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Abstract
Transcatheter aortic valve replacement (TAVR) is a safe and effective treatment strategy for severe aortic 
stenosis. However, peri-procedural complications can have a significant impact on acute and longer-term 
morbidity and mortality. Therefore, this review article provides a practical overview on how to prevent and manage 
the common and also rare but life-threatening peri-procedural TAVR complications.
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INTRODUCTION
Transcatheter aortic valve replacement (TAVR) is a recommended treatment strategy for patients with 
severe aortic stenosis (AS) across all surgical risk profiles. As TAVR expands towards lower-risk younger 
patients, the number of procedures is set to dramatically increase. Knowledge of how to prevent and 
manage peri-procedural complications, which can be life-threatening or have a significant impact upon 
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long-term morbidity and mortality, is therefore crucial. This review aims to provide interventionists with a 
practical guide for the prevention and management of important peri-procedural complications during 
TAVR.

VASCULAR COMPLICATIONS
Vascular complications encompass a wide spectrum of conditions, including damage to aortic and 
ventricular structures or peripheral access site-related injuries, with the latter being the focus of this 
section[1]. Development of a vascular complication is associated with increased morbidity, mortality, and 
length of hospital stay and worsening quality of life[2,3]. Despite improvements in operator experience, pre-
procedural planning, procedural access and closure techniques, and dramatic reductions in valve profiles, 
the rate of major vascular complications in contemporary cohorts still ranges 5%-10%[4-7]. Furthermore, the 
fact that TAVR is inferior to surgical aortic valve replacement (SAVR) in terms of vascular complications 
will become increasingly relevant as TAVR expands to lower-risk younger patients[4]. Therefore, this section 
focuses on the practical pre-procedural and intra-procedural steps that should be considered in order to 
reduce the incidence and impact of any vascular complications.

Preventing vascular complications
A detailed evaluation of the peripheral vessels using pre-procedural multi-slice computed tomography 
(MSCT) is critical to reducing the risk of vascular complications. The following variables should be 
examined: minimal lumen diameters of the iliac and femoral vessels (> 5.5 mm), ilio-femoral vessel 
tortuosity, vessel calcification location, length and arc, location of femoral bifurcation, and presence of any 
additional vascular pathology[8-10]. When feasible, trans-radial access can be considered for the contralateral 
diagnostic approach and is associated with a significant reduction in vascular complications compared to a 
conventional bi-femoral approach[11,12].

In the presence of severe, ilio-femoral calcific stenosis, peripheral intravascular lithotripsy (IVL) may 
facilitate trans-femoral access. Among 42 patients with unfavorable ilio-femoral anatomy, use of IVL 
facilitated a successful trans-femoral procedure in 90% of cases, with only two patients developing vascular 
complications (pseudoaneurysm and requirement for endarterectomy)[13]. If, however, both ilio-femoral 
access routes are not feasible, then an MSCT evaluation of alternative access sites should be undertaken. The 
most frequent non-transfemoral approaches include trans-carotid and trans-axillary approaches[14-16]. Data 
from the FRANCE transcatheter aortic valve implantation (TAVI) registry show that the use of trans-
axillary and trans-carotid access was associated with similar rates of mortality and access site complications 
and a lower rate of major vascular complications and unplanned vascular repairs compared to transfemoral 
access[15]. In patients with no peripheral access option available, trans-caval access can be considered and 
initial experience is promising with procedural and device success occurring in 99/100 patients[17,18]. Rates of 
Valve Academic Research Consortium (VARC)-2 bleeding and major vascular complications were 7% and 
13% in this population cohort. Finally, if no percutaneous solutions are possible, then direct surgical access 
can be considered, as either a cut-down approach to the axillary or carotid arteries or a more traditional 
aortic access via mini-thoracotomy.

Access site management
Using the pre-procedural computed tomography (CT), the optimal site for arterial puncture can be 
determined. Use of real-time ultrasound guidance is increasing and is associated with a reduction in the 
incidence of vascular complications[19]. Ultrasound can assist in localization of the femoral bifurcation and 
presence of anterior wall calcification. Adjunctive techniques include “road-mapping” the femoral puncture 
site by performing a diagnostic angiogram from the contralateral site. Adequate preparation of the sub-
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cutaneous tract overlying the arterial puncture site can aid in the advancement of progressively larger 
sheaths and vascular closure devices (VCD).

TAVR delivery sheath technology has now evolved whereby most contemporary valves can now be 
delivered through 14 Fr sheaths. Modern delivery sheaths such as the iSLEEVE (Boston Scientific), eSheath 
(Edwards Lifesciences), and Python (Meril Lifescienes) consist of an inner folded membrane in the 
proximal portion which can expand up to 18 Fr inside the descending aorta to accommodate delivery of the 
subsequent valve[20].

At the end of the procedure, closure of large arteriotomies can be safely and effectively achieved using 
VCDs. Their use is associated with a reduction in procedural time, hospital stay, and complication 
rates[21,22]. However, VCD failure is still the leading cause of major vascular complications. Multiple suture-
based and collage plug-based solutions exist on the market. For larger arteriotomies, pre-closure with two 
parallel ProGlides or one Prostar XL is often preferred[23,24]. Head-to-head comparisons of the two suture-
based approaches has yielded conflicting results[21,22,24-26], but in both cases choice of arterial puncture and 
preparation of the sub-cutaneous tract are essential to ensuring a successful outcomes.

An alternative is the MANTA device (Teleflex Inc, PA, USA), which is the only commercially available 
VCD for large bore arterial access[27]. It comes in two sizes, the 14 Fr and 18 Fr MANTA, which are 
indicated for closure of 10-14 and 15-20 Fr sheaths/devices, respectively. Technical success ranges 96%-98% 
with a rate of vascular complications of 2%-5%, requiring percutaneous or surgical intervention in around 
1%-2% due to vessel dissection or stenosis/occlusion[27-30]. The recent MASH (MANTA vs. Suture-based 
vascular closure after transcatheter aortic valve replacement) randomized trial found no difference between 
the two strategies in terms of access site-related vascular complications or clinically relevant bleeding[31]. 
However, the use of ProGlide was associated with more device failures, whilst MANTA required greater use 
of covered stents/surgical bailouts.

Once the delivery sheath is removed, a final check angiogram of the main access site should be performed to 
assess for vessel dissection or perforations. Routine placement of a crossover wire from the contralateral 
diagnostic access site is recommended to enable prompt treatment of any complications. In the majority of 
cases, occlusive balloon inflation is sufficient to resolve minor perforations or vessel dissections. In cases 
with prolonged bleeding, covered stenting might be considered, and, if there is extensive vascular injury, 
persistent flow-limiting dissection, or acute limb-threatening ischemia, then surgical repair is indicated.

ANNULAR RUPTURE
Annular rupture remains one of the most feared complications of TAVR due to the potential rapid onset of 
hemodynamic collapse and high rate of mortality. It encompasses injuries that can occur to the aortic 
annulus, aortic sinuses, and root and left ventricular outflow tract (LVOT), collectively referred to as the 
“device landing zone” (DLZ)[32,33]. Its reported incidence is < 1% and usually manifests itself acutely intra-
procedurally, although delayed presentations have been described[34]. Risk factors for annular rupture 
include heavy annular or DLZ calcifications, shallow sinuses of Valsalva, small aortic annulus (< 20 mm), 
device over-sizing (> 20%), bicuspid aortic valve, and severe asymmetric sub-annular left ventricle (LV) 
hypertrophy in the presence of LVOT calcification [Figure 1][32,35,36]. Therefore, detailed multi-slice CT 
(MSCT) analysis of the DLZ and aortic sinus geometry is critical to minimizing the risk of annular 
rupture[35,37].
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Figure 1. High-risk multi-slice computed tomography (MSCT) features for TAVR complications. Examples of anatomical phenotypes 
that can predispose the patient to the development of specific peri-procedural complications. PVL: Paravalvular leak; ViV: valve-in-
valve; LVOT: left ventricular outflow tract; PPM: permanent pacemaker; TVE: transcatheter valve embolization; iVSD: iatrogenic 
ventricular septal defect; VTC: virtual transcatheter-to-coronary distance.

Attention should be given to the overall extent, distribution, and type of calcification[37,38]. In high-risk 
anatomies, a self-expandable valve (SEV) is preferred with caution advised for post-dilatation, or, if a 
balloon-expandable valve (BEV) is necessary, then a degree of under-filling may be required. For highly 
eccentric annuli, perimeter-based sizing can be used. In cases with severe LVOT calcification, a higher 
implantation can be considered to reduce the radial force of the valve upon the vulnerable LVOT. Given 
that valve over-sizing (> 20%) is a risk factor for aortic rupture, accurate annular sizing is critical. In cases 
where MSCT measurements are challenging or not possible, balloon sizing can be performed with 
aortography used to confirm the absence of lateral aortic regurgitation (AR) with fully inflated balloons of 
known sizes. An alternative non-invasive approach is to use 3D transesophageal echocardiography to 
evaluate annular dimensions.

Management of annular rupture
The clinical presentation and subsequent treatment depend on the location and extent of the annular 
rupture. In the extreme, it can present suddenly with hemodynamic collapse resistant to inotropic support 
often with pericardial tamponade. Immediate aortography and echocardiography can confirm the diagnosis 
and rule out other differentials of acute hypotension such as cardiac perforation, coronary occlusion, or 
major vascular bleeding. For large un-contained ruptures, cardio-pulmonary bypass should be established 
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immediately with subsequent median sternotomy for surgical exploration and repair. Use of extracorporeal 
membrane oxygenation (ECMO) is not helpful and may delay definite surgical management.

In exceptional cases, due to the extreme surgical risk of these patients, percutaneous bail-out measures have 
been described. The annular tear can be sealed using vascular plugs, embolization coils, implantation of a 
vascular occlusion device in cases of muscular ventricular septal defect perforations, and less successfully 
implantation of a second transcatheter heart valve (THV)[39-41,42]. In our experience, reversal of heparin can 
be resolutive when extravasation is limited. For more limited or contained ruptures, a conservative 
approach can be considered with reversal of heparin, prompt pericardial drainage, and close repeated 
echocardiographic or MSCT surveillance[43]. Echocardiography is also useful to detect subtle signs of aortic 
injury such as presence of effusion in the transverse sinus, subepicardial hematoma at the base of the heart, 
peri-aortic hematoma, new aortic wall thickening, and local or extended aortic dissection[32,44].

AORTIC AND VENTRICULAR
Iatrogenic aortic dissection is more common in heavily diseased, calcified, and tortuous aortic anatomies[45]. 
Care should be taken during device and sheath manipulation in these aortas with wire and catheter 
exchanges minimized. In a tortuous or horizontal aorta, an additional stiff wire advanced into the aortic 
root can enhance the support and deliverability of the THV. In cases of extremely hostile aortas, trans-apical 
TAVR can be considered as an alternative access route.

Improvements in device technology and operator experience has reduced the incidence of cardiac 
tamponade down to around 1%[46]. Right ventricular perforation is more common and can occur due to 
placement of the temporary pacing wire. Use of a balloon-tipped pacing wire or pacing via the LV guidewire 
can therefore lower this risk[47]. Isolated right ventricular perforation rarely requires surgery and usually 
conservative management with pericardiocentesis is sufficient. In contrast, LV perforation almost always 
requires prompt surgical repair. The use of softer pre-shaped LV guiding wires has reduced the incidence of 
this complication.

TRANSCATHETER VALVE EMBOLIZATION
Transcatheter valve embolization (TVE) is defined as movement of valve prosthesis after deployment such 
that it loses contact with the annulus. It has a reported incidence of around 1% and is associated with 
elevated post-procedural morbidity and mortality and need for conversion to open heart surgery[48-51]. TVE 
can occur in the aortic or ventricular direction and usually occurs during the peri-procedural period, 
however delayed migration (> 24 h post-procedure) has been reported[49,52,53].

Minimizing risk of transcatheter valve embolization
Multiple anatomical, procedural, and THV risk factors for TVE have been identified[49]. On pre-procedural 
MSCT, attention should be given to the presence of significant aortic tortuosity, excessively small or large 
annuli, complete absence or presence of heavy calcification, and LVOT hypertrophy [Figure 1]. Pure aortic 
regurgitation is usually associated with the combination of large annuli, absence of significant calcification 
for device anchoring, and larger stroke volume, all of which can increase the risk for TVE. To mitigate this 
risk, device over-sizing and rapid ventricular pacing during deployment is recommended. Additionally, 
dedicated THV such as the Jena valve (Jena Valve Technologies, Irvine CA) or J-valve (JC Medical, 
Burlingame, CA) can be considered. When treating bicuspid aortic valve stenosis with heavy calcification, a 
THV with increased radial strength should be selected to avoid device under-expansion and subsequent risk 
of TVE.
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Intra-procedurally, failure of rapid ventricular pacing during valve deployment can lead to a sudden 
subsequent migration or embolization of the THV[54]. Therefore, stability of the pacing system should be 
confirmed prior to valve crossing and deployment. Following valve deployment, caution should be taken 
during retraction of the device nose-cone as well as the jailed pigtail catheter, which should be removed 
with the aid of a 0.035" wire.

Management of transcatheter valve embolization
Deep ventricular embolization nearly always requires open surgical repair. Implanting a second THV to 
trap the embolized valve prior to surgical conversion may limit the duration and complexity of the 
subsequent surgical intervention[55]. In contrast, aortic embolizations can be managed interventionally, with 
surgery reserved for cases complicated by aortic injuries such as dissections or perforations [Figure 2]. If the 
extent of aortic embolization is minimal, the first THV can be fixed by a second THV implanted in the 
appropriate location[56].

In more extensive embolization, repositioning maneuvers using snares or an inflated valvuloplasty balloon 
can be used to grasp, move, and deploy the embolized valve at an ectopic location[57]. If embolization is 
complicated with coronary obstruction, then immediate proximal retraction of the device should be 
performed. Care must be taken while manipulating the THV to avoid aortic injury and dissections, 
especially with certain SEV which have more prominent outflow portions [Figure 2]. During repositioning 
of an embolized BEV, the ventricular guidewire should always be maintained within the valve to prevent 
inversion of the valve and potential flow obstruction. The preferred location for deployment is in the 
descending aorta, distal to the left subclavian artery taking care to avoid any major aortic branches. 
However, in tortuous, heavily diseased or calcified aortas where the risk of aortic injury during re-
positioning maneuvers is high, deployment at a more proximal position can be considered and was found to 
not be associated with an elevated stroke rate[49]. Implantation of a covered or uncovered stent within the 
embolized valve leaflets can be undertaken to fixate the valve against the aortic wall. Mid-term follow-up of 
ectopically implanted THVs suggests there is a minimal risk for further migration or subsequent vascular 
functional[49,56,58].

CORONARY OBSTRUCTION
The incidence of coronary obstruction is < 1% for native valve TAVR and increases up to 3.5% for valve-in-
valve (ViV-TAVR)[59-61]. It presents acutely intra-procedurally with hypotension, ischemic electrocardiogram 
(ECG) changes, and usually involves the left coronary ostium[59]. Delayed coronary obstruction can occur up 
to one-year post TAVR and is more commonly seen following ViV procedures or with use of a SEV[62].

Strategies for high-risk coronary obstruction
High-risk anatomical features for coronary obstruction (CO) include low coronary ostia (< 10 mm) and the 
presence of narrow shallow aortic sinuses[59]. For ViV-TAVR, additional factors include the presence of a 
stentless or stented valve with externally mounted leaflets and a virtual transcatheter distance of less than 
4 mm [Figure 1][61,63].

In patients found to be at high risk for CO, SAVR should be considered. If not feasible due to the operative 
risk of the patient, then multiple strategies can be considered. Use of a partially or fully recapturable THV 
(Evolut-R/PRO, Portico, LOTUS) or a THV with a favorable open-celled design (ACURATE neo, 
NAVITOR) may be advantageous. Newer devices with unique leaflet grasping mechanisms (Jena and 
Engager) may theoretically be advantageous in a ViV setting. Techniques to achieve commissural alignment 
with the Evolut and ACURATE neo platforms have been described and can successfully reduce the 
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Figure 2. Transcatheter valve embolization complicated by aortic dissection. (A) Aortic embolization of an ACURATE neo transcatheter 
valve was managed by using an inflated balloon to retract the device into the aortic arch. (B) The re-positioning maneuver caused an 
infolding of one of the upper stabilizing arches of the valve frame (red arrow). (C) This resulted in a type B aortic dissection (blue star), 
which was conservatively managed.

incidence of severe coronary overlap[64-67]. However, the impact of commissural alignment on the 
subsequent risk for coronary obstruction remains to be evaluated.

Prior to valve deployment, prophylactic placement of a coronary guidewire with or without an undeployed 
stent can be considered[68,69]. Following valve deployment, if coronary obstruction ensues or coronary flow is 
reduced, then the stent can be retracted and implanted halfway between the proximal coronary artery and 
THV as per the “chimney” or “snorkel” technique [Figure 3][70]. To avoid stent under-expansion or 
deformation, a stent with a high radial strength should be used followed by high-pressure post-dilatation, 
with intravascular ultrasound (IVUS) used to evaluate for adequate stent expansion. If post-dilatation of the 
THV is required, then a simultaneous kissing balloon inflation of the THV and coronary stent can be 
performed. During ViV-TAVI, angiographic assessment may not be sufficient to decide whether stent 
implantation is required. In this setting, IVUS can be used to guide decision making by identifying specific 
markers of CO[71].

When utilized, the chimney technique is associated with good mid-term follow-up and a low incidence of 
stent thrombosis of < 1%[68,69]. Given that a portion of the stent protrudes into the aorta and is unlikely to 
undergo reendothelialization, prolonged dual anti-platelet therapy (DAPT) therapy should be considered.

An alternative to chimney stenting is the bioprosthetic aortic scallop intentional laceration to prevent 
iatrogenic coronary artery obstruction (BASILICA) technique to split either native or bioprosthetic aortic 
valve leaflets prior to TAVR implantation in order to maintain blood flow into the coronary sinus[72,73]. The 
procedure involves intentional laceration of the leaflets using radiofrequency energy delivered to a 
guidewire suspended between two guiding catheters[74]. The procedure requires specific devices and 
equipment with in-depth pre-procedural MSCT analysis to identify the optimal candidates for 
BASILICA[73,75-77]. The recently reported results of 214 patients from the BASILICA registry are promising 
with procedural success, defined as successful BASILICA traversal and leaflet laceration without mortality, 
coronary obstruction, or emergency intervention, achieved in 86.9% of patients[78]. Similar favorable results 
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Figure 3. Coronary protection with “chimney stenting” technique. Valve-in-valve procedure for a patient at high risk for coronary 
obstruction (low-lying coronary ostia and narrow sinuses). (A) Left coronary ostium was engaged and a wire and stent (yellow star) 
placed distally in the artery prior to valve deployment. (B) Following valve deployment, the stent was retracted and (C) implanted 
adjacent to the transcatheter valve. (D) The CT reconstruction image shows half the stent placed in the ostium and the other half 
protruding into the aorta.

have been reported in other smaller series[79,80]. The key advantage of the BASILICA procedure is the 
possibility of avoiding stent implantation, which mitigates the need for prolonged DAPT therapy and avoids 
potential stent-related complications such as under-expansion or restenosis.

Management of coronary obstruction
The diagnosis of CO is usually immediately apparent and can be confirmed by aortography and ECG 
evaluation, with echocardiography utilized to evaluate for regional wall motion abnormalities if doubt 
persists. CO usually occurs following post-dilatation or during initial deployment with a BEV. If CO occurs 
following deployment of a SEV, then, depending on the type of valve and stage of deployment, the device 
can be recaptured immediately to restore flow. If repositioning is not feasible, then immediate stenting 
should be attempted and if unsuccessful, then an inflated balloon or snare can be used to pull up a SEV into 
the ascending aorta. Hemodynamic support, including use of ECMO, should be considered early to 
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facilitate an interventional solution to the CO. If, however, the situation cannot be resolved percutaneously, 
then emergent open-heart bypass remains the mainstay of treatment[50].

PARAVALVULAR LEAK
Post-TAVR paravalvular leak (PVL) arises due to incomplete device apposition against the native aortic 
annulus. Residual moderate-severe PVL is a strong independent predictor for mortality[1-3]. Even mild PVL, 
which was observed in 29.4% and 33.9% of subjects at one year post-TAVR in the PARTNER3[6] and 
Evolut[7] low-risk trials, respectively, was associated with elevated mortality at two and five years post 
TAVR[81,82]. Therefore, particularly for younger patients undergoing TAVR, the aim should be to achieve 
minimal to no residual leak.

Minimizing risk of paravalvular leak
Accurate pre-procedural CT analysis should prevent valve under-expansion and can also be used to identify 
high-risk features such as heavy annular and/or leaflet calcification, which may lead to valve under-
expansion or malpositioning [Figure 1][83]. In subjects where heavy calcification is expected to increase the 
risk of significant paravalvular leak, newer generation valves should be considered. The Sapien 3 ultra 
(Edwards LifeSciences), Evolut Plus (Medtronic), and ACURATE neo 2 (Boston Scientific) valves all have 
an additional sealing skirt and the NAVITOR (Abbott) valve has a dynamic sealing skirt added to minimize 
PVL. Therefore, detailed pre-procedural CT evaluation combined with appropriate device selection plays a 
key role in minimizing PVL[84].

Management of paravalvular leak
When faced with post-implant aortic regurgitation in the catheterization laboratory, it is important to 
differentiate between PVL and guide wire-induced central aortic regurgitation. Retraction of the guide wire 
or exchanging the stiff wire for a softer pigtail catheter may clarify the diagnosis. Currently, the gold-
standard for evaluation of PVL remains echocardiography[85], however transthoracic visualization may be 
sub-optimal and the use of intra-procedural transesophageal echocardiography is diminishing as minimalist 
TAVR procedures with conscious sedation are being widely adopted[20,86].

Conventional aortography, although convenient, is only helpful at the extremes of AR severity[85]. 
Quantitative video densitometry may provide a better evaluation of AR severity, but as with simple 
aortography it is limited in its ability to distinguish between central or paravalvular regurgitation. Several 
hemodynamic indices have been proposed[87] [Table 1], with the AR index (calculated as LVEDP-DPB/SBP) 
being the most widely adopted[88]. However, hemodynamic indices may be limited by heart-rate variations, 
atrial fibrillation, and altered hemodynamic conditions due to sedation and/or anesthesia. Therefore, in 
cases of doubt, intra-procedural echocardiography with color and doppler evaluation is still 
recommended[85].

Treatment of PVL
Balloon post-dilatation represents the main stay of treatment with balloon sizing based on pre-procedural 
CT measurements of the annulus. The use of repeated aggressive balloon dilatation to correct PVL must be 
balanced against the risk of subsequent aortic injury, annular rupture, or stroke, especially in patients with 
heavy or nodular calcification. When faced with this scenario, the degree of pre-TAVR AR can be a useful 
guide as to how aggressively post-dilatation should be performed. Patients with mixed aortic valve disease 
have more compliant ventricles and can tolerate post-procedural AR better than those with smaller, stiffer 
ventricles[89].
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Table 1. Overview of hemodynamic indices to quantify extent of aortic regurgitation during transcatheter aortic valve replacement

Index Formula Cut-off

Aortic regurgitation index (ARI) ARI = (DD/systolic aortic pressure) × 100 ARI < 25 associated with increased mortality

Aortic regurgitation index ratio ARI ratio = ARI post-implant/ARI pre-implant ARI ratio < 0.60 associated with increased 
mortality

Diastolic delta (DD) Diastolic aortic pressure - left ventricular end diastolic 
pressure

DD < 18 mmHg associated with increased 
mortality

Heart-rate (HR) adjusted diastolic 
delta

(DD/heart rate) × 80 HR-DD < 25 associated with increased 
mortality

If despite balloon dilatation, PVL is severe or is associated with significant hemodynamic compromise, then 
a second THV can be implanted as a TAVR-in-TAVR procedure, with a BEV preferred[48]. In more stable 
cases, or if discovered later post-procedurally, then elective closure with vascular plugs should be 
considered[43].

ACUTE KIDNEY INJURY
Post-TAVR acute kidney injury (AKI) can be diagnosed by measuring the increase in serum creatinine or 
reduction in urine output as specified in the VARC-2 criteria, which are based on the Acute Kidney Injury 
Network definitions[1]. Depending on the cohort, the overall incidence of AKI ranges 10%-40%, with stage 3 
AKI observed in around 1% of patients undergoing TAVR[3,90-92]. Encouragingly, the incidence of AKI in 
contemporary cohorts is down to around 10%, which may reflect the changes in clinical profile of patients 
undergoing TAVR or be related to improvements in procedural techniques[92]. However, numerous studies 
have consistently shown that the development of post-TAVR AKI is associated with adverse acute and 
longer-term morbidity, mortality, and quality of life[3,90-92]. A recent report of 107,814 patients from the 
society of thoracic surgeons TAVR registry in the USA demonstrated an elevated risk of one-year mortality 
associated with stage 1 (HR = 2.7, 95%CI: 2.5-2.8), stage 2 (HR = 10.4, 95%CI: 7.0-15.4), and stage 3 (HR = 
7.0, 95%CI: 6.0-8.2) AKI[92].

Multiple patient-related and procedural factors are implicated in the development of post-TAVR AKI. 
Baseline renal dysfunction is one of the strongest independent risk factors for the long-term mortality and 
development of post-TAVR AKI[90,92,93]. In addition, patients with cardiovascular and non-cardiovascular co-
morbidities, including anemia, diabetes, chronic obstructive pulmonary disease, severe inflammatory 
response syndrome, and aortic or peripheral vascular disease, are at increased risk[90,93-96].

During the TAVR procedure, the kidneys can be prone to injury either due to hemodynamic instability 
during rapid pacing, significant bleeding, and prosthesis deployment or due to embolism of atherosclerotic 
or calcific micro-fragments during catheter manipulation. Managing complications may require an 
increased use of contrast, conversion to general anesthesia, and open-heart surgery or requirement for red 
blood cell transfusions, which can further increase the risk of AKI[93]. Furthermore, choice of TAVR valve 
and access route can be important with a higher incidence of AKI observed following the use of self-
expandable vales and direct apical or aortic access[95].

The association between the type and volume of contrast agent used and subsequent risk of AKI following 
TAVR is less clear. Use of a low-osmolar vs. iso-osmolar contrast agent during TAVR did not alter the 
incidence of AKI. Similarly, the total contrast volume used during the procedure was found to have no 
impact on development of AKI in several studies. However, when contrast volume was indexed to baseline 
renal function, then the amount of contrast used was predictive of both AKI and mortality[97,98].
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Prevention of AKI
Accurate identification of patients at high risk of developing AKI should prompt the use of appropriate 
prevention strategies. Ratios of contrast volume to glomerular filtration rate of > 3.2 and threshold value of 
contrast volume × serum creatinine to body weight of 2.7 were cutoffs identified by predicting mortality and 
development of AKI[97,98].

For these high-risk patients, adequate pre-hydration, particularly when combined with close monitoring of 
volume status either conventionally or with the use of modern techniques such as RenalGuard system 
(RenalGuard Solutions Inc, Milford, MA), is an important first step[99,100].

For patients with baseline renal dysfunction, contrast sparing strategies including the use of alternative 
imaging modalities, such as magnetic resonance imaging (MRI) or 3D transesophageal echocardiography, 
for pre-procedural planning and intra-procedural guidance should be considered. Low-contrast volume CT 
protocols which provide adequate assessment of aortic and peripheral vessels have been described[101-103]. 
Pre-procedural TAVR CT can be performed with cardiac gating to evaluate coronary arteries, obviating the 
need for invasive angiography and thereby further reducing the total contrast volume administered pre-
procedurally. Alternatively, echocardiography, gadolinium-free cardiac magnetic resonance tomography, 
and fusion angiography can be used with procedural adaptions to perform an almost zero-contrast 
procedure[104,105]. If small volumes of contrast are required, then the use of a non-ionic iso-osmolar contrast 
media is recommended.

Meticulous attention should be given to vascular access to avoid vascular complications, especially major 
bleeding. When necessary, a restrictive transfusion policy should be adopted. The use of embolic protection 
devices may limit the burden of embolic damage to the kidneys, although future studies in this field are 
awaited.

STROKE
Despite improvements in device technologies, operator experience, and a lowering in the risk profile of 
patients, the rate of clinically relevant post-TAVR strokes remains static around 2% and seriously impacts 
upon quality of life, morbidity, and mortality[106,107]. Additionally, silent cerebral ischemic lesions detected by 
diffusion weighted MRI have been identified in up to 80% of patients undergoing TAVR[108-110]. Although the 
mid- and long-term consequence of these silent infarctions is debated, some studies have suggested an 
association with longer-term neurocognitive changes and dementia.

Acute cerebrovascular events: < 24 h
The majority of post-TAVR strokes occur within the first 24 h and are due to embolization of debris 
composed of thrombus, calcification, atheromatous plaques, vascular endothelium, or tissue valve 
fragments[111]. Consequently, cerebral embolic protection devices (CEPD) were designed to capture and/or 
deflect this debris and thereby reduce the incidence of peri-procedural stroke. Currently, only two devices 
with Conformite Europeenne mark are commercially available, the Sentinel™ Cerebral Protection System 
(Boston Scientific, Natick, MA) and TriGUARD™ (Keystone Heart Ltd, Herzliya, Israel) devices. The 
Sentinel CPS is a 6 Fr system, which only covers the brachiocephalic and left common carotid arteries. In 
contrast, the TriGUARD device is a larger 9 Fr system, which provides more complete coverage of all the 
supra-aortic vessels. Globally, the use of CEPDs has gradually increased with data from the Society of 
Thoracic Surgeons-Transcatheter Valvular Therapies registry revealing that a CEPD was used during 13% of 
TAVR procedures by 2019[112,113]. Both devices require the use of an alternative arterial access and may 
potentially interfere with valve advancement and manipulation inside the aortic arch. Newer generation 
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devices such as the Emblok device, which incorporates a radiopaque 4 Fr guiding pigtail catheter in the 
device system, mitigates the need for an additional access[114].

Generally, the use of CEPDs during TAVR has not been shown to reduce the incidence of in-hospital 
stroke[112,113,115,116]. In contrast, data regarding the impact of CEPDs on MRI-defined lesion volume are 
conflicting[117-119]; however, a recent updated meta-analysis did not find any significant difference associated 
with CEPD use on MRI lesion volume or number of new ischemic lesions[115]. Further definitive answers 
regarding the effectiveness of CEPDs for stroke reduction are expected with the results of the PROTECTED 
TAVR (Stroke Protection With Sentinel During Transcatheter Aortic Valve Replacement) trial (NCT: 
04149535) enrolling 3000 patients randomized 1:1 to TAVR with or without the Sentinel protection device.

Even with a CEPD deployed, a significant burden of silent cerebral events can still occur, which highlights 
the importance of caution during wire, catheter, and delivery system exchanges and manipulations. Heparin 
administration to reduce peri-procedural thrombosis should be activated clotting time guided, aiming 
between 250 and 300 s. In high-bleeding-risk patients who develop intra-procedural or early post-operative 
acute ischemic stroke, where a filling defect of a large intra-cranial vessel is identified, mechanical 
thrombectomy can be performed[120,121].

Late cerebrovascular events: 24 h to 30 days
Late cerebrovascular events (CVE) mainly arise from cardio-embolic sources, with atrial fibrillation (AF) 
being the commonest cause[122]. Patients with AF undergoing TAVR usually have multiple co-morbidities 
with associated elevated thrombotic and bleeding risks, which requires specific attention[123]. Heparin 
reversal with protamine should be used cautiously and alternative methods to achieve hemostasis are 
preferred. In certain cases, simultaneous implantation of a left atrial appendage occluder device during 
TAVR has been performed and data from the WATCH-TAVR (NCT: 03173534) trial, which randomizes 
patients to TAVR + medical therapy or TAVR + WATCHMAN device, are expected to provide further 
insights. Current ESC/EACTS guidelines and other expert consensus recommend post-procedural oral 
anticoagulation therapy alone or in combination with single anti-platelet agent depending on bleeding risk 
profile[124,125].

Finally, leaflet thrombosis or sub-clinical leaflet thrombosis is increasingly being recognized as a potential 
source of late CVE, although reports are conflicting[126]. Although routine post-TAVR anticoagulation 
reduced the incidence of sub-clinical and leaflet thrombosis, this did not translate into a net clinical benefit 
due to the increased bleeding risk[127]. Taken together, these findings suggest that post-procedural 
anticoagulation therapy should be limited to those patients with a pre-existing indication.

PACEMAKER IMPLANTATION
The incidence of permanent pacemaker implantation (PPI) remains significant in contemporary 
cohorts[128]. As TAVR expands towards lower-risk younger patients, a shorter hospital stay and earlier 
discharge becomes more favorable. Given that the risk of developing high-grade atrio-ventricular block 
requiring pacing is often unpredictable, individualized risk assessment is necessary to identify high-risk 
electrical, anatomical, and procedural features[129]. Patients with pre-existing conduction disease such as 
right bundle branch block and prolonged PR-interval confer an elevated risk of requiring both early and late 
PPI[130,131]. Increased calcium burden and distribution particularly in the DLZ and LVOT, as well as a deeper 
implantation, are important procedural considerations, which are associated with elevated post-procedural 
PPI rates[132,133].
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During the procedure, rapid atrial pacing can be performed to risk stratify patients. Those who develop 
atrial-pacing-induced Wenckebach atrioventricular (AV) block are at high risk for PPI, especially when AV 
block occurs at lower rates of atrial pacing. Among 284 patients who were evaluated, those who did not 
develop Wenckebach AV block had a negative predictive value of 98.7% for PPI[134].

Choice of valve prosthesis can have an impact, with lower rates of PPI seen with the use of BEV compared 
to SEV[128]. Latest generation valves such as the ACURATE neo, with its low radial strength, were associated 
with a low PPI rate of 8.3% in a 1000 patients[135]. Furthermore, procedural techniques have been developed 
which aim to precisely and systematically achieve a higher implantation with the aim of further reducing 
permanent pacemaker implantation rates. The cusp overlap technique involves overlapping the left and 
right coronary cusps to isolate the non-coronary cusp[136]. This is achieved by rotating the C-arm in a right 
anterior oblique caudal direction and the optimal projection can be determined from pre-procedural CT. 
The key advantage of this projection is that both the delivery catheter and aortic cusps can be aligned, 
delivery catheter parallax is eliminated, and the LVOT is not foreshortened, which allows for a more precise 
and higher implantation depth. Early registry data are promising with dramatically lower permanent 
pacemaker (PPM) implantation rates (4%-7%) observed when using the cusp overlap technique with 
different THV[137,138]. Further lowering of PPM rates, particularly with self-expandable devices, can be 
achieved using the minimizing depth according to the membranous septum technique[139]. This patient-
specific approach utilizes the pre-procedural CT to measure the membranous septum, aiming to achieve an 
implantation depth less than the length of the membranous septum. When this technique was applied to a 
consecutive series of patients prospectively, pacemaker implantation rates fell from 9.7% to 3% with rates of 
left bundle branch block falling from 25.8% to 9%[139].

At the end of the procedure, consideration must be given to the duration and type of monitoring 
required[129]. An algorithmic approach to select which patients require prolonged hospital or ambulatory 
ECG monitoring may minimize the potentially fatal complication of post-discharge high-grade atrio-
ventricular block[129,140].

CONCLUSION
The evolution of device technology and operator experience has dramatically changed the safety profile of 
TAVR. However, the need to prevent and appropriately manage peri-procedural complications remains 
ever important, especially as TAVR expands towards lower surgical risk populations. Meticulous pre-
procedural planning is critical to ensuring the risk for complications is minimized.
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