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Background: Neurological complications after undergoing transcatheter aortic valve replacement (TAVR)
may be reduced with cerebral protection (CP) devices. However, randomized controlled trials (RCTs) have
failed to demonstrate convincing evidence of improvements in hard clinical endpoints in patients with CP.
"The aim of this study was to compare clinical outcomes of TAVR patients with and without CP devices.
Methods: Electronic searches were performed using four electronic databases from their dates of inception
to May 2017. RCTs that reported outcomes for patient cohorts that underwent TAVR procedures with and
without CP were included. Crude odds ratios (ORs) and 95% confidence intervals were calculated using
random effects model.

Results: A total of five RCTs were included, totalling 643 patients, 386 of whom were randomized to
TAVR + CP and 257 with TAVR only. The primary composite endpoint of all-cause mortality and stroke
at 30 days was lower in patients undergoing CP devices compared to those patients with TAVR alone (OR,
0.54; 95% CI, 0.30 to 0.98). Use of CP devices was also associated with lower new total lesion volume
(standardised mean difference, —-0.49; 95% CI, -0.96 to -0.03). There was a non-significant reduction in the
risk of secondary clinical endpoints of all-cause mortality, stroke, life-threatening bleed, acute kidney injury
and major vascular complications in patients randomized to TAVR + CP.

Conclusions: Use of CP devices in TAVR appears to be safe and may be associated with a reduction in
stroke/death.
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Introduction

"Transcatheter aortic valve replacement (TAVR) has emerged
as an alternative to conventional aortic valve replacement
(CAVR) for the treatment of severe aortic stenosis,
particularly in patients of high or prohibitive surgical risk
(1,2). Despite excellent short-term term efficacy outcomes
to date for TAVR, the associated risk of stroke remains
a concern with this procedure (1-6). Stroke is the most
severe complication of TAVR, being associated with high
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morbidity and mortality (7).

There is increasing evidence that patients undergoing
TAVR procedures have not only increased risk of
neurological events but also silent cerebral lesions, which
can be detected using diffusion weighted magnetic
resonance imaging (DW-MRI). Although there is currently
no evidence to inform clinicians of the long-term sequelae
of these initially silent lesions, there have been reports of
associations with poor functional outcome including memory
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loss and cognitive decline (3,8-10). As such, the advent of
cerebral protection (CP) devices to reduce the risk of stroke
and silent cerebral lesions associated with TAVR has drawn
great interest. Although the results from several studies have
suggested that CP may reduce cerebral infarction markers
or improve early cognition, these parameters are ultimately
surrogate markers for neurological events, and indeed there
has been no conclusive clear benefit demonstrated by CP
devices on hard clinical endpoints (11-14). The largest
available randomized controlled trial (RCT) was the recent
SENTINEL trial, which included 363 patients and showed
that TAVR + CP was safe, captured embolic debris in 99%
of patients but did not reduce major adverse cardiac and
cardiovascular events (12).

The present systematic review and meta-analysis aims to
compare outcomes of TAVR + CP and TAVR alone. The
primary endpoint is the composite endpoint of all-cause
mortality and stroke at 30 days, with additional endpoints
of all-cause mortality, stroke, life threatening bleed, acute
kidney injury, major vascular complications and changes in
total lesion brain volume on MRI scan.

Methods
Literature search strategy

The present systematic review and meta-analysis followed
the preferred reporting items for systematic reviews
and meta-analyses (PRISMA) guidelines. Electronic
searches were performed using Ovid Medline, PubMed,
Cochrane Central Register of Controlled Trials (CCTR),
Cochrane Database of Systematic Reviews (CDSR), ACP
Journal Club and Database of Abstracts of Review of
Effectiveness (DARE) from their dates of inception to
May 2017. To achieve maximum sensitivity of the search
strategy and identify all studies, we combined the terms:
“TAVR”, “embolic protection”, “cerebral protection”,
“TAVR stroke”, “Claret”, “Embol-X”, “Triguard”, as
either keywords or MeSH terms. The reference lists of all
retrieved articles were reviewed for further identification
of potentially relevant studies. All identified articles were
systematically assessed using the inclusion and exclusion
criteria.

Selection criteria

Eligible RCTs for the present systematic review and meta-
analysis included those in which patient cohorts underwent
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TAVR procedures with or without CP. When institutions
published duplicate studies with accumulating numbers of
patients or increased lengths of follow-up, only the most
complete reports were included for quantitative assessment
at each time interval. All publications were limited to those
involving human subjects and in the English language.
Abstracts, case reports, conference presentations, editorials
and expert opinions were excluded. Review articles
were omitted because of potential publication bias and
duplication of results.

Data extraction and critical appraisal

All data were extracted from article texts, tables and figures.
Two investigators independently reviewed each retrieved
article. Discrepancies between the two reviewers were
resolved by discussion and consensus. Assessment of risk
of bias for each selected study was performed according
to the most updated Cochrane statement. Variables
extracted included 30-day mortality, 30-day stroke, life
threatening or major bleeding, acute kidney injury, major
vascular complications, new total lesion volume on MRI
and proportion of patients with new brain lesions on
MRI. Stroke was defined according to the valve academic
research consortium-2 (VARC-2). The time point for
MRI was between 2 and 7 days post TAVR. Major vascular
complications was defined as any aortic dissection, aortic
rupture, annulus rupture, left ventricle perforation, new
apical aneurysm/pseudo-aneurysm, access site or access-
related vascular injury.

Statistical analysis

The odds ratio (OR), weighted mean difference and
standardized mean difference were used as summary
statistics. In the present study, both fixed- and random-
effect models were tested. In the fixed-effects model, it was
assumed that treatment effect in each study was the same,
whereas in a random-effects model, it was assumed that
there were variations between studies. y’ tests were used
to study heterogeneity between trials. I statistic was used
to estimate the percentage of total variation across studies,
owing to heterogeneity rather than chance, with values
greater than 50% considered as substantial heterogeneity.
I’ can be calculated as: I’ = 100% x (Q - df)/Q, with Q
defined as Cochrane’s heterogeneity statistics and df defined
as degree of freedom. If there was substantial heterogeneity
I’>50%, the results of the random-effects model were
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Figure 1 PRISMA flowchart. PRISMA, preferred reporting items for systematic reviews and meta-analyses.

presented to take into account the possible clinical diversity
and methodological variation between studies. All P values
were 2-sided. All statistical analysis was conducted with
Review Manager Version 5.3.2 (Cochrane Collaboration,
Software Update, Oxford, UK).

Results
Literature search

A total of 341 studies were identified after exclusion of non-
English, non-human studies, case reports, review articles
and commentaries. After abstract and title screening, ten
studies were assessed for eligibility via full text, of which five
studies met our pre-specified inclusion criteria for analysis
(Figure I).

Study characteristics of the included studies can be found
in Table 1. A total of 643 patients were included in the
present analysis, of which 386 patients were randomized to
TAVR + CP and 257 with TAVR only. Assessment for risk
of bias can be found in 7able S1.

Baseline patient characteristics

The baseline patient characteristics and meta-analyses
comparing patients randomized to TAVR + CP versus TAVR
alone can be found in Table S2. No significant difference in
age was found amongst patients randomized to TAVR + CP
versus TAVR alone (weighted mean difference 0.26; 95%

CI, -1.10 to 1.63) (Figure SI). There were 48% males in the
TAVR + CP group compared to 53% males in the TAVR
only group, which was not statistically significant (OR, 0.83;
95% CI, 0.60 to 1.15). The operative risk between both
groups was also similar, with no significant difference in
Society of Thoracic Surgeons (STS) score (weighted mean
difference, 0.21; 95% CI, -0.81 to 1.23), Log EuroSCORE
(weighted mean difference, 1.56; 95% CI, -1.82 to 4.93) and
Log EuroSCORE II (weighted mean difference, 1.65; 95%
CI, -0.83 to 4.12). There were no significant differences
in other patient characteristics at baseline. No significant
heterogeneity existed between studies for all baseline
variables (I'=0%). Inspection of funnel plots revealed no
evidence of publication bias (Figure S2).

Clinical outcomes

The major clinical event rates are shown in Table 2. Overall
30-day stroke rates were 5.4% in the TAVR + CP group
compared to 9.3% in the TAVR group. Overall 30-day
mortality rates were 1.3% in the TAVR + CP group
compared to 3.2% in the TAVR group. There was a
significant reduction in the primary composite outcome
of death/stroke in patients randomized to TAVR + CP
compared to TAVR alone (OR, 0.54; 95% CI, 0.30 to 0.98)
(Figure 2A4). There was no significant reduction in the
rate of stroke in patients undergoing TAVR + CP versus
TAVR alone (OR, 0.46; 95% CI, 0.15 to 1.40) (Figure 2B).
Mortality rate was lower in patients randomized to TAVR +
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Table 1 Study characteristics
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Time point Time
TAVR + CP TAVR TAVR access Type of CP  Type of THV Stroke  detection of point
Study Author Year (n) (n) site device device  definition stroke/death for MRI
(days) (days)
CLEAN-TAVI Haussigetal. 2014 50 50 Femoral 100% Claret Montage SE 100% VARC-2 30 7
dual filter
DEFLECT-IIl  Lansky et al. 2015 46 39 Femoral 96%; TriGuard HDH BE 63%; VARC-2 30 412
apical 4% SE 31%;
other 6%
EMBOL-X Wednt et al. 2015 14 16 Transaortic Claret Embol-X BE 100% NA 30 7
100%
MISTRAL-C Van Mieghem 2015 32 33  Transfemoral Claret Sentinel BE 74%; VARC-2 30 5
et al. 100% SE 26%
SENTINEL Kapadia et al. 2017 244 119 Femoral 94.7% Claret Sentinel BE 70%; VARC-2 30 2to7
SE 30%

BE, balloon expandable; CP, cerebral protection; SE, self-expandable; TAVR, transcatheter aortic valve replacement; VARC-2, valve
academic research consortium-2; NA, not applicable; MRI, magnetic resonance imaging; THV, transcatheter heart valve.

Table 2 Clinical outcomes for TAVR with and without cerebral protection

30-day 30-day Life threatening Acute kidney Major vascular
stroke (%) mortality (%) bleed (%) injury (%) complications (%)
Study Author Year
IAXE TAVR IA(\;/E TAVR IAXE TAVR IAXE TAVR IA(\;/E TAVR
CLEAN-TAVI  Haussig et al. 2014 8.0 8.0 0.0 2.0 2.0 2.0 2.0 10.0 10.0 12.0
DEFLECT-III Lansky et al. 2015 4.3 5.1 2.2 5.1 2.2 7.7 2.2 0.0 17.4 20.5
EMBOL-X Wednt et al. 2015 0.0 0.0 0.0 0.0 NR NR NR NR NR NR
MISTRAL-C ~ Van Mieghemetal. 2015 3.1 21.2 3.1 9.1 3.1 15.2 0.0 3.0 0.0 18.2
SENTINEL Kapadia et al. 2017 5.6 9.1 1.3 1.8 NR NR 0.4 0.0 8.6 5.9
Total - - 5.4 9.3 1.3 3.2 2.3 7.4 0.8 2.6 9.1 11.2

CP, cerebral protection; NR, not reported; TAVR, transcatheter aortic valve replacement.

CP compared to TAVR alone, although the result was not
significant (OR, 0.46; 95% CI, 0.15 to 1.40) (Figure 2C).
Rates of life threatening bleed were also lower in patients
undergoing TAVR + CP compared to TAVR, although the
result was not significant (OR, 0.30; 95% CI, 0.08 to 1.14)
(Figure 34). There were also no significant differences in
rates of acute kidney injury (OR, 0.49; 95% CI, 0.15 to 1.67)
(Figure 3B) and major vascular complications (OR, 0.30;
95% CI, 0.08 to 1.14) (Figure 3C). There was no significant
heterogeneity between studies for all clinical outcomes
(I’=0%). Inspection of funnel plots revealed no evidence of
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publication bias (Figure S3).

Immaging outcomes

In all five studies, MRIs were performed between days 2 to 7
for assessment of total brain lesions. There was a significant
reduction in total lesion volume in patients undergoing
TAVR + CP versus those patients without TAVR + CP
(standardized mean difference, -0.49; 95% CI, -0.96 to
-0.03) (Figure 44). There was significant heterogeneity
between studies for total lesion volume (I’=77%). TAVR +
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A CP No CP Odds Ratio Odds Ratio
Study or subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
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Figure 2 Primary clinical endpoints for (A) combined stroke/mortality, (B) stroke and (C) mortality at 30 days. CP, cerebral protection; CI,

confidence interval.

CP was associated with a 50% reduction in patients with
new brain lesions, although the result was non-significant
(OR, 0.50; 95% CI, 0.20 to 1.23) (Figure 4B). There was no
significant heterogeneity between studies reporting number
of patients with new brain lesions (I’=0%). Inspection
of funnel plots revealed no evidence of publication bias

(Figure S9).

Discussion

The clinical impact of embolized debris into the brain and
the long-term sequelae of silent cerebral lesions detected by
DW-MRI remains a topic of controversy. Although there
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are studies which have associated the presence of such silent
infarcts to neurocognitive decline (15,16), this evidence
remains limited and thus such findings are only a surrogate
marker for neurological events. However, given the lack of
significant benefit of CP devices with regards to hard clinical
endpoints including strokes and death, it is difficult to make
any strong guidelines or recommendations regarding its use.
Limited sample sizes and inadequate statistical power have
limited interpretation of clinical endpoints to date. In light
of this, we attempted pool the current evidence to provide a
more robust and powered analysis of the clinically relevant
endpoints. In this systematic review and meta-analysis, we
found that TAVR + CP was associated with a reduction in
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Figure 3 Clinical endpoints for (A) life-threatening bleed, (B) acute kidney injury and (C) major vascular complication. CP, cerebral

protection; CI, confidence interval.

the composite endpoint of death or stroke when compared
to TAVR alone. These findings suggest that TAVR + CP
may be a suitable treatment strategy for patients with severe
aortic stenosis and warrants further trials with larger sample
sizes.

The PARTNER II cohort A trial reported 30-day stroke
rates of 5.5% after TAVR, which confirmed the significant
risk of cerebrovascular events in intermediate risk patients (4).
This has led to the development of CP devices, most
commonly filters placed in the brachiocephalic and common
carotid arteries that capture embolic debris dislodged during
TAVR. Based on the small number of studies available, CP
devices capture debris in nearly all patients undergoing

TAVR (12,13,17). In the SENTINEL trial, 99% of patients
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had captured debris, which included frequent thrombus,
artery wall, valve tissue and calcification. Theoretically, a
device that captures debris should reduce cerebrovascular
events, yet data from available studies have failed to
demonstrate improvements in hard clinical outcomes. The
present study demonstrates that there may be a role for CP
devices as a clinically benefit adjunct to TAVR procedures.
There may be several reasons why the individual RCTs
have not demonstrated significant improvements in hard
clinical outcomes (11-14,18). The available studies are likely
underpowered to identify significant improvements. The
largest trial to date, the SENTINEL trial, showed a 38%
reduction in strokes at 30 days, that was non-significant (12).
However after pooling trials from the five RCTs, the
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A CP No CP Std. Mean difference Std. Mean difference
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Figure 4 Neurological imaging endpoints for (A) new total volume lesion and (B) number of patients with new brain lesions. CP, cerebral

protection; CI, confidence interval.

data pool included a total of 386 patients randomized to
TAVR + CP and 257 patients to TAVR only. The meta-
analysis suggests that CP devices are associated with a 46%
reduction in stroke/death.

The use of brain lesion volume on MRI scans as a marker
of cerebrovascular disease has led to mixed results in the
available RCTs (11-13). The CLEAN-TAVI trial and the
MISTRAL-C trial showed significant reductions in new
lesion volume, whilst the SENTINEL trial showed a 42%
reduction in new lesion volume that was non-significant. In
the SENTINEL trial, post hoc analyses revealed significant
reductions after adjustment for baseline brain lesions on
MRIs. Furthermore, the authors used an MRI window of
2 to 7 days which may have been too broad, resulting in
significant heterogeneity in lesion volume (12). Our pooled
meta-analysis demonstrated a significant reduction in
damaged brain volume. The significant heterogeneity in the
meta-analysis emphasises the importance of standardization
of DW-MRI scans, time points for evaluation of brain
lesions, standardization of multiple TAVR devices and
implantation techniques.

Subclinical ischemic brain injury has been linked to
cognitive and functional neurological impairment over time
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(12,15,19-21). The prevention of subclinical embolization
may continue to be an important marker of cerebrovascular
outcomes, particularly when treating lower risk patients
with severe aortic stenosis. The source of these new silent
cerebral lesions remain unclear—whether it is due to the
CP devices’ incomplete capture of emboli or whether it is
iatrogenically produced from manipulation and positioning
of the CP devices in the aortic arch and great vessels (22)—
remains to be determined. The suggested benefit from the
present analysis warrants further research into CP devices,
where preventing procedure-related cerebral injury may
have important long-term sequelae.

The safety of CP devices in TAVR has been validated in
RCTs comparing TAVR + CP and TAVR, with similar in-
hospital and 30-day composite safety endpoints (11,12,18).
We showed a significant reduction in rates of major
bleeding and acute kidney injury in patients undergoing
TAVR + CP compared to CAVR and a non-significant
reduction compared to TAVR alone. Despite the additional
manipulation and positioning of the CP devices, there was
no difference in rates of vascular complications between
TAVR + CP and TAVR. TAVR is associated with a small

increase (15-18 minutes) in procedure time (11,12) in
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order to obtain arterial access, device positioning, filter
deployment and filter recapture and device removal.

Patients undergoing TAVR are often older, frail, and
affected by multiple comorbidities, implying a significant
risk for thromboembolic cerebrovascular events (1,23). It is
plausible that the benefit may be maximal in patients at high
risk of cerebrovascular events and the importance of careful
patient selection for CP devices may become an integral
part of the clinical decision making.

Limitations

The present study has several limitations. These include
inherent limitations included in the individual RCTs: study
design, sample size, treatment crossover and patient drop
out. Secondly, there is currently a lack of standardized
reporting practices with regards to DW-MRI measures,
including the mixed use of 3T versus 1.5T scanners, and
a broad window for interpretation of 2-7 days for some
studies. Despite this variation in the techniques used in
the assessment of lesion volume, there was no significant
heterogeneity in the assessment of clinical outcomes found
in the present meta-analysis. Standardization of brain
lesion volume assessment via MRI is warranted. Future
trials of CP devices should follow the recent guidelines for
the assessment of neurological endpoints in cardiovascular
trials (24). Differences in valve types may also have
contributed to some heterogeneity. In the SENTINEL
trial, SAPIEN 3 was associated with lower new brain lesions
compared with Evolut R or SAPIEN XT, which limited
the benefit that patients on the SAPIEN 3 could derive.
In addition a trend towards higher number of patients
without any new lesions was seen for the SAPIEN 3 valve in
DEFLECTIIL A number of CP devices were also employed
in this meta-analysis, including Claret, EMBOL-X and
Triguard, it is currently still unclear whether the outcomes
of these three devices are equivalent or not. Differences
in the vascular access, deployment process and method of
embolic protective modality between the three devices may
also contribute to some heterogeneity.

Conclusions

The current evidence suggests that TAVR + CP is safe and
may be associated with significant reductions in death/
stroke compared to TAVR alone. The lack of benefit in hard
clinical outcomes from the individual trials, warrant large
adequately powered RCTs with standardised assessment of
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Supplementary

Table S1 Assessment of bias using Cochrane Collaboration’s risk of bias tool

Study name
Bias type
CLEAN-TAVI DEFLECT-III EMBOL-X MISTRAL-C SENTINEL

Selection bias

Random sequence generation Low-risk Low-risk Low-risk Low-risk Low-risk

Allocation concealment Low-risk Low-risk Low-risk Low-risk Low-risk
Performance bias

Blinding of participants and personnel Low-risk Low-risk Low-risk Low-risk Low-risk
Detection bias

Blinding of outcome assessment Low-risk Low-risk Low-risk Low-risk Low-risk
Attrition bias

Incomplete outcome data Low-risk High-risk* Low-risk High-risk* Low-risk
Reporting bias

Selective reporting Low-risk Low-risk Low-risk Low-risk Low-risk

*, high drop-outs from procedure to follow-up assessment.



Table S2 Baseline characteristics

Study name
Variables
CLEAN-TAVI DEFLECT-III EMBOL-X MISTRAL-C SENTINEL

Age (years)

CP 80 83 81 82 83

TAVR 79 82 82 82 85
Male (%)

CP 62 43 29 53 46

TAVR 64 49 50 52 51
STS score

CP 5.6 6.3 11.4 4.6 5.6

TAVR 5.2 7.4 9.3 5.8 6.6
Log EuroSCORE

CP 16.4 - 39.2 - -

TAVR 14.5 - 39.5 - -
Log EuroSCORE I

CP - 10.1 8.6 - -

TAVR - 7.2 8.1 - -
NYHA HI/IV (%)

CP 64 46 - 63 83

TAVR 64 38 - 70 83
Diabetes mellitus (%)

CP 40 22 - 13 34

TAVR 50 23 - 27 38
CKD (%)

CP 46 24 43 - -

TAVR 22 26 38 - -
COPD (%)

CP - 30 50 - -

TAVR - 33 44 - -
Hypertension (%)

CP 88 80 - 66 -

TAVR 94 72 - 70 -
PVD (%)

CP 4 13 36 28 15

TAVR 8 13 38 33 15
Prior stroke/TIA (%)

CcP 2 13 7 19 14

TAVR 6 18 19 18 12
Dyslipidaemia (%)

CP - - - 38 -

TAVR - - - 52 -
Coronary artery disease (%)

CP 52 - - - 52

TAVR 50 - - - 55
Prior CABG (%)

CcP 16 11 - - 16

TAVR 4 8 - - 21
Prior PCI (%)

CP 10 30 - - 16

TAVR 16 46 - - 17
Pacemaker or defibrillator (%)

CP 0 - - - -

TAVR 0 - - - -
Prior MI (%)

CP 12 13 - 6 -

TAVR 8 21 - 6 -
Heart failure (%)

CP 92 - - - -

TAVR 92 - - - -
Prior AF (%)

CP 34 22 - 25 32

TAVR 34 36 - 24 30
Frailty (%)

CP - 11 - 63 -

TAVR - 18 - 70 -
Porcelain aorta (%)

CcP - 4 - 13 2

TAVR - 0 - 12 3

AF, atrial fibrillation; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CP, cerebral protection; MI, myocardial
infarction; PCI, percutaneous coronary intervention; PVD, peripheral vascular disease; TAVR, transcatheter aortic valve replacement; STS,
Society of Thoracic Surgeons; NYHA, New York Heart Association; TIA, transient ischemic attack; CABG, coronary artery bypass graft.
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Figure S1 Baseline characteristics in patients randomised to TAVR + CP compared to TAVR. CP, cerebral protection; CI, confidence interval; TAVR, transcatheter aortic valve replacement; STS, Society of Thoracic Surgeons; NYHA, New
York Heart Association.
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Figure S2 Funnel plot for (A) stroke/mortality, (B) stroke and (C) mortality. Circles indicate individual studies. SE, self-expandable; OR, odds ratio.
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Figure S3 Funnel plot for (A) life-threatening bleed, (B) acute kidney injury and (C) major vascular complication. Circles indicate individual studies. SE, self-expandable; OR, odds ratio.
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Figure S4 Funnel plot for (A) total volume lesion and (B) number of patients with new brain lesions. Circles indicate individual studies. SE, self-expandable; OR, odds ratio; SMD, standardized mean difference.



