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Introduction

Symptomatic aortic stenosis is the most prevalent valve 
pathology (1,2), with surgical aortic valve replacement 
(SAVR) being the mainstream treatment strategy. While 
SAVR has been shown to be effective (3,4), a significant 
proportion of patients are deemed too high surgical risk, 
due to their age and associated comorbid burden (5). As 
such, transcatheter aortic valve implantation (TAVI) shifted 

the paradigm for treating patients with symptomatic 
aortic stenosis who were considered high operative risk 
(6,7). Additionally, contemporary data have shown similar 
outcomes between transfemoral TAVI and SAVR for 
intermediate risk patients (8-10). Hence, Heart Teams 
need to compare the perceived benefits/risks across 
both treatment options. This process is based on clinical 
judgement on an individual patient basis, with limited 
tools available to aid this decision-making. Although risk 
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stratification tools for SAVR are in clinical use, developing 
a systematic way of measuring procedural risks in patients 
considered for TAVI is a priority (11). 

Mortality remains at the forefront of risk stratification 
following surgical procedures. To this end, clinical 
prediction models (CPMs) underpin pre-procedural risk 
assessment and can aid clinical decision-making, the 
consent process and benchmarking/auditing (12). Cardiac 
surgery CPMs, such as the EuroSCORE and Society of 
Thoracic Surgeons Predicted Risk of Mortality (STS-
PROM) models (13,14), have been used to quantify patient 
risk in TAVI randomised controlled trials (6,7). However, 
these models inappropriately estimate mortality risk within 
TAVI cohorts, since they were derived to predict short-
term mortality within surgical populations; as such, their 
predictive performance is known to be poor in patients 
undergoing TAVI (15-17). 

Therefore, estimating the risks of mortality and poor 
outcomes following TAVI through the derivation of TAVI-
specific CPMs is an ongoing research area. The aim of 
this review article is to outline the current landscape of 
pre-procedural risk assessment in TAVI, and to propose 
suggestions for unmet clinical needs in this area. We begin 
by overviewing current risk models and their reported 
predictive performance, and then discuss some of the 
challenges facing TAVI risk assessment. We end with some 
suggestions for future perspectives.

Risk prediction in TAVI

The worldwide increase in the annual number of TAVI 

procedures has driven a multitude of national registries. 
For example, in the UK, the annual number of TAVI 
procedures increased rapidly between 2007 and 2014 
(Figure 1). National registries provide a valuable platform 
in which to study outcomes at scale, while also facilitating 
risk model development. The latter is important to aid the 
identification of high-risk TAVI cases and for operator/
centre performance comparisons, particularly in the cascade 
of a new treatment where technology is rapidly developing. 
Indeed, there have been several recent attempts at deriving 
TAVI-specific CPMs from national registries, each aiming 
to predict the risk of either in-hospital/30-day mortality 
(18-23) or one-year mortality (18,24,25). A review of 
these models and their risk factors is given in Tables 1,2 for 
short- and long-term mortality prediction, respectively. 
Unsurprisingly, many of these models share similar sets of 
risk factors, although the definitions of each vary between 
the different cohorts, owing to differences in both recording 
practices and modelling strategies.

One of the earliest TAVI risk models was the FRANCE-2 
model (22), which included nine risk factors (Table 1), 
contributing to a 21-point score to predict 30-day mortality, 
and was derived on 2,552 patients from the France TAVI 
registry. Similarly, the Society of Thoracic Surgeons/
American College of Cardiology Transcatheter Valve 
Therapy (STS/ACC) model includes a comparable 
collection of risk factors, and represents the CPM derived 
on the largest cohort of TAVI patients to-date (19). 
Specifically, the model was developed on 13,718 patients, 
and internally validated on a further 6,868 patients (Table 1).

In contrast, only a handful of TAVI CPMs have aimed 
to predict one-year mortality (Table 2). For example, the 
CoreValve model developed by Hermiller et al. (18) was 
derived and internally validated on 3,687 patients from 
the CoreValve US Pivotal Trial, and aimed to predict both  
30-day and one-year mortality. The one-year mortality 
model was based on extending the STS-PROM score to 
include indicators of Albumin levels, Charlson score and 
home oxygen use (Table 2). While this represents the largest 
study used to develop a one-year mortality TAVI CPM to-
date, the applicability to patients not undergoing TAVI with 
a CoreValve prosthesis remains unclear. 

Performance of existing risk prediction models

Despite the emergence of several TAVI CPMs, one of the 
main barriers to implementing them in clinical practice is 
the paucity of external validation studies that have examined 
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Figure 1 The annual number of TAVI procedures conducted in 
the UK between 2007 and 2014. TAVI, transcatheter aortic valve 
implantation.
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their predictive performance in populations distinct to 
those where they were developed (26-28). Early examples of 
external validation studies were those conducted by Halkin 
et al. using the Israeli TAVI registry (29), and by our group 
within the UK TAVI registry (17), with both finding that 
the existing TAVI CPMs had only moderate predictive 
performance. For example, the investigation from the UK 
TAVI registry compared the performance of the German 
AV (20), the FRANCE-2 (22), the OBSERVANT (21) and 
the STS/ACC (19) CPMs with the surgical risk models, 
with the C-statistics ranging from 0.57 (OBSERVANT) to 
0.64 (STS/ACC) (17). These results were later supported 
within the Swiss TAVI registry, where Pilgrim et al. 
externally validated the STS/ACC CPM on 3,491 patients 
and found that the STS/ACC model was well-calibrated 
but achieved only moderate discrimination (C-statistic  
of 0.66) (30). Subsequently, the STS/ACC model was shown 
to have a C-statistic of 0.68 when applied to patients from a 

single centre in Germany (31).
As such, the emerging evidence suggests that the TAVI 

models perform better than their surgical counterparts do, 
albeit with moderate discrimination. Moreover, the current 
evidence suggests that the models could support clinical 
benchmarking and auditing, as proposed by the STS/ACC 
model (19) and the UK-TAVI model (23). In particular, the 
STS/ACC model has been externally validated most widely, 
with each study showing appropriate calibration (17,30,31). 
Nevertheless, further external validation studies are required 
to assess the performance of all existing TAVI CPMs in 
distinct populations, and the moderate discrimination 
inhibits their use in aiding mortality risk stratification on an 
individual patient basis.

Challenges to mortality risk prediction in TAVI

One potential explanation for the limited performance 

Table 1 Risk factors included across the existing TAVI-specific CPMs that aim to predict in-hospital and/or 30-day mortality

Characteristic CoreValve model (18) STS/ACC (19) OBSERVANT (21) FRANCE-2 (22) UK-TAVI (23)

Year of publication 2016 2016 2014 2014 2017

Total sample size 3,687 20,586 1,878 3,833 6,339

Derivation 2,482 13,718 1,256 2,552 6,339

Validation* 1,205 6,868 622 1,281 6,339
†
 

Predictors Albumin ≤3.3 g/dL Age eGFR Age ≥90 years Age

Assisted living eGFR Critical state BMI <30 kg/m
2

Female

Home oxygen Dialysis Pulmonary NYHA class IV BMI

Age >85 years NYHA class IV Hypertension ≥2 pulmonary oedemas eGFR

Severe chronic lung disease Diabetes Pulmonary hypertension Pulmonary disease

Nonfemoral access NYHA class IV Critical state Extracardiac arteriopathy

Acuity category Prior BAV Respiratory insufficiency Sinus rhythm

LVEF<40% Dialysis Prior BAV

Nonfemoral access Critical state

Poor mobility

KATZ

PA systolic pressure

Non-elective procedure

Nonfemoral access

*, Internal validation; †, obtained by bootstrap resampling. TAVI, transcatheter aortic valve implantation; CPMs, clinical prediction models; 
BAV, balloon aortic valvuloplasty; BMI, body mass index; eGFR, Glomerular filtration rate; KATZ, index of independence in daily living; 
LVEF, left ventricular ejection fraction; NYHA, New York Heart Association.
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of existing TAVI CPMs is that they have been derived in 
registries that predominately include elderly and high-
risk surgical candidates and have mainly aimed to predict 
mortality. However, elderly patients are at high risk of 
mortality from causes unrelated to the TAVI procedure, 
mostly non-cardiac conditions, and previous work has 
demonstrated that mortality risks in the most elderly 
patients quickly return to that of a matched general 
population (32). While this is undoubtedly an artefact 
of the careful patient selection in the most elderly TAVI 
patients, it does highlight the difficulties in trying to use 
patient baseline characteristics to predict all-cause mortality 
in the long-term follow-up. Reframing the problem to 
predict how long it will take a patient’s survival trajectory to 
return to that of a matched healthy individual, might prove 
beneficial in this setting. 

Similarly, homogenous cohorts make it challenging to 
find novel risk factors that can discriminate between those 
at high- and low-risk of mortality. For example, frailty has 
been suggested as a potential additive marker to improve 
mortality prediction in TAVI, with previous studies showing 
frailty to be associated with TAVI outcomes (33-35). 
However, the lack of recording of frailty-related variables 
as well as its unstandardized definition, have hindered 
incorporating such measures into TAVI CPMs (19,22). 
Recent studies have explored the benefit of adding frailty 

scores into conventional surgical CPMs (33,34,36,37), 
with each showing a statistically significant, but modest, 
improvement in the predictive performance after adding the 
frailty variables. Hence, although frailty is widely suggested 
as a potential marker to improve prediction, incorporating 
this concept into CPMs remains a challenge. Specifically, 
there is no consensus around the most clinically useful 
measure of frailty [as exemplified by the range of measures 
used across the previous literature (33,34,36,37)], and 
many of the objective measures (e.g., hand-grip, gait speed, 
6-min walk distance, etc.) are not yet routinely collected in 
national registries or institutional datasets. As such, there is 
a need to enhance frailty assessment in TAVI, and to utilise 
alternative measures such as functional measurements, 
imaging parameters and serological markers. The potential 
expansion of TAVI into intermediate (8) and lower risk (9) 
patients, means the identification of such novel risk factors 
may become increasingly important, especially since this 
expansion might reduce the impact that frailty and other 
comorbidities have on pre-procedural risk assessment.

On the other hand, the expansion of TAVI into wider 
patient groups and the rapid improvements in device 
technology also presents an additional challenge. Indeed, 
the majority of CPMs that are used across clinical practice 
are usually regarded as static tools. However, with changes 
in the underlying case-mix and procedural practice, there 

Table 2 Risk factors included across the existing TAVI-specific CPMs that aim to predict 1-year mortality

Characteristic CoreValve model (18) TARIS (24) TAVI2-SCOREe (25)

Year of publication 2016 2014 2015

Total sample size 3,687 1,178 511

Derivation 2,482 845 511

Validation* 1,205 333 100 (bootstrap resampling)

Predictors Albumin ≤3.3 g/dL Age Age >85 years

Home oxygen Female Male

Severe Charlson score BMI Porcelain aorta

STS-PROM >7% Pulmonary hypertension MI <90 days

eGFR CrCl <30 mL/kg/min

Hemoglobin Hemoglobin <10 g/dL

P mean before TAVI (mmHg) LVEF <35%

LVEF <45% Aortic valve mean gradient ≥70 mmHg

*, Internal validation. TAVI, transcatheter aortic valve implantation; CPMs, clinical prediction models; BMI, body mass index; CrCl, 
creatinine clearance; eGFR, glomerular filtration rate; LVEF, left ventricular ejection fraction; MI, myocardial infarction; STS-PROM, Society 
of Thoracic Surgeons Predicted Risk of Mortality.
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should be corresponding changes to TAVI risk prediction, 
since CPMs should reflect most contemporary practice. 
Lack of updating resulted in the so-called ‘calibration drift’ 
observed in the Logistic EuroSCORE, where there was a 
divergence between the observed and expected outcome 
risks (38). While methodology for dynamic risk prediction 
exist (39,40), these methods are rarely incorporated into 
contemporary risk scores. Accordingly, the rapid changes in 
device technology make TAVI an ideal setting in which to 
utilise these advanced dynamic modelling methods, to aim 
for improved and timely risk predictions. 

Future perspectives: challenging the current 
state of knowledge

The existing models serve as a useful foundation in which 
to adjust centre level mortality outcomes for cross-study 
comparison and for audit analyses, but they cannot be 
used on an individual patient level. Given that randomised 
controlled trials have shown equipoise between SAVR and 
TAVI in intermediate risk patients at a cohort level (8),  
there is an increasing clinical need in differentiating 
expected outcomes across these treatment modalities at 
an individual patient level to decide optimal treatment 
pathways. Aortic stenosis represents an ideal clinical setting 
in which to do this, since successfully optimising treatment 
decisions between SAVR and TAVI could lead to benefits 
to patients, clinicians, resource utilisation and policy 
makers. Specifically, we are interested in comparing the 
predicted risks for patients assuming they undergo different 
interventions, and then targeting the intervention that 
minimises the risk of poor outcomes. However, there are 
both methodological and clinical hurdles that need to be 
tackled in this space. 

From a methodological viewpoint, standard CPM 
development strategies are ill-placed to support decision-
making about treatment initiation since they do not 
explicitly consider ‘what if’ scenarios (41). Additionally, 
such a model could only be achieved by modelling within 
cohorts that include all patients with severe aortic stenosis 
(regardless of treatment regime), rather than modelling 
solely within patients who have already undergone TAVI 
(e.g., national registries). This suggests that a more unified 
approach to modelling will be required that joins networks 
of modelling teams.

From a clinical viewpoint, comparing the risks across 
multiple treatment modalities also requires one to consider 
a range of clinical, non-clinical and patient-reported 

outcomes, especially in a predominately-elderly population 
that have multiple comorbidities, or more recently, in 
lower risk patients that are expected to have a longer life 
expectancy (42). For example, the majority of existing 
TAVI CPMs have aimed to predict mortality (at either  
30-day or 1-year),  but outcomes such as hospital 
readmission, general health status and improvements 
in quality of life are equally important considerations 
for patient/treatment selection. Definitions of “poor 
outcome” following TAVI have previously been proposed 
that integrate mortality and quality of life (43), with such 
definitions used to derive the PARTNER risk model that 
aimed to estimate risk of poor outcome 6-months after 
TAVI (44). The model achieved a moderate discrimination 
(C-statistic of 0.66) in development, with similar 
performance reported when the model was externally 
validated (45). By defining and predicting a “poor outcome”, 
the PARTNER model was pivotal in advancing the ability to 
identify subgroups of TAVI candidates who are at high-risk 
of adverse outcomes, although the moderate discrimination 
limits the ability to do this on an individual patient basis. 
Nevertheless, TAVI cohorts represent a fairly unique patient 
population, where the relative trade-offs between improved 
survival and improvements in quality of life are likely to 
vary between patients and their personal circumstances (44).  
Thus, a ‘one-size-fits-all’ definition of poor TAVI 
outcomes is potentially overly simplistic. To achieve a truly 
personalised prediction in patients with aortic stenosis, one 
needs to integrate a patient’s individual definition of what 
constitutes a ‘poor outcome’ and incorporate this dynamic 
outcome definition within the treatment decision-making; 
patient-reported outcomes and the Heart Teams will both 
play a vital role in this assessment.

Nonetheless, we must maintain perspective on striving 
for a risk score that differentiates expected outcomes 
between SAVR and TAVI. Specifically, there has been a rise 
in the number of publications that have aimed to develop 
new TAVI CPMs in new populations of interest. While 
this is expected without a widely agreed model, we need 
to guard against creating a proliferation of models, each 
of which are developed in silos of datasets and outcomes; 
this is true across most clinical contexts, as exemplified 
by a recent editorial (46). Arguably, since TAVI registries 
are generally smaller than their counterparts in cardiac 
surgery (such as those used to derive the EuroSCORE or 
STS-PROM models), there is scope to move away from 
standard modelling approaches and unify the evidence 
across populations. A similar recommendation was made 
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by Puri et al. (11), who suggested a pragmatic approach to 
TAVI risk assessment. Here, the predicted risks from (I) the 
PARTNER (44) and FRANCE-2 (22) CPMs, (II) frailty 
indicators and (III) organ failure, where cross-tabulated in a 
relatively crude way to define groups of low-, intermediate-, 
high- and prohibitive-risk (11). However, one could achieve 
this in a more integrated approach, by combining the whole 
evidence base (i.e., all existing TAVI CPMs), new data and 
emerging risk factors/outcome definitions using model 
updating and model aggregation methods (47-50). This 
would allow a holistic view of TAVI risk assessment and 
potentially aid the identification of high-risk cases on an 
individual patient basis.

Conclusions

In this review, we have discussed some of the challenges 
facing pre-procedural risk assessment in patients undergoing 
TAVI. There has been positive progress in this space 
through the development of several TAVI-specific CPMs. 
Importantly, some models have shown potential to facilitate 
benchmarking and cross-study comparisons. However, 
there are still areas to improve before any of the current risk 
models can support pre-procedural risk assessment on an 
individual patient basis. The potential expansion of TAVI 
into younger and lower risk patients means there is a need for 
CPMs that differentiate between outcomes from SAVR and 
TAVI. Specifically, rather than modelling solely within TAVI 
cohorts, future studies should focus on developing CPMs 
within cohorts of patients with aortic stenosis that have been 
treated through multiple treatment strategies. Supported 
by appropriate consideration of ‘what-if’ scenarios, this 
would allow one to compare predicted risks across treatment 
modalities for the individual patient and target intervention 
accordingly. However, we must maintain perspective on this 
by carefully defining “poor outcomes” and avoid proliferation 
of models derived in silos of populations.
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