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ABSTRACT

Background: Leaflet thrombosis and reduced leaflet motion have become a concern with the expanding
use of transcatheter aortic valve replacement in lower-risk patients.

Aims: To assess the proportions, predictors and clinical impact of leaflet thrombosis and reduced leaflet
motion after transcatheter aortic valve replacement.

Methods: We performed a meta-analysis of studies assessing the proportions of and/or clinical outcomes
according to the presence of leaflet thrombosis after transcatheter aortic valve replacement identified
with computed tomography and/or echocardiography.

Results: Fifty-three studies, representing 25,258 patients undergoing transcatheter aortic valve replace-
ment, were considered. The proportion of leaflet thrombosis was 5.2% overall, and was higher in computed
tomography versus echocardiography (16.4% vs. 1.1%, respectively); reduced leaflet motion was identi-
fied in 11% of patients with four-dimensional computed tomography. Intra-annular bioprostheses were
associated with a higher proportion of leaflet thrombosis, whereas chronic oral anticoagulation was
protective for leaflet thrombosis in both computed tomography and echocardiographic studies (9.7% vs.
17.5%; relative risk [RR]: 0.51, 95% confidence interval [95% CI]: 0.37-0.71 and 0.9% vs. 2.7%; RR: 0.22,95%
Cl: 0.06-0.79, respectively) and for reduced leaflet motion (2.5% vs. 12.4%; RR: 0.32, 95% CI: 0.13-0.76).
Leaflet thrombosis was not associated with an increased risk of death, but with a higher risk of stroke in
computed tomography studies (2.8% vs. 2.4%; RR: 1.63, 95% CI: 1.05-2.55), a difference more pronounced
when considering reduced leaflet motion (3.5% vs. 1.7%; RR: 2.39, 95% CI: 0.63-8.34).

Conclusions: The proportion of leaflet thrombosis is highly variable according to the screening approach,
the type of valve and the use of oral anticoagulation. The occurrence of cerebral events is increased when
leaflet thrombosis and/or reduced leaflet motion are diagnosed, but leaflet thrombosis has no impact on

survival.
© 2023 Elsevier Masson SAS. All rights reserved.

1. Abbreviations

* Tweet: Leaflet thrombosis after TAVR was associated with a higher risk of stroke
(without considering TIA) in computed tomography studies but has no impact on
survival.
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4D four-dimensional

Cl confidence interval

CT computed tomography

LT leaflet thrombosis

RLM reduced leaflet motion

RR relative risk

TAVR  transcatheter aortic valve replacement
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TEE transoesophageal echocardiography

2. Background

Transcatheter aortic valve replacement (TAVR) is the preferred
therapeutic procedure for severe aortic stenosis in inoperable and
high-risk patients, and is now rapidly expanding as an alterna-
tive to surgical aortic valve replacement for intermediate- and
low-risk categories, with established good short-term safety [1-4].
Attention is now focused on long-term durability and outcomes
optimization.

Leaflet thrombosis (LT) is observed in 10-30% of individuals
who undergo computed tomography after TAVR [5-7]; it has been
reported as a potential and reversible cause of premature TAVR
deterioration [8], but also as a substrate for thromboembolic com-
plications, especially strokes. However, the clinical relevance of LT
remains controversial [5,6,9,10]. Data are scarce, and subclinical LT
has been associated with the occurrence of stroke and/or transient
ischaemic attack [11], but not with stroke per se, which is more rel-
evant [12]. The imaging diagnostic modality used to identify LT is
key, as it is mostly subclinical, detected in asymptomatic individ-
uals and has multiple modifiers, such as antithrombotic treatment
and the type of valve prosthesis [6,9,13-15]. Four-dimensional
computed tomography (4D-CT) is the gold standard technique
to identify reduced leaflet motion (RLM), a more advanced phe-
nomenon, but is not performed as a routine standard follow-up
approach. We therefore conducted a systematic review and meta-
analysis to assess the proportions, predictors and clinical impact of
LT after TAVR in CT and echocardiographic studies, with a specific
focus on RLM in 4D-CT studies.

3. Methods
3.1. Study selection

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines for this systematic
review and meta-analysis (see checklist, Table A.1). We conducted
a systematic literature review by formal searches of the electronic
MEDLINE database (source PubMed) and the Cochrane Central Reg-
ister of Controlled Trials, as well as European Society of Cardiology,
American Heart Association and American College of Cardiology
annual meetings until 17 April 2022. The following search terms
were used: “transcatheter aortic valve replacement” OR “TAVR”
OR “transcatheter aortic valve implantation” OR “TAVI” AND
“thrombosis” OR “leaflet thrombosis” OR “LT” OR “reduced leaflet
motion” OR “hypo-attenuated leaflet thickening” OR “hypoatten-
uating leaflet thickening”. References from reviews and selected
articles were also reviewed for potentially relevant citations. Two
investigators (V. R.and P. G.) independently screened each title and
abstract, excluding duplicates and studies not meeting the inclu-
sion criteria. Discrepancies in the data collection were resolved by
consensus.

We restricted our analysis to studies that met all of the fol-
lowing inclusion criteria: (1) reported data on proportions and/or
outcomes associated with the presence/absence of LT; and (2)
including > 25 patients. Studies were excluded if any of the fol-
lowing criteria applied: (1) duplicate publication data; and (2) the
outcome of interest was not clearly reported or was impossible
to extract or calculate from the published results. Studies were
divided into CT studies (when follow-up and LT diagnosis were sys-
tematically performed by CT) and echocardiographic studies (when
LT diagnosis was assessed by echocardiography, with variable con-
firmation by transoesophageal echocardiography [TEE] and/or CT).
This study has been registered in PROSPERO (CRD42021287183).
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3.2. Outcomes

The primary endpoint was the presence of LT, defined as LT
and/or RLM according to each study, and classified as grade 3 or 4 if
specified [16]. Given the differences in the definitions of LT between
CT and echocardiographic studies, all analyses are presented sepa-
rately. Secondary endpoints were the proportion of stroke, stroke
and/or transient ischaemic attack and death according to the pres-
ence of LT. Subgroup analyses were performed according to the
valve characteristics (TAVR versus surgical aortic valve replace-
ment, intra- vs. supra-annular valves, bovine versus porcine, self-
versus balloon-expandable) and associated antithrombotic treat-
ments. Specific analyses of RLM assessed by 4D-CT, with or without
anticoagulation, and its association with stroke, with or without
transient ischaemic attack, were also performed.

3.3. Assessment of risk of bias

We used the Newcastle-Ottawa Scale for assessment of risk of
bias. This scale assesses risk of bias in the following three domains:
selection of the study groups; comparability of groups; and ascer-
tainment of exposure. Studies with scores of less than 4 were
considered to have a high-risk of bias, those with scores of 4-6
an intermediate-risk of bias and those with scores of 7 or more a
low-risk of bias.

3.4. Statistical analysis

The total number of patients experiencing or not the outcomes
of interest in each arm extracted directly from the publications
were used for the analyses. Results are presented as relative
risks (RRs) with 95% confidence intervals (95% Cls). Outcomes
from individual studies were combined using the Mantel-Haenszel
random-effect model. Heterogeneity across studies was studied by
the Cochran’s Q statistic, with a P-value set at 0.1. The I2 was also
considered, regardless of the P-value. An I2 of > 50% was prespec-
ified as the threshold considered too high to provide consistent
analysis. Tests were two-tailed, and a P-value of < 0.05 was consid-
ered statistically significant. Funnel plots, Egger’s regression tests
and Harbord’s tests were used to assess publication bias. Analy-
ses were conducted using Cochrane’s Review Manager (RevMan),
version 5.4.1 (The Cochrane Collaboration, Copenhagen, Denmark).

4. Results

Atotal of 53 studies, representing 25,258 participants, were con-
sidered in this meta-analysis, of which 28 were classified as CT
studies (n=6803) and 25 as echocardiographic studies (n=18,455)
(Table A.2 and Table A.3). The review and selection process are
depicted in Fig. 1.

4.1. Proportion of LT

The proportion of LT was 5.2%(1317/25,258), ranging from 0% to
78.4%, and mostly diagnosed using CT. Among echocardiographic
studies, LT occurred in 1% (202/18,455; ranging from 0% to 12.6%),
within a follow-up time window of 2 months up to 5 years (mostly
at 1year after TAVR). Among CT studies, the proportion of LT was
16.4% (1115/6803; ranging from 6.9% to 78.4%), within a follow-up
time window of 3 days up to 19 months (mostly within 6 months).
The proportion of RLM was 11% (443/4030) in 4D-CT studies.

4.2. Impact of valve type

The proportion of LT according to each valve type is detailed
in Fig. 2. Intra-annular valves were associated with a higher
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Records identified through
database searching (n = 638)

l

Records screened

(n="618)
l

Reports sought for retrieval

(n=92)
l

Reports assessed for eligibility

(n=92)
|

Studies included in review (n = 53)
Reports of included studies (n = 53)

Identification

Screening

Included

Records removed before screening:
Duplicate records removed (n = 20)

Records excluded
(n = 526)

Reports not retrieved
(n=0)

Reports excluded (n = 39)

- Meta-analysis/review (n = 5)
- Duplicate population (n = 10)
- Lack of data (n = 23)

- No comparison group (n = 1)

Fig. 1. Flow diagram selection.
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Fig. 2. Bar graph showing the incidence rates of leaflet thrombosis according to valve type. Rates of reduced leaflet motion (RLM) are also presented. 4D: four-dimensional;

CT: computed tomography.

proportion of LT compared with supra-annular valves in CT
studies (15.9% vs. 13.8%; RR: 1.39, 95% CI: 1.17-1.66; 16 stud-
ies including 4245 participants), a difference more pronounced
in echocardiographic studies (1.8% vs. 0.5%; RR: 3.42, 95% CI:
2.12-5.54; nine studies including 11,463 participants) (Fig. 3).
The proportion of LT did not differ significantly between TAVR
and surgical aortic valve replacement (16.9% vs. 13.8%; RR: 1.46,
95% CI: 0.94-2.26; Fig. A.1A; four CT studies including 1628 par-
ticipants). Participants treated with balloon-expandable valves
had a higher proportion of LT compared with self-expandable

valves in echocardiographic studies (1.5% vs. 0.6%; RR: 2.85,
95% CI: 1.53-5.31; eight studies including 10,122 participants;
Fig. A.1B), but not in CT studies (14.5% vs. 12.2%; RR: 1.14, 95%
Cl: 0.96-1.36; 15 studies including 4277 participants). Partici-
pants treated with bovine valves had a higher proportion of LT
compared with porcine valves, in CT studies (15.2% vs. 9.8%;
RR: 1.37, 95% CI: 1.11-1.68; Fig. A.1C; 14 studies including 3836
participants) and echocardiographic studies (1.8% vs. 0.5%; RR:
3.40, 95% CI: 2.10-5.51; nine studies including 11,464 partici-
pants).
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Intra-annular Supra-annular

Risk ratio

Risk ratio

Heterogeneity: Tau? = 0.04 ; Chi? = 8.63; df =8 (P = 0.37); P = 7%
Test for overall effect: Z = 5.02 (P < 0.00001)

Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% Cl

CT studies

Basraetal., 2018 16 50 1 5 1.6% 1.60 [0.26-9.67]

Chakravarty et al., 2017 91 599 10 153  7.3% 2.32 [1.24-4.36) —_—

Garcia et al., 2022 55 398 24 239 9.7% 1.38[0.88-2.16] —

Jimenez et al., 2019 23 61 i 25 6.4% 1.35[0.66-2.73] _

Koo et al., 2020 13 70 12 68 6.4% 1.05[0.52-2.14] _

Makkar et al., 2015 22 51 0 4 0.8% 4.33[0.31-61.12]

Marwan et al., 2018 17 73 1 5 1.6% 1.16 [0.19-7.06]

Montalescot et al., 2022 40 352 33 407  9.9% 1.40[0.90-2.17] —

Nihrenberg et al., 2019 21 138 11 48  7.0% 0.66 [0.35-1.27] —

Rashid et al., 2021 20 117 4 55 4.0% 2.35[0.84-6.55]

Rogers et al., 2021 7 40 3 54 2.8% 3.15[0.87-11.43]

Waksman et al., 2018 27 170 0 23 0.7%  7.72[0.49-122.46]

Waksman et al., 2020 5 45 1 16 1.2% 1.78 [0.22-14.09]

Xiong et al., 2020 4 31 15 148 3.9% 1.27 [0.45-3.58]

Yanagisawa et al., 2019 41 436 4 49  42% 1.15[0.43-3.08]

Zhu et al., 2021 24 51 90 264 11.5% 1.38[0.99-1.93] ——

Subtotal (95% Cl) 2,682 1,563 79.0% 1.39 [1.17-1.66] O

Total events 426 216

Heterogeneity: Tau? = 0.00 ; Chi? = 13.55 ; df = 15 (P = 0.56) ; I = 0%

Test for overall effect: Z = 3.69 (P = 0.0002)

Echographic studies

Abdel-Wahab et al., 2020 6 121 1 120 1.2% 5.95 [0.73-48.68]

Erungaren et al. 2015 12 281 0 305 0.7%  27.13[1.61-456.06]

Franzone et al., 2018 7 775 8 604 2.6% 1.82[0.47-7.00]

Holy et al., 2017 i 227 1 287  1.2% 8.85 [1.10-71.41]

Jose et al., 2017 15 337 3 304 3.0% 4.51[1.32-15.43]

Latib et al., 2015 20 2813 6 1453 47% 1.72 [0.69-4.28]

Reardon et al., 2019 16 607 0 305 0.7%  16.61[1.00-275.90]

Sorysz et al., 2020 16 767 10 1540 57% 3.21[1.46-7.05] e

Spartera et al., 2018 12 398 1 219 1.3% 6.60 [0.86-50.44]

Subtotal (95% Cl) 6,326 5137 21.0% 3.42[2.12-5.54] @

Total events 111 29 T T T T 1
0.01 0.1 1 10 100

Intra-annular better Supra-annular better

Fig.3. Forest plotofselected studies comparing the effect of intra-annular versus supra-annular transcatheter aortic valve replacement on the occurrence of leaflet thrombosis.

4.3. Impact of antithrombotic regimen at discharge

Chronic oral anticoagulation was associated with a lower-risk
of LT (9.7% vs. 17.5%; RR: 0.51, 95% CI: 0.37-0.71; 19 CT studies
including 5882 participants; and 0.9% vs. 2.7%; RR: 0.22, 95% CI:
0.06-0.79; seven echocardiographic studies including 4163 partic-
ipants; Fig. 4A), but with quantitative heterogeneity (12 =76% and
61%, respectively). Chronic oral anticoagulation was also associ-
ated with a lower-risk of RLM (2.5% vs. 12.4%; RR: 0.32, 95% CI:
0.13-0.76; seven studies including 1465 participants; Fig. 4B), but
with significant heterogeneity (12 = 60%). No significant differences
in LT proportion were observed between vitamin K antagonists
and non-vitamin K antagonist oral anticoagulants (3.3% vs. 3.9%;
RR: 0.73, 95% CI: 0.43-1.23; 10 CT studies including 1151 partic-
ipants), dual antiplatelet therapy and single antiplatelet therapy
after TAVR (23% vs. 17%; RR: 1.08, 95% CI: 0.81-1.44; six CT stud-
ies including 1348 participants; and 1% vs. 0.8%, RR: 2.22, 95% CI:

0.60-8.20; three echocardiographic studies including 2000 partic-
ipants; Fig. A.1D and Fig. A.1E).

4.4. Clinical outcomes associated with LT and RLM (Central
Illustration)

LT was associated with a higher proportion of stroke in CT
studies (2.8%vs.2.4%; RR:1.63,95%Cl: 1.05-2.55; 17 studies includ-
ing 5553 participants), whereas echocardiographic studies were
inconclusive because of a lack of data. RLM was associated with a
higher but non-significant proportion of stroke (3.5% vs. 1.7%; RR:
2.29, 95% CI: 0.63-8.34; five studies including 1292 participants;
Fig. 5A and B). Both LT, according to CT studies, and RLM were
associated with higher rates of stroke and/or transient ischaemic
attack (4.0% vs. 3.1%; RR: 1.86, 95% CI: 1.30-2.68; with 19 studies
including 5701 participants; and 7.1% vs. 2.5%; RR: 3.31, 95% CI:
1.52-7.21; six studies including 1362 participants; Fig. A.1F, pan-
els a and b, respectively). All-cause death did not differ between
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A Oral No oral
anticoagulation anticoagulation Risk ratio Risk ratio

Study or subgroup Events Total Events Total Weight M-H,random,95% CI M-H, random, 95% CI
CT studies
Chakravarty et al., 2017 8 224 98 666 5.5% 0.24 [0.12-0.49] —
De Backer et al., 2019 12 97 33 102 5.9% 0.38[0.21-0.70] —_—
Garcia et al., 2022 11 140 68 497  59% 0.57 [0.31-1.06] e
Hansson et al., 2016 3 176 25 228 3.7% 0.16 [0.05-0.51]
Karady et al., 2020 29 35 58 7%  7.3% 1.09[0.89-1.32] +
Koo et al., 2020 1 5 24 133 22% 1.11 [0.19-6.64]
Makkar et al., 2015 1 13 21 41 21% 0.15[0.02-1.01]
Makkar et al., 2020 5 33 68 279  5.0% 0.62 [0.27-1.43] _
Marwan et al., 2018 2 32 16 46  31% 0.18 [0.04-0.73]
Montalescot et al., 2022 33 470 40 292 6.5% 0.51[0.33-0.79] —
Nihrenberg et al., 2019 7 64 29 136 52% 0.51[0.24-1.11] e
Park et al., 2022 10 102 20 109 55% 0.53[0.26-1.09] —_—
Rashid et al., 2021 2 40 22 132 3.1% 0.30 [0.07-1.22]
Rogers et al., 2021 2 43 8 49 2.8% 0.28 [0.06-1.27]
Ruile et al., 2018 &l 312 69 442 6.9% 1.05 [0.75-1.46] -
Vollema et al., 2017 3 38 13 90 37% 0.55[0.17-1.81]
Waksman et al., 2018 & 39 24 152 3.8% 0.49[0.15-1.53] —_—
Yanagisawa et al., 2019 9 115 36 370 55% 0.80 [0.40-1.62] —
Yanagisawa et al., 2016 2 12 8 52  3.0% 1.08 [0.26-4.47]
Subtotal (95% CI) 1,990 3,892 86.6% 0.51 [0.37-0.71] <>
Total events 194 680

Heterogeneity: Tau? = 0.32 ; Chi? = 73.93 ; df = 18 (P = 0.00001) ; I* = 76%
Test for overall effect: Z = 3.96 (P < 0.0001)

Echographic studies
Franzone et al., 2018 1 457 9 904 1.8% 0.22 [0.03-1.73]
Holy et al., 2017 0 199 8 315 1.1% 0.09 [0.01-1.60] —_—
Huchet et al., 2018 0 57 3 78 1.0% 0.19[0.01-3.69]
Joseetal., 2017 0 261 18 377 11% 0.04 [0.00-0.64] ——
Patterson et al., 2021 11 80 15 127 54% 1.16 [0.56-2.41] —_
Rheude et al., 2020 0 308 6 379 11% 0.09 [0.01-1.67] —_—
Spartera et al. 2018 1 161 12 460 1.9% 0.24[0.03-1.82]
Subtotal (95% Cl) 1,523 2,640 13.4% 0.22[0.06-0.79)] S
Total events 13 71 T T T T 1
Heterogeneity:Tau? = 1.56 ; Chiz = 15.23 ; df = 6 (P = 0.02) ; I = 61% 0.01 0.1 1 10 100
Test for overall effect: Z = 2.33 (P = 0.02) OAC better No OAC better
B 0AC No 0AC Risk ratio Risk ratio
Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% CI
De Backer et al., 2019 2 97 11 101 14.6% 0.19[0.04-0.83]
Jimenez et al., 2022 1 33 12 52 10.9% 0.13[0.02-0.96]
Makkar et al., 2015 1 i3 21 41 11.4% 0.15[0.02-1.01] _—
Montalescot et al., 2022 8 470 25 292 21.1% 0.20 [0.09-0.43] —
Park et al., 2022 3 102 8 109 16.2% 0.40[0.11-1.47] —_—
Rogers et al., 2021 1 43 5 48  10.2% 0.22 [0.03-1.84]
Yanagisawa et al., 2016 3 12 4 52 15.7% 3.25[0.83-12.65] 4+
Total (95% Cl) 770 695 100% 0.32 [0.13-0.76] <
Total events 19 86 T T T T |
Heterogeneity: Tau? = 0.77 ; Chi2 = 15.00 ; df = 6 (P = 0.02) ; I = 60% 0.01 0.1 1 10 100
Test for overall effect: Z = 2.57 (P = 0.01) OAC better No OAC better

Fig.4. A-B.Forest plots of selected studies comparing the occurrence of (A) leaflet thrombosis and (B) reduced leaflet motion according to the use or not of oral anticoagulation
(OAC). CI: confidence interval; CT: computed tomography; M-H: Mantel-Haenszel.
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A LT No LT Risk ratio Risk ratio

Study or subgroup Events Total Events Total Weight M-H, random,95% Cl M-H, random, 95% Cl

CT studies

Blanke et al., 2020 0 35 1 162  1.8% 1.51[0.06-36.30]

Chakravarty et al., 2017 6 106 21 784 23.9% 2.11[0.87-5.12] —_—

De Backer et al., 2019 0 44 3 151 2.2% 0.480.03-9.17]

Garcia et al., 2022 4 79 24 558 17.5% 1.18 [0.42-3.30] —_——

Hansson et al., 2016 2 17 8 229 8.6% 3.37[0.78-14.63] _—

Makkar et al., 2015 2 22 0 33 21%  7.39[0.37-146.97]

Makkar et al., 2020 1 28 1 156 2.5% 5.57 [0.36-86.50]

Montalescot et al., 2022 8 73 13 689 12.3% 2.18[0.64-7.47] _

Park et al., 2022 0 30 3 181 2.2% 0.84 [0.04-15.84]

Rashid et al., 2021 1 24 6 148  4.3% 1.03[0.13-8.17]

Ruile et al., 2018 1 120 13 634  4.6% 0.41[0.05-3.08]

Vollema et al., 2017 0 16 9 112 2.4% 0.35[0.05-5.74]

Waksman et al., 2018 1 27 4 166  4.0% 1.54 [0.18-13.24]

Waksman et al., 2020 0 6 1 53  1.9% 2.57 [0.12-57.21]

Yanagisawa et al., 2019 0 45 4 440 22% 1.07 [0.06-19.47]

Yanagisawa et al., 2016 0 10 0 60 Not estimable

Zhu et al., 2021 1 114 1 201 24% 1.76 [0.11-27.92]

Subtotal (95% Cl) 796 4,757 95.0% 1.63 [1.05-2.55] <>

Total events 22 112

Heterogeneity: Tau? = 0.00 ; Chi? = 8.11; df =15 (P =0.92) ; P = 0%

Test for overall effect: Z =2.17 (P = 0.03)

Echographic studies

Holy et al., 2017 0 8 24 506 2.5% 1.15[0.08-17.47]

Reardon et al., 2019 0 16 80 896 2.5% 0.330.02-5.07]

Subtotal (95% ClI) 24 1,402  5.0% 0.62 [0.09-4.25] s —=

Total events 0 104 T ; . ; !

Heterogeneity:Tau? = 0.00 ; Chi? = 0.4 ; df = 1 (P = 0.51) ; I = 0% 0.01 0.1 1 10 100

Test for overall effect: Z = 0.49 (P = 0.62) LT better No LT better
B RLM No RLM Risk ratio Risk ratio

Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% Cl

De Backer et al., 2019 0 13 3 181 19.7% 1.86 [0.10-34.19] =

Makkar et al., 2015 2 22 0 33 18.7% 7.39[0.37-146.97]

Montalescot et al., 2022 1 33 15 729 41.9% 1.47[0.20-10.82] =

Park et al., 2022 0 11 3 200 19.8% 2.390.13-43.72] o

Yanagisawa et al., 2016 0 7 0 63 Not estimable

Total (95% ClI) 86 1,206  100% 2.29 [0.63-8.34] o

Total events 3 21 T T T T 1

Heterogeneity: Tau? = 0.00 ; Chi2 = 0.84 ; df = 3 (P = 0.84) ; 2 = 0% 0.01 0.1 1 10 100

Test for overall effect: Z=1.26 (P = 0.21) RLM better No RLM better

Fig. 5. A-B. Forest plots of selected studies comparing the occurrence of stroke according to the presence or not of (A) leaflet thrombosis (LT) and (B) reduced leaflet motion

(RLM). CI: confidence interval; CT: computed tomography; M-H: Mantel-Haenszel.

participants with or without LT in CT studies (7.2% vs. 8.4%; RR:
1.13, 95% CI: 0.88-1.46; 18 studies including 5580 participants;
Fig. A.1G). The studies were at intermediate or low risk of bias using
the Newcastle-Ottawa Scale (Table A.4). Funnel plots are detailed
in Fig. A.2. Egger’s and Harbord’s tests showed concordant publi-
cations bias when comparing intra-annular versus supra-annular
valves (P=0.003 and 0.062), self- vs. balloon-expandable valves
(P=0.002 and 0.020) and bovine versus porcine valves (P=0.005
and 0.085, respectively).

5. Discussion

The present meta-analysis reports LT and RLM in almost two
out of 10 patients after TAVR. Importantly, these cases of LT, which
are mostly subclinical, were associated with a 1.63 RR increase
in the proportion of stroke, without any increase in mortality. CT
was more sensitive than transthoracic echocardiography in detect-
ing subclinical LT. Chronic oral anticoagulation - either vitamin
K antagonists or non-vitamin K antagonist oral anticoagulants —
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was protective against LT, an effect even more pronounced when
considering RLM.

The association between the occurrence of stroke (3.4% over-
all) and subclinical LT is striking, and is novel [11]. A previous
report on this association was obtained from small subgroups with
symptomatic valve thrombosis [17]. Stroke alone is obviously a
more relevant concern than transient ischaemic attack, the major
driver of previous investigations. Of note, the crude proportion of
stroke almost doubled when RLM was identified, and additional
investigations are needed, given the low event number. The more
pronounced effect among participants with RLM than with LT sup-
ports a larger thrombus burden that is necessary to alter valve
motion [18]. The lack of increase in mortality associated with sub-
clinical LT may suggest that most of the reported strokes were
not disabling [12], but raises the question of the optimal imaging
follow-up after TAVR. Indeed, the vast majority of LT cases were
subclinical, and it is likely that undiagnosed silent brain infarction,
known to be associated with an increased risk of dementia and
cognitive decline [19], may have occurred more frequently.

The definition of LT was highly variable among the included
studies. CT studies used hypo-attenuated leaflet thickening, defined
as an increased leaflet thickness with typical meniscal appearance
on long-axis views [5,7], and quantified in four grades [16,18].
However, the presence or absence of hyp-oattenuated leaflet thick-
ening was mainly considered, and accounts for the wide ranges in
proportion of LT. Echocardiographic studies suspected LT if there
was an increase in transprosthetic pressure gradient or a new more
than mild regurgitation and/or worsening symptoms, eventually
confirmed by CT, TEE [20,21] and/or response to anticoagulation
[13]. Consequently, echocardiographic studies may have selected
clinical and subclinical LT with haemodynamic compromise. Rou-
tine imaging follow-up after TAVR is usually performed using
transthoracic echocardiography [22], which is available every-
where, but lacks diagnostic performance as a result of limited
spatial resolution and valve stent frame artifacts [9,13]. Most
echocardiographic studies [13,15,20,21,23] used increased aortic
gradients as a surrogate marker of subclinical LT, although gradi-
ents lower than 20 mmHg have been evidenced in the vast majority
of cases of subclinical LT or RLM in CT studies [6,7,24,25]. A 4D
volume-rendered CT scan for an appropriate grading of both LT
and RLM [26] is needed when there are abnormal TEE findings
and/or thromboembolic events to guide the oral anticoagulation
use [4]. Although CT is more accurate than TEE [27], resulting in a
higher proportion of subclinical LT, the need for contrast admin-
istration, cost and radiation exposure are obvious limitations. This
is why routine CT follow-up after TAVR is currently not recom-
mended, but may be discussed in younger patients with longer life
expectancy. Time delay from TAVR to CT ranged from 30days up
to 1year, but was mainly less than 6 months, to allow the natural
healing response after TAVR [27]. However, LT is a dynamic pro-
cess, which may need serial assessment [6,8], raising the issue of
radiation exposure. The timing of transthoracic echocardiography
for LT identification appeared less clear, as it was rarely reported
and follow-up intervals vary according to centre.
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Several technical factors were associated with an increased
risk of LT. Balloon-expandable valves interact more importantly
with valve leaflets than self-expandable valves, causing traumatic
injury [6,13]. Intra-annular design results in a larger neo-sinus with
greater flow stasis [28] than supra-annular design. We found that
the RR of LT was increased with bovine compared with porcine
valves. Both tissues have different biophysical properties with
various inflammation triggers [29,30]. These explanations remain
interlinked, as most self-expandable valves are made of porcine
leaflets and supra-annular design, and are therefore speculative.
These results should be interpreted with caution knowing the
observed publications bias.

Oral anticoagulation halved the risk of LT and reduced the risk of
RLM by nearly 70% according to CT studies. Non-vitamin K antago-
nist oral anticoagulants were as effective as vitamin K antagonists,
and may appear as the preferred strategy to prevent LT when
oral anticoagulation is needed for another indication, namely atrial
fibrillation. When there is no other indication for long-term oral
anticoagulation, the optimal antithrombotic treatment following
TAVR remains challenging. In this setting, the 4D-CT substudies of
the GALILEO and ATLANTIS trials [16,18] demonstrated that low-
dose rivaroxaban plus aspirin and apixaban were associated with
reduced rates of RLM and LT compared with antiplatelet therapy.
However, these strategies are not recommended, given an excess
of unexplained non-cardiovascular mortality and an unfavourable
safety profile for rivaroxaban compared with antiplatelet therapy.
Further research is needed to assess long-term clinical impact of
LT/RLM and to test whether reduced doses of non-vitamin K antag-
onist oral anticoagulants would be beneficial in a low bleeding
risk situation, together with long exposition to device complica-
tions.

5.1. Study limitations

We acknowledge several limitations. First, this post hoc analy-
sis of LT subgroups should be considered as exploratory in nature.
Second, the lack of individual patient data precludes any individ-
ual levels of risk assessment. Third, heterogeneity of LT definitions,
time interval from TAVR to CT, follow-up durations and exclusion
criteria may affect the interpretation of our results, as outlined
by some publications bias. Finally, adverse outcome data were
provided in a few studies, especially when considering echocar-
diographic studies.

6. Conclusions

LT and/or RLM are common after TAVR, with highly variable
proportions according to the imaging modality used for screen-
ing. Valve characteristics and antithrombotic regimen are key
players in the occurrence of LT and RLM, which are associated
with an increased risk of stroke, without any impact on survival.
Whether systematic identification of subclinical LT/RLM to adjust
the antithrombotic regimen is a relevant approach warrants further
investigation (Central Illustration).
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Predictors of leaflet thrombosis / RLM after TAVR

Technical features Antithrombotic treatments
1 Intra-annular (vs supra) Oral anticoagulation vs without
RR 1.39 (CT) and RR 3.42 (echo) RR 0.51 (CT) for LT and RR 0.32 for RLM
1 Balloon (vs self-expandable) —p DAPT vs SAPT
RR 2.85 (echo) VAKT vs direct oral anticoagulants

| |

Proportion of leaflet thrombosis = 16.4% in CT and 1.1% in echo studies
Proportion of RLM = 11% (4D-CT studies)

= o Xl G
. “_,7.0}

Clinical impact of leaflet thrombosis / RLM after TAVR

Stroke alone All-cause mortality
RR 1.63 with leaflet thrombosis (CT) No difference according
Non significant with RLM : leaflet thombosis presence
Stroke and/or TIA <>

RR 1.86 with leaflet thrombosis (CT)
RR 3.31 with RLM

Central Illustration. Predictors, proportions and clinical impact of leaflet thrombosis (LT) and reduced leaflet motion (RLM) after tran-
scatheter aortic valve replacement (TAVR). Images in diastole (upper panel) and systole (lower panel) showing LT with hypo-attenuated
leaflet thickening and reduced motion. 4D: four-dimensional; CT: computed tomography; DAPT: dual antiplatelet therapy; echo: echocar-
diography; RR: relative risk; SAPT: single antiplatelet therapy; TIA: transient ischaemic attack; VKA: vitamin K antagonist.
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