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As the use of transcatheter aortic valve implantation (TAVI) expands to varying patient
populations, impacting the landscape of surgical aortic valve replacement (SAVR), this
study sought to assess volume and performance trends of aortic valve replacement (AVR)
in the United States during 2012−2017. The Nationwide Readmissions Database was que-
ried for patients who underwent endovascular/transapical TAVI, isolated SAVR, or com-
plex aortic valve surgery between 2012 and 2017. Temporal trends in annual case volume,
admission costs, in-hospital outcomes, and 30-day readmission were evaluated. Of 624,303
patients (median age 72 years) who received AVR, 387,011 (62%) were men. Among these
patients, 170,521 (27%) underwent TAVI and 453,782 (73%) underwent SAVR with
299,398 isolated and 154,384 complex aortic valve surgery. TAVI patients were signifi-
cantly older and higher risk compared with SAVR patients. From 2012 to 2017, the annual
number of TAVI increased from 8,295 to 55,168 whereas SAVR volume remained remark-
ably stable. Patients who underwent AVR demonstrated significant improvements in mor-
tality, stroke, duration of hospitalization, and 30-day readmission. In conclusion, this
large contemporary analysis reports the considerable growth of AVR in the United States.
It remains unequivocal that the treatment of aortic stenosis is improving overall with
reduced mortality following AVR, highlighting the effectiveness of various process
improvements such as newer valves, enhanced patient selection, and the interdisciplinary
Heart Team approach. © 2020 Elsevier Inc. All rights reserved. (Am J Cardiol
2021;141:79−85)
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Owing to its high prevalence and an aging population,
aortic valve pathology remains a clinical and public health
burden that warrants intervention. In particular, aortic ste-
nosis has become the most frequent type of native valvular
heart disease in the industrialized world.1,2 The inability to
rely on conservative medical therapy due to particularly
poor outcomes confers an even greater need for aortic valve
replacement (AVR).3,4 The increasing use of transcatheter
aortic valve replacement (TAVI) as an alternative to surgi-
cal aortic valve replacement (SAVR) for severe aortic ste-
nosis has previously been reported,5,6 and comes in light of
not only evolving device technology and advancements in
procedural techniques, but also several randomized trials
demonstrating its efficacy among patient populations of
varying surgical risk.7−10 There is increased availability of
treatment options for aortic stenosis patients with the
availability and expanding indication of TAVI, yet our
understanding of its impact on overall outcomes of AVR
remains limited. In the most contemporary population-
based analysis to date, we aimed to define the patient char-
acteristics and temporal trends in procedural volume, total
admission costs, in-hospital outcomes, and 30-day readmis-
sion rates following TAVI and SAVR from 2012 to 2017
using a nationally representative sample of over 600,000
patients.
Methods

We conducted a retrospective analysis following the
STROBE checklist and using the Nationwide Readmissions
Database (NRD) released by the Healthcare Cost and Utili-
zation Project of the Agency for Healthcare Research and
Quality.11,12 The NRD is a nationally-representative regis-
try of nonfederal hospital admissions within the United
States that accounts for up to 57% of all nationwide hospi-
talizations and has included up to 17 million discharged
patients annually. Importantly, it allows for weighted data
at discharge that can be used to provide national estimates.
The registry employed the International Classification of
Diseases, Ninth Revision, Clinical Modification (ICD-9-
CM) codes until September 30, 2015 and International
Classification of Diseases, Tenth Revision, Clinical
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Modification (ICD-10-CM) thereon out. Approval from
institutional review board was waived because of the ano-
nymized and deidentified nature of the publicly available
data in the NRD.

Weighted NRD estimates were used to include patients
aged 18 years or older who were admitted to undergo AVR
between January 2012 and December 2017. Supplementary
Table 1 lists the ICD-9-CM and ICD-10-CM procedure and
diagnosis codes used for this selection and detailing base-
line characteristics. TAVI procedures were further stratified
into endovascular and transapical TAVI. SAVR procedures
were subgrouped into isolated SAVR or complex aortic
valve surgery defined as combined SAVR and coronary
artery bypass grafting.

Patient characteristics at baseline were reported for each
group. The following in-hospital outcomes were identified:
length of stay (LOS), total admission cost, mortality, stroke,
acute kidney injury, need for blood transfusion, permanent
pacemaker (PPM) implantation, and patient disposition
including those discharged with disability. The NRD catego-
rizes patient disposition into the following categories: (1) rou-
tine discharge, (2) transfer to a short-term hospital, skilled
nursing facility, intermediate care facility, or other facilities,
(3) home healthcare, and (4) discharge against medical
advice.12 “Discharged with disability” was defined as any dis-
position category not reported as routine discharge. All
patients were followed for at least 30 days after discharge to
monitor for hospital readmission. Postprocedural outcomes
and its associated trends were determined in patients who
underwent TAVI and SAVR over the study period.

Categorical variables were compared using Fisher’s
exact test and presented as numbers and %. Continuous var-
iables were assessed using the Mann-Whitney U test and
the Kruskal-Wallis test, and reported as median (interquar-
tile range). Utilization trends of AVR were assessed using
the Joinpoint Regression Software of the National Cancer
Institute to calculate the annual percentage change
(APC).13 Trends analyses were performed using linear-by-
linear chi-square. All tests were 2-sided with a significance
level of 0.05. All statistical analyses were conducted using
IBM SPSS Statistics, version 26 (IBM Corporation,
Armonk, New York).14
Results

Our study included 624,303 AVR procedures, of which
170,521 (27%) were TAVI and 453,782 (73%) were SAVR
with 299,398 isolated and 154,384 complex aortic valve
surgery. The median age of all included patients was
73 years, and higher among those undergoing TAVI (82
years) compared with SAVR (70 years). As shown in
Table 1, TAVI patients were higher risk at baseline with
increased rates of co-morbidities relative to SAVR patients.
Overall rates of in-hospital outcomes and procedural com-
plications are further reported in Table 1.

The number of overall AVR significantly increased over
the study period from 83,267 in 2012 to 123,970 in 2017
with an APC of 8.61% (95% confidence interval [CI] [7.24
to 10.00], p <0.001). During this time, nearly all postproce-
dural outcomes including LOS, in-hospital stroke, need for
blood transfusion, discharge with disability, and 30-day
readmission demonstrated significant rate reductions. Nota-
bly, in-hospital mortality significantly improved from 4%
in 2012 to 2.8% in 2017. As the exception, the need for
PPM concurrently increased from 5.6% to 7.8% across the
study period (Figure 1; Table 2).

As shown in Table 3, the number of TAVI procedures
increased significantly over the study period from 8,295 in
2012 to 55,168 in 2017 with an APC of 46.4% (95% CI
[38.9 to 54.2], p <0.001). This increase was more pro-
nounced in endovascular compared to transapical TAVI
with an APC of 55.2% (95% CI [45.9 to 65], p <0.001).
Further, the number of hospitals performing TAVI rose
from 200 in 2012 to 421 in 2017 (Supplementary Figure 1).
The median LOS following TAVI decreased from 6 days in
2012 to 2 days in 2017 (p <0.001). Additional outcomes of
TAVI including in-hospital mortality, stroke, and acute kid-
ney injury, need for blood transfusion, discharge with dis-
ability, as well as 30-day readmission all significantly
improved throughout the study period. Yet, PPM following
TAVI increased from 7.4% in 2012 to 12.1% in 2015, and
subsequently decreased to 9.9% in 2017 (Table 3). On strat-
ified analysis, PPM implantation significantly increased
over years following both endovascular and transapical
TAVI (Supplementary Table 2). Although the median cost
of a TAVI admission initially increased from 2012 to 2014,
it decreased with each subsequent year to $173,655 in 2017
(Figure 1).

Despite a steady increase in the number of hospitals per-
forming SAVR from 521 in 2012 to 738 in 2017 (Supple-
mentary Figure 1), the total number of annual SAVR
remained relatively unchanged throughout the study period
(Supplementary Table 4), with an APC of �1.4% (95% CI
[�4.4 to 1.6], p = 0.26). Yet, the number of complex SAVR
cases significantly declined with an APC of �2.9% (95%
CI [�5.3 to �0.5], p = 0.03). Annual rates of in-hospital
mortality and stroke following SAVR showed no significant
change across years. Blood transfusions, LOS, discharge
with disability, and 30-day readmission decreased across
years in both the SAVR group and subgroups (Supplemen-
tary Table 4, Table 4). The median cost of a SAVR admis-
sion increased from $153,912 in 2012 to $192,168 in 2017
(Figure 1).
Discussion

In the most recent analysis of trends in utilization, total
admission costs, and in-hospital outcomes of AVR, our pri-
mary findings on over 600,000 patients who underwent
AVR in the United States between 2012 and 2017 are five-
fold: (1) the absolute number of AVR increased over a 5-
year period, mainly due to an increase in TAVI; (2) TAVI
patients comprised a significantly older population with
greater co-morbid conditions; (3) in-hospital mortality, in-
hospital stroke, discharge with disability, and 30-day read-
mission rates following AVR declined, which may be
derived from the increasing use of TAVR; (4) PPM place-
ment post-AVR gradually increased throughout the study
period yet significantly declined following TAVI across
2015−2017; (5) the total hospitalization cost for both iso-
lated SAVR and complex aortic valve surgery increased
across years. Our data builds upon previous reports15
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Table 1

Baseline characteristics and overall outcomes of patients who underwent aortic valve replacement from 2012 to 2017

Variable TAVI (n = 170,521) SAVR (n = 453,782) p Total AVR (n = 624,303)

Age (years) 82 (76-87) 70 (61-77) <0.001 73 (64-81)

Gender <0.001

Men 91,091 (53.4%) 295,919 (65.2%) 387,011 (62%)

Women 79,430 (46.6%) 157,862 (34.8%) 237,292 (38%)

Diabetes mellitus 59,500 (34.9%) 132,320 (29.2%) <0.001 191,821 (30.7%)

Hypertension 101,758 (59.7%) 307,611 (67.8%) <0.001 409,369 (65.6%)

Congestive heart failure 124,381 (72.9%) 166,722 (36.7%) <0.001 291,104 (46.6%)

Renal failure 55,935 (32.8%) 72,924 (16.1%) <0.001 128,860 (20.6%)

Dyslipidemia* 109,711 (64.3%) 259,810 (57.3%) <0.001 369,521 (59.2%)

Atrial fibrillation 59,693 (35%) 171,517 (37.8%) <0.001 231,209 (37%)

Liver disease 4,263 (2.5%) 9,560 (2.1%) <0.001 13,824 (2.2%)

Coagulopathy 28,461 (16.7%) 152,582 (33.6%) <0.001 181,043 (29%)

Active malignancy 7,650 (4.5%) 10,944 (2.4%) <0.001 18,593 (3%)

Prior CVA 20,469 (12%) 32,581 (7.2%) <0.001 53,051 (8.5%)

Prior PCI 35,021 (20.5%) 36,430 (8%) <0.001 71,450 (11.4%)

Prior CABG 34,387 (20.2%) 25,950 (5.7%) <0.001 60,337 (9.7%)

Obesity 27,027 (15.8%) 96,056 (21.2%) <0.001 123,084 (19.7%)

Smoking 56,916 (33.4%) 158,851 (35%) <0.001 215,767 (34.6%)

Alcohol abuse 1,548 (0.9%) 12,346 (2.7%) <0.001 13,895 (2.2%)

Drug abuse 512 (0.3%) 8,005 (1.8%) <0.001 8,517 (1.4%)

Length of stay (days) 4 (2-7) 7 (5-13) <0.001 7 (4-11)

Admission cost (US dollars) 179,450 (129,940-261,726) 167,184 (114,615-264,399) <0.001 170,893 (119,470-263,415)

In-hospital mortality 4,167 (2.4%) 16,929 (3.7%) <0.001 21,096 (3.4%)

In-hospital stroke 3,454 (2%) 13,955 (3.1%) <0.001 17,409 (2.8%)

In-hospital AKI 22,411 (13.1%) 87,819 (19.4%) <0.001 110,230 (17.7%)

In-hospital blood transfusion 24,571 (14.4%) 141,383 (31.2%) <0.001 165,954 (26.6%)

In-hospital pacemaker implantation 17,822 (10.5%) 25,683 (5.7%) <0.001 43,504 (7%)

Discharge with disabilityy 81,064 (48.7%) 289,216 (66.2%) <0.001 370,280 (61.4%)

30-day readmissionz 22,184 (14.7%) 57,169 (14.3%) <0.001 79,353 (14.4%)

Categorical variables are presented as number (%) and continuous variables as median (interquartile range). Categorical outcomes are reported as total

aggregates over the study period. AKI = acute kidney injury; CABG, coronary artery bypass graft; CVA = cerebrovascular accident; PCI = percutaneous cor-

onary intervention; SAVR = surgical aortic valve replacement; TAVI = transcatheter aortic valve implantation.

*Disorders of lipoid metabolism. Specific ICD codes used are listed in supplementary table 1.
yOnly includes patients who were discharged alive.
zOnly includes patients who were discharged alive and underwent their procedure before December of each year to allow for a minimum 30 days of

follow-up.
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generalizable in the United States by including population
data from 2017, which is ever important in an age of rapid
growth in AVR, and specifically with the FDA approval of
TAVI for intermediate-risk patients in 2016. Additionally,
our novel analysis identifies the APC in utilization trends of
AVR and all subgroups using linear regression models, in
turn highlighting the trajectory of each intervention in fur-
ther detail.

Despite an expectedly older age with more co-morbid-
ities, TAVI patients demonstrated improved short-term out-
comes throughout the study period.7−10 The persistent
decline in mortality and stroke is encouraging and consis-
tent with previous analyses of large international regis-
tries.16,17 The marked decrease in mortality from 5.1% to
1.6% over such short period is striking in light of the nota-
ble increase in TAVI procedures and hospitals performing
TAVI, yet is in line with an analysis of the French Aortic
National CoreValve and Edwards 2 and French Transcath-
eter Aortic Valve Implantation registries that demonstrated
a reduction from 8.6% in 2010 to 2.7% in 2015.16 Notably
across years, mortality remained unchanged after complex
aortic valve surgery, yet dramatically decreased following
concomitant TAVR and percutaneous coronary intervention
despite a nearly fivefold rise in such cases. It is reasonable
that various process improvements such as newer valves,
optimized implantation through preprocedural imaging, and
enhanced patient selection have played crucial roles in the
favorable TAVI trends, suggesting that quantity is facilitat-
ing rather than hampering quality.18,19 The advent of the
interdisciplinary Heart Team and increased TAVI device
accessibility and comfort level among practitioners have
further influenced clinical practice around aortic valve
disease.20

Importantly, whereas the number of hospitals perform-
ing SAVR increased from 521 in 2012 to 738 in 2017, the
absolute amount of surgeries remained remarkably stable,
as did rates of in-hospital mortality and stroke after SAVR.
The adoption of TAVI expanded to inoperable, high-, and
intermediate-risk patients across this period, with respective
FDA approval granted in 2011, 2012, and 2016.7−9 As more
contemporary data becomes publicly available, we antici-
pate a continued uptrend of TAVI in lieu of SAVR as recent
studies have demonstrated noninferior outcomes of TAVI
in patients at low surgical risk, a population that comprises



Figure 1. Outcomes of (a) aortic valve replacement, (b) transcatheter aortic valve implantation and (c) isolated surgical aortic valve replacement, and (d)

annual median cost of aortic valve replacement.

Table 2

Trends in outcomes following aortic valve replacement between 2012 and 2017

2012 2013 2014 2015 2016 2017 p

Overall cases 83,267 91,634 97,995 107,394 120,043 123,970

30-day readmission* 10,339 (14.2%) 13,092 (16.2%) 13,330 (15.4%) 13,863 (14.6%) 14,599 (13.7%) 14,130 (12.8%) <0.001
Length of stay 8 (5-13) 8 (5-13) 7 (5-12) 7 (5-12) 6 (4-10) 5 (3-9) <0.001
In-hospital mortality 3,312 (4%) 3,524 (3.8%) 3,514 (3.6%) 3,587 (3.3%) 3,701 (3.1%) 3,458 (2.8%) <0.001
In-hospital stroke 2,596 (3.1%) 2,742 (3%) 2,907 (3%) 2,952 (2.7%) 3,129 (2.6%) 3,083 (2.5%) <0.001
Acute kidney injury 15,335 (18.4%) 17,963 (19.6%) 19,444 (19.8%) 15,761 (14.7%) 21,422 (17.8%) 20,304 (16.4%) <0.001
Blood transfusion 32,491 (39%) 34,135 (37.3%) 32,133 (32.8%) 27,737 (25.8%) 19,558 (16.3%) 19,899 (16.1%) <0.001
Permanent pacemaker 4,651 (5.6%) 5,720 (6.2%) 6,595 (6.7%) 7,689 (7.2%) 9,125 (7.6%) 9,725 (7.8%) <0.001
Discharge with disabilityy 53,977 (67.5%) 59,524 (67.6%) 62,680 (66.4%) 65,887 (63.5%) 66,398 (57.1%) 61,814 (51.3%) <0.001

Categorical variables are presented as number (%) and length of stay as median (interquartile range).

*Only includes patients who were discharged alive and underwent their procedure before December of each year to allow for a minimum 30 days of follow-

up.
yOnly includes patients who were discharged alive.

Table 3

Trends in outcomes following TAVI between 2012 and 2017

2012 2013 2014 2015 2016 2017 p

Overall cases 8,295 13,959 19,723 28,893 44,482 55,168

30-day readmission* 1,302 (19.1%) 2,290 (18.9%) 2,967 (17.3%) 3,930 (15.4%) 5,451 (13.8%) 6,244 (12.6%) <0.001
Length of stay 6 (4-11) 7 (4-10) 6 (4-9) 4 (3-8) 3 (2-6) 2 (2-5) <0.001
In-hospital mortality 427 (5.1%) 626 (4.5%) 716 (3.6%) 738 (2.6%) 795 (1.8%) 864 (1.6%) <0.001
In-hospital stroke 230 (2.8%) 361 (2.6%) 449 (2.3%) 592 (2%) 825 (1.9%) 998 (1.8%) <0.001
Acute kidney injury 1,527 (18.4%) 2,840 (20.3%) 3,660 (18.6%) 3,266 (11.3%) 5,301 (11.9%) 5,818 (10.5%) <0.001
Blood transfusion 2,498 (30.1%) 3,921 (28.1%) 4,039 (20.5%) 3,720 (12.9%) 3,327 (7.5%) 7,065 (12.8%) <0.001
Permanent pacemaker 610 (7.4%) 1,308 (9.4%) 2,247 (11.4%) 3,488 (12.1%) 4,716 (10.6%) 5,452 (9.9%) 0.08

Discharge with disabilityy 5,520 (70.2%) 9,409 (70.6%) 12,217 (64.3%) 15,573 (55.3%) 18,969 (43.5%) 19,376 (35.7%) <0.001

Categorical variables are presented as number (%) and length of stay as median (interquartile range). TAVI = transcatheter aortic valve implantation.

*Only includes patients who were discharged alive and underwent their procedure before December of each year to allow for a minimum 30 days of follow-

up.
yOnly includes patients who were discharged alive.
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the overwhelming majority of those with severe aortic ste-
nosis.10,21 However, the ultimate decision about the appli-
cability of SAVR and TAVI will hinge on long-term
outcomes.

Notwithstanding these favorable trends, the need for
PPM implantation following AVR, particularly after
TAVI,22 remains a critical issue. The PPM rate among
the 115,843 all-comer TAVI patients was 10.7% across
this study and 12.1% by 2015, which is comparable to
The Society of Thoracic Surgeons/American College of
Cardiology Transcatheter Valve Therapy Registry
report.23 This strongly suggests an association with the
commercial introduction and ensuing dissemination of
self-expanding valves in 2014, which occupied a 33%
share of utilized valve types by 2015 and with tradition-
ally higher 30-day PPM rates relative to balloon-expand-
ing valves.22−24 Greater adoption of the Edwards
SAPIEN 3 balloon-expandable valve, which has consis-
tently shown a higher PPM need than prior-generation
devices, may have further contributed.25 Although the
clinical impact of PPM placement after TAVI remains
controversial, reducing its need has beneficial implica-
tions as TAVI expands to lower risk patients with
increased life expectancy and given the associated eco-
nomic burden.22,26−28

The favorable trend in 30-day readmission rates after
TAVI, isolated SAVR, and complex aortic valve surgery
would tenably improve the long-term healthcare costs asso-
ciated with each intervention. As reported in a cost-effec-
tiveness analysis of the PARTNER trial, the economic
advantage of TAVI is drawn out by use of the transfemoral
as opposed to transapical approach as well as reduction in
LOS.29 Further, cost of TAVI appears at its lowest when
performed in the catheterization laboratory.27 As transapi-
cal TAVI has been associated with higher risk patients and
worse outcomes,7,30 it is conceivable that the factors driving
the improved cost-effectiveness of TAVI are partly a result
of its extension into lower risk patient populations, with
increased use of a transfemoral approach with conscious
sedation.

Although the amount of data in this study was highly
robust owing to the sheer number of patients, several limita-
tions are worth noting. The NRD relies on administrative
reporting and is therefore subject to under/over/miscoding.
The inherent limitations of an observational study restrict
the ability to identify causality. Further, patients were all-
comers, and clinical outcomes were not stratified by poten-
tial confounders such as indication for AVR, patient surgi-
cal risk, valve device type, valve implantation height, or
operator experience. Additionally, important hemodynamic
and echocardiographic features were not assessed. Lastly,
only short-term outcomes were analyzed as permitted by
database completeness. Identifying trends in long-term out-
comes is crucial in an age of rapidly shifting practice
around aortic valve disease.

This contemporary cohort study revealed tremendous
annual growth in TAVI and stable SAVR from 2012 to
2017 in the United States, as the treatment of aortic ste-
nosis is advancing overall with consistently improved
short-term outcomes including mortality and stroke after
AVR.
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