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Abstract

Purpose of review As the number of surgical and transcatheter valve replacements continue
to increase in the aging population, so does the incidence of paravalvular leak (PVL). Given
its impact on morbidity and mortality, this article will focus on the epidemiology, clinical
presentation, diagnostic assessment, and available treatments for PVL.
Recent findings Despite being performed on inoperable and typically higher risk patients,
short-term complication rates of transcatheter PVL closure appear relatively low (G 10%).
When indirectly compared with surgical PVL closure, long-term mortality, reoperation
rates and degree of symptom improvement are similar. Nonetheless, current transcatheter
closure devices are off-label and repurposed from other indications. Further development
of percutaneous closure devices is an essential next step in order to improve and optimize
outcomes.
Summary In patients with surgical and especially transcatheter-replaced heart valves,
clinicians need to maintain vigilance for the presence of PVL, particularly in those with
new-onset heart failure or hemolysis. Multimodality imaging is essential to detect and
quantify PVL. Echocardiography (both transthoracic and transesophageal) is the backbone
of diagnosis and quantification, and cardiac computed tomography and cardiac magnetic
resonance imaging play an important role in defect characterization and in periprocedural
planning. For those patients who are unable to undergo surgery, transcatheter PVL closure
is an appropriate next step in management as it has similar outcomes to surgical

intervention when performed in a center of expertise.
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Introduction

Valvular heart disease affects approximately 2.5% of
people in the United States (U.S) and accounts for
1.9% of all U.S mortality [1]. The vast majority of cases
involve the aortic valve (AV) and/or the mitral valve
(MV). Prevalence is increasing across all ages but is most
common in those patients ≥ 75 years old [2]. As a result,
the number of valve surgeries continues to grow with
over 120,000 surgical valve procedures performed an-
nually in the U.S. [1] Since its approval in 2011 by the
Food and Drug Administration (FDA), the number of
transcatheter aortic valve replacements (TAVR) has also
been rising, with over 50,000 procedures performed in
2017. [3] With its recent approval for use in low-risk
surgical patients and the expectation that it will soon be
available for those with bicuspid aortic valves, this num-
ber is expected to continue to increase significantly.

Paravalvular prosthetic regurgitation (i.e. ,
paravalvular leak [PVL]) has been demonstrated in 5–
18% of all implanted surgical valves, with an incidence
of 2–10% in the aortic position and 7–17% in themitral
position [4–8]. PVL may result from tissue friability,
infection, or annular calcification. Pre-disposing surgical
factors include the use of a mechanical MV prosthesis
and supra-annular AV prosthesis, the use of sutures
without pledgets, or the use of continuous sutures in
the mitral position [9, 10]. Although PVL is significantly

more prevalent in patients undergoing TAVR, with an
estimated incidence of 50–85%, the majority is trace to
mild in degree [11]. Annular calcification, valve prosthe-
sis malpositioning, underexpansion, or undersizing can
result in poor apposition of the TAVR valve to the aortic
annulus and result in PVL.

While the majority of patients have subclinical PVL,
those with more significant regurgitation can develop
hemolysis, severe heart failure, or both. Previously this
was managed exclusively by repeat operation or, in cases
where repeat surgery was thought to be unsuitable, by
medical therapy. In the last two decades, transcatheter
closure of PVL has evolved as a viable option for these
patients. Indeed, according to the 2017 American Col-
lege of Cardiology/American Heart Association Focused
GuidelinesUpdate for themanagement of valvular heart
disease, transcatheter repair of PVL is a class IIa recom-
mendation in patients with prosthetic heart valves and
intractable hemolysis or New York Heart Association
(NYHA) class III/IV heart failure who are at high surgical
risk and have suitable anatomic features for transcathe-
ter closure in an experienced center [12].

Given the scope of this issue and the clinical
ramifications, this review will focus on the clinical
presentation, diagnosis, quantification, and manage-
ment of PVL.

Clinical presentation

PVL is clinically significant in 2–5%of patients with surgical valve replacements
[8]. The majority of clinical presentations are due to heart failure [13]. Over
time, chronic regurgitation can result in left atrial and left ventricular pressure
and volume overload with pulmonary edema and symptoms of heart failure.
However, even less severe regurgitation can cause heart failure if the receiving
chamber is non-compliant, making the degree of regurgitation alone insuffi-
cient to judge its contribution to patient symptoms [9]. Less commonly, pa-
tients present with signs and symptoms of hemolytic anemia, which develops
as a result of increased shear stress on red blood cells. This occurs more
frequently in patients with smaller paravalvular defects whereas larger defects
are typically associated with heart failure. It has been estimated that between 33
and 75% of patients with symptomatic PVL will have clinically significant
hemolysis [8, 14]. Hemolytic anemia often presents insidiously with new-
onset fatigue but can progress to include conjunctival and mucosal pallor,
petechiae, and even overt jaundice. Patients may require blood or platelet
transfusions in light of significant anemia. Importantly, it is estimated that
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Table 1. Echocardiographic and cardiac magnetic resonance imaging (CMR) parameters to assess the degree of paravalvular
leak for mitral valve prostheses

Grading of PVL severity in mitral valve prostheses
Mild Moderate Severe

Echocardiography

Structural parameters

LV size* Normal Normal to
moderately
dilated

Moderately or severely dilated

Prosthetic valve§ Normal Abnormal Abnormal

RV size and function* Normal Normal to
moderately
dilated

Moderately or severely dilated

Doppler parameters (qualitative or semiquantitative)

Color flow jet area
(Nyquist ≈ 50–60 cm/s)

Small, central jet (usually G
4cm2 or G 20% of LA area)

Variable Large, central jet (usually 9 8cm2 or 9
40% of LA area)

Variable size wall-impinging jet swirling
in LA

Proximal flow
convergence

None or minimal Intermediate Large

Jet density (CW)♭¶ Incomplete or faint Dense Dense

Jet contour (CW)¶ Parabolic Variable Early peaking, triangular, holosystolic

Pulmonary venous flow
(PW)#

Normal Systolic
blunting

Systolic flow reversal

Mean gradient (CW) Normal Increased ≥ 5 mmHg

Diastolic PHT (PW) Normal (G 130 ms) Normal (G
130 ms)

Normal (G 130 ms)

PASP* Normal Variable,
usually
increased

Increased (TR velocity ≥ 3 m/s, PASP ≥
50 mmHg at rest or with exercise)

Vena contracta width,
mm (color Doppler)

G 3 3–6.9 ≥ 7

Circumferential extent of
PVL, % (color Doppler)⌘

G 10 10–29 ≥ 30

MVPR:LVOT flow Approximately 1 Intermediate ≥ 2.5

Doppler parameters (quantitative)

RVol, mL/beat G 30 30–59 ≥ 60

RF, % G 30 30–49 ≥ 50

EROA, mm2 G 20 20–39 ≥ 40

CMR

RF, % G 30 30–49 ≥ 50

*Less applicable in the assessment of the degree of PVL as these parameters may have been previously abnormal and often are influenced by
other contributing factors
§Includes motion of the prosthetic sewing ring, valvular dehiscence, or leaflet abnormalities (for tissue prosthetic valves)
♭Care must be taken to avoid overgaining incomplete CW spectral tracings
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18–51% and 5–10% of patients will have subclinical hemolysis with contem-
porary mechanical and tissue prostheses, respectively (i.e., patients have labo-
ratory evidence of hemolysis without an associated anemia) [15]. Since patients
with PVL have an associated paravalvular defect, they are also at risk for the
development of endocarditis in the presence of bacteremia [16].

Like surgical valve replacement, PVL after TAVR can also result in heart
failure, hemolytic anemia, or endocarditis. Most recent estimates suggest that
moderate to severe PVL occurs in approximately 2.5% of patients post-
procedurally [3]. Studies evaluating the overall impact of mild PVL after TAVR
have yielded conflicting results [17]. While it was generally believed that only
moderate or severe regurgitation would affect long-term outcomes, analysis
from the PARTNER trial showed that even mild PVL after TAVR is associated
with increased mortality [18]. Conversely, other large registries have only
demonstrated adverse effects of moderate or greater PVL [19, 20]. Interestingly,
it has been suggested that PVL only impacts post-TAVR outcomes in patients
without pre-existing aortic regurgitation. Specifically, patients with small,
hypertrophied ventricles are unable to tolerate any increase in volume loading
from any degree of PVL, even if only mild in severity [20, 21].

New murmurs that could be consistent with paravalvular leak (i.e., a
holosystolic murmur in a patient with amitral prosthesis or a diastolic murmur
of aortic regurgitation in a patient with an aortic prosthesis) should be investi-
gated with further imaging. Conversely, however, clinically significant PVL may
only be associated with a soft murmur, so a high index of suspicion should be
maintained when evaluating a patient for possible PVL [9].

Diagnosis and evaluation of PVL
Echocardiography

Transthoracic echocardiography (TTE) is the initial diagnostic test of choice for
all patients with suspected PVL [22, 23]. Echocardiography is widely and readily
available, is non-invasive, and provides a direct evaluation of prosthetic valve
function. Two-dimensional (2D), three-dimensional (3D), and Doppler assess-
ment of the prosthetic valve should be performed, in addition to a comprehen-
sive cardiac evaluation of atrial and ventricular size and function, pulmonary
artery systolic pressure, and concomitant native valvular disease. Additionally,
given the association of PVL with endocarditis, careful investigation should be
pursued for independently mobile masses on either the prosthetic or native
valves.

¶Due to the eccentric nature of paravalvular regurgitation, jet density and contour may be altered and less reliable due to improper Doppler alignment
#Pulmonary venous flow may be blunted due to any cause of elevated left atrial pressure, including increased left atrial and left ventricular size,
atrial arrhythmias, or mitral valve obstruction. However, systolic flow reversal is specific (but not sensitive) for severe mitral regurgitation
⌘Measured as the sum of the circumferential lengths of each regurgitant vena contracta divided by the circumference of the outer edge of the
valve
PVL paravalvular leak, LV left ventricle, RV right ventricle, LA left atrium, CW continuous wave Doppler, PW pulsed wave Doppler, PHT pressure
half-time, PASP pulmonary artery systolic pressure, TR tricuspid regurgitation, MVPR prosthetic mitral valve, LVOT left ventricular outflow tract,
RVol regurgitant volume, RF regurgitant fraction, EROA effective regurgitant orifice area, CMR cardiac magnetic resonance imaging
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Table 2. Echocardiographic, cardiac magnetic resonance imaging (CMR), and cineangiography parameters to assess the
degree of paravalvular leak for aortic valve prostheses

Grading of PVL severity in aortic valve prostheses
Mild Moderate Severe

Echocardiography

Structural parameters

LV size* Normal Normal to
moderately
dilated

Moderately or severely dilated

Prosthetic valve§ Usually normal Variable Frequently abnormal

Valve position♮ Usually normal Variable Frequently abnormal

Doppler parameters (qualitative or semiquantitative)

Jet features:

- Proximal flow
convergence

- Absent - Variable - Present

- Multiple jets♮ - Possible - Often present - Usually present

- Jet path visible along
the stent♮

- Absent - Often present - Usually present

Diastolic flow reversal (PW) in:

- Proximal descending
aorta#

- None or brief, early
diastolic

- Intermediate - Holodiastolic
(end-diastolic velocity ≥ 20 cm/s)♩

- Abdominal aorta - Absent - Absent - Present

Jet density (CW)♭¶ Incomplete or faint Dense Dense

Jet deceleration rate
(PHT, CW)#

Slow (9 500 ms) Intermediate
(200 ms –
500 ms)

Steep (G 200 ms)

Jet width at its origin,
%LVOT diameter
(color Doppler)

Narrow to intermediate (G
30)

Intermediate to
large (30–59)

Large (≥ 60)

Vena contracta width, mm
(color Doppler)

G 3 3–5.9 ≥ 6

Vena contracta area, mm2

(color Doppler)
G 10 10–29 ≥ 30

Circumferential extent of
PVL, % (color Doppler)⌘

G 10 10–29 ≥ 30

Doppler parameters (quantitative)

RVol, mL/beat G 30 30–59 ≥ 60

RF, % G 30 30–49 ≥ 50

EROA, mm2$ G 10 10–29 ≥ 30

CMR

RF, % G 30 30–49 ≥ 50

Cineangiography

Aortography Contrast does not fill entire
LV and clears with each
cycle

Intermediate Contrast fills LV on first beat, with
greater density than in ascending
aorta
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While TTE is a superior method for the assessment of valvular gradients and
overall cardiac function, it is often limited by acoustic shadowing from me-
chanical components of prosthetic valves (e.g., bileaflet tilting discs), accrued
bioprosthetic leaflet or annular calcification, prosthetic valve sewing rings and
struts, or the TAVR prosthesis skirt. Acoustic shadowing not only precludes
visualization of prosthetic valve components but may also result in absence
of color Doppler signal with potential underestimation of the degree of PVL and
difficulty in delineating valvular vs. paravalvular regurgitation [24]. This is
especially true for the assessment of MV prostheses where PVL may only be
detected in off-axis imaging (e.g., subcostal views) or not seen at all. For aortic
prosthetic valves, posterior PVL may be missed due to anterior acoustic
shadowing. However, with careful assessment utilizing multiple imaging win-
dows (including parasternal long-axis, parasternal short-axis, apical 3-chamber,
and apical 5-chamber views), aortic prosthesis PVL can be interrogated
completely with TTE [25]. For all prosthetic valves, Doppler evaluation can be
a critical clue to the presence of significant or underestimated PVL (see Tables 1
and 2). This includes elevated Doppler velocities across prosthetic valves, dense
continuous wave Doppler tracings, rapid continuous wave Doppler decelera-
tion times, holodiastolic flow reversal in the descending aorta for aortic surgical
prosthesis and TAVR, or pulmonary vein flow reversal for mitral surgical pros-
theses [9, 26]. These Doppler findings should prompt further diagnostic
evaluation.

Transesophageal echocardiography (TEE) is usually the subsequent diag-
nostic test pursued in patients with suspected clinically significant or confirmed
PVL. TEE plays a major role in the delineation of the degree and mechanism of
PVL and is important in clarifying whether there is eccentric valvular vs.
paravalvular regurgitation. For patients with MV prostheses, TEE is the method
of choice for assessment of PVL given the degree of acoustic shadowing that is
present. Conversely, however, aortic prosthesis PVL (especially with a TAVR
valve) is generally well evaluated by TTE imaging. TEE imaging has the advan-
tage of imaging the posterior aspects of aortic prostheses but is limited by
anterior prosthesis acoustic shadowing. Thorough evaluation with
midesophageal and deep transgastric views is essential for complete quantifi-
cation of PVL [25]. 3D TEE can be invaluable in localizing PVL, particularly
intraoperatively, but suffers from the same shadowing limitations as 2D echo-
cardiography and generally has a lower spatial and temporal resolution [27].
Moreover, drop-out artifacts may occur leading to inappropriate diagnoses of

*Less applicable in the assessment of the degree of PVL as LV size may have been previously abnormal and is often influenced by other
contributing factors
§Includes motion of the prosthetic sewing ring, valvular dehiscence, or leaflet abnormalities (for tissue prosthetic valves or TAVR)
♮These variables are generally applied to the assessment of TAVR PVL, rather than surgically implanted prosthetic aortic valves
♭Care must be taken to avoid overgaining incomplete CW spectral tracings
¶Due to the eccentric nature of paravalvular regurgitation, jet density may be altered and less reliable due to improper Doppler alignment
♩Holodiastolic reversal may not be seen in patients with significant bradycardia
#These parameters are dependent on heart rate, LV, and aortic compliance
⌘Measured as the sum of the circumferential lengths of each regurgitant vena contracta divided by the circumference of the outer edge of the
valve
$Calculated by dividing the regurgitant volume by the time-velocity integral of the aortic regurgitant flow (CW)
PVL paravalvular leak, LV left ventricle, PW pulsed wave Doppler, CW continuous wave Doppler, PHT pressure half-time, LVOT left ventricular
outflow tract, RVol regurgitant volume, RF regurgitant fraction, EROA effective regurgitant orifice area, CMR cardiac magnetic resonance imaging
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PVL when no such defect exists. Therefore, integrating 2D and 3D imaging is
essential in accurate PVL diagnosis.

TEE is also an essential component of pre-procedural planning, particularly
if transcatheter closure will be performed. As such, during the interrogation of
prosthetic valves for the presence of PVL, it is also critical to localize the defect in
relation to the sewing ring, prosthetic valve leaflets or discs, and subvalvular
structures and to determine its size including the width and percent circumfer-
ence of the entire sewing ring. It is also crucial to rule out any active endocar-
ditis, excessive rocking motion of the prosthesis (i.e. dehiscence), or significant
valvular regurgitation, all of which preclude percutaneous closure. Finally, it
should be emphasized that PVL jets are commonly multiple, eccentric, and follow
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Fig. 1a. Transesophageal echocardiography images of a patient with PVL of a mechanical aortic valve (AoV) prosthesis showing a
long-axis view of an aortic valve with aortic regurgitation. From this image, it is not clear whether the regurgitation is valvular or
paravalvular. b, c Deep transgastric views demonstrate a visible tract around the aortic valve prosthesis with mild but highly
eccentric paravalvular aortic regurgitation. d Cineangiography with contrast injection during PVL closure shows a serpiginous and
eccentric course of the paravalvular defect. e In a different patient with mechanical mitral prosthesis paravalvular leak, the image
shows a multiplanar reconstruction of real-time 3D TEE data, which allows for accurate measurements of defect size and its vena
contracta. f 3D image of the mechanical prosthesis from a “surgeon’s view”with the left atrial appendage positioned laterally, at the
9 o’clock position. The aortic valve is not seen in this image but should be located anteriorly at 12 o’clock. The paravalvular defect in
this case is located laterally, at the 9–10 o’clock position (red arrows). g 3D echocardiography imaging after percutaneous closure
with two Amplatzer muscular ventricular septal defect occluder devices (AMVSDO, red arrows). The aforementioned lateral defect is
no longer visualized.
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serpiginous tracks, making them challenging to image and quantify by echocardi-
ography. Thorough prosthetic valve interrogation should be pursuedwithmultiple
views and off-axis imaging (if necessary) in order to best quantify the degree of PVL
and differentiate between valvular and paravalvular regurgitation (see Fig. 1a–c).

To ensure effective and consistent communication between the echo-
cardiographer, interventional cardiologist, and cardiac surgeon, a standard-
ized orientation and nomenclature are used to define paravalvular defects.
On 3D imaging, mitral valve prostheses are oriented such that the aortic
valve is located anteriorly at the 12 o’clock position, the interatrial septum
medially at the 3 o’clock position, and the left atrial appendage laterally at
the 9 o’clock position (see Fig. 1f). This is also known as the “surgeon’s
view.” Like mitral valve prostheses, aortic valve prostheses are oriented in
the short-axis view such that the location of PVL can be reported in terms
of a clock face. Alternatively, the origin of PVL can be identified with
respect to the native aortic valve cusp location (right, left, or non-
coronary cusps).

Cardiac CT
In situations where TTE and TEE are unable to clearly delineate the
extent and location of PVL, cardiac computed tomography (CT) has
emerged as a useful adjunct imaging technique. Cardiac CT is already
an important part of pre-operative planning in patients undergoing
TAVR. Pre-operative assessment with cardiac CT to assess the size and
shape of the aortic annulus has been shown to decrease the degree of
post-TAVR PVL compared with 2D echocardiography [28]. Moreover, it
can evaluate the location and degree of annular calcification, another
risk factor for PVL. Studies have mostly suggested that cardiac CT has no
advantage of PVL detection in comparison with 2D TEE, although a
recent study did suggest similar efficacy between the two in evaluation
of prosthetic mitral PVL [28–30]. Limitations of cardiac CT include its
requirement for intravenous contrast, the exposure to ionizing radiation,
and difficult cardiac gating for rapid or irregular heart rates. However,
cardiac CT can be invaluable in the anatomical characterization of PVL
in patients with significantly limited echocardiographic images and can
help define optimal fluoroscopic angles of the prosthetic annular plane
to be used for PVL closure [31].

Cardiac MRI
Like cardiac CT, cardiac magnetic resonance imaging (CMR) can be
utilized to diagnose and quantify the degree of regurgitation in patients
with AV and MV prostheses where TTE and TEE have failed to adequate-
ly do so. Importantly, virtually all prosthetic valves (including mechan-
ical valves) can be imaged by CMR [29]. Phase-contrast velocity map-
ping is performed in the short-axis plane just distal to the prosthetic
valve, with subsequent quantitation of regurgitant volume and
regurgitant fraction [32]. Given that total regurgitant volumes are mea-
sured, prior imaging should be used to delineate the degree of valvular
vs. paravalvular regurgitation. Important limitations of CMR include its
tendency to overestimate the degree of PVL compared with
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echocardiography due to incorporation of coronary flow and decreased
accuracy in the setting of arrhythmia. Nonetheless, CMR can play a
major role in quantifying PVL in the presence of multiple, eccentric,
and irregularly directed jets and when there is significant acoustic
shadowing on echocardiography [25, 33].

Cineangiography
While cineangiography with an aortic root injection can be used for the deter-
mination of the total degree of aortic regurgitation, this is typically relegated to
evaluation during TAVR given its invasive nature and contrast-associated risks.
Moreover, angiographic grading of aortic regurgitation correlates poorly with
other assessments of regurgitant severity and cannot reliably delineate central
and paravalvular aortic regurgitation [26, 33].

Quantitation of PVL

Once it has been established that there is paravalvular (rather than valvular)
regurgitation, quantification is essential. Estimating the severity of aortic PVL
can be very challenging due to acoustic shadowing and the “garden hose” effect,
wherein color Doppler may occupy the entire left ventricular outflow tract
despite blood only traveling through a small (albeit serpiginous) tract (see
Fig. 1a–d). Conversely, mitral PVL is easier to evaluate on TEE, with excellent
3D reconstruction for optimal localization and sizing of the defect prior to any
intervention (see Fig. 1f, g).

As alluded to in the previous section, quantification of PVL is typi-
cally accomplished through 2D and 3D echocardiography but may also
be assessed by cardiac CT, CMR, and cineangiography. Multiple grading
systems have been created for the evaluation of PVL, including a 3-class,
an angiographic 4-class, and a unifying 5-class grading scheme [8, 25,
26, 34–36]. All echocardiographic grading systems, however, integrate
2D assessment of the prosthetic valve (e.g., sewing ring motion, stent
and leaflet morphology), color Doppler (e.g., vena contracta area, cir-
cumferential extent of PVL, effective regurgitant orifice area), pulsed and
continuous wave Doppler (e.g., density of regurgitant waveforms, pres-
sure half time), ventricular size and function, and pulmonary artery
systolic pressure. Importantly, regurgitant fraction from CMR has also
been included in these schemata. See Tables 1 and 2 for examples of a
3-class grading scheme for PVL of mitral and aortic prosthetic valves,
respectively.

Treatment
Medical therapy

While medical therapy is an important component of symptom man-
agement for patients with hemolysis or heart failure due to PVL, there
are no known medical therapies to prevent or reverse PVL or its under-
lying cause [22, 23]. Only surgical repair or transcatheter intervention
provides definitive treatment.
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For patients with severe heart failure, medical management should mimic
the recommendations for patients with symptomatic mitral regurgitation and
aortic insufficiency. This includes diuretic therapy for volume overload and
afterload reduction in patients with hypertension [22, 23]. Similarly, in patients
with endocarditis, appropriate antibiotic therapy should be instituted.

For patients with hemolytic anemia, red blood cell destruction results
in accelerated erythropoiesis. As a result, patients should receive folic acid
and iron supplementation (either oral or intravenous) [15]. In some cases,
hemolytic anemia may be so severe to warrant transfusion, although there
is no agreed upon threshold to transfuse to, which is also influenced by
the patient comorbidities. In limited retrospective studies, beta-blockers
have demonstrated improvement in hemolytic anemia, postulated to occur
due to a decrease in red blood cell shear stress [37–39]. Similarly, eryth-
ropoietin has been used with some success in patients with PVL who were
unable to undergo surgical replacement but in small patient series [40].

Surgical replacement
Based on the 2017 AHA/ACC Focused Guidelines Update for the man-
agement of valvular heart disease, surgical valve replacement is a class I
indication for operable patients with mechanical valves with intractable
hemolysis or heart failure due to severe PVL [12]. For many patients,
surgical replacement may carry moderate or high operative risk. This is a
result of the necessity for a re-do operation and the fact that most
patients are typically older with a greater number of comorbidities.

AVP II AVP III* AVP IV

ASO

ADO

AMVSDO Occlutech* Occlutech*

Fig. 2. Paravalvular leak closure devices. These include the Amplatzer vascular plug (AVP) family of devices, Amplatzer duct occluder
(ADO), Amplatzer atrial septal occluder (ASO), Amplatzer muscular ventricular septal defect occluder (AMVSDO), and Occlutech devices
(rectangular and square shaped).
*Not available in the U.S.
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Moreover, until recently, the majority of patients who underwent TAVR
did so due to their intermediate or higher surgical risk at the time of
valve implantation.

Transcatheter repair
For patients with high surgical risk and severe, symptomatic PVL, transcatheter
repair carries a class IIa indication according to the 2017 AHA/ACC Focused
GuidelinesUpdate for themanagement of valvular heart disease [12]. Critically,
it should be noted that transcatheter repair of PVL is contraindicated in patients
with active endocarditis, rocking motion or instability of the prosthesis (i.e.,
valvular dehiscence) PVL involving 9 30% of the sewing ring (relative contra-
indication) [8].

Careful review of available images and discussion among team members are
key pre-procedural steps for optimal outcomes. Pre-procedural planning should be
performed using 2D and 3D TTE and TEE, in addition to cardiac CT scanning
which can help better define the extent and shape of PVL and can find the optimal
fluoroscopic angle. The chosen device(s) should be larger than the defects to avoid
embolization, but not so large so as to interfere with valve function, particularly
when intervening on mechanical valves. Interventional cardiologists should have
skill and facility with complex catheter techniques, including transseptal puncture,
wire snaring, rail creation, delivery of vascular plug devices, and most importantly
the integration of fluoroscopic and echocardiographic imaging. Intraprocedurally,
communication of cardiac imaging findings between the echocardiographer and
the interventional cardiologist is essential for defect localization, crossing of the
interatrial septum, device maneuvering, wire crossing of the paravalvular defect,
device positioning, assessing the degree of residual regurgitation, evaluation of
possible interference with valve function, and deciding on the need for further
intervention.

Importantly, no device has been specifically approved for PVL closure by the
FDA [31]. Rather, self-expander occluder devices are used in an off-label fashion
depending on the size and shape of the PVL (see Fig. 2). Themajority are Amplatzer
(St. Jude Medical [now Abbott], St. Paul, MN) devices and include the Amplatzer
vascular plug (AVP) family of occluder devices (AVP II, AVP III, and AVP IV), the
Amplatzer duct occluder (ADO I and ADO II), the Amplatzer atrial septal occluder
(ASO), and the Amplatzer muscular ventricular septal defect occluder (AMVSDO)
[41]. The AVP II and AVP IV devices are most commonly used in the U.S and have
the benefit of being re-capturable after deployment. The AVP III device, unique due
to its oblong shape, is only available in Europe. TheOcclutech (Occlutech, GmbH,
Jena, Germany) paravalvular leak device is the first device to be designed specifi-
cally for PVL closure, and while it has demonstrated initial success, it is also only
available in Europe [42].

Transcatheter closure of mitral valve prosthesis paravalvular leak
Transcatheter closure ofMVPVL is typically performed under general anesthesia
given the importance of concomitant TEE imaging. There are three main ap-
proaches to closure of mitral PVL and include the antegrade transseptal, retro-
grade transaortic, or retrograde transapical approaches [9]. The antegrade
transseptal approach is most commonly used and involves a transseptal punc-
ture with subsequent wire crossing of the paravalvular defect under TEE
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guidance. Importantly, a tip deflectable left atrial sheath is inserted that can be
steered in three dimensions, allowing for defect crossing and device placement.
For added support when deploying multiple devices, the “anchor wire” tech-
nique can be used (wherein a parallel “buddy wire” is maintained across the
paravalvular defect during the deployment of the first device allowing defect re-
access for the deployment of additional devices, if needed) or creation of a
“stable A-V rail” can be created (wherein the wire is snared in the descending
aorta via arterial puncture, or in the left ventricular cavity via transapical access).

Other techniques for transcatheter closure include the retrograde transaortic
approach, wherein arterial access is obtained, the AV is traversed, and the
paravalvular defect is crossed from the left ventricle into the left atrium. Subse-
quently, the wire is snared (by an independently performed transseptal punc-
ture), forming an arteriovenous rail for device delivery. Finally, for patients with
prior interatrial septal closure or those withmedially located defects, transapical
puncture should be considered. Although reported rates have varied widely,
complications of transapical access for percutaneous interventions include
hemothorax, pericardial effusion, and coronary laceration [43–45]. These are
generally associated with 6F sheath size delivery catheters and are more com-
mon when transapical closure devices are not used [43, 45].

Transcatheter closure of aortic valve prosthesis paravalvular leak
Since AV PVL can often be visualized with TTE imaging, transcatheter PVL
closure does not always necessitate the use of concomitant TEE (and therefore
general anesthesia). However, TEE is used in the majority of cases (especially
those with mechanical AV prostheses) for intraprocedural guidance.

For patients with AV PVL, closure is most commonly performed by
the retroaortic approach using femoral access [46]. Closure device deliv-
ery can occur using one of three techniques to enhance support and
maintain position across the defect. The catheter-only technique is typ-
ically used for small defects that require only one closure device. In this
approach, there is no remaining guidewire in the left ventricle after
deployment, and as such, it would create a challenge in crossing any
residual paravalvular defect. The anchor wire technique preserves access
across the defect by advancing a second wire into the left ventricle
adjacent to the closure device delivery system. Finally, if a more stable
rail is needed for deployment, a wire can be advanced across the
paravalvular defect, retrograde through the AV, and then snared in the
descending aorta and exteriorized to the contralateral femoral artery.
This arterio-arterial rail technique is not recommended for patients with
mechanical aortic valves due to the risk of immobilized leaflets and
rapid hemodynamic deterioration from aortic regurgitation. In these
situations, the rail wire may also be snared through a transseptal or
transapical approach.

One would expect that treatment of TAVR-related PVL is similar in principle
to treatment of PVL for surgically implanted aortic prostheses. However, there
are some important distinctions. First, for PVL that is due to TAVR
underexpansion or undersizing, primary therapy would be repetition of bal-
loon dilation. This would be suggested by PVL that is circumferential with
multiple small jets in a previously placed balloon-expandable valve [47]. For
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TAVR valves that are positioned too high or too low relative to the AV annulus,
valve-in-valve TAVR may be a more appropriate therapy. The remainder of PVL
closures, however, is technically similar to that of surgically implanted prostheses.
Importantly, these procedures may be complicated in TAVR patients owing to
significant annular calcification, the presence of sealing skirts, and the (generally)
smaller sized defects.

Outcomes and complications of transcatheter repair
Defined as mild or less residual regurgitation in the absence of death or major
complications, successful PVL closure is achieved in approximately 70–85% of
centers with procedural expertise [23, 48–51]. Successful reduction in residual PVL
has been associated with decreases in cardiac mortality, less cardiac reoperations,
and an improvement in NYHA functional class or hemolytic anemia [52, 53].
Similarly, residual leak after PVL closure has been correlated with increased all-
cause mortality and major adverse cardiac events (MACE) [48].

Despite its success, however, complications still occur in approximately 9% of
patients. In one study evaluating 115 patients, 30-day adverse event rates were
1.7% for sudden or unexplained death, 2.6% for stroke, 0.9% for emergency
surgery, 5.2% for periprocedural bleeding, and 1.7% for device embolization with
retrieval [50]. Another study examined 200 patients undergoing PVL closure,
noting a 7% rate of MACE at 30 days [54]. Interestingly, this same study empha-
sized the importance of center experience, with greater experience correlating with
decreases in fluoroscopy time, procedural time, length of hospital stay, andMACE.
Finally, 259 patients were evaluated in amulticenter series of PVL closures inwhich
the majority were in surgically implanted mitral and aortic valves [48]. After a
median follow-up of 110 days, adverse event rates included 16.2% for death, 6%
for recurrent valve surgery, 1.6% for significant hemolysis, 0.4% for device embo-
lization, and 0.4% for leaflet interference.

There have been no prospective comparisons of surgical vs. transcatheter PVL
repair, especially considering many patients are referred for transcatheter repair
because of their high surgical risk. Indirect comparisons suggest that outcomes are
similar. Surgical correction is associated with 30-day mortality of 8.8–11.5% and
long-term survival of 30–57.8% [48, 53, 55]. One meta-analysis examined 2373
patients who underwent surgical and transcatheter PVL closure [56]. Interestingly,
despite greater technical success in reducing PVL (96.7% vs. 72.1%), surgical
intervention appears to bring with it an upfront cost, including higher 30-day
mortality (8.6% vs. 6.8%), stroke (3.3% vs. 1.4%), and hospitalization duration.
However, by 1 year, there were no differences in mortality (17.3% vs. 17.2%),
reoperation rates (9.1% vs. 9.9%), NYHA class, or heart failure readmissions.

Future directions

While prospective comparisons between surgical and transcatheter closure for PVL
would be valuable, they are unlikely to occur in this population (many of whom
are declined for surgery due to their high surgical risk). Given the poor prognosis
associated with significant PVL and the inherent morbidity and mortality associat-
edwith repeat surgical intervention, transcatheter devices for PVL closure are poised
to play a more important role in future treatment. Importantly, the development
and testing of devices specifically dedicated to transcatheter PVL repair will be
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essential, particularly in light of the often irregularly and elliptically shaped defects.
Improvements in hybrid imaging (including echocardiography, cardiac CT, and
fluoroscopy) may also yield tangible results in terms of percutaneous PVL
management.
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