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BACKGROUND
Transcatheter aortic-valve replacement (TAVR) for the treatment of aortic stenosis 
can lead to embolization of debris. Capture of debris by devices that provide cere-
bral embolic protection (CEP) may reduce the risk of stroke.

METHODS
We randomly assigned patients with aortic stenosis in a 1:1 ratio to undergo trans-
femoral TAVR with CEP (CEP group) or without CEP (control group). The primary 
end point was stroke within 72 hours after TAVR or before discharge (whichever 
came first) in the intention-to-treat population. Disabling stroke, death, transient 
ischemic attack, delirium, major or minor vascular complications at the CEP access 
site, and acute kidney injury were also assessed. A neurology professional exam-
ined all the patients at baseline and after TAVR.

RESULTS
A total of 3000 patients across North America, Europe, and Australia underwent 
randomization; 1501 were assigned to the CEP group and 1499 to the control 
group. A CEP device was successfully deployed in 1406 of the 1489 patients (94.4%) 
in whom an attempt was made. The incidence of stroke within 72 hours after 
TAVR or before discharge did not differ significantly between the CEP group and 
the control group (2.3% vs. 2.9%; difference, −0.6 percentage points; 95% confi-
dence interval, −1.7 to 0.5; P = 0.30). Disabling stroke occurred in 0.5% of the pa-
tients in the CEP group and in 1.3% of those in the control group. There were no 
substantial differences between the CEP group and the control group in the per-
centage of patients who died (0.5% vs. 0.3%); had a stroke, a transient ischemic 
attack, or delirium (3.1% vs. 3.7%); or had acute kidney injury (0.5% vs. 0.5%). One 
patient (0.1%) had a vascular complication at the CEP access site.

CONCLUSIONS
Among patients with aortic stenosis undergoing transfemoral TAVR, the use of CEP 
did not have a significant effect on the incidence of periprocedural stroke, but on 
the basis of the 95% confidence interval around this outcome, the results may not 
rule out a benefit of CEP during TAVR. (Funded by Boston Scientific; PROTECTED 
TAVR ClinicalTrials.gov number, NCT04149535.)
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Transcatheter aortic-valve replace-
ment (TAVR) is an established treatment 
for patients with aortic stenosis across 

the spectrum of surgical risk.1-9 Embolization of 
debris from the valve or the vasculature can 
cause periprocedural stroke,10,11 leading to in-
creased morbidity and mortality.12-15 Even in the 
absence of clinical symptoms, the majority of 
patients (68 to 93%) have defects identified 
on diffusion-weighted perfusion imaging after 
TAVR.10,16,17 Although the risk of stroke with 
TAVR is decreasing with newer-generation de-
vices and is similar to that after surgical aortic-
valve replacement,5,6,18-20 it remains an important 
and troubling complication of the procedure.21,22

The Sentinel cerebral embolic protection (CEP) 
device (Boston Scientific) was approved by the 
Food and Drug Administration (FDA) for the 
capture and removal of embolic material during 
TAVR to reduce the risk of periprocedural ische-
mic injury to the brain.17,23,24 The pivotal ran-
domized trial of the Sentinel device that was 
completed for FDA approval had a primary end 
point of cerebral lesion volume in protected 
brain territories, as measured by magnetic reso-
nance imaging.24 In that trial, the Sentinel de-
vice was shown to be safe and captured debris 
in 99% of patients, but the reduction in new 
cerebral lesion volume was not significant and 
the trial was not powered to assess stroke.

An analysis by the Society of Thoracic Sur-
geons–American College of Cardiology Trans-
catheter Valve Therapy Registry showed that af-
ter commercial approval of the CEP device, 
approximately 13% of TAVR procedures included 
the use of such a device.25 A larger random-
ized trial of CEP during TAVR that includes 
clinical stroke as an end point would be rele-
vant to health care providers and patients. The 
PROTECTED TAVR trial was conducted to inves-
tigate whether CEP reduces the risk of peripro-
cedural stroke with TAVR.

Me thods

Trial Design and Oversight

This prospective, postmarket, multicenter, ran-
domized, controlled trial evaluated the Sentinel 
CEP device in patients with aortic stenosis un-
dergoing transfemoral TAVR (Fig. S1 in the Sup-
plementary Appendix, available with the full text 

of this article at NEJM.org). The patients were 
randomly assigned in a 1:1 ratio to undergo 
TAVR with CEP (CEP group) or without CEP 
(control group). Randomization was stratified 
according to center, operative risk (low risk or 
intermediate or higher risk), and intended TAVR 
valve type (balloon-expandable or nonballoon-
expandable device).

The trial protocol, available at NEJM.org, was 
developed by the principal investigators (the first 
and last authors) and the trial sponsor (Boston 
Scientific) with input from the steering commit-
tee (Tables S1 and S2) and was approved by all 
the institutional review boards of the participat-
ing institutions. Major clinical events were adju-
dicated by an independent clinical events commit-
tee. An independent data and safety monitoring 
board provided trial oversight. Analyses of the 
primary and other clinical end points were per-
formed by the sponsor; independent statistical 
validation of the results was provided by IQVIA, 
a contract research organization. The principal 
investigators had unrestricted access to the data 
and wrote the first draft of the manuscript, and 
all the authors provided critical review. The au-
thors vouch for the accuracy and completeness 
of the data and for the fidelity of the trial to the 
protocol. There were no data confidentiality re-
strictions between the sponsor and authors or 
their institutions; findings were to be published 
regardless of the results.

Patients

A full list of the inclusion and exclusion criteria 
is provided in Table S3. Patients were eligible if 
they had aortic stenosis and were scheduled to 
undergo TAVR with transfemoral placement of a 
commercially available device. Patients were ex-
cluded if either the left common carotid or the 
brachiocephalic artery had greater than 70% 
diameter stenosis or if the anatomical structure 
was otherwise incompatible with the placement 
of the CEP device. All the patients provided writ-
ten informed consent.

Trial Device and Procedure

The Sentinel Cerebral Protection System has two 
filters within a single 6-French delivery catheter 
(2 mm in diameter); the filters are placed percu-
taneously from the right radial or brachial artery 
in the brachiocephalic artery (proximal filter) 

A Quick Take 
is available at 

NEJM.org

The New England Journal of Medicine 
Downloaded from nejm.org at LONDON SCH HYGIENE & TROPICAL MED on November 9, 2022. For personal use only. No other uses without permission. 

 Copyright © 2022 Massachusetts Medical Society. All rights reserved. 



n engl j med 387;14 nejm.org October 6, 2022 1255

Cerebr al Embolic Protection during TAVR

and the left common carotid artery (distal filter) 
before TAVR (Fig. S2). All the investigators were 
experienced in deploying the Sentinel CEP device 
and had performed at least 20 procedures involv-
ing its use.

Trial End Points and Subgroup Analyses

The primary end point was clinical stroke within 
72 hours after TAVR or before discharge (which-
ever came first). Stroke was defined as an acute 
episode of a focal or global neurologic dysfunc-
tion caused by vascular injury to the brain, spinal 
cord, or retina resulting from hemorrhage or 
infarction.26 For the purposes of the trial, “dis-
charge” referred to discharge from the treating 
facility; transfer to another institution was not 
considered to be part of the initial hospitaliza-
tion. A neurology professional (board-certified 
or board-eligible neurologist, neurology fellow, 
neurology physician assistant, or neurology nurse 
practitioner) performed neurologic examinations 
at baseline (after randomization) and after TAVR. 
In patients in whom stroke was suspected, neuro-
imaging was performed according to the stan-
dard of care at each site at the discretion of the 
treating physician. Routine neuroimaging was 
not performed to identify covert (asymptomatic) 
brain infarction. An independent clinical events 
committee adjudicated all stroke events, with 
stroke subtype characterized according to defi-
nitions of the Neurologic Academic Research 
Consortium (NeuroARC): type 1.a to 1.d and 
type 2.b events were considered to be strokes 
(Table S4).26

Additional prespecified end points included 
stroke severity, which was assessed with the use 
of the modified Rankin scale (range, 0 to 6, with 
a score of 0 indicating no symptoms and 6 indi-
cating death) at 30 days (within a window of 
±7 days), with nondisabling stroke defined as a 
score of <2 (or as a score of ≥2 if the score had 
not increased from the prestroke baseline score) 
and disabling stroke defined as a score of ≥2 
and an increase of at least 1 point from the pre-
stroke baseline score; death from any cause; a 
composite end point of stroke, transient ische-
mic attack, or delirium; acute kidney injury; and 
vascular complications at the CEP access site. 
Neurologic assessments at baseline and before 
discharge included the modified Rankin scale, 
the National Institutes of Health Stroke Scale, 

the Montreal Cognitive Assessment, and the 
Confusion Assessment Method for Intensive 
Care Unit Patients (further details on these in-
struments are provided in the Supplementary 
Appendix).

Prespecified subgroup analyses were per-
formed according to sex and operative risk. Ad-
ditional patient subgroups of interest were iden-
tified before unmasking of the trial-group 
assignments.

Statistical Analysis

This trial used an adaptive group-sequential de-
sign with an initial planned enrollment of 3000 
patients and a scheduled interim analysis when 
enrollment reached 70% (2100 patients). The 
design allowed for early stoppage of the trial if 
a significant difference in favor of the CEP 
group was observed or a reestimation of sample 
size was indicated (additional details are pro-
vided in the Statistical Methods section in the 
Supplementary Appendix). On the basis of con-
temporary published reports of the incidence of 
stroke among patients undergoing TAVR,23,25,27-29 
we estimated that the planned enrollment of 
3000 patients would provide the trial with 
greater than 90% power to show the superiority 
of CEP if the incidence of stroke was 4% in the 
control group and 2% in the CEP group.

The analysis of the primary end point was 
performed in the intention-to-treat population, 
which included all patients enrolled in the trial 
regardless of whether the assigned treatment 
was received. Continuous variables were sum-
marized with the use of descriptive statistics and 
were compared with the use of a Student’s t-test; 
discrete variables were reported as counts and 
percentages. The trial groups were compared 
with the use of the chi-square test or Fisher’s 
exact test; with respect to the primary end point, 
the chi-square test was used to assess the supe-
riority of CEP use over nonuse during TAVR. 
Univariate and multivariate analyses were per-
formed to assess predictors of the primary end 
point and other outcomes. Because there was no 
plan for adjustment for multiple comparisons of 
secondary end points, between-group differenc-
es are presented as point estimates with 95% 
confidence intervals that were not adjusted for 
multiplicity and thus should not be used to infer 
definitive treatment effects. Statistical analyses 
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were performed with SAS software, version 9.4 
or later (SAS Institute).

R esult s

Patients and Enrollment

A total of 3000 patients at 51 centers across 
North America, Europe, and Australia were en-
rolled and underwent randomization from Feb-
ruary 2020 through January 2022 (Table S1). In 
the interim analysis of the first 2100 patients 
enrolled, stroke had occurred in 23 of 1051 pa-
tients (2.2%) in the CEP group and in 25 of 1049 
patients (2.4%) in the control group. On the 
basis of these results and the prespecified sam-
ple-size reestimation algorithm, the data and 

safety monitoring board recommended a final 
sample size of 3000. The intention-to-treat pop-
ulation included 1501 patients in the CEP group 
and 1499 patients in the control group (Fig. 1). 
Among the patients who underwent randomiza-
tion, 21 did not undergo a TAVR procedure; CEP 
was successfully deployed in 1406 of the 1489 
patients (94.4%) in whom an attempt was made.

The patients in the trial were generally repre-
sentative of the overall population eligible for 
TAVR with CEP (Table S5). The mean (±SD) age 
of the patients was 78.9±7.8 years, and the mean 
Society of Thoracic Surgeons surgical risk score, 
which represents the predicted risk of death 
after surgery, was 3.4±2.7% (scores range from 
0 to 100%, with higher values indicating higher 

Figure 1. Randomization, Treatment, and Follow-up.

Patients eligible for transcatheter aortic-valve replacement (TAVR) were randomly assigned to the cerebral embolic 
protection (CEP) group (TAVR with CEP) or the control group (TAVR only). Data on all patients were collected for  
72 hours after TAVR or up to the time of hospital discharge (whichever came first). In the patients who received a 
diagnosis of periprocedural stroke, scoring on the modified Rankin scale was also performed at 30 days (within  
a window of ±7 days) after stroke.

3000 Eligible patients underwent
randomization in a 1:1 ratio

(intention-to-treat population)

1499 Were assigned to the control group1501 Were assigned to the CEP group

9 Did not undergo TAVR
4 Withdrew consent
4 Were withdrawn by

investigator
1 Discontinued because of

stroke after randomization
(planned TAVR canceled;
patient died within 30 days)

6 Died after TAVR
3 Withdrew consent before

discharge

12 Did not undergo TAVR
3 Withdrew consent
7 Were withdrawn by investi-

gator
2 Discontinued for other

reasons
11 Died after TAVR
3 Withdrew consent before

discharge
3 Were withdrawn by investi-

gator before discharge

83 Did not undergo TAVR with
CEP

42 Had radial or brachial
access issue (spasm or
tortuosity)

31 Had brachiocephalic or
subclavian tortuosity

10 Had other reasons

1481 Completed follow-up1472 Completed follow-up
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risk). The demographic and clinical characteris-
tics of the patients at baseline and the proce-
dural characteristics were generally similar in 
the two trial groups (Table 1), with the exception 
of a higher percentage of female patients in the 
CEP group than in the control group (42.0% vs. 
37.8%). Procedural and discharge details (anes-
thesia use, CEP deployment, length of hospital 
stay, and discharge location) are provided in 
Tables S6 and S8. Details of neurologic assess-
ments performed at baseline are provided in 
Table S7.

Primary and Additional Clinical End Points

The incidence of clinical stroke within 72 hours 
after TAVR or before discharge (primary end 
point) did not differ significantly between the 
CEP group and the control group (2.3% [34 of 
1501 patients] vs. 2.9% [43 of 1499]; difference, 
−0.6 percentage points; 95% confidence interval 
[CI], −1.7 to 0.5; P = 0.30) (Fig. 2); however, as 
reflected by the 95% confidence interval, the 
results may not rule out a benefit of CEP during 
TAVR. All the patients who received a diagnosis 
of stroke underwent neuroimaging. Most stroke 
events occurred within 24 hours after the TAVR 
procedure (Fig. S3). Stroke severity and subtype 
according to the NeuroARC categorization are 
shown in Figure S4. Disabling stroke occurred 
in 0.5% of the patients (8 of 1501) in the CEP 
group and in 1.3% of patients (20 of 1499) in the 
control group (difference, −0.8 percentage 
points; 95% CI, −1.5 to −0.1) (Fig. 2). Additional 
clinical end points within 72 hours after TAVR 
or before discharge are shown in Table 2. There 
were no substantial differences between the CEP 
group and the control group with respect to 
death from any cause; a composite end point 
of stroke, transient ischemic attack, or delirium; 
or acute kidney injury. Vascular complications at 
the CEP access site were infrequent — 1 patient 
(0.1%) had a major bleeding event at the radial 
access site during sheath removal. The CEP de-
vice could not be deployed in 83 of the 1501 
patients (5.5%) assigned to the CEP group (Fig. 1). 
A per-protocol analysis involving patients who 
received the assigned treatment yielded results 
similar to those in the intention-to-treat popula-
tion (Table S9).

Among the patients with stroke, there was no 
apparent difference between the CEP group and 
the control group with respect to all-cause mor-

tality within 72 hours after TAVR or before dis-
charge (2.9% [1 of 34] vs. 4.7% [2 of 43]) or at 
the 30-day follow-up (11.8% [4 of 34] vs. 11.6% 
[5 of 43]). The results of neurologic assessments 
in the patients with stroke are shown in Table 
S10, and the 30-day clinical outcomes are shown 
in Table S11. Additional details on discharge and 
length of hospital stay are provided in Table S8.

Subgroup and Multivariable Analyses

The incidences of stroke and disabling stroke 
within 72 hours after TAVR or before discharge 
in various subgroups are shown in Fig. 3 and 
Fig. S5, respectively. Figure S6 shows the results 
for the primary end point according to geo-
graphic region. In a multivariable analysis, fe-
male sex was associated with stroke (odds ra-
tio, 1.93; 95% CI, 1.20 to 3.12), and use of a 
balloon-expandable valve was inversely associ-
ated with stroke (odds ratio, 0.46; 95% CI, 0.28 
to 0.76) (Table S12). A post hoc multivariable 
analysis of disabling stroke was also performed 
(Table S13).

Discussion

In this large, randomized, prospective trial of 
CEP use during TAVR, the CEP device was suc-
cessfully deployed in 94.4% of patients in whom 
an attempt was made and was not associated 
with an increased risk of complications. The 
incidence of periprocedural stroke within 72 
hours after TAVR or before discharge (primary 
end point) was lower than expected (2.6% over-
all) and did not differ significantly between the 
CEP group and the control group.

In an earlier clinical trial comparing TAVR 
and surgical aortic-valve replacement, the asso-
ciated risk of stroke was identified as a major 
limitation of TAVR.30 Stroke continues to be an 
important complication of TAVR, with mortality 
of 16.7% at 30 days,13 and remains a major con-
cern among patients.21,22 Although stroke is large-
ly unpredictable, the risk is primarily procedural, 
with most stroke events resulting from embolic 
material being released at the time of the valve 
implantation procedure.10-12 Single-center stud-
ies, the Transcatheter Valve Therapy Registry, 
and administrative databases have also evaluat-
ed the use of a CEP device during TAVR.17,23,25,27,28,31 
Some propensity-matched analyses have shown 
that the use of a CEP device during TAVR was 
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Table 1. Demographic and Clinical Characteristics of the Patients at Baseline and Procedural Characteristics.*

Characteristic
CEP 

(N = 1501)
Control 

(N = 1499)

Demographic

Age — yr 78.9±8.0 78.9±7.8

Female sex — no. (%) 631 (42.0) 566 (37.8)

Clinical

STS surgical risk score — %† 3.3±2.7 3.4±2.8

Surgical risk according to heart team — no. (%)

High or extreme risk 457 (30.4) 456 (30.4)

Intermediate risk 499 (33.2) 512 (34.2)

Low risk 545 (36.3) 531 (35.4)

NIHSS total score‡ 0.4±1.0 0.3±0.9

Modified Rankin scale score§

Mean score 0.6±1.0 0.5±0.9

Score of 0–1 — no./total no. (%) 1253/1501 (83.5) 1287/1497 (86.0)

Score of ≥2 — no./total no. (%) 248/1501 (16.5) 210/1497 (14.0)

EQ-5D index score¶ 0.8±0.2 0.8±0.2

EQ visual-analogue scale score‖ 67.6±19.7 68.3±18.0

Coexisting condition and medical history — no./total no. (%)

Diabetes mellitus, medically treated 501/1501 (33.4) 522/1499 (34.8)

Hypertension 1306/1500 (87.1) 1312/1497 (87.6)

Peripheral vascular disease 165/1484 (11.1) 162/1481 (10.9)

Coronary artery disease 850/1493 (56.9) 880/1493 (58.9)

Previous coronary revascularization 495/1495 (33.1) 548/1497 (36.6)

History of atrial fibrillation 511/1498 (34.1) 469/1495 (31.4)

History of cerebrovascular events 114/1496 (7.6) 122/1491 (8.2)

History of transient ischemic attacks 77/1491 (5.2) 81/1487 (5.4)

Procedural

Native bicuspid valve — no./total no. (%) 131/1500 (8.7) 121/1499 (8.1)

Bioprosthesis: nonnative valve — no./total no. (%) 56/1500 (3.7) 37/1499 (2.5)

Balloon-expandable valve implanted — no./total no. (%) 957/1489 (64.3) 948/1488 (63.7)

Balloon dilation before valve implant — no./total no. (%) 573/1489 (38.5) 624/1490 (41.9)

Balloon dilation after valve implant — no./total no. (%) 390/1489 (26.2) 383/1490 (25.7)

*  Plus–minus values are means ±SD. Patients eligible for transcatheter aortic-valve replacement (TAVR) were randomly 
assigned to the cerebral embolic protection (CEP) group (TAVR with CEP) or the control group (TAVR only).

†  The Society of Thoracic Surgeons (STS) surgical risk score is used to assess the 30-day postoperative risk of death after 
cardiovascular surgery; scores (based on >50 clinical variables) range from 0 to 100%, with higher values indicating 
higher risk. The score is used by multidisciplinary heart teams to screen patients included in studies of TAVR and stratify 
them according to risk of death. Scores were available for 1481 patients in the CEP group and for 1482 patients in the 
control group.

‡  The National Institutes of Health Stroke Scale (NIHSS) total score is used to assess the severity of stroke; scores range 
from 0 to 42, with higher scores indicating greater impairment. A score of less than 6 indicates a strong probability of 
a good recovery, whereas a score greater than 16 indicates a strong probability of death. On average, a 1-point increase 
in the NIHSS score reflects a decrease in the likelihood of a favorable outcome by 17%. Scores were available for 1499 
patients in the CEP group and for 1494 patients in the control group.

§  The modified Rankin scale score is used to assess the degree of disability or dependence in the daily activities of pa-
tients who have had a stroke or other causes of neurologic disability. Scores range from 0 to 6, with 0 indicating no 
symptoms, 1 an ability to carry out usual activities despite some symptoms, 2 slight disability, 3 moderate disability,  
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associated with lower risks of disabling and 
nondisabling stroke and a higher incidence of 
stroke-free survival than when TAVR was per-
formed without such protection.27,28 An instru-
mental variable analysis of the data from the 
Transcatheter Valve Therapy Registry did not 
show that CEP during TAVR led to a lower risk 
of stroke than when the procedure was per-
formed without it, but an analysis based on 
propensity-score matching showed that CEP dur-
ing TAVR led to a slightly lower overall risk of 
site-reported stroke (adjusted odds ratio, 0.82; 
95% CI, 0.69 to 0.97) and lower 30-day mortality 
(1.4% vs. 2.2%, P<0.001).25 A retrospective study 
of a publicly available administrative claims da-
tabase (the Nationwide Readmission Database) 
likewise showed that mortality after stroke was 
lower among patients who underwent TAVR 

with CEP than without it (6.6% vs. 11.8%, 
P = 0.02).31

In regard to the lower-than-expected inci-
dence of stroke in the current trial, the expected 
incidence was estimated on the basis of previous 
studies,23,25,27-29 and the evolution of practice and 
treatment patterns over time may have contrib-
uted to differences between the expected and 
observed incidence of stroke. In addition, the 
mean Society of Thoracic Surgeons surgical risk 
score was lower in this trial than in previous 
studies. Furthermore, although sites were en-
couraged to enroll consecutive patients, the CEP 
device used here was commercially available and 
the possibility of enrollment bias in presumed 
higher-risk scenarios cannot be excluded. A re-
sidual stroke risk of 2.3% remained in the CEP 
group, which may have been affected by the in-
ability of the CEP device studied here to filter all 
small debris, owing to either malapposition or 
embolic material smaller than the pore size and 
the fact that the CEP device used in the current 
trial does not cover the left vertebral artery, 
thereby limiting complete cerebral coverage. 
Moreover, hemorrhagic strokes cannot be pre-
vented with the use of a CEP device.

Disabling stroke occurred in fewer patients in 
the CEP group than in the control group, and on 
the basis of adjudicated NeuroARC definitions, 
fewer patients in this CEP group had an ische-
mic stroke. This result is consistent with the 
mechanism of action of CEP, which would be 
expected to reduce the risk of embolic stroke but 
not hemorrhagic or other types of strokes. Six 
disabling ischemic strokes occurred in the CEP 
group — one in a patient in whom CEP could 
not be delivered; one in a patient with an embo-
lized valve who was also resuscitated during the 
procedure; one in a patient who had clinical 
symptoms consistent with stroke but in whom 
lesion localization was uncertain; two in the oc-
cipital lobes, which are not fully protected by 

4 moderately severe disability, 5 severe disability, and 6 death. Scores were available for 1501 patients in the CEP group 
and for 1497 patients in the control group.

¶  The EuroQol Group 5-Dimension (EQ-5D) index score is based on five questions on mobility, self-care, pain, usual 
activities, and psychological status and is used to assess quality-of-life health status. Scores range from 0 to 1, with a 
score of 1 indicating full health and 0 a health status “as bad as death.” Scores were available for 1497 patients in the 
CEP group and for 1495 patients in the control group.

‖  The EQ visual-analogue scale is a self-reported assessment of overall health status; scores range from 0 to 100, with 
0 indicating “the worst health you can imagine” and 100 “the best possible health you can imagine.” Scores were avail-
able for 1498 patients in the CEP group and for 1496 patients in the control group.

 Table 1. (Continued.)

Figure 2. Stroke within 72 Hours after TAVR or before 
Discharge (Primary End Point) in the Intention-to-Treat 
Population.

Stroke within 72 hours after TAVR or before discharge 
(whichever came first) was adjudicated by an indepen-
dent clinical events committee.
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this CEP device; and one in the territory of the 
middle cerebral artery, which the studied CEP 
device is designed to protect. On the basis of the 
incidence of disabling stroke (0.5% in the CEP 
group and 1.3% in the control group), the num-
ber of patients needed to treat to prevent one 
additional disabling stroke would be 125. Al-

though this trial was not powered to assess 
disabling stroke and a residual risk of stroke was 
observed with the use of the CEP device, given 
patient concerns over disabling stroke,21,22 the 
observed difference in the incidence of this out-
come between the CEP group and the control 

Table 2. Clinical and Neurologic Outcomes within 72 Hours after TAVR or before Discharge.*

Outcome
CEP 

(N = 1501)
Control  

(N = 1499)
Difference 
(95% CI)†

Clinical

Primary end point: stroke — no. (%) 34 (2.3) 43 (2.9) −0.6 (−1.7 to 0.5)

Disabling  8 (0.5) 20 (1.3)  −0.8 (−1.5 to −0.1)

Ischemic  6 (0.4) 17 (1.1)  −0.7 (−1.4 to −0.1)

Hemorrhagic  2 (0.1)  3 (0.2) −0.1 (−0.4 to 0.2)

Nondisabling 26 (1.7) 23 (1.5)  0.2 (−0.7 to 1.1)

Ischemic 26 (1.7) 23 (1.5)  0.2 (−0.7 to 1.1)

Hemorrhagic 0 0 0

Death — no. (%)

Any cause  8 (0.5)  4 (0.3)  0.3 (−0.2 to 0.7)

Cardiovascular cause  8 (0.5)  4 (0.3)  0.3 (−0.2 to 0.7)

Noncardiovascular cause 0 0 0

Safety composite end point: death from any cause or stroke  
— no. (%)

41 (2.7) 45 (3.0) −0.3 (−1.5 to 0.9)

Neurologic composite end point: stroke, transient ischemic  
attack, or delirium — no. (%)

46 (3.1) 55 (3.7) −0.6 (−1.9 to 0.7)

Stroke — no. (%) 34 (2.3) 43 (2.9) −0.6 (−1.7 to 0.5)

Transient ischemic attack — no. (%)  1 (0.1)  2 (0.1) −0.1 (−0.3 to 0.2)

Delirium — no. (%) 12 (0.8) 11 (0.7)  0.1 (−0.6 to 0.7)

Major or minor vascular complication at the CEP access site  
— no. (%)

 1 (0.1) 0  0.1 (−0.1 to 0.2)

Stage 2 or 3 acute kidney injury ≤72 hours after TAVR — no. (%)  8 (0.5)  7 (0.5)  0.1 (−0.4 to 0.6)

Neurologic

NIHSS total score‡ 0.4±1.8 0.4±1.2  0.1 (−0.1 to 0.2)

Modified Rankin scale score

Mean score§ 0.6±1.1 0.6±1.1  0.0 (−0.1 to 0.1)

Score of 0–1 — no./total no. (%) 1221/1468 (83.2) 1247/1473 (84.7)  −1.5 (−4.1 to 1.2)‡

Score of ≥2 — no./total no. (%)  247/1468 (16.8)  226/1473 (15.3)   1.5 (−1.2 to 4.1)‡

*  Plus–minus values are means ±SD. Analyses were performed in the intention-to-treat population.
†  Because the statistical analysis plan did not include a provision for correcting for multiplicity when conducting tests for secondary or other 

end points, results are reported as point estimates and 95% confidence intervals. The widths of the confidence intervals have not been ad-
justed for multiplicity, so the intervals should not be used to infer definitive treatment effects for secondary outcomes. For the end points 
that are reported in percentages, the difference is reported in percentage points

‡  NIHSS scores were available for 1466 patients in the CEP group and for 1469 patients in the control group.
§  Modified Rankin scale scores were available for 1468 patients in the CEP group and for 1473 patients in the control group.
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Figure 3. Difference in the Incidence of Stroke within 72 Hours after TAVR or before Discharge according to Major 
Subgroups of Interest.

Prespecified subgroup analyses were performed according to sex and operative risk (low, intermediate, or high or 
extreme); other patient subgroups of interest were identified before unmasking of the trial-group assignments. The 
Society of Thoracic Surgeons (STS) surgical risk score is used to assess the 30-day postoperative risk of death after 
cardiovascular surgery; scores (based on >50 clinical variables) range from 0 to 100%, with higher values indicating 
higher risk. The score is used by multidisciplinary heart teams to screen patients included in studies of TAVR and 
stratify them according to risk of death.
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group may be considered to be important by 
patients and caregivers.

The design of the trial was intended to facili-
tate enrollment and data collection, while pro-
viding a meaningful assessment of the value of 
CEP during routine TAVR. The methods used in 
this trial led to several limitations. Granular 
data on clinical outcomes were restricted to a 
small number of end points, with only short-
term follow-up. Neurologic professionals were 
not unaware of a patient’s clinical course and 
hospital record, which may also have affected 
stroke reporting. In addition, despite the large 
number of patients and the use of randomiza-
tion, the CEP group included a greater percent-
age of female patients than the control group; 
female sex has been reported to be a risk factor 
for stroke with TAVR14,32 and was identified as 
such in the current trial as well. Finally, the trial 
results apply to the Sentinel CEP device and can-
not be generalized to other CEP devices.

The subgroup analyses performed in the trial 
did not show a specific population that might 
benefit from selective CEP use or any procedural 
factors potentially associated with a benefit from 
CEP use (e.g., type of anesthesia, valve type, and 
balloon dilation before or after valve implant). 
Although the trial did not definitively identify a 
role for CEP in all patients undergoing TAVR, 
the CEP device was safe and may be a reasonable 
choice for some patients and physicians. The 
ultimate decision regarding the use of a CEP 
device during TAVR should be based on careful 
discussions between caregivers and patients 

about the risks and benefits and should incorpo-
rate personalized interpretation of the data from 
this and other trials of CEP, as well as other 
factors, including device cost. Additional data 
on the effectiveness of CEP during TAVR are 
forthcoming from ongoing trials, in particu-
lar, the BHF PROTECT-TAVI (British Heart 
Foundation Randomized Trial of Routine Cere-
bral Embolic Protection in Transcatheter Aor-
tic Valve Implantation; ISRCTN Registry number, 
ISRCTN16665769), which features a randomized 
trial design with the Sentinel CEP device that is 
similar to that of the current trial and has a 
projected enrollment of nearly 8000 patients. A 
patient-level prospective meta-analysis of the 
combined trial data from the PROTECTED TAVR 
and BHF PROTECT-TAVI is planned (PROSPERO 
Registry number, CRD42022324160) and should 
help clarify unanswered questions.

In this randomized trial involving patients 
with aortic stenosis undergoing TAVR, the inci-
dence of procedural complications was similar 
among those who underwent TAVR with or with-
out CEP. The use of a CEP device during TAVR 
did not lead to a significantly lower incidence of 
periprocedural stroke, but on the basis of the 
95% confidence interval around this outcome, 
the results may not rule out a benefit of CEP 
during TAVR.
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