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Abstract
Transcatheter aortic valve implantation is a well-proven effective treatment option for patients with severe
symptomatic aortic valve stenosis requiring valve replacement in all risk classes. Frequently, however, other
concomitant cardiovascular conditions demanding intervention are present, and a combined approach is required.
Here, we discuss some of the most frequent combined settings. The decision about which approach (staged
or simultaneous) is more suitable for each patient needs to be based on individual characteristics and clinical,
anatomical, and procedure-related factors.
Keywords: Transcatheter aortic valve implantation, combined procedure, heart valve disease, percutaneous
coronary intervention, outcomes

INTRODUCTION
In the last years, transcatheter aortic valve implantation (TAVI) has become a well-proven effective
treatment option for patients with severe symptomatic aortic valve stenosis (AS) requiring valve
replacement at high or intermediate surgical risk. Nowadays, with the expansion of TAVI for low-risk
populations, the number of individuals undergoing TAVI will increase even more. Frequently, however,
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patients with AS have other concomitant cardiovascular conditions demanding a combined approach. In
this scenario, the ability to perform TAVI combined with other transcatheter heart interventions becomes
crucial.
Here, we discuss some of the most frequent settings that have been considered for combined intervention
with TAVI, either concomitantly or staged.

PERCUTANEOUS CORONARY INTERVENTION

As the majority of patients with AS scheduled for TAVI are older than 75 years[1-3], it is not a surprise that
up to 50% of preoperative cardiac catheterizations reveal coexisting coronary artery disease (CAD)[4]. In
high- and intermediate-risk TAVI trials, for instance, concomitant CAD was present in about two-thirds
of patients[2,5-7], and even in the low-risk cohorts, concomitant coronary revascularization was indicated in
about 7%[8,9].
According to current European guidelines, percutaneous coronary intervention (PCI) should be considered
in patients with primary indication to undergo TAVI presenting with coronary artery diameter stenosis
> 70% in proximal segments (Class IIa, Level C)[10]. It has not been addressed, however, as to when PCI
should be performed.
Simultaneous procedures have the advantage of decreasing repeated puncture or incision of vessels,
reducing patients’ suffering and length of hospital stay, and saving medical resources[11]. However, radiation
exposure and the amount of contrast used are usually higher[12].
PCI before TAVI, on the other hand, has the potential to minimize ischemic risk during TAVI, particularly
during rapid ventricular pacing, and to overcome difficulties associated with coronary access post-TAVI.
Conversely, the patient remains at risk for valvular decompensation and needs to be put on dual antiplatelet
therapy, which may increase the risk of bleeding during TAVI[11-13].
PCI after TAVI is relatively rare because prosthetic valve commissures, or stent frame, may be positioned
close to coronary ostia, interfering with coronary diagnostic or guiding catheters[14]. Trying to facilitate
future coronary reaccess, Tang et al.[15] have suggested some landmarks to predict coronary overlap severity
based on initial TAVI deployment orientation. These findings have significant implications as TAVI moves
to younger and low-risk patients, where valve durability and CAD progression are notable concerns. Neocommissure alignment thus becomes a new trend to be pursued during TAVI intervention.
Regarding scientific evidence supporting simultaneous or staged procedures, a systematic review of 4
studies, comprising 209 patients, showed no difference in 30-day mortality (OR = 1.47, 95%CI: 0.47-4.62),
renal failure (OR = 3.22, 95%CI: 0.61-17.12), periprocedural myocardial infarction (OR = 1.44, 95%CI: 0.1216.94), life-threatening bleeding (OR = 0.45, 95%CI: 0.11-1.87), and major stroke (OR = 3.41; 95%CI: 0.1674.2) when PCI was performed concomitant or staged with TAVI[11].
Similarly, a recent paper demonstrated no significant difference in life-threatening or major bleeding, and
acute kidney injury among patients who underwent planned pre-TAVI (n = 156), post-TAVI (n = 40), or
concomitant (n = 77) PCI. Cumulative 2-year mortality was also similar across the groups (29.7% vs. 14.8%
vs. 10.3% in pre-TAVI, concomitant, and post-TAVI, respectively; P = 0.11)[16].
In current practice, PCI has been carried out at the time of TAVI in the presence of significant coronary
lesions provided that procedural risk does not outweigh the potential benefit [Figure 1]. The final decision
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Figure 1. Transcatheter aortic valve implantation simultaneous to percutaneous coronary intervention in an 81-year-old female
patient with severe symptomatic aortic stenosis and severe proximal left anterior descending coronary artery stenosis. In this patient,
percutaneous coronary intervention using 2 drug-eluting stents was performed first, followed by transfemoral implantation of a 26-mm
balloon-expandable Edwards SAPIEN 3 valve

should take into account patient clinical conditions, CAD burden, and the amount of myocardium at
risk[10]. Penkalla et al.[12] suggested some additional anatomical criteria, as follows: (1) left main coronary
artery stenosis > 50%; (2) coronary stenosis of 90% or more in the proximal or mid-left anterior descending
coronary artery; or (3) coronary stenosis of 90% or more in the proximal or mid-right coronary artery (if
dominant artery); or (4) coronary stenosis of 90% or more in the proximal or mid-left circumflex artery (if
dominant).

MITRAL VALVE INTERVENTIONS
Moderate or severe mitral regurgitation (MR) is present in 22% to 48% of patients with severe AS
undergoing TAVI[17-20], particularly in those inoperable or at high-risk[1,2]. These individuals constitute a
particular subgroup that could benefit from combined transcatheter interventions.
Although few studies have suggested that MR is not an independent predictor of mortality after TAVI[20,21],
the majority of authors point out a significant increase in mortality risk if moderate to severe MR is present
at the time of TAVI[22-24].
Among the factors that should tailor indication of combining TAVI with an MR intervention are the
following: individual patient’s characteristics such as age, comorbidities, life expectancy, and frailty; valve
characteristics such as MR severity and etiology; together with some technical aspects and procedural
risks[10,25].
MR etiology is a particularly important issue since a less aggressive management could be indicated in
the setting of functional MR, assuming that some improvement in MR severity is expected to occur after
TAVI[26,27]. Thus, a staged approach may be reasonable, with the aortic valve being addressed first, and the
mitral valve treated only in those who remain symptomatic in spite of a successful TAVI. On the contrary,
in the setting of a predominantly primary MR, as structural valve alterations are not expected to improve,
bivalvular interventions should be advocated[25,28].
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Figure 2. Transcatheter aortic valve implantation concomitant with percutaneous edge-to-edge mitral valve repair in a 70-year-old
male patient with severe symptomatic aortic stenosis and severe degenerative mitral regurgitation due to posterior leaflet prolapse
(the first 3 images). The procedure was started by the transseptal puncture, followed by transfemoral implantation of a 29-mm
balloon-expandable Edwards SAPIEN 3 valve. The last step was MitraClip implantation under transesophageal echocardiogram and
angiographic control

If a double-valve transcatheter replacement is indicated since the majority of the mitral devices are
delivered transapically, a simultaneous approach through the same access can be used[29]. Regarding the
best order, usually the aortic valve is performed first. The rationale for this strategy is that, since the aortic
and mitral annuli are contiguous, bridged by the aorto-mitral fibrous curtain[30], some degree of obstruction
for the new aortic valve deployment can happen if the mitral is treated first[29]. This same order has been
adopted during transapical TAVI simultaneous with NeoChord implant[31].
In the case of TAVI combined with percutaneous edge-to-edge mitral valve repair, a common strategy is
to start with the transseptal puncture under partial anticoagulation, followed by TAVI delivery under full
anticoagulation, finalizing with the percutaneous mitral valve repair [Figure 2]. To minimize the time with
a large device in the iliofemoral system, the arterial sheath can be removed before starting the mitral valve
procedure[25].
Last but not least, some reports have also supported TAVI combined with valve-in MAC (mitral annular
calcification), either by transfemoral/transseptal or transapical access[32,33].
Summarizing current data, a systematic review of combined aortic [TAVI or transcatheter aortic valvein-valve (TAViV)] and mitral valve interventions [transcatheter mitral valve replacement (TMVR),
transcatheter mitral valve-in-valve/valve-in-ring (TMViV/ViR), or percutaneous mitral valve repair
(PMVR)], involving 60 patients from 37 studies, showed that the main reason for combined approach was
severe AS (92%) associated with moderate/severe MR (65%). In the majority of the cases, the aortic valve
intervention was performed before the mitral valve. Mortality rates were 25% for TAVI plus TMVR, 17% for
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TAVI plus TMViV/ViR, 0% for TAViV plus TMViV/ViR, and 15% for TAVI/ViV plus PMVR. Significant
post-procedure paravalvular leak was rare in all combinations[29].
It is also important to remember some caveats regarding MR evaluation in the presence of AS. MR jet
velocity can be increased due to high left ventricular pressures[34], while AS transvalvular gradient and flow
can be hampered by the presence of MR[35].

TRICUSPID VALVE INTERVENTIONS
Significant tricuspid regurgitation (TR) is diagnosed in about 10% of patients with severe AS, and usually
indicates right ventricular dysfunction[36,37].
Although severe TR has been associated with high mortality in patients with concomitant severe AS
conservatively treated, some authors have suggested that moderate or severe TR can improve after
TAVI[17,38]. Contradicting this idea, others have argued that TR will persist and that it is independently
associated with increased mortality following TAVI[17,39,40].
To clarify the true impact of TR in patients with severe AS undergoing TAVI, a recent meta-analysis
evaluated 12 studies enrolling 41,485 TAVIs. Early and mid-term mortality were 1.80- and 1.96-fold
increased, respectively, in the presence of significant TR (OR = 1.80, 95%CI: 1.01-3.19; OR = 1.96, 95%CI:
1.35-2.85)[40]. These findings were similar to those reported by Pavasini et al.[41], whose study demonstrated
a 2.0-fold increase in all-cause mortality if moderate to severe TR was present after TAVI (95%CI: 1.52-2.91).
The authors’ conclusion was that a more detailed and shared TR severity evaluation would be necessary to
understand its impact and the need for a combined approach in patients undergoing TAVI.
Opposing the above-mentioned statements, Barbanti et al.[42] showed that, in patients with moderate to
severe TR submitted to TAVI, all-cause mortality risk was higher only in the presence of left ventricular
ejection fraction > 40%, suggesting that in patients with severely depressed ejection fraction, severe TR is
rather a surrogate marker of advanced disease than a real cause of worse outcomes.
Regarding the feasibility of combined approaches, in 2017, Reichart et al.[43] described a successful case of
concomitant TAViV and tricuspid valve-in-ring using a 23-mm self-expanding transcatheter bioprosthesis
in aortic position and a 29-mm balloon-expandable transcatheter bioprosthesis in tricuspid position. The
authors highlighted that, for the rapid ventricular pacing maneuver, external pacemaker patches were used
to avoid the lead crossing through the tricuspid valve. Another option could be the use of a temporary lead
inserted through the coronary sinus[44] or pacing over the left ventricular guidewire[45].
Another appealing case was reported by Abdi et al.[46], who combined TAVI with tricuspid valve-in-valve in
a patient with rheumatic heart disease. The balloon-expandable valve implanted in tricuspid position was
oversized by about 20% relative to the internal diameter of the previous bioprosthesis. The authors stressed,
however, that an excessive oversizing may impair leaflet opening, leading to early valve degeneration.
Considering the above evidence, it is clear that the tricuspid valve is a relatively non-explored territory, but
a potential target for combined transcatheter approaches.

AORTA INTERVENTIONS
Abdominal aortic aneurysm occurs in around 6% of patients undergoing TAVI, a number that is increasing
due to population aging, especially because both conditions share similar risk factors[47].
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Despite no clear recommendation available, the idea of combining TAVI with abdominal endovascular
aneurysm repair (EVAR) seems appealing. Some potential benefits of simultaneous approaches are as
follows: to prevent a potential aortic rupture related to the abrupt rise in blood pressure after relieving
aortic valve gradient; to reduce vascular complications by accessing the artery a single time; and to shorten
length of hospital stay by combining the two strategies in a single procedure[48,49].
Regarding which specific procedure should be done first, Sato et al.[49] and Mauri et al.[50] prefer to perform
TAVI before EVAR, while Natour et al.[51] advocate starting with EVAR and then to use the same sheaths
and wires for the subsequent TAVI.
Performing EVAR first has the advantage of reducing the risk of vascular dissection caused by crossing the
aorta with the valve delivery system and preventing aneurysmal sac lesion due to sudden blood pressure
rise following TAVI. Furthermore, the increased clot burden within the aneurysmal sac and the consequent
risk of distal embolization may be an additional reason to prefer doing EVAR first. On the other hand,
performing TAVI first would avoid the risk of crossing the aortoiliac prosthesis, as well as reducing the risk
of local thrombosis due to a large EVAR sheath prolonged time within peripheral vessels[50].
Another emerging possibility is combining TAVI with thoracic endovascular aortic repair (TEVAR). In
2014, Komlo et al.[52] reported the first case of a single-stage TAVI and TEVAR in a patient with critical
AS and descending thoracic aorta aneurysm. In this case, direct transaortic access via minimally invasive
partial sternotomy was chosen.
Furthermore, a relatively new concept is to treat the aortic valve and the ascending aorta together, using a
special proximal transcatheter aortic valve connected to an uncovered stent-graft portion, called the “endo
Bentall” concept. Unquestionably, this is an exceptional procedure, indicated only in highly selected cases,
but it shows that even the ascending aorta could be suitable for totally endovascular interventions[53,54].

LEFT ATRIAL APPENDAGE OCCLUSION
Atrial fibrillation (AF) occurs in more than 10% of octogenarians, and it is the most common arrhythmia
in the TAVI population[55]. In the first PARTNER cohorts, chronic AF was present in 32.9% of inoperable
ones[1] and in 40.8% of high-risk patients who underwent TAVI[2]. Compared to sinus rhythm, AF was
associated with double 1-year mortality (26.2% vs. 12.9%)[56].
Regardless of the type (paroxysmal, persistent, or permanent), AF is a strong predictor of stroke[57], and it is
independently associated with late cardiovascular morbidity and mortality after TAVI[58]. The explanation
for these risks goes beyond its thromboembolic potential; it is also linked to the risk of major bleeding due
to oral anticoagulation (AF treatment) plus dual antiaggregation (indicated after TAVI)[59].
Although there is a lack of evidence supporting the best strategy for stroke prevention in TAVI patients
with pre-existing AF, the left atrial appendage occlusion (LAAO) strategy, especially in patients with
high risk of bleeding, could be an attractive option. The main advantage of combining LAAO with TAVI
is to provide a treatment that has proven to prevent stroke with efficacy similar, or even superior, to
warfarin[60,61].
It is important to remember, however, that LAAO mitigates only the risk of embolization of thrombi
formed inside the left atrial appendage, having no effect on clots formed in the valve, or on calcium
embolization due to TAVI advancement or positioning. To try to cover these other factors, Gafoor et al.[62]
suggest that the use of smaller sheaths, better delivery systems, and easier-to-position devices, besides
carotid protection systems, may provide more complete stroke prevention during TAVI.
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Figure 3. Transcatheter aortic valve implantation simultaneous with left atrial appendage occlusion in a 73-year-old female patient
with severe symptomatic aortic stenosis (the first image) and persistent atrial fibrillation. The patient had a previous history of anemia
and lower gastrointestinal bleeding associated with anticoagulation use. The procedure was started by a transfemoral implantation
of a 27-mm self-expanding Portico valve. After transcatheter aortic valve implantation, the left atrial appendage was angiographically
measured, and an left atrial appendage occlusion occluder was implanted (Amplatzer Amulet Occluder 28 mm)

In terms of potential risks, combined procedures require an additional venous access and a transseptal
puncture, increasing procedural time and the contrast volume used. Despite this, no impact on
periprocedural morbidity and mortality of LAAO combined with TAVI has been observed[55,63].
Based on these data, the best candidates for LAAO concomitant with TAVI seem to be those with chronic
AF and established contraindications to anticoagulation, or those with high risk of bleeding. When a
concomitant approach is chosen, usually LAAO is addressed after TAVI [Figure 3].

ATRIAL SEPTAL DEFECT AND PATENT FORAMEN OVALE CLOSURE
Patent foramen ovale (PFO) and atrial septal defect (ASD) are defects of the interatrial septum. Normally,
after birth, the elevation in left atrial pressure forces the septum primum and septum secundum together,
collapsing the space between them. In approximately 20% of the population, however, a PFO persists[64],
and it becomes a possible conduit for thrombi, air, or vasoactive peptides.
Percutaneous PFO and ASD closure are feasible and effective in reducing paradoxical embolism and
preventing secondary stroke, as demonstrated by the extended follow-up of the RESPECT trial (Randomized
Evaluation of Recurrent Stroke Comparing PFO Closure to Established Current Standard of Care
Treatment) and the CLOSE trial (PFO Closure or Anticoagulants Versus Antiplatelet Therapy to Prevent
Stroke Recurrence). In the former, PFO closure significantly reduced ischemic recurrence when compared
to medical therapy, with a number needed to treat (NNT) of 45 (HR = 0.55, 95%CI: 0.31-0.999; NNT 45),
while in the CLOSE trial, NNT was only 17 (HR = 0.03, 95%CI: 0-0.26)[65,66].
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Figure 4. Transcatheter aortic valve implantation concomitant with patent foramen ovale closure in a 70-year-old female patient with
severe symptomatic aortic stenosis (the first 2 images) and patent foramen ovale with atrial septal aneurysm. The patient had a previous
history of stroke and Heyde syndrome (induced Von Willebrand disease, lower gastrointestinal bleeding, and anemia). A transfemoral
26-mm balloon-expandable Edwards SAPIEN 3 valve was implanted, followed by patent foramen ovale closure using a 30-mm
patent foramen ovale occluder

Considering that PFO closure is safe, technically simple, effective, and can be carried out by a single
surgeon in less than 15 min, Taramasso et al.[67] believe that this intervention may be justified, especially
in the presence of anatomical characteristics such as atrial septal aneurysm, Eustachian valve and Chiari
network, or in the presence of a large spontaneous shunt.
In terms of a combined PFO/ASD and TAVI procedure, Pasic et al.[68] reported, in 2011, the first case of
TAVI simultaneous with an ASD transcatheter closure. Later, in 2014, Khattab et al.[63] reported the results
of 10 TAVI procedures combined with other structural heart interventions. PFO closure was performed
using a 25-mm Amplatzer PFO Occluder in two patients, while ASD closure was performed using a 24-mm
Amplatzer Septal Occluder in one patient. No residual shunts or thrombi were seen after the procedure.
The authors pointed out the feasibility of the combined approach, but also stressed that high-volume
centers, with experienced surgeons, are needed to obtain proper results.
When a concomitant approach is performed, the strategy is similar as with LAAO, starting with TAVI
[Figure 4].

COST-EFFECTIVENESS ANALYSES
Despite the fact that a precise definition of the best timing for treating concurrent comorbidities in patients
undergoing TAVI remains unknown, a common additional factor to take into account in the decisionmaking process is the local reimbursement policies. Although TAVI procedural costs exceed those of
surgical aortic valve replacement, many cost-effectiveness analyses have shown that a shorter length of
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Figure 5. Pros and cons of TAVI combined with other transcatheter interventions. TAVI: transcatheter aortic valve implantation; PCI:
percutaneous coronary intervention; LAAO: left atrial appendage occlusion

hospital stay and a reduced need for post-acute rehabilitation services make TAVI a cost-effective approach,
particularly when transfemoral access is suitable. In the setting of concomitant functional MR and AS, a
cost-effective approach would be to perform TAVI first, followed by the mitral intervention in those who
do not experience improvement in MR, reducing, therefore, the number of mitral valve interventions in
comparison to routine simultaneous procedures[28]. On the other hand, concomitant PCI and TAVI have
the potential to reduce operational and re-hospitalization costs, and has been considered[69]. Regarding
the other possible combinations, many health insurance companies have the policy of not paying for a
combined intervention, which may have an impact on final reimbursement value and somehow discourage
concomitant approaches[70].

CONCLUSION
In this paper, we present an update on the most frequent indications for TAVI combined with other
transcatheter procedures, whose pros and cons are summarized in Figure 5.
In patients with concomitant heart disease, such as CAD, mitral or tricuspid valve disease, atrial fibrillation,
PFO or ASD, or aorta aneurysm, especially in those not candidates for complex conventional surgery, TAVI
combined with other transcatheter interventions offers a unique opportunity for a complete treatment,
either by staged or simultaneous interventions.
The decision about which approach (staged vs. single session) is more suitable for each patient needs to be
based on individual characteristics and clinical, anatomical, and procedure-related factors.
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