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Introduction
Somewhat surprisingly, transcatheter treatment of valvular heart disease was first conceived
as far back as 1965. Davies devised a catheter-mounted cone-shaped valve as a potential
therapy for aortic insufficiency [1], and paved the way for the development of a variety of
transcatheter devices for the treatment of aortic insufficiency over the next 25–30 years [2–4].
Real progress in the field was not realized until 1986, when Professor Alain Cribier performed
the first balloon aortic valvuloplasty (BAV) for the treatment of severe aortic stenosis [5].
Unfortunately, the impressive acute hemodynamic outcomes were diminished by valve
restenosis, and symptoms typically recurred within 6–8 months of therapy [6–12]. Nevertheless, BAV demonstrated, for the first time, that transcatheter treatment of aortic stenosis was
feasible, and with refinement could be an effective treatment for the 30–60% of patients who
are refused surgery [13–16].
In 2002, some 15 years after performing the first BAV, Cribier implanted the first in-human
balloon-expandable transcatheter heart valve. A first generation 23 mm bovine pericardial
stent valve developed by Percutaneous Valve Technologies (Fort Lee, NJ), was implanted using
a 24 Fr catheter delivery system [17]. The recipient was a 57-year-old man with refractory
cardiogenic shock secondary to severe aortic stenosis, who was denied traditional aortic valve
surgery (Fig. 14.1). Significant peripheral arterial disease necessitated antegrade implantation
using a transvenous approach and transeptal puncture. After valve implantation, the transvalvular aortic gradient was <10 mmHg and the aortic valve area increased to 1.7 cm2. Based on
this initial success, the first series of 40 patients underwent implantation of a modified heart
valve, the Cribier–Edwards valve, using an antegrade transeptal approach [18].
(a)

(b)

Fig. 14.1 (a) The first patient to undergo transcatheter aortic valve implantation (April 16, 2002) using the first
generation balloon expandable valve (b) that housed trileaflet bovine pericardial leaflets. Image courtesy of the
PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.
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The challenging nature of antegrade transvenous transcatheter aortic valve implantation, and
not infrequent hemodynamic instability encountered due to mitral valve tethering and injury,
motivated the development of alternative implantation strategies. The retrograde approach via
the femoral artery (transfemoral) and the antegrade approach via the apex of the left ventricle
(transapical) were developed using the Edwards LifeSciences system (Irvine, CA) [19].
In July 2004, the CoreValve ReValving system (Paris, France) was first implanted (Fig.
14.2) [20]. Initially, these procedures were complex and time consuming, requiring general
anesthesia, cardiopulmonary bypass, and surgical cutdown of the femoral artery. However,
downsizing of the delivery catheter and increasing operator experience soon saw the majority
of procedures being performed percutaneously, under conscious sedation and local anesthesia, without cardiopulmonary support [21].

Fig. 14.2 The first generation CoreValve ReValving System bioprosthesis housing trileaflet bovine pericardial
leaflets. The current third generation Medtronic CoreValve bioprosthesis houses leaflets made of porcine pericardium.

A wealth of knowledge has been acquired with respect to patient selection, procedural
techniques, and post-procedure care over the last 10 years. These refinements have improved
patient safety and procedural outcomes.

Transfemoral Transcatheter Aortic Valve Replacement

Patient selection
Transcatheter aortic valve replacement (TAVR) is currently indicated for high or prohibitive
surgical risk patients with symptomatic calcific aortic stenosis (aortic valve area <1.0 cm2)
requiring aortic valve replacement.

Clinical criteria
TAVR was developed to treat the high or prohibitive surgical risk patient. This risk is usually
quantified using several cardiac surgical risk algorithms [22–34]. However, these risk models
were developed using low to intermediate surgical risk patients and their reliability when
applied to high or prohibitive surgical risk patients is unclear [35–38]. To date, the logistic
EuroScore and the STS (Society of Thoracic Surgeons) Predicted Risk of Mortality score have
directed enrolment of patients into TAVR trials [22,33]. A logistic EuroScore ≥15% or STS
score ≥10% define the high surgical risk patient for trial inclusion [39,40]. The logistic EuroScore tends to overestimate the observed mortality risk of high-risk patients by a factor of 2–3
[35,36], and therefore the STS score may be more reliable [58]. Evidently, clinical judgment
should always supersede surgical risk algorithms [41].

Anatomical criteria
Pre-procedure screening of the peripheral arterial vasculature and aortic valvular complex (left
ventricular outflow tract, aortic annulus, sinus of Valsalva, sinotubular junction, ascending
aorta) is required. This is achieved using a combination of transthoracic and transesophageal
echocardiography (TTE, TEE), multislice computed tomography (MSCT), and fluoroscopy/
angiography [42]. These data determine the most appropriate access route (i.e. transfemoral,
subclavian, apical, or direct aortic) and the transcatheter valve size [43].

Assessment of the arterial vasculature
Peripheral contrast angiography is the most practical, readily available, and cost effective modality for assessing the peripheral vasculature. In contrast, MSCT is associated with a higher
contrast load, higher radiation exposure, and is more expensive. However, MSCT provides
greater appreciation of vessel size, tortuosity, and calcific burden (Fig. 14.3) [44,45]. Using
contrast angiography, a SFAR ratio (i.e. outer sheath diameter to femoral artery minimal
luminal diameter ratio) of ≥1.05 was identified as a predictor of Valvular Academic Reseach
Consortium (VARC) major vascular complications and 30-day mortality [46,47]. This ratio
increased to 1.10 in non-calcified vessels and decreased to 1.00 in the presence of calcium. The
utility of the SFAR criteria in MSCT is unclear.
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Fig. 14.3 MSCT scans provide the ability for 3D multiplanar reconstructions and therefore can provide superior information about minimum vessel diameter, tortuosity, and degree of calcification than a peripheral
angiogram. (a, b) Cross-sectional measurements of the right common iliac artery. (c, d) Cross-sectional measurements of the right common femoral artery at the intended puncture site. Image courtesy of the PCR-EAPCI
Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.

Assessment of the aortic valve annulus
For the purposes of TAVR, the aortic valve annulus corresponds to a virtual ring formed
by junction of the basal attachment points of the leaflets within the left ventricle (Fig. 14.4)
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Fig. 14.4 The aortic root extends from the basal attachment points of the aortic valve leaflets (aortic annular
plane) to their superior attachment points at the level of the sinutubular junction. There are three circular
rings within the aortic root: (i) a virtual ring (i.e. without histologic demarcation) formed by joining the basal
attachments of the aortic valvular leaflets; (ii) a ring at the anatomic ventriculo-arterial junction identified histologically as the transformation zone between aortic wall tissue and ventricular myocardium; and (iii) a ring at
the sinutubular junction found at the apical attachment points of the aortic valvular leaflets. The “curtain-like”
attachment line of the aortic valvular leaflets forms the crown-like ring. For purposes of transcatheter aortic
valve sizing, it is the diameter of the virtual basal ring that is taken into consideration. Image courtesy of the
PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.

[48]. This plane represents the transition from the left ventricular outflow tract into the aortic
root. The non-circular shape of the aortic valve annulus has generated much debate about
how best to measure its diameter for the purposes of transcatheter aortic valve size selection
(Fig. 14.5) [49–51]. Currently, MSCT appears to be the most suitable method for assessment
of aortic annulus dimensions. MSCT multiplanar reconstructions provide coronal, sagittal,
and axial images of the aortic root [52,53]. On the axial view, the maximum and minimum
diameter, perimeter, and area of the annulus can be measured. According to MSCT data, the
mean difference between the maximum and minimum diameter of the non-circular aortic
annulus is 6.5 mm (95% confidence interval, 5.7–7.2) [49,50]. Depending on the orientation,
two-dimensional echocardiography appreciates only one view of the aortic annulus, and usually underestimates the annulus diameter with respect to MSCT. With this in mind, the use
of two-dimensional measurements (TEE, TEE, contrast aortography) for transcatheter valve
sizing is potentially problematic. Nevertheless, two-dimensional echocardiography remains
the most commonly used method to assess the aortic valve annulus diameter, though a shift
towards MSCT is emerging.
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Fig. 14.5 MSCT axial cuts of the aortic annulus from 12 patients demonstrating that the aortic annulus is in
fact non-circular. The difference between the maximum and minimum diameter measurements of the aortic
annulus is on average 6.5 mm with a standard deviation of approximately 2 mm. The non- circularity of the
aortic annulus limits applicability of two-dimensional imaging in estimating the annulus diameter for transcatheter valve sizing. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine
Textbook, 2012, Europa Publishing.

Approved device description
Current TAVR systems consist of three components: (i) the loading system; (ii) the delivery
catheter; and (iii) the bioprosthetic aortic valve.

Edwards NovaFlex transfemoral system
The Edwards NovaFlex transfemoral system comprises the Edwards Sapien XT transcatheter
heart valve (THV), the NovaFlex delivery system, the Edwards eSheath introducer sheath set,
the Retroflex dilator kit, Retroflex balloon catheter, Crimper, and the Atrion inflation device
(Fig. 14.6) [54,55].
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Fig. 14.6 Components of the transfemoral NovaFlex system.

The Edwards Sapien XT THV is a balloon-expandable valve consisting of a radiopaque
cobalt-chromium frame, trileaflet bovine pericardial leaflets, and polyethylene terephthalate
fabric skirt. The leaflets are manufactured according to matching technology and the Edwards
Thermafix anticalcification process. The Edwards Sapien XT THV is currently available in
four sizes (20, 23, 26, and 29mm) and can be implanted in native annuli with diameters of
16–27 mm (Fig. 14.7). Novel features of the delivery system include: (i) the deflectable NovaFlex delivery catheter, which has a tapered distal tip to facilitate crossing the native aortic
valve; and (ii) the Edwards eSheath with dynamic expansion mechanism (DEM) that allows
the sheath to transiently expand as the delivery system is advanced. The eSheath has an outer
diameter of 6.6 mm (20 Fr) and 7.2 mm (21–22 Fr) for implantation of the 23 and 26 mm
THVs, respectively.
20 mm THV

23 mm THV

Annulus size in mm

26 mm THV

29 mm THV

24–27

21–25

18–22

16–19
16

17

18

19

20
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Fig. 14.7 The Edwards Sapien XT showing three of the available sizes.
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Medtronic CoreValve system
The Medtronic CoreValve System comprises the CoreValve bioprosthesis, AccuTrak delivery
catheter system, and a disposable loading system (Fig. 14.8).
(a)
AccuTrak stability layer
15Fr

12Fr

90.9cm

(80% of the working length)

Stability layer cap
2.5
cm

18Fr
7 cm

Additional flush port
for stability layer

Working length = 112.5 cm

(c)

(b)

Fig. 14.8 The Medtronic CoreValve system comprises (a) the AccuTrak delivery catheter, (b) the five-piece
disposable loading system, and (c) the bioprosthetic valve.

The current (third generation) Medtronic CoreValve bioprosthesis is a self-expandable valve
manufactured from a radiopaque nitinol support frame, trileaflet porcine pericardial leaflets,
and porcine pericardium fabric skirt. From 2012, the valve leaflets will undergo tissue treatment with alphaamino-oleic acid to reduce calcium deposition [56]. The nitinol support
frame is a diamond cell pattern with various strut lengths and widths designed to expand to
a non-uniform cylindrical “hour-glass” shape with three distinctive structure–function levels
(Fig. 14.9). The inflow section has high radial force to anchor and seal against the native outflow tract and aortic valve to minimize paravalvular aortic regurgitation. The middle section
houses the leaflets and has high hoop strength to minimize deformation and ensure optimal
leaflet geometry. The outflow section sits in the ascending aorta, has low radial force, and
functions to orient the prosthesis in the direction of blood flow.
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Fig. 14.9 The CoreValve bioprosthesis is characterized as a self-expanding multilevel frame with three distinct
areas of form and function: (i) the inflow portion of the frame has high radial force and functions to anchor
the prosthesis against the aortic annulus and aortic valve leaflets and together with the skirt creates a seal to
mitigate paravalvular aortic regurgitation. (ii) The constrained portion of the frame houses the leaflets and has
high hoop strength thereby resisting deformation and maintaining optimal leaflet geometry. Furthermore, this
portion is constrained and was designed to avoid the coronary arteries. (iii) The outflow portion of the frame
has low radial force and sits in the ascending aorta and was designed to orient the prosthesis in the direction
of blood flow.
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Fig. 14.10 The Medtronic CoreValve showing the four sizes currently available; in 2012.
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The CoreValve is available in four sizes (23, 26, 29, and 31 mm) and can be implanted in
native annuli with diameters ranging from 20 to 29 mm (Fig. 14.10). It can be implanted via
the femoral artery, subclavian artery (57–59), and through a direct aortic access. The AccuTrak delivery catheter provides greater stability and precision during valve deployment than
its predecessor and has an outer diameter of 18 Fr at its distal end (Fig. 14.11) [60].

Inner shaft

Retractable
shaft

AccuTrakTM
stability
layer

Fig. 14.11 The AccuTrak stability layer is an additional layer that isolates the retractable delivery sheath from
the introducer and patient anatomy, thus providing a stable platform for deployment. The aim of the AccuTrak
stability layer is to mitigate the forward motion (i.e. towards the ventricle) of the prosthesis during deployment
which was characteristic of the predecessor generation of delivery catheter.

Transfemoral TAVR: procedural steps
The generic steps involved in performing TAVR are outlined below [61,62].
1 Anesthesia: General or local anesthesia with mild sedation can be successfully used during
TAVR [63–73].
2 Anticoagulation: Administer heparin to achieve and maintain an activated clotting time
between 250 and 300 seconds. Typically, patients are loaded with 300 mg clopidogrel 24 hours
prior to the procedure.
3 Antibiotic prophylaxis: Performed according to hospital protocol.
4 Preparation of the prosthesis: Both bioprostheses are gently agitated in sterile physiologic
saline to remove the glutaraldehyde preservative. They are subsequently mounted and/or
crimped onto the delivery system.
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5 Temporary pacemaker implantation: A temporary pacemaker lead is placed into the right
ventricle, and pacemaker function is assessed under rapid pacing, 160–180 beats/minute, such
that systemic arterial pressure is reduced below 60 mmHg.
6 Supra-aortic angiogram: A pigtail catheter is placed in the non-coronary sinus to perform
a supra-aortic angiogram. The C-arm is angulated to where the nadir of all three leaflets is
in one plane, perpendicular to the viewing angle. This is typically located in a left anterior
oblique (approximately 10°) with some cranial or caudal (0–15°) angulation. Several ancillary
devices can be used to facilitate the optimal viewing angle for implantation [74–77].
7 Vascular access: Vascular access may be performed using a surgical arterial cutdown or percutaneously with aid of pre-closure vascular devices [78]. Vascular pre-closure of the femoral
arterial access site can be accomplished with one 10 Fr Prostar XL percutaneous vascular
surgical system (Abbott, Park, IL) or two 6 Fr Perclose ProGlide suture-mediated closure system (Abbott, Park, IL). A single puncture of the anterior wall of the common femoral artery
is recommended to avoid pre-closure vascular device failure. Contralateral contrast injections
and ultrasound-guided puncture can assist vascular puncture.
8 Vascular introducer sheath: Introduction and advancement of the large bore vascular
introducer sheath should be performed under fluoroscopic guidance over a stiff guide wire
(Amplatz Extra-stiff or Super-stiff). Any resistance encountered while advancing the sheath
should be carefully evaluated in order to avoid vascular complications.
9 Crossing the native aortic valve: A variety of catheters can be used to cross the native
aortic valve. The Amplatz left 2 is usually selected in patients with an enlarged or a horizontal
aortic root whereas the Amplatz left 1 is preferred in those with a small or vertical aortic
root. Straight-tipped guide wires should be used to cross the valve. Once crossed, the straight
guide wire is exchanged for a pre-shaped long Extra-stiff Amplatz guide wire (Cook Medical,
Bloomington, IN; for Edwards Sapien) or Super-stiff Amplatz guide wire (Cook Medical; for
Medtronic CoreValve). Pre-shaping of the distal tip is mandatory to reduce the risk of cardiac
perforation.
10 Pre-implant balloon aortic valvuloplasty: The Edwards Sapien system is equipped with
a custom retroflex 20 or 23 mm × 4 cm balloon dilation kit for the 23 and 26 mm valve sizes,
respectively. For the 26 and 29 mm Medtronic CoreValve devices, 22 mm × 4 cm and 25 mm
× 4 cm balloons are recommended for pre-implant dilation, respectively.
11 Prosthesis positioning and deployment:
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•

•

•

Edwards Sapien XT. The NovaFlex delivery system is advanced through the introducer
sheath until the prosthesis exits the sheath. Valve alignment is then performed in the
descending aorta and the delivery system is advanced, using the Flex Wheel to trasverse
the aortic arch. The native aortic valve is crossed, the Flex Catheter retracted and the prosthesis positioned (50–60% ventricular). Under rapid pacing, to reduce the systolic aortic
pressure <50 mmHg, the balloon is inflated, thus deploying the valve. After 4–5 seconds,
the balloon is deflated and then the rapid pacing terminated. Finally, the delivery system
is de-articulated and retracted across the aortic arch.
Medtronic CoreValve. The CoreValve is advanced across the native aortic valve and is
positioned such that its second horizontal radiopaque band lies at the level of the aortic
annular plane. In this position, the valve lies approximately 4 mm below the annulus, the
target implantation depth (Fig. 14.12). Once a baseline aortogram confirms the position
of the prosthesis, the CoreValve is deployed in four steps (Fig. 14.13):
i.	(i)The micro knob is turned clockwise, until the radiopaque ring reaches the second
radiopaque band of the prosthesis (Fig. 14.13b). An aortogram is then performed
to confirm the prosthesis target depth of 4 mm. At this stage, the prosthesis can be
repositioned either more cranial or caudal.
ii.	(ii)The micro knob is turned until the inflow portion of the valve is 40–50% away
from contacting the opposite annular surface (Fig. 14.13c). An aortogram is again
performed to re-confirm target depth. Again, the prosthesis can be repositioned
cranially or caudally.
iii.	(iii)The micro knob is slowly rotated until the inflow portion of the prosthesis comes
into contact with the opposite annular surface and an aortogram repeated. Further
micro knob rotation is performed until the valve is three-fourths deployed and again
an aortogram is performed. At this stage, slight cranial (but not caudal) repositioning of the CoreValve can be performed.
iv.	(iv)Further rotation of the micro knob is performed until complete deployment of
the CoreValve is achieved.
The stiff wire is withdrawn towards the tip of the nose cone and the delivery catheter is
removed from the left ventricle. The macro knob is then used to recapture the nose cone
in the descending aorta.

12 Verify valve position and performance, and rule out potential complications: After valve
deployment and removal of the delivery catheters and guide wires, the cardiac rhythm and
hemodynamic are carefully assessed. Severe bradycardia or high degrees of atrioventricular
block will require immediate temporary pacing. A low aortic diastolic pressure (<35 mmHg),
elevated left ventricular end-diastolic pressure, or near equalization of aortic diastolic and
left ventricular end-diastolic pressures suggest significant prosthetic valve regurgitation. Valve
performance should be assessed using contrast aortography and echocardiography. A supra-
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(a)

(b)

Fig. 14.12 The Medtronic CoreValve frame has a repeating diamond cell configuration. The junction between
diamond cells, known as “nodes” (encircled in black in (a)); can be seen as horizontal radiopaque bands on the
collapsed frame within the delivery catheter (b). The vertical distance between nodes at the inflow end is approximately 4 mm. The red dotted line represents an implantation depth of 4 mm (i.e. at the second horizontal
radiopaque band). These horizontal radiopaque bands are used to guide positioning of the prosthesis during
valve deployment.

aortic angiogram in the right anterior oblique (RAO) position is recommended to evaluate
valve position, estimate the degree of aortic regurgitation, and confirm patency of the coronary arteries. The severity and origin of aortic regurgitation is optimally assessed with TEE.
13 Vessel closure and hemostasis: Prior to securing the pre-closure sutures, it is strongly
recommended that a safety wire be placed from the contralateral femoral artery down the
ipsilateral femoral artery beyond the bifurcation [79]. This enables immediate intervention
of the ipsilateral femoral artery in case of vascular injury. A final contrast angiography of the
peripheral vessels should be performed to confirm hemostasis and rule-out vascular injury.
14 Post-procedural care: All patients should be monitored in an intensive care setting for
24–48 hours after valve implantation. Particular attention should be given to the neurologic
status, cardiopulmonary function, renal function, and vascular/ bleeding complications. Continuous telemetry monitoring is recommended for the duration of the hospital stay (4–10
days) [80,81].
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(a)

(c)

(b)

(d)

Fig. 14.13 Steps in deployment of the Medtronic CoreValve prosthesis. (a) The unsheathed prosthesis is positioned such that the second horizontal radiopaque band is at the level of the aortic annular plane. (b) Turn the
micro knob until the radiopaque ring reaches the second radiopaque band of the prosthesis. (c) Slowly turn the
micro knob until the inflow portion of the valve is 40–50% away from contacting the opposite annular surface.
(d) Continue to slowly rotate the micro knob until the inflow portion of the prosthesis comes into contact with
opposite annular surface. An aortogram may be repeated at this point; otherwise, continue to rotate the micro
knob until the prosthesis is three-fourths deployed. Before retracting the delivery catheter verify that the loading hooks of the valve frame are detached from the delivery catheter; this is best appreciated in two orthogonal views. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook,
2012, Europa Publishing.
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TAVR-related complications
Complications associated with TAVR are classified as cardiac or non-cardiac in origin (Box
14.1).
Box 14.1. Cardiac and non-cardiac complications of transcatheter aortic valve implantation
Cardiac
• Paravalvular aortic regurgitation
• Conduction abnormalities
• Atrial and ventricular arrhythmias
• Coronary obstruction
• Cardiac perforation
• Aortic root rupture
• Prosthetic valve dysfunction
• Embolization
• Transcatheter aortic valve thrombosis
• Transcatheter aortic valve endocarditis
• Mitral regurgitation and mitral valve injury
Non-cardiac
• Stroke
• Vascular injury
• Acute kidney injury

Cardiac complications
Paravalvular aortic regurgitation
A degree of post-implant aortic regurgitation (para-valvular or transvalvular) is observed in
70–90% of TAVR recipients, though less than 5% of cases have moderate to severe aortic
regurgitation [82–88]. Mechanisms of aortic regurgitation include: (i) transcatheter valve undersizing [87,89]; (ii) malpositioning [90,91]; (iii) malapposition, under expansion or recoil
of the transcatheter valve [92–94]; and (iv) malcoaptation or immobility of the valve leaflets
[95–97]. Delayed severe aortic regurgitation has also been reported [98–100]. The mechanism
of aortic regurgitation can usually be identified using TEE [85,101,102]. VARC recommends
using an integrative echocardiographic approach when quantifying aortic regurgitation
[101,102].
Management of significant aortic regurgitation depends on the underlying mechanism,
though treatment may include post-implant dilation, implantation of a second valve, or
repositioning of the frame using a snare (Fig. 14.14). Conversion to surgical aortic valve
replacement is required in less than 1% of cases.
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Conduction disturbance
The anatomic proximity of the aortic valvular complex and the conduction system explains the
potential for conduction disturbances following TAVR (Fig. 14.15) [48]. Indeed, the average
distance between the nadir of the non-coronary aortic valve leaflet and the left bundle branch is
only 6.3 ± 2.4 mm (Fig. 14.15) [103]. New-onset left bundle branch block occurs in 30–65% of
patients after Medtronic CoreValve implantation and in 7–18% [104–121] after Edwards Sapien implantation [122–124]. The long-term implications of new-onset left bundle branch block
after TAVR are unclear however anecdotal evidence suggests that it has a negligible impact on
1-year survival. Approximately 15–47% [104–121] and 4–21% [122–124] of patients require
a new permanent pacemaker after CoreValve and Edwards Sapien implantation, respectively.
(a)

(b)

(c)

(d)

Fig. 14.14 (a) Severe paravalvular aortic regurgitation following low implantation of the Edwards Sapien prosthesis. (b) Transcatheter aortic valve-in-transcatheter aortic valve (TAV-in-TAV) implantation was successful in
abolishing paravalvular aortic regurgitation. (c) Despite proper positioning, underexpansion of the CoreValve
prosthesis due to severe bulky calcification led to severe paravalvular aortic regurgitation. (d) Post-implant
dilation performed during rapid pacing was successful in abolishing the paravalvular aortic regurgitation. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa
Publishing.
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The most important predictors for new-onset conduction abnormalities after CoreValve implantation include a pre-existing right bundle branch block, baseline QRS duration (ms),
and the depth of prosthesis implantation (mm) [104–111,113–115,117–119,121,125,126]. A
CoreValve implantation depth of <6 mm has been found to mitigate conduction disturbances
[117]. Most patients needing a new permanent pacemaker are identified immediately after
valve implantation; however, a small percentage of patients may present with delayed conduction block. Therefore, temporary pacing should be maintained for 48–72 hours, especially
after CoreValve implantation. Indications for permanent pacemaker implantation after TAVR
are based upon the European Society of Cardiology guidelines [127,128].

(a)

(b)

Membranous
septum
Aortic-mitral
continuity

LCC
NCC
RCC

Site of left
bundle
branch

The bottom
of NCC
MS
D

Ant

NCC+HB

The lower edge
of MS

LV

DNCC-HB = 6.3+/–2.4 mm

Fig. 14.15 (a) Human heart specimen of the left ventricular cavity, aortic valve, and ascending aorta. Note
that the left bundle branch exits at the crest of the ventricular septum just beneath the membranous septum.
(b) More specifically, the left bundle branch exits below the membranous septum approximately 6.3 ± 2.4 mm
from the bottom of the non-coronary cusp of the aortic valve. Coincidentally, several investigators have noted
that conduction abnormalities following CoreValve implantation can be mitigated by implanting the prosthesis
≤6–8 mm from the aortic annular plane. Ant, anterior; Ao, aorta; LCC, left coronary cusp; LV, left ventricle;
MS, membranous septum; NCC, non coronary cusp; PPM, posteromedial papillary muscle pacemaker; RCC,
right coronary cusp. Green dotted line, site of left bundle branch block; blue dotted line, aortic mitral continuity. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012,
Europa Publishing.
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Cardiac arrhythmias
The reported rates of atrial fibrillation following TAVR vary considerably. A recent observational study found atrial fibrillation in 6% of patients following TAVR, as opposed to 33% in
those undergoing surgical aortic valve replacement [129]. In contrast, another study found
new-onset atrial fibrillation in 32% of patients undergoing TAVR. Importantly, new-onset
atrial fibrillation is associated with higher rates of stroke/system embolism, though not with
increased mortality [130].
Life-threatening ventricular arrhythmias (ventricular fibrillation/tachycardia) occur in up
to 4% of TAVR patients [19,131]. Multiple ventricular ectopic beats can be induced by the left
ventricular guide wire or delivery catheter, and can usually be terminated by repositioning.
Defibrillator pads should be placed for the entirety of the procedure and maintained until the
patient arrives in the intensive care unit.

Coronary obstruction
Occlusion of the left main coronary following TAVR occurs in less than 1% of cases [132–142].
Unsurprisingly, it frequently induces sudden hemodynamic compromise and death. The
diagnosis is usually suspected on the basis of hemodynamics, electrocardiogram (ECG) pattern, and/or contrast aortography. Hemodynamic support and re-establishment of coronary
perfusion is critical. The nature and severity of the coronary obstruction and hemodynamic
status determines the mode of revascularization (percutaneous or surgical).
Possible mechanisms for coronary obstruction include: (i) impingement of the coronary
ostia by the valve support structure; (ii) displacement of the native aortic valve leaflets towards
the coronary ostia during valve deployment; and (iii) embolization from calcium, thrombus,
air, and/or endocarditis. The width and height of the sinus of Valsalva, the height of the coronary ostia, and the bulkiness of the native leaflets play important roles in the pathogenesis of
coronary occlusion following TAVR.
A contrast aortography during balloon aortic valvuloplasty may be performed to evaluate the potential for coronary obstruction. If the aortography suggests an increased risk for
coronary obstruction, a safety coronary guide wire can be positioned into the coronary artery
with the guiding catheter retracted into the ascending aorta during valve implantation.

Cardiac perforation
Cardiac perforation has been reported in 2–4% of patients undergoing TAVR [131,143,144].
Potential mechanisms include right or left ventricular injury due to the temporary pacemaker
lead or stiff guide wire, respectively. Small hypertrophic left ventricular cavities (commonly
seen in elderly females), or inadequate pre-shaping or positioning of the left ventricular
support wire may increase the risk for this complication. Positioning of the left ventricular
stiff guide wire should be performed in the right anterior oblique projection and reassessed
throughout the procedure. Cardiac perforation and cardiac tamponade are usually suspected
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on the basis of hypotension and/or a new pericardial effusion, and are diagnosed using TTE.
Percutaneous pericardiocentesis and reversal of the anticoagulation are recommended.

Aortic annular rupture
Rupture of the annulus or aortic root is rare (<1%). This life-threatening complication is
difficult to predict, but typically occurs during balloon inflation (pre-implant balloon aortic
valvuloplasty or balloon-expandable valve implantation) (Fig. 14.16). A non-compliant aortic
valvular complex, bulky calcification, and aggressive balloon/prosthesis oversizing are possible risk factors. Depending on its location, rupture may result in a ventricular septal defect,
left ventricle-to-left atrial or left ventricle-to-right atrial shunt, or communication with the
extracardiac space. Contrast aortography usually reveals contrast extravasation confirming
the diagnosis. Emergent cardiopulmonary bypass support and surgical exploration is the
management of choice.

Fig. 14.16 Extravasation of contrast into the pericardial space due to aortic annular rupture. The injury likely
occurred immediately after aggressive balloon aortic valvuloplasty. Image courtesy of the PCR-EAPCI Percutaneous Interventional Cardiovascular Medicine Textbook, 2012, Europa Publishing.

Prosthetic valve dysfunction
Prosthetic valve dysfunction may manifest as symptoms and signs of valvular stenosis or
regurgitation. Careful clinical history and examination coupled with echocardiography (TTE
or TEE) are suggested to evaluate valve dysfunction [101,102]. Prosthetic valve dysfunction is graded as (i) normal, (ii) possible, or (iii) significant according to the VARC criteria
[101,102]. To date, there are limited case reports describing degeneration of transcatheter
valves [145,146].
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Embolization
Transcatheter valve embolization usually occurs during valve implantation and appears
to correlate with operator experience. Embolization may be caused by: (i) undersizing the
prosthesis; (ii) malplacement of the prosthesis; (iii) improper rapid pacing during valve
deployment or post-implant dilation; (iv) entanglement of a guide wire across the struts of
the prosthesis during valve re-crossing; (v) entanglement of the nose cone with the inflow
portion of the prosthesis upon retrieving the delivery catheter; and (vi) inadequate release of
the loading hooks of the frame from the delivery catheter. Delayed embolization, presenting
with unexpected hemodynamic compromise and severe aortic regurgitation, has also been
described [98,99].

Thrombosis
Valve thrombosis is defined as any thrombus attached to or near an implanted valve that interrupts blood flow, interferes with valve function, or is sufficiently large to warrant treatment.
Postmortem studies of patients implanted with the Edwards Sapien and CoreValve prostheses
have observed thrombotic material attached to the frame and/or leaflets [147]. To date,
transcatheter aortic valve thrombosis has been reported in only three individual case reports
[148–150].
Currently, dual antiplatelet therapy (aspirin and clopidogrel) is recommended for 6
months following TAVR, with aspirin continued indefinitely [131,151]. However, a singlecenter randomized study observed no differences in clinical outcomes between groups who
received dual antiplatelet therapy for 3 months versus aspirin alone [152].

Endocarditis
The diagnosis of prosthetic valve endocarditis can be made using the Duke criteria for endocarditis, during reoperation, or on autopsy [101,102]. Several case reports of bacterial or
fungal transcatheter aortic valve endocarditis have been reported involving both the Edwards
Sapien and Medtronic CoreValve systems [153–159]. These cases underline the importance of
adequate dental care prior to TAVR, the importance of pre-procedural antibiotics, and sterile
techniques during the procedure.

Mitral valve injury
Mitral valve injury associated with retrograde TAVR is rare. Resistance during the passage
of the delivery catheter into the left ventricle or observation of new mitral regurgitation on
TEE should raise the suspicion of catheter entanglement within the mitral valve apparatus.
Pre-procedural mitral regurgitation can be identified in up 75% of patients [160,161], and
improves in approximately one-third of patients, and worsens in one-third following TAVR.
Mitral annular calcification and deep implantation of the transcatheter valve into the left
ventricular outflow tract have been associated with worsening mitral regurgitation [160–163].
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Non-cardiac complications
Stroke
To date, observational series have reported 30-day stroke rates of 0–6% in patients undergoing
TAVR [83,131,164–166]. In the randomized PARTNER Cohort A trial, the neurologic event
rate (all strokes or transient ischemic attack) was nearly two-fold higher in the TAVR than in
the surgical group at 30 days and 1-year follow-up (5.5% versus 2.4% at 30 days, 8.3% versus
4.3% at 1 year) [151]. Similarly, in the randomized PARTNER Cohort B trial, the neurologic
event rate was higher in the TAVR than in the medical therapy group at 30 days and 1 year
(6.7% versus 1.7% at 30 days, 10.6% versus 4.5% at 1 year). Interestingly, one-third to one-half

(a)

(b)

(c)

(d)

Fig. 14.17 (a, b) Diffusion-weighted MRI of the brain of a 79-year-old patient before undergoing TAVR. (c, d)
corresponding diffusion-weighted MRI images of the same patient after a TAVR procedure showing multiple
silent cerebral infarcts (encircled in white). Image courtesy of the PCR-EAPCI Percutaneous Interventional
Cardiovascular Medicine Textbook, 2012, Europa Publishing.
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of strokes occurred between 2 and 30 days after the index procedure [131,151,167]. A history
of cerebrovascular disease is an independent predictor of neurologic injury after TAVR [168].
Post-TAVR magnetic resonance imaging (MRI) studies have observed new and multiple
silent cerebral infarcts in 68–83% of cases (Fig. 14.17) [169–174]. This suggests that most
strokes after TAVR are embolic in nature, a hypothesis corroborated by a recent study using
intra-procedural transcranial Doppler which found cerebral microemboli in all patients undergoing transapical TAVR [175]. Cerebral embolic protection devices such as the Embrella
(Edwards LifeSciences, Irvine, CA) and Montage System (Claret Medical, Santa Rosa, CA)
have been developed to prevent cerebral embolization and have received a European CE mark
(Fig. 14.18) [176,177]. These devices have the potential to reduce the incidence of clinical
stroke in TAVR recipients [178].

Vascular injury
Vascular complications have been reported in 2–30% of patients undergoing TAVR, and are
associated with increased short-term mortality [46,179–182]. Vascular injuries may include
dissection, rupture, thrombosis, stenosis, artery avulsion during sheath retraction, failure of
vascular pre-closure, arterial-venous fistula, and/or pseudoaneurysms. Femoral and iliac artery complications occur with near equal frequency, though dissections occur more frequently
in the femoral artery, and ruptures more common in the iliac artery [46]. Failure of vascular
closure devices is an important source of minor vascular complications [180]. Treatment is
again cause specific, and includes external femoral artery compression, prolonged balloon
inflation, implantation of bare/ covered stents, percutaneous endografts, or surgical repair.
Guide wires are easily advanced from the contralateral femoral artery to delivery hemostatic
occlusion balloons or stents when needed.
Serious vascular injuries can usually be avoided by: (i) careful vascular screening; (ii)
low threshold for using non-femoral access; (iii) consideration for surgical cutdown; (iv)
fluoroscopic guidance for advancing devices; and (v) never forcibly advancing materials.
Ultrasound-guided femoral artery puncture may also reduce vascular injury [21].

(a)

(b)

(c)

Fig. 14.18 (a) The Embrella device is implanted via a radial artery approach and sits across the aortic arch. (b)
SMT embolic deflection device (SMT Research and Development, Herzliya Pituach, Israel) is implanted via a
femoral arterial approach and sits across the aortic arch. (c) Montage System (Claret Medical, Santa Rosa, CA)
is implanted via a radial approach and each basket sits within a carotid artery.
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Acute kidney injury
Chronic kidney failure is present in 10–25% of patients undergoing TAVR. Acute kidney
injury (AKI) has been documented in 7–28% of patients following TAVR [80,183–187],
and both baseline renal dysfunction and AKI have been associated with increased 30-day
and 1-year mortality [183,185,186,188]. A variety of factors are predictive of AKI: history of
hypertension, peripheral arterial disease, logistic EuroScore, pre-procedural creatinine level,
and post-procedural aortic regurgitation >2+ [80,183–187]. Approximately 100– 120 ml of
contrast is used during a TAVR procedure, though the volume of contrast has not been linked
to the development of AKI. The need for in-hospital renal replacement therapy has been
reported in 1–10% of patients [183–187].

Clinical trial outcomes
Uniform definitions for clinical endpoints are of considerable importance when evaluating
and summarizing current TAVR data.

Valvular Academic Research Consortium
The VARC was established to arrive at a consensus (i) on the most appropriate clinical
endpoints reflecting device and patient effectiveness and safety, and (ii) to standardize the
definition of endpoints for valve-related clinical trials [101,102,189].

Summary of TAVR clinical studies
Table 14.1 summarizes the clinical outcomes of selected TAVR studies [39,80,131,151,166,
167,188,190–200].

PARTNER US Trial
The Placement of Aortic TraNscathetER Valve (PARTNER) US Trial was the first prospective, randomized-controlled trial for transcatheter heart valves. This trial consisted of two
individually powered patient cohorts (Cohort A and B). In Cohort A, the Edwards Sapien
prosthesis was compared with surgical aortic valve replacement in high-risk surgical patients
with severe aortic stenosis [151]. In Cohort B, the Edwards Sapien THV was compared to best
medical management in inoperable patients with severe aortic stenosis [167].

Cohort B results
In Cohort B, TAVR was superior to medical therapy and/or balloon aortic valvuloplasty for
all-cause mortality at 1 year (31% versus 51%, P <0.001, number needed to treat (NNT) = 5)
and at 2 years (43% versus 68%, P <0.001, NNT = 4) [167,201]. The observed rate of neurologic events (stroke and transient ischemic attack), were higher in the transcatheter group
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Table 14.1 Summary of clinical outcomes with transcatheter aortic valve implantation.
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than in the medical group at 2-year follow-up (16% versus 6%, P = 0.003), though the need
for hospitalization was 38% lower in the TAVR group compared with the medical group (35%
versus 73%, P <0.001). Quality of life, based on the Kansas City Cardiomyopathy Questionnaire (KCCQ) and SF-12 Health Survey, improved more in the transcatheter than standard
therapy group at 30-days and 1-year follow-up [202]. At 12-month follow-up, total costs were
significantly lower with TAVR compared with medical therapy: $29,352 versus $52,724 (P
<0.001) [203]. Incremental life expectancy of 1.9 years was noted with TAVR.

Cohort A results
In Cohort A, TAVR was non-inferior to surgical aortic valve replacement for all-cause mortality at 1 year (24% versus 27%, P = 0.001 for non-inferiority) [151]. The rate of neurologic
events was higher in the transcatheter group than in the surgical group at 30 days (5.5% versus
2.4%, P = 0.04) and at 1 year (8.3% versus 4.3%, P = 0.04). The rates of a composite of death
from any cause or major stroke were comparable between the transcatheter group and surgical
group at 30 days (6.9 versus 8.2%, P = 0.52) and at 1 year (26.5 versus 28.0%, P = 0.68). Both
surgical aortic valve replacement and TAVR improved disease-specific and generic healthrelated quality of life over 1-year follow-up [204]. For patients eligible for the transfemoral
approach, TAVR resulted in substantial quality of life benefit over surgery at 1 month with
similar benefits at 6-month and 1-year follow-up.

Specific patient subgroups
Failing surgical bioprosthetic valves
Elective redo aortic valve surgery is associated with an operative mortality rate between
2% and 7%, though this increases to more than 30% in high-risk and non-elective patients
[205–207]. In excess of 100 successful transcatheter aortic valve-in-surgical aortic valve
(TAV-in-SAV) implantations have been reported with the Medtronic CoreValve and Edwards
Sapien transcatheter heart valve for failing stented and stentless surgical bioprostheses [208].

Bicuspid valves
Congenital or acquired bicuspid aortic valve stenosis has been considered a contraindication
to TAVR. However, several successful case reports have been documented [209–216]. Anecdotally, stenotic bicuspid aortic annuli are larger and more eccentric than stenotic tricuspid
aortic valves, and thus MSCT is strongly recommended for transcatheter aortic valve sizing.

Lower surgical risk patients
Although TAVR was initially conceived for the treatment of high surgical risk or inoperable
patients, a recent observational report observed a shift toward the selection of lower surgical
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risk patients for TAVR [217]. This paradigm shift was associated with significantly better clinical outcomes in the lower (mean STS score 4%) than higher (mean STS score 7%) surgical risk
patients undergoing TAVR at 30-day and 6-month follow-up [218]. As further evidence of
this move towards lower surgical risk patients, the SURTAVI (SURgical aortic valve replacement versus Transcatheter Aortic Valve Implantation) and PARTNER II trials are expected to
randomize intermediate surgical risk patients with an STS score of 4–8% to TAVR or surgical
aortic valve replacement.

Future transcatheter aortic valve platforms
Several novel transcatheter aortic valve designs are undergoing human trials. Table 14.2 summarizes these devices.

Conclusions
Transcatheter aortic valve implantation has developed into a relatively mature, safe, and effective therapy for high or prohibitive surgical risk patients with severe aortic stenosis. Device
evolution and increasing operator experience have led to improved clinical outcomes. An
ever-growing array of clinical studies has improved our understanding of the etiology of cardiac and non-cardiac complications. Meticulous patient selection, procedural techniques, and
post-procedure care will further reduce these serious events. Compared with surgical aortic
valve replacement, paravalvular aortic regurgitation, stroke, and conduction abnormalities are
more common. A variety of novel transcatheter aortic valves are in development.
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Edwards SAPIEN XT
TF, TA, DAo
Balloon-expandable
Cobalt chromium
Bovine pericardium
Polyethylene terephalate
18F/19F
No

Heart Leaflet Technology
TF
Self-expandable
Nitinol
Porcine pericardium
Braided polyester
17F
Yes

Manufacturer
Access
Deployment
Support structure
Leaflets
Skirt
Delivery catheter
R3

Manufacturer
Access
Deployment
Support structure
Leaflets
Skirt
Delivery catheter
R3

Colibri Heart Valve
TF
Balloon-expandable
Stainless steel
Porcine pericardium
Porcine pericardium
14F/16F
No

Medtronic CoreValve
TF, SC, DAo
Self-expandable
Nitinol
Porcine pericardium
Porcine pericardium
18F
Partially

Table 14.2 A summary of various transcatheter aortic valves and their characteristics.

Medtronic Engager
TA
Self-expandable
Nitinol
Bovine pericardium
Polyester
26F
No

Direct Flow Medical
TF
Inflatable
Inflatable
Bovine pericardium
Polyester
18F
Yes

Jena Valve Technology
TA
Self-expandable
Nitinol
Porcine aortic root
Polyurethane
27F
Partially

Boston Scientific Sadra Medical
TF
Self-expandable
Nitinol
Bovine pericardium
Polyurethane
18F/20F
Yes

Symetis Acurate System
TA
Self-expandable
Nitinol
?
?
?
Yes

St. Jude Medical Portico
TF
Self-expandable
Nitinol
Bovine pericardium
Porcine pericardium
18F
Yes
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