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Abstract
Aims: Little is known about how “Heart Team” treatment decisions among patients suitable for either surgi-
cal aortic valve replacement (AVR) or transcatheter aortic valve implantation (TAVI) are made under routine 
conditions.

Methods and results: The “Heart Team” decision-making process was analysed with respect to124 patients 
of a non-randomised prospective clinical trial that included patients aged ≥75 years: 41 patients underwent 
AVR and 83 underwent TAVI. By use of the non-parametric classification and regression tree (CART) meth-
odology, 21 baseline parameters were tested to reconstruct the decision process retrospectively. Next, mul-
tivariate logistic and Cox regression models were fitted to evaluate the decision and outcome relevance 
(two-year survival) of the parameters as identified in the CART procedure. For patients with a baseline 
EuroSCORE I ≥13.48%, no further cut-off points were identified and the majority of these patients under-
went TAVI. Among patients with a baseline EuroSCORE I <13.48%, age and left ventricular ejection frac-
tion (LVEF) were identified as further relevant decision parameters. The decision relevance of EuroSCORE 
I (p=0.003), age (p=0.024) and LVEF (p=0.047) were confirmed by multivariate analysis; however, outcome 
relevance can be confirmed for EuroSCORE I (p=0.015) only, while treatment decision (TAVI or AVR) was 
not a significant predictor of mortality (p=0.655).

Conclusions: Despite or even because of the systematic risk selection according to EuroSCORE I values, 
we observed two-year survival rates of about 75% regardless of whether the patient received TAVI or AVR, 
suggesting that the decisions made by the “Heart Team” were appropriate. German Clinical Trial Register 
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Introduction
The decision as to choice of treatment for elderly patients with 
symptomatic aortic valve stenosis (AS) remains controversial1,2. 
The increasing life expectancy observed in most western countries 
such as Germany has led to a rising prevalence of patients present-
ing with AS and has even complicated the decision process, as age-
ing is associated with an increase in comorbidities, and consequent 
higher postoperative morbidity and mortality3. The gold standard in 
the treatment of aortic valve stenosis has long been surgical inter-
vention by aortic valve replacement (AVR) or valve repair4,5. Since 
the first-in-man implants in 2002, transcatheter aortic valve implan-
tation (TAVI) has become established as a new standard of care for 
inoperable patients6. Hence, clinical complications and long-term 
outcomes of TAVI are the subject of extensive clinical research7-9.

According to the ESC/EACTS Guidelines10, TAVI is recommended 
for patients considered unsuitable for conventional surgery because 
of severe comorbidities. In patients considered to be at high risk for 
conventional surgery, these comorbidities and the associated individ-
ual patient’s risk should be assessed by a “Heart Team” of cardiac 
surgeons and cardiologists to select the optimal treatment strategy 
for individual patients10. Unfortunately, little evidence is available for 
validation and evaluation of the “Heart Team” approach11,12.

In the present study we sought to analyse how treatment deci-
sions are made in AS patients suitable for AVR or TAVI by a “Heart 
Team” approach and which patient-specific baseline parameters 
influence the decision-making process.

Methods
STUDY POPULATION
The patient population in this analysis consisted of 124 patients 
with severe aortic stenosis who were enrolled in the non-ran-
domised prospective “TAVI Calculation of Costs Trial” (TCCT) 
and treated under routine clinical conditions by either AVR or TAVI. 
According to the study protocol, only patients aged ≥75 years were 
included. Treatment decisions were made by a study-independent 
“Heart Team” of cardiac surgeons and cardiologists according to 
best clinical practice. Finally, 41 patients underwent AVR and 83 
underwent TAVI. Outpatient visits were scheduled at three, six, 12, 
18 and 24 months with additional monthly telephone follow-up 
in-between.

Ethics approval for this study was granted by the Research Ethics 
Committee of Albert-Ludwigs-Universität Freiburg, Freiburg, 
Germany.

STATISTICAL ANALYSIS
Quantitative continuous variables are described with means±standard 
deviation and quantitative discrete variables with relative frequen-
cies. Differences between treatment groups were analysed using the 
non-parametric Wilcoxon rank-sum test or Fisher’s exact test when 
appropriate. The distribution of patients according to treatment 
option by the interdisciplinary colloquium is assumed to: 1) be 
mainly influenced by patient presentation, characterised by a num-
ber of baseline parameters; and 2) lead to systematic differences 

between the treatment groups. In order to understand this properly, 
the “Heart Team” decision-making process was analysed using the 
non-parametric classification and regression tree (CART) analysis. 
CART is an example of so-called machine learning methods and 
has been modified over the years in various directions. We applied 
a CART procedure as suggested by Schumacher et al13. Briefly, the 
applied CART programme first determines a cut-off point for each 
possible predictor variable by which the population could be split 
into two subgroups (lowest p-value of a logistic regression) which 
best explains the binary endpoint of the analysis (TAVI or AVR) 
and then selects the predictor with the lowest p-value to determine 
a first split. The process is then repeated on the resulting subgroups 
until no further partitioning is warranted (no cut-off at a p-value 
<0.05 possible) or the resulting subgroup is considered too small 
(subgroup smaller than  which results in a minimal size of 12). 
The final result is a decision tree.

In the present study, a total of 21 patient-specific baseline param-
eters, such as risk scores, pre-existing conditions or self-reported 
quality of life values (Table 1), were used to reconstruct retrospec-
tively the decision process leading to the final treatment choice. 
Next, a multivariate logistic regression model was fitted to confirm 
the decision-relevant parameters as identified in the CART proce-
dure. Finally, two-year cumulative survival rates were estimated by 
means of the Kaplan-Meier method14, and the confirmed decision-
relevant parameters were included as covariates in a Cox regression 
model15. Theoretically, an analysis of the treatment effect (TAVI or 
AVR) including all decision-relevant parameters as covariates may 
lead to an unbiased estimation of the treatment effect, assuming 
that all factors influencing both the choice and the prognosis are 
accounted for16. With the typical limitations of a limited sample size 
and unobservable variables, this is unrealistic. However, taking the 
most important factors in the decision process into account can be 
a first step to approaching a more realistic effect. Furthermore, it 
allows checking whether the factors identified as most important for 
the decision process are actually of prognostic value. The propor-
tional hazards assumption was verified by Stata’s PH-assumption 
test using Schoenfeld residuals.

For missing variables, multiple imputation was applied except for 
the CART procedure, where a second data set was generated with the 
application of conditional mean imputation. All analyses were per-
formed using Stata 12 (StataCorp, College Station, TX, USA).

Results
PATIENT POPULATION
Baseline demographics and characteristics are given in Table 1. 
According to the “Heart Team” decision, 41 and 83 patients under-
went AVR and TAVI, respectively. AVR patients were younger 
(p<0.001) with lower EuroSCORE I (p<0.001) and EuroSCORE II 
values (p=0.003) as well as lower STS scores (p=0.002) than patients 
in the TAVI group. There was also a gender imbalance, with 
a higher proportion of females undergoing TAVI (p=0.004). TAVI 
patients more often had a medical history of peripheral vascular 
disease (p=0.032).
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CLINICAL DECISION MAKING AND TREATMENT CHOICES
To identify decision-relevant factors among the baseline character-
istics, all of the available 21 patient-specific baseline characteristics 
were included in the CART procedure. The results of the analysis 
are shown in Figure 1. For the major decision between AVR and 
TAVI, the EuroSCORE I was identified as the strongest predictor 
with a cut-off value of 13.48% (p<0.001) whereas the STS score 
and EuroSCORE II were of only minor relevance. Among patients 
with a baseline EuroSCORE I less than 13.48%, age and ejection 
fraction (EF) were identified as further decision-relevant param-
eters. Among patients with a baseline EuroSCORE I greater than 
13.48%, no further cut-off points were identified, and the majority 
of these patients underwent TAVI.

As shown in Table 1, patients selected for the TAVI procedure 
were, on average, of higher age, and showed smaller aortic valve 

Table 1. Mean baseline characteristics of TAVI and AVR patients 
aged ≥75 years.

TAVI
83

AVR
41

p-value

Demographics

Age 82.9±4.48 79±3.49 <0.001

Female 67% 39% 0.004

TA instead of TF 28%

Additional CABG 24%

Medical history

LVEF (%) 50.52±9.62 49.28±13.09 0.772

AVA 0.68±0.16 0.78±0.19 0.004

Renal disease 64% 59% 0.437

CAD 54% 51% 0.849

Previous MI 22% 10% 0.135

Previous PCI 24% 15% 0.251

Previous stroke 7% 5% 1.000

Previous CAB 12% 2% 0.099

AF 41% 34% 0.558

Hypertension 83% 95% 0.087

DM 27% 32% 0.672

Liver disease 6% 2% 0.663

COPD 16% 17% 1.000

PVD 20% 5% 0.032

Quality of life 0.79±0.21 0.81±0.21 0.233

proBNP (pg/ml) 4,098±6,576 1,962.15±2,169 0.104

Risk scores

EuroSCORE I 20.66±13.05 10.96±5.96 <0.001

EuroSCORE II 6.77±5.59 4.25±3.52 0.003

STS score 5.7±3.36 4.02±2.01 0.002

Data are presented as % or mean±standard deviation. AF: atrial 
fibrillation; AVA: preoperative aortic valve area; CABG: coronary artery 
bypass graft; CAD: coronary artery disease; COPD: chronic obstructive 
pulmonary disease; DM: diabetes mellitus; LVEF: left ventricular ejection 
fraction; MI: myocardial infarction; PCI: percutaneous coronary intervention; 
proBNP: B-type natriuretic peptide; PVD: peripheral vascular disease

areas and higher EuroSCORE I. However, between-group differ-
ences in the mean ejection fraction were negligible. Analogously, 
the multivariate logistic regression model with the decision-rele-
vant parameters as identified in the CART procedure confirmed 
that patients with an increased risk of mortality predicted by 
EuroSCORE I, of greater age, and/or with preserved ejection frac-
tion were more likely to undergo TAVI than AVR (Table 2).

Heart Team (N=124)

N=62
EuroSCORE I

Age (N=62)

N=24 EF (N=38)

N=14 N=24

TAVI (N=83)AVR (N=41)

11/1419
/2

4

55/62

20/24

<78 ≥78

<13.48 ≥13.48

<52.5 ≥52.5

Figure 1. Treatment decision for patients aged ≥75 years. Decision 
tree according to the CART procedure.

Table 2. Factors associated with the treatment decision.

TAVI rather than AVR

Odds ratio p-value 95% CI

EuroSCORE I 1.145** (0.003) [1.047-1.252]

Age 1.157* (0.024) [1.020-1.313]

EF 1.061* (0.047) [1.001-1.125]

N 124

Odds ratios; p-values in parentheses. *p<0.05, **p<0.01. Multivariate 
logistic regression model.

TWO-YEAR SURVIVAL
Periprocedural survival (within 72 hours) was 100% and 99% for 
patients who underwent AVR and TAVI, respectively. Two-year 
Kaplan-Meier curves of patients who received TAVI or AVR are 
shown in Figure 2. For both therapies, two-year survival rates were 
75% without any significant differences (HR=1.03; p=0.94).

According to the multivariate analysis, EuroSCORE I was iden-
tified as an independent predictor of mortality (Table 3), while 
treatment decision (TAVI or AVR) was still not a significant predic-
tor of mortality (p=0.66).

Discussion
The main finding of the present study is that treatment decisions made 
by “Heart Teams” appear to be mainly influenced by well-accepted 
risk factors and result in two-year survival rates of 75% for both AVR 
and TAVI patients. These results are not only comparable with recent 
results for AVR and TAVI patients who were selected by a “Heart 
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Team” under routine conditions17,18, but also show that, despite the 
systematic risk selection, there are comparable survival rates regard-
less of whether the patient underwent TAVI or AVR.

In the changing clinical environment that has followed the 
introduction of TAVI, empirically derived real-world data are of 
the utmost importance. In this elderly, rather heterogenous patient 
population, decision making is particularly complex given the 
wide range of perioperative risk factors and life expectancy due 
to the individual cardiac and non-cardiac patient characteristics. 
Generally, it is assumed that the “Heart Team” approach may 
have additional value for tailored decision making10,11,19-22. This 
has been discussed to extend the concept further23.

Complementary to randomised controlled trials, a prospective 
study such as the TAVI Calculation of Costs Trial is well suited 
to capture all decision-relevant information within real-world 
clinical practice for evaluation of the “Heart Team” concept11. 
Although the observed two-year survival rates of 75% follow-
ing the “Heart Team” decision-based treatment look promising, 
we usually have no insights into the complex decision pro-
cess and the comorbidity conditions of relevance17,18,24,25. In the 
present analysis, we demonstrated that the decision is mainly 
influenced by well-known risk factors. Moreover, at least one 
of these factors, the EuroSCORE I, was an independent predic-
tor of survival in this population. Further, we observed for both 
therapeutic options that survival times were comparable with 

Number
at risk
AVR 41 35 29 26 18 16 14 10 2
TAVI 83 72 62 47 37 31 17 8 3
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Figure 2. Kaplan-Meier survival curves of TAVI and AVR patients 
aged ≥75 years.

Table 3. Factors predictive of 2-year mortality.

Hazard ratio p-value 95% CI

TAVI rather than AVR 0.794 (0.655) [0.289-2.181]

EuroSCORE I 1.043* (0.015) [1.008-1.079]

Age 0.946 (0.289) [0.855-1.048]

EF 1.043 (0.564) [0.949-1.029]

N 124

Hazard ratios; p-values in parentheses. *p<0.05. Multivariate Cox 
regression model.

previous results17,18, indicating no substantial harm by using the 
“Heart Team” approach.

Almost one decade ago, Iung and colleagues carried out an 
analysis very similar to ours, identifying the decision-relevant 
factors among patients with severe, asymptomatic aortic stenosis, 
aged ≥75, but with respect to the treatment options AVR and drug 
therapy only5. Interestingly, their findings were quite similar to 
ours: decision-relevant factors were left ventricular ejection frac-
tion, age and the Charlson comorbidity score, which was favoured 
over the EuroSCORE because the latter includes variables related 
to the timing and modalities of surgery, making the EuroSCORE 
inappropriate for a comparison between operated and non-oper-
ated patients.

The patient population analysed by Iung and colleagues was of 
similar age to ours, but had a substantially lower risk of mortality 
predicted by EuroSCORE I (Iung: 8.1 for patients operated and 9.4 
for patients denied surgery). Moreover, Iung and colleagues iden-
tified left ventricular (LV) dysfunction as a driving factor for the 
decision not to operate5. In contrast, in the present analysis, patients 
with good LV function were more likely to be distributed to the 
TAVI group.

Finally, one of the main conclusions in this highly recognised 
article was the following: “These findings underline particular dif-
ficulties regarding decision-making in the elderly, in whom cur-
rent guidelines provide limited recommendations as a consequence 
of the low level of evidence from the literature. Randomised tri-
als are unlikely to be conducted in this field, thus further prospec-
tive studies including quantification of comorbidities are necessary 
to enable risk-benefit ratio to be better evaluated and, therefore, 
guidelines to be refined”5.

Although decisions are nowadays more focused on AVR and 
TAVI procedures, we believe that this main conclusion remains 
valid and topical. Guidelines still provide rather limited recom-
mendations as a consequence of the low level of evidence from 
the literature and the astonishing speed of medical progress in this 
specific field10. Today, however, this lack of evidence seems to be 
bypassed by the magic bullet of a “Heart Team” of cardiac surgeons 
and cardiologists to select the optimal treatment strategy for indi-
vidual patients11,12. Accordingly, we believe that both analysis and 
routine comparison of treatment decisions made by “Heart Teams” 
are of major importance for evaluation of this concept. The meth-
odology applied should be replicated in other centres in order to 
guarantee a high level of transparency and to optimise treatment 
decision making further.

Of course, the participants in the “Heart Team” may have had 
additional (not documentable) information as they had the possibil-
ity to visit the patient personally. The aim behind the applied deci-
sion analysis, however, was to fade out any additional information 
and to reconstruct the decision process by means of the patient-spe-
cific baseline parameters only in order to give an insight into which 
documented parameter has an impact on the treatment decision. In 
addition, organisational factors such as the department of admission 
may have influenced the treatment decision.
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In conclusion, in elderly patients with severe aortic steno-
sis a presumed increased risk of perioperative mortality as 
predicted by EuroSCORE I is the major independent determi-
nant in the clinical decision-making process in a “Heart Team” 
approach, while patient age and ejection fraction can be consid-
ered as secondary factors. Despite or even because of this sys-
tematic risk selection, we observed two-year survival rates of 
about 75% regardless of whether the patient underwent TAVI or 
AVR, suggesting that the decisions made by the “Heart Team” 
were appropriate.

Impact on daily practice
Little is known about how “Heart Team” treatment decisions 
among patients suitable for either surgical aortic valve replace-
ment (AVR) or transcatheter aortic valve implantation (TAVI) 
are made under routine conditions. In our centre, the logistic 
EuroSCORE I was identified as the strongest predictor with 
a cut-off value of 13.48%. In addition, we observed two-year sur-
vival rates of about 75% regardless of whether the patient under-
went TAVI or AVR, suggesting that the decisions made by the 
“Heart Team” were appropriate.
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