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Valve thrombosis after transcatheter and surgical aortic
valve replacement: Incidence and outcomes
Thomas J. Cahill, MB BS, DPhil, Omar K. Khalique, MD, Isaac George, MD, and Susheel Kodali, MD
Leaflet thrombosis (A, B) and restricted leaflet mo-
tion (C, D) following TAVR.

CENTRAL MESSAGE

This review summarizes the
epidemiology, risk factors, clinical
significance, and unanswered
questions related to leaflet
thrombosis on transcatheter and
surgical heart valves.

See Commentaries on pages 1316 and 1317.
Associate Editor’s Introduction—There is an increasing
trend toward the use of tissue valves in the aortic position
in younger patients, either as a percutaneous option using
the transcatheter approach (ie, transcatheter aortic valve
replacement) or as a potential “first-stage” with a bio-
prosthetic valve and an eventual valve-in-valve transcath-
eter aortic valve replacement down the road. One
argument made is that either of these approaches avoids
the need for long-term anticoagulation viz-�a-viz mechanical
valves. Newer imaging techniques have demonstrated sub-
clinical evidence of leaflet thrombosis in tissue valves that
could progress in time and alter the rationale for this
approach. In this invited expert opinion, the authors review
the current literature as well as providing the readership an
algorithm in the diagnostic approach and management of
patients with suspected leaflet thrombosis.

Abe DeAnda Jr, MD

Transcatheter aortic valve replacement (TAVR) is now the
treatment of choice for many patients with symptomatic
severe aortic stenosis and suitable anatomy.1 While there
is randomized trial data to support TAVR across the spec-
trum of surgical risk, there are remaining uncertainties that
limit widespread adoption of TAVR in younger and lower-
risk groups.2 One continued issue of concern is valve
thrombosis, which has been linked to valve dysfunction,
thromboembolism, and structural valve degeneration
(SVD).3

Valve leaflet thrombosis is seen on both transcatheter and
surgical bioprosthetic valves and occurs along a spectrum of
severity (Figure 1).4 When subclinical, leaflet thrombosis is
an incidental abnormality detected on 4-dimensional
cardiac computed tomography angiography (CCTA), visu-
alized as hypoattenuated leaflet thickening (HALT) or
reduced leaflet motion (RLM), often with no effect on valve
function or gradient. Clinical valve thrombosis, how-
ever, can result in severe valve dysfunction presenting
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with bioprosthetic valve stenosis, heart failure, or
thromboembolism.
Following initial reports of leaflet thrombosis affecting

transcatheter heart valves,5,6 the US Food and Drug Admin-
istration required that the low-risk TAVR trials include a
CCTA imaging cohort to further evaluate the significance
of HALTand RLM.7 Understanding the incidence, risk fac-
tors, clinical significance, and treatment of valve leaflet
thrombosis has been a focus of intense research over recent
years. This review outlines current knowledge regarding
subclinical leaflet thrombosis on transcatheter heart valves
(THVs) and highlights persistent unanswered questions.
EPIDEMIOLOGY OF LEAFLET THROMBOSIS
The incidence of valve thrombosis after bioprosthetic

surgical aortic valve replacement (SAVR) has been consid-
ered to be extremely low, based on historical series of clin-
ical leaflet thrombosis with gross pathologic findings. For
example, in a series of 4568 bioprosthetic SAVRs from
the Mayo Clinic, only 8 cases of clinical valve thrombosis
were identified requiring reoperation within 2 years, an inci-
dence of 0.18%.8 More recently, however, in a Mayo Clinic
series of 265 patients who required explantation of a
diovascular Surgery c Volume 163, Number 4 1309
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FIGURE 1. A and B, CCTA demonstrating leaflet thrombosis (arrow) in an asymptomatic patient with elevated gradients 5 years after TAVR with 23-mm

SAPIEN 3. C and D, Echocardiographic appearances of restricted leaflet motion after TAVR. In systole (D), there is restricted motion of one leaflet (arrow).
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surgical aortic bioprosthesis, more than 10% had macro-
scopic evidence of thrombosis.9 The incidence of subclini-
cal leaflet thrombosis affecting surgical valves has received
very minimal focus, however, and until recently, no study
had systematically analyzed patients after SAVR for leaflet
thrombosis by CCTA. One question that remains is whether
some of the early failures of surgical valves are the result of
untreated leaflet thrombosis.

Clinical leaflet thrombosis after TAVR is also rare, with
an estimated incidence of approximately 0.61%-2.8%,
based on echo or CCTA imaging (Figure 1).10,11 The emer-
gence of widespread CCTA to evaluate THV function after
TAVR has led to the recognition of subclinical leaflet
thrombosis affecting a significantly greater proportion of
both transcatheter and surgical bioprosthetic valves than
previously recognized. Systematic CCTA imaging of
THVs identified 2 imaging abnormalities consistent with
leaflet thrombosis: a semi-lunar region of hypoattenuation
1310 The Journal of Thoracic and Cardiovascular Sur
at the base of the valve leaflets, termed HALT, and
RLM.12 The combination of HALT and RLM was labeled
hypoattenuation affecting motion.

Following the first report of THV leaflet thrombosis in
2013,13 several cohorts were subsequently described with
an incidence of HALT of 5% to 40%.5,6,14 Leetmaa and
colleagues5 identified HALT in 5 of 140 (4%) recipients
of the SAPIEN XT THV at 1 to 3 months after TAVR. In
a prospective analysis of 187 patients across the
PORTICO-IDE TAVR trial and 2 registries (RESOLVE
[Assessment of Transcatheter and Surgical. Aortic Bio-
prosthetic Valve Thrombosis and Its Treatment with Anti-
coagulation] and Subclinical Aortic Valve Bioprosthesis
Thrombosis Assessed With 4D CT [SAVORY]), Makkar
and colleagues6 reported RLM in 22 of 55 (40%) and 17
of 132 (13%) of the trial and registry cohorts, respectively.
Patients with RLM were reported to have a greater risk of
stroke or transient ischemic attack (18% vs 1%,
gery c April 2022
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P ¼ .007). Hansson and colleagues14 analyzed 405 recipi-
ents of the SAPIEN XT or 3 THV, in which leaflet throm-
bosis was identified in 28/405 (7%) but found no
difference in the incidence of stroke in those with HALT
at 12-month follow-up.

Multiple cohort studies have since confirmed an inci-
dence of subclinical leaflet thrombosis of approximately
10% to 15% following TAVR (Table 1).5,6,14-19 Sannino
and colleagues20 have recently reported a meta-analysis ad-
dressing the incidence of HALT after TAVR across 22
studies, including a total of 11,567 patients. The overall
incidence of subclinical leaflet thrombosis detected at a me-
dian of 140 days from TAVRwas 15% (95% confidence in-
terval [CI], 12%-20%). In keeping with HALT
representing valve thrombus, the incidence was signifi-
cantly lower in patients on oral anticoagulation (OAC)
compared with antiplatelet therapy (4% vs 13%,
P<.0001).

Whether there is a difference in the incidence of subclin-
ical leaflet thrombosis after TAVR compared with SAVR
has been unclear. This question was addressed directly by
the randomized trials of TAVR in patients at low surgical
TABLE 1. Key studies evaluating the incidence of leaflet thrombosis after

Study N Valve

Leetmaa et al, 20155 140 SAPIEN XT

Makkar et al, 20156 187 (55 trial, 132 registry) Portico, SAPIEN

XT, CoreValve

Hansson et al, 201614 405 SAPIEN XT/3

Chakravarty et al, 201715 890 Multiple

(TAVR and SAVR

Ruile et al, 201816 754 Multiple TAVR v

Yanagisawa et al, 201917 485 SAPIEN XT/3, C

Makkar et al, 201918

PARTNER 3 CT Sub-Study

284 (at 30 d) SAPIEN 3

Blanke et al, 202019

Evolut Low Risk Sub-Study

375 (at 30 d) CoreValve, Evolu

Evolut PRO

CT, Computed tomography; IQR, interquartile range; THV, transcatheter heart valve; HA

SAVR, surgical aortic valve replacement; RLM, reduced leaflet motion; HAM, hypoattenua
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risk.18,19 PARTNER 3 (The Placement of Aortic Transcath-
eter Valve Trial 3) randomized 1000 low-risk patients with
severe aortic stenosis to SAVR or TAVR with the balloon-
expandable SAPIEN 3 THV. In the computed tomography
substudy of 408 patients, 4-dimensional CCTA was per-
formed at 30 days and 1 year. The incidence of subclinical
leaflet thrombosis (characterized by HALTwith RLM) was
10% at 30 days after TAVR or SAVR, which increased to
24% at 1 year. The incidence of HALT at 30 days was sig-
nificant greater after TAVR compared with SAVR (13% vs
5%, RR, 2.64; 95%, CI 1.11-6.32), but at 1 year this differ-
ence was no longer statistically significant (28% vs 20%,
RR, 1.38; 95% CI, 0.87-2.18). Patients with HALT present
at 30 days and 1 year had a greater mean aortic valve
gradient compared with those without HALT at either
time point (17.8 � 2.2 mm Hg vs 12.7 � 0.3 mm Hg,
P¼ .04). The Evolut Low-Risk trial, which randomized pa-
tients to SAVR or TAVR with the self-expandable Evolut
THV, demonstrated very similar rates of THV thrombosis
between TAVR and SAVR valves, with a frequency of
HALT of 30.9% for TAVR and 28.4% for SAVR at
1 year (P ¼ .661).19 There was no relationship between
TAVR and SAVR

Time to CT

median (IQR), d

Incidence of THV

thrombosis

91 (IQR 66-92) HALT: 4% (5/101)

Trial: 32 (IQR 28-37)

Registry: 87 (IQR 7-1851)

RLM: 55% (22/55) in trial,

13% (17/132) in registry

1-3 mo HALT: 7% (28/405)

)

Overall cohort: 83

(IQR 33-281)

SAVR: 163 (79-417)

TAVR: 58 (32-236)

HAM: whole cohort,

12% (106/890)

TAVR 13% (101/752),

SAVR 4% (5/138) P ¼ .001

alves 5 (IQR 4-6) HALT (�HAM): 15.9%

(120/754)

oreValve Median 3 d HALT: 9.3% (45/485)

30 d and1 y HALT

� 30 d: TAVR 13.3%,

SAVR 5.0% (P ¼ .03)

� 1 y: TAVR 27.5%,

SAVR 20.2 (P ¼ .19)

t R, 30 d and 1 y HALT

� 30 d: TAVR 17.3%,

SAVR 16.5%

� 1 y: TAVR 30.9%,

SAVR 28.4%

RLM

� 30 d: TAVR 14.6%,

SAVR 14.3%

� 1 y: TAVR 31.0%,

SAVR 27.0%

LT, hypoattenuated leaflet thickening; TAVR, transcatheter aortic valve replacement;

tion affecting motion; PARTNER, Placement of AoRTic TraNscathetER Valve Trial.
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HALT and valve hemodynamic status. These 1-year data
suggest that subclinical leaflet thrombosis is dynamic and
affects both THVand surgical bioprostheses, without a sta-
tistically significant difference in incidence between the 2
groups. However, consistent with previous registries, the
incidence is numerically greater in the TAVR group. Me-
dium- and long-term follow-up are ongoing to assess the
incidence over time and the significance of leaflet throm-
bosis as a potential precursor to SVD.

MECHANISMS OF THV THROMBOSIS
Several patient and valve risk factors for subclinical

leaflet thrombosis after TAVR have been reported.11,17

Mechanistically, many of these factors appear to act either
by modification of flow dynamics around the THV or the
local/systemic coagulation cascade, but the precise patho-
physiology and timing of thrombus formation remains
incompletely understood. Patient factors include obesity,
low-flow, and lack of oral anticoagulant therapy.11,17 Device
and procedural risk factors include balloon-expandable
valves, large THV size, valve underexpansion, patient–
prosthesis mismatch, and valve-in-valve TAVR.11,14,21

Understanding the interplay of patient and valve risk fac-
tors to predict leaflet thrombosis is the focus of ongoing
research. Stasis in the neosinus between the native aortic
valve leaflets and the TAVR leaflets may be a key mediator
of thrombus formation, and quantification of stasis using
patient-specific in vitro modeling has been shown to corre-
late with thrombus volume.22 The mechanism of thrombus
formation also differs according to THV design: low
implant depth correlates with thrombus volume for the
self-expanding CoreValve/Evolut system, suggesting blood
stasis in the neosinus is the key mediator. In contrast,
thrombus on the SAPIEN 3 system is associated with valve
overexpansion.23 These local hemodynamic factors are
likely to interact with changes in systemic coagulation after
TAVR. For example, following valve replacement for se-
vere aortic stenosis, there is rapid recovery of prothrom-
botic von Willebrand multimers that were previously
sheared on the valve.24

CLINICAL RELEVANCE
The relevance of subclinical leaflet thrombosis remains

an issue of ongoing debate. An early study of patients in
the RESOLVE/SAVORY registries suggested a possible
link to thromboembolism, with a greater incidence of tran-
sient ischemic attack (but not stroke) detected in patients
with subclinical leaflet thrombosis (5% vs 1%,
P¼ .002).15 Subsequently, however, no significant associa-
tion has been demonstrated, with 2 recent meta-analyses
confirming that across multiple studies there is no differ-
ence in the risk of stroke and transient ischemic attack or
all-cause mortality in patients with subclinical leaflet
thrombosis compared with those without.20,25
1312 The Journal of Thoracic and Cardiovascular Sur
The possibility of a link between subclinical leaflet
thrombosis and SVD has also been suggested. Greater de-
grees of HALT are associated with elevated transvalvular
gradient and the use of anticoagulant therapy after TAVR
has been linked to increased durability.26 18F-fluoride posi-
tron emission tomography–computed tomography signal on
bioprosthetic valves has been shown to predict SVD, and in
some cases, colocalizes with thrombus (as well as pannus
and calcification) on explanted valves.27 Histopathologic
analysis of explanted THVs suggests a possible sequence
of progression from thrombosis, followed by fibrosis, and
over the long term (>4 years), calcification.28 Ascertaining
whether leaflet thrombosis is a direct precursor to SVD in a
specific patient is challenging, due to the lack of long-term
follow-up of individual patients with HALT and RLM. It is
clear that the natural history of leaflet thrombosis is dy-
namic and highly variable, with both progression and spon-
taneous regression observed. In the SAVORY registry,
HALT was initially observed in 32 patients (38.1%), with
hypoattenuation affecting motion in 17 (20.2%). Between
the first CCTA at 140 � 152 days and the second at
298 � 141 days, there was progression in 13 (15.5%) and
regression in 9 (10.7%) patients.29 In PARTNER 3, sponta-
neous resolution of HALT (at 30 days) occurred in 54% of
patients at 1 year.18 Conversely, new HALT (not identified
at 30 days) was observed in 21% of patients at 1 year.

DIAGNOSIS AND MANAGEMENT
Investigation of suspected leaflet thrombosis after TAVR

is outlined in Figure 2. Routine screening for leaflet throm-
bosis by CCTA is currently not recommended outside the
research setting. If patients develop new exertional symp-
toms or show elevated transaortic gradients on transtho-
racic echo, 4-dimensional CCTA assessment for
HALT � RLM is indicated. Patients presenting with tran-
sient ischemic attack, stroke, or systemic embolism
following recent TAVR should also undergo transthoracic
echocardiography and CCTA to investigate for possible
valve thrombosis. If confirmed, oral anticoagulation,
including vitamin K antagonists and direct oral anticoagu-
lants (OACs), are effective for treatment of bioprosthetic
valve thrombosis, with resolution of HALT/RLM on
CCTA imaging and reduction in transvalvular gradient.30

After cessation of OAC, however, there is significant risk
of relapse with further leaflet thrombosis.31 Oral anticoagu-
lation also appears to prevent formation of leaflet
thrombus: in PARTNER 2, oral anticoagulation (predomi-
nantly warfarin) was associated with a lower incidence of
increase in mean gradient>10 mm Hg in the first year after
implantation, likely due to a reduction in leaflet throm-
bosis.32 Ultimately, the duration of oral anticoagulation is
an individualized decision based on the patient’s estimated
risks of recurrent valve thrombosis weighed against the risk
of bleeding.
gery c April 2022



Patients following TAVR implantation

Stroke, TIA or
systemic embolism

TTE as indicated for surveillance or
new symptoms

Rising transvalvular
gradient

Normal THVCCTA

Stable transvalvular
gradient

Further
investigation as

indicated

HALT +/– RLM

Admission & IV heparin if
acute embolism presentation

OAC 3-6 months

Repeat CCTA

Resolution of
HALT/RLM

Risk:benefit evaluation
of continued OAC

Coumadin
(target INR 2.5-3.5)

Persisting
HALT/RLM

FIGURE 2. Algorithm for diagnosis and management of leaflet thrombosis following TAVR. TAVR, Transcatheter aortic valve replacement; TIA, transient

ischemic attack; TTE, transthoracic echocardiography; CCTA, cardiac computed tomography angiography; THV, transcatheter heart valve; HALT, hypoat-

tenuated leaflet thickening; RLM, reduced leaflet motion; OAC, oral anticoagulation; INR, international normalized ratio.
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Although oral anticoagulation has been demonstrated to
reduce the incidence of leaflet thrombosis (Table 2),33,34

routine use of oral anticoagulation after TAVR appears to
lead to excess bleeding which outweighs antithrombotic ef-
fects. The GALILEO study evaluated the role of rivaroxa-
ban 10 mg daily (alongside aspirin 75-100 mg daily for
3 months), compared with aspirin 75 to 100 mg daily
(with clopidogrel 75 mg daily for 3 months) in patients un-
dergoing TAVR without an established indication for anti-
coagulation.35 Rivaroxaban was more effective than
antiplatelet therapy at prevention of leaflet thickening.
Thickening of at least one leaflet was observed in 12.4%
in the rivaroxaban group versus 32.4% in the antiplatelet
group (difference, –20.0 percentage points; 95% CI,
–30.9 to –8.5), but the trial was stopped early due to an
excess of death or first thromboembolism in the rivaroxaban
group and an increase in major, disabling, or life-
threatening bleeding.33 It remains unclear whether selective
use of oral anticoagulation may be beneficial in specific
The Journal of Thoracic and Car
patient subgroups, however. These include those at elevated
risk of leaflet thrombosis with low bleeding risk, such as pa-
tients after valve-in-valve TAVR, or in patients with sub-
clinical leaflet thrombosis and elevated transvalvular
gradient.

FUTURE QUESTIONS
There are several key questions that are the focus of

ongoing research. First, can the incidence of THV leaflet
thrombosis be reduced by optimization of valve selection,
sizing, or implantation technique? For example, thrombosis
may be reduced by postdilatation to ensure optimal THV
expansion, or the use of self-expanding valves. Second,
what are the precise pathophysiologic mechanisms of
leaflet thrombosis, and can the design of future generations
of THVs be iterated to reduce the risk? Possible approaches
include modified leaflet composition, drug impregnation of
leaflets to reduce thrombogenicity, alternative fixation reg-
imens, or a transition toward tissue-engineered or synthetic
diovascular Surgery c Volume 163, Number 4 1313



TABLE 2. Randomized trials evaluating anticoagulation for prevention of leaflet thrombosis after TAVR

Study Population Design Primary end point Results Comment

GALILEO-4D33 231 patients without

indication for OAC

undergoing TAVR

RCT: Rivaroxaban

10 mg plus aspirin

75-100 mg daily

compared with

DAPT (clopidogrel

and aspirin)

Percentage of patients

with at least 1

prosthetic valve

leaflet with grade 3

or greater motion

reduction

Primary end point

Rivaroxaban þ aspirin: 2/97

(2.1%)

DAPT: 11/101 (10.9%)

Difference, –8.8%, 95% CI,

–16.5 to –1.9, P ¼ .01

Reduction in reduced leaflet

motion and leaflet

thickening with

rivaroxaban, but main

GALILEO trial

demonstrated greater risk

of death or thromboembolic

complications (HR, 1.35)

and a greater risk of life-

threatening, disabling or

major bleeding (HR, 1.50)

Rogers et al34 94 patients at low

surgical risk

undergoing

TF-TAVR

Open label, RCT:

aspirin (low dose)

vs aspirin (low

dose) plus warfarin

Composite of HALT

on CCTA,

moderately reduced

leaflet motion,

hemodynamic

aortic valve

dysfunction, stroke/

TIA at 30 d

Primary end point

Aspirin: 26.5%

Aspirin plus warfarin: 7.0%

P ¼ .013

HALT

Aspirin: 16.3%

Aspirin plus warfarin: 4.7%

P ¼ .07

RLM

Aspirin 10.4%

Aspirin plus warfarin: 2.3%

P ¼ .12

Reduction in composite

primary end point in the

aspirin plus warfarin arm

Small study with short follow-

up

Low risk population

No excess bleeding at 30 d

with anticoagulation

OAC, Oral anticoagulation; TAVR, transcatheter aortic valve replacement; RCT, randomized controlled trial; DAPT, dual antiplatelet therapy; CI, confidence interval; HR, hazard

ratio; TF, transfemoral;HALT, hypoattenuated leaflet thickening;CCTA, cardiac computed tomography angiography; TIA, transient ischemic attack;RLM, reduced leaflet motion.
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polymer heart valves.36 Third, is subclinical leaflet throm-
bosis mechanistically linked to structural valve degenera-
tion and premature valve failure? If so, should all patients
undergo routine CCTA surveillance after TAVR to screen
for leaflet thrombosis? If so, at which time points since
leaflet thrombosis appears to be a dynamic process? Finally,
should patients with subclinical leaflet thrombosis, or at
high risk of thrombus formation, receive OAC? While it
is clear from the GALILEO trial that OAC is harmful in
all-comers after TAVR, it is less clear how to balance the po-
tential risks and benefits of OAC in those with HALT.
CONCLUSIONS
Randomized TAVR trials have demonstrated promising

data in patients at low surgical risk over 2-year follow-up;
however, confirmation of long-term function and durability
in THVs is a key issue before TAVR can be adopted
routinely in younger patients. Subclinical leaflet thrombosis
on CCTA, seen as HALT/RLM, affects approximately 10%
to 15% of patients after both TAVR and SAVR. To date,
studies that have directly compared the incidence of sub-
clinical leaflet thrombosis in equivalent patient populations
after TAVR and SAVR show no statistically significant dif-
ference, although the duration of follow-up remains rela-
tively short and studies are small. Leaflet thrombosis is
dynamic, frequently regresses without treatment, and, if
1314 The Journal of Thoracic and Cardiovascular Sur
required, is effectively treated with OAC. The clinical
impact of leaflet thrombosis remains uncertain: while there
appears to be no link with stroke or transient ischemic
attack, it remains unclear whether leaflet thrombus is asso-
ciated with fibrosis, calcification, and future SVD. Dedi-
cated studies with long-term follow-up are required to
understand the natural history, define patient-specific risk,
and determine tailored treatment strategies.
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