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Abstract: Over the past decade, indications for transcatheter aortic valve implantation (TAVI) have
progressed rapidly—procedural numbers now exceed those of surgical aortic valve replacement
(SAVR) in many countries, and TAVI is now a realistic and attractive alternative to SAVR in low-risk
patients. Neurocognitive outcomes after TAVI and SAVR remain an issue and sit firmly under the
spotlight as TAVI moves into low-risk cohorts. Cognitive decline and stroke carry a significant burden
and predict future functional decline, reduced mobility, poor quality of life and increased mortality.
Early TAVI trials used varying neurocognitive definitions, and outcomes differed significantly as
a result. Recent international consensus statements defining endpoints following TAVI and SAVR
have standardised neurological outcomes and facilitate interpretation and comparison between trials.
The latest TAVI and SAVR trials have demonstrated more consistent and favourable neurocognitive
outcomes for TAVI patients, and cerebral embolic protection devices offer the prospect of further
refinement and improvement.
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1. Background

Over the past decade, indications for transcatheter aortic valve implantation (TAVI)
have progressed rapidly—procedural numbers now exceed those of surgical aortic valve
replacement (SAVR) in many countries, and TAVI is now a realistic and attractive alternative
to SAVR in low-risk patients. Neurocognitive outcomes after TAVI and SAVR remain an
issue and sit firmly under the spotlight as TAVI moves into low-risk cohorts. Cognitive
decline and stroke carry a significant burden and predict future functional decline, reduced
mobility, poor quality of life and increased mortality [1,2]. Early trials suggested that
TAVI may have a significant stroke penalty, potentially prohibiting its use in lower-risk
patients [3]. On the contrary, alongside improvements in TAVI technology and increased
operator experience, recent trials have shown that TAVI may improve neurocognition
and cause less stroke, and that previously reported high stroke rates were likely due to
increased ascertainment by specialist neurologists [4,5].

The original large Society of Thoracic Surgeon (STS) studies found low levels of stroke
(1.5% and 3.7%) after valve surgery, but did not incorporate a prespecified neurological
review [6,7]. More recent studies that included neurological adjudication and cerebral
imaging have demonstrated central nervous system (CNS) infarcts on cerebral magnetic
resonance imaging (MRI) in up to 61% of patients after SAVR, with clinical stroke in 17%
(and more likely with larger lesion volumes) [2].

Rates of stroke in the pivotal TAVI trials vary from 1.6–5.9% [8,9] as a likely conse-
quence of differing definitions and mechanisms of adjudication (Figures 1 and 2). In initial
trials, cardiologists adjudicated neurological events without access to specialist neurologi-
cal review or cerebral imaging. More recent TAVI studies have identified new brain lesions
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on an MRI in 98% of patients, and these lesions (even silent infarcts) may be associated
with adverse neurological events [10,11].

Figure 1. Rates of major and disabling stroke at 30-day follow-up in pivotal trials for TAVI (tran-
scatheter aortic valve implantation) and SAVR (surgical aortic valve replacement).

Figure 2. Rates of major and disabling stroke in pivotal trials at most recent follow-up (years
from procedure).

Three consortia have provided guidelines for endpoint definitions following TAVI
and SAVR in an attempt to standardise neurological outcomes and facilitate interpretation
and comparison between trials—the Valve Academic Research Consortium (VARC-2),
American Heart Association/Stroke Association (AHA/ASA), and Neurologic Academic
Research Consortium (NeuroARC) (Table 1) [12–14]. The most recent NeuroARC consor-
tium developed a framework to assess, measure and classify procedure- and device-related
neurological endpoints in a three-stage classification (Type 1—overt CNS injury, Type
2—covert CNS injury, and Type 3—neurologic dysfunction without CNS injury) [13]. Neu-
roARC aims to provide definitions for reproducible endpoints, classification of neurological
events, and methods for consistent event identification, adjudication and reporting [13].
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Table 1. Stroke definitions provided by international consensus statements.

American Heart
Association/American Stroke

Association [14]

Valve Academic Research
Consortium-2 [12] NeuroARC [13]

Definition of CNS infarction: CNS
infarction is brain, spinal cord, or
retinal cell death attributable to

ischaemia, based on:
1. Pathological, imaging, or other

objective evidence of cerebral, spinal
cord, or retinal focal ischaemic injury in

a defined vascular distribution; or
2. Clinical evidence of cerebral, spinal
cord, or retinal focal ischaemic injury

based on symptoms persisting ≥24 h or
until death, and other
aetiologies excluded.

Disabling stroke: An mRS score of 2
or more at 90 days and an increase in

at least one mRS category from an
individual’s pre-stroke baseline.

Type 1.a Ischaemic stroke: Sudden onset of
neurological signs or symptoms fitting a focal

or multifocal vascular territory within the
brain, spinal cord, or retina, that:

a. CNS infarction in the corresponding
vascular territory (with or without

haemorrhage); or
b. Absence of other apparent causes (including

haemorrhage), even if no evidence of acute
ischaemia in the corresponding vascular

territory is detected; or
c. Symptoms lasting <24 h, with pathology or
neuroimaging confirmation of CNS infarction

in the corresponding vascular territory.

Definition of ischaemic stroke: An
episode of neurological dysfunction
caused by focal cerebral, spinal, or

retinal infarction.

Non-disabling stroke: An mRS score
of <2 at 90 days or one that does not
result in an increase in at least one
mRS category from an individual’s

pre-stroke baseline.

Type 2.a Covert CNS infarction: Brain, spinal
cord, or retinal cell death attributable to focal

or multifocal ischaemia, on the basis of
neuroimaging or pathological evidence of CNS

infarction, without a history of acute
neurological symptoms consistent with the

lesion location.

Definition of silent CNS infarction:
Imaging or neuropathological evidence
of CNS infarction, without a history of

acute neurological dysfunction
attributable to the lesion.

Stroke: duration of a focal or global
neurological deficit ≥24 h; or 24 h if

available neuroimaging documents a
new haemorrhage or infarct; or the
neurological deficit results in death.

Type 3.a TIA: Transient focal neurological
signs or symptoms (lasting <24 h) presumed to

be due to focal brain, spinal cord, or retinal
ischaemia, but without evidence of acute

infarction by neuroimaging or pathology (or in
the absence of imaging).

Abbreviations: CNS = central nervous system, mRS = modified Rankin scale, TIA = transient ischaemic attack.

2. Neurocognition: Cardiac Surgery

Neurocognitive dysfunction after cardiac surgery has been recognised since the 1960s,
with more recent studies showing it can affect 30–70% of patients [15–18]. Whilst patient-
related risk factors (such as age, prior cognitive function, frailty, alcohol abuse, and de-
pression) are primarily non-modifiable [19], procedure-related risks (including the use of
cardiac bypass, thermoregulation, procedural time, anaesthetic dose, and regulation of
blood pressure and glycaemic control) may be potentially mitigated [19]. Several strate-
gies have been developed to prevent and treat post-operative neurocognitive dysfunction,
with only modest benefits [19], and more recent studies have shown more pronounced
impairment in neurocognition following SAVR compared with coronary artery bypass
grafting [20], suggesting that more extensive injury may occur in patients with aortic steno-
sis as a result of liberated particulate matter and microemboli at the time of surgery [20,21].
Furthermore, although one study demonstrated that 47% of patients have new ischaemic
brain lesions on a cerebral MRI, these were not associated with neurocognitive decline at
discharge [22].

3. Neurocognition: TAVI vs. SAVR

Previous studies of high-risk patients have demonstrated elevated incidence of stroke,
higher NIHSS (National Institute of Health Stroke Scale) scores and a greater fall in MMSE
(mini-mental state examination) after SAVR compared to TAVI [23,24]. In one intermediate-
risk trial, TAVI was associated with a global improvement in cognitive status compared to
SAVR, and this improvement was more pronounced in patients with cognitive impairment
pre-TAVI (MMSE ≤ 27) [25]. More post hoc analysis of the PARTNER-3 low-risk population
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demonstrated cognitive improvements in all those with pre-existing impairment (MMSE
≤ 27) at 30-days, and sustained improvement in the TAVI group at one-year follow-up [26].
A recent meta-analysis assessing cognitive outcomes after TAVI identified no significant
change in peri-procedural cognitive performance (<7-days), an improvement at 1 month,
but no significant improvement at 6 months or final follow-up [1].

4. Stroke: TAVI vs. SAVR in Intermediate-Risk Populations

Two large, randomised trials have shown that TAVI is non-inferior to SAVR in
intermediate-risk patients across a variety of endpoints, including all-cause death and
disabling stroke at 24 months [27,28]. These trials paid particular attention to neurological
outcomes, since patients were a lower-risk cohort than those included in earlier studies.
Neurological review thresholds and stroke protocols were similar in both trials, with minor
variations in endpoint definitions and follow-up specifications. In PARTNER-2, all patients
were reviewed by a trained neurologist, and stroke was defined as a modified Rankin scale
score (mRS) ≥ 2 at 90 days after the index clinical event-all strokes were adjudicated by a
specialist stroke neurologist blinded to procedural details. In SURTAVI, assessment was
undertaken by a specialist neurologist and disabling stroke defined according to VARC-2
criteria (mRS ≥ 2 with an increase by at least one mRS category at 90 days)-NIHSS was
measured at baseline, 30 and 90 days in those with events, and cerebral imaging was
recommended [12,29,30]. The PARTNER-2 trial found no difference in the incidence of
disabling stroke between TAVI and SAVR at 30 days (3.2% vs. 4.3%) or 2-year follow-up
(6.2% vs. 6.4%) (Table 2) [28]. Similarly, SURTAVI demonstrated non-inferiority of TAVI
compared to SAVR with respect to disabling stroke at 30 days (1.2% vs. 2.5%) and 24 months
(2.6% vs. 4.5%) (Table 2). In an ensuing neurological sub-study, there were numerically
fewer disabling strokes after TAVI at 30 days (1.2% vs. 2.4%) and 1 year (2.1% vs. 3.3%),
though these differences were not statistically significant [31]. Further observations in-
cluded (A) lower rates of post-procedural encephalopathy after TAVI (1.6% vs. 7.8%;
p < 0.001); (B) higher overall mortality in patients with early stroke and encephalopathy in
both cohorts; and (C) high likelihood of stroke in hypertensive subjects after SAVR [31].

Table 2. Rates of disabling stroke in intermediate and low-risk trials.

Intermediate-Risk Patients Low-Risk Patients

PARTNER-2 SURTAVI PARTNER-3 Evolut Low-Risk

TAVI SAVR TAVI SAVR TAVI SAVR TAVI SAVR

30 days 3.2% 4.3% p = NS 1.2% 2.5% p = NS 0.0% 0.4% p = NS 0.5% 1.7% p < 0.05

2 years 6.2% 6.4% p = NS 2.6% 4.5% p = NS 0.6% 0.6% p = NS 1.1% 3.5% p < 0.05

5. Stroke: TAVI vs. SAVR in Low-Risk Populations

Initial trials comparing TAVI and SAVR in high and intermediate-risk patients posed
important questions regarding stroke and neurological outcomes after TAVI, which might
be of even greater clinical significance in younger, low-risk patients [3,27,28]. In parallel,
TAVI technology improved considerably, allowing simplified, shorter procedures under
conscious sedation using low profile delivery systems.

Reflecting these considerations, the more recent low risk trials included prespecified
endpoints and rigorous neurological testing at baseline and follow-up [4,5]. All patients in
the low-risk PARTNER-3 trial underwent neurological examination at baseline and 30 days,
and those with suspected post-procedural stroke underwent additional NIHSS and mRS
at 90 days [5]. Rates of stroke were significantly lower after TAVI than SAVR at 30 days
(0.6% vs. 2.4%; p = 0.02) and 1 year (1.2% vs. 3.1%; p = 0.03), although this difference was
no longer apparent at the more recent 2-year follow-up (2.4% vs. 3.6%; p = NS) [32].

Although overall stroke rates were similar after TAVI and SAVR at 30-days (3.4% vs. 3.4%;
p = NS) and 1-year (4.1 vs. 4.3%; p = NS) follow-ups in the Evolut Low-Risk trial, the
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incidence of disabling stroke was significantly lower after TAVI at 30 days (0.5% vs. 1.7%;
p < 0.05), and remained lower at 2 years (1.1% vs. 3.5%; p < 0.05) (Table 2) [4].

Stroke rates are consistently reduced in low-risk compared with intermediate-risk
patients as a result of their more favourable clinical risk profile (younger age, less co-
morbidities), use of new generation TAVI delivery systems, streamlined techniques, and
increasing operator experience (Table 2) [4,27,28,32].

6. Stroke: Balloon-Expandable vs. Self-Expanding Transcatheter Valves

Despite numerous mechanical and procedural differences between balloon-expandable
and self-expanding TAVI devices, comparative studies have demonstrated similar neurolog-
ical outcomes [29,30]. In the head-to-head CHOICE trial, stroke rates did not differ signifi-
cantly at 30 days between balloon-expandable and self-expanding valves (5.8% vs. 2.6%;
p = NS) and 5-year follow-up (17.5% vs. 16.5%; p = NS) in high-risk populations [29].
Similarly, a meta-analysis of 35,347 patients (mostly high risk) found no difference in 1-year
stroke rates after TAVI using two different device designs (5.0% vs. 4.1%; p = NS) [30].

7. Neurocognition and Stroke: Alternative Access TAVI and SAVR

Although transfemoral TAVI is preferable for procedural safety and patient comfort,
numerous alternative access routes have emerged to allow the procedure in patients with
significant peripheral vascular disease. Although minimal access SAVR is also feasible,
aortic cross-clamping and aortopulmonary bypass remain necessary. As a consequence,
improved clinical outcomes have been clearly demonstrated with transfemoral TAVI,
whereas minimal access SAVR has only been associated with reduced duration of hospital
stay and overall recovery times [28,33].

The PARTNER-2 sub-group analysis comparing transfemoral and transapical TAVI
showed a significantly lower rate of disabling stroke at 30 days in the transfemoral cohort
compared with SAVR (2.3% vs. 4.2%; p < 0.05), although this difference was not maintained
at 2-year follow-up. Rates of disabling stroke were equivalent in the transapical TAVI and
SAVR cohorts, with a trend suggesting an increase in non-disabling stroke at 30 days after
transapical TAVI [28]. In the UK-TAVI registry, there was no difference in the individual
outcome of stroke when comparing four separate treatment groups: SAPIEN transfemoral,
SAPIEN transapical, CoreValve transfemoral, and CoreValve subclavian [34]. Furthermore,
a large meta-analysis comparing transfemoral and transaxillary TAVI showed no difference
in stroke outcomes (3.8% vs. 3.3%; p = NS) [35]. Moreover, all-cause mortality was lower
after transaxillary TAVI compared with transapical and transaortic access (5.3% vs. 8.4%;
p < 0.01), albeit with higher rates of stroke in the transaxillary cohort (6.3% vs. 3.1%;
p < 0.05) [36].

8. The Impact of Patient and Procedural Risk Factors

TAVI and SAVR share numerous patient-related risk factors that increase the likeli-
hood of adverse neurocognitive outcomes, including underlying cognitive dysfunction,
age, and renal impairment (Figure 3). Procedure-related risk factors common to both
procedures include procedural duration, calcification of the valve and aorta, hypotension,
and embolism (Figure 3). Procedure-specific risk factors include aortic cross-clamping,
use of cardiopulmonary bypass and blood loss for SAVR, and balloon dilatation, device
manipulation and pacing time for TAVI (Figure 3) [17,19,37–39].
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Figure 3. Patient and procedural risk factors for neurocognitive complications.

9. Cerebral Embolic Protection

The majority of neurological events following TAVI or SAVR occur within 30 days
of the procedure, and result from embolism of thrombotic or calcific material from the
native valve leaflets, aortic wall or left ventricular myocardium [40,41]. Quantitative
computed tomography assessment has shown that bulky, non-calcific aortic valve tissue is
associated with increased major adverse cardiac event (MACCE) rates [42]. Histopathologic
analysis of captured debris demonstrated that native bicuspid valves are the highest risk for
dislodging large particles, and that valve repositioning is associated with a large quantity
of debris [43]. A variety of cerebral embolic protection devices are in development that
may reduce the risk of post-procedural neurocognitive dysfunction and stroke (Figure 4).

Figure 4. Currently available cerebral embolic protection devices. (A) Embol-X. (B) Cardio-Gard. (C)
Sentinel. (D) TriGUARD. Adapted with permission from Armijo, G. et al.; Front. Cardiovasc. Med.;
2018 [37].

Two devices, one an intra-aortic filtration system (Embol-X, Edwards Lifesciences,
Irvine, CA, USA) and the other a suction-based system (CardioGard, CardioGard Med-
ical, Or-Yehuda, Israel), are approved for use in the United States at the time of SAVR
(Figure 4A,B). Large, randomised trials have compared these devices to conventional
treatment and, although debris were captured in most cases, the trials were halted prema-
turely after failing to show any benefit based upon clinical and radiographic endpoints
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(although rates of in-hospital delirium were significantly lower with suction-based systems)
(Table 3) [44]. High stroke rates in the trials were attributed to active ascertainment with
neurological assessment and cerebral imaging.

Table 3. Cerebral embolic protection devices.

Embol-X® CardioGard® Sentinel® TriGUARD®

Manufacturer Edwards
Lifesciences, USA CardioGard, Israel Boston Scientific,

MA, USA Keystone Heart, Israel

Filter
Heparin-coated

polyester mesh filter;
pore size: 120 µm

Suction sideport
adjacent to aortic
perfusion cannula

Two oval coned mesh
filters; pore size:

140 µm

Nitinol frame and mesh filter;
pore size: 130 µm

Delivery
Direct aortic

cannulation, above
cross-clamp

24 Fr direct
aortic cannulation 6 Fr radial 9 Fr femoral

Primary
mechanism Filter and capture

Particulate and gaseous
suction-based

extraction
Filter and capture Deflection

Coverage Ascending aorta distal
to cross-clamp

Ascending aorta distal
to cross-clamp

Brachiocephalic and
left common

carotid arteries

Brachiocephalic, left
common carotid, left
subclavian arteries

Pertinent trial
Mack et al. No benefit

vs. conventional
therapy

Mack et al. No benefit
vs. conventional

therapy. Lower rates of
in-hospital delirium

(p < 0.05)

SENTINEL-Non-
inferior MACCE

(p = NS) Less stroke
numerically but

not-significant (p = NS)

DEFLECT III-fewer
ischaemic brain lesions

(p < 0.05), reduced
neurological deficits on

NIHSS (p < 0.05), improved
neurocognition

Recent/ongoing
trials Nil recruiting Nil recruiting BHF-Protect and

PROTECTED TAVR

REFLECT II trial was
terminated early due to

safety concerns

Embolic debris are found in association with most TAVI procedures when using filter-
based cerebral protection systems and are more common following device oversizing or
the use of a balloon-expandable valve [45]. Initial trials of the Sentinel (Boston Scientific,
Marlborough, MA, USA) cerebral embolic protection device—a dual filter system delivered
via the right radial artery (Figure 4C)—demonstrated device safety, with non-inferior
MACCE rates compared with control subjects (7.3% vs. 9.9%; p = NS). Rates of stroke were
lower but did not reach statistical significance (5.6% vs. 9.1%, p = NS) and, although rates
of neurocognition deficit were similar between groups, there was a correlation between
decline in neurocognitive function and volume of lesions detected on a cerebral MRI
(Table 3) [45]. A subsequent large single-centre propensity-matched study demonstrated
a significant reduction in both the primary composite endpoint of all-cause mortality or
stroke (2.1% vs. 6.8%; p = 0.01) and stroke alone (1.4% vs. 4.6%; p = 0.03), associated with
cerebral protection [46], whilst a smaller study using a diffusion-weighted MRI to compare
TAVI groups with and without cerebral protection reported a numerically smaller volume
of cerebral lesions (95 mm3 vs. 197 mm3; p = NS), fewer patients with no new lesions
(20% vs. 0%; p = 0.03), and less neurocognitive deterioration (4% vs. 27%; p = 0.02) in the
Sentinel cohort [47]. Furthermore, a large TVT registry showed no significant reduction in
in-hospital or 30-day stroke, but suggested a possible relative risk reduction of 20% after
a propensity-weighted analysis. Based on these early results, clinical use increased from
7% of TAVI procedures in the United States in 2018 to 28% in 2019. Definitive information
concerning safety and efficacy will hopefully be provided by two large-scale randomised
controlled trials that are currently underway—BHF-Protect and PROTECTED TAVR [48,49].

TriGUARD is a transfemoral system designed to deflect debris away from all three
arch vessels during TAVI (Figure 4D). The early DEFLECT III trial demonstrated that the
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device was safe, with fewer ischaemic brain lesions on a diffusion-weighted MRI (11.5%
vs. 26.9%; p < 0.05), reduced neurological deficits detected by NIHSS (3.1% vs. 15.4%;
p < 0.05), and improved neurocognition compared with control subjects undergoing TAVI
without cerebral protection (Table 3) [50]. However, the more recent REFLECT II trial was
terminated early due to safety concerns in the active treatment arm, primarily driven by
TAVI-related vascular complications [51].

Given the very low stroke rates in low-risk populations, further risk–benefit and cost-
effectiveness analyses are required to ascertain which patients derive the most benefit from
the use of cerebral embolic protection devices [52].

10. Conclusions

Indications for TAVI are expanding into low-risk populations, accompanied by re-
newed emphasis on the short- and long-term neurological outcomes of the procedure.
Streamlined definitions and frameworks, such as the recently published NeuroARC con-
sensus statement, allow clearer for comparison of current and historical trials, and enhance
Heart Team decision-making processes. Recent trials have incorporated rigorous specialist
neurological input, with a consequent increase in the detection of neurological endpoints
after both TAVI and SAVR. Initial concerns that TAVI may be associated with an increased
incidence of neurological complications have been allayed, with recent data suggesting
improvement in the rates of early stroke and neurocognitive defects. Embolic protection
devices offer the prospect of further improvement in current outcomes, and have already
demonstrated their effectiveness in reducing surrogate endpoints defined by cerebral
imaging (diffusion-weighted MRI)—ongoing large-scale randomised controlled trials are
destined to demonstrate meaningful clinical outcomes.
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