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Abstract

Background: Among clinical trial patients at high surgical risk, a model has been developed and 

externally validated to estimate patient risk for poor outcomes after transcatheter aortic valve 

replacement (TAVR). How this model performs in lower risk and unselected patients is not known. 

We sought to examine and optimize the performance of the TAVR Poor Outcome Risk Model 

among patients in the US Society of Thoracic Surgeons/American College of Cardiology 

Transcatheter Valve Therapy (TVT) Registry.

Methods and Results: Among 13,351 patients who underwent TAVR at 252 US sites between 

November 9, 2011-June 30, 2015, the rate of poor outcome at 1 year after TAVR was 38.9%, 

which was due to death in 20.7% and poor quality of life or quality of life decline in 18.2%. The 

rate of poor outcome has decreased slightly over time, from 42.0% in 2012 to 37.8% in 2015 (p 

for trend=0.076). The original TAVR Poor Outcome risk model did not calibrate well on this 

population. We then re-estimated the intercept and coefficients in the model and retested model 

performance, after which it performed well (both overall and in sub-groups), with a c-index 0.65 

and excellent calibration.

Conclusions: In a large cohort of unselected patients in the US, we found that while a 

substantial minority of patients continue to have a poor outcome after TAVR, outcomes have 

slowly improved over time. After recalibration, the TAVR Poor Outcome Risk Model performed 

well. This model could potentially be used prior to TAVR to help patients have appropriate 

expectations of recovery.
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Transcatheter aortic valve replacement (TAVR) substantially improves survival and quality 

of life in the majority of patients with severe aortic stenosis.1, 2 Nonetheless, a substantial 

minority of patients continue to have poor quality of life or die soon after undergoing TAVR. 

If these patients could be identified prior to the procedure, this would allow for appropriate 

counseling as to choice of treatment (including the possibility of no treatment) and for 

realistic expectations for recovery. We previously developed3 and externally validated4 a 

model to estimate the risk of a poor outcome (using a composite of death or poor quality of 

life5) at 1 year among high-risk and inoperable patients who underwent TAVR as part of the 

PARTNER and CoreValve U.S. Pivotal trials. While the model performed well in 

development and in the external trial dataset with different patient populations and a 

different device, it is important to assess model performance (and recalibrate it, as needed) 

as the patient population changes (e.g., patients at lower surgical risk and those ineligible for 

the trials), as the technology changes (e.g., newer devices and delivery systems), as 

periprocedural care changes (e.g., less intensive care and general anesthesia), and as the sites 

and operators change (e.g., outside of careful oversight of the clinical trials). Models such as 

these have been planned for inclusion in a set of tools for patients to understand the benefits 

and risks of the procedure and set appropriate expectations for recovery. In addition, this 

model could be used to risk adjustment quality of life outcomes for site reporting and quality 

improvement. However, prior to implementation in such broad applications, we sought to 

ensure the model’s clinical applicability by examining its performance in a real-world cohort 

of patients enrolled in the Society of Thoracic Surgeons (STS)/American College of 

Cardiology (ACC) Transcatheter Valve Therapy (TVT) Registry.6 Furthermore, we 

determined how much the predicted risk of poor outcome varies across hospitals in the TVT 

registry. If substantial variability is observed, this could illustrate the potential role for such 

models by allowing providers to better identify high risk patients and provide appropriate 

pre-operative counseling.

METHODS

Study Sample and Protocol.

The data will not be made available to other researchers for purposes of reproducing the 

results or replicating the procedure; however, the analytic methods are described below 

along with the coefficients for the model. The TVT Registry is a quality improvement 

registry that was launched in 2011 as a joint initiative of the STS and ACC.6, 7 In order for 

hospitals to be reimbursed for the procedure, Medicare mandates participation in TVT, and 

so the registry includes data on nearly all commercial TAVR procedures performed in the 

US. Sites collect baseline and follow-up data on patient demographics, comorbidities, 

hemodynamics, functional status, and patient-reported health status. Rehospitalizations and 

survival are assessed through linkage to Medicare administrative claims using direct patient 

identifiers by the Centers for Medicare & Medicaid Services.8 Registry activities have been 

Arnold et al. Page 2

Circ Cardiovasc Qual Outcomes. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



approved by a central institutional review board, and the Duke University School of 

Medicine institutional review board granted a waiver of informed consent for this study.

Outcomes Definition.

The primary outcome for our study was poor outcome at 1 year after TAVR, which was a 

composite outcome of death, poor quality of life, or decline in quality of life.5, 9 This 

combined definition integrates the two potential benefits of TAVR—reduced mortality and 

improved quality of life—but also recognizes that patients who have good quality of life at 

baseline may not improve symptomatically after TAVR but could still derive a survival 

benefit, which would be a clinically meaningful benefit of the procedure. In the TVT 

registry, quality of life is assessed at baseline, 30 days, and 1 year after TAVR by means of 

the overall summary score of the 12-item Kansas City Cardiomyopathy Questionnaire 

(KCCQ-OS),10, 11 a reliable and valid measure of symptoms, functional status, and quality 

of life in patients with severe, symptomatic aortic stenosis.12 Values for the KCCQ-OS range 

from 0 to 100, with higher scores indicating fewer symptoms and better quality of life. As 

previously described, a poor outcome after TAVR was defined as any of the following at 1 

year after TAVR: 1) death; 2) poor quality of life (KCCQ-OS score <60; roughly equivalent 

to NYHA III-IV12, 13); or 3) moderate worsening in quality of life (decrease of ≥10 points in 

the KCCQ-OS score from baseline 13).

TAVR Poor Outcome Risk Models.

The TAVR Poor Outcome Risk Models were constructed using data from patients who were 

considered inoperable or at high surgical risk and who underwent TAVR in the PARTNER A 

and B trials and their associated continued access registries3 and were subsequently 

validated in the CoreValve U.S. Pivotal High Risk and Extreme Risk trials and their 

associated continued access registries.4 Four models were developed and validated: full 

models that included 6-minute walk test and mini-mental status exam data and clinical 

models that replaced the walk test with the KCCQ-12, categorized dementia, and reduced 

the number of variables further; both using 6-month and 1-year endpoints. The 4 models 

demonstrated moderate discrimination (c-indices 0.64–0.67) and good calibration in both the 

derivation, internal validation, and external validation cohorts, which is a key factor when 

determining the clinical usefulness of a model when perfect discrimination is not achievable.
14 This indicates that while we cannot state with certainty which patient will or will not have 

a poor outcome, our ability to inform patients about their probability of a poor outcome is 

quite good. Given the time frame of KCCQ collection, only the 1-year clinical model was 

examined in the TVT registry. Furthermore, since dementia is not collected as a part of the 

TVT registry, the 1-year clinical model was recalibrated in the CoreValve trials without this 

variable.

Missing Data.

Missing data are an important consideration in any QOL analysis in clinical registries.7, 15 

Before exclusions, the rate of missing KCCQ data among surviving patients was 42.8% at 1-

year. Similar to prior TVT-based studies using quality of life data,16 we excluded 125 sites 

with <50% completion rates for the KCCQ, as sites with infrequent KCCQ completion may 

have more data missing due to patient factors (i.e., not missing at random). Among the 
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remaining 245 sites, the rate of missing 1-year KCCQ data among survivors was 26.6%. 

Demographic and clinical characteristics of patients who survived 1 year but were missing 

follow-up KCCQ data were compared with those with data using 2-sided Wilcoxon Rank 

Sum Test for median values and standardized differences (>10% difference is considered 

clinically relevant) for categorical variables. To account for these missing data, we then used 

inverse probability weighting framework to increase the weight of patients who were most 

like those with missing follow-up data.17 This was done by constructing a multivariable 

logistic regression model among patients who survived 1 year to determine the probability of 

having missing follow-up KCCQ data. The model included all pre-specified patient-level 

factors as well as major in-hospital complications. We then weighted each of the surviving 

patients in the analytic cohort by the inverse probability of having follow-up KCCQ data to 

better reflect the overall TAVR population (patients who died within 1 year received a 

weight of 1). The rate of poor outcome for the overall sample and descriptive comparisons 

between those with and without a poor outcome were performed using the weighted sample. 

Rates were compared across years (2012–2015) using Cochran-Armitage trend test.

Model Validation and Recalibration.

As follow-up data were available through June 30, 2016, we limited the primary analyses to 

patients who underwent TAVR prior to June 30, 2015 to allow for the possibility of 1 year of 

follow-up data for all patients. To examine the performance of the TAVR Poor Outcomes 

Risk Model, we used the intercept and coefficients from the prior logistic regression 

prediction model to calculate the predicted risks of a poor 1-year outcome among patients in 

the TVT registry. Discrimination was examined with the c-index, and calibration was 

evaluated by plotting observed versus predicted risks by decile of predicted risk, with the 

regression line compared against the line of equality (intercept=0 and slope=1). 

Discrimination and calibration were also examined in several clinically-relevant sub-groups 

of patients: age <85 and ≥85 years; male and female sex; left ventricular ejection fraction 

(LVEF) <35% and ≥35%; New York Heart Association (NYHA) class I-III and IV; elective 

and urgent/shock/emergent acuity; STS mortality risk <4%, 4 to 8%, and ≥8%; and 

procedures done after January 1, 2014. Since the model calibration was not ideal, we then 

re-estimated the model parameters (using the same covariates) and re-examined model 

performance. This was done both on the weighted sample and the unweighted sample. As 

the parameter estimates were similar and the models had similar discrimination and 

calibration, the unweighted model was retained as primary. This model was internally 

validated using 10-fold cross-validation, with discrimination and calibration assessed on the 

overall cohort and in the aforementioned subgroups.

Variation in Predicted Probabilities.

We examined site level variability in predicted risks of poor outcome by examining the mean 

predicted risk of poor outcome (with 95% confidence intervals) among patients treated 

across sites in the TVT Registry. We limited this analysis to patients treated between July 1, 

2014 and June 30, 2016 (the most recent complete 2 years of data), to account for changes in 

patient risk over time (lower risk patients treated now) and the addition of newer sites. To 

take into account small sample sizes at some sites, the site rates and confidence intervals 

were calculated from a Bayesian hierarchical model. We compared each site’s distribution of 
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risk against the population mean risk of poor outcome to determine whether particular sites 

treated a significantly higher proportion of lower or higher risk patients. In addition, for sites 

that treated at least 5 patients with TAVR, we plotted each site’s mean predicted risk versus 

standard deviation. We hypothesized that sites that have a higher mean predicted risk would 

also have larger standard deviation (since they treat a broader distribution of patients). All 

analyses were performed with SAS version 9.4 (SAS Institute, Cary, North Carolina), and 

statistical significance was defined as a 2-sided p-value of <0.05.

RESULTS

Patient Population.

Among 26,057 patients at 377 sites who underwent TAVR between November 9, 2011 and 

June 30, 2015 and were able to be linked to Medicare administrative claims, we excluded 

5,665 patients who were missing baseline KCCQ data and 7,041 patients at 125 sites where 

follow-up KCCQ completion rates were <50%. There were 2,707 patients who died within 1 

year of TAVR, and of the remaining 10,644 patients who survived, follow-up KCCQ data 

were available for 7,863 (73.9%; Supplemental Figure 1). There were few differences 

between those who were alive but missing KCCQ data compared with those with KCCQ 

data (Supplemental Table 1). After applying propensity weighting to account for missing 

follow-up data, the rate of poor outcome at 1 year after TAVR was 38.9%, which was due to 

death in 20.7% and poor quality of life or quality of life decline in 18.2% (Figure 1). The 

rate of poor outcome has slightly decreased over time, from 42.0% in 2012 to 37.8% in 2015 

(p for trend=0.076), which has been mostly driven by decreases in mortality over time.

Demographic and clinical characteristics of patients who had a poor versus an acceptable 

outcome after TAVR are shown in Table 1. Patients who had a poor outcome were more 

likely to have had a prior stroke, peripheral artery disease, lung disease, renal dysfunction, 

atrial fibrillation, left ventricular dysfunction, and concomitant mitral valve disease. Patients 

with a poor outcome were more likely to have higher STS mortality risk scores and worse 

quality of life prior to TAVR. Patients with a poor outcome were higher acuity at the time of 

TAVR, were more likely to be treated via non-femoral access, were more likely to have 

periprocedural complications, and were less likely to be discharged to home (Table 2).

Model Validation and Recalibration.

When we examined the performance of the original TAVR Poor Outcome Risk Model 

among patients in the TVT registry, discrimination was moderate, with a c-index of 0.639, 

but calibration was suboptimal with over-estimation of risk (mean predicted risk of poor 

outcome of 49% versus actual rate of 39%), which was most notable among patients at 

higher predicted risks (Figure 2A). As such, we re-estimated the coefficients and intercept 

using the same covariates as in the original model (Table 3). There were small differences in 

the coefficients after re-estimation, indicating similar effects of the predictors on the risk of 

poor outcome. Lower mean aortic gradient was not as strongly associated with higher risk of 

poor outcome while diabetes was more strongly associated with higher risk of poor outcome 

(see Supplemental Table 2 for examples of how to calculate predicted risk using the new 

model). The discrimination of the re-estimated model remained moderate (c-index 0.648) 
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with excellent calibration—both with and without inverse propensity weighting 

(Supplemental Figures 2A and B) and with 10-fold cross validation (Figure 2B). The model 

was able to separate patients into a wide range of risk categories, ranging from 23% in the 

lowest decile of predicted risk to 66% in the highest decile. Discrimination and calibration 

were similar for multiple key subgroups as well (Supplemental Figures 3–9).

Variation in Predicted Probabilities.

Among 13,112 patients who underwent TAVR at 370 sites between July 1, 2014 and June 

30, 2016, the mean site-level probability of predicted risk of poor outcome was 40.5% with a 

range of 23.6%−56.3% (Figure 3A). There were 42 sites (11.4%) with confidence intervals 

that did not include the population mean risk (20 above the mean and 22 below the mean), 

indicating some site level variability in the predicted risks of poor outcome of patients being 

treated with TAVR across sites. When we plotted the mean predicted probability of each site 

against its standard deviation, there was little association between the two (Figure 3B; 

R2=0.07, slope=0.14), indicating that sites that treated more patients with higher predicted 

risk of poor outcome did not necessarily treat a broader distribution of patient risk.

DISCUSSION

In a large cohort of unselected US patients undergoing TAVR between 2011 and 2015, we 

found that the majority of patients have acceptable outcomes 1 year after TAVR. 

Nonetheless, 39% of patients either died or had a poor quality of life outcome at 1 year after 

TAVR. As expected, the rate of poor outcome after TAVR has been decreasing over time—

most likely due to a combination of 1) treating patients who are younger, have fewer 

comorbidities, and have better functional status and 2) improvements in device technology, 

procedural skill, and periprocedural care. Owing to these changes, the original TAVR Poor 

Outcomes Risk Model required recalibration to be able to accurately assess patient risk. 

Once recalibrated, the model performed well overall and in key patient subgroups, indicating 

stability among the factors that previously were identified as being associated with poor 

outcomes. This model should be able to add to a suite of tools for patients prior to TAVR, to 

help patients better prepare for the procedure and the recovery after. As with most models, 

the TAVR Poor Outcome Risk Model should continue to be updated as there are evolutions 

in patient population, technology, or other key care pathways that may influence outcomes.

Site Variability.

We also found moderate variability in the predicted probability of a poor outcome among 

patients treated across sites, with some sites treating a higher proportion of patients at high 

risk for poor outcomes while other sites preferentially treating patients at low risk. We had 

hypothesized that sites that treated patients at high risk for poor outcomes would also treat 

patients with a wider distribution of risk; however, we did not observe a strong association 

between these two measures. As the risk of poor outcome estimated by this model is only 

one piece of data that should be considered, sites would be expected to appropriately treat 

some patients who would be predicted to be high risk for poor outcomes after TAVR. 

However, this model may provide additional information to clinicians as they determine 
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whether or not TAVR is appropriate for particular patients, thereby reducing some of this site 

level variability.

Implications for Quality Reporting.

Although this model was designed to improve patient and physician decision making at the 

time of the initial heart team assessment, it can also be used to improve reporting of 

outcomes to sites. The TVT registry was developed to monitor processes and outcomes of 

TAVR for both local and national quality improvement. As one part of this mission, TVT 

provides benchmarked outcome reports to hospitals on an array of performance criteria so 

providers can identify areas for improvement, track their progress over time, and apply 

patient-based research to their practice. To date, these outcome reports have not included 

quality of life outcomes due to concerns of survival bias (complicating interpretation) and 

lack of risk adjustment (to allow for fair comparisons of outcomes). The approach described 

in this study could be ideal for this application—providing a longer-term quality of life 

metric that is both interpretable and risk-adjusted.

Limitations.

Our study should be interpreted in light of several potential limitations. First, although 

health status data are critical to understanding of benefit of TAVR, collection of these data in 

real-world registries without specific reimbursement has been challenging.18 We limited our 

analyses to sites with higher rates of complete data and used inverse propensity weighting to 

account for patient characteristics that differed between those with and without data. This 

latter step was essential for accurately calculating the rate of poor outcome, given the 

differential missing rates for survival and quality of life. Since there were few differences 

between those with and without follow-up KCCQ data, our model calibrated well both with 

and without weighting. Second, while the models were well calibrated with observed 

outcomes, discrimination remains only moderate. As such, while the model cannot be used 

to determine futility of valve replacement, it can reliably inform patients about their 

probability of a poor outcome, which could be quite valuable to improve decisional quality, 

reduce anxiety associated with the treatment decision, and provide patients and their families 

with realistic expectations of recovery. In addition, as described above, our model is ideal for 

quality reporting of risk adjustment outcomes to sites. Third, TAVR is an evolving 

technology, and improvements in techniques, devices, and periprocedural care (e.g., greater 

frequency femoral access) will continue to improve outcomes over time. We have previously 

shown similar model performance in patients treated with femoral and non-femoral access, 

with higher risk in patients requiring non-femoral access (although much of this risk was 

captured in the factors of the model).3 In our study, the model did not calibrate as well in 

patients with lower STS mortality risk scores, which likely reflects some unmeasured factors 

in these patients that impacts outcomes after TAVR (as these patients are not currently 

eligible for TAVR commercially unless some extenuating factor). We expect that this model 

will need to be updated over time as the procedure, the care associated with it, and the 

patient population continue to evolve. However, until such time, this model should be used 

with caution in patients with low STS risk scores as well as other patients who are not 

currently being treated commercially with TAVR (e.g., moderate aortic stenosis, 

asymptomatic). Finally, we have previously shown that some patient factors related to frailty 
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and disability (unintentional weight loss, inability to perform activities of daily living) 

modestly improved the estimation of risk for poor outcome after TAVR4; however, these 

factors were not collected in TVT. As such, clinicians should recognize that risk is increased 

beyond the model-predicted estimation when these factors are present in patients.

Conclusion.

We found that while a substantial minority of patients continue to have a poor outcome after 

TAVR, outcomes have been improving over time—likely due to changing patient selection, 

improved device technology and operator experience, and advances in periprocedural care. 

We therefore recalibrated the model that estimates the risk of poor outcome for patients, 

which performed well thereafter. As with any emerging technology, this process of 

recalibration will need to be repeated as there continues to be evolutions in patient 

population, technology, and care pathways. This model can be used for individual patient 

counseling at the time of TAVR decision making—to help patients understand their risk and 

to set appropriate expectations for recovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Sources of Funding: The research reported in this article was funded through a Patient-Centered Outcomes 
Research Institute award (CER-1306–04350). The statements presented in this article are solely the responsibility of 
the authors and do not necessarily represent the views of the Patient-Centered Outcomes Research Institute, its 
Board of Governors, or Methodology Committee. The STS/ACC TVT Registry™ is an initiative of the Society of 
Thoracic Surgeons and the American College of Cardiology. This research was supported by the American College 
of Cardiology’s National Cardiovascular Data Registry (NCDR). The views expressed in this manuscript represent 
those of the authors, and do not necessarily represent the official views of the NCDR or its associated professional 
societies identified at CVQuality.ACC.org/NCDR. The study sponsors were not involved in the design and conduct 
of the study; analysis and interpretation of the data; preparation of the manuscript; or decision to submit the 
manuscript for publication. Dr. Arnold is supported by a Career Development Grant Award (K23 HL116799) from 
the National Heart, Lung, and Blood Institute.

AUTHOR DISCLOSURES: Dr. Cohen has received research grant support from Edwards Lifesciences, 
Medtronic, Boston Scientific, Abbott Vascular and consulting fees from Medtronic and Edwards Lifesciences. Dr. 
Baron has received consulting income from Edwards Lifesciences and St. Jude Inc.

REFERENCES

1. Leon MB, Smith CR, Mack M, Miller DC, Moses JW, Svensson LG, Tuzcu EM, Webb JG, Fontana 
GP, Makkar RR, Brown DL, Block PC, Guyton RA, Pichard AD, Bavaria JE, Herrmann HC, 
Douglas PS, Petersen JL, Akin JJ, Anderson WN, Wang D and Pocock S. Transcatheter aortic-valve 
implantation for aortic stenosis in patients who cannot undergo surgery. N Engl J Med 
2010;363:1597–607. [PubMed: 20961243] 

2. Reynolds MR, Magnuson EA, Lei Y, Leon MB, Smith CR, Svensson LG, Webb JG, Babaliaros VC, 
Bowers BS, Fearon WF, Herrmann HC, Kapadia S, Kodali SK, Makkar RR, Pichard AD and Cohen 
DJ. Health-related quality of life after transcatheter aortic valve replacement in inoperable patients 
with severe aortic stenosis. Circulation. 2011;124:1964–1972. [PubMed: 21969017] 

3. Arnold SV, Reynolds MR, Lei Y, Magnuson EA, Kirtane AJ, Kodali SK, Zajarias A, Thourani VH, 
Green P, Rodes-Cabau J, Beohar N, Mack MJ, Leon MB and Cohen DJ. Predictors of poor 
outcomes after transcatheter aortic valve replacement: results from the PARTNER (Placement of 
Aortic Transcatheter Valve) trial. Circulation. 2014;129:2682–90. [PubMed: 24958751] 

Arnold et al. Page 8

Circ Cardiovasc Qual Outcomes. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Arnold SV, Afilalo J, Spertus JA, Tang Y, Baron SJ, Jones PG, Reardon MJ, Yakubov SJ, Adams 
DH, Cohen DJ and Investigators USC. Prediction of Poor Outcome After Transcatheter Aortic 
Valve Replacement. J Am Coll Cardiol 2016;68:1868–1877. [PubMed: 27765189] 

5. Arnold SV, Spertus JA, Lei Y, Green P, Kirtane AJ, Kapadia S, Thourani VH, Herrmann HC, Beohar 
N, Zajarias A, Mack MJ, Leon MB and Cohen DJ. How to Define a Poor Outcome After 
Transcatheter Aortic Valve Replacement: Conceptual Framework and Empirical Observations From 
the Placement of Aortic Transcatheter Valve (PARTNER) Trial. Circ Cardiovasc Qual Outcomes. 
2013;6:591–7. [PubMed: 24021691] 

6. Carroll JD, Edwards FH, Marinac-Dabic D, Brindis RG, Grover FL, Peterson ED, Tuzcu EM, 
Shahian DM, Rumsfeld JS, Shewan CM, Hewitt K, Holmes DR, Jr. and Mack MJ. The STS-ACC 
transcatheter valve therapy national registry: a new partnership and infrastructure for the 
introduction and surveillance of medical devices and therapies. J Am Coll Cardiol 2013;62:1026–
34. [PubMed: 23644082] 

7. Mack MJ, Brennan JM, Brindis R, Carroll J, Edwards F, Grover F, Shahian D, Tuzcu EM, Peterson 
ED, Rumsfeld JS, Hewitt K, Shewan C, Michaels J, Christensen B, Christian A, O’Brien S and 
Holmes D. Outcomes following transcatheter aortic valve replacement in the United States. JAMA. 
2013;310:2069–77. [PubMed: 24240934] 

8. Holmes DR, Jr., Brennan JM, Rumsfeld JS, Dai D, O’Brien SM, Vemulapalli S, Edwards FH, 
Carroll J, Shahian D, Grover F, Tuzcu EM, Peterson ED, Brindis RG and Mack MJ. Clinical 
outcomes at 1 year following transcatheter aortic valve replacement. JAMA. 2015;313:1019–28. 
[PubMed: 25756438] 

9. Allen LA, Gheorghiade M, Reid KJ, Dunlay SM, Chan PS, Hauptman PJ, Zannad F, Konstam MA 
and Spertus JA. Identifying patients hospitalized with heart failure at risk for unfavorable future 
quality of life. Circ Cardiovasc Qual Outcomes. 2011;4:389–98. [PubMed: 21693723] 

10. Green CP, Porter CB, Bresnahan DR and Spertus JA. Development and evaluation of the Kansas 
City Cardiomyopathy Questionnaire: a new health status measure for heart failure. J Am Coll 
Cardiol 2000;35:1245–55. [PubMed: 10758967] 

11. Spertus JA and Jones PG. Development and Validation of a Short Version of the Kansas City 
Cardiomyopathy Questionnaire. Circ Cardiovasc Qual Outcomes. 2015;8:469–76. [PubMed: 
26307129] 

12. Arnold SV, Spertus JA, Lei Y, Allen KB, Chhatriwalla AK, Leon MB, Smith CR, Reynolds MR, 
Webb JG, Svensson LG and Cohen DJ. Use of the Kansas City Cardiomyopathy Questionnaire for 
Monitoring Health Status in Patients With Aortic Stenosis. Circulation Heart failure. 2013;6:61–
67. [PubMed: 23230306] 

13. Spertus J, Peterson E, Conard MW, Heidenreich PA, Krumholz HM, Jones P, McCullough PA, Pina 
I, Tooley J, Weintraub WS and Rumsfeld JS. Monitoring clinical changes in patients with heart 
failure: a comparison of methods. Am Heart J 2005;150:707–15. [PubMed: 16209970] 

14. Coppus SF, van der Veen F, Opmeer BC, Mol BW and Bossuyt PM. Evaluating prediction models 
in reproductive medicine. Hum Reprod 2009;24:1774–8. [PubMed: 19395365] 

15. Arnold SV, Jones PG, Allen LA, Cohen DJ, Fendler TJ, Holtz JE, Aggarwal S and Spertus JA. 
Frequency of Poor Outcome (Death or Poor Quality of Life) After Left Ventricular Assist Device 
for Destination Therapy: Results From the INTERMACS Registry. Circ Heart Fail. 2016;9: 
e002800. [PubMed: 27507111] 

16. Arnold SV, Spertus JA, Vemulapalli S, Li Z, Matsouaka RA, Baron SJ, Vora AN, Mack MJ, 
Reynolds MR, Rumsfeld JS and Cohen DJ. Quality-of-Life Outcomes After Transcatheter Aortic 
Valve Replacement in an Unselected Population: A Report From the STS/ACC Transcatheter 
Valve Therapy Registry. JAMA Cardiol 2017;2:409–416. [PubMed: 28146260] 

17. Seaman SR and White IR. Review of inverse probability weighting for dealing with missing data. 
Stat Methods Med Res 2013;22:278–95. [PubMed: 21220355] 

18. Gupta BP, Grady KL, Fendler T, Jones PG and Spertus JA. Variation of Quality of Life Data 
Collection Across INTERMACS Sites. J Card Fail. 2016;22:323–37. [PubMed: 26576714] 

Arnold et al. Page 9

Circ Cardiovasc Qual Outcomes. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



What is known:

• A model to estimate an individual patient’s risk of poor outcome (death or 

persistently poor quality of life) after TAVR was developed and validated in 

patients at high risk for surgery.

• The model, which includes the patient factors of baseline health status, mean 

aortic valve gradient, home oxygen, serum creatinine, atrial fibrillation, and 

diabetes, was designed to help identify patients who are at high risk for poor 

recovery after TAVR so as to better inform shared decision making prior to 

TAVR.

What this study adds:

• In a large cohort of unselected patients in the US, we found that the rate of 

poor outcome after TAVR has been modestly decreasing over time (~50% in 

the pivotal clinical trials of high/extreme risk patients versus 39% in TVT 

[42% in 2012 to 38% in 2015]).

• The existing model did not validate well in the unselected and more 

contemporary patient cohort and was therefore re-estimated, after which it 

had moderate discrimination and excellent calibration.

• This study highlights the importance of periodically evaluating and 

potentially re-estimating prediction models, particularly when the technology, 

periprocedural care, and eligible patients are evolving over time.
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Figure 1. 
Rate of Poor Outcome at 1 Year After TAVR.
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Figure 2. Calibration of the Poor Outcome Risk Model.
(A) Model with the original coefficients and intercept. (B) Model with re-estimated 

coefficients and intercept using 10-fold cross-validation. The plots show predicted risk of 

poor outcome by deciles plotted against the observed rate of poor outcome in each decile. 

The red dashed line represents the regression line for the deciles; the blue line is the 

regression line forced through the 0 intercept; and the green line is the line of unity (i.e., 

perfect calibration). The statistical tests compare the red dashed and green lines.
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Figure 3. Variability in Predicted Risk of Poor Outcome Across Sites in TVT.
(A) Mean predicted risk of poor outcome (with 95% confidence interval) of patients treated 

with TAVR at each site from July 1, 2014-June 30, 2016. (B) Site-level mean versus 

standard deviation predicted risk of poor outcome
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Table 1.

Baseline characteristics of patients with poor or acceptable outcomes after TAVR

Poor Outcome
(38.9%1)

Acceptable Outcome
(61.1%*)

p-value

Age (years) 84 (79, 88) 84 (79, 88) 0.514

Female sex 48.4% 49.7% 0.202

White race 0.010

STS mortality risk score (%) 7.7 (5.1, 11.7) 6.2 (4.2, 9.4) <0.001

 <4% 14.2% 22.2%

 4–8% 38.6% 43.9%

 >8% 47.2% 34.0%

Coronary artery disease 64.7% 64.5% 0.803

Prior open heart surgery 31.2% 33.0% 0.058

Prior stroke 13.6% 11.0% <0.001

Peripheral arterial disease 34.1% 29.2% <0.001

Severe chronic lung disease 18.1% 10.5% <0.001

Home oxygen 17.4% 8.7% <0.001

Renal function <0.001

 Dialysis dependent 5.4% 2.7%

 Creatinine ≥2.0 mg/dL without dialysis 7.5% 5.0%

 Creatinine <2.0 mg/dL 87.2% 92.3%

Atrial fibrillation 48.6% 39.0% <0.001

Permanent pacemaker/ICD 21.2% 17.5% <0.001

LV ejection fraction 0.004

 <30% 7.8% 6.5%

 30–45% 18.9% 17.8%

 >45% 73.3% 75.8%

Mean aortic gradient (mmHg) 42 (35, 50) 43 (36, 52) <0.001

Moderate/severe mitral regurgitation 34.1% 31.9% <0.001

Baseline KCCQ-OS 32.3 (18.8, 50.5) 43.8 (27.1, 62.5) <0.001

*
Data are inverse propensity weighted to account for patients missing follow-up data

Continuous variables are presented as median (IQR) and compared using the Wilcoxon Rank Sum Test.

STS, Society of Thoracic Surgeons; ICD, implantable cardiac defibrillator; LV, left ventricular; KCCQ-OS, Kansas City Cardiomyopathy 
Questionnaire-overall summary score
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Table 2.

Procedural data and complications

Poor Outcome
(38.9%1)

Acceptable Outcome
(61.1%*)

p-value

Access site <0.001

 Transfemoral 64.7% 71.7%

 Transapical 23.0% 19.4%

 Other 12.4% 8.9%

Stroke 3.3% 1.2% <0.001

Unplanned cardiac surgery 3.4% 1.4% <0.001

Vascular complication requiring treatment 5.1% 4.3% 0.052

Major bleed 7.2% 5.8% 0.006

Life threatening or disabling bleed 6.8% 2.9% <0.001

Discharge location (among those alive) <0.001

 Home 56.3% 73.5%

 Extended care/rehabilitation 33.8% 21.4%

 Skilled nursing/other hospital 8.9% 4.7%

 Hospice 0.8% 0.0%

Stroke (1 year) 6.4% 2.6% <0.001

KCCQ-OS (median [IQR]; 1 year) 45.8 (33.3–54.2) 87.5 (76.6–95.8)

*
Data are inverse propensity weighted to account for patients missing follow-up data
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Table 3.

TAVR Poor Outcome Risk Model

Original Coefficients New Coefficients p-value*

KCCQ-OS (per 1 point) −0.0162 −0.0151 <0.001

Mean aortic valve gradient (per 1 mmHg) −0.0195 −0.0039 0.006

Home oxygen 0.6361 0.6007 <0.001

Creatinine (per 1 mg/dL) 0.1539 0.1733 <0.001

Atrial fibrillation/flutter 0.3090 0.3529 <0.001

Diabetes mellitus 0.0362 0.0704 0.100

Intercept 1.1047 0.0022 0.980

c-index=0.639 c-index=0.648

KCCQ-OS, Kansas City Cardiomyopathy Questionnaire-overall summary score

*
P-value reflects the significance of the new coefficients and is not a comparison between new and old coefficients.

See Supplemental Table 2 for examples of how estimated risk can be calculated for individual patients.
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