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As transcatheter aortic valve implantation (TAVI) continues its rapid growth as a treat-
ment approach for aortic stenosis, costs associated with TAVI, and its burden to health-
care systems will assume greater importance. Patients undergoing TAVI between January
2012 and November 2017 in the Nationwide Readmission Database were identified. Trends
in cause-specific readmissions were assessed using Poisson regression. Thirty-day TAVI
cost burden (cost of index TAVI hospitalization plus total 30-day readmissions cost) was
adjusted to 2017 U.S. dollars and trended over year from 2012 to 2017. Overall, 47,255
TAVI were included and 30-day readmissions declined from 20% to 12% (p <0.0001).
Most common causes of readmission (heart failure, infection/sepsis, gastrointestinal
causes, and respiratory) declined as well, except arrhythmia/heart block which increased
(1.0% to 1.4%, p <0.0001). Cost of TAVI hospitalization ($52,024 to $44,110, p <0.0001)
and 30-day cost burden ($54,122 to $45,252, p <0.0001) declined. Whereas costs of an
average readmission did not change ($9,734 to $10,068, p = 0.06), cost burden of readmis-
sions (per every TAVI performed) declined ($4,061 to $1,883, p <0.0001), including reduc-
tions in each of the top 5 causes except arrhythmia/heart block ($171 to $263, p = 0.04).
Index TAVI hospitalizations complicated by acute kidney injury, length of stay ≥5 days,
low hospital procedural volume, and skilled nursing facility discharge were associated with
increased odds of 30-day readmissions. In conclusion, the costs of index hospitalizations
and 30-day cost burden for TAVI in the U.S. significantly declined from 2012 to 2017. How-
ever, readmissions due to arrhythmia/heart block and their associated costs increased. Con-
tinued strategies to prevent readmissions, especially those for conduction disturbances, are
crucial in the efforts to optimize outcomes and costs with the ongoing expansion of
TAVI. © 2020 Elsevier Inc. All rights reserved. (Am J Cardiol 2020;137:89−96)
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There has been a rapid dissemination of transcatheter
aortic valve implantation (TAVI) since it was first approved
in the United States (U.S.) in 2011. As the procedure con-
tinues to evolve and improve as a modality for treatment of
patients with severe symptomatic aortic stenosis, resource
utilization in performing TAVI has attained an important
focus.1 The Hospital Readmission Reduction program,
established in 2012 by the Centers for Medicare and
Medicaid Services, penalizes hospitals with higher than
expected risk-standardized 30-day readmissions for medical
conditions such as heart failure.2 A previous study found
that in 2013, readmissions accounted for 16% of the total
cost (index and readmission) of TAVI.3 Whereas recent
data point to a decline in readmissions since TAVI was first
approved,4 it is unclear if readmissions after TAVI remain
a costly proposition with regards to overall cost of TAVI to
a healthcare system. Whereas overall readmissions may
have declined, the readmissions stratified by cause have not
yet been investigated. In this study, we investigate the most
common causes of readmission after TAVI and assess the
trends in the overall 30-day cost burden (index hospitaliza-
tion plus all readmissions costs) of TAVI, stratified by
cause. Furthermore, we attempt to study the potential risk
factors for 30-day readmissions.
Methods

Hospitalizations for elective TAVI were identified using
the Healthcare Cost and Utilization Project (HCUP) Nation-
wide Readmission Database (NRD). In 2017, the NRD
included over 18 million discharges from 22 states and
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accounts for 60.0% of the total U.S. resident population and
58.2% of all U.S. hospitalizations.5 It is an all-payer health
care database in the United States that is nationally repre-
sentative and contains verified patient linkage numbers
which allows patients to be tracked across hospitals within
a state, each year, allowing for all in-state hospital readmis-
sions to be captured.

The International Classification of Disease, 9th revision,
Clinical Modification (ICD-9-CM) and 10th revision, Clini-
cal Modification (ICD-10-CM) diagnostic and procedural
codes were used to identify eligible patients, co-morbid-
ities, and cause of readmission and are reported in Supple-
mental Table 1.

Adults aged ≥50 years with aortic stenosis undergoing
elective TAVI between January 2012 and November 2017
were eligible for inclusion. Patients discharged in Decem-
ber or who were not a resident of the state in which they
were treated were excluded, as we were unable to complete
30-day follow-up, given how the NRD assigns patient link-
age numbers. Patients diagnosed with congenital aortic dis-
orders, rheumatic aortic stenosis, hypertrophic obstructive
cardiomyopathy, who died during their index hospitaliza-
tion, or who underwent additional vascular procedures such
as coronary artery bypass grafting or surgical aortic valve
replacement for complicated/failed TAVI were excluded.
Additionally, only a patient’s first TAVI within the year
was included in the analyses.

The primary diagnosis of a patient’s first readmission
after TAVI was assessed and categorized (Supplemental
Table 1). Poisson regression controlling for age and Charl-
son co-morbidity index (CCI) as well as likelihood ratio
tests were used to assess yearly trends in 30-day overall and
cause-specific readmissions.

We examined temporal trends in costs of index TAVI
hospitalizations, all subsequent 30-day readmissions, total
30-day cost burden (index hospitalization plus all 30-day
readmissions costs, where applicable), and cause-specific
readmissions costs. Total hospital charges (amount hospital
billed, which does not include professional fees or non-cov-
ered charges) were converted to costs (actual expenses
incurred) using HCUP Cost-to-Charge ratios. All costs
were adjusted for inflation to 2017 U.S. Dollars and scaled
to thousands of dollars. Temporal changes in costs were
analyzed using general linear regression adjusting for age
and CCI. Changes in estimate (CIE) were reported and rep-
resent the modeled yearly change in thousands of 2017 U.S.
dollars.

Finally, multivariable logistic regression adjusting for
age, sex, CCI, primary insurance type, median household
income in the patient’s ZIP code, hospital teaching status,
and hospital size were used to assess the effect of inpatient
complications, length of stay (LOS, categorized as <5 days
and ≥5 days), discharge disposition, and TAVI hospital vol-
ume on 30-day cardiovascular (CV) and non-CV readmis-
sions. Both age and CCI were modeled as restricted
quadratic splines, to allow for the most flexibility. Hospital
volumes were calculated by counting all TAVI procedures
performed within a year, irrespective of inclusion/exclusion
criteria. Yearly TAVI hospital volumes were then catego-
rized as low (<100 TAVI procedures per year) or high
(≥100 TAVI procedures per year); classification was done
on a yearly basis and hospitals could be reclassified
from year to year depending on yearly TAVI volume. Index
hospitalization complications of interest included perma-
nent pacemaker placement, acute kidney injury, transient
ischemic attack (TIA)/stroke, acute myocardial infarction,
cardiogenic shock, blood transfusion, and vascular compli-
cations, Supplemental Table 1. All analyses were per-
formed using SAS 9.4 (SAS Inc., Cary, NC).
Results

Overall, 47,255 patients undergoing TAVI were included
and 14% of patients (n = 6,471) were readmitted within
30-days. Of all the readmissions, 33% (n = 2,211) were clas-
sified as CV. Between 2012 and 2017, the demographics of
patients undergoing TAVI remained relatively stable,
Table 1. However, patients undergoing TAVI seemed to
have less co-morbidities over time, including significant
decreases in prevalence of diabetes mellitus (p <0.0001),
hypertension (p <0.0001), chronic obstructive pulmonary
disease (p <0.0001), and atrial fibrillation (p <0.0001).

Between January 2012 and November 2017, 30-day
readmissions after TAVI significantly declined from 20%
to 12% (p <0.0001). When stratified by cause of readmis-
sion, both CV (7% to 4%, p <0.0001) and non-CV (11% to
5%, p <0.0001) readmissions declined. The 5 most com-
mon causes of readmissions after TAVI were heart failure
(18% of readmissions), infection/sepsis (12%), arrhythmia/
heart block (10%), gastrointestinal causes (10%), and respi-
ratory causes (6%), Supplemental Table 2. Over the study
period, readmissions for heart failure (4.6% to 1.8%, p
<0.0001), infection/sepsis (3.6% to 1.0%, p <0.0001), gas-
trointestinal causes (1.9% to 1.2%, p <0.0001), and respira-
tory causes (1.6% to 0.4%, p <0.0001) all declined.
Readmissions for arrhythmia/heart block increased over
time (1.0% to 1.4%, p <0.0001), (Figure 1).

Median hospital costs for index TAVI hospitalizations
over the course of the study were $46,632 (IQR $37,022,
$58,968). Median readmissions costs including all subse-
quent 30-day readmissions were $10,028 (IQR $5,493,
$19,119) and represented a median of 20% of a readmitted
patient’s total 30-day cost burden (IQR 11%, 39%).
Between 2012 and 2017, median index TAVI hospitaliza-
tion costs decreased from $52,024 to $44,110 (adjusted
CIE �2.40, 95% CI �2.55, �2.25). The cost of an average
readmission did not meaningfully change over time ($9,734
to $10,068, adjusted CIE �0.38, 95% CI �0.79, 0.02),
although the cost burden of readmissions (per TAVI per-
formed, regardless of readmission status) significantly
declined ($4,061 to $1,883, adjusted CIE �0.34, 95% CI
�0.41, �0.27), (Figure 2). Overall, 30-day cost burden
of TAVI (TAVI hospitalization plus all readmissions
within 30 days, if applicable) decreased from $54,122 in
2012 to $45,252 in 2017 (adjusted CIE �2.76, 95% CI
�2.93, �2.58).

Aggregate total healthcare dollars spent on each of the
top 5 causes of readmission increased from 2012 to 2017,
consistent with the rapid expansion of TAVI. Readmission
cost burden (per TAVI performed, regardless of readmis-
sion status) only increased for arrhythmia/heart block ($171
to $263, adjusted CIE 0.02, 95% CI 0.01, 0.04). These costs
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Table 1

Baseline characteristics of patients undergoing elective TAVI for aortic stenosis, stratified by year

Variable 20121,350 (3%) 20132,804 (6%) 20144,241 (9%) 20157,563 (16%) 201613,073 (28%) 201716,236 (34%)

Age, mean (SD) 82 (7.8) 82 (7.7) 81 (7.7) 81 (7.6) 81 (7.6) 80 (7.7)

Men 715 (53%) 1480 (53%) 2396 (57%) 4068 (54%) 7098 (54%) 9956 (55%)

Charlson score, mean (SD) 2.6 (1.7) 2.6 (1.7) 2.7 (1.7) 2.6 (1.7) 2.6 (1.8) 2.6 (1.8)

Atrial fibrillation 589 (44%) 1269 (45%) 1900 (45%) 3127 (41%) 5073 (39%) 6969 (38%)

Diabetes 437 (32%) 939 (33%) 1475 (35%) 2675 (35%) 3617 (28%) 4001 (22%)

Chronic kidney disease 476 (35%) 933 (33%) 1497 (35%) 2582 (34%) 4366 (33%) 5811 (32%)

Hypertension 638 (47%) 1416 (51%) 2054 (48%) 4025 (53%) 6665 (51%) 4362 (24%)

Coronary artery disease 863 (64%) 1899 (68%) 2884 (68%) 5119 (68%) 8820 (67%) 12198 (67%)

Heart failure 928 (69%) 1933 (69%) 3034 (72%) 5255 (69%) 9012 (69%) 12659 (69%)

Chronic obstructive pulmonary disease 471 (35%) 944 (34%) 1350 (32%) 2351 (31%) 3757 (29%) 5018 (28%)

Primary insurance

Medicaid/Medicare 1244 (92%) 2585 (92%) 3935 (93%) 7035 (93%) 12176 (93%) 16815 (92%)

Private 82 (6%) 164 (6%) 233 (6%) 388 (5%) 641 (5%) 1065 (6%)

Other/self-pay 24 (2%) 51 (2%) 69 (2%) 126 (2%) 232 (2%) 321 (2%)

Teaching hospital 1176 (87%) 2404 (86%) 3820 (90%) 6789 (90%) 11389 (87%) 15927 (87%)

Household income

Low 247 (18%) 493 (18%) 687 (16%) 1408 (19%) 2488 (19%) 3260 (18%)

Medium 263 (20%) 645 (23%) 1078 (26%) 1264 (24%) 3099 (24%) 4852 (27%)

High 356 (27%) 758 (25%) 1073(26%) 2137 (29%) 3565 (28%) 4950 (27%)

Highest 467 (35%) 874 (32%) 1349 (32%) 2150 (29%) 3774 (29%) 4951 (27%)

Hospital size

Small 99 (7%) 132 (5%) 240 (6%) 384 (5%) 543 (4%) 803 (4%)

Medium 158 (12%) 429 (15%) 607 (14%) 1411 (19%) 2451 (19%) 3877 (21%)

Large 1093 (81%) 2243 (80%) 3394 (80%) 5768 (76%) 10079 (77%) 13544 (74%)

Abbreviations: TAVI = transcatheter aortic valve implantation; SD = standard deviation.
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for heart failure ($490 to $194, adjusted CIE�0.07, 95% CI
�0.09, �0.05), infection/sepsis ($537 to $161, adjusted
CIE �0.09, 95% CI �0.11, �0.07), gastrointestinal causes
($475 to $143, adjusted CIE �0.03, 95% CI �0.04, �0.01),
and respiratory causes ($360 to $44, adjusted CIE �0.08,
95% CI �0.12, �0.05) all declined, (Figure 3).

After adjusting for patient’s clinical characteristics, CCI,
hospital characteristics, and other potential predictors, sev-
eral potential risk factors for CV and non-CV readmission
were identified (Figure 4). Hospital LOS ≥5 days was the
largest predictor associated with both CV and non-CV read-
missions (CV: OR 1.65, 95% CI 1.48, 1.83; non-CV: OR
1.79, 95% CI 1.63, 1.97). Acute kidney injury during the
index hospitalization (CV: OR 1.58, 95% CI 1.39, 1.81;
non-CV: OR 1.31, 95% CI 1.16, 1.47), discharge to skilled
nursing facility (CV: OR 1.14, 95% CI 1.01, 1.28; non-CV:
OR 1.42, 95% CI 1.29, 1.57), and undergoing TAVI at a
low volume (<100 TAVI/year) center (CV: OR 1.11, 95%
CI 1.00, 1.23; non-CV: OR 1.25, 95% CI 1.14, 1.37) were
also associated with both types of readmission. Vascular
complications (OR 1.49, 95% CI 1.25, 1.77) and requiring
a blood transfusion (OR 1.23, 95% CI 1.07, 1.40) were
only associated with non-CV readmissions. Interestingly,
placement of a permanent pacemaker, transient ischemic
attack/stroke, acute myocardial infarction, and cardiogenic
shock were not associated with 30-day readmission.
Discussion

In this analysis of TAVI in the U.S. from 2012 to 2017,
one in seven TAVI patients were readmitted within 30-
days, with heart failure, infection/sepsis, and arrhythmia/
heart block the 3 most common causes. Index TAVI
hospitalization costs as well as overall 30-day cost burden
have declined during this period, whereas the cost of each
readmission has remained largely stable. Although both the
overall and cause-specific incidences and costs of readmis-
sions have declined, readmissions for arrhythmia/heart
block and their associated costs have increased. Finally, in
a multivariable model, acute kidney injury during index
TAVI hospitalization, longer index LOS, skilled nursing
facility discharge, and lower hospital TAVI volumes were
associated with an increased risk of CV and non-CV read-
mission.

Previous retrospective cohort studies of patients hospi-
talized for TAVI between January and November 2013 in
NRD initially raised concerns about the high incidence of
readmissions and their financial implications.3,6,7 A more
recent study found TAVI index hospitalization costs
exceeded that of surgical aortic valve replacement but have
become more competitive, though they did not examine
readmission cost burden.8 Our data suggest that average
TAVI hospitalization costs have declined by approximately
$8,000 (from median of »$52,000 to »$44,000) from 2012
to 2017. Even though an average TAVI readmission contin-
ues to cost the same, 30-day readmission cost burden per
each TAVI performed has in fact halved (from mean
$4,000 to $1,890) largely due to a reduction in the number
of readmissions. These declines in costs were significant
even after adjusting for baseline co-morbidities. This indi-
cates that increasing operator experiences and technological
advances have not only made TAVI safer, but also less
expensive and thereby cause lesser financial burden to
healthcare systems.

There are likely multiple factors that account for the
decline in readmissions after TAVI. Kolte et al attributed



Figure 1. (A) Causes of 30-day readmissions after TAVI. Primary causes of readmission were captured using ICD-9-CM and ICD-10-CM codes for a

patient’s first readmission after TAVI. Histogram depicts the most common causes of readmission from 2012 to 2017 by percentage of readmissions. Read-

missions were further categorized into cardiovascular and noncardiovascular. Heart failure, infection/sepsis, arrhythmia/heart block, gastrointestinal causes,

and respiratory causes were the 5 most common causes of readmission after TAVI from 2012 to 2017. (B) Trends of most common causes of readmission

after TAVI, from 2012 to 2017. Yearly incidence of the 5 most common causes of readmission after TAVI were assessed from 2012 to 2017. Four of the top

5 causes of readmission (heart failure, infection/sepsis, gastrointestinal causes, and respiratory causes) decreased over time, whereas arrhythmia/heart block

increased.
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the higher incidences of readmissions after TAVI to base-
line co-morbidities, TAVI access site, and postprocedural
complications.3 Previous studies have focused on chronic,
co-morbid conditions to modestly predict readmissions.9,10

In this study, we found longer index LOS, discharge to a
nursing home, acute kidney injury, postprocedural blood
transfusion, low hospital TAVI volume, and vascular com-
plications after TAVI as independent risk factors associated
with readmissions. In recent studies published by our group
and others, there has been a reduction in the incidence of
these inpatient complications and improved outcomes after
hospital discharge.1,11−14 Presumably, these are attributed
to improvements in patient selection as well as technologi-
cal and procedural improvements with TAVI. Other con-
tributing factors for improved outcomes after TAVI include
the expanding use of conscious sedation (as opposed to gen-
eral anesthesia in early years), a trend toward restricting the
use of circulatory support, and the use of cardiac catheteri-
zation lab rather than an operating room as a setting for
TAVI. All these factors have proven to play a role in
improving outcomes and lowering readmission after other
procedures.15,16

www.ajconline.org


Figure 2. Index hospitalization costs, readmissions costs, and 30-day cost

burden in patients undergoing TAVI from 2012 to 2017. TAVI index hos-

pitalization costs and readmissions costs for all readmissions within 30

days were adjusted to 2017 U.S. dollars. Average TAVI hospitalization

costs, readmissions-associated costs (per TAVI performed, regardless of

readmission status), and therefore 30-day cost burden were calculated by

year from 2012 to 2017. Error bars represent 95% confidence intervals for

mean estimates. Both the costs of index TAVI hospitalization and the costs

associated with readmissions decreased from 2012 to 2017, leading to a

reduction in the overall 30-day TAVI cost burden.
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Whereas it is very encouraging to see that there has
been a rapid evolution in the procedural aspects and out-
comes associated with TAVI, the growth in readmissions
for arrhythmia or heart block is alarming. Conduction
Figure 3. (A) Trends in total healthcare dollars attributable to common causes of

via ICD-9-CM and ICD-10-CM codes, total healthcare dollars attributable to eac

of 2017 U.S. dollars and calculated by year. Increases in healthcare dollars due t

despite a known reduction in proportion of patients needing readmission. The dis

block readmissions is consistent with increasing incidence and/or costs of readmi

readmission after TAVI, from 2012 to 2017. Cost burden of each of the top 5 caus

was scaled to 2017 U.S. dollars and calculated by year. Error bars represent 95%

top 5 causes of readmission significantly declined over the period except arrhthmi
abnormalities following TAVI have been well described
since the inception of the procedure. Risk factors for
heart block following TAVI include the use of self-
expanding valves, distribution of calcification in the aor-
tic-valvular complex, pre-existing right bundle branch
block, percent oversizing of the valve, and ventricular
implantation depth, among others.17-19 Rod�es-Cabau
et al recently put forth an algorithm strategy for man-
agement of conduction disturbances post-TAVI, utilizing
pre-existing right bundle branch block as a predictor of
poor outcomes.19 Interestingly, our study found that
placement of a permanent pacemaker during the index
TAVI hospitalization was not a risk factor for nor pro-
tective of readmission. However, the development of
heart block or other arrhythmias following discharge
appears to be a significant contributor to the risk of
readmissions and appears to be a growing cause of read-
mission after TAVI with increasing costs over time. It is
possible that with the push to reduce hospital LOS fol-
lowing TAVI, we are discharging some patients too
soon before they manifest the conduction abnormalities
that can present days after TAVI. Better prediction mod-
els are needed to identify those patients who may
require additional inpatient telemetry monitoring, benefit
readmission after TAVI. After primary cause of readmission was identified

h of the top 5 causes of readmissions after TAVI were adjusted to millions

o each of the top 5 causes is consistent with the rapid expansion of TAVI,

proportionate increase in healthcare dollars attributable to arrhythmia/heart

ssions for conduction abnormalities. (B) Cost burden of common causes of

es of readmission (per TAVI performed, irrespective of readmission status)

confidence intervals of mean estimates. Costs associated with each of the

a/heart block, which significantly increased.



Figure 4. (A) Adjusted odds of 30-day cardiovascular readmission after TAVI. A multivariable logistic regression model adjusting for age, sex, Charlson co-

morbidity index, primary insurance type, median household income in the patient’s ZIP code, hospital teaching status, and hospital size was generated to

assess the impact of baseline characteristics and complications of interest on risk of cardiovascular readmissions. Odds ratios (OR) are shown with 95% confi-

dence intervals (CI). Acute kidney injury during the index TAVI hospitalization, length of stay (LOS) of greater than or equal to 5 days, skilled nursing facil-

ity (SNF) discharge, and undergoing TAVI at a low-volume center (defined as <100 TAVI per year) increased odds of cardiovascular readmission after

TAVI. (B) Adjusted odds of 30-day noncardiovascular readmission after TAVI. A multivariable logistic regression model adjusting for age, sex, Charlson

co-morbidity index, primary insurance type, median household income in the patient’s ZIP code, hospital teaching status, and hospital size was generated to

assess the impact of baseline characteristics and complications of interest on risk of noncardiovascular readmissions. ORs are shown with 95% CI. Acute kid-

ney injury during the index TAVI hospitalization, blood transfusion, vascular complications, LOS of greater than or equal to 5 days, SNF discharge, and

undergoing TAVI at a low-volume center (defined as <100 TAVI per year) increased odds of cardiovascular readmission after TAVI. Abbreviations: TIA =

transient ischemic attack; LOS = length of stay; SNF = skilled nursing facility; OR = Odds ratio; 95% CI = 95% confidence interval.
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from live ambulatory rhythm monitoring, or should have
permanent pacemaker implantation before discharge
after TAVI.

Our study has limitations. First, we were unable to
account for some clinical covariates, such as illness severity
and patient frailty, which likely are associated with both
risk of readmission and some of our potential risk factors,
such as inpatient complications. There is also potential for
coding errors and differences in coding practices across the
hospitals included in the database, although we would not
expect these differences to differ across study years or inpa-
tient outcomes. The competing risk of mortality during the
follow-up period was not able to be accounted for. In
addition, residual measured and unmeasured confounding
may have influenced some of the findings.
Conclusions

In conclusion, the costs of index hospitalizations for
TAVI in the U.S. significantly declined from 2012 to 2017.
In addition, the costs associated with readmissions for
TAVI declined during that time due to a reduction in the
proportion of TAVI patients needing readmission, whereas
the costs of the readmissions themselves have remained
largely stable. Readmissions due to arrhythmia or heart

www.ajconline.org
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block and the costs associated with these readmissions
increased over the same period.
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