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Abstract

Stroke remains a devastating complication of transcatheter aortic valve replacement (TAVR), with the inci-

KEYWORDS

.. . o . N . .
« aortic stenosis dence of clinically apparent stroke seemingly fixed at around 3% despite TAVR’s significant evolution dur:

e cerebral protection
¢ mitral valve repair
¢ other

o stroke

*TAVR

ing the past decade. Embolic showers of debris (calcium, atheroma, valve material, foreign material) are
captured in the majority of patients who have TAVR using a filter-based cerebral embolic protection device
(CEPD). Additionally, in systematic brain imaging studies, the majority of patients receiving TAVR exhibit
new cerebral lesions. Mechanistic studies have shown reductions in the volume of new cerebral lesions
using CEPDs, yet the first randomised trial powered for periprocedural stroke within 72 hours of a trans-
femoral TAVR failed to meet its primary endpoint of showing superiority of the SENTINEL CEPD.

The present review summarises the clinicopathological rationale for the development of CEPDs, the evi-
dence behind these devices to date and the emerging recognition of cerebral embolisation in many non-
TAVR transcatheter procedures. Given the uniqueness of each of the various CEPDs under development,
specific trials tailored to their designs will need to be undertaken to broaden the CEPD field, in addition to
evaluating the role of CEPD in non-TAVR transcatheter heart interventions. Importantly, the cost-effective-
ness of these devices will require assessment to broaden the adoption of CEPDs globally.
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Abbreviations

AS aortic stenosis

CEPD cerebral embolic protection device

DW-MRI diffusion-weighted magnetic resonance imaging
SAVR  surgical aortic valve replacement

TAVR transcatheter aortic valve replacement

TCD transcranial Doppler

Introduction

Current American' and European?® valvular heart disease guidelines
favour transcatheter aortic valve replacement (TAVR) via trans-
femoral access for patients with severe aortic stenosis (AS) across
the entire surgical risk spectrum (>65 years in US guidelines,
>75 years in European Union [EU] guidelines). Stroke remains
a devastating complication for TAVR recipients, imparting a 6-fold
higher 30-day mortality compared with those without stroke post-
TAVR3%. The burden of stroke has a substantial effect on patients,
their families, health services and society in terms of morbidity
and mortality along with a significant socioeconomic impact®’. Its
prevention therefore represents a priority objective across all lev-
els of healthcare in many geographies. From a patient’s perspec-
tive, stroke represents the most feared complication of TAVR®’.
Contemporary stroke rates related to TAVR remain at 2-4%>'%!1,
with no significant reduction in recent times**. Furthermore, the
detection of clinical strokes and silent cerebral lesions post-TAVR
is highly dependent on the intensity of the neurological examina-
tion and imaging modality used.

Cerebral embolic protection devices (CEPD) were developed to
mitigate TAVR-related stroke along with the burden of cerebral
embolic debris and have been shown to be safe in various clinical
settings. However, their true efficacy in stroke prevention during
TAVR remains to be demonstrated. Table 1 summarises the evi-
dence to date of the safety and efficacy of various CEPD systems
used in the TAVR population.

Aetiology and timing of strokes during TAVR

TAVR-related stroke pathogenesis is multifactorial (Figure 1)
and can be broadly categorised into acute — linked more with the
TAVR procedure per se — and longer-term stroke events — related
more to the patient’s atherosclerotic disease and overall comor-
bidity burden. A prior history of stroke, arterial/valvular calcium
burden, bicuspid aortic valves, aortic valve pre-/postdilatation
and valve-in-valve procedures have been identified as risk fac-
tors for periprocedural stroke®!", while reduced renal function,
diabetes mellitus and increasing age were found to be related to
the incidence of late stroke'?. Whether both periprocedural and
longer-term stroke rates are directly related to the implantation
procedure or the underlying type of aortic bioprosthesis (surgical
vs transcatheter, intra-annular vs supra-annular transcatheter heart
valves, deflectable/steerable vs non-deflectable/-steerable deliv-
ery systems) remains to be proven. This said, randomised data in
lower-risk patients demonstrate lower stroke rates in TAVR versus
surgical aortic valve replacement (SAVR) recipients'®. To further

complicate matters, clinical manifestations of stroke are broad
and unpredictable, ranging from major stroke with typical disa-
bling sequelae to more subtle episodes of postprocedural transitory
delirium or an acute confusional state, to clinically silent cerebral
embolisation (silent brain infarction) that can only be detected on
brain imaging.

Most periprocedural TAVR-related ischaemic strokes are caused
by athero- or thromboembolic events provoked by the disruption
of atheromatous or calcific debris arising during several proce-
dural steps', as summarised in Figure 1.

Approximately 50% of events occur during the acute periproce-
dural phase (~72 hrs) and in 80% of patients the stroke is detected
within the first week post-TAVR*!*!". Symptoms typically appear
once periprocedural anticoagulation wears off and embolised
debris forms a nidus for in situ thrombosis.

Numerous studies have shown the presence of “silent” ischae-
mic brain lesions, detected by diffusion-weighted magnetic res-
onance imaging (DW-MRI), in almost all patients who undergo
TAVR/SAVR'*!¢ (Table 2). Data from a systematic review and
meta-analysis including 42 studies with a total of 2,632 patients
showed that the incidence of new silent brain infarcts during
TAVR (4.5842.09) is greater than the incidence during SAVR
(2.16£1.62), on- and off-pump coronary artery bypass graft surger-
ies (2.11+0.25), percutaneous coronary interventions (1.88+1.02),
and mixed cardiothoracic surgeries (3.38+0.72)"7. This reinforces
the importance of mitigating strategies for cerebral embolisation
during TAVR.

Pathological insights of TAVR-induced debris
and its impact upon neurocognitive functioning
Prior studies conducted in a high surgical risk population and
recent evaluations in patients at low and intermediate surgical
risk have shown the presence of captured material or debris in
the vast majority of patients undergoing TAVR and transcathe-
ter mitral valve interventions when using the SENTINEL CEPD
(Boston Scientific) (Table 3). These analyses reported significant
heterogeneity of debris type captured within the filters, consist-
ing mainly of acute thrombus, arterial wall remnants, valve tis-
sue, calcific debris, myocardial tissue, and even foreign material.
Most of the captured particles were <500 pum in size, but large
particles >1,000 pm (comprising nearly 5% of all captured par-
ticles) were detected in more than 2/3 of low-risk patients. This
is relevant because, while small particles are linked to silent cer-
ebral lesions detected on DW-MRI, larger particles (>1,000 pm)
may account for clinically apparent strokes. The risk for larger
particle embolisation has been found to be more common in
patients with bicuspid aortic valves (odds ratio [OR] 2.91, 95%
confidence interval [CI]: 1.20-7.03; p=0.02), with transcatheter
heart valve repositioning being associated with a greater quan-
tity of captured debris (OR 2.96, 95% CI: 1.42-6.16; p=0.004).
Overall, the capture rate of debris, observed tissue types, and
size/distribution of debris are comparable across the entire surgi-
cal risk spectrum (Table 3).
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 Mechanical factors

— Fragments and debris from the aortic
valve, aortic walls, myocardium

— Catheter manipulation

—Balloon aortic valvuloplasty

—Valve positioning, deployment and
post-dilation

—Endothelial injury and shear stress
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o Calcified native valve disruption

CEP during transcatheter heart interventions

 Pharmacological factors o (ther
— Prothrombotic cascade activation —Periprocedural atrial fibrillation
(platelet and coagulation) —Air embolism
— Suboptimal anticoagulation levels — Altered aortic flow dynamics
© Haemodynamic factors in the neosinus
— Sustained hypotension
— Rapid ventricular pacing

—Haemodynamic instability

o Suboptimal antiplatelet effect
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 Incomplete endothelialisation of the valve stent

 New-onset atrial fibrillation
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o Patient's overall atherothrombotic burden

o TAVR technique refinement
o Appropriate anticoagulation
o Use of cerebral embolic protection devices (in active research)

o Optimal antithrombotic regimen
after TAVR (in active research)

o | eft atrial appendage occlusion (in active research)
 Permanent carotid filters (in active research)

Figure 1. Potential mechanisms related to stroke during and after TAVR and preventive strategies. TAVR: transcatheter aortic valve

replacement

The potential impact of silent cerebral lesions on cognitive func-
tion and its prognostic relevance at medium- to long-term follow-
up is still not well defined'®!*. Despite the lack of overt symptoms
of stroke, silent brain infarcts are associated with subtle impair-
ments in physical function and cognitive ability that usually pass
unnoticed. The presence of silent strokes in an elderly population
has been thought to increase the risk of major stroke and dementia
along with a faster onset of cognitive impairment®. Although some
reports suggest cognitive decline post-TAVR, others have reported
that cognitive improvement can be achieved among TAVR recipi-
ents with pre-existing impaired cognitive function prior to the pro-
cedure, possibly related to haemodynamic improvement following
resolution of aortic stenosis?'. However, the initial data of neu-
rocognitive tests were primarily obtained from elderly patients
who had a high or prohibitive risk of surgery and a pre-existing
impaired baseline neurocognitive function, which made the detec-
tion of subtle neurocognitive changes due to TAVR extremely
challenging. Additionally, the population currently evaluated with
neurocognitive testing remains small, the tests used to assess cog-
nitive function are heterogeneous across studies, and clinical fol-
low-up remains too short to be able determine long-term impact.
Conclusive data are therefore currently lacking to tie the link
between cerebral embolisation and longer-term cognitive decline.
However, emerging data indicate that silent brain lesions may not
be benign and that their mitigation in the younger TAVR popula-
tion may ultimately prove clinically relevant.

Cerebral embolic protection devices

Given the ubiquitous showering of debris during TAVR and tran-
scatheter mitral interventions (Table 3), adjunctive use of a CEPD
during transcatheter heart valve procedures to mitigate cerebral
embolisation (along with its clinical consequences) seems intui-
tively beneficial. Stroke reduction and lessening the extent of neu-
rological damage notionally seem to be sound clinical rationale
for promoting CEPD use during TAVR. Despite the above, its use
during TAVR remains infrequent. The SENTINEL device was

used in 7.1% of TAVR procedures across 551 sites in the USA
between 2018 and 2019%2. Although multiple patient and hospital
characteristics have been associated with CEPD use, TAVR case
volume seems to be the predominant factor associated with its use
in the USA, rather than its eligibility for the Centers for Medicare
& Medicaid Services (CMS) TAVR reimbursement or the CMS
new technology add-on payment. This suggests that in the absence
of definitive data for CEPD efficacy, reimbursement alone did
not drive its use. In addition, the added risk burden due to use
of a CEPD per se, such as thrombotic or vascular complications,
should be considered, especially with CEPDs requiring larger-bore
femoral access. Prior studies have shown the feasibility and safety
of the currently available CEPDs**?". Their use is associated with
reductions in the number of new lesions on brain DW-MRI along
with the total volume of brain injured, which may possibly reduce
the risk of developing cognitive impairment or accentuating pre-
existing neurological pathologies*-. Yet their efficacy for clini-
cal stroke prevention remains to be clearly demonstrated®®. Tahle
4 highlights the main aspects of an “ideal” CEPD. According to
their mechanism of action, CEPDs can be primarily categorised
into 2 groups: devices that capture (totally or partially) debris
within the aorta before it reaches the brain, renal or periph-
eral arteries; or deflectors of debris from the aortic arch and its
branches. The former may be positioned along the aortic arch and/
or descending aorta or within the brachiocephalic trunk and/or
common carotid arteries, while the latter are typically positioned
along the roof of the aortic arch (Central illustration). Devices
can also be classified into partial capture devices (SENTINEL),
full capture devices (Emblok [Innovative Cardiovascular
Solutions], Emboliner [Emboline], FLOWer [AorticLab]), primar-
ily deflective devices (with small capture capacity) (TriGUARD 3
[Keystone Heart/Venus Medtech], ProtEmbo [Protembis], POINT-
GUARD [Transverse Medical]), and deflection and capture
devices (CAPTIS [Filterlex]). Figure 2 summarises the main char-
acteristics of a range of CEPDs currently approved for clinical
use and those in the preliminary clinical phase or in preclinical
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Table 1. Success and complication rates of CEPDs in major TAVR studies.

Device SENTINEL TriGUARD
Study name MISTRAL-C? CLEAN-TAVIZ SENTINELZ PROTECTED TAVR* DEFLECT I1I*® REFLECT 11%
Study design RCT RCT RCT RCT RCT RCT
Number of patients 65 (device arm: 32; 100 (device arm: 50; 363 (device safety arm: | 3,000 (device arm: 85 (device arm: 46; 220 (device arm: 162

control arm: 33)

control arm: 50)

123; device imaging
arm: 121; control arm:
119)

1,500; control arm:
1,500)

control arm: 39)

[41 roll-ins plus 121
randomised]; control
arm: 58)

Device success

93.0%

92.0%

94.4%

94.4%

88.9%

71.0%

Primary endpoint

Incidence of new brain
lesions 5 to 7 days
after TAVR, assessed
by DW-MRI

Numerical reduction in
positive post-procedure
DW-MRI brain lesions
relative to baseline at
2 days following TAVR
in potentially protected
territories

1) Safety: incidence of
MACCE at 30 days: all
death, all strokes
(disabling and
non-disabling), and
acute kidney injury
(AKI; stage 3)
according to VARC-2.
2) Efficacy: reduction
in median total new
lesion volume in
protected territories
between the device
and control arms, as
assessed by DW-MRI at
2 to 7 days after TAVR

Clinical stroke within
72 hours after TAVR or
before discharge
(whichever came first)

In-hospital procedural
safety (MACCE),

a composite of
all-cause mortality, all
stroke (disabling and
non-disabling),
life-threatening (or
disabling) bleeding,
AKI (stage 2 or 3), and
major vascular
complications

1) Safety at 30 days:

a composite of all-cause
death, stroke,
life-threatening or
disabling bleeding,
stage 2-3 AKI, coronary
artery obstruction
requiring intervention,
major vascular
complications, and
valve-related
dysfunction requiring
repeat procedure.

2) Efficacy:

a hierarchical composite
of (i) all-cause mortality
or any stroke at 30 days,
(i) NIHSS worsening
from baseline to

2-5 days post-procedure
or MoCA worsening
(decrease of 3 points or
more from baseline) at
30 days, and (iii) total
volume of cerebral
ischaemic lesions
detected by DW-MRI
performed 2-5 days
post-procedure

Complications

Stroke/TIA

Device arm: 0; control
arm: 2 patients within
30 days (disabling)

Device arm: 10%;
control arm: 10%
within 7 days (all
non-disabling)

Device arm: 5.6%;
control arm: 9.1%
within 30 days
(p=0.25)

Device arm: 2.3%;
control arm: 2.9%
within 72 hours
(p=0.30)

Device arm: 2.2%;
control arm: 5.1%
within 72 hours
(p=0.30)

Device arm: 6.4%;
control arm: 5.3% in
hospital (p=1.000)

Vascular complications

Minor: device arm
39%; control arm 41%
at 30 days (p=0.904).
Major: CEPD arm 0%;
control arm 19%
(p=NA)

1(10%) patient in
each treatment group
with a life-threatening
bleed

Device arm: 8.6%;
control arm: 5.9% at
30 days (p=0.530).
CEPD-related: 0.4%;
TAVR-related: 8.2%

1(0.1%) patient in the
device arm

Device arm: 15.2%;
control arm: 15.4%
(p=0.85)

Device arm: 7.0%;
control arm: 0% in
hospital (p=0.039).
CEPD-related: 1.9%;
TAVR-related: 4.5%;
aortic vascular injury:
1.3%




Table 1. Success and complication rates of CEPDs in major TAVR studies (cont'd).

CEP during transcatheter heart interventions

ProtEmho Emblok Emboliner Embrella FIH CAPTIS FLOWer POINT-GUARD
- . Embrace /
PROTEMBO SF PROTEMBO C Latib A et al* SafePass Clll-llca| PROTAVI-C Pilot CAPTIS” NAUTILUS FIH CENTER FIH trial®
TRIAL (FIH)® TRIAL* program*- Study®
study*4
Non-RCT Non-RCT Non-RCT Non-RCT Non-RCT Non-RCT Non-RCT Non-RCT
4 41 (37 intention-to- 20 63 (series of 3 52 (device arm: 41; | 20 (data available 75 4
treat cohort, of single-arm control arm: 11) for 11 patients)
which 31 feasibility studies:
per-protocol cohort) SafePass FIH: 13;
SafePass 2: 31;
SafePass 3: 19)
100% 94.6% 100% 100% 100% 100% 100% 100%
Feasibility and 1) Safety: MACCE at | 1) Technical 1) Safety: incidence | Feasibility, safety, Safety: incidence of | 1) Safety: incidence | Safety and
safety 30 days, defined as | success, defined as | of 30-day MACCE and exploratory mortality or of 30-day MACCE performance
a composite of the successful (death, stroke, and | efficacy cerebrovascular (death, stroke, and
all-cause mortality, | insertion, placement, | stage 3 AKI) event at 72 hours stage 3 AKI)
all stroke, and removal of the compared with and device-related compared with
life-threatening or Emblok device, and | a 12% historical complications a 14.3% historical
disabling bleeding, | device performance | performance goal. performance goal.
major vascular was evaluated 2) Performance: the 2) Performance:
complications in the | during and after ability to technical success
access vessels or completion of the successfully deploy and system
aorta, or AKI (stage | TAVR index and retrieve the usability; debris
2 or 3), all according | procedure. device captured and
to VARC-2. 2) Immediate histopathological
2) Performance: rate | cerebral embolic evaluation.
of technical success, | burden after TAVR, 3) Clinical benefit:
defined as the ability | defined as the brain imaging
to safely deliver, number and volume (DW-MRI) at
deploy, and remove | of new brain lesions baseline and within
the device; the as detected with 2-5 days after TAVR;
ability to secure and | DW-MRI at days 2-5 neurocognitive
stabilise the position | post-TAVR compared protection assessed
of the device with baseline by NIHSS, MOCA and
throughout the mRS at baseline,
procedure; and to 2-7 days and
deflect embolic 30 days after TAVR
material, defined by
coverage of the 3
cerebral vessels
without impeding
blood flow

0% at 30 days 1(2.7%) patient 0% at 30 days 2 (6.5%) patients 2 strokesand 1 TIA | 0% at 30 days 3 (5.2%) strokes at | Not reported
(CEPD retrieved (atday 1 and at day | in the device arm 30 days (data from
prematurely because 17 post-TAVR) in 58 patients)
of interaction with SafePass 2, and 1
the TAVR catheter) (5.2%) patient in

SafePass 3 (still to
be adjudicated)

0% at 30 days 8.1% (3/37): 2 1(5.0%) patient at | 1 patient with Device arm: 5 1(5.0%) Not reported Not reported
haematomas and 1 | site of valve a minor oozing at (12.2%); control
dissection treated insertion the device access arm: 1 (9.1%)

with balloon
inflation

site in SafePass 2

(p>0.999), at
30 days

AKI: acute kidney injury; CEPD: cerebral embolic protection device; DW-MRI: diffusion-weighted magnetic resonance imaging; FIH: first-in-human; MACCE: major adverse cardiac and cerebrovascular
events; MoCA: Montreal Cognitive Assessment; mRS: Modified Rankin Scale; NA: not applicable; NIHSS: National Institutes of Health Stroke Scale; RCT: randomised controlled trial; TAVR: transcatheter
aortic valve replacement; TIA: transient ischaemic attack; VARC-2: Valve Academic Research Consortium-2
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Table 2. Brain MRI results and cognitive outcomes of CEPDs in major TAVR studies.

Brain DW-MRI results

MISTRAL-C*

New brain lesions at
5-7 days: 78% (73%
vs 87%; p=0.31).
Median total new
lesion volume: 95 mm?
(10-257) vs 197 mm®
(95-525) (p=0.17).
Median total lesion
volume in protected
areas: 0 mm? (0-102)
vs 76 mm? (40-221)
(p=0.057). Absence of
new lesions: 13% vs
27% (p=0.31)

SENTINEL

CLEAN-TAVIZ

New brain lesions at

2 days: 98%. Median
new lesion number: 4
(3.3-7.25) vs 10
(6.75-17.00)
(p<0.001). Median
total new lesion
volume: 242 mm®
(159-353) vs 527 mm?
(364-830) (p=0.001)

SENTINEL?

Median total new
lesion volume at
2-7 days: device arm:

102 mm?; control arm:

177 mm? (p=0.33)

PROTECTED TAVR™

Not performed

TriGUARD

DEFLECT 111*®

New brain lesions at
30 days: 80.8%;
device arm: 73.1%;
control arm: 88.5%
(per-treatment
analysis)

REFLECT 1%

Median total new lesion
volume at 2-5 days:
device arm:

215.39 mm?; control
arm: 188.09 mm®
(p=0.405)

New neurocognitive deficit

Device arm: 4%;
control arm: 27%
(p=0.017)

No differences between
both groups regarding
NIHSS, mRS and moCA
at 2, 7, and 30 days

No difference

in overall composite
scores at baseline,
30 days, or 90 days
between device and
control arms

No differences between
both groups in NIHSS,
mRS, MoCA and
CAM-ICU scores

Worsening in NIHSS
score from baseline
with DW-MRI evidence
of ischaemia: device
arm 3.1%; control arm
15.4% (p=0.160)

No differences in NIHSS
score worsening at
discharge (14.1 vs 7.6,
p=0.18) nor at 30 days
post-procedure (7.8 vs
3.6; p=0.31), in the
device vs control arm,

self-expanding TAVR vs
balloon-expandable
TAVR (693 mm? vs

266 mm®, p=0.067).

In particular, the lesion
volume in the posterior
lobes was significantly
greater with
self-expanding THVs
(405 mm? vs 92 mm?;
p=0.037)

(IQR, 2,551-5,217) in
the control group

to 30-day follow-up
correlated with the
median new

lesion volume in
protected territories
and all territories

control arm: 1.5%
(p=0.67)

-Acute kidney injury:
device arm: 0.5%;
control arm: 0.5%
-NNT for prevention of
disabling stroke =125

device arm: 21.7%;
control arm: 30.8%
(p=0.34). New
post-TAVR ischaemic
lesions at 30-day
follow-up DW-MRI were
detected in 11.5% of
device arm and 9.1%
of control subjects
(both mean single and
maximum lesion
volumes were 5.2+17.9
vs 3.3x11.9 mm?;
p=0.78). All subjects
undergoing TAVR with
or without TriGUARD
device showed DW-MRI
ischaemic lesions
when the CoreValve
prosthesis was used

respectively
Other findings Baseline brain MRI The median MACCE at 30 days: Disabling stroke: In-hospital MACCE Primary safety endpoint
assessment confirmed | number of device arm: 7.3%; device arm: 0.5%; (all-cause mortality, all | at 30 days (all-cause
ischaemic lesions in periprocedural HITS control arm: 9.9% control arm: 1.3% stroke, life- mortality, all stroke,
11% of patients. Total | was 3,196 (IQR (p=0.25). The change | (p=0.02) threatening/disabling | life-threatening/
lesion volume was 2,522-4,010) in the in neurocognitive -Non-disabling stroke: | bleeding, acute kidney | disabling bleeding,
greater in patients with | filter group and 3,674 | scores from baseline device arm: 1.7% injury [stage 2 or 3]): coronary artery

obstruction requiring
intervention, acute
kidney injury [stage 2 or
3], major vascular
complications,
valve-related
dysfunction requiring
intervention): device
arm: 15.9%; control
arm: 34.4%
(p=0.0001).

Primary efficacy
endpoint at 30 days
(all-cause mortality, all
stroke, NIHSS
worsening, absence of
DW-MRI lesions
post-procedure, total
volume of cerebral
lesions by DW-MRI):
device arm: 45.7%;
control arm: 54.3%
(p=0.857)




Table 2. Brain MRI results and cognitive outcomes of CEPDs in major TAVR studies (cont'd).

CEP during transcatheter heart interventions

ProtEmho Emblok Emboliner Embrella FIH CAPTIS FLOWer POINT-GUARD
PROTEMBOSF | PROTEMBO Latib Aetaf | SefePassclinical | PROTAVICPiot | pyoricn A [
TRIAL (FIH)* TRIAL* program*- Study® study 649
50% reduction in Median number of New brain lesions at Not performed New brain lesions at | Not performed Median total new Pre- and
number of new new lesions at 2-5 days: 95%. Median 7 days: device arm: lesion volume at post-procedure
lesions compared to | 2-7 days: 8 (IQR number of new lesions: 100%; control arm: 2-5 days: device DW-MRIs were
historical cohort, 3-16). Median total | 10 (4.75-15.25). Median 100%. Median arm: around conducted, no
and 87% reduction | new lesion volume: | total new lesion volume: number of new 500 mm® results reported
of new lesions for 210 mm? 199.9 mm® (83.9- lesions: device arm: (32 patients); control
the protected vs (137-456 mmd). 447.5). Mean new lesion 7.5 (3-13); control arm: around
unprotected TAVR at | Average new lesion | volume per lesion: arm: 4 (2-8) 1,450 mm®
3 and 30 days volume: 34 mm? 42.5 mm? (21.5-75.6) (p=0.413). Median (4 patients)
(24-45 mmd). total new lesion
Freedom from brain volume: device arm:
lesions >150 mm?: 305 mm®; control
87%. arm: 180 mm®
Freedom from brain (p=0.909). Median
lesions >350 mm?: lesion volume:
97% device arm: 30mm®
(20-50 mm®); control
arm: 50 mm?
(30-70 mm®)
(p=0.003). Lesion
location
No differences in No significant 0% at 30 days (NIHSS) | Not reported No differences in the | No increase of Not reported Not reported
MoCA at 30-day worsening of NIHSS median scores NIHSS score at
follow-up in any of (NIHSS scale, the follow-up.
the patients at modified Rankin 1/11 patients had
30-day follow-up Scale and the an increase in
Barthel Index) mRS score at 72h
compared with and 2/10 patients
baseline at 30 days
examination
(p>0.15)
All three side branch | MACCE at 30 days No MACCE was observed | MACCE at 30 days There was 1 radial No MACCE Debris collected in All 4 filters showed
vessels of the aortic | (all-cause mortality, | at 30 days. Debris (death, stroke, and | thrombosis withno | (all-cause all cases, with an evidence of debris
arch were covered in | all stroke, captured in 90% of stage 3 acute kidney | clinical mortality, all TIA | average total capture. 4
all patients. Minimal | life-threatening/ Cases. injury): 2 (6.5%) consequences and 1 | and stroke) was | number of collected | non-device-related
to no interaction disabling bleeding, | Patients with full patients. Debris pseudoaneurysm of | observed at particles of 420 per | adverse events were
with TAVR catheters | acute kidney injury | protection showed captured in 100% of | the brachial artery 30 days. Acute patient, with around | reported

was reported.

(stage 2 or 3). The
largest single lesion
volume detected in
any of the patients
was 402 mm?. Dwell
time of the device:

30.2+13.4 min (IQR:

16 t0 69)

Average time for
device deployment:
4.5+4.9 min

significant lower new
lesion volume compared
to patients without full
protection (median
176.1 mmé [IQR 60.7 to
90.6 mm?®] vs 519.7 mm?
[IGR 400.1 to

459.9 mm®]; p= 0.0402
(post hoc analysis). No
difference in terms of
reduction of new lesions
was seen (8.0 [IQR 4.5 to
15.5]vs 13.0[IQR 3.0 to
15.0], respectively;
p=0.179).

19 (95%) patients had
new ischaemic defects at
postprocedural DW-MRI.
Median number of new
lesions per patient: 10.00
(IQR 4.75 to 15.25), total
new lesion volume:
199.9 mmé (IQR 83.9 to
447.5 mm®), mean lesion
volume per lesion:
42.5mm? (IQR 21.5 to
75.6 mm?®). Dwell time of
the device: 24.0 mins
(IQR 19.2 t0 27.7)
Median time for device
deployment: 2.0 mins
(IR 0.0 t0 6.75)

cases. Average ~280
particles >150 pm
and 2,151 particles
>60 pm captured
per patient. 66% of
patients had at least
1 particle >1 mm
size (data from
SafePass 2 trial).
Average 287
particles >150 pm
and 3,175 particles
>60 um captured
per patient (partial
and preliminary
results from the
SafePass 3 trial,
pending final
adjudication)

that required
surgical repair. At
30 days, the reported
incidence of
life-threatening
bleeding, renal
insufficiency/failure,
and mortality
occurred in

3 patients (7.3%)
for each event
(p>0.999).

Total number of HITS
during the
procedure: device
arm: 632; control
arm: 279 (p<0.001).
Median time for
device deployment: 2
min (IQR 1 to 3)

kidney injury at
72 hours (or
discharge): 1
(5.0%).

Debris was
collected in all
cases, with an
average total
number of
collected
particles of
1,448, with 112
particles

>150 pm in size,
95 particles of
150-500 pm, 11
particles of
500-1,000 pm,
and 6 particles of
>1,000 pm.
Median
deployment and
retrieval time of 8
and 4 minutes,
respectively

two-thirds being
particles <150 pm in
size (data from

15 patients)

CAM-ICU: Confusion Assessment Method for Intensive Care Unit Patients; CEPD: cerebral embolic protection device; DW-MRI: diffusion-weighted magnetic resonance imaging; HITS: high-intensity
transient signals; IQR: interquartile range; MACCE: major adverse cardiac and cerebrovascular events; MRI: magnetic resonance imaging; mRS: modified Rankin Scale; MoCA: Montreal Cognitive
Assessment; NIHSS: National Institutes of Health Stroke Scale; NNT: number needed to treat; TAVR: transcatheter aortic valve replacement; THV: transcatheter heart valve; TIA: transient ischaemic attack;
VARC-2: Valve Academic Research Consortium-2
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SoRTicLes
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= [ o A t'
SENTINEL™ ProtEmbo® Emblok™ Emboliner” POINT-GUARD™ CAPTIS™ FLOWer™
Regulatory status C€ FDA (d3 SIH ‘ SIH ; SIH SIH FIH FIH
Cerebraliembolle Partial Complete Complete Complete Complete Complete Complete Complete
protection P P! P P p! p p
Concept Partial capture Deflect Deflect Coptieang Cpriicand Deflect Capiiliegnd Captureand
removal removal removal removal
Pore size 140 um 115x145 um 60 um 125 um 150 pm 105 um 115x145 um 70 um
Vascular access Right radial Femoral Left radial Femoral Fefrioral Femorl .Fe.moral Bemarel
(contralateral) (contralateral) (contralateral) (ipsilateral) (contralateral)
Access size 6 Fr 8 Fr 6 Fr 11 Fr 10 Fr 10 Fr 16 Fr 12 Fr
Heparin coating No Yes Yes No Yes No No data No data

Figure 2. Cerebral embolic protection devices: main features and regulatory status. CE: European conformity; Fr: French;, FDA: U.S. Food

and Drug Administration; FIH: first-in-human; SIH: second-in-human

development. Currently, there are 4 devices with published data in
peer-reviewed journals, two of which are in clinical use, and sev-
eral others remain under active investigation in early phase studies
for their potential applications in TAVR and structural heart inter-
ventions (Central illustration).

What is the evidence for using specific CEPDs
during TAVR?

THE SENTINEL CEREBRAL PROTECTION SYSTEM

The SENTINEL Cerebral Protection System consists of 2 poly-
urethane filters with 140 mm diameter pores fixed in a flexible
nitinol radiopaque frame, advanced from a 6 Fr sheath through
the right radial or right brachial artery and deployed into the ostia
of brachiocephalic trunk and left common carotid artery?®. It is
designed to capture emboli passing into the cerebral circulation
in 2 of the 3 branches of the aortic arch. The proximal filter is
aimed to be positioned at the ostium of the brachiocephalic trunk,
whereas the distal filter is placed in the left common carotid, but
leaving the left subclavian open, and the left vertebral circulation
is unprotected®?. The device has a CE (European conformity)
mark and U.S. Food and Drug Administration (FDA) approval for
use within vessels measuring 9-15 mm in diameter and is, to date,
the most widely used CEPD in TAVR.

The MISTRAL-C® (n=65 patients) and the CLEAN-TAVI
(n=100 patients) randomised trials®®* showed fewer new lesions
and smaller total lesion volumes in the SENTINEL-protected
group. Neurocognitive deterioration was more frequent in the
patients treated without protection.

The US SENTINEL IDE Study* was a larger multicentre
study (n=363 patients) with a 1:1:1 randomisation into a safety
device arm (n=123), an imaging device arm (n=121), and an
imaging control arm (n=119). The authors reported debris in 99%

of the filters. Despite a numerical reduction in all-cause stroke
at 30 days, statistical significance was not met (5.6% for the
SENTINEL group vs 9.1% in the control group; p=0.25). Also,
the median total new lesion volume in protected territories evalu-
ated by DW-MRI 2-7 days post-TAVR did not differ significantly
between the control and the CEPD groups. The CEPD group dem-
onstrated a reduction in stroke within 72 hrs after TAVR (classi-
fied as procedural stroke by the Neurologic Academic Research
Consortium [NeuroARC] definitions)*® when compared to the
unprotected group (3.0% vs 8.2%; p=0.053). Although the topline
results of this trial failed to demonstrate a statistically significant
clinical reduction in stroke events and new lesion volume, sev-
eral caveats of the trial warrant consideration. Baseline abnor-
mal brain signal volume (indicative of prior stroke) is known
to impact new lesion volume assessment’'; additionally, there is
a dynamic fluctuation of T2-weighted-Fluid-Attenuated Inversion
Recovery (T2/FLAIR) lesion volume from day 2 post-TAVR to
day 7 post-TAVR. With this in mind, reanalysing new lesion vol-
ume in protected and unprotected brain regions when control-
ling for baseline cerebral infarction volume did show a protective
effect of the SENTINEL CEPD in both protected (p=0.025) and
unprotected territories (p=0.05)%. Despite the above, the results
of this post hoc analysis can be considered only as hypothesis-
generating. The loss of brain MRI follow-up in 25% of cases was
also a significant confounder for result interpretation. Moreover,
the SENTINEL IDE Study was never powered to show a signifi-
cant difference in clinical indices.

Three large-scale non-randomised retrospective studies from
Medicare, Transcatheter Valve Therapy (TVT) and National
Inpatient Sample (NIS) registry data analysed the outcomes of
TAVR patients and CEPD use, with the SENTINEL CEPD, in
real-world practice?®3>3. There was a lack of concordance amongst
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Table 4. Main features of an ideal CEPD.

Provide complete protection to the cerebral circulation

Easy to use, deploy, and retrieve

Harmless and safe

Effective to prevent small and large emboli

Feasible for all anatomies (one size fits all)

No/minimal interaction with the TAVR delivery systems

Optimal visibility under fluoroscopy

Maintained stability throughout the procedure

Absence of cerebral flow obstruction

Low thrombogenicity

Low risk of causing dissections, carotid or aortic plague
displacement or rupture during device deployment, positioning, and
retrieval, and during passage of the TAVR delivery system in the
aortic valve and ascending aorta

As low profile as possible to avoid access site complications

Low cost

Captures and removes all cerebral and non-cerebral debris

Versatile to be used for other left heart procedures

CEPD: cerebral embolic protection device; TAVR: transcatheter aortic
valve replacement

these studies in demonstrating a consistent stroke reduction benefit
of the SENTINEL CEPD during TAVR. Other retrospective ana-
lyses from Alkhouli et al*, Seeger et al*’, and an analysis from
Ulm* were similarly discordant in their findings of benefit (or
not) with the use of a CEPD during TAVR.

The recently published PROTECTED TAVR (Stroke
PROTECTion With SEntinel During Transcatheter Aortic Valve
Replacement) trial®’ was the first randomised, open-label, multi-
centre, all-comer trial powered for clinical endpoints. It enrolled
3,000 patients undergoing transfemoral TAVR with all commer-
cially available transcatheter heart valves, to receive TAVR plus
the SENTINEL device (CEPD group: 1,501 patients) or TAVR
with no CEPD (control group: 1,499 patients). The primary end-
point was all stroke (haemorrhagic, ischaemic, or undetermined
status; disabling or non-disabling) up to 72 hours post-TAVR
procedure or hospital discharge using NeuroARC defini-
tions>. Successful device deployment was achieved in 94.4% of
patients, and 1 patient (0.1%) developed a vascular complication
at the CEPD access site. SENTINEL use did not significantly
reduce the incidence of stroke within 72 hours post-TAVR or
before hospital discharge compared to the control group (2.3%
vs 2.9%; p=0.30). Disabling stroke (a secondary endpoint) was
less frequent in the CEPD group (0.5%) compared to the control
group (1.3%; difference —0.8 percentage points; 95% CI: —1.5
to —0.1). Also, the incidence of all-cause death (0.5% vs 0.3%),
stroke, transient ischaemic attack (TIA), or delirium (3.1% vs
3.7%), and acute kidney injury (AKI; 0.5% vs 0.5%) were sim-
ilar between groups. The number needed to treat to prevent 1
disabling stroke was 125 patients. Although the device proved to
be safe and a possible effect on disabling strokes (a secondary

endpoint) was seen, the lack of efficacy and clear clinical benefit
might challenge its use in daily practice, and questions continue
to arise regarding its cost-effectiveness, especially in single-
payer health systems. Figure 3 summarises the stroke reduction
obtained by the SENTINEL CEPD in clinical trials.

THE TRIGUARD 3 CEREBRAL PROTECTION DEVICE

The TriGUARD 3 Cerebral Protection Device is a deflection
device positioned to protect all 3 branches of the aortic arch,
including the left subclavian artery. It is placed via a transfemoral
9 Fr femoral arterial sheath which allows for concomitant use of
a 6 Fr pigtail catheter. The device is composed of a semipermeable
nitinol mesh with pores of 115x145 mm which deflect particles
larger than 140 um. The mesh is heparin-coated to reduce the risk
of thrombus formation. The circumferential pressure of the device
in the aortic arch and the nitinol device shaft holds the device in
position during TAVR?%,

The feasibility and safety of this device was investigated in
the DEFLECT I*® and DEFLECT II* trials, which were prospec-
tive, single-arm studies (n=37 and 14 patients, respectively).
DEFLECT I*® showed a similar presence of new cerebral ischae-
mic lesions on DW-MRI to historical controls (82 vs 76%;
p=not significant). Similarly, in the DEFLECT II trial*’, compar-
ing the DW-MRIs of these patients to a historical control group
showed no reduction in the number of lesions (median 5.5 vs
5.0; p=0.86). DEFLECT III* (n=85 patients) was a single-blind
multicentre randomised trial in which TAVR patients were ran-
domised to either a CEPD (n=46) with the TriGUARD system
or to no CEPD (n=39). Device success was achieved in 88.9%
(40/45) of patients. The primary in-hospital procedural safety
endpoints (death, stroke, life-threatening or disabling bleeding,
stage 2 or 3 AKI, or major vascular complications) were not sta-
tistically different (21.7% of the TriGUARD HDH group com-
pared to 30.8% of the control group; p=0.34).

The REFLECT 1 trial (n=258 patients of the initially planned
375 patients) was a multicentre (20 US and 6 European centres),
randomised controlled trial that evaluated the safety, efficacy, and
performance of the TriGUARD system in patients undergoing
TAVR?. Prior to completing enrolment, the study was suspended at
the recommendation of the data safety monitoring committee. The
primary efficacy endpoint was a hierarchical composite of (i) all-
cause mortality or any stroke at 30 days, (ii) National Institutes of
Health Stroke Scale worsening at 2-5 days or Montreal Cognitive
Assessment worsening at 30 days, and (iii) total volume of cere-
bral ischaemic lesions detected by DW-MRI at 2-5 days. Complete
coverage of all 3 cerebral vessels throughout the TAVR procedure
was achieved in 57.3% (78/136) of cases. The primary safety out-
come was met compared with the performance goal (21.8% vs
34.4%; p<0.0001). The primary hierarchical efficacy endpoint was
not significantly different between groups.

The REFLECT I US trial® enrolled 220 of the planned
345 patients (63.8%) across 18 US sites. After the FDA suggested
that enrolment be suspended for unblinded safety data assessment,



CEP during transcatheter heart interventions

STROKE REDUCTION IN CLINICAL TRIALS OF THE SENTINEL CEPD
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Figure 3. Stroke reduction obtained by SENTINEL CEPD in clinical trials. CEPD: cerebral embolic protection devices, d: days; N/A: not
applicable; PA: primary analysis; PW: propensity-weighted; RRR: relative risk reduction

the sponsor discontinued the study early. Complete cerebral cov-
erage was achieved in 59.7% (94/157) of cases, device interaction
was reported in 9.6% (15/157). The trial met its primary safety
endpoint compared with the performance goal (15.9 vs 34.4%;
p<0.0001). The primary hierarchal efficacy endpoint at 30 days
(death or stroke at 30 days, National Institutes of Health Stroke
Scale worsening in hospital, and cerebral ischaemic lesions on
DW-MRI at 2 to 5 days) was not met.

CEPDs currently under development

EMBLOK EMBOLIC PROTECTION SYSTEM

The Emblok Embolic Protection System is a device designed to
protect all supra-aortic vessels by a full circumferential coverage
of the aortic arch. The delivery system is 11 Fr, compatible to be
deployed through a single access site supported by a 0.035” guide-
wire and incorporates an integrated 4 Fr radiopaque pigtail catheter
which provides constant visualisation, from which an aortogram
can be performed both for the CEPD and valve deployment*'. The
filter is made of a polyurethane mesh with a pore size of 125 pm,
supported by a nitinol frame positioned just proximal to the bra-
chiocephalic trunk. Once the transcatheter aortic valve is advanced
to the level of the ascending aorta and before the transcatheter
valve is positioned across the native aortic valve, the conical filter
is unsheathed, then, the filter frame is pulled back towards the aor-
tic wall to maximise apposition and sealing. Once the transcatheter
valve is deployed, the Emblok system must be recaptured in order
to retrieve the transcatheter delivery system from the body*'. Early

human experience is summarised in Table 1.

PROTEMBO CEREBRAL PROTECTION SYSTEM

The ProtEmbo Cerebral Protection System is a temporary,
intra-aortic embolic deflection filter used during transcathe-
ter heart interventions and is the only current device that can
be positioned through a 6 Fr left radial access*. ProtEmbo is
designed to provide complete cerebral protection; it is inserted
at the beginning of the procedure prior to TAVR and removed

following TAVR completion. The device consists of (i) a hepa-
rin-coated mesh with 60 pm pores (currently the smallest pore
size of CEPDs under development), (ii) a self-expanding nitinol
frame that provides complete coverage of all supra-aortic ves-
sels with radiopaque markers for fluoroscopic visualisation and
precise device placement and (iii) a delivery unit. The device
is fully retrievable and recapturable; it is delivered unex-
panded and deployed by unsheathing the self-expanding filter
to cover the orifice of all 3 cerebral vessels (brachiocephalic
trunk, left common carotid, and left subclavian arteries). A han-
dle provides a simple user interface for preparation, delivery,
deployment and removal of the device. The device is loaded
into a commercially available delivery catheter and placed into
the aortic arch using a commercially available guiding sheath
via the left radial or brachial artery*’. The first-generation
ProtEmbo device was shown to be safe and feasible in the first-
in-human PROTEMBO SF Trial (n=4 patients; ClinicalTrials.
gov: NCT03325283) at 2 clinical sites in Europe®. The
PROTEMBO C Trial (n=41 patients at 8 European centres)
interim results have been published** and are summarised in
Table 1. The company will conduct the ProtEmbo IDE trial in
up to 500 patients in the USA and Europe starting in the third-
quarter (Q3) of 2023.

EMBOLINER TOTAL EMBOLIC PROTECTION DEVICE

The Emboliner total embolic protection device is a cylindrical
nitinol mesh filter with a pore size of 125 um that circumferen-
tially conforms to the aortic arch to cover all 3 cerebral branch
vessels. The device captures and removes debris generated during
TAVR. The delivery system is 10 Fr and integrates a 6 Fr pigtail
and an expandable access port to allow passage of the transcath-
eter valve*. SafePass clinical program results**® are summarised
in Table 1. Although the study results are yet to be published,
the company launched a US-based pivotal trial this year for FDA
and CE approval comparing Emboliner versus SENTINEL in
500 TAVR patients (plus 40 Emboliner roll-in cases) with a 1:1
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randomisation (ClinicalTrials.gov: NCT05684146). The primary
endpoint is the 30-day combined major adverse cardiac and cer-
ebrovascular event (MACCE) rate (all death, stroke and stage 3
AKI). Results are expected in December 2024.

CAPTIS EMBOLIC PROTECTION SYSTEM

The CAPTIS embolic protection system has a combined mecha-
nism of action: deflection of embolic particles at the level of the
aortic arch and capture and removal of debris at the level of the
descending aorta. It is composed of a filter made of PEEK (poly-
ether-ether-ketone), with a pore size of 115x145 um, attached to
a nitinol frame with a deflector configuration in the aortic arch
covering the 3 cerebral branch vessels and collector pockets
adapted circumferentially to the descending aorta anatomy, joined
by a nitinol rail and an anchoring segment as a stabilisation mech-
anism. The 16 Fr delivery system uses the same femoral access as
TAVR without the need for an extra vascular access’. The first-
in-human (FIH) results, presented at EuroPCR in 2022, are sum-
marised in Table 1.

FLOWER EMBOLIC PROTECTION DEVICE

The FLOWer device, formerly the Embrace filter, is an embolic
protection system designed to protect cerebral and peripheral ves-
sels. The device is a cylindrical mesh filter with a pore size of
70 um attached to a frame that adapts circumferentially to the aor-
tic arch to cover all the cerebral branch vessels. The device comes
in 3 different sizes and aims to capture and remove debris pro-
duced during TAVR. The delivery system is 12 Fr and integrates
a 5 Fr pigtail and a port compatible with all TAVR delivery sys-
tems. An in vitro test reported by the company (not published)
showed 99% of particles >150 pm captured at the level of the
aortic arch (cerebral protection) and 84% distal to the aortic arch
towards downstream circulation (systemic protection), with a cal-
culated in vitro pressure drop of 6.6 mmHg at 4.5 L/min cardiac
output through the Embrace filter*. Preliminary data from the
NAUTILUS FIH study (ClinicalTrials.gov: NCT04704258), pre-
sented at EuroPCR in 2023*°, are summarised in Table 1.

POINT-GUARD DYNAMIC CEREBRAL EMBOLIC PROTECTION

The POINT-GUARD Dynamic Cerebral Embolic Protection is
a second-generation device aimed to provide full aortic arch pro-
tection with maximum coverage of all great arch vessels and inlets
to the brain. The device consists of an ultrathin flexible filter mesh
attached to a dynamic frame assembly with dual-edge perimeter
seal, proximal and distal anchoring segments to provide stability,
an anchor on the proximal drive shaft to prevent position shift,
and a proximal pouch for embolic capture. The device has an
adaptive asymmetric configuration that allows it to adapt to the
angulation of the aortic arch and provide complete anterior and
posterior coverage. The first-generation device was tested in the
POINT-GUARD First-In-Human CENTER Study (n=4 patients)
during elective transfemoral TAVR (no published data yet avail-
able)* (Table 1).

Non-TAVR use of CEPDs

The risk of debris embolisation (atheroma or thrombus) during
non-TAVR structural heart procedures (i.e., transcatheter mitral
valve therapies, left atrial appendage occlusion [LAAQO]), is not
negligible’'-** (Table 5). Similar to TAVR, cerebral embolisation
may be asymptomatic and detected solely on brain imaging or may
present as major clinical events impacting morbidity and mortal-
ity. However, existing studies evaluating cerebral embolisation in
non-TAVR procedures have lacked formal neurological adjudica-
tion. Consequently, the real incidence of neurological events may
be underreported (Central illustration).

TRANSCATHETER EDGE-TO-EDGE REPAIR AND MITRAL
VALVE REPLACEMENT

In mitral valve interventions, stroke rates are considerably
lower than those reported in TAVR, yet still significant. In the
COAPT trial*, the stroke rate was 0.7% at 30 days, while in the
MITRA-FR trial®, authors reported a periprocedural incidence
of 1.4%. A recent systematic review and meta-analysis®® showed
an incidence of 2.9% of periprocedural strokes in 941 patients
who underwent transcatheter edge-to-edge repair (TEER). In
a small study (14 patients) using the SENTINEL system during
TEER®!, microscopic debris were detected in all 28 filters, con-
sisting mainly of acute thrombus (85.7%) or fragments of foreign
material such as hydrophilic device coating (85.7%) (Table 3). As
in TAVR, the spectrum of brain damage ranges from overt stroke
to silent ischaemic brain injury. In a small study, new brain lesions
were detected using DW-MRI in 23 (85.7%) of 27 patients after
TEERY. These data are consistent with what was recently reported
by Braemswig et al*®, who observed an incidence up to 87% (21
out of 24 patients) of cerebral ischaemic injuries in TEER proce-
dures, assessed by pre-and postprocedural DW-MRI, and a 16.6%
incidence of overt stroke (9 out of 54 patients). Using peripro-
cedural transcranial Doppler (TCD) monitoring, the authors
identified that the procedural step with the highest numbers of
microembolic signals towards the brain was device interaction
with the mitral valve.

Although few published data evaluate the incidence of stroke
during percutaneous mitral annuloplasty and transcatheter mitral
valve replacement (TMVR), an acute stroke incidence of around
3% has been reported (Table 3). There are no reports so far of
CEPD use during TMVR.

LEFT ATRIAL APPENDAGE OCCLUSION

The incidence of stroke during left atrial appendage occlusion
(LAAO) procedures is between 0.2% and 1.2% across a range of
LAAO devices (Table 3). Limited data exist on outcomes after LAAO
in the presence of persistent thrombus within the left atrial appendage
(LAA) in patients considered to be poor candidates for long-term oral
anticoagulant (OAC) use or in patients where OACs have failed to
dissolve LAA thrombus. In a systematic review of patient-level data
of cases using a CEPD in 17 of 58 (29%) patients, no periprocedural
stroke was reported”. Microembolic signals have been found in 100%
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Table 5. Periprocedural cerebral embolic events during non-TAVR procedures.
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s
. (1]
Transcatheter | Transcatheter | Percutaneous Left atrial A Thoracic 5
. . defect (ASD) & Catheter . S
edge-to-edge mitral valve mitral appendage . endovascular aortic =3
. . patent foramen ablation . o
repair (TEER) replacement annuloplasty occlusion ovale (PFO) ETER repair (TEVAR) =
55-58,106 (TMVR)IUHH (PMA)IIZ-IM (LAAU)BD-BZ,HS-IZI T 70-73,75,76,79,81,134,135 8
w
Study design Retrospective, Prospective, Prospective, Prospective Prospective, Retrospective, Retrospective, ;
RCT, systematic single-arm single-arm observational, single-arm prospective prospective 2
review and RCT, systematic observational observational ©
meta-analysis review a
(=]
Stroke/TIA 3.3% 1.1% 3.0% 0.2% 2.5% 1.0% 5.1%
Number of 1,176 14 101 39,775 81 62,154 980
patients
Number of events 39 1 5 81 2 608 50
Cerebral embolic 86.3% NR NR 30.6% 6.1% 27.1% 74.6%
lesions on DW-MRI
Number of 51 NR NR 72 65 317 59
patients
Number of 44 NR NR 22 4 86 44
patients with
new lesions
HITS on transcranial 100% NR NR NR 100% NR 100%
Doppler
Number of 54 NR NR NR 16 NR 80
patients
Number of HITS 152 [1QR 94-280] NR NR NR 3L.5[IQR 3-113] NR 268 (IQR 71-521)
DW-MRI: diffusion-weighted magnetic resonance imaging; HITS: high-intensity transient signals; IQR: interquartile range; NR: not reported; TIA: transient ischaemic attack;
TAVR: transcatheter aortic valve replacement

of patients during LAAO with the WATCHMAN device (Boston
Scientific), alongside new silent cerebral embolic events in over one-
third of patients within 24 hours after LAAO, assessed by TCD moni-
toring and DW-MRYI, respectively®. Data from different studies using
a variety of LAAO devices reported an incidence of new brain lesions
between 4.8% and 52.0% within 2 days after LAAQ®:¢,

CATHETER ABLATION
The reported rates for periprocedural stroke or transient ischae-
mic attack range from 0.38% to 7.00% during ablation proce-
dures®®. The first 24 hours post-ablation represent a high-risk
period, which continues for an additional 2 weeks®. Also, new
brain ischaemic lesions have been detected on postprocedural
DW-MRI in up to 58% of patients undergoing routine left ven-
tricular ablation procedures®® and as high as 38% after left atrial
catheter ablation®’.

The evidence for CEPD use during cardiac ablation is limited to
a small series of cases in patients undergoing ventricular tachycar-
dia ablation with confirmed high risk of periprocedural stroke (left
atrial appendage thrombus, left ventricular apical thrombus, com-
plex aortic plaque)®®%. No cerebrovascular events were reported,

but debris was captured in most cases.

THORACIC ENDOVASCULAR AORTIC REPAIR PROCEDURES
Stroke occurs in 3 to 8% of patients undergoing thoracic end-
ovascular aortic repair (TEVAR)™"'; microembolic signals

assessed by TCD are detected in 100% of patients during the
procedure’™, and in over 80% of cases, postprocedural DW-MRI
demonstrated the presence of silent stroke’’. This has been
associated with significant neurocognitive decline and linked
with considerably increased morbidity and mortality™. It is esti-
mated these numbers are higher in ascending aortic TEVAR.
Consequently, efforts have been made to reduce the risk of
periprocedural stroke during TEVAR’%"". There are several case
reports and series of patients who have undergone TEVAR with
a CEPD’*%. The authors noted that the use of CEPD appeared
to reduce the size and distribution of new cerebral infarcts com-
pared with previously reported neuroimaging studies of unpro-
tected TEVAR procedures, suggesting improved protection for
the anterior (protected) circulation”®!. Interestingly, a greater
number of high-intensity signals were detected during CEPD
manipulation and deployment (median 124 [interquartile range
IQR 59-146] compared to during stent manipulation and TEVAR
deployment (median 82 [IQR 73-142])".

PERMANENT CEREBRAL EMBOLIC PROTECTION

The Vine filter (Javelin Medical) is a permanent, bilateral, com-
mon carotid artery filter made of a single nitinol wire with
a circular cross-section (diameter 240 pum) developed to pre-
vent emboli >1.4 mm in size from reaching the cerebral ante-
rior circulation (Figure 4). The implantation is ultrasound-guided
using a 22 gauge insertion needle via a completely percutaneous
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CENTRAL ILLUSTRATION Cerebral embolic protection devices and data on TAVR and non-TAVR procedures.
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approach. Preliminary data have been promising®>. A large clinical
trial to further evaluate the efficacy and safety of this approach is
planned (ClinicalTrials.gov: NCT05723926).

Current controversies

COMPLETE VERSUS INCOMPLETE CEREBRAL EMBOLIC
PROTECTION

Current data notionally support the use of CEPDs that offer com-
plete brain protection during transcatheter heart interventions,
when feasible, since the left vertebral artery accounts for up to
20% of total brain perfusion®**. The amount and size of debris
that passes through the left vertebral artery during TAVR is com-
parable to the amounts that pass through the brachiocephalic trunk
and left common carotid artery!'>'386 The clinical and surrogate

endpoint (MRI, cognitive impairment) outcomes are anticipated
to be superior with complete versus partial CEPDs. However,
this concept will require confirmation in prospective randomised
studies.

DEFLECTION VERSUS COLLECTION OF DEBRIS DURING
TRANSCATHETER CARDIAC INTERVENTIONS

Likewise, it stands to reason that entrapping and extracting debris
produced during transcatheter heart interventions may offer some
advantage over deflection of particles away from the brain towards
the distal circulation. However, this concept has yet to be demon-
strated in any study to date, and it is not supported by the literature
in terms of a lower incidence of clinical events, such as acute renal
failure or distal limb complications arising from embolic debris. In



Figure 4. The Vine (Javelin Medical) filter. A) A permanent, bilateral,
common carotid artery (CCA) filter: B) Illustration of the filter
position in both carotid arteries. C) Transcarotid echography in

longitudinal view showing the filter implanted in the right common
carotid artery (vellow arrowheads). D) Fluoroscopic view showing
both carotid filters in the anteroposterior view (white arrows).

addition, the risk/benefit ratio (in terms of excess vascular compli-
cation rates arising from a large-bore contralateral femoral access
site versus stroke/peripheral embolic protection/mitigation) must
be preserved in the setting of using larger-calibre devices via the
femoral artery to extract as much debris as possible during trans-
catheter interventions for total body protection. A current niche area
that is anticipated to grow exponentially in the future involves tech-
niques to resect native or transcatheter heart valve leaflets®’. These
procedures carry a high risk of large-sized debris embolisation
wherein devices designed for full body embolic protection and total
debris entrapment would notionally stand to play an important role.
Furthermore, given the similar incidence of periprocedural stroke
during transcatheter mitral edge-to-edge repair therapies (large-bore
venous procedures) as compared with TAVR, avoiding large-bore
femoral arterial access would be ideal if CEPDs were to ultimately
find a place for stroke/brain protection during these procedures.

CEPD USE DURING NON-FEMORAL TAVR PROCEDURES

The increasing application of TAVR in populations with complex
iliofemoral vascular access (severe calcification and/or tortuos-
ity), particularly in patients harbouring an anatomy incompatible
with the sizes of current delivery systems, has resulted in alternate
access TAVR procedures being performed in a non-negligible pro-
portion of patients®. To date, there are no data on the preferential
choice of any specific type of CEPD based on the vascular access
route. This choice should consider the technical characteristics
of TAVR, taking special care when using CEPDs via the radial
route in patients with transcarotid, axillary or subclavian TAVR
and with CEPDs via the femoral route in patients with transcaval
or transaortic TAVR. The effectiveness and safety of CEPDs can
be altered by their interaction with the various catheters used in
TAVR and with modifications to perform TAVR through alterna-

tive vascular access.

CEP during transcatheter heart interventions

CEPD DURING SAVR

The reported stroke rates after SAVR range widely (from 1 to
17%)%'. In a propensity-matched study including 1,204 pairs of
patients undergoing TAVR or SAVR from the PARTNER trials,
Kapadia et al”? found a greater 30-day major stroke incidence after
SAVR compared to TAVR (3.9% vs 2.2%, respectively; p=0.018)
and an associated decline in quality of life at 1 year in all patients
who suffered a major stroke from both groups. Also, the inci-
dence of subclinical brain lesions is considerable (up to 60%).
A randomised trial compared 2 types of CEPD (n=118 for suc-
tion-based extraction and n=133 for intra-aortic filtration device)
versus a standard aortic cannula (control; n=132) at the time of
SAVR®. The study failed to demonstrate prevention of either clini-
cal stroke or imaging-based cerebral infarction, despite capturing
embolic debris in the majority of the embolic protection devices.
Although attractive, the use of transcatheter CEPDs has not been
reported in this setting.

Upcoming trials

A large, randomised trial (ongoing) is likely to provide definitive
evidence on the efficacy of the SENTINEL CEPD in the clini-
cal prevention of stroke during TAVR, as well as several other
studies which will provide data for various CEPDs on the preven-
tion of procedural stroke and ischaemic brain injury by DW-MRI
(Figure 5).

The BHF PROTECT-TAVI (British Heart Foundation
Randomised Trial of Routine Cerebral Embolic Protection in
Transcatheter Aortic Valve Implantation) (n=7,730), is an open-
label, outcome-adjudicated, multicentre, all-comer randomised
clinical trial in the UK that will randomise patients undergoing
TAVR by any access route to CEPD (with the SENTINEL
CEPD) or no CEPD, with no specific exclusion criteria. The
primary outcome measure is stroke at 72 hours post-TAVR.
Amongst a range of secondary outcome measures, a cost-effec-
tiveness analysis at 12 months will be performed. As of 30
June 2023, 59% of the total population (4,534 patients) have
been enrolled in the trial®*. An interim analysis is planned after
the inclusion of 3,865 participants (50% of sample size). Final
results are expected in July 2026. One of the main differences
with the PROTECTED TAVR trial is there is no mandatory neu-
rological evaluation by a neurologist or by a stroke specialist,
this may decrease non-disabling stroke detection. Also, enrol-
ment bias could be diminished since the device is not approved
for daily clinical use in the UK.

A pooled patient-level meta-analysis from both stud-
ies (PROSPERO registry) encompassing over 10,000 TAVR
patients is planned and could provide a definitive answer on the
SENTINEL device’s efficacy in stroke prevention during TAVR.
Although it will be very important information, the PROTECTED
TAVR and BHF PROTECT-TAVI trials results are only relevant
for SENTINEL CEPD. Hence, the results are not definitive for
CEPD as a class of devices. Newer generations of CEPD will
require their own specific clinical validation.
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The BHF PROTECT-TAVI Trial

UPCOMING

8 The Emboliner IDE trial (Emboline) with Emboliner: Protect the
Head to Head Study (ProtectH2H) launched in Q2/2023.

‘ Patients with severe AS scheduled for TAVI, N=7,730

* Patients of all risk categories eligible, any vascular access, no specific exclusion criteria

‘ 8 The PROTEMBO IDE trial (Protembis) with ProtEmbo: expected

Baseline assessments: demographics, medical history, imaging, medication, smRSq,

MoCA, EQ-5D-5L.

¥ . i3
TAVI without CEP TAVI with SENTINEL
N=3,865 N=3,865

Daily in-hospital assessment, up to 72 h or discharge, and at 6-8 weeks, and 12-month

follow-up: stroke status (QUSFS questionnaire), smRSq, MoCA, NIHSS, EQ-5D-5L

‘ Primary endpoint: stroke at 72 h or discharge
Interim analysis will be conducted at 50% and 70% of enrolment

study launch by Q3/2023.

B The EMBLOK EPS trial (Innovative Cardiovascular Solutions)
with Emblok: reported study launch by Q4/2023.

B The NAUTILUS study plan (AorticLab) with FLOWer: estimated
study completion by March 2023.

& The GUARDIAN global pivotal trial (Transverse Medical) with
POINT-GUARD: no data reported.

The PROSPERO is a pooled patient-level meta-analysis from the
PROTECTED TAVR and BHF PROTECT-TAVI trials.

&=y

Figure 5. Main ongoing and upcoming clinical trials with CEPD. AS: aortic stenosis; BHF: British Heart Foundation; CEP(D): cerebral
embolic protection (device); IDE: investigational device exemption; MoCA: Montreal Cognitive Assessment; NIHSS: National Institute of
Health Stroke Score; Q: quarter; QVSFS: Questionnaire for Verifying Stroke-Free Status; smRSq: simplified modified Rankin Scale

questionnaire;, TAVI: transcatheter aortic valve implantation

Conclusions

Stroke following TAVR and various other transcatheter heart
interventions remains largely unpredictable. In current TAVR
practice, the rate of overt stroke during or soon after TAVR
remains constant at between 2% and 4%*°, despite significant
improvements in transcatheter heart valve design and TAVR
techniques. Emerging evidence points to cerebral embolisa-
tion during other commonly performed left-sided transcath-
eter heart procedures, particularly mitral edge-to-edge repair
interventions. Although cerebral embolisation appears ubiqui-
tous during TAVR, its longer-term consequences upon cogni-
tion remain uncertain. While the first pivotal trial powered for
clinical superiority of the SENTINEL CEPD failed to meet its
primary endpoint, a much larger randomised trial is expected
to provide further evidence of whether the current SENTINEL
CEPD design significantly reduces the incidence of stroke dur-
ing TAVR. Meanwhile, numerous other CEPDs remain under
development offering a range of protective mechanisms and
deployment strategies. There remains limited, yet emerging, data
on the use of CEPDs in non-TAVR transcatheter heart and vas-
cular procedures. Ultimately, the protective benefit of CEPDs
in certain clinical scenarios or high-risk catheter-based vascu-
lar and structural interventions posing significant risk of stroke
will require clinical evidence before CEPDs ultimately find their
way onto the shelves of many cardiac catheterisation laboratories
worldwide. Further studies are needed to determine CEPD’s role
and economic value in the rapidly expanding field of non-TAVR
transcatheter interventions that are known to liberate consider-
able debris towards the brain.
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