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Abstract

Aims: Leaflet thrombosis (LT) has become increasingly recognised following transcatheter and surgical
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o aortic stenosis aortic bioprosthetic valve (ABV) replacement and can be reliably identified by multidetector computed
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computed
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aortic valve
implantation (TAVI)

tomography (MDCT). However, it is an ongoing debate whether MDCT-defined LT is associated with
adverse cerebrovascular outcomes. We sought to perform a systematic review and meta-analysis in order
to assess the incidence and clinical outcomes associated with MDCT-defined leaflet thrombosis following
(ABV) replacement.
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Methods and results: Electronic databases were searched for studies that performed mandatory MDCT
imaging following ABV replacement. The primary endpoint was the incidence of cerebrovascular events,
defined as a composite of stroke or transient ischaemic attack (TIA). Secondary endpoints included major
adverse cerebrovascular and cardiovascular events (MACCE), stroke, TIA, death or myocardial infarction.
In total, six studies met the inclusion criteria with 11.6% (198/1,704) of patients having MDCT-defined LT.
The prevalence of LT following transcatheter and surgical ABV replacement was 13.2% and 3.6%, respec-
tively. Cerebrovascular events were significantly increased in patients with LT (odds ratio [OR] 3.38, 95%
CI: 1.78-6.41, p<0.001). The risk of MACCE (OR 2.10, 95% CI: 1.21-3.64, p<0.001) and TIA (OR 5.86,
95% CI: 2.05-16.75, p<0.001) was also increased in patients with LT, although there were no differences in
the incidence of stroke (OR 2.43, 95% CI: 1.00-5.93, p=0.05), death (OR 0.92, 95% CI: 0.42-2.03, p=0.84)
or myocardial infarction (OR 1.72, 95% CI: 0.34-9.78, p=0.54) between groups.

Conclusions: MDCT-defined LT following ABV replacement is associated with a significantly increased
risk of adverse cerebrovascular events. Further prospective studies are required to ascertain whether LT can

be prevented or treated with pharmacological strategies.
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Abbreviations

ABV aortic bioprosthetic valve
HALT hypoattenuated leaflet thickening
LT leaflet thrombosis

MACCE major adverse cardiovascular and cerebrovascular events
MDCT  multidetector computed tomography

Mi myocardial infarction

OR odds ratio

RELM  reduced leaflet motion

SAVR surgical aortic valve replacement

TAVR transcatheter aortic valve replacement

TIA transient ischaemic attack

VARC-2 Valve Academic Research Consortium-2

Introduction
Aortic stenosis is the most prevalent form of valvular heart dis-
ease in developed countries and is estimated to be at a severity to
require intervention in ~3% of patients aged >75 years'. Surgical
aortic valve replacement (SAVR) remains an established thera-
peutic option for the majority of patients with symptomatic severe
aortic stenosis, with transcatheter aortic valve replacement (TAVR)
currently reserved for selected patients at intermediate and high
surgical risk?*. Transcatheter valves implanted have leaflets exclu-
sively manufactured from biological material, while the use of aor-
tic bioprosthetic valves (ABV) in surgical procedures is increasing
and is often favoured in older patients with medical comorbidities*.

Leaflet thrombosis (LT) has been well documented in metallic
heart valves, but is becoming increasingly recognised in surgical
and transcatheter ABV. Although transoesophageal echocardio-
graphy is considered the gold standard for the evaluation of leaflet
structure following ABV replacement, it is limited by its inva-
sive nature and variability in image interpretation. Multidetector
computed tomography (MDCT) has emerged as an alternative
non-invasive imaging modality that allows assessment of post-
procedure ABV geometry and leaflet function. Hallmarks of LT on
MDCT include hypoattenuated leaflet thickening and/or reduced
leaflet motion. Not all patients with MDCT-defined LT are symp-
tomatic; recent observational studies have highlighted that subclin-
ical LT may be relatively common®. There are also concerns that
LT may be associated with an increased risk of adverse cerebro-
vascular events due to embolisation of thrombotic debris from the
valve, although trial data are conflicting. We therefore sought to
perform a systematic review and meta-analysis to determine both
the prevalence of LT detected by MDCT following ABV replace-
ment and the association between MDCT-defined LT and adverse
cerebrovascular events.

Editorial, see page 1738

Methods

DATA SOURCES AND SEARCH STRATEGY

An electronic literature review was performed in PubMed,
MEDLINE and EMBASE databases covering the period from
January 2000 until May 2017. There were no additional limits set

Leaflet thrombosis and stroke

to the search strategy. Keywords using medical subject heading

9

(MeSH), where available, included “aortic valve”, “transcatheter

29 .

aortic valve replacement”, “transcatheter aortic valve implantation”,

CLINNTS

“surgical aortic valve”, “bioprosthetic aortic valve”, “aortic valve
stenosis”, “thrombosis”, “hypoattenuated leaflet thickening”, “valve
thrombosis™ and “leaflet thrombosis”. The study protocol was pro-
spectively registered with PROSPERO (CRD42017069536) and
adhered to PRISMA guidelines. An example search strategy for

MEDLINE is provided in Supplementary Table 1.

STUDY SELECTION

Study criteria for inclusion were as follows: 1) reporting of subclini-
cal or clinical LT in patients receiving a bioprosthetic aortic valve
(BPAV), 2) MDCT performed on patients following valve implan-
tation, 3) comparison of clinical outcomes between LT and non-LT
patients, and 4) fully published status. Studies were excluded if they
included patients receiving mechanical aortic valve replacement or
if the diagnosis of LT was made on alternative imaging modalities,
including echocardiography. Where multiple studies reported on
the same cohort of patients, we prioritised the most recent articles
with the largest cohort size. Study characteristics are provided in
Supplementary Table 2. In this study, study-specific definitions of
LT were used that encompassed either the presence of hypoattenu-
ated leaflet thickening (HALT) or the reduction of leaflet motion
(RELM). In four studies, LT was characterised by HALT, which
was defined as the presence of hypoattenuation of at least one leaf-
let on MDCT®®. Two studies characterised LT as RELM, described
as at least moderate leaflet opening (=50% systolic-phase maximal)
on four-dimensional volume-rendered MDCT valve imaging®'°.
Full details of the definitions of LT used within each study are pre-
sented in Supplementary Table 3.

DATA ITEMS AND COLLECTION PROCESS

Data items to be collected were specified before initiating data-
base searches. Two investigators (H.N. Rashid and A.R. Ihdayhid)
independently conducted the search and, later, data extraction
for baseline patient demographics, type of BPAV implanted and
clinical outcomes. Extracted data were verified by the senior
author (A.J. Brown) and any discrepancies resolved by consen-
sus agreement. Within each individual article, the risk of bias was
assessed according to the Cochrane Collaboration Assessment
(Supplementary Table 4).

CLINICAL ENDPOINTS

The primary endpoint for this study was the occurrence of any
cerebrovascular event, defined as either stroke or transient ischae-
mic attack (TIA). Secondary outcomes included major adverse
cardiovascular and cerebrovascular events (MACCE), which were
defined as a composite of all-cause death, stroke, TIA and myocar-
dial infarction (MI), as well as individual components of MACCE.
Within studies, stroke was defined as either the loss of neurolog-
ical function >24 hours or within 24 hours with neuroimaging
evidence of an ischaemic or haemorrhagic event®, or following
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clinical assessment by a neurologist®*!°. TIA was defined either
as a transient neurological dysfunction <24 hours without neuro-
imaging evidence of a stroke® or as diagnosed clinically by a neu-
rologist>*!°. Two studies did not define stroke or TIA but reported
their outcomes®’. MI was defined either 1) as elevation of cardiac
biomarkers with ischaemic clinical symptoms or electrocardio-
gram changes®, or 2) as adjudicated after independent review by
a clinical events committee™!?. Full details of individual clinical
endpoints and definitions are presented in Supplementary Table 5.

STATISTICAL ANALYSIS

Outcomes were analysed using a random effects model and sum-
mary estimates reported as pooled odds ratios (OR) with 95%
confidence intervals (CI) for the primary outcome of cerebrovas-
cular events. Subgroup analysis was performed to evaluate sum-
mary statistics for various composites of MACCE (ischaemic
cerebrovascular accident [CVA], TIA, death and MI). Sensitivity
analysis was performed to assess pooled risk estimates of HALT
vs. RELM as well as SAVR vs. TAVR. Statistical heterogeneity
was quantified with the I? statistic. Heterogeneity was quantified
as low, moderate or high based on I? values of 25%, 50% and
75%, respectively'!. Publication bias was assessed by the Harbord
test'2. A two-sided p-value of <0.05 was considered significant.
Statistical analysis was performed with Stata/MP 14.0 (StataCorp
LP, College Station, TX, USA) and the metan suite of commands.

Results

SEARCH RESULTS

A total of 1,897 citations were reviewed and screened, with 24 stud-
ies identified for potential inclusion and further evaluation. Of these,
18 studies were excluded as either they included patients with aortic
mechanical valve prostheses (six studies) or mandatory MDCT was
not performed (three studies). Other reasons for study exclusion can
be found in the PRISMA flow diagram provided in Figure 1.

Six papers met the predefined inclusion criteria and were
included in the final quantitative analysis. Eligible studies
included combined data from the Assessment of Transcatheter and
Surgical Aortic Bioprosthetic Valve Thrombosis and its Treatment
with Anticoagulation (RESOLVE) and the Subclinical Aortic
Valve Bioprosthesis Thrombosis Assessed with Four-Dimensional
Computed Tomography (SAVORY) registries. Four other studies
were single-centre registries, while one study reported specific
outcome data from the PORTICO IDE trial.

Overall, 1,704 patients were included in the analysis with
1,566 patients receiving a transcatheter and 138 receiving a sur-
gical ABV. The prevalence of atrial fibrillation ranged from 28%
to 45%, with between 8-23% of patients having a history of prior
cerebrovascular disease. Full details of the clinical demographics
for each study are presented in Table 1.

PREVALENCE OF LT
In total, 198 patients (11.6%) had evidence of LT following MDCT
evaluation, with the weighted prevalence of LT in the cohort being
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Figure 1. Study flow chart. Flow diagram illustrating the study
selection process for the systematic review and meta-analysis.
CT: computed tomography; LT: leaflet thrombosis

13.1% (95% CI: 8.7-17.5%) (Figure 2). The absolute prevalence of
LT in transcatheter ABV was 13.2%, while in surgical ABV it was
lower at 3.6%. For transcatheter ABV, the highest prevalence of LT
was observed in Portico™ valves (St. Jude Medical, St. Paul, MN,
USA) at 35.2% (37/108), but LT was also observed in LOTUS™
(Boston Scientific, Marlborough, MA, USA) at 14.5% (12/83),
Edwards SAPIEN systems (Edwards Lifesciences, Irvine, CA,
USA) at 10.2% (128/1,352) and Medtronic CoreValve®/Evolut™ R
systems (Medtronic, Minneapolis, MN, USA) at 6.2% (9/145). With
regard to surgical ABV, the highest prevalence of LT was observed
in Magna valves (Edwards Lifesciences) at 10.8% (4/37), and
there was one reported case of LT in a Perimount valve (Edwards
Lifesciences) at 2.6% (1/39). The time from implantation to initial
MDCT ranged between a median of 6 and 58 days (Table 2).

CEREBROVASCULAR EVENTS

Four studies reported the incidence of cerebrovascular events in
patients with and without LT. The summary OR for these stud-
ies was 3.38 (95% CI: 1.78-6.41, p<0.001), demonstrating an
increased risk of cerebrovascular events in patients with evidence
of LT (Figure 3). There was no evidence of statistical heteroge-
neity between studies (1>=0%, p=0.93). A pre-specified sensitivity
analysis, stratifying outcomes by subcategory of LT, demonstrated



Table 1. Baseline characteristics of included studies.

Sample | LT Age L HIN | DM

score

()| () (median)

(%)

Leaflet thrombosis and stroke

Antico-| CCF LVEF
agula- | (or >NYHA | (mean,
tion (%)| 1) (%) | %)

Chol | MI | PCI | Stroke | CKD | AF
(%) | (%) | (%) | (%) | (%) | (%)

Makkar et al 55 22 | 86/82 | 36/55 NR 95/85 | 55/52 | 91/73 | 9/12 | NR | 23/12 | 41/27 | 45/45 | NR 81/85 48/55
Pache et al 156 16 | 83/82 | 38/46 | 47/45 | NR | 13/23 | NR 0/13 | 6/20 NR NR | 38/42 | O/NR NR 50/53
Hansson et al 405 28 | 831 64/45 NR NR | 18/23 | NR | 29/24 | NR | 32/224# | 21/9 | 21/48 | NR NR NR

Chakravartyetal | 890 | 106 | 82/79 | 60/56 NR 83/87 | 21/25 | 74/77 | NR | 13/11 | &8 | 1410 | 16/30 | NR 79/75 56/58
Yanagisawa et al 70 10 | 86/85%| 70/25 | 7.6/59 | 60/77 | NR | 70/57 | NR NR NR | 60/68 | 30/23 | 20/17 20/58 64/65
Vollema et al 128 16 | 81/81 | 50/52 NR 69/78 | 6/32 | 50/61 | 19/21 | 25/22 | 38/19% | NR | 25/30 | 19/31 50/62 50/51

PCI: percutaneous coronary intervention; STS: Society of Thoracic Surgeons

Data reported as LT/Non-LT. *Median values reported. "Median age of whole cohort. #Included all cerebrovascular disease. AF: atrial fibrillation; CCF: congestive cardiac failure;
Chol: hypercholesterolagmia; CKD: chronic kidney disease; DM: diabetes mellitus; HTN: hypertension; LT: leaflet thrombosis; LVEF: left ventricular ejection fraction; MI: myocardial infarction;

that RELM was related to higher rates of cerebrovascular events
(OR 3.41, 95% CI: 1.67-6.96, 1’=0%, p<0.001) when compared
with HALT (OR 3.23, 95% CI: 0.75-13.95, 1>=0%, p=0.12) (p for
interaction=0.95) (Supplementary Figure 1).

SECONDARY CLINICAL ENDPOINTS
Three trials reported the incidence of MACCE, with the same tri-
als also reporting individual incidences of stroke, TIA and MI.

The incidence of MACCE was increased in patients with LT (OR
2.10, 95% CI: 1.21-3.64, 1>=0%, p<0.001) (Figure 4). Similar
findings were also found for the incidence of TIA (OR 5.86, 95%
CI: 2.05-16.75, I>=0%, p<0.001), although the incidence of stroke
was not different between patient cohorts (OR 2.43, 95% CI: 1.00-
5.93, I’=0%, p=0.05) (Figure 5). The incidence of MI was not
significantly different between patients with or without LT (OR
1.72, 95% CI: 0.34-9.78, I’=0%, p=0.54). Four studies reported

Study ES (95% CI) % Weight
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Figure 2. Prevalence of leaflet thrombosis. Forest plot displaying weighted prevalence and 95% confidence intervals (CI) for the occurrence

of multidetector computed tomography-defined leaflet thrombosis. ES: effect size
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Figure 3. Risk estimates for cerebrovascular events. Forest plot displaying summary odds ratio (OR) and 95% confidence intervals (CI).

LT: leaflet thrombosis
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Study OR Events, LT  Events, LT %

D (95% CI) present absent Weight
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Figure 4. Risk estimates for major adverse cardiovascular and cerebrovascular events. Forest plot displaying summary odds ratio (OR) and
95% confidence intervals (CI). LT: leaflet thrombosis

A Transient ischaemic attack B stroke

Study OR Events, LT Events, LT % Study OR Events, LT Events, LT %

D (95% CI) present  absent  Weight ID (95% CI) present  absent  Weight

Makkar et al. (2015) (Excluded) 0/22 0/33 0.00 | Makkar et al. (2015) > 8.17(0.37,178.80)  2/22 0/33 6.39

Chakravarty et al. (2017) - 6.66(2.19,20.21)  6/106 11784 89.65 | Hansson et al. (2016) il 3.68(0.72,18.90)  2/17 8/229 22.74

Yanagisawa et al. (2017) — 1.92(0.07,50.38)  0/10 1/61 10.35 | Chakravarty et al. (2017) 3 2.08(0.82, 5.25) 6/106  22/784 70.87

Overall (1?=0.0%, p=0.480) /> 5.86(2.05,16.75)  6/138 8/878  100.00 | Yanagisawa et al. (2017) (Excluded) 0/10 0/60 0.00
Overall (I”=0.0%, p=0.629) /> 2.58(1.18,5.64)  10/155  30/1,106  100.00
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C Myocardial infarction D All-cause death
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D (95% CI) present  absent  Weight ID (95% CI) present  absent  Weight

Makkar et al. (2015) — > 1.52(0.09,25.72)  1/22 1/33 37.75 | Makkar et al. (2015) —— 3.20(0.27,37.63)  2/22 1/33 10.28

Chakravarty et al. (2017) i 1.86(0.21,16.77}  1/106 47784 62.25 | Hansson et al. (2016) —— 0.57 (0.13, 2.54) 219 54/316 27.96

Yanagisawa et al. (2017) (Excluded) 0/10 0/60 0.00 | Chakravarty et al. (2017) - 0.87 (0.30, 2.49) 4/106 34/784 55.92

Overall (I*=0.0%, p=0.914) /> 1.72(0.30,9.78)  2/138 5/877 100.00 | Yanagisawa et al. (2017) — 1.89(0.07,49.56)  0/10 1/60 5.85
Overall (1%=0.0%, p=0.665) 0.92(042,2.03) 159  90/1,193  100.00
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Figure 5. Risk estimates for individual clinical endpoints. Forest plot displaying summary estimates for transient ischaemic attack (4), stroke
(B), myocardial infarction (C), and all-cause death (D). LT: leaflet thrombosis

the incidence of all-cause death. Again, this was not significantly =~ PUBLICATION BIAS

different between patient cohorts (OR 0.92, 95% CI: 0.42-2.03,  The potential for publication bias was assessed statistically by
1=0%, p=0.84). Full details of the incidence of clinical endpoints  the Harbord test, which demonstrated no evidence of small study
for each study are presented in Table 2. effects (p=0.75).

Table 2. Incidence of clinical endpoints for patients with and without leaflet thrombosis.

Time to MDCT LTF/U NoLTF/U | Cerebrovascular| MACCE Stroke TIA All-cause ]
(days) ((EYD) ((EYD) events (%) (%) (%) (%) death (%) (%)

Makkar et al 32* 183* 183* 9.1/0 22.7/6.1 9.1/0 0/0 9.173 4.5/3
Pache et al 5.8 228* 228* 0/NR NR 0/NR 0/NR 6.3/NR NR
Hansson et al 43* 363* 360* 11.7/34 NR 11.8/3.5 NR 10.5/17.1 NR
Chakravarty et al 58* 518 543 10.4/3.4 15.1/8.3 5.712.7 5.7/0.9 3.8/4.3 0.9/0.5
Yanagisawa et al 6* 365 365 0/1.7 0/3.3 0/0 0/1.7 0/1.7 0/0
Vollema et al 35* NR NR 0/NR 0/NR 0/NR 0/NR NR NR
Data reported as LT/Non-LT. * Median value was reported. F/U: follow-up; LT: leaflet thrombosis; MACCE: major adverse cardiovascular and cerebrovascular events; MDCT: multidetector
computed tomography; MI: myocardial infarction; TIA: transient ischaemic attack




Discussion

To our knowledge, this is the first meta-analysis investigat-
ing whether MDCT-defined LT following ABV replacement
is associated with adverse clinical events. Our major finding is
that the incidence of adverse cerebrovascular events is increased
in patients with ABV who have MDCT evidence of LT, which
was primarily driven by increased TIA events in patients with LT.
Although the absolute number of strokes was increased in patients
with LT, this did not reach statistical significance. We also found
that the pooled incidence of MDCT-defined LT was ~13%, with
the presence of LT also associated with increased risk of MACCE
and TIA. Finally, there were no differences in the incidence of all-
cause death and MI in patients with or without LT. These results
suggest that the identification of LT is important and highlight that
additional research is now warranted into whether antithrombotic
strategies can be optimised to prevent the development of LT.

There is increasing recognition that the consequence of bio-
prosthetic valve thrombosis may not be an all or nothing event,
and instead probably represents a continuum extending from leaf-
let thickening through to overt valve failure'®. Importantly, recent
studies have highlighted that many patients with imaging features
consistent with early bioprosthetic valve thrombosis are asymp-
tomatic, raising the question as to whether these findings are of
clinical significance. Here, we demonstrate that patients with
MDCT evidence of LT have significantly higher rates of cerebro-
vascular events, mainly driven by an increased risk of TIA. The
pathological mechanism underlying these observations is yet to
be determined, but could be explained by systemic embolisation
of thrombotic material from the valve leaflets'®. Support for this
concept is also provided in our data, as we found that valves with
RELM have a higher risk of cerebrovascular events when com-
pared with HALT. These findings imply that the risk of cerebro-
vascular events is proportional to valve thrombotic burden and
strategies that prevent LT have significant potential to improve
outcomes. We have also shown that the reporting of cerebrovascu-
lar events was not standardised, as evident in our cerebrovascular
events sub-analysis. One study in the sub-analysis did not provide
a definition of stroke’, whilst only two studies had all neurological
events evaluated by a neurologist™!®. As such, we strongly encour-
age future LT studies to incorporate mandatory review by a neu-
rologist in the assessment of neurological events.

In our study we found that LT is relatively common follow-
ing ABV replacement, occurring in >10% of patients having rou-
tine post-procedure MDCT imaging. In addition, the prevalence of
LT appears to be higher following TAVR than conventional aortic
valve surgery, though only one study reported the incidence of LT
in SAVR and therefore conclusions should be drawn with caution.
As the likelihood of bioprosthetic valve thrombosis is determined
by leaflet/device surface, blood haemostatic and arterial haemo-
dynamic factors, there are a number of plausible mechanisms
that could explain our findings'®. During TAVR preparation, the
valve undergoes structural deformation from crimping to accom-

modate passage (increasingly) through sheath introducers'®'s.

Leaflet thrombosis and stroke

Manipulation of the valve in this way therefore has potential to
generate stress foci in leaflet collagen fibres inducing surface
microdamage and predisposing to thrombus formation. TAVR
prostheses are also expanded into position against heavily calci-
fied native aortic valve cusps. Non-uniform valve delivery acts to
alter transvalvular arterial flow dynamics and may lead to para-
valvular malapposition against the fixed native valve leaflets and
any abutting calcified nodules - both potential causes for throm-
bus activation'. Finally, previous series have shown that around
10-20% of TAVR patients undergo further post-dilatation after
valve delivery, potentially precipitating further leaflet injury®2!.
Further studies are now required in TAVR into the predictors of LT
and whether changes to procedural strategy or device development
could lower the risk of LT.

Although anticoagulation, fibrinolysis and repeat valve replace-
ment are valid treatment strategies for patients with symptomatic
valve thrombosis, the management of subclinical LT remains
ambiguous. Formal anticoagulation with a vitamin-K antagonist
would appear to be a logical therapeutic option, providing the
bleeding risk is appropriately defined and tailored to individual
patients. Support for this concept is provided by observational
studies demonstrating lower rates of LT for patients on concur-
rent anticoagulation when compared with antiplatelet therapies®!°.
In addition, valve thrombus load may be reduced and leaflet
motion improved by administration of a vitamin-K antagonist®.
Despite these observations, there is still debate as to whether the
incidence of adverse cerebrovascular events can be reduced for
patients with subclinical LT when anticoagulation is initiated.
The conflict in opinion is illustrated in registry data from patients
undergoing ABV replacement, with some studies reporting that
anticoagulation either reduces® or has no effect** on the incidence
of thromboembolic complications when compared with aspirin
alone. The intensity of anticoagulation therapy also has to be deli-
cately balanced against the risk of bleeding in an often frail and
elderly patient cohort. Randomised trials such as the GALILEO
[NCT02556203] and ATLANTIS [NCT02664649] trials will pro-
vide further insight into the optimal antithrombotic strategy fol-
lowing ABV replacement. Furthermore, both trials will be looking
at leaflet thrombosis as a combined primary endpoint, which will
provide further understanding on the optimal antithrombotic treat-
ment post TAVR.

Study limitations

There are a few limitations to the current analysis. Firstly, there are
currently few studies reporting the occurrence of MDCT-defined
LT following ABV. The true prevalence, particularly for each
valve type, may only be known with further research. However,
we report the largest pooled analysis on MDCT-defined LT with
ABYV and the results provide a robust basis for future investigation.
Secondly, all of the included studies were observational in design
and thus have potential to have hidden biases that impacted on our
results. Thirdly, the definition of LT varied slightly between stud-
ies, with either the presence of hypoattenuated leaflet thickening or
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restriction of leaflet motion required for diagnosis of LT. However,
the definitions used by individual studies all relate to the early
stages of ABV thrombosis, and the pathological mechanisms that
underscore the development and clinical sequelae of LT are prob-
ably similar. Fourthly, the type of MDCT scanner and timing used
to diagnose LT varied between studies, which may have influ-
enced the diagnostic ability and the reported pooled prevalence of
LT. Next, all cerebrovascular events were not routinely assessed
by a neurologist, potentially impacting on the prevalence of stroke
and TIA. Finally, antithrombotic strategy post ABV implantation
was not clearly described in all studies and that strategy may have
influenced both the development and sequelae of LT.

Conclusions

MDCT-defined LT following ABV replacement is associated with
a significantly increased risk of adverse cerebrovascular events,
particularly TIA. Further prospective studies are required to ascer-
tain whether LT can be adequately prevented or treated through
pharmacological strategies.

Impact on daily practice

Aortic bioprosthetic valve leaflet thrombosis defined with
multidetector computed tomography is associated with an
increased risk of adverse cardiovascular events, in particular
transient ischaemic attacks. Leaflet thrombosis with the feature
of reduced leaflet motion is associated with higher rates of cer-
ebrovascular events when compared to hypoattenuated leaflet
thickening alone. Further studies are warranted to determine
the optimal antithrombotic strategy to prevent and treat leaflet
thrombosis.
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Supplementary data

Supplementary Table 1. Example search strategy for MEDLINE.

# Searches Results
1 Transcatheter aortic valve replacement.mp. 2,588
2 Transcatheter aortic valve implant.mp. 2,780
3 Surgical aortic valve.mp. 847

4 Bioprosthetic aortic valve.mp. 194

5 Aortic valve stenosis/ 21,220
6 lor2or3ordors 37,983
7 Thrombosis 65,734
8 Leaflet thrombosis.mp. 14

9 Leaflet thickening.mp. 106

10 | Valve thrombosis.mp. 966

11 | 7or8or9orl0 67,831
12 |6and 11 645




Supplementary Table 2. Study characteristics.

Trial Year Valve type MDCT Software analysis

SE BE ME Surgical
Makkar et al 2015 v x x x As per recruiting site 3mensio, Vitrea
Pache et al 2015 x v x x 128 DSCT syngo Multimodality Workplace
Hansson et al 2016 x v x x 128 DSCT syngo.via
Chakravarty et al 2017 v v v v 128 DSCT, 320-detector 3mensio, Vitrea
Yanagisawa et al 2017 x v x x 320-detector Ziosoft
Vollemaet al 2017 x v x x 64-detector, 320-detector Vitrea

BE: balloon-expandable; MDCT: multidetector CT; ME: mechanically expanded; SE: self-expanding




Supplementary Table 3. Leaflet thrombosis definitions.

Leaflet thrombosis definition

Methodology

Makkar et al o At least moderate restriction of leaflet motion ¢ Quantification based on analysis of volume-rendered en face image of aortic valve
(=50%) or immobile (lack of motion in at least one prosthesis at maximal leaflet opening. Measurements made from inner margin of
leaflet). stent frame to the margin of the affected leaflet tip and the distance represented as

a percentage of the radius of the stent frame as an orthogonal line through the
affected leaflet to the centre of the frame.

Pache et al e Hypoattenuated thickening with or without rigidity e |dentifiable in at least two different MPR projections and two different

of one or more leaflets identifiable in at least two
different MPR projections and two different

reconstruction time intervals.

reconstruction time intervals.

Hansson et al

e Diffuse thickening of 1 or more leaflets or more
focal hypoattenuating abnormality attached to valve
leaflet, identifiable on two reconstructed planes

(double-oblique axial and MPR reconstruction).

o Identifiable on two reconstructed planes (double-oblique axial and MPR
reconstruction).

o Number of leaflets, maximal leaflet thickening noted.




Chakravarty et al

e At least moderate restriction of leaflet motion

(=50%) or immobile (lack of motion in at least one

leaflet).

o Leaflet motion quantified at maximal leaflet opening during systole using 4D
volume-rendered en face image of prosthetic valve. RLM measured from inner
margin of stent frame to the margin of the affected leaflet tip. Distance
represented as a percentage of the radius of the stent frame as an orthogonal line

through the affected leaflet to the centre of the frame.

¢ Mild (<50% RLM), moderate (50-70% RLM), severe (>70% RLM), immobile.

Yanagisawa et al

e Greater than 3 mm thickness in the lateral and

longitudinal directions on aortic aspect of leaflet on

2D images.

e Assessed on 2D images. HALT area was measured by tracing at the level at which
the largest HALT was observed on axial imaging. Measurements performed in

diastolic phases of cardiac cycle at 75% of R-R interval.

Vollema et al

¢ Hypoattenuated thickening with or without reduced

motion of one or more TAVR leaflets.

e Assessed on 2D MPR planes including 3D and 4D volume-rendered movies

throughout entire cardiac cycle.

HALT: hypoattenuated leaflet thickening; LT: leaflet thrombosis; MPR: multiplanar reformation; RLM: reduced leaflet motion; TAVR: transcatheter aortic

valve replacement




Supplementary Table 4. Cochrane Review risk of bias assessment.
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Supplementary Table 5. Definitions of clinical outcomes.

Cerebrovascular events (stroke and TIA)

Myocardial infarction (MI)

Makkar et al All neurological events were assessed by a neurologist and underwent Not defined but was assessed independently by a clinical events
neuroimaging. An independent committee adjudicated cases of stroke. committee.
Pache et al Not defined. Not assessed.

Hansson et al

Not defined but only stroke reported.

Not assessed.

Chakravarty et al

All neurological events were evaluated by a stroke neurologist.

Not defined.

Yanagisawa et al

As per VARC-2 guidelines [25]:

Acute episode of focal or global neurological deficit with at least 1 of the
following: change in level of consciousness, hemiplegia, hemiparesis,
numbness, or sensory loss affecting 1 side of the body, dysphasia or
aphasia, hemianopia, amaurosis fugax, or other neurological signs or

symptoms consistent with stroke.

As per VARC-2 guidelines [25]:

Periprocedural MI (<72 hrs after the index procedure) — new
ischaemic symptoms (e.g., chest pain or shortness of breath) or
new ischaemic signs (e.g., ventricular arrhythmias, new or
worsening heart failure, new ST-segment changes,
haemodynamic instability, new pathological Q-waves in at least
2 contiguous leads, imaging evidence of new loss of viable

myocardium or new wall motion abnormality) AND elevated




Stroke: duration of a focal or global neurological deficit >24 hrs OR <24
hrs if available neuroimaging documents new haemorrhage or infarct;
OR the neurological deficit results in death.

TIA: duration of a focal or global neurological deficit <24 hrs, any
variable neuroimaging does not demonstrate a new haemorrhage or
infarct.

Confirmation of diagnosis by at least 1 of the following: neurologist or
neurosurgical specialist, neuroimaging procedure (brain MRI or CT
scan), but stroke may be diagnosed on clinical grounds alone.

Imaging studies (MRI, CT) or new sensory-motor deficit persisting >24

hrs.

cardiac biomarkers (CK-MB preferable) within 72 hrs consisting
of at least 1 sample post procedure with a peak value exceeding
15 x the URL for troponin or 5 x for CK-MB. If biomarkers are
increased at baseline, a further increase in at least 50% post
procedure is required AND the peak value must exceed the
previously stated limit.

Spontaneous M1 (>72 hrs after index procedure) - any 1 of the
following criteria: A) detection of rise and/or fall of cardiac
biomarkers (preferably troponin) with at least 1 value above 99'"
percentile URL together with evidence of myocardial ischaemia
with at least one of the following: (i) symptoms of ischaemiga;
(ii) ECG changes indicative of new ischaemia (new ST-T
changes or new LBBB); (iii) new pathological Q-waves in at
least 2 contiguous leads; (iv) imaging evidence of new loss of
viable myocardium or new wall motion abnormality. B) Sudden,
unexpected cardiac death involving cardiac arrest, often with

symptoms suggestive of myocardial ischaemia and accompanied




by presumably new ST elevation or new LBBB, and/or evidence
of fresh thrombus by coronary angiography and/or at autopsy,
but death occurring before blood samples could be obtained, or
at a time before the appearance of cardiac biomarkers in the
blood. C) Pathological findings of an acute myocardial

infarction.

Vollema et al

All neurological events were evaluated by a neurologist.

Not assessed.

LBBB: left bundle branch block; URL: upper reference limit; VARC-2: Valve Academic Research Consortium-2




Supplementary Figure 1. Risk estimates by subcategory of leaflet thrombosis.

Study Events, LT Events, LT %
ID OR (95% CI) present absent Weight
RELM '
Makkar et al. (2015) ————) 8.17 (0.37, 178.80) 2/22 0/33 4.31
Chakravarty et al. (2017) 3.25 (1.56, 6.76) 11/106 27/784 76.48
Subtotal (I-squared = 0.0%, p = 0.568) : 3.41 (1.67, 6.96) 131128 27/817 80.79
HALT ;
Hansson et al. (2016) -~ 3.68 (0.72, 18.90) 2117 8/229 15.36
Yanagisawa et al. (2017) —— 1.92 (0.07, 50.38) 0/10 1/61 3.85
Subtotal (I-squared = 0.0%, p = 0.727) /> 3.23 (0.75, 13.95) 2/27 9/290 19.21
Heterogeneity between groups: p = 0.949 )
Overall (l-squared = 0.0%, p = 0.929) ”> 3.38(1.78,6.41) 15/155 36/1107 100.00
T
1 5
LT absent LT present

HALT: hypoattenuated leaflet thickening; LT: leaflet thrombosis; RELM: reduced leaflet

motion




