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Among patients with severe aortic stenosis, transcatheter 
aortic valve replacement (TAVR) has emerged as a less 

invasive option for aortic valve replacement and offers substan-
tial reductions in mortality and improvement in quality of life 
(QoL) compared with medical therapy1,2 and long-term out-
comes similar to those of surgical valve replacement.3,4 With 
increasing experience, however, it has become evident that 
some patients do not improve functionally or live longer after 
TAVR. For example, in the Placement of Aortic Transcatheter 
Valve (PARTNER) Trial, ≈1 in 4 patients who were treated 

with TAVR were dead at 1 year.1,3 Furthermore, there were a 
number of patients who received TAVR who, although alive 
at 1 year, continued to have very poor QoL after TAVR, with 
significant heart failure symptoms and functional limitation.2,4
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In light of these observations, there has been a recogni-
tion by practitioners,5,6 regulators,7 and third-party payers8 
that TAVR should not be offered to patients in whom valve 

Background—Transcatheter aortic valve replacement (TAVR) is a less invasive option for treatment of high-risk patients 
with severe aortic stenosis. We sought to identify patients at high risk for poor outcome after TAVR using a novel 
definition of outcome that integrates quality of life with mortality.

Methods and Results—Among 2137 patients who underwent TAVR in the PARTNER (Placement of Aortic Transcatheter 
Valve) trial or its associated continued access registry, quality of life was assessed with the Kansas City Cardiomyopathy 
Questionnaire–Overall Summary Scale (KCCQ-OS; range 0–100, where a higher score equates to a better quality of life) at 
baseline and at 1, 6, and 12 months after TAVR. A poor 6-month outcome (defined as death, KCCQ-OS score <45, or ≥10-
point decrease in KCCQ-OS score compared with baseline) occurred in 704 patients (33%). Using a split-sample design, we 
developed a multivariable model to identify a parsimonious set of covariates to identify patients at high risk for poor outcome. 
The model demonstrated moderate discrimination (c-index=0.66) and good calibration with the observed data, performed 
similarly in the separate validation cohort (c-index=0.64), and identified 211 patients (10% of the population) with a ≥50% 
likelihood of a poor outcome after TAVR. A second model that explored predictors of poor outcome at 1 year identified 1102 
patients (52%) with ≥50% likelihood and 178 (8%) with ≥70% likelihood of a poor 1-year outcome after TAVR.

Conclusions—Using a large, multicenter cohort, we have developed and validated predictive models that can identify patients 
at high risk for a poor outcome after TAVR. Although model discrimination was moderate, these models may help guide 
treatment choices and offer patients realistic expectations of outcomes based on their presenting characteristics.
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replacement would not be expected to positively impact either 
their survival or quality of life. To date, however, there has 
been little guidance as to how best to identify these patients. 
To address this need, several efforts have focused on predict-
ing mortality after TAVR, with the goal of trying to identify 
patients at high risk for poor outcomes.9,10 However, in this 
elderly population of patients, often with extensive comor-
bidity and impaired health status, it is likely that prolonged 
survival alone (without improved QoL) would not be viewed 
as a desirable outcome. Therefore, any definition of a success-
ful outcome of TAVR (and conversely, of a poor outcome) 
must consider both survival and QoL. In a previous study, we 
examined a range of alternative definitions of poor outcome 
after TAVR.11 On the basis of both their conceptual underpin-
nings and empirical observations, we concluded that the most 
reasonable definition was the composite of death, very poor 
QOL, or an important decline in QOL compared with base-
line. The goal of the present study was to build and validate a 
prediction model to prospectively identify patients at high risk 
of a poor outcome after TAVR.

Methods
Study Population and Protocol
The study population was derived from patients with severe symp-
tomatic aortic stenosis who were enrolled in cohort A or cohort B of 
the PARTNER trial or in the associated nonrandomized, continued 
access PARTNER registry. Enrolled patients in both the trial and the 
registry had severe aortic stenosis (aortic valve area of <0.8 cm2 with 
either a mean aortic valve gradient ≥40 mm Hg or a peak aortic jet 
velocity ≥4.0 m/s); New York Heart Association (NYHA) class II or 
greater heart failure symptoms; and high surgical risk based on the 
Society for Thoracic Surgeons mortality risk score and other factors.1,3 
Patients with severe (4+) mitral or aortic regurgitation were excluded. 
Eligible patients were classified into 2 cohorts: Cohort A patients 
were at high risk but suitable for surgical aortic valve replacement,3 
whereas cohort B patients were deemed ineligible for cardiac surgery 
because of coexisting medical or anatomic conditions associated with 
a predicted probability of perioperative death or permanent disability 
≥50%.1 In the randomized trial, cohort A patients were randomized 
to surgical AVR or TAVR, and cohort B patients were randomized to 
medical therapy or TAVR. For the present study, we included only 
patients who received TAVR. After enrollment in the PARTNER trial 
was complete but before commercial approval of the Edwards-Sapien 
valve, a limited number of patients who would have been eligible for 
the PARTNER randomized trial were allowed to receive TAVR via 
either the transfemoral or transapical route as clinically indicated, as 
part of a continued access registry. Inclusion and exclusion criteria, 
study protocols, and follow-up procedures were identical in the regis-
try to those in the randomized trial.

Patients were assessed for clinical factors and QoL/health status 
at baseline and at 1, 6, and 12 months after randomization. Baseline 
QoL/health status questionnaires were administered before random-
ization (or study registration for the continued access registries), and 
follow-up questionnaires were administered during in-person visits to 
the enrolling centers or by mail. The study was approved by the institu-
tional review board at each participating site, and all patients provided 
written informed consent for baseline and follow-up assessments.

Health Status Data
Disease-specific health status (ie, symptoms, functional status, 
and QoL) was assessed with the Kansas City Cardiomyopathy 
Questionnaire (KCCQ),12 a 23-item self-administered questionnaire 
that assesses specific health domains pertaining to heart failure and 
yields an overall summary scale, which was the primary health status 
outcome for the present study. Values for the KCCQ overall summary 

score (KCCQ-OS) range from 0 to 100, with higher scores indicating 
less symptom burden and better QoL. Linguistically and culturally val-
idated translations of the KCCQ were provided to non-English speak-
ers. Previous studies have suggested that KCCQ-OS scores correlate 
roughly with NYHA functional class as follows: Class I, KCCQ-OS 
≈75 to 100; class II, ≈60 to 74; class III, ≈45 to 59; and class IV, ≈0 
to 44.13 Among outpatients with heart failure, small, moderate, and 
large clinical improvements/deteriorations, as rated by treating physi-
cians, correspond to changes in the KCCQ-OS of approximately 5, 
10, and 20 points, respectively.13 The KCCQ has undergone extensive 
reliability and validity testing in various heart failure populations,12,14,15 
as well as in patients with severe aortic stenosis.16

Functional status was assessed objectively by means of a 6-min-
ute walk test (6MWT). If a patient could not perform the test, the 
value for the 6MWT distance was set to zero. Generic health sta-
tus was assessed with the physical and mental summary scores of 
the Medical Outcomes Study 12-Item Short Form Health Survey  
(SF-12).17 Because the physical summary score of this survey rep-
resents functional status, which was also assessed by means of the 
KCCQ and the 6MWT, we did not include this as a potential predictor 
for poor outcome.

Definition of a Poor Outcome
Although any single definition of a poor outcome after TAVR is a 
somewhat arbitrary construct, we have previously examined sev-
eral potential definitions that combine mortality and QoL.11 For the 
purposes of the present study, we used outcomes at 6 months after 
TAVR as the basis for our primary end point, because we believe that 
survival for at least 6 months with a reasonable QoL would be the 
minimum acceptable outcome for the procedure. Therefore, for our 
primary analysis, a poor outcome was defined as any of the following 
at 6 months after TAVR (definition No. 1): (1) death, (2) KCCQ-OS 
score <45, or (3) decrease of ≥10 points in the KCCQ-OS score from 
baseline to 6 months.11,18

From a conceptual standpoint, this definition means that if a patient 
had a very poor QoL before TAVR, his or her QoL would have to 
improve to a minimum threshold (approximately NYHA class III 
symptoms or better) to be considered an acceptable outcome. On the 
other hand, if a patient had a satisfactory QoL before TAVR, then sur-
vival for ≥6 months with a QoL that had not deteriorated substantially 
from baseline would be considered an acceptable result. This com-
bined definition integrates the 2 potential benefits of TAVR, reduced 
mortality and improved QoL, and recognizes that patients who have 
good QoL at baseline may not improve symptomatically after TAVR 
but could still derive a mortality benefit (which would represent a 
clinically meaningful benefit of the procedure). In addition, we con-
structed an alternative, expanded definition of poor outcome (defini-
tion No. 2) that included any of the following at 1 year after TAVR: 
(1) death, (2) KCCQ-OS score <60, or (3) decrease of ≥10 points in 
the KCCQ-OS score from baseline to 1 year. This definition allows 
for a longer time frame of analysis and may be beneficial to patients 
and providers in conjunction with, or as an alternative to, definition 
No. 1 depending on the patient’s goals of care.

Statistical Analysis
Demographics, cardiac and noncardiac comorbidities, and echocar-
diographic variables were compared between patients who had a poor 
outcome and patients who had an acceptable outcome after TAVR 
by use of t tests for continuous variables and χ2 tests for categorical 
variables. We then randomly split the cohort of TAVR patients into 
2 groups, two thirds for model derivation and one third for valida-
tion. In the derivation cohort, we developed a multivariable logistic 
regression model to predict a poor 6-month outcome (using defini-
tion No. 1 as described above). Variables for the prediction model 
were selected from 25 candidate variables (Table 1). Baseline data 
had a high rate of completion, with an average of 0.55 missing data 
items per patient, which were imputed with a single imputation data 
set by use of IVEware (Institute for Social Research, University of 
Michigan, Ann Arbor, MI).
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Harrell’s backward selection strategy was used to select a parsi-
monious set of variables for the final model.19 The contribution of 
each covariate in the multivariable model was ranked by F value, and 
variables with the smallest contribution to the model were sequen-
tially eliminated. This iterative process continued until further vari-
able elimination led to a >5% loss in model prediction compared 
with the initial model. The remaining covariates constituted the final 
parsimonious model and explained >95% of the variance of the full 
model. This selection strategy supports inclusion of only variables 
that provide incremental prognostic value, minimizes overfitting, and 
maximizes the potential clinical usefulness of the model.19 Nonlinear 
spline terms were considered for all continuous variables. Model dis-
crimination was assessed with the c-index, and model calibration was 
assessed by plotting deciles of predicted risk against the observed 
event rate and comparing the regression line to the line of unity. These 
analyses were performed in both the derivation and validation cohorts 
and were repeated using definition No. 2 of a poor outcome.

As sensitivity analyses, to further explore the associations of the 
covariates with the outcome, we applied the model to each of the 
component end points to explore its ability to predict (1) death or 
(2) poor QoL or QoL decline (among survivors). Second, to ensure 
that our results were not heavily influenced by the consequences of 
early complications (which might be considered outliers), we con-
ducted a sensitivity analysis that excluded patients who had a major 
periprocedural complication (ie, major stroke, bleeding complication, 
vascular complication, or surgical aortic valve replacement within 7 
days of the TAVR procedure). Third, we applied the model separately 

to patients according to access site (transfemoral or transapical) to 
ensure that model performance did not vary markedly by site of valve 
delivery. Finally, we constructed an alternative model for ease of 
implementation in a clinical setting. For this model, we included the 
12-item KCCQ,20 excluded the 6MWT and SF-12 Mental summary 
score as potential predictors, and used 10% loss of information as 
the cut point for variable selection (to create a more parsimonious 
model). All statistical analyses were performed with the use of SAS 
software, version 9.2 (SAS Institute, Inc, Cary, NC).

Results
Patient Population
Of the 1057 patients with severe aortic stenosis who were 
enrolled in the PARTNER randomized trial, 527 underwent 
TAVR (Figure 1; 348 in cohort A, 179 in cohort B), and an 
additional 2068 patients underwent TAVR in the nonrandom-
ized continued access registry via the transfemoral (n=1503) 
or transapical (n=1092) route. Of these, 400 died within 6 
months of TAVR. Among the 2195 who survived 6 months, 
KCCQ data were available for 1737 (79%). Thus, our analytic 
population included 2137 patients who underwent TAVR and 
were either dead or were assessed with the KCCQ at 6 months 
after their procedure. Most baseline characteristics were 

Table 1. Baseline Characteristics of Patients With Acceptable Versus Poor Outcomes According to 
Definition No. 1

All Patients (n=2137) Acceptable Outcome (n=1433) Poor Outcome (n=704) P Value

Age, y 84.4 (7.2) 84.3 (7.2) 84.6 (7.0) 0.357

Male, % 52.8 51.3 56.0 0.042

Coronary artery disease, % 78.2 78.1 78.6 0.807

Cerebrovascular disease, % 26.6 26.5 26.8 0.872

Carotid disease, % 27.0 27.6 25.7 0.364

Peripheral vascular disease, % 42.2 42.0 42.6 0.791

Diabetes mellitus, % 36.6 38.4 33.1 0.017

Major arrhythmia, %* 50.9 47.5 57.8 <0.001

Creatinine, mg/dL 1.31 (0.48) 1.29 (0.46) 1.36 (0.51) 0.002

Hemoglobin, g/dL 11.7 (1.5) 11.8 (1.5) 11.6 (1.5) 0.033

Mean arterial pressure, mm Hg 87.1 (13.1) 87.2 (12.8) 87.0 (13.4) 0.656

Body mass index, kg/m2 26.9 (6.3) 27.1 (6.1) 26.6 (6.8) 0.093

Oxygen-dependent lung disease, % 10.9 9.3 14.3 <0.001

Pulmonary hypertension, % 40.0 39.2 41.5 0.316

Mitral regurgitation (>1+), % 25.3 24.8 26.3 0.473

Aortic regurgitation (>1+), % 10.5 10.8 9.9 0.536

Mean aortic gradient, mm Hg 43.8 (14.3) 45.1 (14.3) 41.2 (14.0) <0.001

Ejection fraction, % 52.0 (13.1) 52.4 (13.0) 51.2 (13.4) 0.053

Stroke volume, mL/beat 64.5 (21.1) 65.1 (20.0) 63.2 (23.1) 0.053

Mini-Mental Status Examination score 27.4 (3.0) 27.5 (2.9) 27.1 (3.0) 0.008

6-Min Walk Test, % able to perform 65.0 70.1 54.8 <0.001

6-Min Walk Test distance, m 110.8 (118.1) 123.9 (122.2) 84.0 (104.3) <0.001

KCCQ Overall Summary score 42.0 (21.7) 43.8 (20.8) 38.4 (23.0) <0.001

SF-12 Mental Summary score 47.6 (11.2) 48.3 (11.0) 46.2 (11.5) <0.001

STS mortality risk score 11.5 (4.4) 11.4 (4.5) 11.9 (4.1) 0.005

Values in parentheses are standard deviations. KCCQ indicates Kansas City Cardiomyopathy Questionnaire; SF-12, 12-Item 
Short Form Health Survey; and STS, Society of Thoracic Surgeons.

*Defined as a history of atrial fibrillation or flutter, supraventricular tachycardia, ventricular arrhythmias, or high-degree 
atrioventricular block.
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similar for patients with versus without complete KCCQ data; 
however, patients with missing KCCQ data had lower baseline 
6-minute walk distances (85 versus 119 m, P<0.001), lower 
body mass indexes (26.3 versus 27.2 kg/m2, P=0.008), and 
lower hemoglobin levels (11.6 versus 11.8 g/dL, P=0.026).

The mean age of the analytic population was 84 years, and 
53% were male (Table 1). The mean aortic valve gradient was 
44 mm Hg, and 93% of patients were classified as NYHA 
class III to IV. At 6-month follow-up, among the 2137 study 
patients, 400 (19%) had died, 260 (12%) had a very poor QoL 
(ie, KCCQ-OS <45), and an additional 44 (2%) had worsened 
QoL (ie, decrease in KCCQ-OS of ≥10 points; Figure 1). Thus, 
a total of 704 patients (33%) had a poor 6-month outcome. 
The baseline characteristics of patients with an acceptable 
versus poor outcome after TAVR are summarized in Table 1.

Model Development
After backward stepwise elimination, the final predictive 
model consisted of 10 covariates, which are summarized in 
Table 2. According to F values, the distance walked on the 
6MWT had the strongest association with poor outcome 
after TAVR, with each additional 10 m walked being associ-
ated with a 3% lower risk of poor outcome (adjusted odds 
ratio, 0.97; 95% confidence interval, 0.96–0.98). Higher mean 
aortic valve gradients were also strongly associated with a 
lower risk of poor outcome; each 10-mm Hg increase in mean 
gradient was associated with 18% lower odds of a poor out-
come (adjusted odds ratio, 0.82; 95% confidence interval, 
0.75–0.89). Other baseline factors associated with a poor out-
come after TAVR included oxygen-dependent chronic lung 
disease, renal dysfunction, decreased cognition, and cardiac 
arrhythmias (defined as a history of atrial fibrillation or flut-
ter, supraventricular tachycardia, ventricular arrhythmia, or 
high-degree atrioventricular block). Nonlinear spline terms 
were considered for all continuous variables but were not sig-
nificant. The c-index of the model was 0.66, which indicates 
moderate discriminatory capacity.

The observed versus predicted risk of poor outcome after 
TAVR within risk deciles is shown in Figure 2A. In general, 
the model demonstrated good calibration with the observed 
outcomes, with an intercept of −0.01 (P value for difference 
from 0=0.806), a slope of 1.03 (P value for difference from 
1=0.793), and an R2 of 93%.

Model Validation
The baseline characteristics of the derivation versus valida-
tion cohort are presented in Table I in the online-only Data 
Supplement. Patients were similar in terms of baseline demo-
graphic and clinical characteristics, except that patients in 
the validation cohort had somewhat worse QoL at baseline 
(KCCQ-OS 40 versus 43, P=0.007). The model performed 
similarly in the validation cohort, with moderate discrimina-
tion (c-index=0.64) and reasonable calibration (Figure 2B), 
with an intercept of 0.07 (P value for difference from 0=0.277), 
a slope of 0.75 (P value for difference from 1=0.203), and an 
R2 of 69%.

Table 2. Association of Preprocedure Factors With Poor Outcomes After TAVR

Poor Outcome at 6 mo 
(Definition No. 1)

Poor Outcome at 1 y 
(Definition No. 2)

Predictor OR (95% CI) P Value OR (95% CI) P Value

Male sex 1.23 (0.96–1.57) 0.097 1.22 (0.97–1.53) 0.097

Diabetes mellitus 0.82 (0.63–1.06) 0.130 N/A N/A

Major arrhythmia 1.29 (1.02–1.63) 0.036 1.13 (0.91–1.40) 0.280

Serum creatinine (per 1 mg/dL) 1.32 (1.03–1.70) 0.028 1.41 (1.11–1.79) 0.005

Mean arterial pressure (per 1 mm Hg) 1.01 (1.00–1.02) 0.209 N/A N/A

Body mass index (per 1 kg/m2) 0.98 (0.96–1.00) 0.104 1.00 (0.98–1.02) 0.791

Oxygen-dependent lung disease 1.77 (1.23–2.54) 0.002 1.80 (1.25–2.61) 0.002

Mean aortic valve gradient (per 10 mm Hg) 0.82 (0.75–0.89) <0.001 0.84 (0.77–0.90) <0.001

Mini-Mental Status Examination (per 1 point) 0.96 (0.92–1.00) 0.036 0.94 (0.90–0.97) 0.001

6-Min Walk Test distance (per 10 m) 0.97 (0.96–0.98) <0.001 0.97 (0.96–0.98) <0.001

CI indicates confidence interval; OR, odds ratio; and TAVR, transcatheter aortic valve replacement.

Figure 1. Patient flow. KCCQ indicates Kansas City 
Cardiomyopathy Questionnaire; PARTNER, Placement of 
Aortic Transcatheter Valve trial; QoL, quality of life; and TAVR, 
transcatheter aortic valve replacement.
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Sensitivity Analyses
When the same covariates were applied to the individual com-
ponents of the composite end point (ie, mortality and poor 
QoL), there was general concordance of the 2 models such 
that the direction of association of each covariate with the 2 
end-point components was similar (although the magnitude 
of the association varied; Table II in the online-only Data 
Supplement). When patients with major periprocedural com-
plications (n=194) were excluded from the analytic population, 
the model c-index was unchanged at 0.66 and the calibration 
remained good (Figure I in the online-only Data Supplement). 
When the transfemoral and transapical cohorts were analyzed 
separately (baseline characteristics of the 2 groups are shown 
in Table III in the online-only Data Supplement), the model 
demonstrated similar discrimination within each access site 
group (c-index 0.65 versus 0.66, respectively), although the 
calibration was worse within the transapical group, with some-
what higher rates of poor outcomes than predicted (Figure II in 
the online-only Data Supplement). Finally, when we excluded 
the 6MWT distance and the SF-12 as potential predictors and 
included the 12-item KCCQ (for ease of implementation), the 
discrimination decreased slightly (c-index 0.64; Table IV in 
the online-only Data Supplement).

Outcomes According to Predicted Risk
To better understand the ability of the model to inform clinical 
decisions, we stratified patients into 3 groups according to their 
predicted risk of a poor outcome: Low risk (<25%; n=612), 
intermediate risk (25% to <50%; n=1314), and high risk 
(≥50%; n=211). The baseline characteristics of the 3 groups 
are shown in Table 3. Compared with patients at low risk of a 
poor outcome, high-risk patients less often had diabetes mel-
litus and had lower body mass indexes, worse kidney function, 
more frequent oxygen-dependent lung disease, lower mean 
aortic valve gradients, worse cognitive function, worse func-
tional status, and worse QoL at baseline. In the 6 months after 
TAVR, 31% of high-risk patients died, and an additional 24% 
had very poor QoL or a decline in QoL. In contrast, among 
intermediate-risk patients, 17% had died, and an additional 
20% had a very poor QoL or a decline in QoL, whereas among 

low-risk patients, only 8% had died and 10% had a very poor 
QoL or a decline in QoL (P<0.001; Figure 3A).

Definition No. 2 for Poor Outcome
For definition No. 2, the analytic population consisted of 2130 
patients who had available QOL data or had died by 1-year fol-
low-up. Of these, 1073 (50%) had a poor 1-year outcome based 
on either death (n=558), poor QoL (n=503), or QoL decline 
(n=12). After backward stepwise elimination, the final predic-
tive model consisted of 8 covariates, which are summarized in 
Table 2. In general, the predictors were similar to those for def-
inition No. 1, both in the variables that were included and their 
magnitude of association, except that the alternative model did 
not include mean arterial pressure or diabetes mellitus.

The c-index of the model was again 0.66, but the calibra-
tion of the model was better than the 6-month model (Figure 
IIIa in the online-only Data Supplement), with an intercept 
of −0.01 (P value for difference from 0=0.875), a slope of 
1.01 (P value for difference from 1=0.871), and an R2 of 97%. 
The model also performed reasonably well in the validation 
cohort, with good calibration (Figure IIIb in the online-only 
Data Supplement) although discrimination did decrease to a 
c-index of 0.62. We then divided the patients into 4 groups 
based on their predicted risk of poor outcome at 1 year: Low 
risk (<25%; n=65), intermediate risk (25% to <50%; n=963), 
high risk (50% to <70%; n=924), and very high risk (≥70%, 
n=178; Table V in the online-only Data Supplement). At 1 
year after TAVR, 50% of very high-risk patients had died, and 
an additional 23% had poor QoL or a decline in QoL. In con-
trast, among low-risk patients, only 17% had died, and 12% 
had a poor QoL or a decline in QoL (P<0.001; Figure 3B).

Discussion
Among patients with severe aortic stenosis, TAVR is highly 
effective at relieving the hemodynamic obstruction and can 
lead to excellent outcomes in many patients; however, there 
are some patients who do not achieve either a survival or func-
tional benefit from the intervention. In the present study, we 
have identified a set of covariates and 2 associated prediction 
models that can prospectively identify patients at high risk for 

Figure 2. Calibration plots for prediction of poor outcome at 6 months after transcatheter aortic valve replacement (definition No. 1) in the 
derivation cohort (A) and validation cohort (B). A, Intercept of −0.01 (standard error, 0.04; P value [for difference from 0]=0.806), a slope 
of 1.03 (standard error, 0.10; P value [for difference from 1]=0.793), and R2 of 93%. B, Intercept of 0.07 (standard error, 0.06; P value [for 
difference from 0]=0.277), a slope of 0.75 (standard error, 0.18; P value [for difference from 1]=0.203), and R2 of 69%.
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poor outcomes after TAVR. The most important predictors of 
poor outcomes, using either definition, were poor functional 
capacity (as assessed by the distance walked on the 6MWT) 
and lower mean aortic valve gradients. Other important pre-
dictors were oxygen-dependent lung disease, renal dysfunc-
tion, and poorer baseline cognitive function. Of note, the 
Society for Thoracic Surgeons mortality risk score was not a 
predictor in either model. Taken together in a validated statis-
tical model, these factors allowed us to predict each patient’s 
probability of a poor outcome after TAVR.

Within the PARTNER trial, one third of all patients treated 
had a poor outcome at 6 months according to definition No. 
1 (conservative definition), and one half of the patients had 
a poor outcome at 1 year using definition No. 2 (expanded 
definition). By applying these predictive models, however, we 
were able to refine these predictions. Using model No. 1, we 
were able to prospectively identify a cohort of patients with 
>50% probability of a poor 6-month outcome. Using model 
No. 2, we were able to prospectively identify a small but 

important group of patients with >70% probability of a poor 
1-year outcome. Such information could help inform clinical 
decision making for patients and their physicians when TAVR 
is considered and could also help patients and their families 
set realistic expectations when they choose to undergo TAVR.

Importance of a Composite End Point
Although our definitions for poor outcome after TAVR are 
unique among prior studies, we believe that the optimal defi-
nition for a poor outcome after TAVR should reflect a failure 
to achieve the goals of the intervention and therefore must 
include both a mortality and a QoL component. Combining 
these 2 end points into a single definition can be challenging, 
however.11 Nonetheless, in this elderly population of patients 
with multiple comorbidities, inclusion of QoL as a compo-
nent of the determination of a poor (or acceptable) outcome 
is critical, because improved QoL can be the primary treat-
ment goal of many patients considering TAVR. We believe 
that the definitions of poor outcome that we considered reflect 

Table 3. Patient Characteristics According to Predicted Risk of Poor Outcome (Definition No. 1)

Predicted Risk*

Low (n=612) Intermediate (n=1314) High (n=211)

Age, y 83.4 (8.2) 85.0 (6.6) 84.0 (7.0)

Male, % 43.0 53.3 78.2

Coronary artery disease, % 77.6 78.4 79.1

Cerebrovascular disease, % 25.3 27.1 27.5

Carotid disease, % 30.1 25.8 25.1

Peripheral vascular disease, % 42.5 42.8 37.9

Diabetes mellitus, % 45.1 34.2 27.5

Major arrhythmia, % 29.1 57.3 74.4

Creatinine, mg/dL 1.17 (0.41) 1.32 (0.46) 1.60 (0.60)

Hemoglobin, g/dL 11.9 (1.5) 11.7 (1.5) 11.5 (1.6)

Mean arterial pressure, mm Hg 86.6 (12.2) 87.4 (13.2) 86.9 (13.7)

Body mass index, kg/m2 28.0 (7.4) 26.6 (5.9) 25.6 (5.2)

Oxygen-dependent lung disease, % 2.5 9.5 44.5

Pulmonary hypertension, % 35.8 41.6 42.2

Mitral regurgitation (>1+), % 20.9 26.6 30.3

Aortic regurgitation (>1+), % 9.2 11.5 8.5

Mean aortic gradient, mm Hg, % 53.0 (15.2) 41.3 (12.0) 32.7 (9.7)

Ejection fraction, % 55.5 (11.2) 51.2 (13.3) 46.6 (15.0)

Stroke volume, mL/beat 68.9 (24.0) 62.9 (19.4) 61.1 (20.1)

Mini-Mental Status Examination score 28.1 (2.1) 27.3 (2.9) 25.3 (4.3)

6-Min Walk Test, % able to perform 89.2 61.2 19.0

6-Min Walk Test distance, m 208.9 (128.9) 80.7 (88.6) 13.2 (33.1)

KCCQ-OS score 50.2 (21.6) 40.3 (20.8) 29.4 (18.5)

SF-12 Mental Summary score 49.6 (10.9) 47.3 (11.2) 43.9 (11.1)

STS mortality risk score 10.7 (4.3) 11.8 (4.3) 12.6 (4.6)

Outcomes at 6 mo, %

                Dead 8.8 20.3 37.4

                Poor outcome 17.8 36.5 55.0

KCCQ-OS indicates Kansas City Cardiomyopathy Questionnaire Overall Summary; SF-12, 12-Item Short Form Health 
Survey; and STS, Society of Thoracic Surgeons.

*Low risk: <25%; intermediate risk: 25% to <50%; high risk: ≥50%.

 by guest on May 17, 2016http://circ.ahajournals.org/Downloaded from 

http://circ.ahajournals.org/


2688  Circulation  June 24, 2014

the treatment goals of patients considering TAVR, because 
patients who have minimal symptoms choose TAVR primar-
ily to achieve an expected improvement in survival, whereas 
patients with substantial symptom burden most likely undergo 
TAVR for an expected improvement in symptoms.

Prior Studies
There have been a number of previous efforts to determine 
the predictors of poor outcome after TAVR. To date, all of 
these analyses have been restricted to identifying predictors of 
mortality or specific short-term complications, such as stroke 
or kidney dysfunction.9,21–23 Despite differences in the study 
populations and settings, some factors have been consistently 
found to be prognostically important among patients undergo-
ing TAVR. In a single-center German study, older age, lower 
body mass index, NYHA class IV symptoms, depressed left 
ventricular function, and higher estimated surgical risk score 
were independently predictive of 1-year mortality.21 In a large, 
multicenter French registry, higher estimated surgical risk 
score, NYHA class III to IV symptoms, transapical approach, 
and postimplantation aortic regurgitation were associated with 
reduced survival.9 In a multicenter Canadian study, chronic 
lung disease, chronic kidney disease, atrial fibrillation, and 
a subjective assessment of frailty were all associated with 
long-term mortality after TAVR.23 Finally, in a single-cen-
ter Canadian study, male sex, chronic lung disease, and the 
6MWT distance were associated with 1-year mortality after 
TAVR.24

Although our models also included many of these same 
factors (body mass index, lung disease, kidney disease, 
arrhythmias, functional and cognitive decline [components 
of frailty]), the present study offers advantages compared 
with these previous studies. Most important, our models were 
based on preprocedural factors alone and therefore can be 
used prospectively to inform clinical decision making. It is 
also one of the few studies that performed model validation, 
which provides greater assurance of reliability.

Implications for Clinical Practice
One of the main goals of developing a prediction model is 
to inform clinical practice and to counsel patients and their 
families as to the expected outcomes of care. In the case of 

our models, however, their discriminative ability (as measured 
by the c-index) was only moderate, at best, which limits our 
ability to reliably identify individuals who are certain not to 
benefit from TAVR (ie, medical futility). Although some pre-
diction models are highly discriminative (eg, those that pre-
dict short-term mortality after angioplasty),25 c-indices of 0.62 
to 0.66, as obtained for the models in the present study, are 
similar to those of other cardiovascular prediction models (eg, 
those for predicting restenosis after angioplasty26 or readmis-
sion after acute myocardial infarction).27

We believe that the limited discrimination of our initial 
models reflects several factors. First, QoL outcomes, although 
exceedingly important to patients, can be quite challenging to 
predict.28 Nonetheless, we believe that the inclusion of QoL in 
our combined end point is a key strength of the present study. 
By integrating QoL into our definition of a poor outcome, 
we believe that our model is better aligned with the goals 
of many patients who are considering TAVR. Second, some 
potentially important risk factors for poor outcomes (such as 
frailty scales and disability) were not routinely collected in 
these early studies of TAVR. When data relating to additional 
markers of frailty (such as grip strength and gait speed) are 
available, it will be important to determine the incremental 
prognostic information gained from their addition to the mod-
els, because such measures have been demonstrated to pre-
dict poor outcomes with other therapies.29,30 Because TAVR is 
evolving rapidly, novel predictors of poor outcomes will cer-
tainly continue to be discovered. When such factors are iden-
tified in the future, their incremental predictive value can be 
tested with our models, thereby leading to further refinement 
and improvement of the models over time.

Notwithstanding these challenges and limitations, we 
believe our models can be useful in clinical practice. The 
models were well calibrated, a key factor in determination of 
the clinical usefulness of a model when perfect discrimination 
is not achievable,31 which indicates that our ability to inform 
patients about their probability of a poor outcome is quite 
reasonable. For example, we were able to identify a group of 
patients with a nearly 70% risk of poor outcome at 1 year. 
Although we cannot state with certainty which patients will or 
will not have that poor outcome, this assessment of risk could 
be quite valuable to patients as they decide whether or not to 

Figure 3. Outcomes of patients by their predicted risk of poor outcome at baseline at (A) 6 months (definition No. 1) and (B) 1 year 
(definition No. 2). QoL indicates quality of life.
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choose TAVR, particularly given the virtual absence of reliable 
information that is currently available. Finally, these models 
(or future iterations) could eventually be applied in routine 
clinical care to improve decisional quality, reduce anxiety 
associated with the treatment decision, and provide patients 
and their families with realistic expectations of recovery.

Study Limitations
The present study had several important limitations. First, the 
study population was derived from the PARTNER trial, which 
included patients with a mean Society for Thoracic Surgeons 
mortality risk score of ≈12%, much higher than most previous 
studies. Consequently, it is uncertain whether our models apply 
to patients at moderate risk. Nonetheless, because many of the 
factors that were included in our final models had been iden-
tified previously as being associated with poor outcomes even 
in moderate-risk TAVR patients, there is reason to believe such 
extrapolation may be reasonable until future studies evaluating 
the performance of our models in lower-risk patients are per-
formed. Second, given the reduced discrimination and calibra-
tion in the validation cohort compared with the derivation cohort, 
external validation of these models will be particularly important 
to ensure that the predictive ability of our models remains con-
sistent outside of the PARTNER trial and registry populations.

Conclusions
Using a large, multicenter cohort of patients with severe, symp-
tomatic aortic stenosis who underwent TAVR, we have created 
and validated 2 related prediction models for poor outcome 
after TAVR based on readily available preprocedure patient 
characteristics. Although model discrimination was only 
moderate, with these models it is possible to identify subsets 
of patients who are relatively unlikely to derive meaningful 
survival or QoL benefit from TAVR. In the future, providing 
this information to patients prospectively could offer valuable 
guidance as patients and their families decide whether or not 
to undergo TAVR. Further studies are necessary to understand 
the incremental contribution of additional risk factors to the 
discrimination of the models and to understand how the mod-
els perform in lower-risk TAVR populations.
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CLINICAL PERSPECTIVE
In patients with severe aortic stenosis at high surgical risk, transcatheter aortic valve replacement (TAVR) offers substantial 
reductions in mortality and improvement in quality of life compared with medical therapy and similar long-term outcomes 
to surgical valve replacement; however, a substantial proportion of patients do not improve functionally or live longer after 
TAVR. Using data from 2137 TAVR patients from the PARTNER (Placement of Aortic Transcatheter Valve) study, we 
sought to identify patients at high risk for poor outcome after TAVR using a novel approach that integrates both quality of life 
and mortality outcomes. We used these data to develop and validate a multivariable model to identify patients at high risk for 
poor outcome. Although model discrimination was moderate, we were able to identify a group of patients with a nearly 70% 
risk of poor outcome at 1 year. Although one cannot predict with certainty whether a particular patient will or will not have 
that poor outcome, this assessment of risk could be quite valuable to patients to improve decisional quality, reduce anxiety 
associated with the TAVR treatment decision, and provide patients and their families with realistic expectations of recovery. 
These models can also serve as the basis by which to test the incremental value of novel predictive markers of poor outcomes 
after TAVR, such as markers of frailty, thereby leading to further refinement of the models over time.
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SUPPLEMENTAL MATERIAL 

 

 

Supplemental Table 1. Characteristics of patients in the development cohort vs. validation 

cohort 

 

 

Development 

Cohort 

n=1420 

Validation 

Cohort 

n=717 

Age (y) 84.4 (7.1) 84.3 (7.3) 

Male (%) 51.5 55.4 

Coronary artery disease (%) 77.7 79.2 

Cerebrovascular disease (%) 26.0 27.9 

Carotid disease (%) 26.5 27.8 

Peripheral vascular disease (%) 41.8 43.0 

Diabetes mellitus (%) 37.2 35.6 

Major arrhythmia (%) 50.2 52.3 

Creatinine (mg/dL) 1.32 (0.48) 1.29 (0.48) 

Hemoglobin (g/dL) 11.7 (1.6) 11.8 (1.5) 

Mean arterial pressure (mmHg) 87.1 (12.7) 87.2 (13.5) 

Body mass index (kg/m²) 26.7 (6.3) 27.2 (6.5) 

Oxygen-dependent lung disease (%) 10.6 11.7 

Pulmonary hypertension (%) 40.7 38.5 

Mitral regurgitation (>1+) (%) 25.0 25.9 

Aortic regurgitation (>1+) (%) 10.0 11.6 

Mean aortic gradient (mmHg) 43.9 (14.2) 43.6 (14.4) 

Ejection fraction (%) 52.1 (13.1) 51.7 (13.3) 

Stroke volume (mL/beat) 64.5 (21.5) 64.5 (20.2) 

Mini-Mental Status Exam score 27.4 (2.8) 27.2 (3.3) 

6-Min Walk Test (% able to perform) 65.7 63.7 

6-Min Walk Test distance (m) 112.8 (118.9) 106.7 (116.6) 

KCCQ Overall Summary score 42.9 (21.9) 40.3 (21.3) 

SF-12 Mental Summary score 47.6 (11.1) 47.7 (11.4) 

STS mortality risk score 11.6 (4.6) 11.4 (3.9) 

Outcomes at 6 Months   

Dead (%) 18.7 20.5 

Poor Outcome (%) 32.9 33.1 

 

KCCQ, Kansas City Cardiomyopathy Questionnaire; STS, Society of Thoracic Surgeons 



Supplemental Table 2. Association of pre-procedure factors with individual components of poor outcome after TAVR 

(Definition #1) 

 

  Death Poor QoL 

  OR 95% CI P-value OR 95% CI P-value 

Male sex 1.06 (0.84-1.34) 0.613 1.28 (0.98-1.67) 0.073 

Diabetes mellitus 0.80 (0.62-1.02) 0.069 0.75 (0.57-0.99) 0.043 

Major arrhythmia 1.34 (1.07-1.68) 0.010 1.31 (1.02-1.70) 0.035 

Creatinine (per 1 mg/dL) 1.60 (1.28-2.00) <0.001 0.90 (0.67-1.19) 0.453 

Mean arterial pressure (per 1 mmHg) 1.00 (1.00-1.01) 0.425 1.00 (0.99-1.01) 0.679 

Body mass index (per 1 kg/m2) 0.96 (0.94-0.98) <0.001 1.02 (1.00-1.04) 0.074 

Oxygen-dependent lung disease 1.49 (1.07-2.06) 0.017 1.41 (0.97-2.07) 0.076 

Mean aortic valve gradient (per 10 mmHg) 0.83 (0.76-0.90) <0.001 0.84 (0.76-0.92) <0.001 

Mini-Mental Status Exam (per 1 point) 0.96 (0.93-1.00) 0.041 0.99 (0.95-1.04) 0.790 

6-Min Walk Test distance (per 10m) 0.97 (0.96-0.98) <0.001 0.98 (0.97-0.99) <0.001 

   c-index 0.67  c-index 0.63 

 



Supplemental Table 3. Characteristics of patients in the transfemoral vs. transapical 

cohorts 

 

 

Transfemoral 

n=1261 

Transapical 

n=876 
P-Value 

Age (y) 84.4 (7.7) 84.4 (6.2) 0.864 

Male (%) 55.8% 48.5% <0.001 

Coronary artery disease (%) 75.4% 82.3% <0.001 

Cerebrovascular disease (%) 23.2% 31.5% <0.001 

Carotid disease (%) 22.8% 32.9% <0.001 

Peripheral vascular disease (%) 28.6% 61.8% <0.001 

Diabetes mellitus (%) 37.4% 35.5% 0.363 

Major arrhythmia (%) 52.7% 48.3% 0.043 

Creatinine (mg/dL) 1.31 (0.48) 1.31 (0.47) 0.915 

Hemoglobin (g/dL) 11.7 (1.6) 11.8 (1.5) 0.752 

Mean arterial pressure (mmHg) 86.4 (12.9) 88.2 (13.0) 0.002 

Body mass index (kg/m²) 27.4 (6.7) 26.2 (5.8) <0.001 

Oxygen-dependent lung disease (%) 12.3% 9.0% 0.017 

Pulmonary hypertension (%) 41.2% 38.1% 0.149 

Mitral regurgitation (>1+) (%) 25.3% 25.3% 0.981 

Aortic regurgitation (>1+) (%) 11.2% 9.6% 0.238 

Mean aortic gradient (mmHg) 44.3 (14.6) 43.1 (13.9) 0.066 

Ejection fraction (%) 52.0 (13.4) 51.9 (12.8) 0.793 

Stroke volume (mL/beat) 64.7 (22.4) 64.1 (19.0) 0.487 

Mini-Mental Status Exam score 27.3 (3.2) 27.5 (2.6) 0.072 

6-Min Walk Test (% able to perform) 61.4% 70.3% <0.001 

6-Min Walk Test distance (m) 103.8 (116.2) 120.8 (120.1) 0.001 

KCCQ Overall Summary score 40.9 (21.6) 43.6 (21.7) 0.005 

SF-12 Mental Summary score 47.4 (11.2) 47.9 (11.2) 0.335 

STS mortality risk score 11.2 (4.1) 12.1 (4.7) <0.001 

 

KCCQ, Kansas City Cardiomyopathy Questionnaire; STS, Society of Thoracic Surgeons 

  



Supplemental Table 4.  Association of pre-procedure factors with poor outcome after 

TAVR using the alternative model (Definition #1; excluding 6MWT as a predictor and 

using 90% as the cut-point for variable selection) 

 

 Poor Outcome at 6 Months 

 OR (95% CI) P-Value 

Diabetes mellitus 0.76 (0.62-0.93) 0.008 

Major arrhythmia 1.41 (1.17-1.71) <0.001 

Creatinine (per 1 mg/dL) 1.23 (1.01-1.50) 0.038 

Oxygen-dependent lung disease 1.62 (1.22-2.17) 0.001 

Mean aortic valve gradient (per 10 mmHg) 0.81 (0.75-0.87) <0.001 

Mini-Mental Status Exam (per 1 point) 0.97 (0.94-1.00) 0.056 

KCCQ-12 Score (per 10 points) 0.91 (0.87-0.96) <0.001 

 

KCCQ-12, 12-item Kansas City Cardiomyopathy Questionnaire 

c-index=0.64 

 



Supplemental Table 5.  Patient characteristics according to predicted risk of poor outcome (Definition #2) 

 

 Predicted Risk* 

 

Low Intermediate High Very High 

n=65 n=963 n=924 n=178 

Age (y) 83.1 (8.7) 84.5 (7.5) 84.7 (6.7) 83.3 (7.4) 

Male (%) 41.5 43.4 59.7 78.1 

Coronary artery disease (%) 80.0 75.9 79.8 79.8 

Cerebrovascular disease (%) 30.8 26.6 27.3 28.7 

Carotid disease (%) 33.8 28.8 24.9 28.1 

Peripheral vascular disease (%) 38.5 45.1 40.6 40.4 

Diabetes mellitus (%) 30.8 35.4 38.2 42.1 

Major arrhythmia (%) 35.4 42.4 58.9 62.4 

Creatinine (mg/dL) 1.03 (0.33) 1.18 (0.40) 1.40 (0.48) 1.66 (0.61) 

Hemoglobin (g/dL) 11.9 (1.5) 11.8 (1.5) 11.7 (1.6) 11.3 (1.6) 

Mean arterial pressure (mmHg) 88.9 (11.3) 88.1 (12.9) 86.3 (13.2) 84.5 (14.1) 

Body mass index (kg/m²) 25.4 (5.0) 26.7 (6.2) 27.29 (6.6) 26.8 (6.0) 

Oxygen-dependent lung disease (%) 1.5 2.7 12.6 50.0 

Pulmonary hypertension (%) 35.4 38.8 43.4 42.7 

Mitral regurgitation (>1+) (%) 21.5 24.1 26.7 30.9 

Aortic regurgitation (>1+) (%) 13.8 9.8 11.6 9.6 

Mean aortic gradient (mmHg) 59.4 (17.8) 48.7 (14.4) 39.8 (11.0) 33.1 (10.4) 

Ejection fraction (%) 58.5 (8.8) 54.5 (12.1) 50.6 (13.5) 45.7 (14.9) 

Stroke volume (mL/beat) 76.1 (44.5) 65.5 (19.7) 64.2 (20.3) 59.8 (19.8) 

Mini-Mental Status Exam score 29.1 (1.3) 28.1 (2.1) 27.0 (2.8) 24.0 (4.9) 

6-Min Walk Test (% able to perform) 100.0 82.7 51.0 19.1 

6-Min Walk Test distance (m) 356.8 (114.9) 160.2 (115.3) 56.7 (72.8) 11.7 (33.5) 

KCCQ Overall Summary score 55.4 (19.8) 47.6 (21.2) 37.9 (20.1) 28.9 (18.6) 



SF-12 Mental Summary score 50.6 (11.4) 49.4 (10.7) 46.6 (11.1) 44.1 (11.2) 

STS mortality risk score 9.6 (3.6) 11.0 (4.0) 11.9 (4.6) 13.2 (4.7) 

Outcomes at 1 Year     

Dead (%) 29.2 39.6 58.8 73.0 

Poor Outcome (%) 16.9 16.7 32.1 50.0 

 

MAP, mean arterial pressure; MMSE, mini-mental status exam; 6MWT, 6-minute walk test; KCCQ-OS, Kansas City Cardiomyopathy 

Questionnaire-Overall Summary; MCS, mental components summary; STS, Society of Thoracic Surgeons 
*
Low Risk: <25%, Intermediate Risk: 25 to <50%, High Risk: 50 to <70%, Very High Risk: ≥70% 



Supplemental Figure 1.  Calibration plot for prediction of poor outcome (Definition #1) 

after TAVR after excluding patients who experienced major peri-procedural complications 

; Intercept of -0.0001 (SE 0.04; p-value [for difference from 0]=0.998), a slope of 0.95 (SE 0.11; 

p-value [for difference from 1]=0.640), and R
2
 of 90%.  
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Supplemental Figure 2.  Calibration plot for prediction of poor outcome (Definition #1) 

after TAVR via transfemoral route (a) and transapical route (b). (a) Intercept of 0.02 (SE 

0.03; p-value [for difference from 0]=0.538), a slope of 0.84 (SE 0.09; p-value [for difference 

from 1]=0.105), and R
2
 of 92%. (b) Intercept of 0.01 (SE 0.06; p-value [for difference from 

0]=0.917), a slope of 1.11 (SE 0.18; p-value [for difference from 1]=0.543), and R
2
 of 83%.  
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Supplemental Figure 3. Calibration plots for prediction of poor outcome at 1 year after 

TAVR (Definition #2) in the derivation cohort (a) and validation cohort (b).  (a) Intercept of 

-0.01 (SE 0.04; p-value [for difference from 0]=0.806), a slope of 1.01 (SE 0.07; p-value [for 

difference from 1]=0.871), and R
2
 of 97%. (b) Intercept of 0.11 (SE 0.06; p-value [for difference 

from 0]=0.108), a slope of 0.79 (SE 0.11; p-value [for difference from 1]=0.093), and R
2
 of 86%. 
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PARTNER – Participating Study Sites and Key Personnel 

Barnes Jewish Hospital  

St. Louis, MO 

Principal investigators: J. Lasala, R. Damiano; co-investigators: A. 

Zajarias, H. Maniar; site coordinators: K. Striler, J. Zoole; 

echocardiography: B.R. Lindman 

Brigham & Women’s Hospital  

Boston, MA 

Principal investigators: F. Welt, R. Bolman; co-investigators: A. 

Eisenhauer, M. Davidson; site coordinator: T. Charleson; 

anesthesiology/echocardiography: W. Gross 

Cedars-Sinai Medical Center  

Los Angeles, CA 

Principal investigators: R. Makkar, G. Fontana; co-investigators: A. 

Trento, S. Kar; site coordinators: M. Gheorghiu, A Doumanian;  

echocardiography: K. Tolstrup, R. Siegel 

Cleveland Clinic Foundation  

Cleveland, OH 

Principal investigators: M. Tuzcu, L. Svensson; co-investigators: S. 

Kapadia, E. Roselli; site coordinators: B. Fahey; echocardiography: W. 

Stewart; CT: P. Schoenhagen; anesthesiology: A. Alfirevic,  

Columbia University Medical Center 

New York, NY 

Principal investigators: M. Leon, C. Smith; co-investigators: J. Moses, S. 

Kodali, M. Williams; site coordinators: M. Hawkey, S. Schnell; 

echocardiography: M. Foley, R. Hahn, L. Gillam 

Cornell University  

New York, NY 

Principal investigators: S. Chiu Wong, K. Krieger; co-investigators: G. 

Bergman, A. Salemi; site coordinator: D. Reynolds; echocardiography: 

R. Blyton Devereux. 

Emory University Hospital  

Atlanta, GA 

Principal investigators: P. Block, R. Guyton; co-investigators: V. 

Babaliaros, V. Thourani; site coordinators: E. Block, E. Tequia; 

echocardiography: S. Lerakis 

Intermountain Medical Center  

Murray ,UT 

Principal investigators: B. Whisenant, K. Jones; co-investigators: S. 

Clayson, E. Miner, S. Horton; site coordinators: M. Snyder, D. Siler 

Laval Hospital  

Quebec, Canada 

Principal investigators: J. Rodes-Cabau, D. Doyle; co-investigator: 

Dumont;  site coordinator: J. Aube; echocardiography: P. Pibarot 

Herzzentrum Leipzig  

Leipzig, Germany 

Principal investigators : F. Mohr, G. Schuler; co-investigator: D. 

Holzhey; site coordinator: S. Ott; echocardiography: E. Stotdrees 

Massachusetts General Hospital 

Boston, MA 

Principal investigators: I. Palacios, G. Vlahakes; co-investigators: A. 

Agnihotri,  I. Inglessis; site coordinator: M. Daher; echocardiography: J. 

Passeri 

Mayo Clinic 

Rochester, MN 

Principal investigators: C. Rihal, K. Greason; co-investigators: D. 

Holmes, V. Mathew, R. Suri; site coordinators: J. Faust, P. Mundt;  

echocardiography: M. Sarano, V. Nkomo 

Medical City Dallas 

Dallas, TX 

Principal investigators: T. Dewey, D. Brown; co-investigators: B. 

Bowers, M. Mack; site coordinators: C. McKibben, A. Kenady; 

echocardiography: D. Gopal 

  



Northshore University Health System 

Evanston, IL 

Principal investigators: T. Feldman, P. Pearson; co-investigator: M.  

Salinger; site coordinators: D. Seifert, L. Smalley; echocardiography: S. 

Smart, M. Lampert, D. Marmour, J. Marogil; 

anesthesiology/echocardiography: J. Marymount 

Northwestern Medical Center 

Chicago, IL 

Principal investigators: C. Davidson, P. McCarthy; co-investigators: N. 

Beohar (no longer at Northwestern), C. Malaisrie; site coordinators: K. 

Madden, M. DeAngelis; echocardiography: I. Mikati 

Ochsner Clinic 

New Orleans, LA 

Principal investigators: S. Ramee, G. Parrino; co-investigators: T. 

Collins, M. Bates; site coordinator: B. Hirstius; sonography: L. Bienvenu 

Scripps Clinic 

La Jolla, CA 

Principal investigators: P. Teirstein, S. Brewster; co-investigators: J. 

Tyner, C. Stinis, D. Rubenson; site coordinators: S. Clarke, T. Buchanan, 

E. Anderson 

Stanford University Medical Center 

Palo Alto, CA 

Principal investigators: C. Miller, A. Yeung; co-investigators: W. Fearon, 

M. Fischbein; site coordinators: M. Speight, C. McWard; 

echocardiography: D. Liang 

St. Luke’s Mid America Heart Institute 

Kansas City, MO 

Principal investigators: B. Rutherford, A.M. Borkon; co-investigators: D. 

Cohen, K. Allen, A. Grantham, A. Chhatriwalla, S. Aggarwal; site 

coordinators: J. Hall, M. Miller; echocardiography: M. Main 

St. Paul’s Hospital 

Vancouver, Canada 

Principal investigators: J. Webb, A. Cheung; co-investigators: J. Ye, S. 

Lichtenstein; site coordinator: E. Zwanenburg; echocardiography: B. 

Munt, R. Moss, C. Thompson 

University of Virginia 

Charlottesville, VA 

Principal investigator: I.L. Kron; co-investigator: L. Scott; site 

coordinators: S. Burks, K. Gahring; echocardiography: P. Norton. 

University of Miami 

Miami, FL 

Principal investigators: W. O'Neill, D. Williams; co-investigators: A. 

Heldman, A. Medina; site coordinator: S. Morales; echocardiography: M. 

Bilsker 

University of Pennsylvania 

Philadelphia, PA 

Principal investigators: J. Bavaria, H.C. Herrmann; co-investigator: W. 

Szeto; site coordinators: L. Roche, L. Walsh; echocardiography: M. 

Keane, S. Anwaruddin 

University of Washington 

Seattle, WA 

Principal investigators: M. Riesman, E. Verrier; co-investigators: G. 

Aldea, L. Dean; site coordinator: R. Letterer; echocardiography: C. Otto 

Washington Hospital Center 

Washington, DC 

Principal investigators: G. Pichard, P. Corso; co-investigators: S. Boyce, 

L. Satler; site coordinator: P. Okubagzi, D. Hemantha; echocardiography: 

Z. Wang, S. Goldstein 

 


