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Abstract

Purpose of Review We review the pathology, prevalence, diagnosis, hemodynamics, risk factors, prognosis, and treatment
of leaflet thrombosis (LT), and suggest future directions in this field.

Recent Findings The latest meta-analysis showed the prevalence of overall LT is 5.4% (clinical LT of 1.2% and subclinical
LT of 15.1%). Either subclinical or clinical LT is not associated with risk of mortality; however, clinical LT is associated
with increased risk of stroke. Although LT can be reduced by oral anticoagulation therapy (OAT), routine use of OAT as
primary prevention for high-risk patients is not recommended due to increased risk of mortality.

Summary Four-dimensional computed tomography plays an important role in the diagnosis of LT and the accumulation
of qualitative or qualitative assessments of hypoattenuated leaflet thickening would provide more clues to clarify effective
OAT strategies. In addition, further studies are warranted to evaluate the efficacy of other anticoagulants in low-intermediate
risk patients.

Keywords Aortic stenosis - Transcatheter aortic valve replacement - Hypoattenuated leaflet thickening - Prosthesis-patient
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Abbreviations TTE
CI Confidence interval VKA
CT Computed tomography
DAPT  Dual antiplatelet therapy
DOAC Direct oral anticoagulant

Transthoracic echocardiography
Vitamin K antagonist

Introduction

HALT Hypoattenuated leaflet thickening

LT Leaflet thrombosis Transcatheter aortic valve replacement (TAVR) has become
OAT Oral anticoagulant therapy an established treatment option for patients with symptomatic
OR Odds ratio severe aortic stenosis and has been a class I indication for
RLM  Reduced leaflet motion high or prohibitive risk for surgical aortic valve replacement
RR Relative ratio (SAVR) and class Ila for intermediate surgical risk patients
SAVR  Surgical aortic valve replacement [1]. Owing to the improvement of TAVR devices, the indica-
SVD Structural valve deterioration tions for TAVR have also been expanded to low surgical risk
STS Society of Thoracic Surgeons patients due to favorable trial results that compared TAVR with
TAVR  Transcatheter aortic valve replacement SAVR in such cohorts [2, 3]. However, the prevalence of leaflet
THV Transcatheter heart valve thrombosis (LT) after TAVR is greater than with SAVR [2-6].
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Most of LT cases are asymptomatic and incidentally
detected by 4D computed tomography (CT) imaging after
TAVR [7-9]. However, some cases have shown unpredict-
able catastrophic courses within a couple of days [10]. This
review article summarizes the recently published papers
about pathology, prevalence, diagnosis, hemodynamics, risk
factors, prognosis, and treatment of LT, and suggests future
directions in this field.
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Pathology

The biomaterials of transcatheter heart valve (THV) are made
of substances that are considered highly biocompatible such
as bovine or porcine pericardial tissue, cobalt-chromium
and nitinol frames, and polyethylene terephthalate sealing
skirts to suppress inflammatory and immune reaction. Even
though TAVR is minimally invasive, it is still an invasive pro-
cedure; thus, there is the potential for injury of tissue or bio-
materials triggering inflammation and an immune response
leading to thrombus formation [11]. The native endothelial
layer throughout the cardiovascular system in human body
offers an anticoagulant surface. Thus, building a monolayer
of endothelial cells on the blood-contacting surfaces of car-
diovascular devices is considered the most efficient means
to solve this clot formation risk [12] but a bioprosthesis is
not expected to be endothelialized immediately after TAVR
procedure. Seller et al. investigated 23 explanted THVs after
TAVR and reported that rapid early thrombus formation right
after TAVR may occur before valve endothelialization and
a combination of thrombus and fibrosis was seen beyond
60 days [13]. Histological studies using the explanted THVs
from the autopsy cases showed that the rate of thrombus for-
mation on the THV leaflets was high of 80—100% compared
with the clinical diagnosis rate [13—16]. Thrombi were found
as early as 1 day and as late as 2583 days [13]. Tissue histo-
morphometric findings and related time-dependent changes
of prosthesis degeneration components such as fibrosis and
calcification in their study suggest a continuous cascade of
thrombus formation within hours, fibrosis after 60 days, and
calcification after 4 years.

Prevalence

The LT is classified as subclinical or clinical types accord-
ing to the presence of symptoms. Furthermore, based on
the onset after TAVR, LT is classified as acute (0-3 days),
subacute (3 days—3 months), late (3 months—1 year), and
very late (> 1 year) [17]. According to the recent meta-
analysis, the overall incidence of LT after TAVR was 5.4%
(95% confidence interval [CI] 2.8-8.6), and clinical LT of
1.2% (95% CI 0.8-1.8) was less frequent than subclinical
LT of 15.1% (95% CI 10.0-20.9) [2-4, 7, 8, 18-29, 30s,
31-33]. The prevalence of LT with specific devices was dif-
ferent among the available devices, and supra-annular valves
such as Corevalve and Symetis had lower LT rate compared
with intra-annular devices; 35.2% of Portico™ (37/105),
14.5% in Lotus™ (12/83), 14.2% in Centera™ (1/7), 11.6%
in SAPIEN (148/1280), 0% in Direct Flow™ (0/6), 15.4%
in Symetis Acurate Neo™ (2/13), and 6.2% in Corevalve
(9/145) [5, 8, 22, 28, 29, 32-34].
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With a view to comparing TAVR and SAVR, Chakravarty
et al. analyzed two prospective single-center registries and
found that subclinical LT was more frequent overall in
TAVR vs SAVR (12% vs. 4%, p=0.001) [5]; however, there
were device-specific differences and the rate of subclinical
LT with some TAVR devices was similar to SAVR. More
in line with the latter observation, the sub-study of the Evo-
lut Low Risk Trial showed the prevalence of hypoattenu-
ated leaflet thickening (HALT) was similar in TAVR and
SAVR groups at 30 days (17.3% vs.16.5%, p=0.856) and
at 1 year (30.9% vs. 28.4%, p=0.661) [6]. The sub-study of
PARTNER3 (The Safety and Effectiveness of the SAPIEN 3
Transcatheter Heart Valve in Low-Risk Patients With Aortic
Stenosis) also showed no significant differences of subclini-
cal LT at 1 year between TAVR and SAVR (28% vs. 20%;
p=0.19) [4]. Since follow-up transthoracic echocardiogra-
phy (TTE) is usually not routinely performed until 3 years
after SAVR, the prevalence of LT after SAVR may have been
underestimated in previous retrospective studies.

Diagnosis

The clinical diagnosis of LT is remains challenging as
majority of LT are subclinical. Even when subclinical, LT
may not result in hemodynamic sequelae. Echocardiogra-
phy is essential for the initial and longitudinal assessment in
patients with THV [35]. Follow-up TTE after TAVR proce-
dure is recommended pre-discharge (or within 30 days after
TAVR), at 6 and 12 months, and yearly thereafter [36]. The
structural valve deterioration (SVD) staging and treatment
strategy has recently been standardized to achieve consen-
sus among the various subspecialties since different SVD
criteria had been used in previous papers [37, 38]; this may
be a metric for the more reliable documentation of durabil-
ity comparisons of transcatheter and surgical bioprostheses,
with not only LT but also pannus, fibrosis, and calcification
contributing to SVD as underlying mechanisms.

The gold standard for diagnosing LT is 4D-CT angi-
ography imaging. The imaging hallmarks of LT noted
on CT are HALT and hypoattenuation affecting motion
(HAM) defined by significant reduced leaflet motion
(RLM) (>50%) of 4D CT findings [9]. The advantages of
multiphase CT are its high sensitivity in detecting leaflet
morphology changes and early thrombotic changes, and its
utility in assessing THV stent expansion and implantation
depth [7, 29]; however, importantly, CT is not applica-
ble for the direct assessment of hemodynamics, for which
echocardiography remains the mainstay. A novel CT clas-
sification of bioprosthetic prosthetic valve degeneration
may help better understand the relative contribution of
HALT to various mechanisms driving SVD [39].
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Furthermore, as pannus also shows similar hypoattenuat-
ing lesions below the leaflet [40], hypoattenuating lesions
are not necessarily LT (Fig. 1). Cartlidge et al. reported that
increased '®F-fluoride PET uptake was seen in thrombotic,
calcific degeneration, or pannus lesions corresponding with
4D CT imaging and was a predictor of late valve dysfunc-
tion. Their hypothesis that both thrombosis and pannus may
be potential upstream triggers of prosthesis degeneration
leading to calcific degeneration is consistent with pathologi-
cal findings [13, 16, 41]. The co-existence of HALT and
calcium is often seen on CT imaging; thus, HALT is not a
specific finding for LT but may also be seen as fibrotic tissue
during valve degeneration process.

Hemodynamics

In the SAPIEN 3 low-risk CT sub-study, HALT and RLM
were associated with higher aortic valve mean gradient at
30 days and 1 year (17.8 +2.2 mm Hg vs. 12.7+0.3 mm Hg;
p=0.04), as well as in patients with increasing severity of

HALT [4]; however, no association was shown in the low-
risk Evolut sub-study [6]. A meta-analysis showed the pres-
ence of LT was associated with higher aortic valve mean
gradient at 30 days after TAVR, but not at discharge or at
1 year of follow-up (discharge, odds ratio [OR] 0.97, 95%
CI: 0.63 to 1.49, p=0.887, I’=69.4%; 30 days, OR 1.91,
95% CI: 1.32 t0 2.76, p=0.001, I*=0.0%; 1 year, OR 1.26,
95% CI: 0.75 to 2.10, p=0.385, I’=9.8%) [42]. The reason
for contradictory results between two sub-studies is unclear,
but the differences in valve specifications and structure may
be contributory.

Risk Factors

Previous studies have reported many risk factors for LT such
as male sex, low-flow low-gradient aortic stenosis, severe
prosthetic-patient mismatch, and 29-mm balloon expand-
able valve, paravalvular leak less than mild, and stent frame
under-expansion [18, 43, 44]. From a meta-analysis of 11,124
patients, a large valve diameter (>28 mm) (OR 2.89; 1.55-5.8),

Fig. 1 4D CT observations in bioprostheses. Top panel: The appear-
ance of a 26-mm Evolut Pro valve with no hypoattenuated leaflet
thickening (HALT) or calcific degeneration at 6 months after TAVR
(A-D). Middle panel: The appearance of HALT in patient with
29-mm SAPIEN 3 at 1 month after TAVR (E-H). HALT noted in

3 leaflets most prominent in the right coronary cusp (reduced leaflet
motion+, immobile leaflet). Lower panel: The appearance of pan-
nus proliferation in patient with 26-mm SAPIEN 3 at 13 months after
TAVR (I-L). Hypoattenuated ring like tissue is seen below the tran-
scatheter heart valve leaflets, but valve opening is preserved
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balloon-expandable TAVR (OR 8; 2.1-9.7), or valve-in-valve
procedures (OR 17.1; 3.1-84.9) were predictors of LT [45].

Oral anticoagulation therapy (OAT) heavily influences LT.
Multiple studies have shown OAT reduced the prevalence of
HALT compared with antiplatelet therapy [5, 25, 26, 46]. In
addition, the GALILEO (Global Study Comparing a Rivaroxa-
ban-based Antithrombotic Strategy to an Antiplatelet-based
Strategy after Transcatheter Aortic Valve Replacement to
Optimize Clinical Outcomes)-4D sub-study, which enrolled
231 TAVR patients and analyzed 4D CT at 3 months with
the primary endpoint of > grade 3 (>50%) RLM, showed
anticoagulation with rivaroxaban was associated with a
lower incidence of RLM (difference, —8.8%, 95% CI—16.5
to—1.9%; p=0.01) and HALT (difference, —20.0%, 95%
CI-30.9 to —8.5%) compared with dual antiplatelet therapy
(DAPT) [20]. However, the GALILEO main study showed
that routine anticoagulation strategy was associated with a
higher risk of all-cause death than antiplatelet therapy (hazard
ratio for rivaroxaban, 1.69; 95% CI, 1.13-2.53) [47ee], with
increased bleeding noted. Interestingly, an in-depth analysis
of GALILEO study showed the cause of increased death was
not bleeding but non-cardiac mortality (cancer, respiratory
failure, renal failure, and infection/sepsis) and occurred after
discontinuation of rivaroxaban [19, 48]. The average age of
80 was also a concern of potential high bleeding risk in the
study. Routine anticoagulation with rivaroxaban for elderly or
bleeding high-risk patients is therefore not recommended at
this time; however, the efficacy of other anticoagulants post-
TAVR, especially in low-intermediate risk patients, is yet to
be determined. The Anticoagulation versus Dual Antiplatelet
Therapy for Prevention of Leaflet Thrombosis and Cerebral
Embolisation after Transcatheter Aortic Valve Replacement
(ADAPT-TAVR) trial is an ongoing international, multicenter,
randomized, open-label, superiority trial comparing edoxaban
mono-therapy strategy and DAPT (aspirin plus clopidogrel)
strategy in patients without an indication for oral anticoagula-
tion for 6 months [49]. Further studies are warranted to further
delineate optimal anticoagulant therapy.

Prognosis

Regarding the prognosis of LT, some reports showed LT
was related to increased death, stroke, and transient ischemic
attack, while others showed no relationship between LT and
cardiovascular events [6, 31]. Meta-analyses consistently
showed that either clinical or subclinical LT was not associ-
ated with the increased risk of mortality [30e, 42, 45, 50,
51]; however, the risk of stroke was higher in patients with
clinical LT (relative ratio [RR] 7.51; 95% CI 2.59-21.78,
p<0.001, P= 15%) [30e]. Similar to other arterial thrombo-
ses, urgent anticoagulation should be considered in patient
with clinical LT.
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Treatment

Current ESC and AHA guideline recommend DAPT
with clopidogrel 75 mg and aspirin 100 mg for the first
6 months after TAVR and life-long aspirin 75 to 100 mg
daily for prevention of LT [52, 53]. However, the POPular
TAVI randomized trial (Antiplatelet Therapy for Patients
Undergoing Transcatheter Aortic-Valve Implantation)
showed that aspirin alone therapy was non-inferior, but
not superior, to aspirin plus clopidogrel regarding bleeding
(RR, 0.57;95% C10.42-0.77, p=0.001), and the compos-
ite of bleeding or thromboembolic events (RR, 0.74; 95%
CI0.57-0.95, p=0.04) [54]. Although this study was not
designed to evaluate LT by 4D CT, DAPT would not likely
be useful as primary prevention of LT. Furthermore, single
antiplatelet therapy seems to be appropriate in patients
with high bleeding risk. On the other hand, anticoagu-
lant is effective for primary prevention of LT as described
above in one clinical trial. It may be also effective as sec-
ondary prevention by decreasing mean gradient in LT
cases [45]. Vitamin K antagonist (VKA) has been the first
choice in treatment of LT. Chakravarty et al. reported both
22 patients treated with VKAs and 12 patients treated with
direct oral anticoagulants (DOACs) for 3 months were
equally effective in prevention or treatment of subclinical
LT [5]. On the other hand, Kawashima et al. compared
VKA with DOAC after TAVR in patients with atrial fibril-
lation and showed the DOAC group had lower all-cause
mortality than VKA group (10.3% vs. 23.3%; Cox-adjusted
hazard ratio: 0.391; 95% CI: 0.204-0.749; p =0.005) [55].
The choice of DOAC rather than VKA as an anticoagulant
agent may thus be reasonable for easier management of
medical therapy and could have a relative survival benefit,
although this observation requires confirmation in future
studies. However, so far routine OAT post-TAVR is not
recommended. In summary, it may be reasonable to con-
sider OAT as secondary prevention for subclinical LT or
treatment for clinical LT.

Conclusions

Despite the improvement of TAVR devices and outcomes,
the prevalence of LT of 5.4% (clinical LT of 1.2% and sub-
clinical LT of 15.1%) remains a concern. Neither subclinical
or clinical LT is associated with risk of mortality but clini-
cal LT is associated with increased risk of stroke. Although
HALT can be reduced by OAT, routine use of OAT as pri-
mary prevention for high-risk patients is not recommended
due to increased risk of mortality. 4D CT plays an impor-
tant role in the diagnosis of LT and the accumulation of
qualitative or qualitative assessments of HALT could pro-
vide more clues to clarify effective OAT strategies (VKA
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versus DOAC). In addition, further studies are warranted
to evaluate the role of anticoagulants in low-intermediate
risk patients.
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