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Abstract | Patients with severe aortic stenosis who are at high surgical risk or not considered to be suitable 
candidates for surgical aortic valve replacement are increasingly being treated with transcatheter aortic valve 
replacement (TAVR). Although this novel treatment modality has been proven to be effective in this patient 
population, serious complications oc cur in approximately one-third of patients during the month after the 
procedure. Such events include myocardial infarction, cerebrovascular events, vascular complications, bleeding, 
acute kidney injury, valve regurgitation, valve malpositioning, coronary obstruction, and conduction disturbances 
and arrhythmias, which can all lead to death. Prevention of these complications should be based on patient 
screening and selection by a dedicated ‘heart team’ and the use of multimodality imaging. Anticipation and 
early recognition of these complications, followed by prompt management using a wide range of percutaneous 
or surgical rescue interventions, is vital to patient outcome. Continuous patient assessment and reporting of 
complications according to standardized definitions, in addition to growing operator experience and upcoming 
technological refinements, will hopefully reduce the future rate of complications related to this procedure.
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Introduction
Since the first transcatheter implantation of an aortic valve 
in 2002, transcatheter aortic valve replacement (TAVR) has 
emerged as an alternative to surgical aortic valve replace-
ment for patients deemed at high or prohibitive risk for 
surgery.1–4 Outcomes have improved over the years, mainly 
as a result of appropriate patient selection, growing opera-
tor experience, and major technical refinements. However, 
the rate of complications related to TAVR remains substan-
tial.5 Anticipating complications, as well as their prompt 
detection and management, is important to limiting the 
potential consequences of these adverse events.

The evaluation of TAVR-related complications has 
greatly benefited from the standardized definitions 
of outcomes developed and published by the Valve 
Academic Research Consortium (VARC).6,7 In a meta-
analysis by Généreux and colleagues, pooling results 
from studies in which the VARC criteria were used, the 
30-day safety end point (composite of all-cause mortal-
ity, major stroke, life-threatening bleeding, stage 3 acute 
kidney injury [AKI], periprocedural myocardial infarc-
tion [MI], major vascular complications, and repeat 
procedure for valve-related dysfunction) occurred in 
33% of 1,286 patients undergoing TAVR.5 This result 
should probably be interpreted with caution, however, 

as a degree of overlap between the various complica-
tions might have been present (for example, a patient 
with a major vascular complication might also have 
e xperienced life-threatening bleeding and AKI).

In this Review, we describe TAVR-related complica-
tions (Box 1), the mechanisms that cause these events, 
and methods of preventing them. Of note, new cardiac 
conduction abnormalities that occur after TAVR have 
previously been described in the journal,8 and will not 
be covered in this Review.

Complications
Comprehensive screening of patients by the ‘heart 
team’ before TAVR is important for the prevention and 
management of all TAVR-related complications.9 Such 
a team should include cardiologists, cardiac surgeons, 
imaging specialists, anaesthesiologists with experience 
in valve disease, and other specialists such as geriatri-
cians. Furthermore, appropriate training of members of 
this team in the techniques and materials required for 
bail-out procedures is also crucial. Moreover, immediate 
availability of surgical backup is essential. Indeed, many 
TAVR-related complications require cardio pulmonary 
bypass while salvage management measures are put in 
place, including surgical interventions such as urgent 
aortic valve replacement, repair of myocardial or v ascular 
injury, or pericardial drainage.10

Death
In their report, the VARC representatives recommend 
the use of all-cause mortality as a primary end point 
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after TAVR, whereas cardiovascular mortality (death 
due to proximate cardiac causes or noncoronary vas-
cular conditions, procedure-related death, and death of 
unknown cause) is considered to be an important sec-
ondary end point.6 In the VARC-2 update, immediate 
procedural mortality is defined as death ≤72 h after the 
procedure, and procedural mortality as all-cause mor-
tality within 30 days of the procedure or during index 
procedure hospitalization.7

Overall, 30-day all-cause mortality after TAVR ranges 
from 5% to 10%.2,3,5,11,12 Although no differences have 
been reported between patients undergoing implantation 
of the Edwards SAPIEN® valve (Edwards Lifesciences, 
Irvine, CA, USA) and the CoreValve® (Medtronic CV, 
Luxembourg), the use of the trans apical route is associated 
with significantly higher mortality than the trans arterial 
route for patients treated with the Edwards SAPIEN® 
(10.0% [95% CI 8.4–11.6%] versus 6.3% [95% CI 5.1–
7.6%], P = 0.001), which is likely to be related, to some 
extent, to the increased risk profile of patients treated 
with the transapical approach.11 A study by Van Mieghem 
et al. showed that, although most deaths (75%) were of 
cardiac origin and occurred during the first 48 h after 
TAVR, a noncardiac cause was involved in 69% of deaths 
that occurred between 48 h and 30 days after the proce-
dure.13 The most-frequent causes of non cardiac death 
were infection or sepsis and stroke, whereas causes of 
cardiac death included heart failure, cardiac t amponade, 
and arrhythmias.

Periprocedural myocardial infarction
In the VARC consensus documents, periprocedural 
MI is defined as the presence of new ischaemic signs 

Key points

 ■ Major complications occur in one-third of patients during the month after 
transcatheter aortic valve replacement (TAVR)

 ■ Adequate patient screening and selection, using a ‘heart team’ approach 
and multimodality imaging, is important for the prevention of TAVR-related 
complications

 ■ Complications should be anticipated during a multidisciplinary evaluation 
before TAVR, to enable prompt recognition and management should such 
events occur during the procedure

 ■ The TAVR team should always be ready to perform immediate percutaneous or 
surgical rescue interventions in the event of serious TAVR-related complications

 ■ Growing operator experience and upcoming technological refinements will 
reduce the incidence of TAVR-related complications in the future

(imaging evidence of new loss of viable myocardium 
or new wall motion abnormality, new ST-segment 
changes, new patho logical Q-waves in at least two con-
tiguous leads, haemodynamic instability, ventricular 
arrhythmias, or new or worsening heart failure) or symp-
toms (such as chest pain or shortness of breath), associ-
ated with an elevation in cardiac biomarkers (preferably 
creatine kinase MB) within 72 h of the procedure.6,7 In 
the initial report, biomarker elevation was defined as 
>10-times the upper reference limit (URL), or more than 
five-times the URL with new Q-waves in two contiguous 
leads.6 These values were adjusted to 15-times the URL 
for troponin levels and five-times the URL for the crea-
tine kinase MB level in the VARC-2 update, with the  
p resence of new Q-waves not being mandatory.7

Nearly all patients undergoing TAVR experience some 
degree of myocardial injury, as defined by any increase 
in troponin levels. The higher the degree of injury, the 
less improvement in left ventricular ejection fraction is 
seen during follow-up.14 When the VARC definition of 
periprocedural MI is used, the incidence of this compli-
cation has been reported to be 1.1%.5,11 The transapical 
approach is associated with a higher rate of peri procedural 
MI than the transarterial route (1.9% versus 0.8%; 
P <0.05).11 Periprocedural MI is an independent pr edictor 
of midterm mortality (9 months to 1 year).14,15

The causes of periprocedural MI include ischae-
mia related to hypotension or rapid ventricular pacing, 
myocardial tissue compression by prosthesis expansion, 
coronary microembolism, and direct trauma of the ven-
tricular apex during the transapical approach.14 Reported 
independent predictors of myocardial injury during 
TAVR include baseline renal dysfunction, the presence 
of peripheral artery disease, the absence of preprocedural 
β-blocker use, the use of the transapical approach, pro-
cedural duration, and prosthesis implantation depth (for 
the CoreValve®).14–16 Concerns have been raised about 
the risk of performing TAVR in patients with untreated, 
severe coronary artery stenoses.17 However, no evidence 
currently exists that such a strategy might result in a 
higher incidence of periprocedural MI when compared 
with patients who have undergone previous revasculariza-
tion.18–20 Periprocedural MI due to coronary obstruction 
is specifically addressed in a later section of this Review.

The broad use of preprocedural β-blocker therapy in 
patients at high risk of periprocedural MI could result 
in a reduced rate of myocardial injury and subsequent 
adverse outcomes.15 However, such a strategy needs to be 
prospectively assessed. The issue of whether to perform 
percutaneous coronary intervention (PCI) before TAVR 
in patients with severe coronary artery disease, either as 
a staged or combined procedure, should be based on 
an individualized assessment, taking into account the 
patient’s clinical condition, their coronary anatomy, and 
the extent of the myocardium at risk.4

Cerebrovascular events
Cerebrovascular events, which include stroke and tran-
sient ischaemic attack, are among the most-devastating 
complications of TAVR. Stroke in the setting of TAVR is 

Box 1 | Summary of TAVR-related complications

 ■ Death
 ■ Myocardial infarction
 ■ Cerebrovascular events
 ■ Vascular events
 ■ Bleeding
 ■ Acute kidney injury
 ■ Transcatheter valve regurgitation
 ■ Valve malpositioning
 ■ Coronary obstruction
 ■ Cardiac conduction abnormalities*

*Previously described in the journal,8 and not covered in this 
Review. Abbreviation: TAVR, transcatheter aortic valve replacement.
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defined as a focal or global neurological deficit lasting 
>24 h resulting from a cerebral, spinal, or retinal dysfunc-
tion caused by ischaemia or haemorrhage, with neuro-
imaging proof of a new lesion.6 Stroke is classified as 
minor or major on the basis of neurological assessment 
using the modified Rankin score21 at 30 and 90 days. 
If the neurological episode lasts <24 h and neuroimag-
ing does not demonstrate new haemorrhage or infarct, 
the event is defined as a transient ischaemic attack.

The incidence of cerebrovascular events during 
the 30-day period after TAVR ranges from 3% to 7%, 
with the majority of patients experiencing ‘major’ 
strokes.2,5,11,22–25 Approximately 50–70% of these events 
occur during, or within 24 h of, the procedure.22–24 No 
significant differences are apparent in the rate of stroke 
according to valve type or access route.11 The occurrence 
of stroke is associated with a 3.5-fold to 10-fold increase 
in 30-day mortality.23–25 Cerebrovascular events that 
occur during the subacute phase (from 24 h to 30 days 
after the procedure) have been suggested to relate to new-
onset atrial fibrillation, which occurs in approximately 
one-third of patients undergoing TAVR with no history 
of atrial fibrillation.23,26

Among patients undergoing retrograde crossing of a 
stenotic aortic valve, 22% have been shown to develop 
new cerebral ischaemic lesions, as assessed by diffusion-
weighted MRI (Figure 1a).27 New, but clinically silent, 
lesions were found in 68–91% of patients after TAVR 
using the same technique.28–33 However, these clinically 
silent lesions were not related to survival, self-sufficiency, 
cognitive function, or health-related quality of life during 
follow-up.28–30 In another study, in which transcranial 
Doppler ultrasonography was used during 83 TAVR 
procedures, high intensity transient signals indicating 
microembolization were detected during all interven-
tions, with only two patients experiencing a procedural 
stroke, and no sequelae among other patients during 
follow-up (Figure 1b).34 These signals most commonly 
occurred during positioning and implantation of the 
valve.34 In a study on the histopathology of embolic debris 
captured with a filter-based embolic protection device 
during TAVR, most of the material originated from the 
native aortic valve leaflets or aortic wall.35 Thrombotic 
material was found in 70% of the captured debris, which 
included features of acute thrombi in more than half of 
the patients.35 Postimplantation balloon dilatation of the 
valve, and valve dislodgement or embolization have been 
reported to be independent predictors of acute stroke.23 
In addition, Stortecky et al. showed that the attempt to 
implant more than one valve was also an independent 
predictor of acute cerebrovascular events, suggesting 
that additional catheter manipulation might result in 
increased embolism.24 Furthermore, in the PARTNER 
trial,22 small aortic area index was associated with an 
increased risk of early cerebrovascular events, probably 
owing to the high degree of calcification in tight valves.

Performing TAVR without prior aortic balloon dilata-
tion has been suggested as a strategy to reduce the rate of 
embolic stroke.36 Although this approach has been shown 
to be feasible with the CoreValve®, the potential reduction 

in cerebrovascular events remains to be proven.36 Limiting 
manipulations of large catheters in the aortic arch might 
also contribute to reducing the occurrence of cerebro-
vascular events.37 More specifically, dedicated mechanical 
cerebral protection devices have been developed for pre-
vention of cerebrovascular events during TAVR, and are 
currently under evaluation in clinical trials (Figure 2).38–40 
The Claret Montage™ Dual Filter System (Claret Medical, 
Inc., Santa Rosa, CA, USA; Figure 2a) consists of a catheter 
with proximal and distal filters that are placed from a right 
radial or brachial approach in the brachiocephalic and left 
common carotid arteries, respectively. Conversely, the 
Shimon embolic filter™ (SMT Research and Development, 
Herzliya, Israel; Figure 2b) and the Embrella® embolic 
deflector system (Embrella Cardiovascular, Inc., Wayne, 
PA, USA; Figure 2c) both operate as debris deflectors. 
These systems are deployed in the aortic arch, protecting 
supra-aortic vessels from embolic debris. The improved 
profile of upcoming generations of delivery catheters 
and prostheses is likely to enable atraumatic manipula-
tion and implantation of valves, possibly resulting in a 
reduced rate of embolic events.41 Strategies involving the 
use of antiplatelet and anticoagulant agents during and 
after TAVR also need to be assessed in order to prevent the 
occurrence of cerebrovascular events. Likewise, pharma-
cological prevention of new-onset atrial fibrillation after 
TAVR with  antiarrhythmic drugs should be evaluated.

Vascular events
Major vascular complications include thoracic aortic dis-
section; distal embolization (noncerebral) from a vascular 
source, requiring surgery or resulting in amputation or 
irreversible end-organ damage; access-site or access-
related injury leading to death, the need for blood trans-
fusion (>4 units), unplanned percutaneous or surgical 
intervention, or irreversible end-organ damage. Minor 
vascular complications include access-site or access-
related injury not requiring unplanned percutaneous 
or surgical intervention and not resulting in end-organ 
damage.6 In the VARC-2 update, rupture of the device 
landing zone (which includes the aortic annulus and 
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Figure 1 | Stroke during transcatheter aortic valve 
replacement. a | Diffusion-weighted magnetic resonance 
image showing multiple hyperintense defects (arrows) 
corresponding to small cerebral infarctions that were 
clinically silent. b | Transcranial Doppler ultrasonogram 
showing a high intensity transient signal (arrow) 
indicating microembolization.

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved



688 | DECEMBER 2013 | VOLUME 10 www.nature.com/nrcardio

root, and the left ventricular outflow tract) was included 
among vascular complications, whereas percutane-
ous closure device failure (leading to treatment other 
than manual compression or adjunctive endo vascular 
ballooning) was defined as a distinct component of 
vascular c omplications, separate from the minor and 
major categories.7

The reported rates of vascular complications vary con-
siderably, mainly owing to differences in definitions.42 In 
the meta-analysis by Généreux and colleagues, the pooled 
estimated rate of all vascular complications after TAVR 
was 19% (major complications 12%; minor complications 
10%).5 In another meta-analysis, in which studies with 
less-uniform definitions (published before the VARC 
definitions were available) were included, the overall rate 
of vascular complications associated with the CoreValve® 
was lower than with the Edwards SAPIEN® valve for 
transarterial implantations (11% versus 22%, respec-
tively; P = 0.002).11 However, most of the studies with the 
Edwards SAPIEN® valve involved the use of large deliv-
ery sheaths (22–24 French), whereas those in which the 
smaller, third-generation CoreValve® was used required 
an 18 French delivery system.11 The use of the newer-
generation Edwards SAPIEN XT® valve, which requires 
18–19 French delivery sheaths, has been associated with 
a significant decrease in vascular complications.43 The 
occurrence of vascular complications has a substantial 
effect on midterm survival. In the PARTNER trial,44 these 
complications were independent predictors of 1-year 
mortality (HR 2.31, 95% CI 1.20–4.43, P = 0.012).

Predictors of major vascular complications include 
female sex, the ratio of the sheath outer diam eter to the 
minimal femoral artery diameter, and the deg ree of femoral 
artery calcification.44,45 More importantly, TAVR has a 
learning curve effect, as operator and centre experience 
are clearly related to the rate of vascular complications.45,46

Vascular access-site complications are mainly related 
to the large calibre sheaths used to deliver the valve. The 
first generation of sheaths (22–25 French, correspond-
ing to an outer diameter of 9–10 mm), was associated 
with high rates of vascular complications.47 However, with 
growing operator experience, improved patient screen-
ing and selection, and the smaller diameter of newer-
generation sheaths (18–19 French, corresponding to an 
outer diam eter of 7.2–7.5 mm), the incidence of vascular 
c omplication has significantly decreased over time.48

Device landing-zone rupture is a rare, but serious, 
complication of TAVR reported in approximately 1% 
of patients, and is associated with high mortality (48–
50%).5,49,50 Rupture of the valve landing zone occurs after 
implantation of balloon-expandable valves, although this 
complication has also been reported following post-
implantation balloon dilatation of a self-expandable 
valve.49,51 Independent predictors of this complication 
include valve oversizing (by ≥20%) and the presence of 
moderate or severe calcification in the left ventricular 
outflow tract or subannular region.50,52 Landing-zone 
rupture generally requires immediate haemodynamic 
support with inotropes and possible circulatory assis-
tance. Cardiac tamponade is a common occurrence after 
landing-zone rupture, and is best managed with peri-
cardiocentesis. Although surgical repair, with or without 
aortic valve replacement, is usually the only treatment for 
uncontained ruptures, successful conservative (medical) 
management of contained ruptures and haematomas has 
been reported (Figure 3).50

The use of percutaneous closure devices for transfem-
oral procedures has increased over time, such as with the 
Perclose ProGlide® (Abbott Vascular Inc., Santa Clara, 
CA, USA) and the Prostar® XL (Abbott Vascular Inc., 
Redwood City, CA, USA). Success rates of up to 91% 
using a percutaneous approach have been reported with 
the Prostar® device, and even higher success rates (up to 
96%) have been achieved with the decreased diameter of 
newer-generation delivery sheaths.48 More importantly, 
percutaneous device failure was not associated with 
major vascular complications.48 Failure of percutaneous 
closure devices is also related to operator experience and 
sheath outer diameter to minimal femoral artery diam-
eter.48 In addition, percutaneous closure is particularly 
challenging in patients with morbid obesity. In cases of 
closure device failure or vessel rupture, the use of a self-
expanding covered stent can often lead to an optimal 
result (Figure 4). As a last resort, if other approaches fail, 
surgical revision and closure might be required.

Preprocedural evaluation by the heart team is impor-
tant to preventing vascular complications, and should 
involve screening by angiography and CT. Evaluation 
should be based on an integrative approach taking into 
account vessel size, calcification, and tortuosity. Femoral 

a c
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b

Figure 2 | Embolic protection devices used during transcatheter aortic valve 
replacement. a | Claret Montage™ Dual Filter System. Permission obtained from 
Claret Medical Inc. (Santa Rosa, CA, USA). b | The Shimon embolic filter™ (SMT 
Research and Development Ltd, Herzliya, Israel). Reprinted from EuroIntervention 
Vol. 8, number 5, Bourantas, C. V. et al., Transcatheter aortic valve implantation: 
new developments and upcoming clinical trials. Pages 617–627 Copyright (2012), 
with permission from Europa Digital & Publishing.91 c | The Embrella® embolic 
deflector system (Embrella Cardiovascular, Inc., Wayne, PA, USA). d | Fluroscopy 
image showing the Embrella® device (arrow) being placed in the aorta using the 
right radial approach. e | Aortic angiogram showing the Embrella® device 
appropriately covering all the supra-aortic vessels (arrows).
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access should not be used in patients whose vessels 
exhibit severe tortuosity, are small (diameter <6 mm), 
or are substantially calcified. During TAVR using an 
arterial approach, the large delivery sheath should 
be advanced gently and, if resistance occurs, another 
approach should be considered as forceful insertion of 
the sheath can lead to vessel rupture or intimal strip-
ping and dissection. During the closure phase, a cross-
over wire should be inserted into the main vessel from 
the contralateral side, to allow rapid treatment with 
balloon inflation or covered stent p lacement in case of 
u ncontrolled haemorrhage.

Bleeding
Bleeding is defined as ‘life-threatening’ or ‘disabling’ if it 
leads to death; occurs in a critical area, such as the central 
nervous system, the pericardium (requiring drainage), 
or in the muscle with compartment syndrome; causes 
shock or severe hypotension; leads to a drop of ≥5 g/dl 
in haemoglobin; or requires transfusion of ≥4 units of 
red blood cells.7 When the haemorrhage does not meet 
these criteria, but is associated with a drop in haemo-
globin ≥3 g/dl or requires transfusion of 2–3 units of red 
blood cells, the bleeding is classified as ‘major’. Any other 
bleeding that does not fulfil these criteria, but is worth 
mentioning is considered to be ‘minor’.

In the meta-analysis by Généreux and colleagues, the 
overall incidence of bleeding was 41% (life-threatening 
haemorrhage 16%).5 Life-threatening bleeding is associ-
ated with a sixfold to ninefold increase in 30-day mor-
tality after TAVR, and was an independent predictor of 
1-year mortality (HR 2.5).53,54 The transapical route has 
consistently been reported as an independent predictor 
of life-threatening bleeding.53–55

Bleeding during TAVR is caused by the combination 
of procedure-induced haemorrhage and patient fragil-
ity in this high-risk population. Bleeding is related to 
access-site complications in up to 69% of patients (life-
threatenin g bleeding in 23–31% of patients), including 
those whose procedure involved transapical access.53,54,56 
Other sources of haemorrhage include the digestive 
tract, the retroperitoneum, and the pleura. Bleeding in 
the peri cardium leading to cardiac tamponade occurs 
in 3–4% of TAVR procedures, and is associated with high 
mortality (24%).5,57 Tamponade is most frequently caused 
by right ventricular perforation by temporary pacemaker 
wires; other causes include aortic annulus rupture, aortic 
dissection, and left ventricular perforation owing to stiff 
wires placed in the left ventricular cavity.57

Patient selection, mainly with regard to vascular access, 
is critical in reducing the incidence of life-threatenin g 
bleeding. Strategies such as inserting a balloon into the 
iliac artery via contralateral access to prevent bleeding 
during access closure might be beneficial. Performing 
TAVR without administration of clopidogrel, or replac-
ing heparin with bivalirudin, have also been suggested as 
methods of preventing haemorrhage.53 Treatment should 
be focused on obtaining haemostasis at the source of 
the bleed (either percutaneously or surgically). In most 
patients with low-rate bleeding after percutaneous vessel 

closure, prolonged manual compression, in addition to 
partial or total reversal of anticoagulation is often suffi-
cient to achieve haemostasis. Crossover balloon inflation 
can be useful to treat persistent or uncontrolled bleeding 
and pseudoaneurysms. Transfusion of red blood cells can 
also be performed; however, a policy of restricted trans-
fusion is advocated to limit deleterious consequences 
such as AKI.

Acute kidney injury
The VARC definition of AKI is based on a modified 
version of the RIFLE (Risk, Injury, Failure, Loss, and 
End-stage kidney disease) classification, with incremen-
tal staging from 1 to 3 on the basis of relative or absolute 
elevation of serum creatinine at 72 h after TAVR. Patients 
who require renal replacement therapy (haemodialysis, 
peritoneal dialysis, or haemofiltration) are considered 
to meet stage 3 criteria irrespective of creatinine level.6 

a b

Figure 4 | Vascular events after transfemoral transcatheter aortic valve replacement. 
a | Angiogram showing incomplete arteriotomy closure (arrow) owing to closure 
device failure. b | Complete haemostasis was achieved after implantation of a 
covered stent (arrows).

Figure 3 | Device landing-zone rupture. 3D CT 
reconstruction showing a contained rupture of the aortic 
root after transcatheter aortic valve replacement in an 
asymptomatic patient who was managed conservatively 
(medical therapy).
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The VARC-2 update recommends the use of the AKIN 
(Acute Kidney Injury Network) system, and extends the 
timing for diagnosis of AKI to 7 days.7

The overall rate of AKI after TAVR has been reported 
to be 22%, whereas the incidence of stage 2 or 3 AKI was 
8.4%.58 In the meta-analysis by Khatri and colleagues, 
5% of all patients required renal replacement therapy, 
although the rate was higher in patients treated with the 
transapical approach to TAVR (8%) than in those whose 
procedure involved transarterial routes (3%).11 Several 
studies have shown that AKI is associated with a twofold 
to fivefold increase in mortality at 30 days and 1 year, 
when compared with patients without AKI.58

The origin of AKI is likely to be multifactorial; involv-
ing predisposing conditions such as diabetes mellitus, 
chronic kidney disease, or peripheral vascular disease; 
and procedure-related events such as aortic plaque 
embolism in the renal arteries and hypoperfusion 
during rapid ventricular pacing.59 The use of the trans-
apical approach has been reported to be an independent 
predictor of AKI in several studies, probably reflecting 
underlying comorbidities that predispose these patients 
to such a complication.58 In addition, AKI seems to be 
strongly related to the number of perioperative blood 
transfusions, which are thought to have a direct harmful 
effect on the kidneys.60,61

General preventive measures against AKI, such as 
optimal hydration, minimal contrast use, and cessation 
of nephrotoxic drugs should be part of the usual care for 
patients undergoing TAVR.59 Careful planning is essen-
tial, particularly in patients at risk of AKI, to allow suf-
ficient time between preprocedural investigations that 
require a contrast medium and the TAVR procedure. 
Imaging modalities that are not harmful to kidney func-
tion because they do not involve a contrast agent, such 
as MRI, can also be used for preprocedural work-up.62 
Furthermore, restricting use of blood transfusion might 
decrease the occurrence of AKI, but such a strategy 
remains to be tested in prospective studies.60

Aortic valve regurgitation
Aortic regurgitation (AR) is frequently encountered 
after TAVR, and can be either central or para valvular. 
Central leaks are usually related to structural dys-
function of the valve, whereas paravalvular leaks are 
not. Assessment of AR is challenging and imprecise, 
and should be based on an integrative multimodality 
approach. Echo cardiography is limited by the shield-
ing and reverb erations of the valvular frame, as well 
as the eccentricity of the regurgitant jets, and echo-
cardiographic parameters have not been validated in 
the s pecific setting of TAVR.7,63–65 Aortic root angio-
graphy is an established technique for the quantifica-
tion of AR, and is usually performed immediately after 
TAVR. However, this imaging strategy relies on sub-
jective assessment of unidimensional images, and can 
be affected by interobserver and intra observer vari-
ability.5,66 Other signs that can indicate the presence of 
clinically relevant AR include haemodynamic param-
eters, such as decreased aortic diastolic blood pressure 

(DBP) associated with increased left-ventricula r end-
diastolic pressure (LVEDP). Sinning et al. reported 
that the aortic regurgitation index—defined as  
[(DBP – LVEDP)/systolic blood pressure] × 100—can 
be useful for defining the severity of AR, with a value 
<25 being p redictive of increased mortality risk.67

The overall incidence of moderate or severe AR after 
TAVR ranges from 4.5% to 11.7%.5,11,68 In a meta-analysis 
by Athappan and colleagues, the CoreValve® was associ-
ated with a higher rate of moderate or severe AR than the 
Edwards SAPIEN® valve (16.0% vs 9.1%, respectively; 
P = 0.005).68

Paravalvular AR after TAVR and before hospital dis-
charge (including small or trace leaks) is quite common 
(incidence 50–85%), with the majority of cases graded 
as mild (grade 1).65,69 The incidence of moderate or 
severe (grades 3 and 4) para valvular AR before hospi-
tal discharge ranges from 0% to 24%.65,69 However, the 
reported rate of paravalvular AR after TAVR has marked 
hetero geneity between studies, mainly owing to impor-
tant differences in assessment of presence and severity of 
AR, both in terms of methodology used and independ-
ent adjud ication of imaging.69 The presence of para-
valvular AR grade 2 or higher after TAVR is associated 
with a twofold to fourfold increase in 1-year mortal-
ity, compared with patients who do not have clinically 
relevant paravalvular AR.68–70 By contrast, more than 
trace (grade 1) central AR after TAVR is rare (9–29% 
of patients, with only 1% moderate or higher),2,12 and 
could be related to post implantation dilatation with an 
oversized balloon. In rare instances, severe trans valvular 
regurgitation owing to structural dysfunction of the valve 
resulting in a ‘frozen’ leaflet has been reported.71,72

Paravalvular AR after TAVR has three main mecha-
nisms.67,68 First, suboptimal placement of the prosthe-
sis, with incomplete sealing of the annulus by the skirt 
owing to ‘too high’ or ‘too low’ positioning of the pros-
thesis. Second, incomplete apposition of the stent 
frame owing to calcification of the annulus, the native 
leaflets, or the left ventricular outflow tract (device 
landing zone). Third, mismatch between the size of the 
annulus and the size of the prosthesis owing to under-
sizing of the replacement aortic valve. Correct sizing 
of the annulus with mild oversizing should ensure that 
the prosthesis is large enough to minimize paravalvu-
lar AR, without excessive oversizing, which could lead 
to annular injury.50,52,73,74 Although echocardiography 
was used to determine aortic annulus size during the 
initial experience of TAVR, studies conducted since 2010 
suggest that multidetector CT could improve the accu-
racy of assessment and extent to which the results can 
be reproduced, potentially leading to a decrease in the 
incidence of paravalvular AR.73–76 Accurate prosthesis 
positioning requires definition of the delivery angle and 
guidance during implantation, using angiography, trans-
oesophageal echocardiography, or dedicated real-time 
navigation tools.77 Technical improvements, such as the 
addition of sealing cuffs, in devices under development 
have also shown encouraging reductions in the rate of 
paravalvular AR.78
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When clinically relevant (≥grade 2) AR is observed 
after valve implantation, once the regurgitation is deter-
mined to be central or paravalvular (ideally using trans-
oesophageal echocardiography), several interventional 
strategies are possible.69,70 In case of a central leak, the 
guidewire should be withdrawn. If moderate or severe 
regurgitation persists, valve-in-valve implant ation 
should be performed. In the presence of paravalvu-
lar AR with incomplete apposition of the stent frame 
owing to severe calcification of the native valve, post-
implantation balloon dilatation of the valve prosthe-
sis can allow greater valve expansion and reduction of 
paravalvular AR. However, the potential beneficial effect 
on AR should be balanced against the increased risk of 
annulus rupture, and caution is required in the presence 
of extensive calcification of the device landing zone or 
shallow sinuses of Valsalva. If paravalvular AR results 
from suboptimal placement of the prosthesis, valve-
in-valve implantation can be performed (Figure 5). 
In addition, in the specific case of a ‘too low’ implant-
ation of a CoreValve®, a manoeuvre for snaring the 
frame and pulling back the valve has been described.79 
Percutaneous paravalvular leak closure after TAVR has 
also been reported.80

Valve malpositioning
Valve malpositioning includes migration after initial 
correct positioning, in which the valve prosthesis moves 
up or down within the aortic annulus from its initial 
position with or without consequences; embolization, in 
which the valve prosthesis moves during or after deploy-
ment such that it loses contact with the aortic annulus; 
and ectopic deployment, in which the valve prosthesis 
is permanently deployed in a location other than the 
aortic root.7 Although malpositioning generally occurs 
immediately during or after valve implantation (with 
diagnosis during the procedure or on the angiographic 
control study performed immediately after implant-
ation), delayed valve migration has been reported in rare 
instances and has been associated with acute heart failure 
and cardiogenic shock.81,82

The overall incidence of valve malpositioning during 
TAVR is 1.3%.11 The rate has been reported to be higher 
with the CoreValve® (2.3%) than with the Edwards 
SAPIEN® valve (1.0%), although the difference was not 
significant.11 In the PARTNER trial,83 valve embolization 
occurred in 1% of TAVR procedures, with high 30-day 
all-cause mortality (27%). In a series of seven patients 
with ectopic deployment of a balloon-expandable valve 
at the time of implantation, six patients remained alive in 
NYHA class I or II heart failure at the end of the follow-up 
period (mean 3 years; one patient died from an un related 
cause).84 Similar outcomes were observed in another 
study after malpositioning of self-expandable valves.79

There are several possible reasons for valve mal-
positioning. Spontaneous migration or embolization 
can occur with erroneous assessment of the annulus 
size and implantation of an undersized valve prosthe-
sis, or incorrect positioning (too high or too low, often 
owing to inadequate visualization of the valve plane).83,84 

For balloon-expandable valves, valve malpositioning 
can occur if rapid ventricular pacing is insufficient or 
is term inated before complete deflation of the balloon 
during valve implantation. Other conditions that can 
predispose the patient to valve malpositioning are the 
presence of a bulging hypertrophied interventricular 
septum, a mitral valve prosthesis, or severe calcification 
of the mitral annulus extending towards the anterior 
mitral leaflet and the left ventricular outflow tract.

Adequate visualization of the native aortic valve plane 
before prosthetic valve implantation is important in 
avoiding valve malpositioning, with all three sinuses of 
the aorta lying on a line with the long axis of the valve 
positioned perpendicular to this line.84 Preprocedural 
CT or dedicated real-time navigation tools can, there-
fore, be useful to determine the correct plane.77 For 
balloon-expandable valves, the operator should always 
verify the efficiency of rapid ventricular pacing before 
valve implantation, and ensure that the balloon is com-
pletely deflated before pacing is terminated. In addition, 
slow balloon inflation during implantation might also 
reduce malpositioning.

Treatment of a malpositioned valve depends on the 
type of implanted prosthesis, the site of final deploy-
ment, and the potential haemodynamic consequences 
of malpositioning (such as paravalvular regurgita-
tion or coronary occlusion). Malpositioning of self-
expandabl e valves is usually treated either by pulling 
the valve back towards the aorta with a snare,80 or 
implant ation of a second valve-in-valve, which can also 
be performed when a balloon-expandable valve has 
migrated. Treatment of aortic embolization of a balloon-
expandabl e valve should involve retrieval of the valve 
within the descending aorta using an inflated balloon 
placed within the prosthesis. In addition, avoiding with-
drawal of the guidewire is imperative to prevent inver-
sion of the valve prosthesis. Conversely, management of 
ventricular migration might require emergency surgical 
removal of the valve, although transapical extraction or 
balloon recapture and repositioning within the aortic 
valve or the aorta are also p ossible (Figure 6).31,83,85

a b

Figure 5 | Paravalvular regurgitation after transcatheter aortic valve replacement. 
a | Severe paravalvular aortic regurgitation with complete and dense opacification 
of the left ventricle during aortic angiograph owing to a ‘too low’ implantation of a 
31 mm CoreValve® (Medtronic CV, Luxembourg). b | Implantation of a second 
valve-in-valve (CoreValve®) resulted in reduction of the regurgitation (graded as mild).
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Coronary obstruction
Coronary obstruction is defined as angiographic or echo-
cardiographic evidence of a new, partial, or complete 
obstruction of a coronary ostium during or after TAVR.7 
Confirmation of coronary obstruction is usually obtained 
using aortography after valve implantation or, if the 

diagnosis remains in doubt, by selective angiograph y 
of the obstructed coronary artery.

Coronary obstruction is a rare complication, with a 
reported incidence of 0.8%.11 The risk of this compli-
cation seems to be higher (incidence 3.5%) for patients 
undergoing valve-in-valve procedures for the treat-
ment of a degenerative bioprosthetic aortic valve.86 In 
a review of published cases, coronary obstruction was 
more common in the left main than in the right coro-
nary artery (83.3% vs 12.5%).87 Mean in-hospital mortal-
ity after coronary obstruction was 8.3%, which is similar 
to overall hospital mortality after TAVR.87 However, 
this rate might be an underestimate as publication bias 
towards cases in which patients survived is likely.

Coronary obstruction is usually caused by displace-
ment of the calcified native leaflet over the coronary 
ostium (Figure 7).87 Although concerns about coro-
nary obstruction by the structures of the valve prosthe-
sis itself (such as the frame or the cuff) have been raised 
since the inception of TAVR, no such cases have been 
reported to date. A distance ≤10 mm between the coro-
nary ostia and the aortic annulus has been suggested as 
an identifier of patients at risk of coronary occlusion.88 
However, in 60% of the cases reported in a systematic 
review by Ribeiro and colleagues, the coronary ostia 
height was >10 mm.87 Therefore, other factors might be 
involved, such as the presence of bulky calcium nodules 
on the coronary leaflets or a narrow aortic root with 
shallow sinuses of Valsalva, which leave little room to 
accommodate the displaced native leaflets.87

As coronary obstruction is likely to be the result of 
anatomical factors, selection of patients on the basis 
of assessment using multidetector CT might prevent 
this complication. Indeed, TAVR should probably be 
discouraged in patients with a coronary ostia height 
<10–12 mm, especially if associated with the presence 
of bulky calcium nodules on the coronary leaflets and a 
narrow aortic root (<27–28 mm) with shallow sinuses of 
Valsalva. In borderline patients, aortic root  angiography 
during balloon aortic valvuloplasty can predict the risk 
of coronary obstruction by visualization of the displace-
ment of the native aortic leaflet and the flow in the coro-
nary artery.89 If the risk of coronary artery obstruction is 
substantial and surgical valve replacement is absolutely 
contraindicated, one option is to establish an additional 
arterial access route and to place one or more protection 
0.014 inch guidewires in the coronary artery through 
a guiding catheter, which will be pulled back into the 
ascending aorta before valve implantation.90 This s trategy 
allows rapid intervention if PCI is required.

Confirmation of coronary obstruction requires 
prompt treatment owing to the high risk of haemo-
dynamic collapse. Emergency PCI should be attempted 
immediately, with the implantation of a stent to restore 
coronary patency. As warranted for all TAVR procedures, 
circulatory assistance should be immediately available 
to address any refractory haemodynamic instability. 
Emergency CABG surgery has also been described in 
this setting, although this option should be used only as 
a last resort in these high-risk patients.10,87

a

c d

b

Figure 6 | Valve embolization after transcatheter aortic valve replacement. 
a | Ventricular embolization of a 23 mm Edwards SAPIEN XT® (Edwards 
Lifesciences Corporation, Irvine, CA, USA) valve after implantation from the 
transapical approach. b | The embolized valve was recaptured with the inflation 
balloon and pushed into the aorta. c | Final position of the embolized valve with 
ectopic deployment in the proximal descending aorta. d | A second Edwards 
SAPIEN XT® valve was successfully implanted in the aortic valve (arrow).

a b

Figure 7 | Coronary obstruction after transcatheter aortic valve replacement. 
a | Angiogram showing complete occlusion of the left main coronary artery. The 
patient died despite cardiopulmonary resuscitation, extracorporeal membrane 
oxygenation, and emergency cardiac surgery. b | Postmortem examination showing 
the left main coronary artery ostium (black arrow) covered by the displaced native 
aortic valve leaflet (white arrow).
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Conclusions
Major progress has been achieved during the past 
decade in the prevention and management of compli-
cations related to TAVR. Advances have been primar-
ily as a result of a multidisciplinary approach by the 
‘heart team’ enabling improved patient selection and 
optimal management of complications. Continuous 
patient assessment after TAVR, and reporting of adverse 
events according to standardized definitions, should be 
encouraged, particularly as new devices are developed, 
to further improve the outcome of patients under going 
this procedure. Improved outcomes among patient 
populations currently indicated to undergo TAVR will 
also be mandatory before this t echnique can be used in 
lower-risk patient populations.

In the future, the main areas of research will include 
miniaturization of delivery systems to decrease vascular 
access-site complications, and embolic protection devices 
and improved antithrombotic regimens for prevention of 

stroke. In addition, upcoming transcatheter heart valves 
with enhanced paravalvular sealing, and new imaging 
techniques allowing improved valve prosthesis sizing and 
positioning, should also result in a decreased incidence 
of paravalvular AR.
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“regurgitation”, “malposition”, “migration”, “embolization”, 
and “coronary obstruction”. We selected full-text articles 
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CORRECTION

Mechanisms and management of TAVR‑related complications
Amir-Ali Fassa, Dominique Himbert & Alec Vahanian

Nat. Rev. Cardiol advance online publication 8 October 2013; doi:10.1038/nrcardio.2013.156

In the version of this article originally published online, the sentence “The Claret CE 
Pro™ system (Claret Medical, Inc., Santa Rosa, CA, USA; Figure 2a) consists of...” 
should have read “The Claret Montage™ Dual Filter System (Claret Medical, Inc., Santa 
Rosa, CA, USA; Figure 2a) consists of...”. The error has been corrected in the HTML 
and PDF versions of the article.

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/nrcardio.2013.156



