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A B S T R A C T

Background: The effectiveness of cerebral embolic protection devices (CEPD) in mitigating stroke after trans-
catheter aortic valve implantation (TAVI) remains uncertain, and therefore CEPD may be utilized differently
across US hospitals. This study aims to characterize the hospital-level pattern of CEPD use during TAVI in the US
and its association with outcomes.
Methods: Patients treated with nontransapical TAVI in the 2019 Nationwide Readmissions Database were
included. Hospitals were categorized as CEPD non-users and CEPD users. The following outcomes were compared:
the composite of in-hospital stroke or transient ischemic attack (TIA), in-hospital ischemic stroke, death, and cost
of hospitalization. Logistic regression models were used for risk adjustment of clinical outcomes.
Results: Of 41,822 TAVI encounters, CEPD was used in 10.6% (n ¼ 4422). Out of 392 hospitals, 65.8% were CEPD
non-user hospitals and 34.2% were CEPD users. No difference was observed between CEPD non-users and CEPD
users in the risk of in-hospital stroke or TIA (adjusted odds ratio (OR) ¼ 0.99 [0.86-1.15]), ischemic stroke
(adjusted OR ¼ 1.00 [0.85-1.18]), or in-hospital death (adjusted OR ¼ 0.86 [0.71-1.03]). The cost of hospitali-
zation was lower in CEPD non-users.
Conclusions: Two-thirds of hospitals in the US do not use CEPD for TAVI, and no significant difference was
observed in neurologic outcomes among patients treated at CEPD non-user and CEPD user hospitals.
A B B R E V I A T I O N S ACC, American College of Cardiology; CEPD, cerebral embolic protection devices; CI, confidence interval; NRD,
Nationwide Readmissions Database; OR, odds ratio; STS, Society of Thoracic Surgeons; TAVI, transcatheter aortic
valve implantation; TIA, transient ischemic attack; TVT, transcatheter valve therapy; US, United States.
Introduction

Stroke remains a major potential adverse event after transcatheter
aortic valve implantation (TAVI), and it is associated with high mortality
and morbidity.1,2 Based on the strong association of stroke with 1-year
mortality after TAVI, stroke is now a key component of the composite
outcome for benchmarking site performance in TAVI used by the
American College of Cardiology (ACC)/Society of Thoracic Surgeons
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(STS) Transcatheter Valve Therapy (TVT) Registry.3 In the TVT Registry,
the 30-day stroke rate following TAVI was 2.3% and did not decline
significantly during the first 5 years of commercial TAVI in the United
States (US) despite declining patient risk profiles.4 Cerebral embolic
protection devices (CEPD)s were developed to minimize neurological
complications during TAVI. Although the first CEPD was approved by the
US Food and Drug Administration for commercial use in 2017, prior
studies have shown conflicting results regarding the clinical benefits of
ty, 5429 Foxridge Dr, Apartment 203, Mission, KS 66202.
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CEPDs.5–9 It remains unclear whether CEPD use is a valuable strategy for
hospitals to improve TAVI outcomes. The recently published PRO-
TECTED TAVR randomized trial of CEPD use during TAVI did not show a
significant reduction in periprocedural stroke, adding more uncertainty
around the benefit of CEPD during TAVI.10 It is unknown how hospitals
should incorporate CEPD into TAVI programs, and whether CEPD use
impacts hospital-level TAVI outcomes. The purpose of this study was to
characterize the pattern of CEPD use at the hospital level in the US, and to
evaluate whether treatment with TAVI at a hospital that uses CEPD is
associated with a lower risk of in-hospital adverse events.

Methodology

This was a retrospective multicenter cohort study. We queried the
Nationwide Readmissions Database (NRD) for the year 2019. NRD is a
publicly available database of all-payer inpatient stays developed by the
Agency for Healthcare Research and Quality (AHRQ) as part of the
Healthcare Cost and Utilization Project (HCUP). The NRD is drawn from
the State Inpatient Databases that contain reliable and verified patient
linkage numbers that can be used to track a patient across hospitals
within a state while adhering to strict privacy guidelines. The NRD in-
cludes data from 30 states for the year 2019. These data account for
49.3% of the total US resident population and 49.1% of all hospitaliza-
tions. The NRD includes all discharge records of patients treated in US
community hospitals excluding rehabilitation and long-term acute care
facilities. Discharge weights are provided to obtain national estimates.
This study was deemed exempt by the Saint Luke’s Hospital institutional
review board as the NRD is a publicly available database that contains
deidentified patient information.
Study Population

The NRD database was queried for patients who underwent percu-
taneous non-transapical TAVI. International Classification of Diseases 10
Clinical Modification procedure codes 02RF37Z, 02RF38Z, 02RF3JZ, or
02RF3KZ were used to identify all non-apical TAVI patients aged �18
years. Code X2A5312 was used to identify CEPD use. Codes used to
identify cerebrovascular events and other covariates are provided in
Supplemental Table 1. Prior validation studies have shown a sensitivity
of 67%, a specificity of 99%, a positive predictive value of >80% to 90%,
and a negative predictive value of�95% for these codes for the diagnosis
of transient ischemic attack (TIA) or stroke and stroke subtypes. Patients
with missing records or patients with missing data were excluded from
the analysis.
Figure 1. Study Population.
Abbreviations: CEPD, cerebral embolic protection device; TAVI, transcatheter aortic
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Based on CEPD use during TAVI procedures, the hospitals identified
from NRD were classified into CEPD non-user and CEPD user groups.
Hospitals with <10 TAVI procedures were excluded from the analysis
(Figure 1).
Outcomes

The primary outcome was the composite of in-hospital TIA or stroke
(ischemic and hemorrhagic). Secondary outcomes included in-hospital
mortality, in-hospital ischemic stroke, and total cost of hospitalization.
The data include the total charge by the hospital for each admission. To
calculate the estimated costs of hospitalization, data were merged with
the costs:charge ratio available for each hospital from HCUP. The total
costs for hospitalization were calculated by multiplying total charges
with the appropriate costs:charge ratio. This methodology has been
previously validated.11
Statistical Analysis

Categorical variables are expressed as percentages and continuous
variables as mean � standard deviation or median (interquartile range
[IQR]) as appropriate. Unadjusted comparisons of categorical vari-
ables were made using Pearson X2 tests or Fisher’s exact tests, and
unadjusted comparisons of continuous variables were made using
Student’s t-tests. In-hospital TIA or stroke, mortality, and ischemic
stroke were risk-adjusted using multivariable logistic regression
models to account for potential confounding due to varying patient
risk profiles between hospital groups. Multivariable logistic regression
models were fit using variables derived from the TVT Registry stroke
and mortality risk models,12,13 which could be ascertained in the
NRD. These variables included age, sex, diabetes mellitus, hyperten-
sion, peripheral vascular disease, prior myocardial infarction, home
oxygen, dialysis, tricuspid insufficiency, heart failure with reduced
ejection fraction, prior stroke, and atrial fibrillation or atrial flutter.
Effect sizes were reported as adjusted odds ratio (OR) and 95%
confidence interval (CI). All p values were 2-sided with a significance
threshold of p < 0.05. Statistical analyses were performed using SAS
9.4 (Cary, NC).

Results

The study cohort included 41,666 patient admissions at 392 hos-
pitals. CEPD was used in 4416 admissions (10.6% of admissions) at
134 hospitals (34.2% of hospitals). Among the 134 hospitals using
CEPD, there was a large amount of variability in the rate of CEPD use
valve implantation.



Figure 2. Histogram of Hospital Level CEPD Use
for TAVI. Individual hospitals are plotted on the X
axis with each hospital’s % of CEPD use during
TAVI in 2019 plotted on the Y axis. Among 392
total hospitals, there were 258 CEPD non-user hos-
pitals (65.8%) and 134 CEPD user hospitals
(34.2%). Among the CEPD user hospitals there was
considerable variability in CEPD use with some
hospitals using CEPD in <10% of procedures and
others using CEPD in >50% of procedures.
Abbreviations: CEPD, cerebral embolic protection
device; TAVI, transcatheter aortic valve
implantation.
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which was observed (Figure 2). Only 12 hospitals (3.1% of all hos-
pitals) used CEPD in >50% of procedures, while 122 hospitals (31.1%
of all hospitals) used CEPD but did so in <50% of procedures. There
were 258 CEPD non-user hospitals (65.8% of all hospitals).
Table 1
Baseline characteristics by hospital CEPD use during TAVI

Patients treated at CEPD non-user hospita

CEPD Use 0 (0.0%)
Age in years 78.6 � 8.4
Female sex 9176 (43.8%)
Diabetes mellitus 8000 (38.2%)
Hypertension 18,478 (88.2%)
Peripheral vascular disease 4218 (20.1%)
Obesity 4435 (21.2%)
Chronic pulmonary disease 5580 (26.6%)
Home oxygen 750 (3.6%)
Dialysis 490 (2.3%)
Dementia 775 (3.7%)
Coronary artery disease 13,843 (66.1%)
Prior myocardial infarction 2066 (9.9%)
Prior stroke 2105 (10.1%)
Atrial fibrillation or flutter 7386 (35.3%)
Heart failure with reduced ejection fraction 2092 (10.0%)
Tricuspid regurgitation 378 (1.8%)
Median household income national quartile
for patient ZIP Code
1 4891 (23.6%)
2 5958 (28.8%)
3 5702 (27.6)
4 4143 (20.0%)
Missing 245

Primary expected payer
Medicare 18,549 (88.7%)
Medicaid 292 (1.4%)
Private Ins 1475 (7.1%)
Self-Pay 45 (0.2%)
No Charge 17 (0.1%)
Other 539 (2.6%)
Missing 22

Bed size of hospital
Small 1461 (7.0%)
Medium 5058 (24.2%)
Large 14,420 (68.9%)

Control/ownership of the hospital
Government 2320 (11.1%)
Private not-profit 16,201 (77.4%)
Private invest-own 2418 (11.5%)

Teaching status of urban hospital
Metro non-teaching 3104 (14.8%)
Metro teaching 17,613 (84.1%)
Non-Metro 222 (1.1%)

Abbreviations: CEPD, cerebral embolic protection device; TAVI, transcatheter aortic
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The baseline characteristics of the study population stratified by
hospital CEPD use are demonstrated in Table 1. At CEPD user hospitals,
CEPD was used in 21.3% of all procedures. Baseline characteristics were
otherwise well balanced between CEPD use groups, although small
ls n ¼ 20,939 Patients treated at CEPD user hospitals n ¼ 20,727 p

4416 (21.3%) <0.001
78.7 � 8.7 0.16

9137 (44.1%) 0.60
7622 (36.8%) 0.002
18,536 (89.4%) <0.001
4475 (21.6%) <0.001
4220 (20.4%) 0.04
5216 (25.2%) 0.001
751 (3.6%) 0.82
466 (2.2%) 0.53
784 (3.8%) 0.66

13,803 (66.6%) 0.30
2130 (10.3%) 0.16
2081 (10.0%) 0.96
7422 (35.8%) 0.25
2030 (9.8%) 0.50
447 (2.2%) 0.01

<0.001

3091 (15.1%)
4409 (21.5%)
5928 (29.0%)
7043 (34.4%)

256
<0.001

18,533 (89.5%)
287 (1.4%)
1519 (7.3%)
74 (0.4%)
0 (0.0%)

298 (1.4%)
16

<0.001
428 (2.1%)

4232 (20.4%)
16,067 (77.5%)

<0.001
1385 (6.7%)

17,990 (86.8%)
1352 (6.5%)

<0.001
1207 (5.8%)

19,391 (93.6%)
129 (0.6%)

valve implantation.



Table 2
Unadjusted in-hospital TAVI outcomes by hospital CEPD use

Patients treated at CEPD
non-user hospitals

n ¼ 20,939

Patients treated at
CEPD user hospitals

n ¼ 20,727

p

Death 249 (1.2%) 223 (1.1%) 0.27
Stroke or TIA 364 (1.7%) 366 (1.8%) 0.83
Ischemic stroke 291 (1.4%) 294 (1.4%) 0.80
Hemorrhagic stroke 20 (0.1%) 17 (0.1%) 0.64
TIA 62 (0.3%) 62 (0.3%) 0.95

Abbreviations: CEPD, cerebral embolic protection device; TAVI, transcatheter
aortic valve implantation; TIA, transient ischemic attack.
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statistically significant differences were observed in diabetes mellitus,
hypertension, peripheral vascular disease, obesity, chronic pulmonary
disease, and tricuspid regurgitation between groups.

There were notable differences observed in patient socioeconomic
position and hospital characteristics between groups. CEPD non-user
hospitals had a higher proportion of patients in the first quartile of me-
dian household income by zip code, while CEPD user hospitals had a
higher proportion of patients in the fourth quartile of median household
income. The CEPD non-user hospitals were more likely to be small, pri-
vately owned for-profit hospitals, and non-teaching sites compared with
the CEPD user hospitals.

There were no significant differences observed in the unadjusted risk
of in-hospital death, stroke or TIA, ischemic stroke, hemorrhagic stroke,
or TIA among encounters at CEPD non-user and CEPD user hospitals
(Table 2). Figure 3 shows risk-adjusted outcomes by hospital CEPD use.
No significant difference was observed between CEPD non-user hospitals
vs. CEPD user hospitals for in-hospital stroke or TIA (OR 0.99 [0.86-
1.50], p ¼ 0.99), ischemic stroke (OR 1.00 [0.85-1.18], p ¼ 1.00), or
death (OR 0.86 [0.71-1.03], p ¼ 0.10).

A lower cost of hospitalization was observed in the CEPD non-user
hospitals, while encounters for TAVI at CEPD user hospitals were asso-
ciated with approximately $6000 higher cost per encounter (Figure 4).

Discussion

This retrospective, observational study of a large national registry
demonstrated the following principal findings (Figure 5). First, approx-
imately two-thirds of US TAVI programs never use CEPD during TAVI
(Figure 3). Second, hospitals which do not use CEPD are more commonly
small, private for-profit, non-teaching sites compared with the hospitals
that do use CEPD. CEPD non-user hospitals also treat patients from a
lower socioeconomic position more commonly than CEPD user hospitals.
Third, patients treated at CEPD user hospitals did not have lower rates of
in-hospital adverse outcomes such as stroke or death. Finally, CEPD user
hospitals had significantly higher cost of hospitalization for TAVI.
4

Six pivotal RCTs have evaluated CEPDs during TAVI: SENTINEL,6

CLEAN-TAVI,7 DEFLECT-III,14 EMBOL-X,15 MISTRAL-C16 and PRO-
TECTED TAVR.10 The CLEAN TAVI trial included 100 patients and
showed a significantly lower total number of lesions on MRI but no dif-
ference in clinical strokes. In the MISTRAL-C trial, the results suggested
that CEPD use could reduce the number and size of MRI lesions. The
SENTINEL trial showed that the CEPD was safe and reduced embolic
burden in 99% of the patients but the reduction in lesions seen on MRI
was not significant. However, a post hoc analysis did show a reduction in
72-hour stroke in the device arm, and these data contributed toward
eventual commercial approval of the device in 2017. There have also
been observational studies which have supported CEPD use with prom-
ising improvements in clinical outcomes observed. The recent analysis by
Khan et al.17 from the Nationwide Inpatient Sample and NRD found that
patient-level CEPD use was associated with reduced in-hospital mortality
and neurological complications in a retrospective study involving 4380
patients.

However, despite approval of CEPD by the US Food and Drug
Administration 6 years ago, there remains considerable uncertainty
about the true effectiveness of this technology to mitigate neurologic risk
during TAVI. The concerns regarding the benefits of CEPD during TAVI
were renewed by the recent publication of the PROTECTED TAVR trial,
which was the largest randomized trial of CEPD use during TAVI. That
study did not show any reduction in the primary endpoint of peri-
procedural stroke within 72 hours after TAVI, although there was a
reduction in the secondary endpoint of disabling stroke in the CEPD
group. Similar negative findings have been previously reported in
numerous observational studies as well. An NRD-based study evaluated
the impact of patient-level CEPD use on postdischarge stroke prevention
and found that the overall stroke incidence postdischarge within 6
months was similar between CEPD and non-CEPD groups.18 Another
recent study by Kolte et al.9 showed no significant decrease in in-hospital
stroke, ischemic stroke, hemorrhagic stroke, TIA, and all-cause mortality
with CEPD use during TAVI. Similarly, a study from the STS/ACC TVT
Registry found no association between CEPD use and in-hospital strokes.8

Taken together, the conflicting results from trials and registry studies has
created uncertainty about whether CEPDs should be used during TAVI
and in which patients.

The high cost of CEPD, when coupled with conflicting clinical effec-
tiveness data, contributes to the challenges for US hospitals when
deciding on whether to adopt CEPD use. A prior cost-effectiveness
analysis which evaluated the cost of CEPDs in relation to their effect,
showed that using a Sentinel device during TAVI is economically cost-
effective from a Medicare payer perspective.19 The present study shows
higher cost of hospitalization of approximately $6000 USD per admission
for patients in hospitals that use CEPD. However, the magnitude of the
difference in hospital costs in this study is more than the actual cost of the
device, which implies that hospitals that do not use CEPD may be more
Figure 3. Risk-Adjusted TAVI Outcomes by
Hospital Level CEPD Use. All models were risk
adjusted for the following variables: age, sex, dia-
betes mellitus, hypertension, peripheral vascular
disease, prior myocardial infarction, home oxygen,
dialysis, tricuspid insufficiency, heart failure with
reduced ejection fraction, prior stroke, atrial fibril-
lation, atrial flutter, hospital size, hospital control/
ownership, hospital location, and hospital teaching
status.
Abbreviations: CEPD, cerebral embolic protection
device; TAVI, transcatheter aortic valve implanta-
tion; TIA, transient ischemic attack.



Figure 4. Cost for Index TAVI Admission by Hospital Level CEPD Use. Values are mean US dollars with error bar indicating standard deviation.
Abbreviations: CEPD, cerebral embolic protection device; TAVI, transcatheter aortic valve implantation; US, United States.
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attentive to other cost saving measures during TAVI as well. We observed
that patients treated at CEPD non-user hospitals were more commonly in
a lower socioeconomic position, and these hospitals are more commonly
small or medium bed size with private ownership and non-teaching
status. Our findings suggest that CEPD use may be associated with the
cost sensitivity of the hospital.

Our results show that two-thirds of TAVI programs in the US have
chosen not to use CEPD, whichmay be due to a lack of sufficient evidence
and a lack of sufficient reimbursement to justify its use. While most
hospitals never use CEPD, the proportion of TAVI cases performed with
CEPD in the US is rising slowly. Kolte et al. found that CEPD use during
TAVI in the US is 3.9%, but utilization increased from 2.3% in 2017 to
14.7% in 2018. Similarly, data from the TVT Registry show that the rate
of CEPD use during TAVI increased from 5% to 13% in 2018-2019.13

Despite small but steady growth in CEPD use overall, our study shows
large variability in CEPD practice patterns across US TAVI centers.

A new patient-focused TAVI quality score was recently introduced
by the TVT Registry.3 In this score, risk-standardized results are esti-
mated for 5 outcomes at 30 days, including mortality, stroke, major
Figure 5. Pattern of CEPD Use for TAVI in US Hospitals in 2019.
Abbreviations: CEPD, cerebral embolic protection device; TAVI, transcatheter
aortic valve implantation; US, United States.

5

bleeding, acute kidney injury, or moderate to severe paravalvular
regurgitation. These outcomes were selected in a hierarchical manner
based on the strength of association with 1-year mortality. Scores are
reported as “site difference” or “win-difference”, which is a method of
reporting risk-standardized composite outcomes that have different
weights based on clinical importance and timing. Publicly, this is
represented by a “star rating,” which includes 1-3 stars for outcomes
“better than expected,” “as expected,” or “worse than expected.” Based
on this methodology for public reporting, site-level TAVI stroke rates
have become a major driver in the measure of hospital performance.20

Our study shows that a strategy of selectively using CEPD during TAVI
is not associated with reduced stroke rates, and adopting CEPD is
unlikely to improve performance on the TVT Registry composite metric
for TAVI quality.
Limitations

This was a retrospective observational design that is subject to re-
sidual confounding despite risk adjustment. The clustering of outcomes
by site for reasons unrelated to CEPD use was not accounted for in this
study. NRD is an administrative database based on coding data. Incorrect
coding may lead to under-reporting or over-reporting of CEPD use and
possible miscoding of outcomes. However, there is no reason to expect
that these errors would disproportionately affect one study group more
than another. The NRD lacks granular geographical, anatomic, proce-
dural, and clinical data whichmay be related to neurologic outcomes. For
example, data on alternative access types for percutaneous TAVI are
absent, and it is known that nonfemoral access is associated with a higher
risk of procedural stroke. Not all variables included in the TVT risk
models are available in the data set and hence could not be adjusted for in
the analysis. The NRD does not contain long-term outcome data unless
they are related to hospital readmission to an NRD-participating hospital
within the same calendar year.
Conclusion

Most US hospitals have not adopted CEPD for prevention of strokes
during TAVI. Although CEPD use is associated with increased cost, there
is no evidence of better neurologic outcomes for patients treated in
hospitals using CEPD.
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