaging with three-dimensional
transesophageal echocardiography, multislice computed
tomography (MSCT), and angiography is possible (42). In
most centers, measurements of the aortic annulus mainly
rely on MSCT measurements (43,44).
Paravalvular AR is the result of incomplete apposition
of the prosthesis to the aortic annulus (Figures 1B,2B). It
seems conceivable that calcifications of the aortic annulus
mainly promote post-procedural paravalvular AR, since
the implanted prosthesis is anchored within the annulus
and complete device expansion may be hindered leading
to paravalvular residual spaces (45). Indeed, calcifications
of the aortic annulus including those of the sinuses of
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Figure 2 Different types of regurgitation in transcatheter valves. A. Representative example of a transvalvular aortic regurgitation after
TAVI; B. Representative example of a paravalvular aortic regurgitation after TAVI; C. Representative example of a supra-skirtal regurgitation
in an Edwards SAPIEN valve implanted in mitral position

Valsalva as well as those at the commissures were associated
with post-procedural paravalvular AR (45-48). In contrast,
an association of aortic leaflet calcifications and postprocedural AR has been discussed controversially. While
some studies showed an association of leaflet calcifications
and regurgitation severity after TAVI (17,48,49), other
studies did not (18,42,50). In the prospective multicenter
German TAVI registry including over 1,300 patients,
no differences were observed between patients with
mild, moderate, and severe aortic valve calcification
regarding the severity of residual AR immediately after the
procedure (50). Besides extensive calcification of the aortic
annulus, device-annulus mismatch due to undersizing or
underdilatation of the prosthesis as well as malposition of
the prosthesis are considered to be among the main risk
factors for post-procedural paravalvular AR (15,41,51,52).
Hence, precise pre-procedural assessment of aortic annulus
dimensions and calcifications is of major importance in
these patients. Echocardiographic measurements alone
may underestimate aortic annulus dimensions as compared
with MSCT, suggesting that both imaging modalities
should be considered in the pre-interventional assessment
of TAVI patients (36,53-55). Small aortic valve areas and
low left ventricular ejection fraction have been associated
with an increased incidence of AR, indicating that the preinterventional imaging should be performed in a particularly
careful manner in these patients (17,18,35,48,56,57). In
contrast to the above mentioned parameters, no correlation
with regurgitation severity was observed for baseline left
ventricular outflow tract and aortic root dimensions, mean
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transvalvular pressure gradients, pre-procedural aortic or
mitral regurgitation, and prosthesis size (17,18). Some
studies reported a higher prevalence of moderate to severe
AR in patients who received a CoreValve prosthesis (21,22,58),
while others failed to show any differences between the two
most commonly used prosthesis types (18,59).
Transvalvular AR is the result of restricted leaflet
motion, leaflet destruction occurring during crimping
or implantation, and incorrect sizing or overdilatation of
the valve (Figures 1A,2A) (52). Furthermore, larger aortic
annulus dimensions have been proposed as a predictor of
post-procedural transvalvular AR since more extensive
post-dilatation may cause central leaflet separation in those
patients (17).
A third type of AR has been proposed in some case reports
and comments (Figures 1C,2C) (12,18,39,52). In the two
most widely used prostheses, the Edwards SAPIEN and the
Medtronic CoreValve prostheses, only the lower part of
the frame is covered by a skirt while the upper part is left
uncovered (60,61). Hence, leakage through the uncovered
part of the prosthesis above the skirt may occur if the
prosthesis is implanted too low in the aortic postition.
Therefore, we proposed to name this type of regurgitation
supra-skirtal regurgitation (39). Consistent with this
interpretation, implantation of a balloon-expandable valve
at a higher than usual position was found to be effective
for preventing regurgitation after TAVI (47). Since the
commissures cover a larger part of the steel frame of the
prosthesis, regurgitation jets are located in between the
commissures and positioned approximately 120° apart from
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Table 1 Overview of different types of aortic regurgitation in
transcatheter valves and their pathophysiological mechanisms.
Regurgitation type

Pathophysiology

Transvalvular

Damage to leaflets

19

patients can not be emphasized enough, since a deeper
understanding of regurgitation mechanisms and aortic
root anatomy in its entirety may improve device design,
implantation techniques, and in turn patient outcome.

Overexpansion of prosthesis
Paravalvular

Extensive calcification of aortic valve
Patient/prosthesis mismatch
Underexpansion of prosthesis
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Malposition of prosthesis
Supra-skirtal

Low implantation of prosthesis
Design of prosthesis

Adapted from Tarantini G et al., Am J Cardiovasc Dis
2011;1:314

each other when a supra-skirtal regurgitation occurs. This
phenomenon was described in a patient with an Edwards
SAPIEN prosthesis implanted in mitral position, as the
regurgitation jets could be easily visualized in the left
atrium in this particular setting (Figure 2C) (39). Because
the left ventricular outflow tract is narrow, clear delineation
of the jets is difficult in prostheses implanted in aortic
position. Accordingly, a substantial number of AR classified
as paravalvular might indeed be supra-skirtal.
Hence, patient-, device-, and procedure-related factors
contribute to the pathophysiology of AR after TAVI
(Table 1). Classification of the different types of AR and
identification of the underlying factors are important to
reduce the incidence of AR in transcatheter valves. While
extensive calcification of the aortic annulus might primarily
cause paravalvular AR, too low implantated prosthesis
might primarily cause supra-skirtal AR. Hence, the risk of
post-procedural AR can at least in part be anticipated from
pre-interventional imaging of the aortic root; and accurate
pre-procedural assessment of the aortic valvar complex
allows to correctly size and position the prosthesis in order
to minimize post-procedural AR (40).
Conclusions
AR is common and mostly mild after TAVI. Besides device
annulus mismatch and suboptimal positioning of the
prosthesis, calcifications of the aortic annulus are among
the most important predictors of post-procedural AR. We
suggest to classify AR in transcatheter valves into three
pathophysiological types: (I) paravalvular, (II) transvalvular,
and (III) supra-skirtal regurgitation. The importance
of multimodality imaging in the assessment of these
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