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A b s t r a c t

Bicuspid aortic valve (BAV) stenosis has traditionally been perceived as a contraindication to transcatheter aortic valve implan-
tation (TAVI) due to its specific anatomical characteristics including extensive calcifications, high leaflet coaptation and frequently 
encountered aortic root dilation, which may result in worse procedural outcomes and higher risk of complications. Hence, BAV pa-
tients were not included in previous clinical trials. In the recent years, improved pre-procedural imaging and technological advances 
have gradually enabled expansion of TAVI to patients with complex anatomy, including those with BAV. Moreover, indications for 
TAVI are expanding to a younger group of patients with fewer comorbidities, and BAV is more prevalent in this population. Con-
temporary multicenter registry-based studies indicate that patients undergoing TAVI for BAV have similar outcomes as those with 
tricuspid aortic valve stenosis. In this article, we provide a thorough overview of the available clinical data regarding the outcomes 
of TAVI in BAV, from the perspective of an experienced TAVI center with over 150 TAVIs in this group of patients, performed in our 
institution since the year 2009. We present anatomical and clinical classifications of BAV, differences in outcomes in patients with 
bicuspid and tricuspid valves, as well as important topics regarding choice of an adequate valve and valve size.
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Introduction
Bicuspid aortic valve (BAV) is the most common con-

genital anomaly in adults, with a frequency of 1–2% of 
the total population [1]. It is associated with accelerated 
degeneration of the valve apparatus that usually starts 
at younger age and tends to be more severe than in tri-
cuspid aortic valve (TAV). Rapid calcium deposition, pre-
mature fibrosis and stiffening result in the development 
of aortic stenosis (AS) and aortic regurgitation (AR) even 
10 years earlier than in TAV [2]. Thus, patients with BAV 
may require valve replacement at an earlier age. Along 
with the probable future expansion of transcatheter aor-
tic valve implantation (TAVI) to a younger group of pa-
tients with AS, BAV will become more prevalent amongst 
patients undergoing TAVI. Previously, BAV was consid-
ered as a  contraindication to TAVI due to anatomical 
differences, challenging even for experienced operators. 
Apart from the problems with the valve apparatus itself, 

aneurysms, dissections, coarctations and larger diameter 
of the ascending aorta are common findings in patients 
with BAV. Almost 40% of these patients have dilation of 
the aortic root [3], and although the risk of aneurysm and 
aortic dissection is much higher than in patients without 
BAV anatomy [4], life expectancy does not differ from 
that of the general population [5, 6]. Nevertheless, 2 large 
studies proved that nowadays life expectancy of BAV pa-
tients does not differ from the general population [5, 6]. 
Similarly, recent multicenter registry-based studies indi-
cate that patients with BAV stenosis have similar TAVI 
outcomes as patients with TAV stenosis [7–10]. With over 
150 TAVI procedures in BAV since 2009 and more than 
10 years of follow-up, our institution has developed sub-
stantial expertise with this patient population. Here, we 
provide a thorough overview of the available clinical data 
regarding the outcomes of TAVI in BAV, discuss lessons 
we have learned and provide some future perspectives.
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Classifications, phenotypes  
and sex differences

The most prevalent BAV phenotype, found in 70% 
of patients, results from fusion of the left and right cor-
onary cusp (LCC and RCC). 10–20% of patients present 
with fusion of the RCC and the non-coronary cusp (NCC) 
and 5-10% have fusion of the LCC with NCC. The most 
common anatomical BAV classification was presented by 
Sievers and Schmidtke based on 304 surgical specimens 
(Figure 1) [11]. Presence of two cusps and two commis-
sures with no fusion raphe is considered type 0. In type 1  
BAV raphe fusing two cups are present, whereas two ra-
phes can be found in type 2 BAV. 

Recently, a new classification, based on multidetector 
computed tomography (CT), has been proposed, where 
the authors focused on the number of commissures and 
the presence of raphe, distinguishing 3 BAV morphol-
ogies [12]. In tricommissural (functional or acquired) 
morphology, there is a complete fusion of one commis-
sure between two cusps, while 3 clearly distinguishable 
commissures can still be identified. Bicommissural ra-
phe type presents with fibrous or calcified raphe fusing  
2 cusps at their basal part. In contrast, in the bicom-
missural non-raphe type there is a  complete fusion of 
2 cusps without any visible ridge. The authors describe 
several additional anatomical differences important for 
the TAVI procedure between these phenotypes. For in-
stance, when compared to tricommissural BAV, bicom-
missural valves had larger intercommissural distances, 
as well as dimensions of the ascending aorta, sinotubular 
junctions and amount of calcifications. These different 
morphological presentations must be taken into account 
when planning and performing a TAVI procedure. Stenot-
ic BAV without raphe in a 70-year-old man may require 
a  different approach than stenotic BAV with severely 
calcified raphe in an 85-year-old woman, and procedure 
planning, choice of the bioprosthesis, and the final result 
can differ profoundly between the patients.

The impact of different phenotypes on TAVI outcomes 
has recently been demonstrated in a prospective registry 
of 1034 patients with BAV stenosis, where a  combina-

tion of calcified raphe and severe leaflet calcifications 
was identified as a high-risk phenotype [13]. The 2-year 
all-cause mortality in this subset of patients was signifi-
cantly higher compared to those who had only one or did 
not have any of these features (25.7% vs. 9.5% vs. 5.9%; 
respectively; log-rank p < 0.001). This high risk pheno-
type, present in 25% of the study population, was also 
associated with a 3-fold higher rate of aortic root injury 
(p < 0.001), moderate-to-severe paravalvular regurgita-
tion (p = 0.002), and higher 30-day mortality (p = 0.016). 
These differences were also observed when surgical 
classification was applied. The 2-year all-cause mortali-
ty was much higher in patients with type 1 and type 2 
morphology as compared to those with type 0 (13.5% 
vs. 2.4%, p = 0.04). Observations from the above men-
tioned studies clearly indicate that careful preprocedural 
planning including the analysis of the valve phenotype 
in the CT scan can improve patient selection and may 
have a major impact on TAVI outcome. It could also imply 
wider utilization of cerebral protection devices, as pres-
ence of severe calcifications has been identified as a risk 
factor for periprocedural stroke [14]. This leads us to the 
conclusion that not only ‘simple’ differentiation between 
TAV and BAV in general, but also the distinction between 
different BAV morphologies, needs to be taken into ac-
count when TAVI is to be performed. 

The CT images and reconstructions of different BAV 
morphologies are presented in Table I [15].

TAVI outcomes in patients with BAV 
stenosis

Traditionally, patients with BAV have been excluded 
from randomized clinical trials comparing TAVI to sur-
gical aortic valve replacement (SAVR), as BAV was con-
sidered a relative contraindication for TAVI [16, 17]. The 
main concerns comprised higher risk of bioprosthesis un-
der-expansion, significant paravalvular leak (PVL) due to 
severe calcification, increased risk for aortic root rupture, 
coronary occlusion and quicker leaflet degeneration [13]. 
An example of these problems with BAV is presented in 
Figure 2. However, new generation TAVI devices seem to 

	 Type 0	 Type 1	 Type 2

	 No raphe	 1 raphe	 2 raphe

Figure 1. Bicuspid valve classification. Figure adapted from Sievers and Schmidtke [11]
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offer similar clinical outcomes (mortality and stroke) in 
both BAV and TAV patients at 1- to 2-year follow-up, part-
ly due to better apposition with repositionable and/or 
sealing features [18, 19]. PVL and permanent pacemaker 
implantation (PPI) rates in BAV are also significantly low-
er than with first generation TAVI devices [20].

An interesting insight in the topic of the new gener-
ation devices comes from the recently published study 
of 170  959 patients undergoing TAVI, where BAV was 
present in 5412 patients and 3705 procedures were 
performed with the use of current-generation biopros-
thesis [21]. Compared to the previous generation, device 
success increased (93.5% vs. 96.3%; p = 0.001) and the 
incidence of moderate-to-severe aortic insufficiency was 
significantly lower (14.0% vs. 2.7%; p < 0.001) when 
new-generation valves were used. Device success with 
current-generation prostheses was only marginally lower 
in the BAV group versus the TAV group (96.3% in bicus-

pid versus 97.4% in tricuspid, p = 0.07), with a higher 
incidence of more than moderate aortic regurgitation in 
BAV patients (2.7% vs. 2.1%; p < 0.001). The BAV cohort 
had slightly lower risk of adjusted 1-year mortality (haz-
ard ratio (HR) = 0.88, 95% confidence interval (95% CI):  
0.78–0.99) with no difference in the 1-year adjusted risk 
of stroke (HR = 1.14 95% CI: 0.94–1.39). Another study 
based on the STS Registry evaluated the efficacy of Evo-
lut PRO and Evolut R valves by comparing outcomes in 
929 pairs of matched patients with BAV and TAV [9]. 
There were no significant differences in all-cause mortal-
ity at 30 days (2.6% vs. 1.7%; p = 0.18) and 1 year (10.4% 
vs. 12.1%; p = 0.63) between the groups. The incidence 
of stroke at 30 days (3.4% vs. 2.7%; p = 0.41) and at  
1 year (3.9% vs. 4.4%; p = 0.93) was also comparable.

Makkar et al. analyzed 2691 propensity-score 
matched pairs of patients with bicuspid and tricuspid 
aortic stenosis undergoing TAVI [7]. There was no signif-

Table I. Computed tomography (CT) images and reconstructions of different bicuspid aortic valve (BAV) mor-
phologies. Table modified according to the Consensus Document of the Society of Cardiovascular Computed 
Tomography [15]

Sievers type 0/
Bicommissural non-raphe type

Sievers type 1/
Bicommissural raphe type

Acquired/
Functional bicuspid valve

Two symmetric cusps and commissures
Each cusp has one most basal insertion point

Two or three cusps are conjoined by a raphe 
Asymmetric cusp size with the cusp opposing 
the raphe being larger than in tricuspid valve
Raphe does not extend to the STJ
Size of raphe and degree of calcification can 
vary

Underlying tricuspid anatomy with symmet-
ric sinus of Valsalva
Non-opening commissure due to degenera-
tive changes
Non-opening commissure reaches STJ

STJ – sinotubular junction.
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icant difference in all-cause mortality at 30 days (2.6% 
vs. 2.5%; HR = 1.04, 95% CI: 0.74–1.47) or 1 year (10.5% 
vs. 12.0%; HR = 0.90, 95% CI: 0.73–1.10). However, the 
30-day stroke risk was higher in BAV patients (2.5% vs. 
1.6%; HR = 1.57, 95% CI: 1.06–2.33), as was the rate of 
possibly fatal periprocedural complications requiring car-
diac surgery (0.9% vs. 0.4%; absolute risk difference (RD) 
0.5%, 95% CI: 0–0.9%). This was mostly due to 7 cases of 
annulus rupture in the BAV group compared to 0 cases in 
the tricuspid cohort. There was no significant difference 
in the PVL rate at 30 days (2.0% of patients with BAV and 
2.4% with TAV; absolute RD = 0.3%, 95% CI: –1.3% to 
0.7%) or 1 year. The authors observed an increased risk 
of PPI at 30 days in the bicuspid cohort (9.1% vs. 7.5%; 
absolute RD = 1.65%, 95% CI: 1.63–1.66%; HR = 1.23, 
95% CI: 1.02–1.49). Valve hemodynamics were similar in 
both groups. 

Figure 2. Pre- and post- transcatheter aortic valve implantation (TAVI) computed tomography images that 
present severe calcifications in bicuspid aortic valve and problems with proper expansion and elliptical shape 
of the prosthesis

Similar results were observed in a  metanalysis of 
13 studies comparing TAVI outcomes in TAV and BAV 
patients [22]. 30-day and 1-year mortality did not differ 
between the groups (30-day OR = 1.13; 95% CI: 0.88–
1.46, p = 0.33) (1-year OR = 1.02; 95% CI: 0.77–1.37,  
p = 0.87). Also, the stroke prevalence was similar in both 
cohorts. However, BAV was associated with higher risk 
of conversion to surgery (OR = 2.35; 95% CI: 1.30–4.23,  
p = 0.005), more than mild PVL (OR = 1.67; 95% CI: 
1.29–2.17; p = 0.0001), second valve implantation (OR 
= 2.06; 95% CI: 1.31–3.25; p = 0.002) and failure of the 
device (OR = 1.26; 95% CI: 1.02–1.56; p = 0.04). Nota-
bly, the number of complications declined in patients 
treated with new generation devices, but discrepancies 
in the outcomes persisted. Percentages of the most 
important TAVI complications with the use of modern 
generation prostheses in the bicuspid valve cohort 
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based on the metanalysis by Ueshima et al. are shown 
in Figure 3 [22].

Prosthesis types and TAVI outcomes
Comparison of TAVI outcomes between self-expand-

ing (SE) and balloon-expandable (BE) valves in patients 
with BAV, based on the data from the above mentioned 
metanalysis, is shown in Figure 4. There was no differ-
ences in 30-day or 1-year mortality although BE prosthe-
ses were associated with a lower risk of second valve and 
pacemaker implantation, but also with a higher risk of 
annular rupture [23]. One may speculate that the gen-
erally observed increased rate of PPI in BAV patients is 
associated with asymmetric leaflet calcifications, cal-
cified raphe and aortomitral continuity, which impairs 
the appropriate height of implantation. In these cases, 
greater forces are applied to the basal part of the sep-
tum and conduction system, which results in conduction 
disturbances. Moreover, aggressive oversizing, especial-
ly in self-expanding valves, may further exaggerate this 
problem. However, in the study of Perlman et al. greater 
oversizing (> 10%) of Sapien 3 BE prostheses was not 
associated with a higher PPI rate [24]. Deep prosthesis 
position (OR = 5.55; 95% CI: 1.18–26.19; p = 0.03) and 
coexistence of coronary cusp fusion and a calcium bridge 
(OR = 7.69; 95% CI: 2.08–28.46; p = 0.002) have been 
identified as independent predictors for PPI requirement. 

The combination of asymmetric leaflet calcifications 
and a  calcified raphe could also result in bioprosthe-
sis underexpansion and significant PVL. An anatomical 
study of patients after elective aortic valve replacement 
revealed that proper circular deployment of the prosthe-
sis stents was much less frequent in BAV than TAV, with 
79% of the prostheses having non-circular shape [25]. 
Such adverse features of bicuspid valves often result in 
the need for post-dilatation, which can help in adequate 
prosthesis implantation and reduction of aortic regurgi-
tation. The need for post-dilatation increases with the 

amount of calcifications. This is also one of the factors 
that increases the complexity and length of the TAVI pro-
cedure in BAV patients.

In the BEAT (Balloon versus self-expandable valve for 
the treatment of bicuspid aortic valve stenosis) registry, 
353 consecutive patients with BAV were treated with 
TAVI using contemporary Evolut R/PRO (SE) or Sapien 3 
(BE) prostheses [26]. Two hundred and forty-two (68.6%) 
patients received the Sapien 3 and 111 (68.6%) the Evo-
lut R or PRO. Device success according to Valve Academic 
Research Consortium-2 criteria was achieved in 85.6% 
of Sapien 3 and 87.2% of Evolut R/PRO cases (p = 0.68). 
After propensity-score matching, the PVL rate at 1 was 
higher in SE valves as compared to BE valves (9.3% vs. 
0.0%, p = 0.043). No significant difference was found in 
the number of pacemakers implanted in both cohorts 
(SE 16.0% vs. BE 16.1%; p = 0.977). SE valves tended to 
have better hemodynamics at discharge and after 1 year 
(lower mean gradient and larger effective orifice area). 
There were 4 cases of annular rupture in the BE cohort 
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Figure 3. Percentage of most important transcathe-
ter aortic valve implantation complications with the 
use of modern generation prostheses in bicuspid 
valve cohort based on Ueshima metanalysis [22]

Figure 4. Comparison of transcatheter aortic valve implantation outcomes between self-expanding and bal-
loon-expandable valves in patients with bicuspid aortic valve. Based on data from Ueshima metanalysis [22]

	 30-day mortality 	1-year mortality	 Stroke	 New pacemaker	 Moderate/	 Annulus	 Device
	 p = 0.58	 p = 0.81	 p = 0.66	 implantation	 severe PVL 	 rupture	 failure
				    p = 0.05	 p = 0.45	 p = 0.04 	 p = 0.07
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and 0 in the SE cohort, but this difference did not reach 
statistical significance. Clinical events and mortality rates 
after 30 days and 1 year in both groups were similar, also 
in the propensity score matched population. The need 
for post-dilatation was significantly higher in SE valves 
than BE valves (45.9% vs. 14.5%; p = 0.001), which may 
be a  result of underexpansion of the valve directly af-
ter implantation. It seems that SE valves usually obtain 
an irregular BAV orifice but are less capable of achiev-
ing a proper circular shape. In a recently published study 
where self-expanding Evolut R and Evolut Pro valves were 
utilized, no differences between BAV and TAV patients in 
terms of total mortality, stroke, or valve hemodynamics 
were observed, although the procedure time was longer 
and the reoperation rate was higher in BAV patients [9]. 
Following this study, Medtronic received a  CE mark for 
its valves in intermediate, high, and extremely high-risk 
BAV patients.

Sizing
The matter of choosing an adequate valve size in BAV 

stenosis is of utmost importance, and a  few measure-
ment methods have been proposed. The most common-
ly applied one is based on conventional annular sizing, 
whereas others take into account the inter-commissural 
distance and supra-annular sizing. In the BAVARD retro-
spective registry, Tchetche et al. retrospectively analyzed 
pre- and post-TAVI CT of 101 BAV and 88 TAV patients. 
Type 0 was identified in 12.9% and type 1 in 86.1% of 
the study population. The objective of the study was to 
capture the sizing ratios used for TAVI in BAV, evaluate 
the prostheses’ geometry after implantation and com-
pare the results with the TAV cohort [23]. The authors 
found no significant changes in PVL and PPM between 
BAV and TAV groups. Diameters of the implanted valves 
from the distal edge to 12 mm above the edge and the 
reshaping of the aortic annulus were consistent in TAV 
and BAV. The authors observed a  tendency to prosthe-
sis underexpansion in BAV. They concluded that sizing at 

the annulus level with minimal oversizing was a reliable 
method in most of the type 0 and type 1 bicuspid valves. 
Supra-annular sizing could be used in cases when the 
mean perimeter-derived diameter of the annulus is larg-
er than the intercommissural distance, which is called 
tapered configuration. 

Another study was designed to compare the results 
of sizing based on annular area (AA) versus supra-annu-
lar area (SA) in BAV [27]. The results showed significant 
variability between the valve size suggested by both 
methods. AA sizing proved to be more adequate for the 
final size of the valve implanted. In patients in whom the 
SA method suggested that another size should be used, 
no increase in clinical and valve related events was ob-
served. In conclusion, the authors suggested that the SA 
method in BAV should no longer be pursued. Petronio 
et al. proposed another method called CASPER: Calcium 
Algorithm Sizing for bicusPid Evaluation with Raphe [28]. 
This approach is focused on 3 features: 1) calcium score, 
2) raphe length with respect to annulus diameter, 3) cal-
cium localization in relation to raphe. At the first step 
the annulus diameter is measured. A calcium score above 
300 results in detraction of 1 mm from the derived diam-
eter. A raphe longer than 50% of the annulus diameter 
requires subtraction of another 1 mm. With the higher 
burden of calcium on the raphe site, one should subtract 
another 0.5 mm to get a proper size of the prosthesis. 
The method was validated on 21 consecutive patients 
and good results were obtained in all procedures. Figure 5  
shows basic differences in TAV and BAV sizing.

Conclusions
The general conclusion from the contemporary stud-

ies, although no long-term observations after TAVI in BAV 
are available yet, is that short- and mid-term outcomes 
with the use of new generation prostheses are similar 
in patients with bicuspid and tricuspid valves. Neverthe-
less, the decision on how to treat a patient with symp-
tomatic BAV stenosis should always be based on a very 

	 TAV	 BAV type 1	 BAV – tapered configuration

	 Annular sizing	 Most common type – 86.1% 	 Supra annular sizing
		  of BAV cases; annular sizing	

Figure 5. Sizing differences in bicuspid aortic valve (BAV) and tricuspid aortic valve (TAV). Adapted from  
Tchetche et al. [23]
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careful analysis of clinical data, anatomical characteris-
tics obtained from pre-procedural imaging and, last but 
not least, the operator’s experience. It needs to be un-
derlined that there are still many unresolved questions, 
as most of the trials do not evaluate data of BAV mor-
phologies, which could be crucial to facilitate the proper 
patient selection. In particular, type 0 in the Sievers clas-
sification, which is considered “true” BAV and is usually 
present in younger patients, was not equally represented 
in registries. The optimal sizing method is also of con-
cern, although it seems that valve implantation based 
on the annular sizing results in selection of larger valves, 
yielding larger effective orifice areas and a lower gradi-
ent. The safety of TAVI in younger, low-risk patients with 
BAV is questionable, as pacemaker implantation rates af-
ter the procedure remain high. Some of these unresolved 
issues could possibly be addressed in a randomized tri-
al comparing SAVR vs TAVI in this population. The need 
to perform such a study becomes even more important 
considering the anticipated rapid growth of TAVI proce-
dures in BAV patients that is likely to follow the upcom-
ing expansions of indications for TAVI to a younger and 
healthier population. Unfortunately, the chances that it 
will be performed in the forthcoming years are rather 
low, taking into account its difficult design and possible 
financing problems. 
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