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IMPORTANCE Data are lacking on the effect of a renin-angiotensin system (RAS) inhibitor
prescribed after transcatheter aortic valve replacement (TAVR). Treatment with a RAS
inhibitor may reverse left ventricular remodeling and improve function.

OBJECTIVE To investigate the association of prescription of a RAS inhibitor and outcomes
after TAVR.

DESIGN, SETTING, AND PARTICIPANTS Retrospective cohort study of TAVR procedures
performed in the United States (using the Society of Thoracic Surgeons/American College of
Cardiology Transcatheter Valve Therapies Registry) between July 2014 and January 2016 that
were linked to Medicare claims data (final date of follow-up: March 31, 2017). To account for
differences in demographics, echocardiographic findings, and in-hospital complications,
1:1 propensity matching was performed.

EXPOSURES Initial hospital discharge prescription of a RAS inhibitor after TAVR.

MAIN OUTCOMES AND MEASURES Primary outcomes were all-cause death and readmission
due to heart failure at 1 year after discharge, which were considered separately. The
secondary outcome was health status assessed by the Kansas City Cardiomyopathy
Questionnaire (KCCQ; score range: 0-100, with a higher score indicating less symptom
burden and better quality of life; a small effect size was defined as 5 points) at 1 year.

RESULTS Among 21 312 patients who underwent TAVR at 417 US sites, 8468 patients (39.7%)
were prescribed a RAS inhibitor at hospital discharge. After propensity matching, 15 896
patients were included (mean [SD] age, 82.4 [6.8] years; 48.1% were women; mean [SD] left
ventricular ejection fraction [LVEF], 51.9% [11.5%]). Patients with a prescription for a RAS
inhibitor vs those with no prescription had lower mortality rates at 1 year (12.5% vs 14.9%,
respectively; absolute risk difference [ARD], −2.4% [95% CI, −3.5% to −1.4%]; hazard ratio [HR],
0.82 [95% CI, 0.76 to 0.90]) and lower heart failure readmission rates at 1 year (12.0% vs
13.8%; ARD, −1.8% [95% CI, −2.8% to −0.7%]; HR, 0.86 [95% CI, 0.79 to 0.95]). When
stratified by LVEF, having a prescription for a RAS inhibitor vs no prescription was associated
with lower 1-year mortality among patients with preserved LVEF (11.1% vs 13.9%, respectively;
ARD, −2.81% [95% CI, −3.95% to −1.67%]; HR, 0.78 [95% CI, 0.71 to 0.86]), but not among
those with reduced LVEF (18.8% vs 19.5%; ARD, −0.68% [95% CI, −3.52% to 2.20%]; HR, 0.95
[95% CI, 0.81 to 1.12]) (P = .04 for interaction). Of 15 896 matched patients, 4837 (30.4%) were
included in the KCCQ score analysis and improvements at 1 year were greater in patients with a
prescription for a RAS inhibitor vs those with no prescription (median, 33.3 [interquartile range,
14.2 to 51.0] vs 31.3 [interquartile range, 13.5 to 51.1], respectively; difference in improvement,
2.10 [95% CI, 0.10 to 4.06]; P < .001), but the effect size was not clinically meaningful.

CONCLUSIONS AND RELEVANCE Among patients who underwent TAVR, receiving a
prescription for a RAS inhibitor at hospital discharge compared with no prescription was
significantly associated with a lower risk of mortality and heart failure readmission. However,
due to potential selection bias, this finding requires further investigation in randomized trials.
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A ortic stenosis is a common valve disease in the aging
population and comprises one of the major cardiovas-
cular morbidities among older patients.1 Chronic pres-

sure overload due to aortic stenosis promotes left ventricular
remodeling through muscle fiber hypertrophy and abnormali-
ties of the collagen network, and results in diastolic dysfunc-
tion and increased risk of heart failure.2

Inhibition of the renin-angiotensin system (RAS)
with angiotensin-converting enzyme (ACE) inhibitors or
angiotensin II receptor blockers (ARBs) is associated with
modulation of adverse left ventricular remodeling and re-
duction in myocardial hypertrophy and fibrosis, leading
to clinical improvement in patients with heart failure and
reduced left ventricular ejection fraction (LVEF).3-5 Some
observational studies support the association of the use
of a RAS inhibitor and improvement in clinical outcomes
among patients with aortic stenosis or surgical aortic valve
replacement (SAVR).6,7 There is no specific recommendation
for the use of RAS inhibitor therapy in patients with aortic
stenosis. However, most patients with aortic stenosis, who
have a high prevalence of hypertension, coronary artery dis-
ease, and renal dysfunction, are eligible for a prescription for
a RAS inhibitor.

Transcatheter aortic valve replacement (TAVR) is a
proven treatment option for patients with aortic stenosis
considered to have an intermediate, high, or extreme risk for
morbidity and mortality with SAVR.8-11 Despite improving
outcomes and devices, among patients in a registry who
underwent TAVR from November 2011 through June 2013,
14.3% were readmitted to the hospital due to heart failure
and 23.7% died within 1 year after the procedure.12 Given the
biological mechanisms of RAS inhibitors that modulate
adverse left ventricular remodeling and regression of myo-
cardial hypertrophy, RAS inhibitor therapy may potentially
improve clinical outcomes in patients undergoing TAVR;
however, little is known about the role of RAS inhibitor
therapy after TAVR. Therefore, the aim of this study was to
evaluate the association between prescription of a RAS
inhibitor and clinical outcomes, including mortality, heart
failure readmission, and health status after TAVR.

Methods
The Chesapeake Research Review Incorporated institutional
review board and the Duke University institutional review
board granted a waiver of informed consent for the Transcath-
eter Valve Therapy (TVT) Registry protocol. This study was ap-
proved by the institutional review board of Duke University.

Data Source
The cohort for this analysis was derived from the Society of
Thoracic Surgeons/American College of Cardiology TVT Reg-
istry. The rationale, design, and methods of the TVT Registry
have been published.13 Briefly, the TVT Registry was launched
in December 2011 by the Society of Thoracic Surgeons and the
American College of Cardiology, and facilities are required to
participate in the TVT Registry as part of the Centers for Medi-

care & Medicaid Services national coverage decision for TAVR.
As a result, the TVT Registry contains the majority of TAVR pro-
cedures performed in the United States regardless of the type
of insurance; however, TAVR procedures performed during
clinical trials are not included in the registry.

For this study, we restricted the patient population to those
older than 65 years with Medicare to ensure complete 1-year
follow-up. The registry data elements characterize the pa-
tients, the procedure, and the subsequent outcomes. Details
of the elements in the TVT Registry data collection form and
definitions appear on the TVT Registry website (https://www
.ncdr.com/webncdr/tvt/home/data-collection). To optimize
data completeness and accuracy, quality checks were
performed at the American College of Cardiology National
Cardiovascular Data Registry data warehouse and at the Duke
Clinical Research Institute.

Study Population
For the purpose of this analysis, we included all consecutive
patients older than 65 years with Medicare who under-
went TAVR between July 2014 and January 2016 (Figure 1).
The rationale for restricting the enrollment period was to
reflect a more contemporary TAVR practice and to increase
data completeness.

We excluded patients who (1) died during the index hos-
pitalization, (2) were discharged against medical advice, trans-
ferred to another acute care hospital, or transferred to hos-
pice care, (3) had a contraindication to the use of both ACE
inhibitors and ARBs or had missing data for prescription of both
ACE inhibitors and ARBs, (4) were younger than 65 years,
or (5) could not be linked to Centers for Medicare & Medicaid
Services administrative claims.

Data on race/ethnicity were included as a variable in this
study because prior studies have suggested differences in out-
comes after undergoing TAVR related to race/ethnicity. Data
on race/ethnicity included the categories of black, Hispanic,
Asian, other (American Indian/Alaskan Native, Native Hawaiian/
Pacific Islander), and white. Hospital admission staff, medi-
cal staff, or both recorded the patient’s self-reported race/
ethnicity at the index hospital admission.

Key Points
Question Is there an association between prescription of
a renin-angiotensin system (RAS) inhibitor at the time of hospital
discharge after transcatheter aortic valve replacement (TAVR)
and subsequent mortality or readmission for heart failure?

Findings In this registry-based retrospective cohort study that
included 15 896 propensity-matched patients who underwent
TAVR, receiving a prescription for a RAS inhibitor at hospital
discharge vs no prescription was associated with a risk for
mortality of 12.5% vs 14.9%, respectively, and a risk for heart
failure readmission of 12.0% vs 13.8%; both differences were
statistically significant.

Meaning Use of a RAS inhibitor after TAVR may be associated
with lower mortality and risk for heart failure readmission,
but the potential for selection bias requires further investigation.

Research Original Investigation Association Between RAS Inhibitor Treament After TAVR and Mortality

2232 JAMA December 4, 2018 Volume 320, Number 21 (Reprinted) jama.com

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

https://www.ncdr.com/webncdr/tvt/home/data-collection
https://www.ncdr.com/webncdr/tvt/home/data-collection
http://www.jama.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2018.18077


Exposure
The exposure was prescription of a RAS inhibitor at hospital
discharge. Discharge medications including ACE inhibitors
and ARBs were captured on the TVT Registry data collection
form; however, data on the specific type and dose were not
collected. Patients who were prescribed either ACE inhibitors
or ARBs (regardless of type and dose), or both, at hospital dis-
charge after TAVR constituted the group who received a
prescription for a RAS inhibitor. Patients who were not pre-
scribed ACE inhibitors or ARBs constituted the control (no
prescription) group. Medication adherence was not assessed
within this study or within the TVT Registry. The registry
database does not include information on medications at
hospital admission or preoperative medications.

Primary Outcomes
The primary outcomes were all-cause mortality within 1 year
after hospital discharge and readmission due to heart failure
within 1 year after discharge. The primary outcomes were
evaluated individually and identified using the Medicare De-
nominator File and in-hospital administrative claims files (eAp-
pendix 1 in the Supplement).

Secondary Outcomes
One-year health status was evaluated as a secondary out-
come. In the TVT Registry, the 12-item shortened version of
the Kansas City Cardiomyopathy Questionnaire (KCCQ) was
collected at baseline, at 30 days, and at 1 year after TAVR to
assess health-related quality of life. The KCCQ is a patient-
reported, disease-specific health status instrument that
was originally developed for patients with heart failure.14 More
recently, the KCCQ was validated in patients with severe aor-
tic stenosis.15

The range for the KCCQ overall summary (KCCQ-OS)
score is from 0 to 100 (higher scores indicate less symptom
burden and better quality of life). A change in the KCCQ-OS
score of 5 points corresponds to small clinical improve-
ments; 10 points, moderate improvements; and 20 points,
large improvements.16,17 In this analysis, to integrate quality-
of-life outcomes with survival, a favorable outcome was
defined as survival with a reasonable quality of life (KCCQ-OS
score ≥60, roughly equivalent to New York Heart Association
class I-II symptoms15,16) without any meaningful worsening
(decrease of ≥10 points in the KCCQ-OS score from baseline
to 1 year).17

Post Hoc Outcomes
Myocardial infarction at 1 year after hospital discharge was
evaluated as a post hoc outcome. In addition, landmark post
hoc analyses at 30 days after hospital discharge were per-
formed and any association by type of prescription for a RAS
inhibitor (ACE inhibitor vs ARB) and outcome was evaluated.

Statistical Analysis
Baseline characteristics were compared between patients by
presence vs absence of a prescription for a RAS inhibitor at hos-
pital discharge. For continuous variables, means and stan-
dard deviations were calculated and compared using the

Wilcoxon test. Binary variables are reported as counts and per-
centages and between-group differences were assessed using
the χ2 test.

To account for potential treatment bias between those dis-
charged from the hospital with a prescription for a RAS inhibi-
tor vs those discharged from the hospital with no prescrip-
tion, 1:1 propensity score matching was performed. A logistic
regression model was used to estimate the propensity for re-
ceipt of a prescription for a RAS inhibitor. Covariates in the
model were derived from the list of baseline covariates con-
sidered for the TVT Registry in-hospital and 30-day mortality
models18,19 and according to clinical expertise. The full list of
covariates appears in eAppendix 2 in the Supplement. The dis-
tributions of propensity scores appear in eFigure 1 in the
Supplement. Greedy matching (on the basis of the estimated
propensity score) was performed on the logit of the propen-
sity score with a caliper width of 0.2 times the pooled SD of
the logit of the propensity scores for the cohort. Balance be-
tween the groups was assessed by calculating standardized dif-
ferences for which a difference of less than 0.10 was consid-
ered to indicate good balance.

The log-rank test and Cox proportional hazards models were
used to evaluate the association of prescription of a RAS inhibi-
tor with all-cause mortality in the matched cohort. For heart fail-
ure readmission, the proportional subdistribution hazards model
of Fine and Gray was used to account for the competing risk of
death. Furthermore, to evaluate the potential for residual con-
founding, any association between prescription of a RAS in-
hibitor and any of the falsification end points was tested,
including hip fracture, urinary tract infection, and pneumonia
(eAppendix 1 in the Supplement). These end points served as
negative controls because the rates of hip fracture, urinary tract
infection, and pneumonia are not likely to be influenced by the

Figure 1. Cohort Creation for Study of Renin-Angiotensin Inhibitor
Treatment After TAVR

16 247 Excluded
11 684 Could not be linked to Centers

for Medicare & Medicaid Services
administrative claims

1558 Aged <65 y
1555 Contraindication to use of angiotensin-

converting enzyme inhibitors and
angiotensin II receptor blockers

1129 Died in the hospital

12 Missing information for angiotensin-
converting enzyme inhibitors and
angiotensin II receptor blockers

309 Discharged from the hospital against
medical advice, transferred to other
hospital, or transferred to hospice care

37 559 Patients underwent TAVR between July 2014
and January 2016 at 425 sites

21 312 Patients underwent TAVR at 417 sites
15 896 Patients matched for inhibition of the

renin-angiotensin system at 413 sites
5416 Patients not matched

Additional exclusion criteria were applied to create a quality-of-care analysis
cohort (eFigure 4 in the Supplement). TAVR indicates transcatheter
aortic valve replacement.
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selection of a prescription for a RAS inhibitor and should theo-
retically be the same in the absence of residual confounding.
The marginal model approach was used to account for hospi-
tal clustering.20 For all 1-year outcomes, the proportionality as-
sumption was tested and confirmed by including a prescrip-
tion for a RAS inhibitor × time interaction term.

The relationship between prescription of a RAS inhibitor af-
ter TAVR and cardiovascular outcomes was hypothesized to be
influenced by LVEF and renal function. Therefore, interac-
tions were tested between a prescription for a RAS inhibitor and
LVEF (>40% vs ≤40%) or renal function (not receiving dialysis
and estimated glomerular filtration rate [eGFR] ≥60 mL/min/
1.73 m2 vs not receiving dialysis and eGFR between 30 and
60 mL/min/1.73 m2 vs receiving dialysis or eGFR <30 mL/min/
1.73 m2). The interaction testing was prespecified. For cases in
which significant effect modification was found, a subgroup
analysis was performed. In the subgroup analysis, predicted
probabilities for prescription of a RAS inhibitor were reesti-
mated for each subgroup and propensity-matched cohorts were
generated using the same methods as for the entire cohort.

There were missing data for less than 3% of the patients
for the baseline variables. There were greater percentages of
missing data for albumin (11.6%), left ventricular end systolic
diameter (14.1%), left ventricular end diastolic diameter (11.7%),
mean aortic gradient (16.3%), aortic regurgitation (15.1%), mi-
tral regurgitation (15.8%), and 5-meter walk time (15.3%).
Because a previous study demonstrated that the prognosis of
patients who were not given the walk test was similar to that
of patients in the slowest category (walk time >10 seconds),21

the following categories for 5-meter walk test were used: walk
time of 6 seconds or less (normal), walk time of greater than
6 seconds to 10 seconds (slow), and walk time greater than 10
seconds (slowest) or unable to walk.

For all other variables, missing data in the multivariable
models were addressed using multiple imputation. Specifi-
cally, missing data for categorical variables were imputed using
the fully conditional method with the discriminant function,
allowing all continuous and categorical variables to be predic-
tors for imputation. Continuous variables were imputed using
the predictive method for mean matching, which generates im-
puted variables consistent with observed values. A total of 5
data sets were created during the imputation phase. These data
sets were analyzed separately and estimates from each im-
puted data set were pooled into a single set of statistics.

Quality-of-Life Analysis
The rate of missing KCCQ data was 55.2% either at baseline or
at 1-year follow-up. Because data for the KCCQ was not miss-
ing at random, the analysis was limited to sites with comple-
tion rates of at least 50% for the KCCQ at baseline and 1-year
follow-up to ensure a representative cohort of patients was
examined.17 Furthermore, to reduce the influence of ascer-
tainment bias, the inverse probability weighting framework was
used to increase the weight of available patients who were the
most similar to those with missing follow-up data.17,22 This pro-
cess involved constructing a multivariable logistic regression
model to determine the probability of having missing follow-up
KCCQ data.

In addition to treatment group, the model included the
same variables that were used in the model estimating the pro-
pensity score for prescription of a RAS inhibitor. To better re-
flect the overall TAVR population, each of the patients with
KCCQ data at baseline and at 1-year follow-up were weighted
by the inverse probability of the likelihood of having follow-up
KCCQ data. Changes in the KCCQ-OS score at 1 year from base-
line were compared using an analysis of covariance to ac-
count for the differences in the KCCQ-OS score at baseline. To
determine if a favorable outcome had been reached, the ad-
justed odds ratio of a prescription for a RAS inhibitor was es-
timated using a logistic regression model that included the
same variables used in the model to estimate the propensity
score for prescription of a RAS inhibitor.

Post Hoc Analyses
To evaluate the association of a prescription for a RAS inhibi-
tor with myocardial infarction in the matched cohort, the pro-
portional subdistribution hazards model of Fine and Gray was
used to account for the competing risk of death. Landmark
analyses were conducted and the data were displayed using a
30-day landmark period with 1 set of curves for days 0 to 30
and a second set for days 30 to 365. To evaluate any associa-
tion by type of RAS inhibitor (ACE inhibitor vs ARB) and out-
comes, matched patients (main cohort) were stratified by type
of RAS inhibitor and hazard ratios (HRs) for the 2 primary out-
comes were calculated using the proportional subdistribu-
tion hazards model by Fine and Gray.

The between-group standardized differences (patients
discharged from the hospital with a prescription for an ACE
inhibitor vs those discharged from the hospital with no pre-
scription or patients discharged from the hospital with a
prescription for an ARB vs those discharged from the hospi-
tal with no prescription) were checked and further adjust-
ment was made for covariates with standardized differences
that were greater than 0.1.

All P values were 2-sided and P < .05 was considered sig-
nificant for all tests. No adjustment for multiple testing was
undertaken. As a result, the secondary and post hoc analyses
should be interpreted as exploratory. The deidentified, aggre-
gate data were analyzed by the Duke Clinical Research Insti-
tute using SAS software version 9.4 (SAS Institute Inc).

Results
Baseline Characteristics
Between July 2014 and January 2016, a total of 37 559 pa-
tients underwent TAVR at 425 US sites. After exclusion crite-
ria were applied, 21 312 eligible patients from 417 US sites were
identified and included in the overall analysis (Figure 1). Of
these patients, 8468 (39.7%) were prescribed a RAS inhibitor
at the time of hospital discharge. The baseline characteristics
of patients who were included vs those who were excluded
were not different in a clinically meaningful way (eTable 1 in
the Supplement).

The baseline characteristics by RAS inhibitor prescrip-
tion status (yes vs no) appear in Table 1. Patients with a
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Table 1. Baseline Characteristics Before and After Propensity Score Matching

Characteristics

Before Propensity Score Matching

SMD

After Propensity Score Matchinga

SMD

RAS Inhibitor
Prescription
(n = 8468)

No Prescription
(n = 12 844)

RAS Inhibitor
Prescription
(n = 7948)

No Prescription
(n = 7948)

Angiotensin-converting enzyme
inhibitor, No. (%)

Taking one 5641 (66.6) 0 5249 (66.0) 0

Had contraindication to use 85 (1.0) 467 (3.6) 79 (1.0) 264 (3.3)

Angiotensin II receptor blocker,
No. (%)

Taking one 2956 (34.9) 0 2820 (35.5) 0

Had contraindication to use 27 (0.3) 51 (0.4) 25 (0.3) 33 (0.4)

Age, mean (SD), y 82.3 (6.8) 82.9 (6.9) −0.0797 82.4 (6.8) 82.4 (6.9) 0.004

Body mass index, mean (SD)b 28.4 (6.6) 27.8 (6.4) 0.0848 28.3 (6.6) 28.3 (6.6) −0.003

Sex, No. (%)

Female 3983 (47.0) 6087 (47.4)
−0.0069

3792 (47.7) 3847 (48.4)
0.378

Male 4485 (53.0) 6757 (52.6) 4156 (52.3) 4101 (51.6)

Society of Thoracic Surgeons Predicted
Risk of Mortality scorec

Mean (SD), % 7.4 (5.0) 8.3 (6.1) −0.1566 7.5 (5.1) 7.5 (5.0) 0.004

<4% (low risk), No. (%) 1935 (22.9) 2663 (20.7)

0.1335

1792 (22.5) 1813 (22.8)

0.02
4%-<8% (intermediate risk), No. (%) 3778 (44.6) 5306 (41.3) 3528 (44.4) 3509 (44.1)

8%-<15% (high risk), No. (%) 2108 (24.9) 3478 (27.1) 1996 (25.1) 2040 (25.7)

≥15% (prohibitive risk), No. (%) 647 (7.6) 1397 (10.9) 632 (8.0) 586 (7.4)

Medical history, No. (%)

CABG surgery 2515 (29.7) 3251 (25.3) 0.0989 2286 (28.8) 2269 (28.5) 0.005

Aortic valve procedure 1041 (12.3) 1737 (13.5) −0.0368 993 (12.5) 996 (12.5) −0.001

Permanent pacemaker or ICD 1539 (18.2) 2484 (19.3) −0.0298 1415 (17.8) 1443 (18.2) −0.009

Atrial fibrillation or flutter 3358 (39.7) 5657 (44.0) −0.0896 3180 (40.0) 3165 (39.8) 0.003

Stroke 1052 (12.4) 1510 (11.8) 0.0204 979 (12.3) 1004 (12.6) −0.01

Transient ischemic attack 759 (9.0) 1145 (8.9) 0.0019 718 (9.0) 720 (9.1) <0.001

Peripheral arterial disease 2585 (30.5) 3807 (29.6) 0.019 2424 (30.5) 2421 (30.5) <0.001

Hypertension 7950 (93.9) 11 289 (87.9) 0.2091 7439 (93.6) 7403 (93.1) 0.02

Diabetes mellitus 3371 (39.8) 4377 (34.1) 0.1185 3077 (38.7) 3074 (38.7) <0.001

Chronic lung disease 2090 (24.7) 3516 (27.4) −0.0629 1980 (24.9) 1959 (24.6) 0.005

Myocardial infarction 2104 (24.8) 2966 (23.1) 0.0414 1920 (24.2) 1905 (24.0) 0.005

Triple vessel disease 2348 (27.7) 3226 (25.1) 0.0608 2135 (26.9) 2117 (26.6) 0.006

Left main disease 885 (10.5) 1206 (9.4) 0.0358 799 (10.1) 800 (10.1) <0.001

NYHA class within 2 wk prior to
hospital admission, No. (%)d

I or II (mild limitation) 1643 (19.4) 2402 (18.7)
−0.0175

1547 (19.5) 1559 (19.6)
0.004

III or IV (severe limitation) 6766 (79.9) 10 332 (80.4) 6349 (79.9) 6315 (79.5)

5-meter walk test, No. (%)

≤6 s (normal) 1715 (20.3) 2445 (19.0)

0.0481

1598 (20.1) 1551 (19.5)

0.02
>6-10 s (slow) 3036 (35.9) 4454 (34.7) 2852 (35.9) 2813 (35.4)

>10 s (slowest or unable to walk) 2454 (29.0) 3922 (30.5) 2316 (29.1) 2387 (30.0)

Walk test not performed 1253 (14.8) 2000 (15.6) 1174 (14.8) 1178 (14.8)

Estimated glomerular filtration
rate, mL/min/1.73 m2

Mean (SD) 64.5 (24.4) 60.3 (26.5) 0.165 63.8 (24.4) 63.5 (24.9) 0.01

<30 (or receiving dialysis),
No. (%)

446 (5.3) 1365 (10.6)

0.2206

444 (5.6) 442 (5.6)

0.0130-<60, No. (%) 3371 (39.8) 5378 (41.9) 3266 (41.1) 3230 (40.6)

≥60, No. (%) 4634 (54.7) 6081 (47.3) 4222 (53.1) 4257 (53.6)

Hemoglobin, mean (SD), g/dL 12.0 (1.9) 11.8 (1.9) 0.1243 12.0 (1.9) 12.0 (1.9) 0.001

Albumin, mean (SD), g/dL 3.7 (0.5) 3.7 (0.5) 0.1088 3.7 (0.5) 3.7 (0.5) 0.01

(continued)
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prescription for a RAS inhibitor had a higher prevalence of ath-
erosclerotic comorbidities compared with patients with no pre-
scription. Patients with a prescription for a RAS inhibitor had
lower LVEF, were more likely to be prescribed a concomitant
β-blocker, and were less likely to have a higher Society of
Thoracic Surgeons Predicted Risk of Mortality score com-
pared with patients with no prescription. Among patients with
a prescription for a RAS inhibitor at hospital discharge, the rates
of moderate or severe mitral regurgitation and new require-
ment of dialysis after the TAVR procedure were lower than
among patients with no prescription.

Prescription of a RAS Inhibitor and Outcomes
After propensity matching, a total of 15 896 patients with simi-
lar propensity scores for prescription of a RAS inhibitor were
identified (main cohort: mean [SD] age, 82.4 [6.8] years; 48.1%
were women; mean [SD] LVEF, 51.9% [11.5%]). The character-
istics of patients in the matched sets were well balanced and
the standardized mean differences were all below 0.1 (Table 1).

The Kaplan-Meier curves for mortality and the cumula-
tive incidence curves for heart failure readmission appear in
Figure 2A and 2B. Among patients with a prescription for a RAS
inhibitor, there were significantly lower rates for mortality than
among patients with no prescription (12.5% vs 14.9%, respec-
tively; absolute risk difference [ARD], −2.4% [95% CI, −3.5%
to −1.4%]; HR, 0.82 [95% CI, 0.76 to 0.90]) and for heart fail-
ure readmission (12.0% vs 13.8%; ARD, −1.8% [95% CI, −2.8%

to −0.7%]; HR, 0.86 [95% CI, 0.79 to 0.95]) (both outcomes
were measured at 1 year after hospital discharge).

The falsification end points of hip fracture, urinary tract
infection, and pneumonia demonstrated no statistically sig-
nificant between-group differences; however, the point esti-
mates for hip fracture and pneumonia were in the same direc-
tion as the primary outcomes (all-cause death and readmission
due to heart failure; eTable 2 in the Supplement).

Subgroup Analyses
For mortality, there was a significant interaction between hav-
ing a prescription for a RAS inhibitor and LVEF (P = .04 for in-
teraction), whereas there was no significant interaction be-
tween having a prescription for a RAS inhibitor and eGFR
(P = .85 for interaction). For heart failure readmission, there
was no significant interaction between having a prescription
for a RAS inhibitor and either LVEF (P = .84 for interaction) or
eGFR (P = .42 for interaction).

Based on these results, a subgroup analysis by LVEF was
performed for mortality. Among 21 312 eligible patients, 17 308
(81.2%) had preserved LVEF (>40%), whereas 3873 (18.2%) had
reduced LVEF (≤40%). Propensity-score matching resulted in
a total of 12 942 patients with preserved LVEF and 2954 pa-
tients with reduced LVEF. In each subgroup, the characteris-
tics of the patients in the matched sets were well balanced and
the standardized mean differences were all below 0.1 (eFig-
ure 2, eFigure 3, and eTable 3 in the Supplement).

Table 1. Baseline Characteristics Before and After Propensity Score Matching (continued)

Characteristics

Before Propensity Score Matching

SMD

After Propensity Score Matchinga

SMD

RAS Inhibitor
Prescription
(n = 8468)

No Prescription
(n = 12 844)

RAS Inhibitor
Prescription
(n = 7948)

No Prescription
(n = 7948)

Preprocedure echocardiogram

LVEF, mean (SD), % 51.1 (12.1) 52.6 (10.8) −0.1306 51.9 (11.5) 52.0 (11.5) −0.002

LVEF ≤40%, No. (%) 1795 (21.2) 2078 (16.2) 0.1281 1477 (18.6) 1477 (18.6) <0.001

LV systolic diameter, mean (SD), cm 3.3 (1.0) 3.2 (0.9) 0.1079 3.3 (0.9) 3.3 (0.9) 0.005

LV diastolic diameter, mean (SD), cm 4.7 (0.9) 4.6 (0.9) 0.1157 4.6 (0.9) 4.6 (0.8) 0.006

Postprocedure echocardiogram, No./total No. (%)

Moderate or severe aortic regurgitation 313/7168 (4.4) 529/11 014 (4.8) −0.0252 292/6744 (4.3) 289/6801 (4.2) <0.001

Moderate or severe mitral regurgitation 1145/7168 (16.0) 2065/11 014 (18.7) −0.0767 1096/6744 (16.3) 1063/6801 (15.6) 0.005

β-Blocker at hospital discharge, No. (%) 5908 (69.8) 8725 (67.9) 0.0399 5475 (68.9) 5502 (69.2) −0.007

Complication during hospitalization, No. (%)

Myocardial infarction 18 (0.2) 25 (0.2) 0.0041 17 (0.2) 11 (0.1) 0.02

Stroke 130 (1.5) 230 (1.8) −0.0199 124 (1.6) 135 (1.7) −0.01

Vasculare 314 (3.7) 533 (4.2) −0.0228 304 (3.8) 309 (3.9) −0.003

New requirement for dialysis 6 (0.1) 96 (0.7) −0.1056 6 (0.1) 3 (0) 0.02

Abbreviations: CABG, coronary artery bypass graft; ICD, implantable
cardioverter-defibrillator; LV, left ventricular; LVEF, left ventricular ejection
fraction; NYHA, New York Heart Association; RAS, renin-angiotensin system;
SMD, standardized mean difference.
a To account for differences between those discharged from the hospital with

a prescription for a RAS inhibitor vs those discharged from the hospital
with no prescription, 1:1 propensity score matching was performed. A logistic
regression model was used to estimate the propensity for prescription of
a RAS inhibitor. Covariates in the model included baseline characteristics and
demographics, coronary anatomical information, echocardiographic findings
before and after transcatheter aortic valve replacement, medications at

hospital discharge, and in-hospital adverse events. The entire list of covariates
appears in eAppendix 2 in the Supplement.

b Calculated as weight in kilograms divided by height in meters squared.
c Estimates the potential risk for operative mortality (range, 0%-100%);

a higher score indicates an increased risk.
d Categorizes patients based on how much they are limited during

physical activity.
e Defined according to the Valve Academic Research Consortium-2 consensus

document. The detailed definition appears in eAppendix 4 in
the Supplement.
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Among patients with preserved LVEF, having a prescrip-
tion for a RAS inhibitor was associated with lower 1-year mor-
tality compared with no prescription (11.1% vs 13.9%, respec-
tively; ARD, −2.81% [95% CI, −3.95% to −1.67%]; HR, 0.78 [95%
CI, 0.71 to 0.86]); however, such an association was not ob-
served in patients with reduced LVEF (18.8% vs 19.5%; ARD,
−0.68% [95% CI, −3.52% to 2.20%]; HR, 0.95 [95% CI, 0.81 to
1.12]) (Figure 3).

Prescription of a RAS Inhibitor and Quality of Life
Among 15 896 patients in the main cohort, after excluding pa-
tients from 196 sites with KCCQ completion rates of less than
50%, the KCCQ cohort included 4837 patients (30.4%) who
completed the KCCQ at baseline and at 1 year (Table 2 and eFig-
ure 4 and eTable 4 in the Supplement). Of these 4837 pa-
tients, 2416 (49.9%) were prescribed a RAS inhibitor at hospi-
tal discharge, whereas 2421 (50.1%) had no prescription. Both

treatment groups experienced substantial improvement in
health status at 1 year.

Although the extent of improvement was statistically
greater among patients with a prescription for a RAS inhibi-
tor than among patients with no prescription (median
adjusted change in KCCQ score, 33.3 [interquartile range,
14.2 to 51.0] vs 31.3 [interquartile range, 13.5 to 51.1]; differ-
ence in improvement, 2.10 [95% CI, 0.10 to 4.06]; P < .001),
the effect size was less than the minimal clinically impor-
tant difference of 5 points. The rates for a large (>20 points)
improvement in the KCCQ-OS score were not significantly
different between patients with a prescription for a RAS
inhibitor at hospital discharge vs those with no prescription
(61.1% vs 58.3%, respectively; P = .05) as well as the rates for
reaching a favorable outcome (78.8% vs 76.9%; ARD, 0.3%
[95% CI, −0.3% to 0.9%]; adjusted odds ratio, 1.09 [95% CI,
0.94 to 1.27]).

Figure 2. Kaplan-Meier Curves and Landmark Analysis for Mortality and Cumulative Incidence Curves for Heart Failure Readmission
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The median observation time in panel A was 4.7 months (95% CI, 4.2-5.1
months) for no prescription and 5.0 months (95% CI, 4.5-5.5 months) for
prescription of an renin-angiotensin system (RAS) inhibitor; panel B, 2.4 months
(95% CI, 2.0-6.8 months) vs 2.6 months (95% CI, 2.1-8.0 months), respectively;
panel C, 5.3 months (95% CI, 4.9-5.7 months) vs 5.6 months (95% CI, 5.2-6.1

months); and panel D, 4.8 months (95% CI, 4.2-5.7 months) vs 4.6 months
(95% CI, 4.0-6.7 months). The landmark analyses were conducted post hoc.
Only patients without events at 1 month were considered in the analysis after
the landmark time point (panels C and D). ARD indicates absolute risk
difference; HR, hazard ratio.
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Post Hoc Analyses
There was no between-group difference in the risk of a sub-
sequent myocardial infarction (2.0% in the group with a pre-
scription for a RAS inhibitor vs 1.7% in the no prescription
group; ARD, 0.39% [95% CI, −0.04% to 0.81%]; HR, 1.23 [95%
CI, 0.98 to 1.56]; P = .08). Landmark analysis revealed that the
difference in mortality occurred mainly after 30 days (Figure 2C
and 2D). In an analysis examining the association by type of
RAS inhibitor (ACE inhibitor vs ARB) and outcomes, any type
of prescription for a RAS inhibitor at hospital discharge was con-

sistently associated with reduction in mortality and heart fail-
ure readmission at 1 year after hospital discharge (eTable 5 in
the Supplement).

Discussion
In this registry-based retrospective cohort study of patients
who underwent TAVR, receipt of a prescription for a RAS in-
hibitor at hospital discharge compared with no prescription was

Table 2. Association of Renin-Angiotensin System (RAS) Inhibitor Therapy and Quality-of-Life Scale
in Data Set Resulting From the Propensity Analysisa

Kansas City Cardiomyopathy Questionnaire
Overall Score (KCCQ-OS)b

RAS Inhibitor
Prescription
(n = 2416)

No Prescription
(n = 2421)

Between-Group
Differencec P Value

Median score at baseline (interquartile range) 42.7 (26.0 to 61.5) 43.1 (25.5 to 61.5)

Median score at 1 y (interquartile range) 83.3 (66.2 to 94.4) 82.3 (64.1 to 93.8)

Change in score 33.3 (14.2 to 51.0)d 31.3 (13.5 to 51.1)d 2.10 (0.10 to 4.06)e <.001f

Change in score >20 points, No. (%) 1649 (68.3) 1591 (65.7) 2.54 (−0.11 to 5.19)g .06

Change in score between >20 and ≥60 points at 1 y, No. (%) 1475 (61.1) 1412 (58.3) 2.73 (−0.04 to 5.49)g .05

Favorable outcome, No. (%)h 1904 (78.8) 1862 (76.9) 1.90 (−0.44 to 4.24)g .11
a To reduce the effect of selection bias in the KCCQ cohort, the inverse

probability weighting framework was used to increase the weight of available
patients who were most like those with missing follow-up data. This process
involved constructing a multivariable logistic regression model to determine
the probability of having missing KCCQ follow-up data. In addition to
treatment group, the model included the same variables listed in eAppendix 2
in the Supplement.

b A patient-reported, disease-specific health status instrument (range, 0-100);
a higher score indicates less symptom burden and better quality of life.
A change in score of 5 points corresponds to small clinical improvements;
10 points, moderate; and 20 points, large.

c Expressed as percentages unless otherwise indicated.
d Expressed as a median (interquartile range). Formula: (score with RAS

inhibitor therapy at 1 year minus score at baseline) minus (score with no
prescription at 1 year minus score at baseline).

e Expressed as difference in improvement (95% CI). Formula: (RAS inhibitor
therapy group) minus (no prescription group).

f An analysis of covariance was performed. Change in KCCQ-OS from baseline
adjusted for RAS inhibitor therapy in the presence of baseline KCCQ-OS.

g Expressed as a risk difference (95% CI). Formula: (RAS inhibitor therapy
group) minus (no prescription group).

h Defined as survival with a reasonable quality of life (KCCQ-OS score �60)
without any meaningful worsening (decrease of �10 points in the KCCQ-OS
score from baseline to 1 year).

Figure 3. Kaplan-Meier Curves for Mortality by Left Ventricular Ejection Fraction Status
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The median observation time in panel A was 4.8 months (95% CI, 4.4-5.3
months) for no prescription and 5.1 months (95% CI, 4.6-5.9 months)
for prescription of an renin-angiotensin system (RAS) inhibitor;
and panel B, 3.9 months (95% CI, 2.6-5.0 months) vs 4.5 months

(95% CI, 3.6-5.3 months), respectively. There was a significant interaction
between the prescription of a RAS inhibitor and left ventricular ejection fraction
(P = .04 for interaction). ARD indicates absolute risk difference;
HR, hazard ratio.
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significantly associated with a lower risk for mortality and for
hospital readmission at 1 year. The improvement in disease-
specific health status (as assessed by the KCCQ but based on
data from only 30.4% of the study cohort) was not different
in a clinically meaningful way among patients with a prescrip-
tion for a RAS inhibitor at hospital discharge vs among pa-
tients with no prescription.

Although prior studies have demonstrated that receiving
a prescription for a RAS inhibitor is associated with improved
survival among patients with varying degrees of aortic steno-
sis and among those undergoing SAVR,6,7 there have been lim-
ited data to date regarding the potential benefit of RAS inhibi-
tor therapy on clinical outcomes in patients undergoing TAVR.
In a study of 1215 patients, Ochiai et al23 reported a lower 2-year
mortality rate among patients treated with a RAS inhibitor af-
ter TAVR compared with those not treated with a RAS inhibi-
tor (7.5% vs 12.5%, respectively); however, the difference was
not statistically significant after propensity matching.

Unlike previous research, the current study included a large
contemporary cohort of patients who underwent TAVR at 417
US hospitals. The landmark analyses revealed that Kaplan-
Meier curves for mortality started to separate 30 days or lon-
ger after hospital discharge, suggesting the differences in mor-
tality were not biased by complications during hospitalization,
but potentially may have been related to the early effect of
treatment with a RAS inhibitor. However, these results were
based on post hoc testing, and therefore are only hypothesis
generating and need to be cautiously interpreted. This phe-
nomenon also was shown in previous studies evaluating the
association of RAS inhibitor therapy and mortality in patients
with heart failure or who underwent SAVR. In these studies,
divergence of cumulative event curves occurred within the first
year, and there was preservation of benefit from RAS inhibi-
tor therapy afterward.4,7,24,25 To our knowledge, the present
study has, for the first time, demonstrated the association of
prescription of a RAS inhibitor at hospital discharge with lower
mortality after TAVR and also has demonstrated an associa-
tion with a lower rate of heart failure readmission.

Several potential mechanisms may explain the higher sur-
vival rate and the lower heart failure readmission rate associ-
ated with RAS inhibitor therapy among patients who under-
went TAVR. First, prescription of a RAS inhibitor may facilitate
the regression of left ventricular hypertrophy and myocar-
dial interstitial fibrosis, which may lead to lower mortality. Re-
flecting chronic pressure overload, left ventricular hypertro-
phy and myocardial interstitial fibrosis are commonly observed
in patients with severe aortic stenosis.26 Both of these changes
are not completely reversible and remain after patients un-
dergo SAVR or TAVR, and are associated with increased risk
of mortality and heart failure readmission.27-30 A RAS inhibi-
tor prescription was suspected to have a positive effect on myo-
cardial remodeling through reversal of left ventricular hyper-
trophy and reduction of myocardial fibrosis.

Second, reduction in sympathetic activity via RAS inhibi-
tor therapy may be related to the improvement in clinical out-
comes. Among patients with heart failure, the association of
increased sympathetic nerve activity and progression of heart
failure is well recognized,31,32 and a potential mechanism of

RAS inhibitor therapy in modulating heart failure includes re-
duction in sympathetic activity.33 Given the high prevalence
of heart failure, this potential mechanism could also be ap-
plied to patients undergoing TAVR. In addition, patients with
aortic stenosis who have coexistent coronary artery disease and
myocardial ischemia may benefit from the cardioprotective ef-
fects of RAS inhibitor therapy similar to the antiarrhythmic ef-
fects associated with higher potassium levels.34

Among patients who underwent SAVR, the use of RAS in-
hibitor therapy has been associated with higher survival rates
independent of LVEF at baseline.7 The present study further
investigated the difference in the magnitude of association be-
tween RAS inhibitor therapy and mortality after TAVR accord-
ing to LVEF status. Among patients who underwent TAVR, pre-
scription of a RAS inhibitor compared with no prescription was
associated with lower mortality in patients with preserved
LVEF, but not in those with reduced LVEF. This finding con-
trasts with current guidelines recommending the use of RAS
inhibitor therapy only for patients with reduced LVEF in the
setting of heart failure.35,36

These inconsistent results may raise a signal of unmea-
sured confounding; however, the contradictory findings may
be explained by the different magnitude of effect on regres-
sion of left ventricular hypertrophy with use of RAS inhibitor
therapy according to LVEF status. Several factors, such as smaller
left ventricular systolic diameter at baseline and lower degrees
of postprocedure aortic regurgitation, or mitral regurgitation,
or both, are known to be associated with greater regression of
left ventricular mass after aortic valve replacement.23,29 In the
present study, patients with preserved LVEF were more likely
to have these features than those with reduced LVEF (eTable 3
in the Supplement), which might result in greater reverse re-
modeling of left ventricular mass with RAS inhibitor therapy and
subsequently lower mortality.

Limitations
This study has several limitations. First, despite the inclusion
of a large number of variables and rigorous statistical meth-
ods to adjust for potential confounders, residual confound-
ing, unmeasured confounding, or both, may exist. Even though
the 95% CIs of the falsification end-point analyses indicated
no significant between-group differences, the point esti-
mates of these analyses suggested that perhaps those who were
prescribed a RAS inhibitor at hospital discharge had less over-
all illness severity at baseline than those who were not pre-
scribed a RAS inhibitor. These point estimates may reflect pos-
sible residual confounding, unmeasured confounding, or both;
therefore, randomized studies are required to corroborate the
present findings.

Second, information on the use of RAS inhibitor therapy
prior to the TAVR procedure and on adherence to RAS inhibi-
tor therapy during follow-up was unknown; however, patient-
reported adherence with long-term use of RAS inhibitor therapy
was available (eAppendix 3 in the Supplement). Treatment al-
location was determined by the presence or absence of RAS
inhibitor therapy at hospital discharge, but initiation or dis-
continuation during the follow-up period was not assessed be-
cause these data were not well captured in the TVT Registry.
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However, there are data suggesting that the likelihood of car-
diovascular medications being initiated after hospital dis-
charge is significantly lower than prior to hospital discharge.37,38

In addition, considering only hospital discharge medication
prescriptions without information on medication adherence
would tend to bias the results toward the null.

Third, only a few echocardiographic parameters were avail-
able and serial trends of clinically important imaging vari-
ables (eg, left ventricular mass, LVEF, left atrial volume, and
myocardial fibrosis) could not be assessed. Therefore, the po-
tential mechanisms for the effects of RAS inhibitor therapy
are speculative.

Fourth, follow-up blood pressures were not available in the
TVT Registry, which leaves the possibility that the outcomes
associated with RAS inhibitor therapy could be mediated by
better blood pressure control. However, previous studies have
demonstrated that RAS inhibitor therapy contributes to re-
gression of left ventricular hypertrophy and regression of myo-
cardial fibrosis independent of its antihypertensive effects, a
finding which is also consistent with the results from experi-
mental animal models.39,40

Fifth, despite the large sample size in the subgroup analy-
sis by LVEF, statistical power might be insufficient for pa-
tients with reduced LVEF, which might result in a statistically
nonsignificant difference in mortality.

Sixth, the analysis was conducted among patients with
linkage to Medicare claims data to facilitate 1-year outcomes
assessment; as a result, the findings may not be generalizable
to all patients undergoing TAVR.

Seventh, unmatched patients (n = 5416) were more likely
to be of prohibitive risk (Society of Thoracic Surgeons Pre-
dicted Risk of Mortality score ≥15) or receiving dialysis and have
an eGFR of less than 30 compared with the matched patients
(eTable 6 in the Supplement). As a result, the findings of this
study may be less generalizable to this group.

Eighth, only a limited number of patients were included in
the health status analysis due to missing data at baseline or miss-
ing1-yearKCCQdata(55.1%ofthestudycohorthadmissingdata).
This may have resulted in selection bias (eTable 4 in the Supple-
ment) and the findings must be interpreted with caution.

Conclusions
Among patients who underwent TAVR, receiving a prescrip-
tion for a RAS inhibitor at hospital discharge compared with
no prescription was significantly associated with a lower risk
of mortality and heart failure readmission. However, due to
potential selection bias, this finding requires further investi-
gation in randomized trials.
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