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GENERAL INTRODUCTION
The number of older patients that are in need for surgical intervention is 
continuously increasing. Age alone can be considered a risk factor for unwanted 
outcomes after surgery [1], but also frailty has been associated with negative post-
operative outcomes [2, 3]. The proportion of older patients that can be classified 
as frail and in need for surgical intervention is still growing [4, 5]. Innovation in 
surgical procedures leads to new possibilities for patients who previously were not 
candidates for surgery due to age or frailty. But still, for these patients, indifferent 
from the nature of surgery, e.g either being high-risk surgery or low-risk ambulant 
surgery, frailty remains an independent predictor of negative post-operative 
outcomes [6]. This new category of patients demands specific peri-procedural 
care to optimize shared-decision making and outcome after surgical intervention.

Transcatheter Aortic Valve Implantation (TAVI) is increasingly being used as a 
treatment option for patients with severe aortic stenosis with high or unacceptable 
surgical risk due to age, existing comorbidity or frailty [7, 8]. In this thesis, 
several aspects of age-related conditions and processes in TAVI candidates are 
investigated.

Aortic stenosis is the most common valvular heart disease in aging persons 
with prevalence numbers rising from 2.5% at the age of 75 years to 8.1% at 85 
years[9]. When aortic valve stenosis becomes symptomatic, the prognosis is 
dismal with high mortality rates up to 75% in three years if the disease is not treated 
[10]. Replacement of the aortic valve reduces symptoms and improves survival 
in patients with severe aortic stenosis [11]. Until 2002, surgical replacement of 
the aortic valve (SAVR) was the only treatment option to treat severe aortic valve 
stenosis, but at least 30% of patients with severe symptomatic aortic stenosis could 
not undergo surgery due to high or unacceptable surgical risk due to advanced 
age or extensive comorbidity [12-14]. In 2002 a new procedure was developed: 
Transcatheter Aortic Valve Implantation (TAVI). In this procedure a bioprosthetic 
valve is inserted through a catheter and implanted within the diseased native aortic 
valve [15, 16]. Since that time, there has been a rapid growth of the use of TAVI for 
treatment of severe aortic stenosis in patients with high surgical risk and extensive 
multimorbidity [7, 8]. With TAVI, this group of patients who previously could not be 
treated, becomes eligible for treatment, but since this is a whole new category of 
patients, this eligibility also comes with challenges.

TAVI is a less-invasive treatment option and is expected to become the standard 
treatment in all patients with aortic stenosis but will predominantly be applied 

in a still growing older population [7, 8, 17]. Older patients differ from younger 
patients in terms of the presence of extensive comorbidities, interference of those 
comorbidities on their functional status and the existence of frailty. TAVI is an 
alternative option for those patients with substantial frailty [7], but although TAVI 
is a less invasive procedure than SAVR, short- and long term complications such 
as post-operative delirium, major vascular complications, infections and mortality 
[7, 18-20] are still frequent and harmful. Despite improvements in immediate 
outcomes (i.e. safety) as a result of enhanced operator experience, progress in 
device technology and post-operative care, a proportion of patients do not survive 
beyond one year or at best show limited or no improvement in HRQoL after TAVI 
[7, 8, 21].

In older, multimorbid patients, it is challenging to assess the individual risk of 
adverse outcomes when taking into account known perioperative risk factors. 
Therefore, frailty has emerged as a novel biomarker in order to assess perioperative 
risk in this population of patients.

Frailty is defined as a state of reduced physical, cognitive and social functioning, 
resulting in a reduction of reserve capacity for dealing with stressors [22]. There 
are many definitions of frailty being used in research, where they all represent a 
reflection from previously validated frailty assessment tools [23]. Frailty has been 
associated with morbidity, functional decline and mortality in the community-
dwelling population [24]. Also in patients with cardiovascular disease, the 
prevalence of frailty is high and associated with increased morbidity and reduced 
survival [25, 26]. The importance of frailty in surgical care is being increasingly 
recognized in general surgery because of its correlation with adverse outcomes [3]. 
Also in cardiac surgery, the existence of frailty is associated with higher morbidity 
and mortality [27] and several studies has shown that the presence of frailty is 
associated with increased mortality rates after TAVI [28-30].

Frailty assessment has become a crucial part of the clinical decision-making 
to better tailor the care of older adults with aortic valve stenosis [31, 32]. The 
incorporation of frailty in the decision making process concerning aortic valve 
replacement is formally adopted within the guidelines of the European Society 
of Cardiology [33]. Although there is lack of consensus on the gold standard 
screening tool for screening of frailty, there is a consensus on the concept of 
frailty in which there are deficits on multiple domains leading to reduced functional 
capacity[23]. To investigate those multiple domains, performing a comprehensive 
geriatric assessment (CGA) is the gold standard in geriatric care. Based on the 
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outcomes of the CGA frailty components can be extracted to be incorporated into 
different frailty assessment tools [34, 35].

In the perioperative care for older adults who are frail with substantial 
comorbidities, treatment goals might shift from solely gaining more years to 
improving the quality of the remaining years patients might have. Health-related 
quality of life (HRQoL) in patients with severe aortic valve stenosis is impaired 
due to symptoms of impaired exercise tolerance, dyspnea and eventually angina 
pectoris and/or syncope [36]. Previous studies showed an improvement of HRQoL 
in the majority of patients who underwent TAVI [37-39]. However, some patients 
do not report improvement in HRQoL [29, 39]. Little is known on the factors 
determining lack of improvement or even deterioration of HRQoL after TAVI. Frailty 
has proven to be associated with an increased mortality and a higher rate of poor 
outcome up to one year after TAVI [28, 40], but studies on the impact of frailty on 
HRQoL after TAVI are limited[29].

Besides frailty there could be other biomarkers that can be of importance 
in the perioperative care of older patients with severe aortic stenosis. Frailty 
has been linked to prevalent cardiovascular aging and disease [41, 42]. On the 
other hand, patients with cardiovascular disease have often comorbidities, with 
substantial impact on functionality and high prevalence of deficits in multiple 
domains, considered to be part of the frailty syndrome, e.g. malnutrition, cognitive 
impairment, sarcopenia, and reduced exercise tolerance [26, 43, 44]

Arterial stiffness has been known as a sign of cardiovascular disease and has 
emerged as an independent predictor for cardiovascular morbidity and mortality 
[45, 46]. Elevated arterial stiffness increases the risk of stroke, myocardial infarction 
and mortality in the general population [45, 46].

Studies have shown that reduced arterial compliance could be associated with 
reduced survival 2 years after TAVI [47, 48]. However, studies on the interplay 
between arterial stiffness and hemodynamics in patients after TAVI are relatively 
scarce.

Optimal care for patients with aortic valve stenosis means multidisciplinary 
tailor-made care for patients who are mostly older, with substantial comorbidities 
and frailty. The use of novel biomarkers such as frailty or arterial stiffness may 
help to search, monitor and treat modifiable risk factor to improve outcome after 
intervention.

Part 1 of this thesis focusses on frailty and the impact of frailty on outcome 
after TAVI. In chapter 2.1 we present the TAVI Care & Cure program, a collaboration 

between the departments of geriatrics and cardiology to optimize care for frail and 
older patients with severe aortic stenosis. In chapter 3.1 we investigate the possible 
clinical implications of a self-developed Erasmus Frailty Score on the incidence of 
delirium and 1-year mortality after TAVI. In chapter 3.2 we investigate the impact 
of frailty on long term survival using a previously validated frailty assessment tool, 
the multidimensional prognostic index. In chapter 4.1 we study the incidence and 
impact of post operative delirium in patients undergoing TAVI. In chapter 4.2 we 
investigate the impact of frailty on health-related quality of life after TAVI.

Part 2 of this thesis focusses on some hemodynamic aspects in patients 
with aortic stenosis. In chapter 5.1 we study the short-term effects of TAVI on 
hemodynamic measurements, including arterial stiffness, in patients before and 
after TAVI. In chapter 5.2 we investigate the association of increased valvulo-
arterial impedance and the association with changes in health-related quality of 
life after TAVI. In chapter 6 the main findings of this thesis are discussed including 
implications and future directions. In chapter 7 and 8 an English and Dutch 
summary are provided. The overall aim of this thesis is to better understand the 
implications of frailty in older patients with aortic valve stenosis undergoing TAVI 
and optimizing care by incorporating frailty in clinical decision making and to 
improve periprocedural care.
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TAVI Care & Cure



2.1 TAVI Care & Cure: a Multi-
disciplinary Program for Patients 
undergoing Transcatheter Aortic Valve 

Implantation.

TAVI Care and Cure, The Rotterdam Multidisciplinary 
Program for Patients undergoing Transcatheter Aortic Valve 

Implantation: Design and Rationale.

De Ronde-Tillmans MJAG, Goudzwaard JA, El Faquir N, van Mieghem 
NM, Mattace-Raso FUS, Cummins PA, Lenzen MJ, de Jaegere PPT.

Int J Cardiol. 2020 Mar 1;302:36-41.
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ABSTRACT

Background
The capacity of TAVI-programs and numbers of sites performing TAVI has rapidly 
increased. This necessitated the initiation of the Rotterdam TAVI Care & Cure 
Program, aiming to improve patient-centered care during the TAVI pathway.

Methods
Consenting patients with severe aortic stenosis and an indication for TAVI will be 
included. The TAVI Care & Cure program will facilitate prognostic contributions to 
improve outcomes, patient satisfaction and quality of life in patients with valvular 
heart disease who are treated with a transcatheter aortic valve implantation 
in collaboration with the departments of cardiology, cardio-thoracic surgery, 
anesthesiology and geriatrics.

Conclusion
With a single center observational registry, we aim to assess the TAVI patient 
clinical pathway, focusing on pre, peri and post interventional variables including 
functional status and HRQoL. We will evaluate the patient’s complexity by applying 
an extended multidisciplinary approach, which includes a systematic application 
of geriatric assessments of frailty and cognitive function.

INTRODUCTION
Transcatheter aortic valve implantation (TAVI) is increasingly being utilized to 
treat patients with severe aortic stenosis (AS) who are considered at intermediate 
or high risk for surgical aortic valve replacement (SAVR). TAVI, a less-invasive 
therapeutic option, is expected to become the standard treatment in all patients 
with aortic stenosis but will predominantly be applied in an increasingly elderly 
population given the increase of this population group 1-3. Elderly patients differ 
from younger patients in terms of frailty (a state of reduced physical, cognitive 
and social functioning, resulting in a reduction of reserve capacity for dealing 
with stressors) 4 due to a higher prevalence of medical co-morbidities leading to 
a more pronounced reduction in functional status and health related quality of 
life (HRQoL).

Despite improvements in immediate outcomes (i.e. safety) as a result of 
enhanced operator experience, progress in device technology and post-operative 
care, a proportion of patients do not survive beyond one year or at best show 
limited or no improvement in HRQoL after TAVI 1, 2, 5. This is particularly evident for 
the elderly patient (>80 years) necessitating a more delicate and balanced decision-
making (risk/benefit assessment) including the understanding of other factors that 
determine immediate and above all long-term outcomes 6-9. In this context frailty 
is of significance, as it is associated with chronic diseases and increased age, 
negatively influencing morbidity and mortality after TAVI. Importantly, through 
advocacy of the European Society of Cardiology, frailty has now been incorporated 
into the decision-making process 10.

Also other components such as mental status, nutrition and socio-economic 
status, which are not only relevant for the elderly patient population, will be taken 
into account. This in combination with a higher prevalence of medical antecedents 
and co-morbidities renders formulating treatment strategies in the elderly complex 
and requires further analysis into whether specific geriatric interventions before 
and/or after TAVI may improve immediate and long-term outcome after TAVI 10. 
For this reason, a dedicated TAVI program entitled TAVI Care & Cure was initiated 
in our institution of which the details are herein further described.

Study design
The TAVI Care & Cure study is a prospective single-center multidisciplinary 
observational cohort study in which a comprehensive set of predefined 
cardiovascular and non-cardiovascular variables are collected (Table 1). “Care” 
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entails the management of the pre and post interventional patient pathway 
whilst “Cure” entails the interventional treatment phase. Inclusion criteria are all 
consecutive patients with severe symptomatic AS, not considered for conventional 
open heart valve surgery techniques, who are deemed eligible for TAVI by a multi-
disciplinary heart valve team. Furthermore aspects as technical suitability, frailty 
and co-morbidities are considered in the decision making process. Patients will 
be excluded if co-morbidities and /or their general condition is not expected 
to improve their quality of life and/or a survival expectation of less than 1 year. 
Candidates who are not eligible for TAVI will be excluded from this study. Inherent 
in this observation cohort study, no control group will be used.

Patients older than 70 years with an indication for aortic valve replacement 
therapy (outpatient cardiology assessment) are referred for comprehensive 
geriatric assessment (CGA) which consists of hetero, social and functional 
anamnesis, medication review and frailty assessment to determine deficits in 
geriatric domains by using validated frailty assessment tools 11.

The primary objective of the TAVI Care & Cure program is to improve the 
treatment and care of patients with aortic stenosis undergoing a TAVI following a 
novel, dedicated clinical TAVI-pathway. This pathway encompasses pre-admission 
assessments, diagnostic work-ups, heart team consultations, interventional 
treatment and lastly outpatient follow-up. Collected data will provide additional 
information concerning the understanding of the safety and device performance 
and also how to treat patients in a real world setting including HRQoL.

Secondary objectives are to access the role of frailty in this population and to 
quantify patient characteristics and criteria for possible early discharge eligibility.

For these purposes immediate outcomes and clinical endpoints (i.e. safety, 
life-threatening or major bleeding, major vascular complications, in-hospital major 
stroke, in-hospital acute kidney injury, and 30-day mortality) are assessed using 
the Valve Academic Research Consortium criteria (VARC-2 criteria) 12 in addition 
to the occurrence of non-cardiovascular events with emphasis on delirium at time 
points summarized in Table1.

Efficacy of treatment is assessed by monitoring survival freedom from major 
adverse cerebro-cardiovascular events, functional class and HrQoL at 30 days, 
one, three, and five year. Assessment of utility or futility of treatment will be based 
upon analysis of long-term outcomes such as survival, survival free from stroke, 
reduction or loss in/of ADL. These analyses will help to formulate improvements 
in treatment allocation, patient preparation and postoperative care.

The Medical Ethics Committee of the Erasmus Medical Center reviewed 
the study (MEC-2014-277) and since this study was not subjected to the Dutch 
Medical Research Involving Human Subjects Act no approval was required. The 
study will be performed according to the Helsinki Declaration and all patients must 
consent for participation.

The TAVI Pathway

Diagnostic assessments
Cardiac and geriatric examinations and assessments will be performed and 
include medical history and physical assessments, 12-lead ECG, laboratory results, 
thorax x-rays, diagnostic coronary angiogram, multi–slice computed tomography 
(MSCT), trans-thoracic and/or trans esophageal echocardiography and quality of 
life measurements. The following geriatric domains will be assessed: cognition 
and nutritional status, (instrumental) activity of daily living, mobility and muscle 
loss. (See Table 1 for used instruments)13-18.

Patient selection – Multidisciplinary Heart Valve Team Meeting
The TAVI Care & Cure program has been developed and initiated with the 
collaboration of the departments of cardiology, cardio-thoracic surgery, 
anesthesiology and geriatrics. Using a well-designed multidisciplinary approach 
with collaborative input of diverse specialists of the heart valve team, the treatment 
decision process is not only thoroughly discussed leading to an improved 
treatment performance but also essential consideration is given to the potential 
risks and expected benefits of the selected treatment strategy. For instance, 
prevention of post procedural complications are deliberated in terms of either 
physical function such as stroke, vascular complications, renal failure, paravalvular 
leak and conduction disorders and in terms of cognitive function such as delirium. 
The treatment decision, incorporating diagnosis, complexity and multiple co-
morbidities, be it for optimum medical therapy, TAVI or SAVR, are taken at the 
weekly multidisciplinary heart valve team meeting. (Figure 1) Importantly, the 
use of a multidisciplinary heart valve team for the management of patients with 
valvular heart diseases is strongly recommended (Class I, level C) in the current 
ESC guidelines 10.
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All patients accepted, for either a TAVI or SAVR procedure, are scheduled for a 
preoperative visit at the outpatient clinic anesthesiology in order to complete the 
pre-procedural diagnostic workup.

 
 

FIGURE 1: The Heart Team Multidisciplinary decision-making Process
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Intervention procedure
The TAVI-procedure is performed under local anesthesia and antibiotic prophylaxis 
10 in a cathlab suite with full facilities for general anesthesia, echocardiography 
and cardiopulmonary support if needed. Any commercially available trans catheter 
heart valve (THV) can be used. In our institution the balloon expandable Edwards 
Sapien 3 valve (Edwards Lifesciences Corp., Irvine, California), the self-expandable 
Acurate neo valve (Boston Scientific, Marlborough, Massachusetts) and the self-
expandable Evolute R-and Pro valve (Medtronic Inc. Minneapolis, Minnesota) 
are currently used. Vascular access and pre-closure is performed under echo-
guidance. After vascular access, all patients receive cerebral protection using a 
cerebral protection filter unless the anatomy of the brachiocephalic and/or left 
common carotid artery precludes its use or is contra-indicated 19, 20. The valve 
size selection is based upon the screening MSCT of the aortic root and the 
valve implantation is performed without pre-balloon valvuloplasty (direct valve 
implantation). Contrast angiography and Trans Thoracic Echocardiography are 
used for implantation guidance and post implantation evaluation. In the case 
of a high degree atrioventricular (AV) block during the procedure a temporary 
pacemaker (TPM) is left in situ up to 24 hours and removed when clinically 
justified. Hemostasis is achieved by using either a plug-or suture based vessel 
closure device followed by selective arterial angiography to assess for hemostasis 
21, 22.

Post procedural management /discharge
After the TAVI procedure, patients are monitored for at least 2-4 hours at the 
Cardiac Care Unit. When the patient is considered to be hemodynamic stable and 
in the absence of complications, the patient is then transferred to the Medium Care 
Unit for further observation and mobilization until hospital discharge. Furthermore 
access site assessment for potential late bleeding and also telemetric monitoring 
supplemented with regular ECG’s for potential conduction abnormalities up to 72 
hours post intervention is mandatory. Moreover in terms of early recognition of 
delirium the geriatrician will evaluate daily the patient. (Table 1)

The expected discharge is between 3-7 days post procedure. Post-TAVI anti-
thrombotic therapy consists of Aspirin (lifelong) and Thienopyridine (for three 
months). In patients indicated for oral anticoagulant therapy, Clopidogrel for three 
months will be administered.

In addition to a one-month follow-up visit, further follow-up is scheduled at 
one, three and five year’s post-TAVI (Table 1). In the context of evaluating changes 
for the degree of AS related symptoms and functional status, patients are asked 
to complete a generic health status questionnaire (i.e. EuroQOL five dimensions 
(EQ-5D)) including the Visual analogue scale (EQ-VAS) at baseline, twelve months, 
three and five years 23.

Patient safety and quality of care
The weekly TAVI meeting is attended by the TAVI interventionalist, accompanied 
by a team of dedicated interventional cardiology fellows involved in the TAVI 
program and the TAVI nurse coordinator. During this meeting in-hospital post-
TAVI patients are discussed and reviewed for post-procedure in-hospital care, 
eventual complications, length of stay and discharge preparation. Furthermore 
patients undergoing a planned TAVI procedure in the following week are again 
assessed according to an adjusted format (i.e. medical history, comorbidities, 
established risk scores, status of the conduction-system, echo-outcomes, status 
of the coronary anatomy, use of embolic protection, access, closure and possible 
inclusion in a study).

Data management
All demographic, clinical complications and related data such as laboratory assays, 
ECG and echocardiographic data will be collected during the outpatient visits at 
both the cardiac and geriatric departments. In addition a concise set of variables 
collected during TAVI are entered into a dedicated database.

Captured data is entered on a structural basis and a collaborative manner in 
the dedicated TAVI database by three groups of participants; a medical student 
team accompanying the TAVI-cardiologists during the outpatient clinic, the fellows 
involved in the TAVI program and by the geriatrician team members. The dedicated 
database is hosted on an internal server. It is not accessible from an external 
point of contact and it features real time user tracking / logging and facilitates 
simultaneous /multiple user interaction.
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TAVI Nurse Coordinator
The success of a multi-disciplinary team approach with special attention to patient 
care is dependent on the organizational skills of a central individual. The TAVI-
nurse coordinator informs at the pre-admission phase the patient and his/her 
relatives regarding the details of the procedure. Also the TAVI nurse oversees the 
patient’s in-hospital, discharge and follow-up phases. Knowledge of the patient’s 
pathway, therapy treatment, discharge management and social support is a key 
factor in the TAVI Care & Cure program. In addition offering a point of contact 
to the patient, both in–hospital and post discharge, enhances the patients well-
being, benefiting a thorough preparation for, and information about the patient’s 
treatment.

DISCUSSION
Aortic stenosis is the most common valve disease in elderly adults with a growing 
prevalence due to the aging population 3. TAVI, currently performed in over 70 
countries 24, has evolved as a less invasive, safe and effective alternative treatment 
of patients with severe symptomatic AS who are at high or prohibitive risk for 
surgical aortic valve replacement 2.

Evidence from randomized clinical trials comparing outcomes of SAVR 
versus TAVI has led to a broadening of indications for TAVI with an expansion 
from the initial high-risk surgical group onto currently an intermediate and low risk 
population 1, 25, 26 resulting in a exponentially volume growth of TAVI worldwide. A 
shared and balanced decision making strategy by the Heart Valve Team includes 
an individualized approach of patient specific risk assessment and the use of 
additional outcome measures reflecting patient related safety and clinical 
endpoints (i.e. 30-day mortality, VARC-2 variables) 10, 12.

Since the first TAVI was performed in 2002 27, there has been a major evolution 
of developments and transformation of CE-marked TAVI systems. Furthermore 
technical advancements in the current device technology have led to amongst 
others i.e. lower profiles of the delivery systems, retrievable and repositionable 
features as also improvements in designs leading to a reduction in paravalvular 
leakage. The most preferred access route is the trans femoral (TF) route. 
Alternatives are the trans-apical, trans-subclavian and direct aortic route. In 
addition, the operator experience has intuitively increased, reflecting in a more 
specified case selection and procedural strategy leading to improved reduction of 
peri-procedural events and clinical outcomes post TAVI. The Dutch Guidelines for 
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Competencies for Transcatheter Heart Valve Intervention stated that an institution 
must achieve at least 75 TAVI-procedures per year to be considered “established” 
within three years of inception of the program 28.

The afore mentioned developments have led to the establishment of this 
TAVI Care & Cure program in our center, initiated to collect data from all TAVI 
patients. Further formalizing and structuring this TAVI program by utilizing the 
captured data, enables real-time monitoring and improvement of the quality 
of care, to present transparent reports of site performance on a regular basis 
providing additional information on i.e. in-hospital and 30-day mortality, vascular 
complications, bleeding, conductions disturbances and disabling stroke, as well 
as frailty as predictor for mortality (30-day and 1 year) and HRQoL post TAVI. The 
advantages of the implementation of TAVI Care & Cure is the uniformity of data 
collection, data integrity and analysis, all stored in one dedicated database.

A comprehensive tailored TAVI dataset is now mandatorily, annually reported 
to the national health inspector via a national registry platform, the Dutch Heart 
Registry (NHR, Nederlandse Hartregistratie). The NHR is a major cardiovascular 
quality-of-care registry and aims to monitor and improve quality of care of heart 
disease for the individual patient by collecting and analyzing patient data, reporting 
relevant outcome indicators in annually public accessible reports. Additionally an 
independent academic Clinical Events Committee (CEC) will evaluate regularly 
adverse events according to international guidelines and definitions (VARC-2, 
Bleeding Academic Research Consortium (BARC), the ESC Myocardial Infarction 
Definitions) 29-31. In terms of specific research questions, two distinct areas will 
be explored in detail.

Firstly as there is a growing interest in the assessment of frailty, which 
is associated with increased morbidity and mortality after SAVR and TAVI 8. 
Frailty has been added in complement to the conventional risk scores (Society 
of Thoracic Surgeons (STS) score and European System for Cardiac Operative 
Risk Evaluation (EuroSCORE-II)) in the TAVI Care & Cure program. To incorporate 
frailty in terms of functionality, HRQoL and other existing disabilities in the patient 
selection process, we aim to predict more distinctly the differentiation between 
those patients who will benefit from TAVI and those who will not. Currently there is 
debate ongoing concerning the need to develop a dedicated TAVI orientated quality 
of life questionnaire. The TAVI Care & Cure data may also contribute to this debate.

Secondly improvements in risk-stratification and patient selection in conjunction 
with a shift to lower-risk patients coupled with the standardization of TAVI-

procedures have led to an early discharge program in our institution. This program 
simplifies the TAVI-procedure, decreases its duration and reduces procedural 
related complications by including a fully percutaneous trans femoral access site 
entry and closure, performed under local anesthesia and early mobilization 32, 

33. There is currently no consensus over the definition ‘early discharge’. A recent 
meta-analysis of 8 observational studies including 1,775 patients, evaluating early 
discharge to 30-day mortality, suggests that early discharge by day 3 after TAVI 
in selected patients who underwent an uncomplicated TAVI is safe in terms of 
mortality, discharge to 30-day or need for a permanent pacemaker after discharge 
34. Incorporating a simplistic/minimalistic approach into clinical practice starts 
with performing a pre-procedure screening of patient’s functional and cognitive 
status and suitability for an early discharge pathway. That includes a more refined 
selection of suitable valve type based upon integrating the pre-procedural ECG 
interpretations including P-R interval, QRS duration and the electrical axis. It’s 
important to inform the patient and his/her social network that an early discharge 
can be anticipated if the post-procedural period is uneventful to ensure that one 
patient’s social support and network is prepared for a potential early discharge.

In essence, the ambition of this dedicated TAVI Care & Cure program is to gain 
more insights into existing and novel variables.

CONCLUSION
With a single center observational registry, we aim to assess the TAVI patient 
clinical pathway, focusing on pre, peri and post interventional variables including 
functional status and HRQoL. We will evaluate the patient’s complexity by applying 
an extended multidisciplinary approach, which includes a systematic application 
of geriatric assessments of frailty and cognitive function.
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3.1 The Erasmus Frailty Score and 
the association with delirium and 

mortality after TAVI
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ABSTRACT

Background 
Frailty in patients undergoing Transcatheter Aortic Valve Implantation (TAVI) has 
been associated with an increased 1-year mortality rate but the relation of frailty 
and short term outcomes yield conflicting results. This study investigated the 
association of a novel and self-developed Erasmus Frailty Score with both short 
and long term outcomes after TAVI.

Methods 
TAVI Care & Cure is an observational ongoing study, which includes consecutive 
patients undergoing TAVI at the Erasmus University Medical Centre. Prior to the 
TAVI, frailty status was assessed. The Erasmus Frailty Score (EFS) was defined 
as follows: 1 point was assigned if: MMSE was <27 points, MUST ≥2 points, grip 
strength <20 kg for females, <30 kg for males, KATZ index ≥ 1 limited activity, 
Lawton and Brody index ≥ 2 limited activity. The maximum score was 5. Patients 
were classified as frail when the score was ≥3. Presence of delirium was evaluated 
by daily clinical assessment by a geriatrician pre- and post TAVI. Mortality data 
were obtained from the Dutch Civil Registry. The impact of frailty on short and 
long term outcomes was evaluated.

Results 
213 Patients were included for analysis. Frailty was present in 28.6 % (n=61), (EFS 
≥ 3). Baseline frailty was associated with patients developing a delirium [OR 3.3 
(95% CI 1,55-7,10)], p=0.002]and with increased risk of 1-year mortality [HR 2.1 
(95% CI 1.01-4.52)], p=0.047].

Conclusion 
The Erasmus Frailty Score is associated with delirium and 1 year mortality in older 
patients after TAVI and can be used as a complement to traditional risk factors.

INTRODUCTION
Transcatheter aortic valve implantation (TAVI) is an innovative and accepted 
treatment option for patients with severe aortic valve stenosis (AoS) who are frail 
and have high surgical risk [1, 2]. Although TAVI is a less invasive procedure than 
a Surgical Aortic Valve Replacement (SAVR), short- and long term complications 
such as post-operative delirium, major vascular complications, infections and 
mortality [1, 3-5] are still frequent and harmful. Since older patients often present 
the same patterns of risk factors, it is challenging to assess the individual risk of 
adverse outcomes when taking into account known perioperative risk factors. 
Therefore, there is a need for novel biomarkers in order to assess perioperative 
risk in this relatively novel population of patients.

The role of frailty and its possible impact on outcomes after TAVI has previously 
been investigated. Several studies have shown that frailty is associated with an 
increased 1-year mortality rate[6-8], whereas the relation of frailty and short-term 
outcomes yielded conflicting results [6, 7, 9]. The latter could be explained by the 
different definitions of frailty being used, but also because of the choice of short-
term outcomes being studied. The aim of this study is to assess the potential 
independent value of a novel and self-developed frailty score, the Erasmus Frailty 
score, in predicting both short and long term outcomes after TAVI in older, frail 
patients.

METHODS

Patient selection
The study population consists of consecutive patients with severe symptomatic 
AoS, and were seen in the TAVI Care & Cure program; a collaboration between 
the departments of geriatrics and cardiology to optimize the care for frail and 
older patients. Patients were referred to the interventional cardiologist for a 
complete cardiac assessment, followed by a consult by the geriatrician for a 
comprehensive geriatric assessment. There were no specific exclusion criteria. 
In an interdisciplinary Heart Team, including interventional cardiologists, cardiac 
surgeons and geriatricians, each individual case was reviewed and a consensus 
was formed on a definitive treatment strategy[10]. The Medical Ethics Committee 
of the Erasmus Medical Center reviewed the study (MEC-2014-277) and since this 
study was not subjected to the Dutch Medical Research Involving Human Subjects 
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Act no approval was required. However, the study was conducted according to 
the Helsinki Declaration and all patients consented to participation in this study.

Study measurements

Cardiology assessment
Baseline cardiology assessment included patient history including determining 
symptoms using the New York Heart Association (NYHA) classification and 
the Canadian Cardiovascular Society (CCS) grading of angina pectoris, physical 
examination and electrocardiogram (ECG). Further cardiologic examination 
included echocardiography, coronary angiography and multislice computed 
tomography (MSCT) to address the aortic valve and arterial tree and determine 
technical suitability for TAVI and access site[11, 12].

Geriatric assessment
We performed a comprehensive geriatric assessment using validated instruments 
to define frailty status. The following instruments were used: Mini Mental State 
Examination (MMSE) [13]; Hand grip strength [14]; The Malnutrition Universal 
Screening Tool (MUST) [15]; Katz index was used for scoring activities of daily 
living (ADL)[16] and the Lawton and Brody index was used for scoring instrumental 
activities of daily living (iADL) [17]; 5 Meter Gait Speed test (5MGST) and Timed up 
and Go Test (TUGT) [18]. For the purpose of the analysis values were dichotomized 
at standard cut-off points. For the definition of the Erasmus Frailty Score (EFS) 
we identified 5 geriatric domains relevant for this specific population. The 
composition of the domains within the EFS is based on previous outcomes in 
literature investigating the individual variables in patients undergoing TAVI or 
with cardiovascular disease. A comprehensive explanation of the various frailty 
components and composition of the EFS can be found in the supplementary 
material (Supplementary Material 1). The cut-off points and meaning of the used 
instruments and the EFS are explained in Table 1.

TAVI procedure
Procedures were performed either under general or local anesthesia following the 
decision of the heart team. The transfemoral arterial approach was the access 
of first choice. After TAVI, patients were admitted to the intensive care for early 
monitoring up to a minimum of 4 hours.

TABLE 1. The Erasmus Frailty Score

Frailty domain Risk score Results Interpretation Score

Cognition MMSE <27 points Cognitive impairment 
probable

1

Strength Grip 
Strength

Female:< 20 kg
Male: <30 kg

Diminished strength 1

Malnutrition MUST ≥2 points Malnutrition probable 1

Inactivity ADL ≥1 point At least 1 basic activity 
with limitation

1

Inactivity IADL ≥2points At least 2 instrumental 
activities with limitation

1

FRAILTYSCORE  Maximum of 5

The definition of the Erasmus Frailty Score. For the purpose of this study patients were divided into 
two groups: non frail if the frailty score was 0-2, patients were considered frail if the frailty score was 
≥3. Abbreviations: MMSE: Mini Mental State Examination, MUST: Malnutrition Universal Screening 
Tool, ADL: Activities of Daily Living, IADL: Instrumental Activities of Daily Living

Delirium assessment
Patients were evaluated daily by a geriatrician from the day of admission up to 
4 days post TAVI, evaluating the presence of delirium and initiation of treatment 
if necessary. Delirium was defined according to the Diagnostic and Statistical 
Manual of Mental Disorders, Fourth Edition (DSM-IV). Delirium Observation 
Score (DOS) were also used to observe any symptoms of possible delirium. This 
observation scale is designed for and used by nurses to observe if a delirium is 
present. It is a reliable method for measuring the severity of a delirium[19]. Scores 
of 3 or higher were considered to be suspect for delirium.

Outcome measures
Short term outcomes included the onset of delirium in hospital, in-hospital 
life-threatening or major bleeding, major vascular complications, in-hospital 
stroke, infection and 30-day mortality. We investigated a composite of short-
term outcomes, which are presumably patient-, more than procedure bound 
outcomes and are clinically relevant to this population. Life-threatening or major 
bleeding, major vascular complications and stroke were assessed according to 
the guidelines of the most recent Valve Academic Research Consortium[20]. Long-
term outcome was 1-year mortality. Procedural outcomes and mortality were 
assessed prospectively by consulting medical files and the Dutch Civil Registry.

3



48 49

Estimating frailty in older patients with severe aortic stenosisChapter 3.1

Statistical analysis
Categorical variables are presented as numbers and corresponding percentages 
and differences between frail and non-frail patients were compared with the chi-
square or Fisher’s exact test as appropriate. For all the variables used for the 
analysis there were no values missing exceeding 10%. Subjects with missing values 
of the Erasmus Frailty Score were excluded. Continuous variables are expressed 
as means ± SD or median values with corresponding interquartile ranges (IQR) 
and differences were compared using the independent t-test or its non-parametric 
equivalents, respectively. Univariate analysis were performed, every variable with 
a p value <0.10 was entered in the multivariate regression models. Odds ratio’s 
(OR) and corresponding 95% confidence interval (95% CI) were computed with 
multivariate logistic regression analysis performed for the outcomes delirium, 
30-day major vascular events and 30-day infections. For the outcome delirium, 
models were adjusted for age, sex, previous stroke and dyslipidemia. For the 
outcomes 30-day major vascular events, models were adjusted for age, sex, 
hypertension, peripheral artery disease and access route. For the outcome 30-day 
infections, models were adjusted for age, sex, diabetes mellitus. A Cox regression 
analysis was performed for the outcome 1-year mortality. Hazard ratio’s (HR) and 
corresponding 95% confidence intervals were computed. Model 1 was adjusted for 
age, sex and diabetes mellitus, Model 2: model 1 plus dyslipidemia, model 3: model 
1 plus dyslipidemia, gait speed per second and timed up an go test. P value of 0.05 
was considered statistically significant. Data was analyzed with statistic program 
IBM Statistical Package for Social Science for Windows version 21 (SPSS).

RESULTS

Patient characteristics
Between November 2013 and November 2016 a total of 356 patients were referred 
for evaluation of TAVI. Of these 356 patients, 287 patients were eligible for TAVI, of 
these, 213 patients (74 %) completed a baseline frailty assessment. The baseline 
characteristics of the study population are shown in Table 2. Median age was 82,0 
(IQR 78,2-85,6) years and 47% were male. Comorbid conditions, cardiovascular 
risk factors and clinical symptoms were common among these patients. Sixty-one 
patients were frail (Erasmus Frailty Score ≥3). Cognitive impairment was observed 
in more than a third of the patients. The gait speed showed a limitation of mobility 
in more than half of the patients. Impairment in i(ADL) of at least 1 basic or 2 

instrumental activity was present in 31% (n=67) and 43% (n=92) of the patients, 
respectively.

TABLE 2. Baseline clinical and functional characteristics of total study population (n=213)

Age (yrs) 82,03 (78,2-85,6)

Male gender (%) 46,5

BMI (kg/m²) 26,4 (24,3-29,9)

Cardiovascular risk factors

Hypertension (%) 82,1

Dyslipidemia (%) 67,8

Diabetes mellitus (%) 34,1

Current smoker (%) 7,8

Family history of CAD (%) 23,9

Comorbidities

Previous myocardial infarction (%) 19,7

Previous stroke (%) 10,6

COPD (%) 23,9

Renal disease (%) 46,5

Symptoms

NYHA Class 3 or 4 (%) 70,8

Angina CCS classification 3 or 4 (%) 13,0

Vertigo (%) 34,3

Echocardiography

AV area (cm²) 0,7 (0,6-0,8)

Peak AoV, (m/s) 4,1 (3,6-4,6)

LVEF (%) 54,5

Frailty indices

Cognitive impairment probable (%) 34,7

Malnutrition probable (%) 11,7

Limitation of mobility, TUGT (%) 16,9

Limitation of mobility, 5MGS (%) 58,5

Reduced muscle strength, male (%) 30,5

Reduces muscle strength, female (%) 65,4

Limitation in ADL activity (%) 31,5

Limitation in IADL activity (%) 43,2

Frailty present (%) 28,6

Abbreviations: BMI: body mass index, CAD: coronary artery disease, COPD: Chronic obstructive 
Pulmonary disease, NYHA: New York Heart Association, CCS: Canadian Cardiovascular Society, 
AoV: Aortic valve , LVEF: Left Ventricular Ejection Fraction, TUGT: Timed Up and Go Test, 5MGS: 5 
Meter Gait Speed, ADL: Activities of Daily Living, IADL: Instrumental Activities of Daily Living.
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Short and long term outcomes
Except for delirium and 1-year mortality, there were no differences in rates of other 
major adverse clinical events according to frailty baseline status, including 30-day 
mortality, major vascular complications (including stroke, major bleeding or other 
vascular complications) or infection.

Delirium
Post-operative delirium (POD) was diagnosed in 42 (20%) patients. Patients with 
POD were more often frail in comparison with those who were not frail [OR 3,3 (95% 
CI 1,55-7,10)p=0.002]. Age [OR 1,06 (95% CI 0.99-1,14)p=0.077], previous stroke [OR 
4,2 (95% CI 1,68-10,34)p=0.002], malnutrition [OR 2,9 (95% CI 1,06-7,81)p=0.04], 
cognitive impairment [OR 2,7 (95% CI 1,27-5,58)p=0.009] and IADL dependency 
[OR 2.4 (95% CI 1.15-4.94)p=0.02] were also associated with the incidence of 
POD (Table 3, 4a). Regarding procedural features, no significant difference was 
seen in the incidence of delirium in patients undergoing transfemoral access 
when compared with nontransfemoral access (10% vs 23%; p= 0,32) or general 
anesthesia when compared with local anesthesia (25,5% vs 20%; p = 0.72).

Mortality
31 patients died within 1-year of follow up, 9 died during the first 30 days after 
TAVI. None of the frailty components were associated with 30-day mortality. 
Frailty at baseline was associated with increased risk of 1-year mortality [HR 2.1 
(95% CI 1.01-4.52)p=0.047]. Other frailty components associated with all-cause 
mortality 1 year after TAVI: ADL, as continuous variable [HR 1.5 (95% CI 1.21-1.90)
p=0.001], IADL as continuous variable, [HR 1.2 (95% CI 1.07-1.33)p=0.002], IADL as 
dichotomized variable [HR 2.3 (95% CI 1.06-4.90)p=0.04], Gait speed per second 
as dichotomized variable [HR 3.3 (95%CI 1.25-8.51)p=0.02], TUGT as continuous 
variable [HR 1.1 (95% CI 1.02-1.09)p=0.001] (Table 3, 4b).

TABLE 3. Frailty components and their association with delirium and 1-year mortality after TAVI

Post-operative delirium 1 year mortality

Risk score OR 95%CI P value HR 95%CI P value

ADL
 Continuous
 Dichotomized (≥1 point)

1.1
1.2

(0.84-1.50)
(0.58-2.67)

0.44
0.58

1.5
1.8

(1.21-1.90)
(0.85-3.70)

<0.001
0.13

IADL
 Continuous
 Dichotomized (≥2 points)

1.1
2.4

(1.02-1.29)
(1.15-4.94)

0.02
0.02

1.2
2.3

(1.07-1.33)
(1.06-4.90)

0.002
0.04

TABLE 3. Continued.

Post-operative delirium 1 year mortality

Risk score OR 95%CI P value HR 95%CI P value

Gait speed per second
 Continuous
 Dichotomized (>1 m/s)

1.2
1.9

(0.79-1.83)
(0.80-4.61)

0.38
0.14

1.2
3.3

(0.86-1.73)
(1.25-8.51)

0.26
0.02

TUGT
 Continuous
 Dichotomized ( >20 sec)

1.0
1.4

(0.98-1.07)
(0.57-3.64)

0.19
0.45

1.1
1.8

(1.02-1.09)
(0.77-4.18)

0.001
0.18

Grip Strength 1.9 (0.84-4.29) 0.12 1.8 (0.78-3.98) 0.18

MMSE
 Dichotomized (<27 points) 2.7 (1.27-5.58) 0.009 1.6 (0.76-3.22) 0.22

MUST
 Dichotomized (≥2 points) 2.9 (1.06-7.81) 0.04 1.5 (0.59-3.94) 0.38

¹Model for post-operative delirium is a multivariable model, corrected for age, sex, previous stroke 
and dyslipidemia
²Model for 1 year mortality is a multivariable model corrected for age, sex, diabetes mellitus and 
dyslipidemia
Abbreviations: ADL: Activities of Daily Living, IADL: Instrumental Activities of Daily Living, TUGT: Timed 
up and go test, MMSE: Mini Mental State Examination, MUST: Malnutrition Universal Screening Tool, 
OR: Odds ratio, HR: Hazard ratio, CI: Confidence Interval

TABLE 4A and 4b. Erasmus Frailty Score and association with delirium and 1 year mortality

TABLE 4A: Erasmus Frailty Score and association with delirium

OR¹ (95% CI) P value OR² (95% CI) P value

Non frail 1.0 (reference) 1.0 (reference)

Frail (EFS ≥3) 3.4 (1.59-7.18) 0.002 3.3 (1.55-7.10) 0.002

¹Model adjusted for age, sex, previous stroke
²Model adjusted for age, sex, previous stroke, dyslipidemia
Abbreviations: EFS: Erasmus Frailty Score, OR: Odds ratio, CI: Confidence interval

TABLE 4B: Erasmus Frailty Score and association with 1 year mortality

HR¹ (95% CI) P value HR² (95% CI) P value HR ³(95% CI) P value

Non frail 1.0 (reference) 1.0 (reference) 1.0 (reference)

Frail (EFS>3) 2.2 (1.04-4.70) 0.038 2.1 (1.01-4.51) 0.047 2.1 (0.89-4.87) 0.091

¹Model adjusted for age, sex, diabetes mellitus
²Model adjusted for age, sex, diabetes mellitus, dyslipidemia
³Model adjusted for age, sex, diabetes mellitus, dyslipidemia, gait speed per second, TUGT
Abbreviations: EFS: Erasmus Frailty Score, TUGT: Timed Up and Go Test, HR: Hazard Ratio, CI: 
Confidence interval
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DISCUSSION
In the present study we found that frailty measured by the Erasmus Frailty Score 
is strongly and independently associated with postoperative delirium and 1-year 
mortality in older patients after TAVI. The association between frailty and other 
short-term outcomes were less consistent.

Assessing perioperative risks is crucial in deciding a treatment strategy for 
any intervention and risk stratification can be difficult in patients with similar 
patterns of risk factors. In these populations, the assessment of individual risks 
of morbidity and mortality can therefore be challenging. For this reason we have 
to use nontraditional discriminatory markers like frailty.

When patients transfer to a higher spectrum of perioperative risk, standard 
global risk scores will not be accurate and precise enough to predict operative 
complications[21]. In open heart surgery, risk scores like the logistic Euroscore or 
the Society of Thoracic Surgeons (STS) risk score are commonly used to predict 
surgical mortality. These traditional risk scores are not designed for patients 
undergoing TAVI [22, 23] and studies have shown that prediction of outcome 
is not sufficient in high risk patients of 80 years and older with substantial 
comorbidities[2, 24]. Moreover, these risk scores do not take into account the 
individual’s biological age and frailty status. The assessment of frailty can have 
an additional prognostic role as geriatric biomarker in predicting short and long-
term outcomes.

Frailty is a state of reduced physical, cognitive and social functioning, resulting 
in a reduction of reserve capacity for dealing with stressors. [25]. Many definitions 
of frailty have been used in research and all represent a reflection from previously 
validated frailty assessment tools [26].

Customizing frailty scores in older and specific populations is important[27]. 
Frailty assessment will be more predictive if impairment in specific domains are 
indeed a reflection of one’s individual frailty, instead of incorporating geriatric 
biomarkers that are influenced by the disease process itself, so that in fact they 
represent more the severity of the disease and not the persons frailty status.

Traditional risk scores consider baseline demographics and medical variables, 
but do not take into account biomarkers that can predict vitality. The assessment 
of frailty in older patients with comorbidities gives a clear definition of the individual 
vitality defining the somatic, cognitive and functional situation secondary to the 
damage due to chronic and intercurrent diseases and the individual capacity 
to react to external stressors. The Erasmus Frailty Score includes five geriatric 

domains, which can predict vitality and reserve capacity to deal with negative 
health outcomes after an intervention more accurately than traditional risk scores.

The potential role of frailty in predicting complications in older persons after 
major procedures such as TAVI has been previously investigated. Baseline frailty 
status and geriatric components added to routinely used clinical models or global 
risk scores have been shown to predict 1-year mortality after TAVI [2, 6, 7, 28, 29].

The impact of frailty has also been studied for short-term perioperative 
complications, such as vascular complications, infection and 30-day mortality[1, 
6, 7]. In these studies the occurrence of postoperative delirium (POD) has not been 
taken into account. However, POD has devastating effects in frail, older patients 
leading to a prolonged in-hospital stay and increasing mortality [5, 30, 31]. Since the 
incidence of delirium after TAVI is high (varying between 12 and 53%) depending 
on study design and diagnostic criteria [5, 30, 32], it is of paramount importance 
to know which factors can predict POD. Two previous studies investigated the role 
of frailty in predicting POD after TAVI and results are conflicting[9, 32]. One study 
investigated predictors of POD and included markers of frailty, but did not find a 
relationship between markers of frailty and delirium. The study was performed in 
patients 80 years and older, and compared the incidence of delirium in patients 
treated with TAVI or SAVR in a population with relatively good cognitive and ADL 
function, what might influence the susceptibility of delirium for this population 
[32]. A recent study performed in The Netherlands, including a relatively small 
number of patients, found that the incidence of POD was higher in frail patients 
when compared with older non frail patients undergoing TAVI[9].

To the best of our knowledge this is the first study, which investigates and 
shows the association of a self-developed frailty score and both short and long 
term complications after TAVI in older patients. Frailty, expressed in this score, 
could be helpful in optimizing risk stratification in this population of older patients.

The present study has some limitations. First, although we included just over 
200 patients we are aware that we need large groups of patients before drawing 
conclusions on the possible application of the EFS in clinical practice. Second, 
this study was a single center study, imbedded in an academic center receiving a 
relatively selected population of patients with an intrinsic elevated perioperative 
risk and is, therefore, not representative for all patients with severe AoS . Third, the 
Erasmus Frailty Score has not been formally developed from coefficients from 
a predictive model, nor has there been a cohort for development and validation 
of this risk score. Although these are important limitations for developing a risk 
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score, we do believe that the presented data is important and meaningful in 
the further development of this risk tool. The EFS has been based on variables 
obtained within the framework of a Comprehensive Geriatric Assessment and 
the composition of the EFS entails domains that have been studied previously in 
patients undergoing TAVI or with cardiovascular disease. Assuming each variable 
is essential for optimal functioning of patients, deficits in multiple variables is a 
quantitative measure of the patient’s general condition. The EFS can be used to 
assess the frailty status of patients, and therefore be helpful identifying those 
patients with diminished physiological reserves and increased risk on negative 
health outcomes, but since the EFS has not been formally validated, the EFS 
should not be used in clinical practice as a risk score to aid decisions. Further 
research is needed to explore the value of this score. Strength of this study was 
the involvement of the geriatrician during the whole treatment course. According 
to the protocol, the geriatrician was directly and daily involved in the contacts with 
the patients, therefore, data on POD were obtained during the admission avoiding 
the possible misclassification on outcomes obtained retrospectively by reviewing 
charts.

In conclusion, in the present study we have found that frailty as defined by the 
Erasmus Frailty Score is associated with POD and 1-year mortality after TAVI in 
older patient. Frailty, expressed in this score can be of additional value to known 
risk factors and currently used global risk scores to optimize risk stratification in 
this population of older patients.

REFERENCES
1. Leon MB, Smith CR, Mack M, Miller DC, Moses JW, Svensson LG, Tuzcu EM, Webb JG, 

Fontana GP, Makkar RR: Transcatheter aortic-valve implantation for aortic stenosis 
in patients who cannot undergo surgery. New England Journal of Medicine 2010, 
363(17):1597-1607.

2. Smith CR, Leon MB, Mack MJ, Miller DC, Moses JW, Svensson LG, Tuzcu EM, Webb 
JG, Fontana GP, Makkar RR: Transcatheter versus surgical aortic-valve replacement 
in high-risk patients. New England Journal of Medicine 2011, 364(23):2187-2198.

3. Nuis R-J, Van Mieghem NM, Schultz CJ, Moelker A, van der Boon RM, van Geuns RJ, 
van der Lugt A, Serruys PW, Rodés-Cabau J, van Domburg RT: Frequency and causes 
of stroke during or after transcatheter aortic valve implantation. The American journal 
of cardiology 2012, 109(11):1637-1643.

4. Nuis RJ, Piazza N, Van Mieghem NM, Otten AM, Tzikas A, Schultz CJ, van der Boon 
R, van Geuns RJ, van Domburg RT, Koudstaal PJ: In‐hospital complications after 
transcatheter aortic valve implantation revisited according to the valve academic 
research consortium definitions. Catheterization and Cardiovascular Interventions 
2011, 78(3):457-467.

5. Tse L, Bowering JB, Schwarz SKW, Moore RL, Burns KD, Barr AM: Postoperative 
delirium following transcatheter aortic valve implantation: a historical cohort study. 
Canadian Journal of Anesthesia/Journal canadien d’anesthésie 2015, 62(1):22-30.

6. Green P, Woglom AE, Genereux P, Daneault B, Paradis J-M, Schnell S, Hawkey 
M, Maurer MS, Kirtane AJ, Kodali S: The impact of frailty status on survival after 
transcatheter aortic valve replacement in older adults with severe aortic stenosis: a 
single-center experience. JACC: Cardiovascular Interventions 2012, 5(9):974-981.

7. Green P, Arnold SV, Cohen DJ, Kirtane AJ, Kodali SK, Brown DL, Rihal CS, Xu K, 
Lei Y, Hawkey MC: Relation of frailty to outcomes after transcatheter aortic valve 
replacement (from the PARTNER trial). The American journal of cardiology 2015, 
116(2):264-269.

8. Thongprayoon C, Cheungpasitporn W, Kashani K: The impact of frailty on mortality 
after transcatheter aortic valve replacement. Annals of translational medicine 2017, 
5(6).

9. Assmann P, Kievit P, van der Wulp K, Verkroost M, Noyez L, Bor H, Schoon Y: Frailty is 
associated with delirium and mortality after transcatheter aortic valve implantation. 
Open Heart 2016, 3(2):e000478.

10. de Ronde-Tillmans MJ, Lenzen MJ, Abawi M, Van Mieghem NM, Zijlstra F, De 
Jaegere PP: 10 years of transcatheter aortic valve implantation: an overview of the 
clinical applicability and findings. Nederlands tijdschrift voor geneeskunde 2013, 
158:A7768-A7768.

11. de Jaegere P, Kappetein AP, Knook M, Ilmer B, van der Woerd D, Deryck Y, de Ronde M, 
Boks R, Sianos G, Ligthart J: Percutaneous aortic valve replacement in a patient who 
could not undergo surgical treatment. A case report with the CoreValve aortic valve 
prosthesis. EuroIntervention: journal of EuroPCR in collaboration with the Working 
Group on Interventional Cardiology of the European Society of Cardiology 2006, 
1(4):475.

12. Schultz CJ, Moelker AD, Tzikas A, Rossi A, van Geuns RJ, De Feyter PJ, Serruys 
PW: Cardiac CT: necessary for precise sizing for transcatheter aortic implantation. 
EuroIntervention: journal of EuroPCR in collaboration with the Working Group on 
Interventional Cardiology of the European Society of Cardiology 2010, 6:G6-G13.

3



56 57

Estimating frailty in older patients with severe aortic stenosisChapter 3.1

13. Folstein MF, Folstein SE, McHugh PR: “Mini-mental state”: a practical method for 
grading the cognitive state of patients for the clinician. Journal of psychiatric research 
1975, 12(3):189-198.

14. Abizanda P, Navarro JL, Garcia-Tomas MI, Lopez-Jimenez E, Martinez-Sanchez E, 
Paterna G: Validity and usefulness of hand-held dynamometry for measuring muscle 
strength in community-dwelling older persons. Arch Gerontol Geriat 2012, 54(1):21-
27.

15. Elia M: Nutritional screening of adults: A multidisciplinary responsibility. Malnutrition 
Advisory Group (MAG) Redditch: BAPEN 2003.

16. Katz S FA, Moskowitz RW, Jackson BA, Jaffe MW: Studies of Illness in the Aged. 
The Index of Adl: A Standardized Measure of Biological and Psychosocial Function. 
JAMA 1963:185:914-189.

17. Lawton MP BE: Assessment of older people: self-maintaining and instrumental 
activities of daily living. Gerontologist 1969:9(3):179-186.

18. Podsiadlo D, Richardson S: The timed “Up & Go”: a test of basic functional mobility for 
frail elderly persons. Journal of the American geriatrics Society 1991, 39(2):142-148.

19. Scheffer AC, van Munster BC, Schuurmans MJ, de Rooij SE: Assessing severity of 
delirium by the Delirium Observation Screening Scale. International journal of geriatric 
psychiatry 2011, 26(3):284-291.

20. Kappetein AP, Head SJ, Généreux P, Piazza N, Van Mieghem NM, Blackstone 
EH, Brott TG, Cohen DJ, Cutlip DE, van Es G-A: Updated standardized endpoint 
definitions for transcatheter aortic valve implantation: the Valve Academic Research 
Consortium-2 consensus document. Journal of the American College of Cardiology 
2012, 60(15):1438-1454.

21. Dewey TM, Brown D, Ryan WH, Herbert MA, Prince SL, Mack MJ: Reliability of risk 
algorithms in predicting early and late operative outcomes in high-risk patients 
undergoing aortic valve replacement. The Journal of thoracic and cardiovascular 
surgery 2008, 135(1):180-187.

22. Popma JJ, Adams DH, Reardon MJ, Yakubov SJ, Kleiman NS, Heimansohn 
D, Hermiller J, Hughes GC, Harrison JK, Coselli J: Transcatheter aortic valve 
replacement using a self-expanding bioprosthesis in patients with severe aortic 
stenosis at extreme risk for surgery. Journal of the American College of Cardiology 
2014, 63(19):1972-1981.

23. Finn M, Green P: Transcatheter aortic valve implantation in the elderly: Who to refer? 
Progress in cardiovascular diseases 2014, 57(2):215-225.

24. Roques F, Nashef SAM, Michel P, Gauducheau E, De Vincentiis C, Baudet E, Cortina 
J, David M, Faichney A, Gavrielle F: Risk factors and outcome in European cardiac 
surgery: analysis of the EuroSCORE multinational database of 19030 patients. 
European Journal of Cardio-thoracic Surgery 1999, 15(6):816-823.

25. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K: Frailty in elderly people. The 
Lancet 2013, 381(9868):752-762.

26. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, Seeman T, Tracy 
R, Kop WJ, Burke G: Frailty in older adults evidence for a phenotype. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences 2001, 56(3):M146-
M157.

27. Afilalo J, Alexander KP, Mack MJ, Maurer MS, Green P, Allen LA, Popma JJ, Ferrucci 
L, Forman DE: Frailty assessment in the cardiovascular care of older adults. Journal 
of the American College of Cardiology 2014, 63(8):747-762.

28. Stortecky S, Schoenenberger AW, Moser A, Kalesan B, Jüni P, Carrel T, Bischoff 
S, Schoenenberger C-M, Stuck AE, Windecker S: Evaluation of multidimensional 
geriatric assessment as a predictor of mortality and cardiovascular events after 
transcatheter aortic valve implantation. JACC: Cardiovascular Interventions 2012, 
5(5):489-496.

29. Bureau M-L, Liuu E, Christiaens L, Pilotto A, Mergy J, Bellarbre F, Ingrand P, Paccalin 
M, Investigators MAP: Using a multidimensional prognostic index (MPI) based on 
comprehensive geriatric assessment (CGA) to predict mortality in elderly undergoing 
transcatheter aortic valve implantation. International Journal of Cardiology 2017, 
236:381-386.

30. Abawi M, Nijhoff F, Agostoni P, Emmelot-Vonk MH, de Vries R, Doevendans PA, Stella 
PR: Incidence, predictive factors, and effect of delirium after transcatheter aortic 
valve replacement. JACC: Cardiovascular Interventions 2016, 9(2):160-168.

31. Bestehorn K, Bestehorn M, Fleck E: Influence of different approaches of aortic 
valve replacement on the incidence of post-operative delirium in intermediate risk 
patients–a matched pair analysis. Current Medical Research and Opinion 2015, 
31(12):2157-2163.

32. Eide LSP, Ranhoff AH, Fridlund B, Haaverstad R, Hufthammer KO, Kuiper KKJ, 
Nordrehaug JE, Norekvål TM, Investigators C: Comparison of frequency, risk factors, 
and time course of postoperative delirium in octogenarians after transcatheter aortic 
valve implantation versus surgical aortic valve replacement. The American journal 
of cardiology 2015, 115(6):802-809.

3



3.2 The Multidimensional Prognostic 
Index and the impact on mortality 

after TAVI
Multidimensional Prognostic Index and Outcomes in Older 

Patients Undergoing Transcatheter Aortic Valve Implantation: 
Survival of the Fittest

Goudzwaard JA, Chotkan S, De Ronde-Tillmans MJAG, Lenzen MJ, van 
Wiechen MPH, Ooms JFW, Polinder-Bos HA, de Beer-Leentfaar M, Van 
Mieghem NM, Daemen J, Pilotto A, de Jaegere PPT, Mattace-Raso FUS.

Clin Med. 2021 Aug 11;10(16):3529.



60 61

Estimating frailty in older patients with severe aortic stenosisChapter 3.2

ABSTRACT 
Selecting patients with a high chance of endured benefit from transcatheter 
aortic valve implantation (TAVI) is becoming relevant with changing indications 
and increasing number of TAVI being performed. The aim of our study was to 
investigate the association of the multidimensional prognostic index (MPI) based 
on a comprehensive geriatric assessment (CGA) on survival. The TAVI Care & Cure 
program is a prospective, observational registry of patients referred for TAVI at the 
Erasmus MC University Medical Center. Consecutive patients who underwent a 
complete CGA and TAVI were included. CGA components were used to calculate 
the MPI score. The impact of the MPI score on survival was evaluated using 
Cox regression. Furthermore, 376 patients were included, 143 (38.0%) patients 
belonged to the MPI-1 group and 233 (61.9%) patients to the MPI-2–3 group. After 
3 years, 14.9% of the patients in the MPI-1 group and 30.5% of the patients in the 
MPI-2–3 group died (p = 0.001). Patients in MPI-1 had increased chances of overall 
survival in comparison with patients in MPI group 2–3 Hazard Ratio (HR) 0.57, (95% 
Confidence Interval (CI) 0.33–0.98)). In this study we found that the MPI tool could 
be useful to assess frailty and to predict which patient will have a higher chance 
of enduring benefit from a TAVI procedure.

INTRODUCTION
The indications for transcatheter aortic valve implantation (TAVI) for treating 
symptomatic aortic stenosis are expanding from older patients who are frail and 
have high surgical risk to patients with low surgical risk [1–4]. With the rapid uptake 
of TAVIs being performed [5], selection of patients who can benefit from TAVI 
is becoming more relevant. Performing a comprehensive geriatric assessment 
(CGA) is a growing routine practice and the impact of frailty status of patients 
on outcomes after TAVI is increasingly described [6–9]. The multidimensional 
prognostic index (MPI) is based on a CGA and has been shown to predict mortality 
in older patients with acute and chronic conditions [10], including cardiovascular 
diseases, i.e., heart failure [11] and acute myocardial infarction [12]. In a large, 
multicenter, longitudinal study, the MPI has shown to be predictive of mortality 
and negative health outcomes in older, hospitalized patients [13]. Recent studies in 
relatively small groups of patients, have suggested that the MPI can predict death 
and stroke for up to three months after TAVI, and mortality for up to one year after 
TAVI [14–16]. Since the population of patients qualifying for a TAVI is changing 
and growing, late outcomes are also becoming important. There has been limited 
research on the effect of frailty and long-term survival after TAVI [17,18]. The aim 
of this study was therefore to investigate the association between the MPI and 
survival at 1 and 3 years in older patients undergoing TAVI.

MATERIALS AND METHODS

Study Population
The study population consists of patients who underwent TAVI (November 2013–
July 2018) within the framework of the TAVI Care & Cure program [19]. The TAVI 
Care & Cure program is a collaboration between the departments of geriatrics 
and interventional cardiology to optimize care for older patients. Patients referred 
for severe aortic valve stenosis are seen by the interventional cardiologist for a 
cardiac assessment, followed by a consultation by the geriatrician to complete 
a comprehensive geriatric assessment (CGA). Predefined cardiovascular and 
non-cardiovascular characteristics, procedural and postoperative data of all 
patients referred for and treated with TAVI were collected [19]. There were no 
specific exclusion criteria. Treatment decision and strategy were decided during 
the multidisciplinary heart team meeting (interventional cardiologists, cardiac 
surgeons, anesthesiologists, geriatricians and a TAVI-nurse coordinator) [19–
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21]. The study was approved by the Medical Ethics Committee of the Erasmus 
MC University Medical Center and was conducted according to the Helsinki 
Declaration. All participants provided written informed consent.

Cardiology Assessment
Cardiology assessment included determining symptoms using the New York 
Heart Association (NYHA) classification and the Canadian Cardiovascular Society 
(CCS) grading of angina pectoris, medical history, physical examination, laboratory 
assessment and electrocardiogram [19]. Echocardiography, coronary angiography 
and multislice computed tomography (MSCT) were examined to evaluate the 
condition of the aortic valve and to determine access site [22].

Comprehensive Geriatric Assessment
The MPI is based on a standardized CGA and includes eight domains [10]. 
We calculated the MPI as described in previous studies [11,14,23], with some 
modifications based on availability of data. We used five of the eight original MPI 
domains: Activities of Daily Living (ADL) [24], instrumental activities of daily living 
(IADL) [25], cumulative illness rating scale and comorbidity index (CIRS-CI) [26], the 
number of medications and social support network. For the cognition, malnutrition 
and pressure risk domain scores we used different, validated instruments, which 
have been used previously in calculating the MPI [23]. For the cognition domain we 
used the mini mental state examination (MMSE) [27], for the domain malnutrition 
we used the malnutrition screening tool (MUST) [28] and for the pressure risk 
domain score we used the Waterlow score [29]. The cumulative illness rating scale 
for geriatrics (CIRS-G) measures chronic medical illness burden while taking into 
account the severity of the chronic disease across 14 items representing individual 
body systems. The cumulative final score can vary theoretically from 0 to 56. The 
severity index is calculated by dividing the total score through the total number of 
categories endorsed [26].

For each of the eight domains, a three-level score was assigned with score 0 
indicating no problem, score 0.5 indicating a minor problem and score 1 indicating 
a severe problem, as established in previous studies [10,14,23]. The categorization 
of each domain can be found in Table 1. The sum of all domain values is then 
divided by 8 to obtain the final MPI score ranging between 0 and 1. Since our aim 
was to verify the effectiveness of the previously established index in this specific 
cohort, we used the previously defined cut-off points for the risk of mortality: MPI-1 

score 0–0.33, indicating low risk, MPI-2 score 0.34–0.66, indicating medium risk 
and MPI-3 score 0.67–1.0, indicating high risk [10].

TABLE 1. Multidimensional prognostic index score assigned to each domain based on severity of 
the problem.

Assessment No problem
(value= 0)

Minor problem
(value = 0,5)

Severe problem
(value = 1)

ADL 0 1-6 7-12

IADL 0-1 2-7 8-14

MMSE 28-30 25-27 0-24

CIRS-CI 0 1-2 ≥3

MUST 0 1 ≥2

Waterlow score 3-9 10-14 15-45

Number of medication 0-3 4-6 ≥7

Social support network Living with family Institutionalized Living alone

Abbreviations used: ADL; Activities of Daily Living, IADL; Instrumental Activities of Daily Living, MMSE; 
Mini Mental State Examination, CIRS-CI; Cumulative Illness Severity - Comorbidity Index, MUST; 
Malnutrition Screening Tool

As complementary functional tests we used two validated tests for mobility: 
the 5 meter gait speed test and the timed up and go test. A gait speed of ≤1 m/s is 
suspect of moderate or severe limitation of mobility [30]. Slowness was evaluated 
with the timed up and go test. A timed up and go test of ≥20 s confirms moderate 
or severe limitation of mobility [31].

Outcome Measures
Primary outcomes were survival at 1 year and 3 years after TAVI. Secondary 
outcomes included vascular complications (in-hospital life-threatening or major 
bleeding or other vascular complications), in-hospital stroke, infection, delirium 
and 30-day mortality. Delirium was defined according to the Diagnostic and 
Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV). Life-threatening 
or major bleeding, vascular complications and stroke were assessed according 
to the guidelines of the Valve Academic Research Consortium [32]. Procedural 
outcomes and mortality were assessed prospectively by consulting medical files 
and the Dutch Civil Registry.

3



64 65

Estimating frailty in older patients with severe aortic stenosisChapter 3.2

Statistical Analysis
Categorical variables are presented as numbers and corresponding percentages 
and differences between MPI groups with the chi-square or Fisher’s exact tests as 
appropriate. Continuous variables are expressed as means ± SD or median values 
with corresponding interquartile ranges (IQR) and differences between MPI groups 
were compared using the independent t-test or its non-parametric equivalents, 
respectively. A Cox regression analysis was performed for the primary outcome 
survival. Hazard ratios (HR) and corresponding 95% confidence intervals (CI) were 
computed. Univariate analyses were performed, every variable with a p value < 
0.10 was entered in the multivariate regression model. Variables in the multivariate 
regression analysis included: age, sex, MPI score, diabetes mellitus, limitation of 
mobility (5MGST), limitation of mobility (TUGT), reduced grip strength, logistic 
Euroscore, STS score and post procedural stroke. A logistic univariate regression 
analysis was performed for secondary outcome measures. p value of 0.05 was 
considered statistically significant. Data was analyzed with statistic program IBM 
Statistical Package for Social Science for Windows version 25, Rotterdam, The 
Netherlands (SPSS)

RESULTS

Patient Characteristics
In total 895 patients underwent TAVI. Within this group, 376 patients completed 
baseline CGA and were included in this study. According to the MPI score, 143 
(38.0%) patients belonged to the MPI-1 group, 221 (58.8%) patients to the MPI-2 
group and 12 (3.2%) to the MPI-3 group (Table 2). As only 12 patients belonged 
to the MPI-3 group we combined this group with the MPI-2 group for further 
analyses. The baseline characteristics of the MPI group 1 and MPI group 2–3 are 
shown in Table 2. Patients in the MPI-2–3 group were older (82.0 ± 6.4 vs. 80.7 ± 
5.7, p = 0.04) than patients in the MPI-1 group and less men belonged to MPI-2–3 
group (38.2% vs. 68.1%, p < 0.001). Hypertension (82.8% vs. 71.6%, p = 0.013), 
diabetes mellitus (40.9% vs. 19.9%, p < 0.001), previous stroke (21.1% vs. 14.9%, 
p = 0.028) and renal dysfunction (49.4% vs. 33.3%, p = 0.002) were more prevalent 
in the MPI-2–3 group compared to the MPI-1 group. The mean logistic Euroscore 
was 16.8 (±11.0)%, with 111 (29.7%) patients considered to have a high surgical risk 
according to a logistic Euroscore ≥ 20%. Mean MPI score was 0.39 (±0.14) points.

TABLE 2 Baseline patient characteristics (n=376)

Characteristic Total (=377) MPI I
N=141

MPI 2-3
N=233

P value

Age (yrs) 81.54 (±6.1) 80.68 (±5.7) 82.03 (±6.4) 0.040

Men (%) 189 (49.7%) 96 (68.1%) 89 (38.2%) <0.001

BMI (kg/m²) 27.2 (±4.8) 27.35 (±4.25) 27.14 (±5.20) 0.697

Cardiovascular risk factors

Hypertension (%) 294 (78.2 %) 101 (71.6%) 192 (82.8%) 0.013

Hypercholesterolemia(%) 231 (61.4%) 83 (58.9%) 147 (63.9%) 0.378

Diabetes mellitus (%) 124 (33.1%) 28 (19.9%) 95 (40.9%) <0.001

Current smoker (%) 30 (8.0%) 13 (9.2%) 17 (7.3%) 0.558

Comorbidities

Previous myocardial infarction (%) 73 (19.4%) 27 (19.1%) 46 (19.7%) 1.00

Previous stroke (%) 82 (21.8%) 21 (14.9%) 49 (21.1%) 0.028

COPD (%) 82 (21.8%) 35 (24.8%) 47 (20.4%) 0.367

Renal dysfunction (%) 162 (43.5%) 47 (33.3%) 115 (49.4%) 0.002

CIRS index 1.91 (±0.27) 1.84 (± 0.26) 1.96 (±0.26) <0.001

Symptoms

NYHA Class 3 or 4 (%) 244 (64.9%) 73 (51.8%) 171 (73.4%) <0.001

Angina CCS classification 3 or 4 (%) 43 (11.4%) 13 (9.4%) 30 (13.2%) 0.318

Vertigo (%) 143 (41.4%) 53 (40.5%) 90 (42.5%) 0.736

Echocardiography

AV area (cm²) 0.76 (± 0.24) 0.8 (±0.23) 0.74 (±0.25) 0.052

Peak AoV, (m/s) 4.0 (± 0.70) 4.0 (±0.69) 4.0 (±0.71) 0.923

Cardiovascular risk scores

Logistic Euroscore 16.82 (± 11.03) 14.80 (±9.55) 18.02 (±11.70) 0.006

STS score 5.47 (± 3.03) 4.29 (±2.19) 6.17 (±3.25) 0.228

CGA domains

Cognitive impairment probable (%) 111 (29.5%) 20 (14.2%) 91 (39.1%) <0.001

Malnutrition probable (%) 41 (10.9%) 5 (3.5%) 36 (15.5%) <0.001

Limitation of mobility, TUGT (%) 48 (12.8 %) 5 (3.9%) 43 (21.6%) <0.001

Limitation of mobility, 5MGS (%) 219 (58.2%) 61 (48.8%) 158 (77.5%) <0.001

Reduced muscle strength, male (%) 65 (17.3%) 24 (17%) 39 (16.7%) 0.004

Reduces muscle strength, female (%) 100 (26.6%) 17 (12.1%) 83 (35.6%) 0.016

Limitation in ADL activity (%) 111 (29.5 %) 9 (6.4%) 102 (43.8%) <0.001

Limitation in IADL activity (%) 200 (53.2%) 35 (24.8%) 165 (70.8%) <0.001

Abbreviations used: BMI; body mass index, COPD; Chronic obstructive Pulmonary disease, CIRS; 
Cumulative Illness Rating Scale, NYHA; New York Heart Association, CCS; Canadian Cardiovascular 
Society, AoV; Aortic valve , STS: Society for Thoracic Surgeons, TUGT; Timed Up and Go Test, 5MGS: 
5 Meter Gait Speed, ADL: Activities of Daily Living, IADL: Instrumental Activities of Daily Living.
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Primary Outcomes
One year after TAVI, 87% of the total study population survived. The one-year 
survival rate in the MPI-1 group was 92% compared to 84% in the MPI-2–3 
group (p = 0.018). In multivariate Cox regression analysis, the presence of renal 
dysfunction (p = 0.004) and limitation of mobility (5MGST) (p = 0.01) were 
associated with mortality one year after TAVI.

Three years after TAVI, 85.1% of patients belonging to MPI-1 group compared 
to 69.5% in the MPI-2–3 group were still alive (p = 0.001). In multivariate logistic 
regression analysis, belonging to the MPI group 2–3 was associated with mortality 
at 3 years after TAVI (HR 1.99 95% CI 1.13–3.50) (Figure 1).

FIGURE 1. Model adjusted for age, sex, diabetes mellitus, hypercholesterolemia, peripheral artery dis-
ease, renal dysfunction, limitation of mobility, logistic Euroscore, post-procedural stroke and delirium

Other factors associated with 3-year mortality were the presence of renal 
dysfunction (HR 1.85, 95% CI 1.19–2.87), reduced gait speed (HR 2.05, 95% CI 
1.49–3.65) and the occurrence of post-procedural stroke (HR 2.96, 95% CI 1.26–
6.99). The presence of hypercholesterolemia (HR 0.52, 95% CI 0.33–0.81) was 
associated with reduced overall mortality (Table 3).

TABLE 3 Multivariable cox analysis for primary outcome 3 year mortality

Variable HR 95%CI p-value

Age 0.99 0.95-1.03 0.51

Sex(men) 0.63 0.84-1.03 0.07

MPI 1 vs MPI 2-3 1.99 1.13-3.50 0.02

Diabetes Mellitus 1.16 0.71-1.90 0.56

Hypercholesterolemia 0.80 0.50-0.32 0.003

Peripheral artery disease 1.34 0.84-2.12 0.23

Renal dysfunction 1.85 1.19-2.87 0.006

Limitation of mobility (5MGST) 2.09 1.15-3.65 0.02

Logistic Euroscore 1.01 0.99-1.03 0.43

Post procedural stroke 2.96 1.26-6.99 0.01

Delirium 1.22 0.71-2.10 0.48

Abbreviations used: MPI: Multidimensional Prognostic Index, 5MGS: 5 Meter Gait Speed.

Within the MPI-2–3 group women (HR 2.09 95% CI 1.230–3.562), patients 
with renal dysfunction before TAVI (HR 2.03 95% CI 1.21–3.40) and limitation 
of mobility (5MGST) (HR 2.00 95% CI 1.02–3.93) had the highest risk of 3-year 
mortality (Table 4).

TABLE 4 Multivariable cox analysis for 3 years mortality in the MPI 2-3 group

Variable HR 95%CI p-value

Age 0.99 0.95-1.04 0.66

Sex (women) 2.09 1.23-3.56 0.006

Diabetes Mellitus 0.88 0.51-1.50 0.63

Hypercholesterolemia 0.47 0.28-0.80 0.005

Peripheral artery disease 1.42 0.82-2.46 0.21

Renal dysfunction 1.98 1.18-3.33 0.01

Limitation of mobility (5MGST) 1.19 0.97-3.79 0.06

Logistic Euroscore 1.01 0.98-1.03 0.66

Post procedural stroke 3.98 1.59-10.05 0.003

Delirium 0.97 0.52-1.81 0.93

Abbreviations used: MPI: Multidimensional Prognostic Index, 5MGS: 5 Meter Gait Speed.
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Secondary Outcomes
There were 56 (14.9%) vascular complications in the 30 days after the procedure. 
Patients with a high risk MPI score (MPI score 2 or 3) had a higher risk of vascular 
complications in comparison to those in the MPI-1 group (OR 2.00, 95% CI 1.05–
3.80, p = 0.04) in univariate regression analysis. When adjusted for age and sex, 
estimates were no longer statistically significant (OR 1.81, 95% CI 0.92–3.53). 
There were no differences found between the MPI groups for the other procedural 
outcomes (Table A1). Thirteen (3.5%) patients died within 30 days after the 
procedure; 2 (0.5%) within MPI-1 group and 11 (3.0%) patients within MPI-2–3 
group (p = 0.26).

DISCUSSION
In this study we found that the MPI tool is useful to assess frailty and could be 
able to predict survival after TAVI. One- and three-year survival rates were 92% 
and 85% in patients belonging to MPI-1, corresponding survival rates were 85% 
and 69.5% in patients belonging to MPI-2–3, respectively. Patients in MPI-1 had a 
50% higher chance of long-term survival in comparison with patients in MPI-2–3.

The selection of older patients who will benefit the most from TAVI still remains 
a challenge. This study shows that the MPI tool could be helpful in the decision-
making process. The traditional risk scores commonly used to predict surgical 
mortality (e.g., logistic Euroscore or the Society of Thoracic Surgeons (STS)) are not 
sufficient to predict mortality for TAVI procedure in high-risk patients of 80 years 
and older with substantial comorbidity [33,34]. The incorporation of frailty can 
have an additional prognostic role as a geriatric biomarker, as studies have shown 
that frailty is a predictive factor for negative health outcomes after TAVI [6,7,9]. 
Frailty is defined as a state of reduced physical, cognitive and social functioning, 
resulting in a reduction of reserve capacity for dealing with stressors [35]. Several 
conceptual models of frailty have been described; a general agreement exists, 
however, on the concept that frailty is a multidimensional condition, with physical 
and psychosocial factors playing a part in its development [35]. Accordingly, the 
use of the CGA, i.e., a multidimensional diagnostic process for evaluating clinical, 
functional, cognitive, nutritional and social characteristics of individuals, has been 
suggested as a clinically useful tool to guarantee a multidimensional approach 
to frailty [36], even in older patients with aortic stenosis [37]. The incorporation 
of CGA measures into clinical assessment of patients opting for TAVI procedure 
is becoming more routine in a growing number of centers [15,19]. The MPI is 

derived from a standard CGA [10] and has shown to predict mortality in older 
hospitalized patients, including patients with heart failure, acute myocardial 
infarction and transient ischemic attack [11,13,23,38]. The value of the MPI in 
predicting outcomes in TAVI patients has previously been investigated. In a study 
performed on behalf of the MPI_AGE Project, investigators found that CGA based 
on the MPI tool predicted prognosis in older patients undergoing TAVI procedure 
where mortality rate was significantly different between MPI groups at six and 
twelve months [14]. The MPI tool was also used in a multi-center TAVI registry 
and found that the MPI showed value for predicting the likelihood of death and 
a combination of either death, fatal stroke, or both, by one year after TAVI [16]. 
However, the number of patients included in previous studies was relatively small 
(116 patients and 71 patients, respectively). To the best of our knowledge this is 
the first study that investigated the role of the MPI tool for predicting long-term 
outcomes in a large population of older patients undergoing TAVI.

The incorporation of information derived from a CGA can predict frailty in 
patients. The assessment of frailty in older patients with comorbidities can give 
a clear vision of the individual reserve capacity defining the somatic, cognitive 
and functional situation secondary to the damage due to chronic and intercurrent 
diseases and the individual capacity to react to external stressors. With growing 
numbers of TAVI being performed and the growing amount of evidence that 
being frail is not only predictive of reduced survival, but also on other relevant 
outcomes such as periprocedural outcomes [39] and health-related quality of life 
[40], the incorporation of a CGA-based tool can help assess frailty and therefore 
aid in selecting patients who are less frail with a higher chance of endured benefit 
from TAVI. When decisions are made concerning therapeutic interventions, the 
estimation of patient survival is crucial to assess the balance of benefits and risks 
of performing TAVI.

This study has several limitations. First, results should be interpreted within the 
framework of a single center and therefore cannot be extrapolated to other groups 
of patients. Second, the MPI tool investigated in the present study is a somewhat 
modified version of the original. However, the same modifications have been used 
in other studies [23], with the same range of predictive value as the original MPI. 
Third, although the sample size of the complete population was relatively large, 
there was a low sample size in the MPI-3 group (3.2%), therefore we could not draw 
any conclusions about the prognosis after TAVI in this specific group.
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Further research should focus on the use of the MPI and other geriatric 
outcomes such as functionality and post-operative HRQoL, since for this specific 
population survival may be of less importance than improving functional status 
and quality of life.

In conclusion, in this study we found that the MPI tool is useful to assess frailty 
and predicts survival after TAVI. We found that in patients eligible for TAVI, 92% 
of patients belonging to the more vital group (MPI-1) are still alive one year after 
TAVI and 85% three years after the procedure in comparison to 84% and 69%, 
respectively, in the frailer MPI-2–3 group. The MPI tool could be useful to assess 
frailty and to predict which patients will have a higher chance of enduring benefit 
from a TAVI procedure.

APPENDIX A

TABLE A1. Univariate logistic regression analysis for secondary outcomes.

Complication Total MPI-1 MPI-2–3
Univariable
OR (95% CI) p Value

Post procedural stroke 12/374 (3.2%) 3/141 (2.1%) 9/233 (3.9%) 1.85 (0.49–6.95) 0.36

New pacemaker 63/376 (16.8%) 25/141 (17.7%) 38/233 (16.3%) 0.90 (0.52–1.57) 0.72

Vascular complication 56/376 (14.9%) 14/141 (9.9%) 42/233 (18.0%) 2.00 (1.05–3.80) 0.04

Infection 32/376 (8.5%) 8/141 (5.7%) 24/233 (10.3%) 1.91 (0.83–4.37) 0.13

MI postprocedural 1/323 (85.9%) 1/119 (0.7%) 0/233 - -

Delirium 55/375 (14.6%) 15/141 (10.6%) 40/233 (17.2%) 1.75 (0.93–3.30) 0.08

Any Complication 145/322 (45.0%) 47/119 (39.4%) 98/201 (48.7%) 1.15 (0.92–2.31) 0.11

MPI: Multiple Prognostic Index; CI: confidence intervals; MI postprocedural: Myocardial Infarction 
postprocedural; Univariable OR: Univariable Odds Ratio
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ABSTRACT

Background
Delirium is an event leading to negative health outcomes and increased mortality 
in patients. The aim of this study is to investigate the incidence, determinants 
and consequences of postoperative delirium (POD) in older patients undergoing 
transcatheter aortic valve implantation (TAVI).

Methods
The TAVI Care & Cure program is a prospective, observational registry in patients 
referred for TAVI at the Erasmus University Medical Centre. Presence of delirium 
was evaluated by daily clinical assessment by a geriatrician pre- and up to three 
days post TAVI. Mortality data were obtained from the Dutch Civil Registry.

Results
543 patients underwent TAVI between January 2014 and December 2017. Overall, 
the incidence of POD was 14% (75/543 patients) but declined from 18% in 2014 
to 7% in 2017 (p=0.009). Patients who developed POD were older (81.9±5.8 vs 
78.6±8.3 years, p<0.001), had higher prevalence of renal dysfunction and prior 
stroke (54% vs 40%,p=0.02; 31% vs 18%,p=0.01) and were more often frail (32% vs 
25%, p=0.02). From a procedural perspective, general anesthesia (OR 2.31,95% CI 
1.40-3.83,p = 0.001), non-transfemoral access (OR 2.37,95% CI 1.20-4.70,p = 0.01) 
and longer procedural time (OR 1.01,95% CI 1.01-1.02,p<0.001) were significantly 
associated with POD. One-year survival rate was 68% among patients who had 
suffered a POD and was 85% in patients without a POD (HR 1.8 (95% CI 1.01-3.10), 
p=0.045 )

Conclusion
POD frequently occurs after TAVI and is associated with increased mortality. It 
might be speculated that patient selection and the minimalistic approach of TAVI 
may reduce the frequency of delirium.

INTRODUCTION
The incidence of delirium after transcatheter aortic valve implantation (TAVI) is 
reported to vary between 12 and 53% and proved to exert a significant and negative 
impact on hospital stay and long-term mortality, especially in frail and older 
patients [1-6]. TAVI is increasingly used to treat patients with aortic stenosis and as 
a result of increased experience, new generation heart valves and minimizing the 
treatment itself, periprocedural complications have decreased [7-11]. The impact 
of better procedural outcomes on the incidence of postoperative delirium (POD) 
are thus far unknown.

Notwithstanding the expansion of the indication of TAVI to low risk patients[12], 
the majority of patients who undergo TAVI have an advanced age with a high risk 
of POD given the presence of substantial co-morbidity and frailty[13-15].

The aim of this study is to investigate the incidence, determinants and 
consequences of POD in older patients undergoing TAVI, as well as the 
consequences of the changes in TAVI practice on the incidence on delirium.

METHODS

Patient selection
The study population consists of 543 consecutive patients who received TAVI 
because of severe aortic stenosis between January 2014 and December 2018 and 
who were enrolled in the TAVI Care & Cure program [16]. In brief, the TAVI Care & 
Cure program is a prospective single-center multidisciplinary observational cohort 
study that was initiated in November 2013 and consists of a prospective collection 
of a comprehensive set of predefined cardiovascular and non-cardiovascular data 
including a comprehensive geriatric assessment (CGA), baseline characteristics 
in addition to procedural and postoperative data of all patients referred for- and 
treated with TAVI. There were no specific exclusion criteria. Treatment decision 
and strategy was decided during the multidisciplinary heart team meeting 
(interventional cardiologists, cardiac surgeons, anesthesiologist, geriatricians and 
a TAVI-nurse coordinator) [17, 18]. The TAVI Care & Cure program was approved 
by the Medical Ethics Committee of the Erasmus Medical Center (MEC-2014-277) 
and was conducted according to the Helsinki Declaration. All patients provided 
written informed consent.

4
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Study measurements

Cardiology assessment
Cardiology assessment included patient’s history, presence of symptoms using 
the New York Heart Association (NYHA) and the Canadian Cardiovascular Society 
(CCS) score, physical examination, electrocardiogram (ECG), transthoracic 
echocardiography, coronary angiography and multislice computed tomography 
(MSCT) as described before[19, 20].

Geriatric assessment
Frailty was defined by the Erasmus Frailty Score (EFS) that has been reported to 
be associated with post-operative delirium and one-year mortality [15]. The EFS 
uses 5 geriatric domains that are relevant for this specific population; cognition 
was measured by the mini mental state examination (MMSE) [21]), strength by 
the Hand Grip Strength Test [22]), (mal)nutrition by the Malnutrition Universal 
Screening Tool (MUST) [23]), inactivity in basic activities of daily living (measured 
by the Katz index (Katz ADL) [24] and inactivity in instrumental activities of daily 
living (measured by the Lawton and Brody index) [25]. Patients were considered 
frail if the score on 3 or more domains were below predefined standard cut off 
points[15].

TAVI procedure
TAVI was initially performed under general anesthesia and from September 
2015 onwards under local anesthesia, using the transfemoral approach as 
default choice. After TAVI, patients were admitted to the intensive care unit for 
early monitoring for a minimum of 4 h and then transferred, if no conduction 
disturbances or hemodynamic events occurred, to the general cardiology ward 
with telemonitoring facility.

Delirium assessment and management of delirium
One day before TAVI, all patients were seen by the geriatrician to assess the risk of 
delirium based on known risk factors of post-operative delirium [1, 3]. All patients 
were given information on symptoms of delirium and non-pharmacological 
intervention for delirium prevention were taken. From the day of admission up to 
4 days post TAVI, a geriatrician evaluated patients on a daily basis. Delirium was 

defined according to the Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition (DSM-IV).

Delirium features necessary for diagnoses were: acute onset and fluctuating 
coarse AND inattention AND/OR disorganized thinking AND/OR altered level of 
consciousness AND/OR hallucinations. The diagnosis of delirium was made by 
clinical diagnosis of a geriatrician and was based on the psychiatric examination 
of the patient. Patients were seen by a geriatrician at least once a day on a daily 
basis and besides the evaluation of the patient, we continuously evaluated with 
the nursing staff on the cardiology ward to learn if there was any fluctuations in 
symptoms during the day or overnight. When caregivers of patients were present, 
we evaluated with the caregivers symptoms and fluctuations of symptoms.

Severity of delirium was defined by the Delirium Observation Score (DOS)[26]. 
In case of delirium, patients were treated according to current national guideline 
‘Delirium in adults’, Dutch Geriatrics Society[27].

Outcome measures
The primary objective of this study is the incidence and predictors of delirium 
after TAVI. Secondary objective was the impact of delirium on all-cause mortality 
within one year after TAVI. The Dutch Civil Registry was used for the collection of 
all-cause mortality data.

Data management and statistical analysis
All data was entered into a dedicated online database hosted on an internal server. 
Categorical variables are presented as numbers and percentages. Differences 
between patients with and without delirium were compared with the chi-square 
or Fisher’s exact test, as appropriate. Continuous variables are expressed as 
means with standard deviation (± SD) or median values with corresponding 
interquartile ranges (IQR). Differences within the two groups were compared 
using the independent t-test or its non-parametric equivalents, respectively. 
Univariate analysis was performed, variables with a p-value < 0.10 was entered in 
the multivariate regression models.

For the multivariate model, covariates were operationalized as follows: 1) Prior 
stroke: Transient Ischemic Attack or Cerebrovascular Accident prior to TAVI; 2) 
Renal dysfunction: estimated Glomerular Filtration Rate (eGFR) < 50 ml/min; 3) 
Limitation of mobility (gait speed): Walking speed < 1.0 m/s; 4) Frailty Measured 
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with the Erasmus Frailty Score: 5 component score, frail when 3 components are 
scored below predefined cut off points.

 For the outcome incidence of delirium, Odds ratios (OR) and corresponding 
95% confidence interval (95% CI) were computed with multivariate logistic 
regression analysis. We tested multicollinearity for the multivariate regression 
model. Obtained VIF values ranged between 1 and 2. Cox regression analysis 
was performed to investigate the association between delirium and mortality. 
The multivariate model was based on the results form a univariate analysis for 
the outcome ‘one year mortality’. Variables with a p-value <0.10 were entered in 
the multivariate regression models. Hazard ratio’s (HR) and corresponding 95% 
confidence interval were computed. To investigate the changes over time, patients 
were divided into four cohorts, depending on the year in which the TAVI took 
place: cohort 1: 2014; cohort 2: 2015; cohort 3: 2016; cohort 4: 2017. Categorical 
variables were compared using the chi-square test, while continuous variables 
were compared with the ANOVA test. Statistical significance across the years was 
calculated using the chi-square method adjusting the p values after te Bonferroni 
correction for the proportions. For the continues variables the Games-Howell 
method was used as a post hoc test. Analyses were performed using SPSS version 
21 for Windows (SPSS, Inc., Chicago, IL).

RESULTS

Patient Characteristics
Between January 2014 and December 2017 a total of 543 patients underwent a 
TAVI for symptomatic aortic valve stenosis. Clinical baseline characteristics and 
procedural features are shown in table 1. Mean age of the population was 79.1 ± 
8.0 years and 55% were men. Hypertension (80%), hypercholesterolemia (65%), 
atrial fibrillation (32%) and diabetes mellitus (32%) were prevalent comorbidities. In 
this cohort there were no patients with existing diagnosis of dementia (diagnosis 
noted in primary care records or records from referring hospitals). There were 7 
patients (=1.3%) with mild cognitive impairment, but with no interference in daily 
activities.
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The incidence of delirium was 14% (75/543 patients). Patients who developed 
POD were older (82.1 ±5.8 vs 78.6 ±8.3 years, p<0.001), had higher prevalence of 
renal dysfunction and prior stroke (54% vs 40%, p=0.02; 31% vs 18%, p=0.01) and 
were more often frail (32% vs 25%, p=0.02). Cognitive impairment (OR 2.28, 95% 
CI 1.25-4.13, p=0.007), reduced gait speed (OR 3.69, 95% CI 1.68-10.72, p=0.02), 
limitation in IADL activity (OR 2.15, 95% CI 1.16-3.98), p=0.02) and the presence 
of frailty (OR 2.50, 95% CI 1.30-4.82, p=0.006) were significantly associated with 
POD (table 1).

From a procedural perspective, general anesthesia (OR 2.31, 95% CI 1.40-
3.83, p = 0.001), non-transfemoral access (OR 2.37, 95% CI 1.20-4.70, p = 0.01) 
and longer procedural time (OR 1.01, 95% CI 1.01-1.02, p<0.001) were significantly 
associated with POD (table 1).

Information on the onset of POD was available for all patients. POD occurred 
on day 0 and 1 in 68% of the patients. The median onset of POD was day 1 (IQR 
0.0-2.0 days) (Appendices 1). The incidence of post procedural stroke (11% vs 3%; 
p=0.001), new pacemaker implantation (24% vs 14%; p=0.02), vascular complication 
(24% vs13%; p=0.009), post-operative urinary tract infection (13% vs 2%; p<0.001) 
and post-operative pneumonia (9% vs 4%; p=0.03) was higher in patients with POD 
than those without POD. Yet, independent variables predicting POD were found 
to be prior stroke (OR 4.29, 95% CI 1.85-9.96, p=0.001), the presence of frailty (OR 
2.37, 95% CI 1.12-5.07, p=0.025) and the length of the procedure (OR 1.02, 95% CI 
1.01-1.03, p<0.001)(table 2).

TABLE 2 predictors for POD within a multivariate model

Variable OR  95% CI p-value

Age 1.06 0.99-1.13 0.097

Prior stroke 3.10 1.49-6.47 0.003

Renal dysfunction 1.18 0.57-2.48 0.655

Limitation of mobility (Gait speed) 1.04 0.44-2.46 0.926

Frailty identified (EFS) 2.37 1.12-5.07 0.025

General anesthesia 1.71 0.70-4.20 0.24

Non transfemoral access 1.07 0.35-3.31 0.905

Procedural time (min) 1.02 1.01-1.03 <0.001

Abbreviations used: EFS= Erasmus Frailty Score
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The presence of POD was associated with prolonged in-hospital stay, 
independent of other periprocedural complications (uncomplicated TAVI 8.2 vs 
7.5 days, p=0.003 and complicated TAVI 17.8 vs 11.1 days, p<0.001).

Impact of POD on Mortality during follow up.
Median follow up was 1.4 years (IQR: 0.6 to 2.5 years), overall mortality was 29,5% 
(n=190). One-year survival rate was 68% among patients who had suffered POD 
and 85% in patients without POD (HR 1.8 (1.01-3.10), p=0.045 )(figure 1).

FIGURE 1 One year mortality of patients with and without a delirium
HR 1.8 (1.01-3.10), p=0.045. Adjusted for age, sex, dyslipidemia, atrial fibrillation, New York Heart 
Association class 3 or 4, renal dysfunction

Changes over time
In the period from January 2014 to December 2017, the mean age, prevalence 
of frailty and prior stroke of patients who underwent TAVI remained the same  
(p=0.332,p>0.999 and p=0.467 respectively). Yet, the proportion of patients with 
renal dysfunction was higher in those treated in 2014 and 2015 versus those 
treated in 2016 and 2017 (53% and 52% vs 37% and 32% respectively, p<0.001). The 
main change was found to be of procedural nature; the use of general anesthesia 
fell from 100% in 2014 to 19% in 2017 (p<0.001), non-transfemoral access dropped 
from 18% in 2014 to 8% in 2017(p=0.08) and procedure time was reduced from 
191.6 ±65.7 min. in 2014 to 91.0 ± 37.8 min. in cohort 2017 (p<0.001) (Appendices 
2). During this observation period, the incidence of delirium decreased from 18% 
in 2014 to 7% in 2017 (p=0.009).

DISCUSSION
In this study we found that delirium frequently occurs after TAVI in older patients 
and is associated with increased mortality. Frailty and prior stroke as well as 
procedural time were independent predictors of POD.

Frailty is known to be a risk factor of POD in patients undergoing TAVI and 
can be explained by the fact that frailty is the result of reduced physical, cognitive 
and social functioning and, thus, associated with a reduction of an adaptive or 
reserve capacity in case of stressors. [14, 15, 28, 29]. Despite the minimal invasive 
nature of TAVI, this procedure remains a stressful event in particular when 
considering the profile of patients undergoing TAVI who are in general old and 
have multiple comorbidities and frailty. Age remains and will remain advanced in 
patients undergoing TAVI as shown in this study in addition to the ageing society, 
notwithstanding the expansion of indication of TAVI to lower risk patients [13]

According with previous studies, we found prior stroke to be a predictor of 
POD [1, 2, 5, 30]. In the present analysis, prior stroke was associated with a 4-fold 
increased risk of POD. The risk factors for stroke overlap with those of cognitive 
impairment and dementia [31], which are also associated with increased risk for 
delirium [15, 32].

Not unexpectedly, procedural factors predicted POD. Previous studies have 
shown that the use of general anesthesia and the non-transfemoral access 
may lead to a 4-fold increase on POD [2, 28]. In the present study, we found by 
multivariable analysis that procedure time was the only independent procedural 
factor predicting POD.

There is still controversy on the effect of the anesthetic technique (general 
vs. local anesthesia) on POD [2, 33]. General anesthesia has been linked to post-
operative cognitive dysfunction, but it has not been shown to have the same effect 
on POD, when considering POD a form of temporary cognitive dysfunction [34]. 
In the present study, the use of general anesthesia dropped from 100% in 2014 to 
20% in 2017, in conjunction with a similar decrease in procedure time and a slight 
increase of transfemoral TAVI to 92% following a global trend in minimizing the 
invasive nature of TAVI[35-37]. Yet, the effect of these procedural changes have 
not systematically been assessed in relation to POD, although one intuitively would 
expect a beneficial effect on the occurrence of POD as shown in this study (i.e. a 
reduction of > 10% over 4 years).

One of the possible confounders in the assessment of the incidence of POD 
in the present study is the fact that the geriatrician assessed the risk of POD 
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before TAVI in the framework of the TAVI Care & Cure program and implemented 
preventive measures if deemed necessary. It has been shown that preventive 
strategies, can lead to a 30% reduction in POD [38-40]. We have no control group 
with patients who did not receive delirium preventive measures, and therefore we 
could not add the presence or absence of delirium prevention into the multivariate 
model. Yet, we believe that both this delirium preventive strategy in conjunction 
with minimizing the TAVI procedure to a PCI-like intervention explains the reduction 
in POD in this study[41]. In addition to the limitation already addressed above, 
one must also acknowledge that the present analysis stems from a single center 
observational study conducted in a tertiary referral center. The population and 
findings may, therefore, not be representative for a general population of patients.

In addition to observation bias inherent to an observational study without 
independent adjudication of outcomes, some variables associated with POD such 
as cognitive impairment and dependence in IADL activity were not available for all 
patients. There were no patients in the cohort with existing diagnosis of dementia 
found in primary care records or records from referring hospitals. We performed a 
cognitive analysis in 330 out of 543, therefor there is a chance we underestimated 
the presence of mild cognitive impairment in our study cohort.

Concerning the data extracted from our CGA: a complete data set was available 
in 330 patients. The current study numbers are based on complete case analysis. 
There were no baseline differences on cardiovascular and non-cardiovascular data 
between those with and without CGA.

In conclusion, delirium occurs frequently after TAVI in older patients and is 
associated with impaired prognosis. Given the ageing of the general population, 
the burden of delirium post TAVI will remain a matter of concern notwithstanding 
the expansion of TAVI to lower risk patients. It can be speculated whether patient 
selection and the minimalistic approach on TAVI might lower the incidence of 
delirium.
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ABSTRACT

Background
Transcatheter aortic valve implantation (TAVI) brings symptom relieve and 
improvement in Health Related Quality of life (HRQoL) in the majority of patients 
treated for symptomatic, severe aortic stenosis. However, there is a substantial 
group of patients that do not benefit from TAVI. The aim of this study is to 
investigate the impact of frailty on HRQoL one year after TAVI.

Methods
The TAVI Care & Cure program is an ongoing, prospective, observational study 
including patients referred for TAVI to our institution. A comprehensive geriatric 
assessment was performed to evaluate existence of frailty using the Erasmus 
Frailty Score (EFS). HRQoL was assessed using the EQ-5D-5L at baseline and 
one year after TAVI.

Results
239 patients underwent TAVI and completed HRQoL assessment one year after 
TAVI. Seventy (29.3%) patients were classified as frail (EFS ≥ 3). In non-frail patients 
the EQ-5D-5L index did not change (0.71(± 0.22) to 0.68(± 0.33) points, p=0.22), in 
frail patients the EQ-5D-5L index decreased from 0.55(±0.26) to 0.44 points(±0.33) 
(p=0.022). Frailty was an independent predictor of deteriorated HRQoL one year 
after TAVI (OR 2.24, 95% CI 1.07-4.70, p=0.003). In frail patients, absence of 
peripheral artery disease (OR 0.17, 95% 0.05-0.50, p=0.001) and renal dysfunction 
(OR 0.13, 95% CI 0.04-0.41, p=<0.001) at baseline was associated with improved 
HRQoL one year after TAVI.

Conclusion
Frailty is associated with deterioration of HRQoL one year after TAVI. Notably, 
HRQoL did improve in frail patients with no peripheral arterial disease or renal 
impairment at baseline.

INTRODUCTION
Aortic stenosis (AS) is a common valve disease in older patients affecting 
about 3% of the population above 65 years. If not treated, the risk of mortality 
and deterioration of Health Related Quality of Life (HRQoL) is high [1-3]. HRQoL 
of patients with severe AS is impaired due to symptoms of impaired exercise 
tolerance, dyspnea and eventually angina pectoris and/or syncope [4]. TAVI is 
increasingly used to treat patients with AS and is proven to be safe and effective 
in a wide variety of patient groups, including older patients [5-7]. Although the 
indication for TAVI has expanded to low risk patients, the majority of patients who 
undergo TAVI are old and frail and have substantial comorbidities. For this specific 
population, the absolute gain in years may be of less importance than improving 
their HRQoL.

Previous studies showed an improvement of HRQoL in the majority of patients 
who underwent TAVI [8-10]. However, some patients do not report improvement in 
HRQoL [10, 11]. Little is known on the factors determining lack of improvement of 
even deterioration of HRQoL after TAVI. Frailty has proven to be associated with 
an increased mortality and a higher rate of poor outcome up to one year after TAVI 
[12, 13], but studies on the impact of frailty on HRQoL after TAVI are limited[11]. 
The aim of this study, therefore, is to investigate the potential impact of frailty on 
HRQoL after TAVI.

METHODS

Study population
The study population consists of 239 patients who underwent TAVI (November 
2013 – June 2018) within the frame work of the TAVI Care & Cure program[14]. In 
brief, the TAVI Care & Cure program is a prospective single-center multidisciplinary 
observational cohort study that was initiated in November 2013 and consists of a 
prospective collection of a comprehensive set of predefined cardiovascular and 
non-cardiovascular data including a comprehensive geriatric assessment (CGA) 
and baseline characteristics in addition to procedural and postoperative data of all 
patients referred for and treated with TAVI. There were no specific exclusion criteria. 
Treatment decision and strategy were decided during the multidisciplinary heart 
team meeting (interventional cardiologists, cardiac surgeons, anesthesiologists, 
geriatricians and a TAVI-nurse coordinator) [15, 16]. The TAVI Care & Cure program 
was approved by the Medical Ethics Committee of the Erasmus Medical Center 
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(MEC-2014-277) and was conducted according to the Helsinki Declaration. All 
patients provided written informed consent.

Cardiology assessment
Cardiology assessment included determining symptoms using the New York 
Heart Association (NYHA) classification and the Canadian Cardiovascular Society 
(CCS) grading of angina pectoris, medical history including cardiovascular and 
non-cardiovascular comorbidities (Appendices 1 for the complete list of co-
morbidities), physical examination, laboratory assessment and electrocardiogram. 
Echocardiography, coronary angiography and multislice computed tomography 
(MSCT) were examined to evaluate the condition of the aortic valve and to 
determine access site [17].

Comprehensive Geriatric Assessment
In the CGA the following frailty domains and instruments were examined: cognition; 
measured by the Mini Mental State Examination (MMSE) [18], strength; measured 
by the Hand Grip Strength Test [19], (mal)nutrition; measured by the Malnutrition 
Universal Screening Tool (MUST) [20], inactivity in basic activities of daily living; 
measured by the Katz index (Katz ADL) [21]; inactivity in instrumental activities of 
daily living; measured by the Lawton and Brody index [22]; limitation of mobility 
using the Timed Up and Go Test (TUGT)[23] and 5 Meter Gait Speed Test (5MGST) 
[24]. A comprehensive explanation of the frailty domains and cut-off points can 
be found in Appendices 2. Frailty was defined by the Erasmus Frailty Score (EFS) 
that has been reported to be associated with post-operative delirium and one-year 
mortality[12]. The EFS uses 5 geriatric domains; cognition, strength, (mal)nutrition, 
inactivity in basic activities of daily living and inactivity in instrumental activities of 
daily living. Patients were considered frail if the score on 3 or more domains was 
below predefined standard cut off points[12]. The Cumulative Illness Rating Scale 
for Geriatrics (CIRS-G) was used to rate existing co-morbidities, measuring chronic 
medical illness burden while taking into account the severity of the chronic disease 
in 14 items representing individual body systems. The cumulative final score can 
vary theoretically from 0 to 56. The severity index is calculated dividing the total 
score through the total number of categories endorsed [25].

Quality of Life measurement
HRQoL was assessed using the EuroQol 5 dimensions questionnaire (EQ-5D-5L) 
pre operatively and one-year after TAVI. The EQ-5D-5L is a generic health utility 
HRQoL instrument and is qualified for measuring health status within an older 
population [26]. The EQ-5D-5L consists of 5 dimensions of health (mobility, self-
care, usual activities, pain/discomfort and anxiety/depression), each of which 
is divided in five levels of functioning: no problems (level 1), some or moderate 
problems (level 2 and 3), and severe or extreme problems (level 4 and 5). Based 
on the responses to these dimensions, a single index value is estimated using 
a general population-based algorithm, ranging from -0.446 to 1 (a value of 1 
indicating full health, while a value lower than 0 represents a status considered to 
be worse than death). The EQ-5D index value scores are country specific. Value 
sets and coefficients for the Dutch population were used for the estimations of 
the individual EQ-5D index [27]. The second component of the EQ-5D-5L is the 
VAS-score (Visual Analogue Scale). This is a standardized instrument to assess 
self-rated health on a scale with a scoring range from 0 (worst imaginable health 
state) to 100 (best imaginable health state) [28]. To incorporate data on mortality 
into the EQ-5D-5L outcome, we divided our patient group into patients with either 
improvement or deterioration in HRQoL one year after TAVI. Improvement was 
defined as survival without any worsening in the EQ-5D index one year after TAVI 
compared to baseline. Deterioration was defined as death within one year or a 
decrease in the EQ-5D-5L index one year after TAVI. This approach is comparable 
to a method previously used for the Kansas City Cardiomyopathy Questionnaire 
[29].

TAVI procedure
TAVI was initially performed under general anesthesia and from September 2015 
onwards under local anesthesia, using the transfemoral approach as default 
choice. After TAVI, patients were admitted to the intensive care unit for early 
monitoring for a minimum of 4 h before transferring to the general cardiology 
ward. From the day of admittance up to at least three days after procedure, the 
geriatric consulting team is involved in delirium vigilance and preventing functional 
decline during admission.
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Statistical Analysis
Continuous data are expressed as mean values with standard deviations ± SD. 
Differences between patients who were frail and non-frail were compared with 
non-parametric equivalents (Mann-Whitney-U and Wilcoxon test). Categorical 
values were noted as percentages and differences between patients who were 
frail and non-frail were compared with the chi-square test or Fisher’s exact test as 
appropriate. Paired sample t tests were used to analyze the difference between 
HRQoL measurements on baseline and one-year follow up. The Reliable Change 
Index (RCI) was calculated measuring the difference between the EQ-5D-5L 
index value on baseline and the EQ-5D-5L index value at follow up divided by 
the standard error of the difference between both EQ-5D-5L index values. For 
the outcome deterioration of HRQoL one year after TAVI, univariate analysis was 
performed, entering variables with a p-value < 0.10 in the multivariate regression 
models. For the multivariable model Odds ratios (OR) and corresponding 95% 
confidence interval (95% CI) were computed, adjusted for age, sex, EQ-5D-5L 
index on baseline, current smoking, peripheral artery disease, renal dysfunction, 
limitation of mobility (5 Meter Gait Speed Test) and frailty (EFS). p value < 0.05 
(two-tailed) was considered statistically significant. Statistical analysis were 
performed using IBM Statistical Package for Social Science (SPSS) for Windows 
version 25.

RESULTS

Patients characteristics
A total of 239 patients with severe symptomatic AS who underwent TAVI between 
November 2013 and May 2019 were assessed with CGA at baseline. 197 patients 
completed HRQoL follow-up after 12 months and forty-two patients died within 
12 months after TAVI. The mean age of patients was 80.8 ± 6.5 years and 49.8 % 
were men. Seventy (29.3%) patients were frail (Erasmus Frailty Score ≥ 3). Detailed 
baseline characteristics are shown in Table 1.

TABLE 1 Baseline characteristics (n=239)

Age (years, ±SD) 80.8 (±6.5)

Male gender (%) 119 (49.8%)

BMI (kg/m^2, ±SD) 27.2 (± 4.9)

Cardiovascular risk factors

Hypertension (%) 197 (82.8%)

Current smoker (%) 23 (10.2%)

Diabetes mellitus (%) 79 (33.1%)

Hypercholesterolemia (%) 151 (63.2%)

Peripheral artery disease (%) 108 (45.2%)

Comorbidities

CIRS G score (points, ±SD) 15.4 (±4.4)

CIRS G index (points, ±SD) 1.90 (±0.3)

Symptoms

NYHA class 3 or 4 (%) 149 (62.3%)

Angina CCS classification 3 or 4 (%) 29 (12.1%)

Vertigo (%) 93 (38.9%)

Echocardiography:

Aortic valve area (cm², ±SD) 0.8 (±0.2)

Peak AoV PG (mmHg, ± SD) 66.4 (±21.6)

Peak AoV velocity (m/s, ±SD) 4.0 (±0.7)

Frailty indices:

Cognitive impairment probable (%) 74 (31%)

Malnutrition probable (%) 27 (11.3%)

Limitation of mobility, TUGT (%) 35 (14.6%)

Limitation of mobility, 5MGS (%) 153 (64%)

Reduced muscle strength, (%) 113 (47.3%)

Limitation in ADL activity (%) 70 (29.3%)

Limitation in iADL activity (%) 128 (53.6%)

Erasmus Frailty Score ≥ 3 (%) 70 (29.3%)

Abbreviations used: BMI: body mass index; CIRS-G: Cumulative Illness Rating Scale for Geriatrics; 
NYHA: New York Heart Association functional class; CCS: Canadian Cardiovascular Society; AoV: 
Aortic Valve; PG: Pressure Gradient; TUGT: Timed Up and Go test; 5MGS: 5 Meter Gait Speed Test; 
ADL: activities of daily living; iADL: instrumental activities of daily living.
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New York Heart Association Functional Class
Pre-operatively, 62.3% (n=149) were in NYHA class III or IV (Frail patients 81.4%; 
non-frail patients 54.5%, p<0.001). One year after the procedure, 51.5% of the frail 
patients reported an improvement in NYHA functional class compared to 60.6% of 
non-frail patients (p=0.224). One year after TAVI, 20.4% of the frail patients were still 
in NYHA class III or IV vs. 14.3% of the non-frail patients (p=0.67) (Appendices 3).

Quality of life one year after TAVI (Eq-5D-5L)
Improvement of HRQoL was seen in 125 patients (52.3%). Deterioration and/or 
death within one year was found in 110 patients (46.0%). Improvement of HRQOL 
at one-year after TAVI was seen more often in non-frail patients as compared to 
frail patients (58.3% versus 39.7% respectively, p=0.014). In frail patients, the EQ-
5D-5L index decreased from 0.55 points (±0.26) at baseline to 0.44 points (±0.33) 
at one year (p=0.022). The VAS score did not change (58.4 points (±16.8) and 63.4 
points (± 14.6) (p= 0.095). In non-frail patients, the EQ-5D-5L index did not change 
from baseline to one year after TAVI (0.71 points (±0.22) vs 0.68 points (±0.33) 
(p=0.22), but the VAS score did increase (66.2 points (±16.8) to 72.0 points ±14.8) 
<0.001) (Table 2). The RCI was 2.2, concluding changes in EQ-5D-5L index values 
are assumed to be reliable. The baseline Eq5D dimensions and the change in Eq5D 
dimensions is shown in Appendices 4.

TABLE 2 Quality of life at baseline and 12 months follow-up in frail and non-frail patients

Frail patients Baseline 12 months P value *

EQ-5D index 0.55 (± 0.26) 0.44 (±0.33) 0.022

EQ-VAS 58.4 (±16.8) 63.4 (±14.6) 0.095

Non-Frail patients

EQ-5D index 0.71 (±0.22) 0.68 (±0.33) 0.22

EQ-VAS 66.2 (±16.8) 72.0 (±14.8) <0.001

Values are expressed as means (±). VAS: Visual Analogue Scale

Frailty was an independent predictor of deteriotation of HRQoL one year after 
TAVI (OR 2.24, 95% CI 1.07-4.70). Current smoking (OR 3.21, 95% CI 1.06-9.77), 
renal dysfunction (OR 2.12, 95% CI 1.11-4.04) and limitated mobility (5MGST) (OR 
2.29, 95% CI 1.35-6.11) were other predictors. (table 3). Post operative delirium was 
associated with deterioration of HRQoL one year after TAVI in models adjusted for 
baseline predictors (univariate p-value< 0.10) and baseline QoL status (OR 3.45, 

95% CI 1.27-9.4). In frail patients, the absence of peripheral artery disease (OR 0.17, 
95% 0.05-0.50) and renal dysfunction (OR 0.13, 95% CI 0.04-0.41) at baseline were 
associated with improved HRQoL one year after TAVI.

Nineteen (27.1%) frail patients died within one year after TAVI versus 22(13.3%) 
non frail patients (p=0.014).

TABLE 3 Predictors of deterioration of Quality of life one-year after TAVI

Variable OR 95%CI p-value

Age 1.01 0.96-1.07 0.647

Gender 1.13 0.56-2.27 0.737

Eq5D-5L index on baseline 10.62 2.32-48.52 0.002

Current smoker 3.21 1.06-9.77 0.040

PAD 1.40 0.73-2.66 0.312

Renal dysfunction 2.12 1.11-4.04 0.023

Limitation of mobility (5mGST) 2.29 1.35-6.17 0.006

Frailty (EFS) 2.25 1.07-4.70 0.003

Abbreviations used: PAD; Peripheral Arterial Disease, 5mGST; 5 meter Gait Speed Test, EFS; Erasmus 
Frailty Score.

DISCUSSION
In this study we found that frailty at baseline is an independent predictor of 
deterioration of HRQoL one year after TAVI. In frail patients HRQoL deteriorated 
where the self-rated health status did not change. In non-frail patients HRQoL 
did not deteriorate and the self-rated health status improved. Importantly, in the 
absence of peripheral arterial disease and renal impairment frail patients did 
experience improvement in HRQoL. In both frail and non-frail patients we found 
an improvement in New York Heart Association functional class after TAVI.

Previous studies found an improvement in HRQoL after TAVI in the majority 
of patients [8, 10, 30], however, even in large registry studies [10, 30] there was a 
sizable group of patients who did not derive benefits in terms of improving HRQoL. 
Several factors including comorbidities, high mortality risk and frailty have been 
associated with poor outcome after TAVI [11-13, 31, 32]. A previous study found 
that if frailty was the indication for TAVI, the risk of not improving HRQoL after one 
year was twice as high compared to patients that had more technical indications 
for TAVI [8]. A substudy of the PARTNER Trial showed that frailty was associated 
with impaired HRQoL 6 months after TAVI, but this association was not found 
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after 12 months of follow up, in contrast to our results. In this PARTNER Trial 
substudy, frailty was estimated by the composite of four items, eg: gait speed, grip 
strength, ADL scores and albumin and almost 50% of the patients was classified 
as frail. [11]. In our study we use a different frailty score (EFS) where a more 
comprehensive set of frailty assessment tools are combined and where 30% of our 
patients were classified as frail, possibly indicating a more strict definition of frailty. 
Differences in HRQoL outcomes between the PARTNER Trial substudy and our 
study could be explained by the difference in frailty definition. There is still a lack 
of consensus of defining frailty in an optimal frailty assessment[33]. Frail patients 
are impaired in physical activity, endurance, mobility, strength etc., because of 
diminished physiological reserve[34, 35], therefore treating AS alone might not be 
sufficient to improve overall HRQoL because there still remain factors impairing 
HRQOL [34, 36]. Although we found an improvement in NYHA class in 50% of frail 
patients, this did not translate into an improvement in general HRQoL. However, 
in frail patients, the absence of peripheral artery disease and renal dysfunction 
at baseline was associated with improvement of HRQoL. Renal dysfunction is 
one of the most frequent comorbidities in TAVI patients and has been found to 
significantly worsen the prognosis of patients at short and long-term follow up 
[37]. This study shows that the combination of frailty and certain comorbidities 
could be associated with a higher chance of not improving HRQoL after TAVI. 
Although frailty has been associated with higher mortality rates compared to 
non-frail patients [11-13], survival rates are still higher compared to conservative 
therapy [38]. The determination of frailty is one of many variables needed in the 
process of shared decision making: concurrent comorbidities, treatment goals, 
expectations for the future, possible geriatric interventions, technical possibilities; 
all these aspects are unbearable for optimizing treatment for this mostly older, frail 
and comorbid patient population. The treatment of this group of patients calls for 
intense collaboration between the geriatrician and cardiologist.

This study has several limitations. First, results should be interpreted within the 
framework of a local population, because of the single-center aspect of this study. 
Second, the Erasmus Frailty Score has not been formally validated in a different 
cohort, therefore, it should not be used in the clinical practice as a risk score to 
aid decisions. Nonetheless, we do believe that this frailty score is a reflection of 
the patient’s general condition, since it quantifies deficits in geriatric domains 
essential for optimal functioning in patients. It can be helpful in identifying those 
patients with frailty and therefore a higher chance of negative outcomes after TAVI.

In addition, the study population is relatively small, however, previously 
described studies included a similar number of patients. In this study we used the 
Eq-5D to measure general health-related quality of life. Because of its generality, 
the Eq-5D might fail to capture and incorporate factors in valueing QoL, such 
as socio-economic status, home support or incorporating events like falls or 
rehospitalization.

Further research in a larger cohort focused on post-operative HRQoL and QoL 
in the broader sense is necessary to evaluate our current findings.

In conclusion, we found that frailty at baseline was associated with deterioration 
of HRQoL one year after TAVI and with no change of self-estimated health status. 
However, HRQoL did improve in frail patients with no peripheral arterial disease or 
renal impairment. Finally, patients who suffered from post-operative delirium had 
a poorer outcome, necessitating more diligence in delirium prevention strategy. 4
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APPENDICES: Impact of frailty on health- related Quality of Life after 
Transcatheter Aortic Valve Implantation

Table of contents:
Appendices 1: Co-morbidities considered in medical history
Appendices 2: Definition and explanation of the frailty domains tested
Appendices 3: NYHA functional class
Appendices 4: Eq-5D-5L dimensions at baseline and one year follow up in frail 
and non-frail patients
Appendices 5: Main reference list

Appendices 1: Co-morbidities considered in medical history
• Diabetes Mellitus
• Hypertension
• Dyslipidemia
• Peripheral Artery Disease
• Previous Percutaneous Coronary Intervention
• Previous Coronary Artery Bypass Surgery
• Atrial fibrillation
• Previous Cerebrovascular Accident or Transient Ischaemic Attack
• Pacemaker implantation
• Previous valve intervention
• Pulmonary hypertension
• Chronic Obstructive Pulmonary Disease
• Renal dysfunction
• Previous kidney transplantation
• Any previous or current malignancy
• Gastro-intestinal diseases

Other risk factors for cardiovascular disease:
• Smoking (current/ stopped)
• Family history of cardiovascular disease

4



114 115

The impact of frailty on outcomes after TAVIChapter 4.2

Appendices 2: Definition and explanation of the frailty domains tested

Cognition
We screened for cognitive impairment using the Mini Mental State Examination 
(MMSE). This is a validated screening tool for cognitive performance, scoring 
van 0 to 30 points maximum. A score of less than 27 points means cognitive 
impairment is probable [1].

Strength
Hand grip strength was measured using a hand-held dynamometer (Hand 
dynamometer 90kg/0,1kg EH101, Vetek, Sweden). Hand grip strength is a validated 
and useful instrument for determining functionality[2]. The best of three measures 
for the dominant and the non-dominant arm was used for the analysis. Grip 
strength was stratified by gender. A grip strength of > 20 kg and > 30 kg was 
considered normal for females and males respectively.

Malnutrition
The Malnutrition Universal Screening Tool (MUST) was used to determine the 
nutritional status. Scores range from 0 to 6, in which a lower score means a better 
nutritional status. A MUST score of ≥ 2 points makes malnutrition probable[3].

Inactivity

Activities of Daily Living (ADL)
The Activities of Daily Living are a series of basic activities performed by individuals 
on a daily basis necessary for independent living at home or in the community. 
ADL are self-care tasks as bathing, personal hygiene, functional mobility and self-
feeding. For scoring the individual’s level of assistance we used the Katz ADL index 
checklist. ADL dependency was defined as having ≥ 1 limited activity [4]

Instrumental Activities of Daily Living (IADL)
The Instrumental Activities of Daily Living are tasks that are not necessary 
for fundamental functioning, but are tasks necessary to let an individual live 
independently in a community. IADL tasks include more complex elements like 
managing housekeeping and money, independently move within the community, 
preparing meals, taking prescribed medications and using the telephone or other 

form of communication. The ADL Lawton and Brody index was used for scoring 
IADL dependency. IADL dependency was defined as ≥ 2 limited activities [5].

Mobility
For examining mobility we used two validated tests: the 5M Gait Speed Test and 
the Timed Up and Go test. A gait speed of ≤ 1m/s is suspect of moderate or 
severe limitation of mobility [6]. Slowness was evaluated with the Timed Up and 
go Test. A timed up and go test of ≥20 seconds is confirming moderate or severe 
limitation of mobility[7].
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Appendices 3: NYHA functional class
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ABSTRACT

Background
Both aortic valve stenosis and aortic stiffness are moderators of arterio-ventricular 
coupling and independent predictors of cardiovascular morbidity and mortality. 
Studies on the effect of Transcatheter Aortic Valve Implantation (TAVI) on aortic 
functional properties are limited. We performed a study to investigate possible 
short-term changes in aortic stiffness and other aortic functional properties after 
TAVI in older patients.

Methods
TAVI Care&Cure is an observational ongoing study including consecutive patients 
undergoing a TAVI procedure. Central and peripheral hemodynamic measurements 
were measured non-invasively 1 day before(T-1) and 1 day after(T+1) TAVI using a 
validated oscillometric method using a brachial cuff (Mobil-O-Graph).

Results 
40 patients were included. Mean aortic valve area at baseline was 0.76±0.24 cm². 
Indices of severity of aortic valve stenosis improved significantly. Systolic blood 
pressure (SBP) dropped by 8.5%, from 130.3±22.9 mmHg to 119.5±15.8 mmHg 
(p=0.005). Diastolic blood pressure (DBP) dropped by 13.1 % from 74.8±14.5 
mmHg to 65.0±11.3 mmHg (p<0.001). The arterial Pulse Wave Velocity (aPWV) 
decreased from 12.05±1.99 m/s to 11.6±1.56 m/s (p=0.006). Patients with high 
aPWV at baseline showed a significantly larger reduction in SBP in comparison to 
patients with low aPWV: - 20.3 mmHg (-14.1%) vs – 3.1 mmHg (-2.6%), respectively 
(p=0.033). The same trend was found for the DBP: -16.2 (-20.4%) v.s. -4.5 mmHg 
(-6.3%) for high vs. low aPWV at baseline (p=0.037).

Conclusion
We found short-term changes of blood pressure and aortic stiffness after TAVI. 
The amplitude of the changes was the largest in patients with elevated aortic 
stiffness at baseline.

INTRODUCTION
Aortic valve stenosis (AoS) is a common degenerative disease in older persons 
and associated with poor prognosis. 1, 2 AoS should not only be considered a 
valvular disease, but also an atherosclerotic-like process leading to compromised 
systemic arterial compliance. 3-5 Arterial stiffness has emerged as an independent 
predictor of cardiovascular risk and mortality. 2, 6

AoS and reduced systemic arterial compliance jointly contribute to the increase 
of the left ventricular afterload affecting left ventricular function and ventricular 
remodeling7]. Both are moderators of the arterio-ventricular coupling, which can be 
considered as a determinant of cardiovascular system performance. 8 Therefore, 
structural changes of one component, (i.e. restore normal flow patterns of the 
aortic valve by replacing the degenerated valve) could have an effect on other 
components, such as aortic stiffness.

Previous studies have investigated changes in systolic and diastolic blood 
pressure as well as aortic stiffness after surgical aortic valve replacement (SAVR) 
9-12 and one study observed improvement of aortic distensibility. 11 At present, there 
is little and conflicting information on the short-term aortic functional properties 
after Transcatheter Aortic Valve Implantation (TAVI). 12-14 The objective of this study 
was to assess the effect of TAVI on aortic stiffness and blood pressure levels 
shortly after TAVI.

METHODS

Study population
The study population consists of 40 consecutive patients with severe symptomatic 
AoS undergoing TAVI between May and August 2017. All patients were accepted 
for TAVI following the multidisciplinary Heart Team that included interventional 
cardiologists, cardiac surgeons, anesthetists and geriatricians. 15

The medical Ethics Committee of the Erasmus Medical center reviewed the 
study (MEC-2014-277) and since this study was not subjected to the Dutch Medical 
Research Involving Human Subjects Act no approval was required. However, the 
study was conducted according to the Helsinki Declaration and all patients gave 
written informed consent to participate in this study after being informed of its 
nature and purpose. There were no specific exclusion criteria.

Prior to TAVI, patients were seen on the cardiology outpatient clinic. Baseline 
cardiology assessment included a full medical history including inventory of 
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cardiovascular risk factors and determining symptoms using the New York Heart 
Association (NYHA) classification and the Canadian Cardiovascular Society (CCS) 
grading of angina pectoris, physical examination and electrocardiogram (ECG). 
Further cardiologic examination included echocardiography, coronary angiography 
and multislice computed tomography (MSCT) to address the aortic valve and 
arterial tree and determine technical suitability for TAVI and access site. 16, 17

Hemodynamics
Hemodynamic measurements consisted of the measurements of systolic and 
diastolic blood pressure (mmHg), mean arterial pressure (mmHg), pulse pressure 
(mmHg), heart rate (bpm), stroke volume (mL), cardiac output (l/min), cardiac index 
(l/m*1/m²), augmentation index (%), peripheral vascular resistance (s*mmHg/
mL) and aortic pulse wave velocity (aPWV) (m/s). aPWV is the gold standard 
assessment tool for arterial stiffness, providing information about functional 
elastic property and structural unity of the vessel wall. 18-22 Measurements were 
performed the day before (T-1) and the day after (T+1) using the non-invasive Mobil-
O-Graph (Mobil-O-Graph 24h PWA Monitor, I.E.M. GmbH, Stolberg, Germany). 
This electronic blood pressure oscillometric monitoring system uses a simple 
upper arm cuff and has specific validated software to calculate the aortic pulse 
wave velocity (aPWV) and the other hemodynamic parameters described above. 
23 Hemodynamic measurements on T-1 and T+1 were taken in the morning after 
10 minutes resting in supine position.

Echocardiography
All patients underwent a 2-dimensional echocardiography and Doppler study 
before the procedure and before hospital discharge according to standard 
methods. 24 Ejections fraction (%), peak velocity of the aortic valve (m/S) and 
both the peak and mean transvalvular gradient of the aortic valve (mmHg) were 
assessed using transthoracic echocardiography.

TAVI procedure
TAVI was performed either under general or local anesthesia following the decision 
of the multi-disciplinary heart team. General anesthesia was used in 2 patients, the 
other 38 patients received local anesthesia. The transfemoral arterial approach 
was used for 39 patients, 1 patient was surgically accessed through the axillary 

artery. Patients were admitted to the intensive coronary care unit for monitoring 
up to a minimum of 4 hours. Perioperative, there were no procedural standard 
medication alterations.

Statistical analysis
Categorical variables are presented as numbers and corresponding percentages. 
Continuous variables are expressed as means ± SD or median values with 
corresponding interquartile ranges (IQR). Differences between groups (one group 
examining variables before and after TAVI, the other group comparing patients 
with low and high aPWV at baseline) were compared with the paired t-test and 
the independent t-test or its non-parametric equivalents, respectively. Spearman’s 
correlation coefficients were used to test the correlation between variables.

Furthermore, we performed analyses stratified for categories of aortic stiffness. 
Participants were divided as having low or high aortic stiffness based on the 
baseline median aPWV value (11.9 m/s). We performed univariate analysis within 
the two groups of low and high aPWV as fixed factor and the hemodynamic value 
of interest as the dependent value. Models were adjusted for age and the variable 
of interest at T-1 (ie, systolic blood pressure (SBP) at T-1 was included in models 
investigating change of SBP levels). Data was analyzed with statistic program IBM 
Statistical Package for Social Science for Windows version 21 (SPSS). P value of 
≤ 0.05 was considered statistically significant.

RESULTS

Baseline characteristics
The baseline characteristics are summarized in Table 1. Mean age was 80.1 ± 
7.6 years, 42.5% were women. The prevalence of hypertension was 61.5%. Mean 
systolic blood pressure was 130.3 ± 22.9 mmHg and the mean pulse wave velocity 
was 12.1 ± 1.9 m/s. The mean aortic valve area (AVA) was 0.76 ± 0.24 cm².
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TABLE 1 Demographic and clinical data (n=40)

Age (yrs ±SD) 80.1 ± 7.6

Women (%) 42.5

BMI (kg/m²) 26.8 ± 3.6

Cardiovascular risk factors

Hypertension (%) 61.5

Dyslipidemia (%) 59.0

Diabetes mellitus (%) 27.5

Current smoker (%) 5.1

Family history of CAD (%) 30.8

Medication

Β-blockers (%) 20.0

ACE/ARB (%) 27.5

Calcium antagonists (%) 22.5

Nitrates (%) 7.5

Diuretics (%) 55.0

Comorbidities

Coronary artery disease (%) 35.0

Previous stroke (%) 30.8

COPD (%) 26.6

Renal disease (%) 30.8

Symptoms

NYHA Class 3 or 4 (%) 50.0

Angina CCS classification 3 or 4 (%) 0.0

Vertigo (%) 36.8

Abbreviations used: SD; Standard Deviation, BMI; Body Mass Index, ACE: Angiotensin-converting 
enzyme inhibitor; ARB: angiotensin II receptor blockers, COPD; Chronic Obstructive Pulmonary 
Disease, NYHA; New York Heart Association, CCS; Canadian Cardiovascular Society.

Echocardiographic and hemodynamic changes after TAVI
Table 2 shows the echocardiographic and hemodynamic changes on T-1 and T+1. 
The aPWV and augmentation index and peripheral vascular resistance decreased 
significantly (p=0.006, p<0.002 and p<0.001).

TABLE 2 Echocardiographic and hemodynamic changes at baseline and after TAVI

Variable T-1 T+1 P value

Echocardiographic measurements

Ejection Fraction (%) 55.4 ± 12.7 55.6 ± 11.9 0.576

Peak AoV (m/s) 4.1 ± 0.7 2.1 ± 0.4 <.0001

Peak transvalvular gradient (mmHg) 68.2 ± 23.2 17.0 ± 7.9 <0.001

Mean transvalvular gradient (mmHg) 41.5 ± 15.7 9.5 ± 5.3 <0.001

Hemodynamic measurements

Systolic blood pressure (mmHg) 130.3 ± 22.9 119.5 ± 15.8 0.005

Diastolic blood pressure (mmHg) 74.8 ± 14.5 65.0 ± 11.3 <0.001

Mean arterial pressure (mmHg) 100.1 ± 17.0 89.9 ± 12.1 0.001

Pulse pressure (mmHg) 55.6 ± 16.1 54.5 ± 12.5 0.64

Heart Rate (bpm) 66.6 ± 13.0 70.3 ± 10.2 0.081

Stroke volume (mL) 71.9 ± 12.5 75.8 ± 18.1 0.25

Cardiac Output (l/min) 4.7 ± 0.9 5.3 ± 1.1 0.019

Cardiac Index (l/m*1/m²) 2.5 ± 0.6 2.8 ± 0.6 0.023

Augmentation Index (%) 27.7 ± 13.9 17.6 ± 13.6 0.002

Aortic Pulse Wave Velocity (m/s) 12.1 ± 1.9 11.6 ± 1.6 0.006

Peripheral vascular resistance (s*mmHg/mL ) 1.31 ± 0.3 1.07 ±0.2 <0.001

T-1: 1 day before TAVI.T+1: 1 day after TAVI. Abbreviations used: AoV: aortic valve

The aPWV measured before TAVI (T-1) correlated with the change in systolic 
blood pressure (spearman’s rho=-0.603, p<0.001), diastolic blood pressure 
(spearman’s rho=-0.477, p=0.002), peripheral vascular resistance (spearman’s 
rho=-0.338, p=0.033) and aPWV (spearman’s rho=-0.583, p<0.001). The aPWV 
measured before TAVI (T-1) did not correlate with the change in augmentation index 
(spearman’s rho =-0.282, p=0.078)(Figure 1). Patients were subsequently divided 
into two groups (low and high aortic stiffness) according to the median value of 
aPWV at baseline. Patients with high aPWV at baseline showed a significantly 
larger reduction in systolic blood pressure in comparison to patients with low 
aPWV: - 20.3 mmHg (-14.1%) vs – 3.1 mmHg (-2.6%), respectively (p=0.033) 
. A similar trend was found when analyzing the changes of the diastolic blood 
pressure: -16.2 mmHg (-20.4%) vs. -4.5 mmHg (-6.3%) for high vs. low aPWV at 
baseline (p=0.037). Cardiac output increased in the high aPWV group with 4.6 ml/
min (+4.5%) and 0.78 ml/min (+16%) in the low aPWV baseline group, although not 
significant (p=0.33). The change in augmentation index, peripheral resistance and 
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aPWV differed between the two groups with low and high aPWV measured before 
TAVI (T-1), but not significantly (p=0.993; p=0.430; p= 0.169 resp.) (Figure 2).

FIG. 1 Changes in hemodynamic measurements correlated to baseline aPWV
Change in systolic blood pressure (a), diastolic blood pressure (b), cardiac output (c), 
augmentation index (d), peripheral resistance (e), aPWV (f) according to aPWV at baseline.                                                                           
Abbreviations used: aPWV=aortic Pulse Wave Velocity

FIG. 2 Percentual changes in hemodynamic measurements
Percentual change in systolic blood pressure (a), diastolic blood pressure (b), cardiac output (c), 
augmentation index (d), peripheral resistance (e), aPWV (f) when patients are divided according to 
high and low aPWV at baseline. Notes: (a) SBP:  aPWV low v.s. aPWV high (p=0.033). (b) DBP: aPWV 
low vs aPWV high (p=0.037).
Abbreviations used: SBP= Systolic Blood Pressure, DBP= Diastolic Blood Pressure, CO=Cardiac 
Output, aPWV=aortic Pulse Wave Velocity. 
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DISCUSSION
In this study, we found short-term decrease of blood pressure levels and aortic 
stiffness after TAVI in older patients. The amplitude of the changes was largest 
in patients with elevated aortic stiffness at baseline.

The impact of aortic valve replacement on hemodynamic parameters such 
as aortic stiffness has been previously investigated in relatively small groups of 
patients receiving both SAVR and TAVI and results are controversial. In a study 
investigating only SAVR patients, the aortic distensibility showed progressive 
improvement up to one year after the intervention. This study also showed that 
blood pressure significantly dropped up to 3 weeks after SAVR .11 Another study 
compared the effects of both SAVR and TAVI on aortic stiffness and found that 
treatment of severe AoS by SAVR, but not with TAVI was associated with an 
increase in aortic stiffness at 6 months. 25 Conversely, other authors found no 
significant change in aortic stiffness after replacing the aortic valve in both SAVR 
and TAVI patients. 12

In a population of 23 patients treated with TAVI, a significant decrease of aortic 
compliance and arterial elastance was found. 13 On the contrary, in a slightly larger 
population of 30 patients there was no change found in the elasticity of the aorta 
after TAVI .14

In our study, we found short-term decrease of blood pressure levels and aortic 
stiffness after TAVI. The short term decrease in hemodynamic measurements after 
TAVI and the large amplitude in patients with high aPWV might be a consequence 
of the changes in the arterio-ventricular coupling due to the replacement of the 
degenerated aortic valve.

We also found that for the total study population cardiac output and cardiac 
index increased significantly after TAVI with an also significant decrease in 
augmentation index and peripheral vascular resistance. When we divided patients 
in the two groups of low and high aPWV before TAVI we could not find a significant 
difference between the two groups of low and high aPWV at baseline. It could be 
speculated that the effect of the changed arterio –ventricular coupling has similar 
effect on these hemodynamic variables, whether or not patients have low ore high 
aPWV values before TAVI.

Since AoS is no longer considered as an isolated aortic valve disease but 
rather a complex disease in which the central actors are the left ventricle (ability 
to adapt to the increased afterload), the valve (severity of valvular obstruction), 

and the vascular system (reduced arterial compliance),26 a change in one of the 
components could well lead to a change in one of the other determinants.

AoS leads to increased left ventricular afterload, effecting left ventricular 
function and ventricular remodeling 7, which are determinants of impaired aortic 
stiffness. 18

The correlation of aortic stiffness and severity of AoS has been investigated 12, 

27, 28 and although controversial, the hypothesis that if aortic stiffness and severity 
of AoS are correlated by interacting in the arterio-ventricular coupling, one could 
assume that restoring hemodynamic parameters of the aortic valve, the aortic 
stiffness will decrease. Another hypothesis is that the turbulent flow across the 
stenotic aortic valve may damage aortic root endothelium leading to alterations 
of the elastic properties of the aorta and that by replacing the degenerated valve, 
which leads to recovery of the aortic root endothelium, vascular elasticity can 
improve. 11, 29 Since we measured aortic stiffness very shortly after TAVI, this theory 
will presumably not be applicable in the present study , since the time span seems 
to be too short to already see effect of changed endothelium function on aortic 
stiffness.

Further research could be focusing on the role of the impact of changes in 
aortic stiffness and hemodynamic parameters on mortality and other clinical 
outcomes. In an aged and multimorbid population, specific prognostic tools would 
be helpful in further clinical decision making on whether or not to treat patient. The 
valvulo-arterial impedance for example, a parameter that incorporates both arterial 
impedance and valve severity, 7 has shown to have predictive value for outcome 
in medically managed aortic stenosis patients, 30 but also has been shown to be 
associated with increased long term mortality. 31

The present study has some limitations. First, we included a relatively small 
number of patients, therefore the results need to be replicated in a larger group of 
patients. Second, there were no standard medication changes in antihypertensive 
drug regiments, however, changes in drug treatment during procedure were not 
registered. Since the measurements of the hemodynamic parameters were only 
1 day after TAVI, the risk of measuring effect of changes in antihypertensive 
drug regiments is probably limited. Third, in this study we have not included 
inflammatory markers in our analysis. Previous studies have described significant 
correlations between inflammatory markers and severity of arterial stiffness, in a 
wide variety of patient populations including those with the same comorbidities 
as our study population.32
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In conclusion, we found short-term decrease of blood pressure levels and aortic 
stiffness after TAVI. The amplitude of these changes was larger in patients with 
elevated aortic stiffness at baseline.
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ABSTRACT

Background
In aortic stenosis (AoS), valvuloarterial impedance (Zva) estimates the overall 
left ventricular afterload (valve and arterial component). We investigated the 
association of Zva (≥5 vs. <5 mmHg/mL/m²) on quality of life (QOL) and exercise 
performance (EP) ≥1 year after transcatheter aortic valve replacement (TAVR).

Methods and Results
The study population consists of 250 TAVR patients in whom baseline Zva and 
follow-up QOL was prospectively assessed using EQ-5D instruments; EP was 
assessed in 192 patients who survived ≥1 year after TAVR using questionnaires 
related to daily activities. In 124 patients, Zva at 1-year was also available and was 
used to study the change in Zva (baseline - 1 year) on QOL/EP. Elevated baseline 
Zva was present in 125 patients (50%). At a median of 28 (IQR: 17-40) months, 
patients with elevated baseline Zva were more limited in mobility (88 vs. 71%, 
p=0.004), self-care (40 vs. 25%, p=0.019) and independent daily activities (taking 
a shower: 53 vs. 38%, p=0.030; walking 100 meter: 76 vs. 54%, p=0.001; walking 
stairs: 74 vs. 54%, p=0.011). By multivariable analysis, elevated Zva predicted 
unfavorable QOL (lower EQ-5D-Utility Index, OR: 1.98, CI: 1.15-3.41) and unfavorable 
EP (any limitation in ≥3 daily activities, OR: 2.55, CI: 1.41-4.62). After TAVR, the 
proportion of patients with elevated Zva fell from 50 to 21% and remained 21% at 
1 year and was found to be associated with more limitations in mobility, self-care 
and daily activities compared to patients with Zva <5 mmHg/mL/m².

Conclusion
Elevated valvuloarterial impedance was seen in half of patients and predicted 
unfavorable long-term QOL and EP. At 1 year after TAVR, the prevalence of elevated 
valvuloarterial impedance was 21%, but remained associated with poor QOL/EP.

INTRODUCTION
Aortic stenosis (AoS) is a common valvular heart disease associated with a 
poor prognosis if left untreated2, 3. The hemodynamic effects of AoS consist of 
increased left ventricular (LV) afterload, reduced myocardial compliance, and 
increased myocardial workload2, 3. Transcatheter aortic valve replacement (TAVR) 
effectively reduces afterload and wall stress and improves survival and health-
related quality of life (QOL)4-7.

However, not all patients benefit from TAVR. This may in part be explained 
by the fact that the excess in afterload in patients with AoS is not only caused 
by the valve but also by a reduction in arterial compliance8. The latter may be 
explained by the fact that AoS is a manifestation of a systemic atherosclerotic 
process involving all parts of the arterial tree9, 10. Age-related structural changes of 
the arterial wall result in reduced compliance that becomes particularly manifest 
in the elderly11. As a result, the left ventricle in patients with AoS is exposed to a 
valvular load caused by the obstructive valve and an arterial load imposed by a 
decrease in systemic arterial compliance8. Previous studies demonstrated that 
the global LV hemodynamic load can be estimated using an index that quantifies 
the sum of the valvular and vascular load, the valvulo-arterial impedance (Zva)8, 

12. This parameter has shown to predict LV systolic and diastolic dysfunction8 and 
mortality in patients with moderate AoS, and in patients with severe AoS who 
underwent TAVR13, 14. Yet, the impact of Zva on health-related QOL and exercise 
performance (EP) after TAVR is unknown and was subject of this observational 
study encompassing 250 patients. In addition, we studied the changes in Zva 
early (i.e baseline- discharge) and late (i.e > 1 year) after TAVR and its association 
with QOL at follow-up in a subset of 124 patients with serial echocardiographic 
examinations.

METHODS

Study population
From January 2014 until June 2017 a total of 437 patients with symptomatic severe 
AoS underwent TAVR in the Erasmus Medical Center, Rotterdam, The Netherlands. 
The association of Zva and long-term QOL was assessed in 250 patients, including 
58 patients who died during follow-up (details in statistical analyses; Cohort 1A, 
Figure 1). The association of Zva and EP was assessed in 192 patients surviving 
≥1 year after TAVR (Cohort 1B). The secondary objective (changes in Zva and 
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effect on QOL) was studied in 124 patients with echocardiographic examination 
at baseline, post-TAVR and at 1 year (Cohort 2). All patients were enrolled in the 
multidisciplinary TAVR Care & Cure program described elsewhere, which consists 
of a multidisciplinary assessment, treatment decision and treatment in addition to 
a structured in-hospital and post discharge follow-up using prospective collection 
of a comprehensive set of predefined variables15. In short, all patients undergo 
a full medical history inventory including antecedent events, current co-morbid 
conditions and symptoms (NYHA, CCS class) followed by clinical evaluation and 
examination by the geriatrician using the TAVR Care and Cure protocol in which 
all measures and variables to be collected are defined. Among others, frailty was 
collected and defined by an Erasmus Frailty Score ≥3 which has been shown to 
predict delirium and mortality late after TAVR15. Cardiovascular imaging includes 
cardiac ultrasound, coronary angiography and multislice computed tomography 
for the assessment of technical suitability and access site16, 17. All patients are 
subsequently discussed in the multidisciplinary Heart-Team meeting consisting 
of interventional cardiologists, cardiac surgeons, an echocardiographist and a 
geriatrician18. The study was approved by the institutional review committee and 
all patients provided informed consent at the end of the pre-TAVR outpatient clinic 
visit during which the objective of anonymous data collection in the framework of 
the TAVR Care & Cure protocol were explained. The data, methods and materials 
used to conduct the study will not be made available to other researchers for the 
purpose of reproducing the results or replication the procedure used to conduct 
the study. This study complies with the Declaration of Helsinki.

 
 

Figures 

Figure 1. Patient selection flow chart. EP indicates exercise performance; QOL indicates quality of 

life; TAVR indicates transcatheter aortic valve replacement; Zva indicates valvuloarterial impedance. 

FIGURE 1. Patient selection flow chart. EP indicates exercise performance; QOL indicates quality of 
life; TAVR indicates transcatheter aortic valve replacement; Zva indicates valvuloarterial impedance.

Echocardiography
Two-dimensional (Doppler) echocardiography was performed at baseline, post-
TAVR (before discharge) and at one-year follow-up using a Philips iE33 or a Epiq7 
system (Philips, Best, The Netherlands) with the patient in a left lateral decubitus 
position. Standard echocardiographic evaluation of AoS severity was assessed 
according to EAE/ASE recommendations19. The aortic jet velocity was assessed 
in various acoustic windows and aortic valve area was calculated using the 
continuity equation19. Systolic left ventricular function was assessed according 
to biplane modified Simpson rule and diastolic function was assessed according 
to the 2016 ASE/EACVI guidelines20. Left ventricular dimensions were obtained in 
the parasternal long axis view as previously described6; LV mass was calculated 
using the Devereux formula21 and indexed to body surface area (left ventricular 
mass index, LVMI). LV stroke volume was calculated in the LV outflow tract from 
the pulsed wave Doppler recordings and indexed to body surface area (stroke 
volume index, SVI).
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Hemodynamic parameters
The global LV hemodynamic load was estimated using Zva defined by the sum 
of the mean transaortic gradient and the systolic blood pressure divided by the 
LV SVI8. The systolic blood pressure (using an arm-cuff sphygmomanometer) 
and heart rate were recorded after at least 3 minutes supine position for the 
assessment of baseline Zva; the assessment of Zva post-TAVR and at 1 year was 
done using blood pressure measurements at the bedside before discharge and at 
1-year outpatient clinic visits, respectively. A cut-off value for Zva of 5 mmHg/mL/
m² was taken on the basis of prior studies that showed favorable outcomes in case 
of a low Zva (Zva < 5 mmHg/mL/m²) as compared to a high Zva (Zva ≥ 5 mmHg/
mL/m²)8, 13, 14. Pulse pressure was defined by the difference between systolic and 
diastolic arterial blood pressure (SAP and DAP); systemic vascular resistance was 
calculated by the ratio of 80 x MAP divided by the cardiac output, where MAP 
indicates mean arterial blood pressure. Systemic arterial compliance was defined 
by the ratio of SVI to pulse pressure22; total arterial load was approximated using 
the effective arterial elastance index and estimated by the formula 0.9 x SAP / 
SVI23.

Follow-up, Quality of Life and Exercise Performance
First, survival status was checked using the Dutch Civil Registry. After confirmation 
of survival, QOL/EP was measured in patients who survived ≥1 year after TAVR 
using the EuroQOL-5-dimensions-5 levels (EQ-5D-5L) questionnaires, the NYHA 
functional classification in addition to questions related to physical fitness (taking 
a shower, walking 100 meter, walking 1 flight of stairs and gardening).

The EQ-5D-5L comprises 5 dimensions: mobility, self-care, usual activities, 
pain/discomfort and anxiety/depression24-26. Each dimension has 5 levels (no, 
slight, moderate, severe and extreme problems) by which a unique health state 
per item is determined. These health states are converted into weighted health 
states (EQ-5D Utility Index) by applying scores on which full health has a value of 
1 and death a value of 0. Therefore, patients who died before QOL assessment 
(n=58) were assigned an EQ-5D Utility Index of 0, a method used similar to the 
approach by Arnold et al.27 for the Kansas City Cardiomyopathy Questionnaire. 
Using the same methodology as Grandy et al.28 an ordinal variable for the EQ-5D 
Utility Index was created by categorizing the continuous variable into 4 levels for 
the purpose of regression analyses, with level 1 and 4 corresponding to (most) 
favorable vs. unfavorable QOL, respectively.

In patients who survived ≥1 year after TAVR (n=192), EP was assessed by the 
Exercise Limitation Index which is composed of a summary score with 1 point 
assigned per limitation in daily activity out of the 5 items that were significantly 
associated with Zva ≥ 5 mmHg/mL/m² (mobility, self-care, showering, walking 100 
meter, walking stairs, Table 3). Participants were classified as having an Exercise 
Limitation Index ranging from 0 to 5, with level 0 and 5 corresponding to (most) 
favorable vs. unfavorable EP, respectively. QOL/EP data were not complete at 
baseline and are not included in the analysis.

For the assessment of serial changes in Zva (baseline, post-TAVR, 1 year after 
TAVR) we performed a sub-analysis in 124 patients with a complete set of data 
of both echocardiography/Zva and QOL assessment ≥ 1 year after TAVR allowing 
paired analyses. Compared to the 126 patients excluded from this analysis, the 
included 124 patients were less symptomatic and at lower operative risk (NYHA 
class ≥3: 58 vs. 76%; EuroScore: 15 vs. 20%), and showed better systolic and 
diastolic LV function in addition to a better renal function (ejection fraction 56 
vs. 52%; diastolic dysfunction 35 vs. 52%, creatinine 133 vs. 100 mmol/L; Data 
Supplement 1).

Statistical analysis
Categorical variables are presented as frequencies and percentages and were 
compared with the Chi square test or Fisher exact test. Normality of distributions 
was assessed with the Shapiro Wilk test. Normal and skewed continuous variables 
are presented as means (standard deviation) and medians (interquartile range), 
respectively. Continues variables were compared using the Student t test, Mann 
Whitney U test or Wilcoxon rank-sum test when appropriate.

We applied ordinal logistic regression analyses with Zva as the independent 
(continuous) variable and unfavorable QOL (measured by EQ-5D Utility Index, 
ordinal variable) as the dependent variable (Cohort 1A). Analyses were then 
repeated with inclusion restricted to surviving patients ≥1 year post-TAVR (Cohort 
1B), with unfavorable QOL and unfavorable EP (measured by Exercise Limitation 
Index, ordinal variable) as the dependent variables. The results are presented as 
odds ratios with 95% confidence intervals. All analyses were adjusted for variables 
known to be associated with Zva, QOL and/or EP: age, gender, COPD, peripheral 
vascular disease, aortic valve area, baseline NYHA functional class, frailty, and 
time to death or measurement of QOL/EP.
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Changes in continuous variables from baseline until follow-up were compared 
using one-way repeated measures analysis of variance (within-subjects ANOVA). 
All statistical analyses were performed using Statistical Package for Social Science 
for Windows version 21. Two sided p-values < 0.05 were considered statistically 
significant.

RESULTS

Baseline characteristics
Clinical baseline-, echocardiographic-, and hemodynamic characteristics of the 
total population and in patients with normal and elevated impedance (i.e. Zva <5 
and ≥5 mmHg/mL/m²) are presented in Table 1 & 2. An elevated impedance (Zva 
≥5 mmHg/mL/m²) was observed in 125 patients (50%) who - in comparison to 
those with normal impedance - had a higher prevalence of atrial fibrillation (42 vs. 
28%, p = 0.024) and falling incidents (33 vs. 21%, p=0.032), but less frequent use 
of calcium antagonists and ≥3 antihypertensive agents (16 vs. 29%, p=0.017 and 
10 vs. 21%, p = 0.023, respectively).

Also, patients with a Zva ≥5 mmHg/mL/m² had a lower LV ejection fraction, 
SVi, cardiac index, and a lower systemic arterial compliance (51 ± 13 vs. 57 ± 12%, 
p=0.001, 30 ± 7 vs. 44 ± 9 mL/m², p<0.001 and 0.44 ± 0.13 vs. 0.68 ± 0.22 mL/m²/
mmHg, p<0.001, respectively) and a higher heart rate (71 ± 12 vs. 67 ± 11, p=0.006), 
MAP (102 ± 14 vs. 93 ± 12 mmHg, p<0.001), systemic vascular resistance (2167 ± 
596 vs. 1449 ± 312 dyne.s.cm⁻⁵, p<0.001) and total arterial load (4.7 ± 1.0 vs. 2.9 ± 
0.5 mmHg/mL/m², p<0.001). Their outflow tract diameter (21 ± 2 vs. 22 ± 2 mm, 
p<0.001) was smaller as well as their aortic valve area (0.66 ± 0.17 vs. 0.84 ± 0.20 
cm², p < 0.001) as compared to patients with Zva <5 mmHg/mL/m².

TABLE 1. Patient characteristics according to baseline Zva in patients undergoing TAVI

Baseline characteristics Total
Zva <5 mmHg/

mL/m²
Zva ≥5 mmHg/

mL/m²
p-value

n = 250 n = 125 n = 125

Age (years) 81 ± 6 80 ± 6 81 ± 6 0.17

Male gender 116 (46) 58 (46) 58 (46) 1.0

Body mass index (kg/m²) 27.2 ± 4.9 26.7 ± 4.9 27.8 ± 4.9 0.064

Body surface area (m²) 1.87 ± 0.21 1.84 ± 0.20 1.89 ± 0.22 0.064

Diabetes mellitus 74 (30) 31 (25) 43 (34) 0.096

Hypertension 198 (79) 100 (80) 98 (78) 0.76

Hypercholesterolemia 158 (63) 73 (58) 85 (68) 0.12

Creatinine (mmol/L) 117 ± 92 122 ± 118 112 ± 55 0.39

Current or recent smoker 148 (59) 73 (58) 75 (60) 0.80

Chronic obstructive pulmonary 
disease 57 (23) 26 (21) 31 (25) 0.47

Previous malignancy 41 (16) 23 (18 ) 18 (14) 0.39

Active treatment for malignancy 12 (5) 6 (5) 6 (5) 1.0

Previous falling incident 67 (27) 26 (21) 41 (33) 0.032

Vertigo / dizzyness 93 (37) 40 (32) 53 (42) 0.15

Peripheral vascular disease 121 (48) 56 (45) 65 (52) 0.26

Previous myocardial infarction 53 (21) 31 (25) 22 (18) 0.16

Previous coronary artery bypass 
graft 49 (20) 26 (21) 23 (18) 0.63

Previous percutaneous coronary 
intervention 80 (32) 37 (30) 43 (34) 0.42

Previous cerebrovascular event 26 (10) 14 (11) 12 (10) 0.68

Cognitive disorder 37 (15) 19 (15) 18 (14) 0.86

Medication

Betablockers 155 (62) 81 (65) 74 (60) 0.40

Ace inhibitors / angiotensin receptor 
blockers 148 (59) 76 (61) 72 (58) 0.66

Calcium antagonists 56 (23) 36 (29) 20 (16) 0.017

Nitrates 33 (13) 19 (15) 14 (11) 0.36

≥ 3 antihypertensive medication 
classes 39 (16) 26 (21) 13 (10) 0.023

Atrial fibrillation 87 (35) 35 (28) 52 (42) 0.024

Permanent pacemaker 24 (10) 12 (10) 12 (10) 0.61

New York Heart Association class 
≥ III 167 (67) 84 (67) 83 (67) 0.97
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TABLE 1. Continued.

Baseline characteristics Total
Zva <5 mmHg/

mL/m²
Zva ≥5 mmHg/

mL/m²
p-value

n = 250 n = 125 n = 125

Canadian Cardiovascular Society 
class ≥ II 52 (21) 23 (19) 29 (23) 0.40

Erasmus Frailty Score ≥ III 68 (27) 33 (27) 35 (28) 0.78

Logistic European System for 
Cardiac Operative Risk Evaluation 
(percent) 17.2 ± 11.6 16.5 ± 10.2 17.9 ± 12.9 0.32

Society of Thoracic Surgeons’ score 
(percent) 5.6 ± 3.3 5.5 ± 3.0 5.6 ± 3.6 0.68

Categorical variables are presented as numbers (percentage), continuous variables represented as 
mean ± SD
Abbreviations used: TAVR: transcatheter aortic valve replacement, Zva: valvuloarterial impedance

TABLE 2. Echocardiographic and hemodynamic characteristics according to baseline Zva in patients 
undergoing TAVR

Total
Zva <5 mmHg/

mL/m²
Zva ≥5 mmHg/

mL/m² p-value

n = 250 n = 125 n = 125

Echocardiographic characteristics

Left ventricular ejection fraction 
(%) 54 ± 13 57 ± 12 51 ± 13 0.001

Left ventricular end-diastolic 
diameter (mm) 53 ± 9 53 ± 10 52 ± 7 0.47

Left ventricular end-systolic 
diameter (mm) 39 ± 12 39 ± 13 40 ± 11 0.47

Diastolic dysfunction

Normal or relaxation abnormality 105 (57) 56 (54) 49 (61) 0.37

Pseudonormal or restrictive 80 (32) 48 (38) 32 (26) 0.36

No sufficient data 54 (22) 17 (14) 37 (30) 0.002

Aortic valve area (cm²) 0.75 ± 0.21 0.84 ± 0.20 0.66 ± 0.17 <0.001

Mean aortic gradient (mmHg) 40 ± 14 40 ± 14 38 ± 14 0.14

Left ventricular outflow tract velocity 
time index (cm) 20 ± 5 22 ± 5 17 ± 5 <0.001

Left ventricular outflow tract 
diameter (mm) 21 ± 2 22 ± 2 21 ± 2 <0.001

Stroke Volume Index (mL/m²) 37 ± 10 44 ± 9 30 ± 7 <0.001

Cardiac index (L/min/m²) 2.5 ± 0.7 2.9 ± 0.7 2.1 ± 0.5 <0.001

TABLE 2. Continued.

Total
Zva <5 mmHg/

mL/m²
Zva ≥5 mmHg/

mL/m² p-value

n = 250 n = 125 n = 125

Left ventricular mass index *

Gram/m² 116 ± 32 118 ± 33 114 ± 31 0.32

Normal or mildly abnormal 145 (61) 71 (61) 74 (61) 1.0

Moderately abnormal 30 (13) 12 (10) 18 (15) 0.29

Severely abnormal 64 (27) 34 (29) 30 (25) 0.44

Aortic regurgitation ≥ moderate 31 (13) 21 (17) 10 (8) 0.055

Mitral regurgitation ≥ moderate 56 (23) 26 (21) 30 (24) 0.57

Hemodynamic characteristics

Heart rate (beats per minute) † 69 ± 11 67 ± 11 71 ± 12 0.006

Systolic blood pressure (mmHg) 143 ± 25 141 ± 24 144 ± 25 0.35

Diastolic blood pressure (mmHg) 76 ± 13 75 ± 12 78 ± 13 0.021

Mean arterial blood pressure 
(mmHg) 97 ± 14 93 ± 12 102 ± 14 <0.001

Pulsatile arterial load (mmHg) 71 ± 21 69 ± 21 72 ± 22 0.20

Systemic arterial compliance (mL/
m²/mmHg) 0.56 ± 0.22 0.68 ± 0.22 0.44 ± 0.13 <0.001

Systemic vascular resistance 
(dyne.s.cm⁻⁵) 1816 ± 598 1449 ± 312 2167 ± 596 <0.001

Total arterial load (mmHg/mL/m²) 3.78 ± 1.17 2.92 ± 0.47 4.65 ± 1.01 <0.001

Zva (mmHg/mL/m²) 5.32 ± 1.50 4.19 ± 0.57 6.46 ± 1.25 <0.001

Valve type

Self-expanding valve 73 (29) 38 (31) 35 (28)

0.73Balloon-expanding valve 92 (37) 43 (35) 49 (40)

Mechanical-expanding valve 83 (34) 43 (35) 40 (32)

Categorical variables are presented as numbers (percentage), continuous variables are presented 
as mean ± SD
TAVR indicates transcatheter aortic valve replacement, Zva indicaties valvuloarterial impedance
* Left ventricular mass index was considered normal or mildly abnormal if LVMI was < 132 gram/m² 
in men and < 109 in women; moderately abnormal if LVMI was 131-149 gram/m² in men and 108-
122 in women; severely abnormal if LVMI was > 148 gram/m² in men and > 121 gram/m² in women
† Minimum and maximum heart rate was 45 and 99 beats per minute, respectively.
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Long-term QOL and EP
Table 3 summarizes long-term QOL and EP data in patients with normal and 
elevated Zva. In an analyses including all patients, those with Zva ≥5 mmHg/mL/
m² showed a trend towards unfavorable QOL as compared to patients with Zva 
<5 mmHg/mL/m² (median EQ-5D Utility Index: 0.69 vs. 0.77, p=0.12). In a repeated 
analyses restricted to surviving patients ≥1 year post-TAVR, this association 
became more apparent but did not reach statistical significance (EQ-5D Utility 
Index: 0.75 vs. 0.80, p=0.056). With respect to EP, patients with Zva ≥5 mmHg/
mL/m² more frequently reported limitations in mobility (88 vs. 71%, p = 0.004), 
self-care (40 vs. 25%, p = 0.019) and daily activities including taking a shower (53 
vs. 38%, p=0.030), walking 100 meter (76 vs. 54%, p=0.001) and walking 1 flight of 
stairs (74 vs. 54%, p = 0.011) resulting in a lower Visual Analogue Score (70 vs. 75 
points, p = 0.048) and a worse Exercise Limitation Index (3.3 vs. 2.4, p<0.001) in 
addition to a higher frequency of NYHA functional class ≥ III (37 vs. 21%, p = 0.017)

Multivariable ordinal logistic regression analyses for the associations with long-
term unfavorable QOL and EP are presented in Table 4. In an analyses including all 
patients, baseline Zva was independently associated with unfavorable QOL (OR: 
1.27 per mmHg/ml/m², CI: 1.04-1.57, p=0.023). This finding was confirmed in an 
analysis restricted to surviving patients (n=192, OR: 1.37 per mmHg/ml/m², CI: 
1.08-1.73, p=0.010). Also, Zva was independently associated with unfavorable EP 
(OR 1.31 per mmHg/ml/m², CI: 1.04-1.66, p =0.023). As a binary variable, Zva ≥5 
mmHg/mL/m² was associated with a 2-fold higher risk of unfavorable QOL (OR: 
1.98, CI: 1.15-3.41, p=0.014) and a 2.5-fold higher risk of unfavorable EP (OR: 2.55, 
CI: 1.41-4.62, p=0.002).

TABLE 3. Association between baseline Zva and long-term quality of life and exercise limitation 
during follow-up

Parameters at follow-up Total
Zva <5 mmHg/

mL/m²
Zva ≥5 mmHg/

mL/m² p-value

All patients n = 250 n = 125 n = 125

EQ-5D Utility Index * 0.73 (0.22-0.88) 0.77 (0.28-0.88) 0.69 (0.10-0.83) 0.12

Survivors ≥1 year post-TAVR n = 192 n = 96 n = 96

EQ-5D
(n, % of patients indicating a problem)

 Mobility 150 (80) 67 (71) 83 (88) 0.004

 Self-care 61 (32) 23 (25) 38 (40) 0.019

 Usual activities 121 (64) 58 (62) 63 (67) 0.45

 Pain/discomfort 107 (57) 52 (54) 55 (59) 0.55

 Anxiety/depression 50 (27) 26 (28) 24 (26) 0.74

 Visual Analogue Score 70 (60-80) 75 (60-85) 70 (55-80) 0.048

 EQ-5D Utility Index 0.79 (0.60-0.89) 0.80 (0.66-0.92) 0.75 (0.57-0.88) 0.056

Daily activities
(n, % of patients indicating a problem)

 Taking a shower 87 (45) 36 (38) 51 (53) 0.030

 Walking 100 meter 125 (65) 52 (54) 73 (76) 0.001

 Walking stairs (1 flight of) 121 (63) 52 (54) 69 (74) 0.011

 Gardening 134 (70) 64 (67) 70 (73) 0.35

 Exercise Limitation Index † 2.8 ± 1.7 2.4 ± 1.7 3.3 ± 1.6 <0.001

New York Heart Association 
class ≥ III 55 (29) 20 (21) 35 (37) 0.017

NT pro BNP (mmol/L) at 1 year ‡ 75 (31-180) 69 (24-175) 75 (35-185) 0.23

Categorical variables are presented as numbers (percentage), continuous variables are presented 
as mean ± SD or median (Interquartile range)
TAVR indicates transcatheter aortic valve replacement, Zva indicates valvuloarterial impedance
* 58 patients who died before quality of life assessment at a median of 7 months were assigned an 
EQ-5D Utility Score of 0. Of these, 29 patients (50%) had a baseline Zva ≥5 mmHg/mL/m²
† Exercise limitation index indicates a summary score with 1 point assigned per limitation in daily 
activity out of the 5 items that were significantly associated with baseline Zva ≥5 mmHg/mL/m² 
by univariable analysis (mobility, self-care, showering, walking 100 meter, walking stairs). The index 
ranges from level 0 to 5 corresponding to (most) favorable vs. unfavorable long-term exercise 
performance, respectively.
‡ NT pro BNP was assessed at a median of 368 days (IQR: 361-375) post-TAVR (data available in 
167 patients)
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Changes in hemodynamics early and late after TAVR
Table 5 summarizes the echocardiographic and hemodynamic changes before, 
post-TAVR and at 1-year in a paired analysis of 124 patients. As expected, the 
aortic valve area increased from 0.75 ± 0.21 cm² at baseline to 1.79 ± 0.51 cm² 
post-TAVR (p<0.001) and remained stable at 1 year follow-up that was associated 
with a reduction of the mean aortic gradient from 41 ± 14 to 11 ± 4 mmHg after 
TAVR and 10 ± 6 mmHg at follow-up (p<0.001) and a reduction of the LV mass 
index (113 ± 28, 108 ± 27, 102 ± 27 gram/m², p<0.001). There were no significant 
changes in SVI.

After TAVR, there was a significant reduction in systolic and diastolic blood 
pressure (146 ± 21 vs. 135 ± 19 mmHg, p<0.001 and 73 ± 12 vs. 69 ± 10 mmHg, 
p=0.001, respectively), albeit that at follow-up blood pressures approached 
baseline values (140 ± 25 mmHg and 75 ± 11 mmHg, respectively). The pulse 
pressure, however, was lower immediately after TAVR and remained so at 1-year. 
Overall, there was a significant increase in systemic arterial compliance (from 
0.56 ± 0.23 mL/m²/mmHg at baseline to 0.61 ± 0.21 mL/m²/mmHg and 0.63 ± 
0.26 mL/m²/mmHg post-TAVR and 1-year, p<0.042) and a significant decrease in 
Zva (from 5.3 ± 1.6 at baseline to 4.1 ± 1.2 and 4.1 ± 1.2 mmHg/mL/m², post-TAVR 
and 1-year p<0.001). The proportion of patients with a Zva ≥5 mmHg/mL/m² at 
baseline decreased significantly post-TAVR (48 vs. 21%, p<0.001) and remained 
21% at 1 year.

TABLE 5. Echocardiographic and hemodynamic changes before, after and at 1 year follow-up after 
TAVR (subanalysis 124 patient

pre-TAVR post-TAVR
1 year 

after TAVR p-value p-value p-value

n = 124 n = 124 n = 124
(pre vs. 

post)
(pre vs. 

1-yr)
(post vs. 

1-yr)

Echocardiographic characteristics

Left ventricular ejection fraction (%) 56 ± 11 56 ± 11 53 ± 13 1.0 0.19 0.17

Left ventricular end-diastolic 
diameter (mm) 52 ± 7 50 ± 7 51 ± 7 0.017 0.19 1.0

Left ventricular end-systolic 
diameter (mm) 38 ± 11 36 ± 9 36 ± 9 0.43 1.0 1.0

Diastolic dysfunction

Normal or relaxation abnormality 60 (65) 58 (73) 64 (74) 0.39 0.12 1.0

Pseudonormal or restrictive 32 (35) 22 (28) 23 (26) 0.39 0.12 1.0

No sufficient data 32 (35) 44 (35) 37 (30) na na na
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TABLE 5. Continued.

pre-TAVR post-TAVR
1 year 

after TAVR p-value p-value p-value

n = 124 n = 124 n = 124
(pre vs. 

post)
(pre vs. 

1-yr)
(post vs. 

1-yr)

Aortic valve area (cm²) 0.75 ± 0.21 1.79 ± 0.51 1.77 ± 0.48 <0.001 <0.001 0.99

Mean aortic gradient (mmHg) 41 ± 14 11 ± 4 10 ± 6 <0.001 <0.001 0.43

Left ventricular outflow tract 
velocity time index (cm) 20 ± 5 20 ± 5 20 ± 5 1.0 0.86 0.94

Left ventricular outflow tract 
diameter (mm) 21.0 ± 2 21.2 ± 2 21.5 ± 2 0.61 0.004 0.055

Stroke Volume Index (mL/m²) 38 ± 11 39 ± 11 38 ± 10 1.0 1.0 1.0

Stroke Volume Index < 35 mL/m² 50 (40) 52 (42) 47 (38) 0.88 0.76 0.51

Left ventricular mass index *

 gram/m² 113 ± 28 108 ± 27 102 ± 27 0.30 <0.001 0.054

 Normal or mildly abnormal 79 (67) 81 (71) 85 (74) 0.56 0.28 0.70

 Moderately abnormal 14 (12) 12 (11) 13 (11) 0.82 1.0 0.66

 Severely abnormal 25 (21) 21 (18) 17 (15) 0.77 0.12 0.21

Aortic regurgitation ≥ moderate 15 (12) 6 (5) 10 (8) 0.049 0.50 0.29

Mitral regurgitation ≥ moderate 19 (15) 19 (16) 26 (21) 1.0 0.17 0.14

Hemodynamic characteristics

Systolic blood pressure (mmHg) 146 ± 21 135 ± 19 140 ± 25 <0.001 0.061 0.22

Diastolic blood pressure (mmHg) 73 ± 12 69 ± 10  75 ± 11 0.001 0.45 <0.001

Mean arterial blood pressure 
(mmHg) 97 ± 14 90 ± 11 97 ± 13 <0.001 1.0 <0.001

Pulsatile arterial load (mmHg) 73 ± 20 66 ± 16 64 ± 23 0.002 0.004 1.0

Systemic arterial compliance (mL/
m²/mmHg) 0.56 ± 0.23 0.61 ± 0.21 0.63 ± 0.26 0.11 0.042 1.0

Total arterial load (mmHg/mL/m²) 3.8 ± 1.2 3.4 ± 1.0 3.5 ± 1.0 0.012 0.12 1.0

Zva (mmHg/mL/m²)  5.3 ± 1.6 4.1 ± 1.2 4.1 ± 1.2 <0.001 <0.001 1.0

Categorical variables are presented as numbers (percentage), continuous variables are presented 
as mean ± SD
Abbreviations used: TAVR, transcatheter aortic valve replacement; Zva, valvuloarterial impedance
* Left ventricular mass index was considered normal or mildly abnormal if LVMI was < 132 gram/
m² in men and < 109 in women; moderately abnormal if LVMI was 131-149 gram/m² in men and 
108-122 in women; severely abnormal if LVMI was > 148 gram/m² in men and > 121 gram/m² in 
women

Association between Zva and QOL at follow-up
Data Supplement 2 shows the association between Zva post-TAVR and Zva at 1 
year with long term QOL/EP. Changes in QOL/EP between patients with normal 
and elevated Zva became apparent during follow-up. Patients with Zva ≥5 mmHg/
mL/m² at 1 year follow-up were more frequently limited in mobility, self-care and 
daily activities (taking a shower, walking 100 meter, walking 1 flight of stairs) as 
also reflected by a worse QOL (median EQ-5D index: 0.70 vs. 0.81, p = 0.008) and 
worse EP (mean exercise limitation index: 3.8 vs. 2.5, p=0.001) in the context of 
higher NT pro BNP values (120 vs. 60 mmol/L, p=0.025), as compared to patients 
with Zva <5 mmHg/mL/m² at 1 year follow-up.

DISCUSSION
We found that an elevated valvuloarterial impedance was present in half of the 
patients with severe AoS undergoing TAVR and was found to be associated 
with an unfavorable long-term health-related QOL and EP. Despite significant 
improvements in valvuloarterial impedance following TAVR, 21% of the patients 
continued to have an elevated valvuloarterial impedance late after TAVR and this 
was associated with an unfavorable QOL and EP.

These findings need to be interpreted in the light of the fact that the present 
study concerns a single center observational series with a rather limited sample 
size. Also, the outcome measure of interest (i.e QOL/EP) is of subjective nature 
notwithstanding the prospective use of a standard questionnaire and, therefore, 
can be influenced by other variables some of which are easy to define and 
collect (e.g. age, co-morbid conditions) but some of which are less so such as 
psychological and/or personality factors and others. For these reasons we also 
included the Erasmus Frailty Score in our analysis which is composed of an 
extensive geriatric assessment that includes data from the Mini Mental State 
Examination (MMSE), the Malnutrition Universal Screening Tool (MUST), hand-
grip strength, the Katz Index for scoring activities of daily living, and the Lawton 
and Brody index for scoring instrumental activities of daily living15. We indeed 
found that an Erasmus Frailty Score ≥III independently predicts QOL. Interestingly, 
multivariable analysis revealed that not only well known comorbid conditions 
such as chronic obstructive pulmonary disease, but also both frailty and baseline 
elevated valvulo-arterial impedance were strong and independent predictors of 
unfavorable outcomes during follow-up.
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The question remains to what extent valvuloarterial impedance affects QOL/EP 
in patients with AoS treated with TAVR and its pathophysiologic basis and, whether, 
valvuloarterial impedance should be used in clinical practice for e.g. patient 
selection and/or adjunctive pharmacologic therapy. By multivariable analysis, we 
found that an elevated valvuloarterial impedance was associated with a 2-to-2.5-
fold increased risk of unfavorable QOL/EP at follow-up after TAVR. Obviously it 
remains to be seen what this point estimate of this risk would be in a larger and/
or different population and in the presence of a more comprehensive data set 
of variables potentially affecting QOL. In addition, more research is needed to 
define the optimal Zva cutoff value to predict adverse outcomes in elderly patients 
undergoing TAVR, since currently available studies found various cutoff levels 
ranging from ≥3.5 up to ≥5.5 mmHg/ml/m2. 1, 12

From a pathophysiologic point of view, the findings of the present study 
intuitively make sense and in particular in the elderly patients referred for TAVR. 
Given the etiology of AoS in such patients (degenerative atherosclerotic process) 
the correction of the valvular load may not suffice to (completely) restore QOL. 
Interestingly, we found that patients with an elevated valvuloarterial load also had a 
lower systemic arterial compliance and a higher systemic vascular resistance and 
total arterial load. In addition, there was only a modest decrease in valvuloarterial 
impedance after TAVR that was also reported by Katsanos et al. and 21% of the 
patients in the present series showed an elevated valvuloarterial impedance at 
>1 year after TAVR13. The latter may hinder the beneficial effects of aortic valve 
replacement on LV load as suggested by higher B type natriuretic peptide (BNP) 
levels at 1 year in patients with elevated valvuloarterial impedance. Of note, Rosca 
et al. reported higher BNP concentrations in patients with aortic stiffness29.

Whether excess arterial afterload can effectively be targeted in patients who 
received TAVR by medical intervention remains uncertain. Similar to Giannini et 
al, we found that arterial compliance improved (i.e increase of approximately 12%) 
during follow-up indicating the potential beneficial effects of adjunctive medical 
treatment aimed at enhancing arterial compliance, thereby, improving QOL. 
Lindman et al. reported that sildenafil was associated with a significant increase in 
stroke volume due a reduction of the systemic vascular resistance independent of 
valve load in patients with severe symptomatic AoS and normal ejection fraction30, 

31. Also, enalapril has been shown to improve symptoms and 6-minute walk test 
in a randomized trial of patients with symptomatic AoS32.

Despite these promising results, routine measures aimed at improving arterial 
afterload are lacking in current clinical practice. Nevertheless, clinicians taking 
care of AoS patients may still find valvuloarterial impedance useful in improving 
risk stratification and clinical decision-making. Current guidelines recommend 
valve replacement based on valve-specific criteria (aortic valve area, mean 
gradient) to define severe AoS without addressing the vascular indices of excess 
afterload33, 34. Valvuloarterial impedance is an easy to obtain measure and provides 
an integrated evaluation of valvular and vascular loads with prognostic relevant 
information in patients with asymptomatic moderate/severe AoS1 and those 
undergoing TAVR13, 14. Our findings demonstrate that valvuloarterial impedance 
also identifies patients at risk for unfavorable long term quality of life, which is 
sometimes equally important as life-expectancy especially in elderly patients who 
are currently referred for TAVR.

LIMITATIONS
As mentioned above, the present study concerns a single center multidisciplinary 
prospective study during which all variables and outcomes have been defined 
before starting the study (TAVR Care & Cure program). Yet, the sample size was 
rather small and might have been subjected to selection bias due to the fact that 
ultrasound data before, after and at 1 year had to be available of sufficient quality. 
This also held for QOL/EP assessment. Although unfavorable QOL as measured 
by the EuroQOL questionnaire concerns a well validated tool in cardiovascular 
medicine, the use of the exercise limitation index (consisting of items from EQ-5D 
instruments and questions related to physical fitness) lacks validation and, thus, 
concerns a limitation in this study. Nevertheless, it should be noted that dedicated 
assessment tools for such purposes specifically designed for, and validated 
in elderly patients undergoing TAVR are currently not available. Of note, blood 
pressure data were not collected during the echocardiographic assessment and 
may have influenced the assessment of valvuloarterial impedance albeit that 
the frequency of elevated valvuloarterial impedance at baseline and early and 
late after TAVR was similar in this and other studies13. Also, certain conditions 
such as atrial fibrillation are known to affect the quantification of valvuloarterial 
impedance as SVi estimation is dependent on the average of multiple CW Doppler 
tracings. At last, moderate/severe aortic regurgitation generally increases systolic 
blood pressure and mean gradient both affecting valvuloarterial impedance 
quantification1.
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CONCLUSION
Baseline elevated valvuloarterial impedance in patients with AoS undergoing TAVR 
exists in half of the patients and has unfavorable impact on health related QOL 
and EP at long-term follow-up. Despite successful TAVR, one fifth of the patients 
has elevated valvuloarterial impedance during early and long-term follow-up and 
remains associated with impaired QOL and EP.
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SUPPLEMENTAL MATERIAL

DATA SUPPLEMENT 1. Baseline data dichotomized for patients included vs. patients excluded from 
serial echocardiographic analyses (pre, post and at 1 year after TAVR)

Baseline data
Patients 
included

Patients 
excluded

p-value

n = 124 n = 126

Baseline patient characteristics

Age (years) 81 ± 6 81 ± 7 0.54

Male gender 59 (48) 57 (45) 0.71

Body mass index (kg/m²) 27.4 ± 5.0 27.2 ± 4.8 0.66

Body surface area (m²)

Diabetes mellitus 37 (30) 37 (29) 0.94

Hypertension 101 (82) 97 (77) 0.38

Hypercholesterolemia 88 (71) 70 (56) 0.012

Creatinine (mmol/L) 100 ± 39 133 ± 122 0.006

Current or recent smoker 78 (63) 70 (56) 0.24

Chronic obstructive pulmonary disease 25 (20) 32 (26) 0.31

Previous malignancy 18 (15) 23 (18) 0.43

Active treatment for malignancy 6 (5) 6 (5) 1.0

Previous falling incident 29 (23) 38 (30) 0.23

Vertigo / dizzyness 51 (41) 42 (33) 0.25

Peripheral vascular disease 63 (51) 58 (46) 0.45

Previous myocardial infarction 29 (23) 24 (19) 0.44

Previous coronary artery bypass graft 27 (22) 22 (18) 0.39

Previous percutaneous coronary intervention 36 (29) 44 (35) 0.32

Previous cerebrovascular event 8 (7) 18 (14) 0.061

Cognitive disorder 16 (13) 21 (17) 0.40

Medication

 Betablockers 72 (58) 83 (66) 0.18

 Ace inhibitors / angiotensin receptor blockers 72 (58) 76 (61) 0.66

 Calcium antagonists 29 (23) 27 (22) 0.74

 Nitrates 15 (12) 18 (14) 0.59

 ≥ 3 antihypertensive medication classes 19 (15) 20 (16) 0.91

DATA SUPPLEMENT 1. Baseline data dichotomized for patients included vs. patients excluded from 
serial echocardiographic analyses (pre, post and at 1 year after TAVR)

Baseline data
Patients 
included

Patients 
excluded

p-value

n = 124 n = 126

Atrial fibrillation 41 (33) 47 (37) 0.57

Permanent pacemaker 12 (10) 12 (10) 0.60

New York Heart Association class ≥ III 71 (58) 96 (76) 0.002

Canadian Cardiovascular Society class ≥ II 29 (24) 23 (18) 0.30

Erasmus Frailty Score ≥ III 25 (20) 43 (35) 0.010

Logistic European System for Cardiac Operative 
Risk Evaluation (percent)

14.7 ± 9.0 19.7 ± 13.4 0.001

Society of Thoracic Surgeons’ score (percent) 5.3 ± 3.1 5.8 ± 3.5 0.23

Echocardiographic and hemodynamic characteristics

Echocardiographic characteristics

 Left ventricular ejection fraction (%) 56 ± 11 52 ± 14 0.009

 Left ventricular end-diastolic diameter (mm) 52 ± 7 53 ± 11 0.37

 Left ventricular end-systolic diameter (mm) 38 ± 11 40 ± 14 0.12

Diastolic dysfunction

 Normal or relaxation abnormality 60 (65) 45 (48) 0.021

 Pseudonormal or restrictive 32 (35) 48 (52) 0.021

 No sufficient data 20 (24) 24 (19) 0.32

 Aortic valve area (cm²) 0.75 ± 0.21 0.75 ± 0.20 0.98

 Mean aortic gradient (mmHg) 41 ± 14 38 ± 14 0.10

 Left ventricular outflow tract velocity time index 
(cm)

20 ± 5 19 ± 5 0.043

 Left ventricular outflow tract diameter (mm) 21 ± 2 21 ± 2 0.46

 Stroke Volume Index (mL/m²) 38 ± 11 36 ± 10 0.15

 Cardiac index (L/min/m²) 2.5 ± 0.7 2.5 ± 0.8 0.65

Left ventricular mass index *

 gram/m² 113 ± 26 119 ± 37 0.13

 Normal or mildly abnormal 79 (67) 66 (55) 0.050

 Moderately abnormal 14 (12) 16 (13) 0.75

 Severely abnormal 25 (21) 39 (32) 0.054
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DATA SUPPLEMENT 1. Baseline data dichotomized for patients included vs. patients excluded from 
serial echocardiographic analyses (pre, post and at 1 year after TAVR)

Baseline data
Patients 
included

Patients 
excluded

p-value

n = 124 n = 126

Aortic regurgitation ≥ moderate 15 (12) 16 (13) 0.79

Mitral regurgitation ≥ moderate 19 (15) 37 (29) 0.009

Hemodynamic characteristics

 Heart rate (beats per minute) † 68 ± 11 70 ± 12 0.071

 Systolic blood pressure (mmHg) 146 ± 25 141 ± 24 0.080

 Diastolic blood pressure (mmHg) 77 ± 13 76 ± 13 0.62

 Mean arterial blood pressure (mmHg) 97 ± 13 97 ± 15 0.94

 Pulsatile arterial load (mmHg) 73 ± 20 69 ± 23 0.15

 Systemic arterial compliance (mL/m²/mmHg) 0.56 ± 0.23 0.57 ± 0.20 0.64

 Systemic vascular resistance (dyne.s.cm⁻⁵) 1806 ± 620 1827 ± 574 0.79

 Total arterial load (mmHg/mL/m²) 3.8 ± 1.2 3.8 ± 1.1 0.72

 Zva (mmHg/mL/m²) 5.3 ± 1.6 5.3 ± 1.4 0.96

Valve type

 Self-expanding valve 35 (28) 38 (31)

0.73 Balloon-expanding valve 49 (40) 43 (35)

 Mechanical-expanding valve 40 (32) 43 (35)

Categorical variables are presented as numbers (percentage), continuous variables are presented 
as mean ± SD
Abbreviations used: TAVR, transcatheter aortic valve replacement; Zva, valvuloarterial impedance
* Left ventricular mass index was considered normal or mildly abnormal if LVMI was < 132 gram/m² 
in men and < 109 in women; moderately abnormal if LVMI was 131-149 gram/m² in men and 108-
122 in women; severely abnormal if LVMI was > 148 gram/m² in men and > 121 gram/m² in women
† Minimum and maximum heart rate was 45 and 99 beats per minute, respectively.
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In the field of periprocedural care, the number of older patients that are in need 
for surgical intervention is continuously increasing. Although age alone can be 
considered a risk factor for unwanted outcomes after surgery [1], the concept of 
frailty has become increasingly important when it comes to surgical care in the 
broadest sense of the word. The proportion of older patients being frail in need 
for surgical intervention is still growing [2, 3]. Frailty among preoperative patients 
has been associated with negative post-operative outcomes [4, 5]. Patients who 
are classified as frail, have higher morbidity and mortality rates, functional decline 
and higher rates of discharge to a nursing home facility [5, 6]. Frailty is considered 
a complex, multidimensional syndrome which eventually leads to decreased 
resilience and therefore making patients more vulnerable to stressors [7]. Although 
previously research on frailty and post-operative outcomes focused on surgery 
that was classified as high risk surgery [8], recent studies show that indifferent 
from the nature of surgery, e.g. either being high-risk surgery or low-risk ambulant 
surgery, frailty remained an independent predictor of mortality [9].

In cardiac surgery, frailty has become a relevant topic, since the average age 
and the complexity of patients have increased. Treatment options for cardiac 
diseases have diversified, from medical management, to minimal invasive 
procedures to cardiac surgery.

For patients with symptomatic and severe aortic valve stenosis, replacing the 
aortic valve is the only treatment that reduces symptoms and improves survival 
[10, 11]. Aortic stenosis has become a major cause of morbidity and mortality 
in older persons, since incidence of aortic stenosis increases with age leading 
up to incidence numbers of 2.5% at the age of 75 and 8.3 % at the age of 85% 
[12]. Up to almost one-third of patients with aortic valve stenosis could not be 
operated due to unacceptable or high risk for conventional surgery, due to age, 
multimorbidity or severe left ventricle dysfunction [13, 14]. Since the innovation of 
transcatheter aortic valve implementation (TAVI) the field of treating patients with 
severe aortic stenosis has transformed, leading to extended treatment options 
for those patients who were previously not eligible for surgical procedures[15]. 
In randomized controlled trials TAVI has proven to be superior in comparison to 
medical therapy in patients with unacceptable or extreme high risk for surgery 
when it comes to mortality [15, 16]. However, although TAVI offers a tremendous 
survival benefit and reduction of symptoms in comparison to not replacing the 
aortic valve [15, 16], there is still a proportion of patients that do not survive more 

than one year after TAVI or have no functional benefit from TAVI [17]. Frailty could 
play a key role in these results.

There are growing possibilities for patients with severe aortic stenosis due to 
innovation in transcatheter delivery systems, increasing operator experience and 
expanding indications for TAVI from patients who are inoperable to intermediate to 
low risk patients [15, 16, 18, 19]. In a medical society that emphasis more and more 
on value-based medicine, incorporating not only survival data, but also patient 
reported outcome measures as well as health care expenditure, choosing the 
most appropriate treatment strategy has become a priority in the management 
of patients with severe aortic stenosis. Incorporating patient characteristics 
as well as biological and technical characteristics; decision management with 
expertise on the field of geriatrics, interventional cardiology and thoracic surgery; 
periprocedural management of older patients; all these aspects combined improve 
care for patients in need of cardiac intervention.

The TAVI Care & Cure program, presented in chapter 2.1, is a multidisciplinary 
program for patients undergoing TAVI. This program aims to improve patient 
tailored care with the collaboration of departments involved in treating patients 
with severe aortic stenosis including interventional cardiology, thoracic surgery, 
geriatrics and anesthesiology. “Care” entails the management of the pre and 
post interventional patient pathway whilst “Cure” entails the interventional 
treatment phase. This program is a dedicated TAVI program which ambition is to 
continuously gain insight in improving patient selection, optimizing the TAVI and 
discharge procedure with refining the indications for possible early discharge. 
One of the key features of this program is the multidisciplinary Heart Valve Team 
meeting where a shared and balanced decision making strategy is decided which 
includes an individualized approach of patient specific risk assessment, technical 
possibilities and difficulties to be expected around the TAVI procedure and 
discussion of the potential risk and expected benefits of the proposed treatment 
strategy. The use of a multidisciplinary heart valve team for the management 
of patients with valvular heart diseases is strongly recommended (Class I, level 
C) in the current ESC guidelines [20]. In the ESC guidelines the presence of a 
geriatrician in the heart team meeting is not stated as required, but is stated 
as: ‘recommended if necessary’. However, the expertise of a geriatrician can be 
helpful in the many steps of evaluating and treating a patient with severe aortic 
stenosis. The clinical evaluation of patients is the first step in the process, where 
determining symptoms which can be related to aortic valve stenosis is crucial for 
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further evaluation. Treatment of severe aortic stenosis of asymptomatic patients 
is only to be considered if the left ventricle ejection fraction is less than 55%, 
especially in those with intermediate or high surgical risk [20]. The classical triad of 
symptoms in patients with aortic stenosis is dyspnea, chest pain and syncope [21], 
but for patients who are elder, multimorbid and often sedentary, the recognition 
or interpretation of these symptoms might be challenging. In many older patients, 
disease do not present itself with the classical symptoms you might expect, but 
present itself with the major geriatric problems of immobility, falls, cognitive 
impairment and reduced functionality, also known as the geriatric giants [22]. A 
comprehensive geriatric assessment (CGA) is an approach to evaluate patients 
in a way that can look beyond the limitations of a disease-oriented evaluation. A 
CGA is a multidimensional diagnostic process with focusses on assessing an 
older person’s medical, psychological and functional capability. In the clinical 
evaluation of the patients with aortic stenosis, a CGA can unravel atypical disease 
presentation in older persons, preventing unwanted delay in the treatment of 
severe aortic stenosis.

A CGA can also be used to evaluate the patients frailty status, the impact of 
existing comorbidity, exploring treatment goals for patients opting for intervention 
and aid in estimating operation risk of patients. Traditionally used risk score to 
estimate mortality risk in cardiac surgery are the logistic Euroscore or the Society 
of Thoracic Surgeons (STS) risk score, but with patients transferring to a higher 
spectrum of perioperative risk, these standard global risk scores will not be 
accurate enough to predict postoperative complications [23]. Moreover, these risk 
scores are not designed for patients undergoing TAVI and studies have shown that 
predicting outcome using these risk scores fails in older patients with substantial 
comorbidities [24-26]. Frailty has become a novel biomarker in the field of general, 
but progressively also in cardiac surgery where it has shown its merit by predicting 
postoperative outcome in surgery, regardless the intensity of surgery performed 
[9, 27, 28]. The concept of frailty is constantly evolving in literature, and there is 
a continuous discussion how to define frailty [29]. The consensus definition is 
that frailty can be recognized as a geriatric syndrome which is characterized by 
vulnerability to stressors, with reduced ability to maintain or regain homeostasis 
after a destabilizing event [30]. Frailty can be classified as a phenotypic state which 
entails symptoms of functional disability like slow gait speed, weight loss and 
weakness [7]. Alternatively, frailty can also be seen as an accumulation of deficits, 
and that patients have to pass a certain threshold in deficits to be evaluated as 

frail [31]. Customizing frailty scores in older and specific populations is important 
[32]. The assessment of frailty will me more predictive if the impairment found 
in specific domains is indeed a reflection of one’s individual frailty instead of 
incorporating geriatric biomarkers that are influenced by the disease process itself, 
so that in fact they represent more the severity of the disease and not the person’s 
frailty status. Considering the heterogeneity of older patients and the different 
purposes of evaluating frailty, there is a justifiable reason for the consideration 
and development of various frailty assessment tools, depending on the population 
studied [32].

In Chapter 3.1 we investigated the clinical implications of a self-developed 
Erasmus Frailty Score (EFS) and studied its predictive effect on 1-year mortality 
and delirium in patients undergoing TAVI. The EFS was composed of five domains: 
muscle strength (assessed by measuring Hand grip strength); nutritional status 
(assessed by MUST), inactivity (assessed by scoring Activities of Daily Living 
(ADL) using the Katz index and instrumental Activities of Daily Living (iADL) using 
the Lawton and Brody index and cognition (assessed by the MMSE). The EFS 
has been composed based on scores and cut-off points that are generally being 
used for diagnostic purposes and the composition of the EFS has been made 
based on a priori considerations. Decreased muscle mass and composition is 
also incorporated in the Fried tool for assessing frailty and decreased strength 
is known to be intertwined with the evolution of heart failure [7, 33]. Although 
the predictive value of measuring grip strength alone was not significant in the 
presented study, we believe that this domain has a complementary and additional 
value in assessing frailty status, since measuring hand grip strength is a validated 
and useful instrument for determining functionality [34]. Malnutrition has shown 
to have predictive value as component of frailty assessment in TAVI patients in 
predicting outcomes and mortality [35-37]. Independency in Activities of Daily 
Living (ADL) function was assessed by the Katz ADL index [38]. Any limitation of 
ADL tasks has been associated with negative outcomes after TAVI [36, 39]. ADL 
dependency usually develops relatively late in the process of increasing frailty. We 
therefore also included instrumental ADL dependency in our frailty score, because 
this instrument can capture manifestation of dependency and disability in an 
earlier state, and therefore it could be more subtle in assessing frailty[40]. The iADL 
function also includes tasks that are more complex and subtle changes in iADL 
function could be a preceding sign of cognitive decline, which is an important risk 
for postoperative delirium. In this respect we also included the cognitive domain in 
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our frailty score. Cognitive impairment is closely linked to cardiovascular disease, 
adverse cognitive and clinical outcomes after cardiac surgery, early mortality and 
permanent institutionalization in older adults [35, 41, 42]. Also in TAVI patients 
literature has shown that cognitive impairment is associated with postoperative 
delirium and all-cause mortality [37, 43].

The most prominent limitation in respect to the EFS is that the EFS has not 
been formally developed from coefficients from a predictive model, or that there 
has been a different cohort for the development and validation of this frailty score. 
For using this frailty score as a risk score, validation will be necessary. However, 
observational studies have consistently demonstrated that frailty, measured by 
multidimensional assessment including information from different domains within 
a Comprehensive Geriatric Assessment, is associated with morbidity and mortality 
in the elderly [4, 5, 28]. There are many operations of the concept frailty, but nearly 
all represent an assessment in existing deficits in domains as obtained from a 
Comprehensive Geriatric Assessment. The Erasmus Frailty score can therefore 
be used to assess the frailty status of patients with aortic stenosis.

In chapter 3.2 we investigate the impact of frailty on long term survival using a 
previously validated frailty assessment tool, the multidimensional prognostic index. 
The multidimensional prognostic index (MPI) is also based on a CGA and has been 
shown to predict mortality in older patients with acute and chronic conditions[44], 
including cardiovascular diseases, i.e. heart failure [45] and acute myocardial 
infarction [46]. In a large, multicenter, longitudinal study, the MPI has shown to be 
predictive of mortality and negative health outcomes in older, hospitalized patients 
[47]. Studies in relative small groups of patients, have suggested that the MPI can 
also predict death and stroke by three months after TAVI, and mortality for up to 
one year after TAVI, [48-50]. Although the 1-year survival rate for frail patients after 
TAVI is worse than the patients who are classified as not frail, a relatively large 
proportion of frail patients do survive one year after TAVI [35, 39] certainly when 
compared to conservative therapy [51]. There has been limited research on the 
effect of frailty and long term survival after TAVI [52, 53]. Therefore the aim of this 
study was to investigate frailty evaluated by using the MPI and the association 
between frailty and survival at 1 and 3 years in older patients undergoing TAVI. 
In this study we found that even if patients belonged to the more frail patient 
population, expressed with a higher MPI category (MPI 2-3), 3 years after TAVI 70% 
of those patients was still alive. However, the number of patients in the highest 
category (MPI 3) was low, therefore we cannot draw the same conclusion for 

the frailest elderly. Previously studies have shown, that patients who are extreme 
frail with deficits in 4 or more geriatric domains survive in less than 25% after one 
year after TAVI [54]. However, the number of patients in these studies are also 
small and the studies took place in the beginning period of TAVI treatment, but it 
gives notion to the idea that for the frailest frail, weighing risks and benefits of any 
intervention are even more important. On the other hand, for the other part of the 
frail patients, the prospects when it comes to survival after TAVI are well and it 
proves that TAVI gives opportunity for those who previously could not have been 
treated by means of surgical aortic valve replacement. Patients belonging in the 
MPI 2 or MPI 3 category could be considered frail, but with substantial differences 
within patients with different prospect when it comes to prognosis, depending on 
the nature of comorbidity or the nature of their frailty. Therefore frailty should not 
be viewed as a reason to withhold care, but rather as a start of the discussion to 
optimize care in a patient-centered fashion.

Since the first TAVI was performed in 2002 [55], there has been a major 
evolution in developing and performing the TAVI procedure. Technical innovations 
in the TAVI delivery systems have reduced vascular complications, reduced 
paravalvular leakage and improved the management of conduction disturbances. 
In addition, the operator experience has increased, reflected in a more specified 
case selection and procedural strategy leading to further reduction of peri-
procedural events. For known periprocedural events such as 30-day mortality, 
major vascular complications such as stroke or bleeding or permanent pacemaker 
implantation, studies show that frail patients do not have an increased risk in 
comparison to the non-frail patients [35, 39]. But in these studies the occurrence of 
postoperative delirium (POD) has not been taken into account. However, POD has 
devastating effects in frail, older patients, leading to a prolonged in-hospital stay 
and increasing mortality [56-58]. Since the incidence of delirium after TAVI is high 
(varying between 12 and 53%) depending on study design and diagnostic criteria 
[56, 57, 59], it is of paramount importance to know which factors can predict POD.

In chapter 4.1 we studied the incidence, determinants and consequences of 
POD after TAVI. In this study we found that frailty is an independent risk factor for 
delirium for patients undergoing TAVI. The association of frailty and postoperative 
delirium is well known throughout different types of surgery [60]. This could be 
explained by the nature of frailty, which leads to reduced reserve capacity to handle 
external stressors [43, 61-63]. Despite the minimal invasive nature of TAVI, this 
procedure remains a stressful event in particular when considering the profile of 
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patients undergoing TAVI who are in general old and have multiple comorbidities 
and frailty.

Besides patient’s related factors that increase the risk of delirium such as frailty, 
age and previous stroke, there are also procedural related factors to be considered. 
Previous studies have shown that the use of general anesthesia and the non-
transfemoral access may lead to a 4-fold increase on POD [57, 62]. In our study, 
we found by multivariable analysis that procedure time was the only independent 
procedural factor predicting POD.

There is still controversy on the effect of the anesthetic technique (general vs. 
local anesthesia) on POD [57, 64]. General anesthesia has been linked to post-
operative cognitive dysfunction, but it has not been shown to have the same effect 
on POD, when considering POD a form of temporary cognitive dysfunction [65]. 
In our study, the use of general anesthesia dropped from 100% in 2014 to 20% 
in 2017, in conjunction with a similar decrease in procedure time and a slight 
increase of transfemoral TAVI to 92% following a global trend in minimizing the 
invasive nature of TAVI[66-68]. Yet, the effect of these procedural changes have 
not systematically been assessed in relation to POD, although one intuitively would 
expect a beneficial effect on the occurrence of POD as shown in this study with a 
reduction of delirium from 18% in 2014 to 8% in 2017.

One of the possible confounders in the assessment of the incidence of POD 
in this study is the fact that the geriatrician assessed the risk of POD before TAVI 
in the framework of the TAVI Care & Cure program and implemented preventive 
measures if deemed necessary. It has been shown that preventive strategies, 
can lead to a 30% reduction in POD [69-71]. We did not have a control group with 
patients who did not receive delirium preventive measures, and therefore we could 
not add the presence or absence of delirium prevention into the multivariate model. 
Yet, we believe that both this delirium preventive strategy in conjunction with 
minimizing the TAVI procedure to a PCI-like intervention explains the reduction in 
POD in this study[72]. The continuous exertion to keep incidence rates of delirium 
as low as possible is indispensable since post operative delirium proved to exert a 
significant and negative impact on hospital stay and long-term mortality, especially 
in frail and older patients [57, 58, 73-76]. In our study we found a difference of 
15% in the one-year survival rate for those patients who had suffered POD in 
comparison who had not. Identifying those patients at risk of delirium, applying 
specific delirium prevention measures and recognizing the earliest signs and 

symptoms of delirium is essential to optimize care for older patients undergoing 
this intervention.

In the perioperative care for older adults who are frail with substantial 
comorbidities, treatment goals might shift from solely gaining more years to 
improving the quality of the remaining years patients might have. Health related 
quality of life (HRQoL) in patients with severe aortic valve stenosis is impaired 
due to symptoms of impaired exercise tolerance, dyspnea and eventually angina 
pectoris and/or syncope [77]. Previous studies showed an improvement of HRQoL 
in the majority of patients who underwent TAVI [78-80]. However, some patients 
do not report improvement in HRQoL [39, 80].

In chapter 4.2 we studied the impact of frailty on symptom reduction 
and HRQoL in patients after TAVI. HRQoL was assessed using the EuroQol 5 
dimensions questionnaire (EQ-5D-5L) pre operatively and one-year after TAVI. 
The EQ-5D-5L is a generic health utility HRQoL instrument and is qualified for 
measuring health status within an older population [81]. The EQ-5D-5L consists 
of 5 dimensions of health (mobility, self-care, usual activities, pain/discomfort 
and anxiety/depression), each of which is divided in five levels of functioning: 
no problems (level 1), some or moderate problems (level 2 and 3), and severe or 
extreme problems (level 4 and 5). Based on the responses to these dimensions, 
a single index value is estimated using a general population-based algorithm, 
ranging from -0.446 to 1 (a value of 1 indicating full health, while a value lower than 
0 represents a status considered to be worse than death). Improvement in HRQoL 
was defined as survival without any worsening in the EQ-5D index one year after 
TAVI compared to baseline. Deterioration of HRQoL was defined as death within 
one year or a decrease in the EQ-5D-5L index one year after TAVI. Considering a 
1-point change in the Eq5D-index has the risk of overestimating the proportion 
of improvement. For this reason we reviewed the data with both looking at the 
minimally clinically important difference (MCID) as well as the reliable change 
index. The MCID in the EQ-5D index has been estimated to be between 0.05 -0.07 
[82, 83]. Reviewing literature on MCID and cardiovascular disease, for the additional 
analysis we assumed a value of 0.05 change in the EQ-5D index to be the MCID 
[84].

Defining improvement to be any positive change more than 0.05 points on the 
EQ-5D-5L index, we found that 145 patients (61.7%) had any negative change or 
change < 0.05 on the EQ5D-5L index one year after TAVI and 90 patients (38.3%) 
had a positive change higher than the assumed MCID. These proportions differ 
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from the original proportions in the study: no improvement in 125 patients (52.3%) 
and improvement in 110 patients (46.0%). However, since there exists no ‘gold 
standard’ methodology for estimating the MCID and the values of MCID described 
in literature are mainly estimated based on the EQ-5D-3L, we also calculated the 
reliable change index. The reliable change index measures the difference between 
the pre-treatment (EQ-5D-5L index on baseline) and posttreatment (Eq5D-5L 
index at one year follow up) scores divided by the standard error of the difference 
between both the Eq5D-5L index values. We found a mean Reliable Change 
Index (RCI) of 2.2, more than 80% of the delta Eq-5D-5L index measurements 
between baseline and follow up had a RCI to greater than 1.96, concluding that the 
differences measured in the EQ-5D-5L index values can be assumed to be reliable.

In this study we found a symptom reduction in both frail and non-frail patients 
with an improvement in symptoms after TAVI measured by the New York Heart 
Association (NYHA) class. Although we found an improvement in NYHA class in 
50% of frail patients, this did not translate into an improvement in general HRQoL. 
Frailty at baseline was an independent predictor of deteriorated HRQoL one year 
after TAVI. The self-rated health status of frail patients did not change. Importantly, 
in the absence of peripheral arterial disease and renal impairment frail patients 
did experience improvement in HRQoL. This study showed that the combination 
of frailty and certain comorbidities could be associated with a higher chance 
of not improving HRQoL after TAVI. Frail patients have multiple impairments in 
physical activity, endurance, mobility, strength etc.[85, 86], therefore treating aortic 
stenosis alone might not be sufficient to improve overall HRQoL because there 
still remain factors impairing HRQoL [85, 87]. In non-frail patients HRQoL did not 
deteriorate and the self-rated health status improved. We measured HR-QoL 
with the Eq-5D because the Eq-5D is widely employed as a generic HR-QoL 
assessment tool in cardiovascular patients. But because of the generality of the 
HR-QoL assessment using the Eq-5D, it may fail to capture important aspects 
of health and quality of life in other areas. Up to now, there is still no validated 
quality of life instrument specific for the population with severe aortic stenosis and 
often multiple comorbidity, incorporating the aspects earlier described. Although 
we did not find an improvement in HRQoL as measured by the Eq-5D-5L index 
for frail patients and previous studies have shown that frailty can be associated 
with higher mortality rates [35, 39, 88], survival rates are still higher compared to 
conservative therapy [15]. In the evaluation of patients with severe aortic stenosis 

discussing treatment goals is essential so that patient expectations are aligned 
with the possible outcomes of treatment.

Optimization of patient selection is a major challenge today in the context of 
the growing indications for TAVI. Frailty is one of the biomarkers that can be used 
to make a better patient selection, however within frail patients there also exists 
great heterogeneity between patients. Identification of other biomarkers could be 
helpful in improving further risk stratification and could aid in making therapeutic 
decisions.

 Arterial stiffness is a key player in the aging of the cardiovascular system 
and has emerged as an independent predictor for cardiovascular morbidity and 
mortality [89, 90]. The relationship of arterial stiffness in the context of progression 
or the existence of aortic valve stenosis has been of growing interest in studies 
[91, 92]. Previously, aortic valve stenosis was considered to be an isolated disease 
of degenerative nature [93], however there is emerging evidence that the valvular 
calcification of the aortic valve could also be related to the systemic vascular 
load[91], having consequences for symptoms, diagnostic difficulties as well as 
outcome after TAVI [92, 94-97].

Degenerative aortic valve stenosis often co-exist with a non-compliant arterial 
system [97]. Aortic valve stenosis should not be considered a valvular disease, but 
also an atherosclerotic-like process leading to compromised systemic arterial 
compliance [98-100]. Pathophysiological observations prove that there are many 
similarities between valve pathologies and arteriosclerosis at the molecular level 
[97]. The implications of the elastic properties of arteries in the natural history and 
prognosis of aortic valve stenosis has become of increasingly interest.

The cardiovascular performance is the result of the cardiac function and the 
elastic properties together. Aortic valve stenosis and reduced systemic arterial 
compliance jointly contribute to the increase of the left ventricular afterload 
affecting left ventricular function and ventricular remodeling[101]]. Both are 
moderators of the arterio-ventricular coupling, which can be considered as a 
determinant of cardiovascular system performance. [102] Therefore, structural 
changes of one component, (i.e. restore normal flow patterns of the aortic valve 
by replacing the degenerated valve) could have an effect on other components, 
such as aortic stiffness.

Replacing the aortic valve reduces the valvular gradient in patients with severe 
aortic stenosis and therefore decreases afterload and myocardial wall stress, 
and results in improved symptoms, quality of life (QOL) and survival [15, 16, 18]. 
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However, one year after TAVI there is still a remaining proportion of patients who 
are re-admitted to the hospital due to heart failure, where quality of life does not 
improve or die [103]. Apparently, there are patients who do not benefit adequately 
from correcting the valvular gradient and stay symptomatic after TAVI. One of the 
mechanisms could be that despite the reduction in valvular gradient, there remains 
an excess left ventricle after load due to arterial stiffness [101, 104].

In healthy individuals the central arteries have a powerful cushioning function 
that delivers an almost steady flow in de microvasculature despite intermittent left 
ventricle ejection [105]. The cushioning function becomes impaired with arterial 
stiffening, which causes increased left ventricle afterload and left ventricle end-
systolic pressure. This leads to left ventricle remodeling with hypertrophy, fibrosis 
and left ventricle failure as consequences [105, 106]. The abnormal high valvular 
load in patients with aortic stenosis decreases immediately after TAVI, but the 
vascular load becomes predominantly important affecting left ventricle afterload 
[91].

Since arterial stiffness has important effects on pathophysiology and has 
prognostic value in patients with aortic valve stenosis opting for TAVI, there is 
need for studies investigating the effect of TAVI on vascular properties.

In chapter 5.1 we investigated the short term changes of vascular properties 
after TAVI. In this study, we found short-term decrease of blood pressure levels 
and arterial stiffness after TAVI in older patients. The amplitude of the changes 
was largest in patients with elevated arterial stiffness at baseline. The short term 
decrease in hemodynamic measurements after TAVI and the large amplitude in 
patients with high arterial Pulse Wave Velocity (aPWV) might be a consequence 
of the changes in the arterio-ventricular coupling due to the replacement of the 
degenerated aortic valve. In this study we measured the vascular properties within 
24 hours after TAVI, the hypothesis of the acute change in the arterio-ventricular 
coupling as a result of the procedure could well be applicable. However, to evaluate 
the change and implications of altered vascular properties after TAVI there needs 
to be a longer follow up. There have been studies investigating change in vascular 
properties after TAVI and they differ in their conclusion with the observation that 
arterial stiffness increases after TAVI [107]. The authors argue that because of the 
restoration of the aortic valve area after TAVI there is an intensification of blood 
flow towards the arterial system and to bear this load, the aortic wall responds 
to the acute pressure and volume with an increase in arterial stiffness [107]. This 
increase of arterial stiffness was sustained for up to one year after TAVI [107]. 

The excessive increase in vascular load could be the explanation that despite the 
relieve from the valvular load by TAVI the expected clinical improvement in some 
patients remain limited.

By ongoing arterial stiffness there remains an excess left ventricle afterload 
[101]. The symptoms of aortic stenosis (e.g. dyspnoe, chest pain and syncope) 
are largely a manifestation of this increased left ventricle afterload, resulting in 
increased myocardial wall stress an myocardial oxygen demand [108], but also 
leading to heart failure with continuous increased left ventricle pressure. If there 
is persistent high ventricle afterload due to increased arterial stiffness, this could 
mean that patients will remain symptomatic, even after TAVI. As symptoms and 
improving quality of life are important in advanced age, determining who is likely 
to achieve the greatest symptomatic benefit from this procedure is of importance.

In chapter 5.2 we investigated the association of increased valvulo-arterial 
impedance and the association with changes in health-related quality of life after 
TAVI. The valvulo-arterial impedance (Zva) is an index that quantifies the sum of 
the valvular and vascular load and can be used to estimate the global left ventricle 
hemodynamic load [109]. This parameter has shown to predict left ventricle 
systolic and diastolic dysfunction and mortality in patients with moderate aortic 
valve stenosis and in patients with severe aortic valve stenosis who underwent 
TAVR [96, 104, 109]. In our study we found that an elevated Zva was present in 
half of the patients with severe aortic valve stenosis undergoing TAVR and was 
found to be associated with unfavorable long term health-related QoL and exercise 
performance. Despite significant improvements in the valvulo-arterial impedance 
after TAVI, one-fifth of the patients continued to have an elevated valvulo-arterial 
impedance which was associated with negative outcomes on quality of life and 
exercise performance. For health related quality of life in this study we used the 
Eq-5D-5L questionnaire, as previously mentioned is a standard questionnaire with 
the possibility of calculating the Eq-5D-5L index which makes it more easily to 
compare outcomes. However, this questionnaire is also of a subjective nature 
and can be influenced by other variables like age and comorbid functions, but 
also psychological and personality factors of patients. In the performed study 
we included the Erasmus Frailty Score in the analysis and found that being frail 
according to the Erasmus Frailty score independently predicted quality of live. In the 
multivariable analysis performed not only well known comorbid conditions such as 
chronic obstructive pulmonary disease, but also frailty and baseline elevated Zva 
were strong and independent predictors of unfavorable outcomes during follow 
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up. The questions remains in this overall aged and frail population if correcting 
the valvular load alone will suffice to restore QoL when there might persistently 
exist factors that could also be responsible for decreased health related quality 
of life, including aging itself, the existence of frailty and cardiovascular health. 
There is growing knowledge on the effect of arterial stiffness on quality of life in 
several patients populations [110-112], but also in patients with aortic stenosis, 
arterial stiffness could be associated with reduced quality of life [113, 114]. It 
could be speculated that arterial stiffness is a very sensitive method in measuring 
cardiovascular health, even before it transforms into overt cardiovascular disease 
[105]. Arterial stiffness has been associated with decrease in muscle mass, bone 
demineralization and frailty [115-117] which can also lead to impaired quality of 
life. Overall, it seems that since patients with aortic valve stenosis are older, with 
substantial co morbidity and high prevalence of frailty, the quality of life can be 
affected by so many different aspects that eliminating only one factor might not 
be enough to expect an effect on quality of life.

In evaluation of the patient with aortic valve stenosis, the focus has been 
on the assessment of the valve itself [20]. However, there also seems to be an 
important role for the arterial system in the evaluation and management of 
aortic valve stenosis. There could be a potential role for clinical application of 
arterial biomarkers for the assessment of progression, severity, management and 
prognosis of aortic stenosis. Further research is needed to elucidate the role of 
the arterial system.

Overall conclusions and future directions
To provide optimal care for older patients, an intense cardio-geriatric collaboration 
is needed where the expertise of a specialist of the heart and the expertise of 
a specialist of the old are combined. Technical possibilities and difficulties, 
treatment goals of patients, expectations for the future, motivation of patients 
and the determinations of frailty are all unbearable aspects to decide whether or 
not and how to treat patients. The main purpose of heart valve centers as centers 
of excellence in the treatment of severe aortic stenosis is to deliver optimal quality 
of care with a patient-centered approach. Decisions concerning treatment and 
intervention should be made in a collaborative Heart Valve Team with expertise in 
valvular heart disease, including interventional cardiologists and cardiac surgeons, 
expertise in older patients which includes the geriatrician and dedicated nursing 
expertise in caring for patients with valvular heart disease. With a well-functioning 

Heart Valve Team, the expertise of both fields will not be limited to aortic valve 
stenosis alone, but will expand with the parallel expansion in innovations being 
made with novel catheter bound therapies concerning the mitral or tricuspid valve. 
Including a geriatrician as a mandatory member of the Heart Valve Team will 
provide an extra dimension in the care for older patients.

Patient selection for TAVI continues to be a central and often challenging issue. 
The role of frailty as prognostic marker is well demonstrated and in the field of 
cardiovascular care the value of frailty in guiding care is emerging and will probably 
expand in future programs to improve patient outcomes. However, in the field of 
TAVI, the majority of the patients referred for TAVI are frail and the usefulness 
of frailty, or any other risk factor for that matter, may become limited when it is 
endemic. The search and identification of novel biomarkers are needed to further 
improve patient stratification and therapeutic decision making. Non-invasive 
vascular functional measurements, such as arterial stiffness and valvulo-arterial 
impedance, are becoming of growing interest in evaluating the severity of aortic 
valve stenosis. There are shared pathophysiological mechanisms between arterial 
stiffening and aortic valve stenosis, and both the valve as the arterial system are 
key players in the cardio-vascular performance. There is growing interest in the 
importance of the stiffness of the arterial tree in the natural course and prognosis 
of aortic valve stenosis, but also on the effect that surgical and transcatheter 
interventions for aortic valve stenosis have on arterial stiffness and what this 
would mean for the prognosis of patients. Non-invasive vascular functional 
measurements could aid decision-making in several ways: it could elucidate the 
hemodynamic load of the left ventricle, it could identify groups of patients with 
adverse prognosis that benefit from earlier intervention, in case of asymptomatic 
patients with aortic valve stenosis, but could also identify patients that would 
benefit from targeted hypertension management to improve symptoms and 
prognosis even after replacing the aortic valve. Arterial biomarkers could further 
assist stratification in patients with aortic valve stenosis on top of clinical and 
echocardiographic assessment.

Optimal care for patients with aortic valve stenosis means multidisciplinary 
tailor-made care for patients who are older, with substantial comorbidities and 
frailty. The use of novel biomarkers such as frailty or arterial stiffness may help 
to search, monitor and treat modifiable risk factor to improve outcome after 
intervention.
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The search of improving prognostic models is a continuous process. Although 
frailty and vascular properties has been associated with higher morbidity and 
mortality in TAVI patients, making a cut-off decision based on frailty or vascular 
biomarkers seems premature. The heterogeneity in patients opting for TAVI is 
large, because of different comorbidities, the level of frailty, the differences in 
treatment goals and patient preferences. The decision to proceed or not to proceed 
to the operating room should be made considering all these factors and not only 
based on a prognostic model.

Even when frailty has been assessed, the question remains: ‘What can we do 
with this information?’. Determining frailty should not be the end of a conclusion, 
but should mean the start of a discussion concerning patient tailored care. What 
makes this patient frail? Can we treat patients with a therapy that can reverse of 
reduce their frailty profile? How can we monitor frail patients so that we can detect 
and treat adverse events as soon as possible? How can we care for the extreme 
frail patients who will likely not benefit from TAVI?

Caring for older patients with or without frailty with aortic valve stenosis is 
complex and needs multi-disciplinary care. Optimal patient-tailored care is achieved 
by combining the expertise of specialists involved in the field of transcatheter 
interventions, making it indeed a TAVI Care & Cure program.
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The number of older patients that are in need for surgical intervention in 
continuously increasing. Older age and frailty are both risk factors for unwanted 
outcomes after surgery. Previously, patients who were considered too old or 
frail were denied surgery because of the high risks of unwanted outcomes after 
surgery.

Frailty is considered a complex, multidimensional syndrome which eventually 
leads to decreased resilience and therefore making patients more vulnerable to 
stressors. Recent studies show that indifferent from the nature of surgery, e.g 
either being high-risk surgery or low-risk ambulant surgery, frailty remains an 
independent predictor of mortality.

In cardiac surgery, frailty has become a relevant topic, since the average age 
and the complexity of patients have increased. Treatment options for cardiac 
diseases have diversified, from medical management, to minimal invasive 
procedures to cardiac surgery.

Aortic stenosis (AoS) is the most common valvular heart disease in aging 
persons. When aortic valve stenosis becomes symptomatic, the prognosis is 
dismal with high mortality rates up to 75% in three years if the disease is not 
treated. Replacement of the aortic valve reduces symptoms and improves survival 
in patients with severe aortic stenosis. Until 2002, surgical replacement of the 
aortic valve (SAVR) was the only option to treat severe aortic valve stenosis, but at 
least 30% of patients with severe symptomatic aortic stenosis could not undergo 
surgery due to high or unacceptable surgical risk due to advanced age or extensive 
comorbidity. In 2002 a new procedure was developed: Transcatheter Aortic Valve 
Implantation (TAVI). In this procedure a bioprosthetic valve is inserted through a 
catheter and implanted within the diseased native aortic valve.

Transcatheter Aortic Valve Implantation is increasingly being used as a 
treatment option for patients with severe aortic stenosis with high or unacceptable 
surgical risk due to age, existing comorbidity or frailty. With TAVI, this group of 
patients who previously could not be treated, becomes eligible for treatment, but 
since this is a whole new category of patients, this eligibility also comes with 
challenges.

The overall aim of this thesis was to better understand the implications of 
several aspects of age related conditions and processes in TAVI candidates and 
optimizing care by incorporating frailty in clinical decision making and to improve 
periprocedural care.

Part 1 of this thesis focused on frailty and the impact of frailty on outcome after 
TAVI. In chapter 2.1 we presented the TAVI Care & Cure program, a collaboration 
between the departments of geriatrics and cardiology to optimize care for frail 
and older patients with severe aortic stenosis. In chapter 3.1 we investigated 
the possible clinical implications of a self-developed Erasmus Frailty Score on 
the incidence of delirium and 1-year mortality after TAVI. In chapter 3.2 we 
investigated the impact of frailty on long term survival using a previously validated 
frailty assessment tool, the multidimensional prognostic index. In chapter 4.1 we 
studied the incidence and impact of post-operative delirium in patients undergoing 
TAVI. In chapter 4.2 we investigated the impact of frailty on health-related quality 
of life after TAVI.

Part 2 of this thesis focused on some hemodynamic aspects in patients with 
aortic valve stenosis. In chapter 5.1 we studied the short-term effects of TAVI on 
hemodynamic measurements, including arterial stiffness, in patients before and 
after TAVI. In chapter 5.2 we investigated the association of increased valvulo-
arterial impedance and the association with changes in health-related quality of 
life after TAVI.

Multidisciplinary care for older patients undergoing TAVI
The primary objective of the TAVI Care & Cure Program (Chapter 2.1) is to improve 
treatment and care of patients with aortic stenosis undergoing a TAVI. The TAVI 
Care & Cure program has been developed and initiated with the collaboration 
of the departments of cardiology, cardio-thoracic surgery, anesthesiology and 
geriatrics. The program entails the pre-admission assessments of the cardiologist 
and geriatrician, the diagnostic work-ups, the heart team consultations for deciding 
on definitive treatment strategy, interventional treatment and outpatient follow-up. 
Collected data will provide additional information concerning the understanding 
of the safety and device performance, how to treat patients in a real world setting 
including health-related quality of life, the role of frailty and to quantify patient 
characteristics and criteria for possible early discharge eligibility.

Estimating frailty in older patients with aortic stenosis
In Chapter 3 we investigated different methods to estimate frailty in older 
patients with aortic stenosis. The Erasmus Frailty Score (Chapter 3.1) is a self-
developed frailty assessment tool which combines several geriatric domains 
to estimate frailty. We performed a comprehensive geriatric assessment using 
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validated instruments to define frailty status. For the definition of the Erasmus 
Frailty Score (EFS) we identified 5 geriatric domains relevant for this specific 
population: cognition, measured with the Mini Mental State Examination (MMSE), 
strength measured with the hand grip strength, nutritional status measured with 
the Malnutrition Universal Screening Tool (MUST), performing activities of daily 
living scored using the Katz ADL index, performing instrumental activities of daily 
living was scored using the Lawton and Brody index. Patients were considered 
frail if the score on 3 or more domains were below predefined standard cut off 
points. We found that frailty measured by the Erasmus Frailty Score is strongly 
and independently associated with postoperative delirium and 1-year mortality in 
older patients after TAVI.

In Chapter 3.2 we investigated the impact of frailty on long term survival 
using the multidimensional prognostic index, with is a previously validated frailty 
assessment tool.

Like the Erasmus Frailty Score, the multidimensional prognostic index is based 
on a comprehensive geriatric assessment and includes eight domains: activities of 
daily living, instrumental activities of daily living, cumulative illness rating scale and 
comorbidity index (CIRS-CI), cognition, malnutrition, pressure risk domain scores, 
the number of medications and social support network. For each of the eight 
domains, a three-level score was assigned with score 0 indicating no problem, 
score 0.5 indicating a minor problem and score 1 indicating a severe problem. 
The sum of all domain values is then divided by 8 to obtain the final MPI score 
ranging between 0 and 1. Since our aim was to verify the effectiveness of the 
previously established index in this specific cohort of older TAVI patients, we used 
the previously defined cut-off points for the risk of mortality: MPI-1 score 0–0.33, 
indicating low risk, MPI-2 score 0.34–0.66, indicating medium risk and MPI-3 score 
0.67–1.0, indicating high risk.

In this study we found that the MPI tool is useful to assess frailty and could be 
able to predict survival after TAVI. One- and three-year survival rates were 92% and 
85% in patients belonging to MPI-1, corresponding survival rates were 85% and 
69.5% in patients belonging to MPI-2–3, respectively. Patients in MPI-1 had a 50% 
higher chance of long-term survival in comparison with patients in MPI-2–3. The 
MPI tool could be useful to aid in the prediction which patients will have a higher 
chance of enduring benefit from a TAVI procedure.

The impact of frailty on outcomes after TAVI
As shown in chapter 3.1 and 3.2 existing frailty can be associated with higher 
mortality rates up to 3 years after TAVI. Frailty is also known to be a risk factor for 
postoperative delirium, which can be explained by the fact that frailty is associated 
with a reduction of an adaptive or reserve capacity in case of stressors. Despite 
the minimal invasive nature of TAVI, this procedure remains a stressful event 
in particular when considering the profile of patients undergoing TAVI who are 
in general old and have multiple comorbidities and frailty. In chapter 4.1 we 
investigated the incidence, determinants and consequences of delirium after TAVI. 
We found an overall incidence of delirium of 14% in the period from 2014 to 2017, 
and in more than two-third of the cases the onset of delirium was on day 0 or 
day 1 after TAVI. We found that prior stroke, frailty and the procedural time were 
independent predictors of postoperative delirium. The presence of postoperative 
delirium was associated with prolonged in-hospital stay, independent of other 
periprocedural complications. We also found that the one-year survival rate was 
68% among patients who suffered from a delirium and 85% in patients without a 
postoperative delirium. When we looked at changes over time, the incidence of 
delirium decreased from 18% in 2014 to 7% in 2017. This reduction in incidence 
could be secondary to the procedural changes of TAVI, were the default TAVI is 
through femoral access, local anesthesia and substantial reduction in procedural 
time. Another possible explanation could be that the geriatrician assessed the 
risk of postoperative delirium before TAVI within the framework of the TAVI Care 
& Cure program and implemented preventive and therapeutical measures if 
deemed necessary. It has been shown that preventive strategies, can lead to a 30% 
reduction in postoperative delirium. Although we did not have a control group with 
patients who did not receive delirium preventive measures, we do believe that both 
this delirium preventive strategy in conjunction with minimizing the TAVI procedure 
to a PCI-like intervention explains the reduction of postoperative delirium in this 
population.

Patients with severe aortic stenosis experience symptoms such as dyspnea 
and chest pain with a negative impact on Health Related Quality of Life (HRQoL). 
TAVI brings symptom relieve and improvement in HRQoL in the majority of 
patients treated for symptomatic, severe aortic valve stenosis. However, there is 
a substantial group of patients that do not benefit from TAVI. In Chapter 4.2 we 
investigated the impact of frailty on HRQoL one year after TAVI. In more than 200 
patients we assessed HRQoL using the Eq-5D-5L at baseline and one year after the 
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TAVI. The EQ-5D-5L is a generic health utility HRQoL instrument and is qualified 
for measuring health status within an older population. The EQ-5D-5L consists 
of 5 dimensions of health: mobility, self-care, usual activities, pain/discomfort 
and anxiety/depression. Frailty was assessed by the Erasmus Frailty Score. We 
found that frailty at baseline was an independent predictor of deterioration of 
HRQoL one year after TAVI. In frail patients HRQoL deteriorated where the self-
rated health status did not change. In non-frail patients HRQoL did not deteriorate 
and the self-rated health status improved. Importantly, in the absence of peripheral 
arterial disease and renal impairment frail patients did experience improvement 
in HRQoL. The New York Heart Association is a scoring system for the severity of 
dyspnea. In both frail and non-frail patients we found an improvement in New York 
Heart Association functional class after TAVI. Although the indication for TAVI has 
expanded to low risk patients, the majority of patients who undergo TAVI are old, 
frail and have substantial comorbidities. For this specific population, the absolute 
gain in years may be of less importance than improving their HRQoL. Therefore 
further research in necessary to focus on post-operative HRQoL and Quality of life 
in the broader sense to incorporate possible effects on HRQoL in decision making 
and expectation management in patients.

The role of vascular aging in patients with severe aortic stenosis
Besides frailty there could be other factors that can be of importance in the 
perioperative care of older patients with severe aortic stenosis. Frailty has been 
linked to prevalent cardiovascular aging and disease. On the other hand, patients 
with cardiovascular disease have often comorbidities, with substantial impact on 
functionality and high prevalence of deficits in multiple domains, considered to be 
part of the frailty syndrome, e.g. malnutrition, cognitive impairment, sarcopenia, 
and reduced exercise tolerance.

Arterial stiffness has been known as a sign of cardiovascular disease and has 
emerged as an independent predictor for cardiovascular morbidity and mortality. 
Elevated arterial stiffness increases the risk of stroke, myocardial infarction and 
mortality in the general population. Studies have also shown that reduced arterial 
compliance could be associated with reduced survival 2 years after TAVI. However, 
studies on the interplay between arterial stiffness and hemodynamics in patients 
after TAVI are relatively scarce. The use of novel biomarkers such as frailty or 
arterial stiffness may help to search, monitor and treat modifiable risk factor to 
improve outcome after intervention.

Part 2 of this thesis focused on some hemodynamic aspects in patients 
with aortic stenosis. In chapter 5.1 we studied the short-term effects of TAVI on 
hemodynamic measurements, including arterial stiffness, in patients before and 
after TAVI. In chapter 5.2 we investigated the association of increased valvulo-
arterial impedance and the association with changes in health-related quality of 
life after TAVI.

In Chapter 5.1 we investigated possible short term changes in aortic stiffness 
and other aortic functional properties after TAVI. Both aortic valve stenosis and 
aortic stiffness are independent predictors of cardiovascular morbidity and 
mortality. Aortic valve stenosis is not only to be considered a valvular disease 
alone, but also an atherosclerotic-like process leading to compromised systemic 
arterial compliance. Both aortic stenosis and arterial stiffness have an effect on 
the cardiovascular system performance, including the left ventricle performance. 
Changes of one component, (i.e. restore normal flow patterns of the aortic valve by 
replacing the degenerated valve) could have an effect on other components, such 
as aortic stiffness and other hemodynamic measurements. In our study we found 
short-term decrease of blood pressure levels and aortic stiffness after TAVI in 
older patients. The amplitude of the changes was largest in patients with elevated 
aortic stiffness at baseline. We also found that for the total study population 
cardiac output and cardiac index increased significantly after TAVI with an also 
significant decrease in augmentation index and peripheral vascular resistance. 
Further research could be focusing on the role of the impact of changes in aortic 
stiffness and hemodynamic parameters on mortality and other clinical outcomes.

In Chapter 5.2 we studied changes in hemodynamic parameters and the impact 
on quality of life and exercise performance after TAVI. In aortic valve stenosis, 
valvuloarterial impedance (Zva) estimates the overall left ventricular afterload by 
the valve and reduced arterial compliance and predicts mortality after TAVI. In this 
study we prospectively assessed the association between baseline valvuloarterial 
impedance and health related quality of life and exercise performance ≥1 year 
after TAVI and explored the changes in valvuloarterial impedance before, after 
and at 1 year after TAVI and its association with long-term quality of life. We 
found that elevated valvuloarterial impedance was present in 50% of the patients 
before TAVI and 21% after TAVI and remained 21% at 1-year follow up. We also 
found that baseline elevated valvuloarterial impedance independently predicted 
unfavorable quality of life and exercise performance at a median of 28 months 
after TAVI. Patients with persistent elevated valvuloarterial impedance at 1 year 
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after TAVI also had worse quality of life and exercise performance at follow up. 
Measurements of valvuloarterial impedance may be useful in improving risk 
stratification and clinical-decision-making. Current guidelines recommend valve 
replacement based on valve-specific criteria (aortic valve area, mean gradient) to 
define severe AoS without addressing the vascular indices of excess afterload. 
Valvuloarterial impedance is an easy to obtain measure and provides an integrated 
evaluation of valvular and vascular loads with prognostic relevant information in 
patients with asymptomatic moderate/severe AoS and those undergoing TAVI. 
Our findings demonstrate that valvuloarterial impedance also identifies patients at 
risk for unfavorable long term quality of life, which is sometimes equally important 
as life-expectancy especially in older and frail patients who are currently referred 
for TAVI.

The search of improving prognostic models is an ongoing process. Although 
frailty and vascular properties have been associated with higher morbidity and 
mortality in TAVI patients, making a cut-off decision based on frailty or vascular 
biomarkers seems premature. The heterogeneity in patients opting for TAVI is 
large, because of different comorbidities, the level of frailty, the differences in 
treatment goals and patient preferences. The decision to proceed or not to proceed 
to intervention should be made considering all these factors and not only based 
on a prognostic model.

Even when frailty has been assessed, the question remains: ‘What can we do 
with this information?’. Determining frailty should not be the end of a conclusion, 
but should mean the start of a discussion concerning patient tailored care. What 
makes this patient frail? Can we treat patients with a therapy that can reverse of 
reduce their frailty profile? How can we monitor frail patients so that we can detect 
and treat adverse events as soon as possible? How can we care for the extreme 
frail patients who will likely not benefit from TAVI?

Caring for older patients, with or without frailty, with aortic valve stenosis is 
complex and needs multi-disciplinary care. Optimal patient-tailored care is achieved 
by combining the expertise of specialists involved in the field of transcatheter 
interventions, making it indeed a TAVI Care & Cure program.
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Het aantal oudere patiënten dat chirurgische interventie nodig heeft neemt nog 
altijd toe. Hogere leeftijd en kwetsbaarheid, ook wel frailty genoemd, zijn beide 
risicofactoren voor ongewenste uitkomsten na een operatie. Voorheen werden 
patiënten die te oud of kwetsbaar werden bevonden geweigerd voor operatie 
vanwege de hoge risico’s op ongewenste uitkomsten na de operatie.

Frailty wordt beschouwd als een complex, multidimensionaal syndroom wat 
uiteindelijk leidt tot verminderde weerbaarheid, waardoor het patiënten meer 
kwetsbaar maakt voor stressoren. Recente onderzoeken laten zien dat ongeacht de 
aard van de chirurgie, bijvoorbeeld wanneer het gaat om hoog-risico chirurgische 
ingrepen of laag-risico ambulante ingrepen, kwetsbaarheid een onafhankelijke 
voorspeller blijft van mortaliteit.

Het bestaan van frailty is in cardiothoracale chirurgie een steeds belangrijker 
onderwerp geworden, mede omdat de gemiddelde leeftijd en de complexiteit 
van patiënten is toegenomen. Behandelopties voor cardiale aandoeningen zijn 
uitgebreid van een medicamenteus beleid, tot minimaal invasieve procedures en 
cardiale chirurgie.

Aortaklep stenose is de meest voorkomende hartklepziekte bij ouderen. 
Als de aortaklepstenose symptomatisch wordt is de prognose somber, met 
hoge sterftecijfers waarbij 75% van de patiënten binnen drie jaar overlijdt als de 
aandoening niet wordt behandeld. Als de aortaklep vervangen wordt verminderd 
dat de symptomen en verbetert de overleving. Tot 2002 was chirurgische 
aortaklepvervanging de enige optie om ernstige aortaklepstenose te behandelen, 
maar zeker 30% van de patiënten met ernstige aortaklepstenose kon niet 
geopereerd worden vanwege een hoog of onacceptabel hoog operatierisico door 
een hoge leeftijd of uitgebreide comorbiditeit. In 2002 werd er een nieuwe procedure 
ontwikkeld: Transkatheter Aortaklep Implantatie (TAVI). In deze procedure wordt 
een bioprothese klep via een katheter ingebracht en geïmplanteerd in de zieke 
aortaklep.

Transkatheter Aortaklep Implantatie wordt steeds meer gebruikt als 
behandeloptie voor patiënten met ernstige aortaklepstenose met een hoog of 
onacceptabel hoog operatie risico door leeftijd, bestaande comorbiditeit of frailty. 
Met de komst van TAVI komt deze groep patiënten nu wel in aanmerking voor 
behandeling, maar aangezien dit een hele nieuwe categorie aan patiënten is, leidt 
deze nieuwe mogelijkheid ook tot nieuwe uitdagingen.

Het doel van dit proefschrift was om beter te begrijpen wat de implicaties zijn 
van verschillende aspecten van leeftijdsgerelateerde condities en processen in TAVI 

kandidaten en de zorg te optimaliseren door frailty in de klinische besluitvorming 
te incorporeren om zo de periprocedurele zorg te verbeteren.

Deel 1 van dit proefschrift richt zich op frailty en de impact van frailty op 
uitkomsten na TAVI. In hoofdstuk 2.1. presenteren we het TAVI Care & Cure 
programma, een samenwerking tussen de afdelingen geriatrie en cardiologie 
om zorg voor oudere en kwetsbare patiënten met ernstige aortaklepstenose te 
optimaliseren. In hoofdstuk 3.1 onderzochten wij de mogelijke klinische implicaties 
van een zelf ontwikkelende Erasmus Frailty Score op de incidentie van delirium 
en 1-jaarsmortaliteit na TAVI. In hoofdstuk 3.2 onderzochten we de impact van 
frailty op overleving op de lange termijn waarbij er gebruik is gemaakt van een 
eerder gevalideerde frailty scoringsmethode, de multidimensionale prognostische 
index. In hoofdstuk 4.1 onderzochten we de incidentie en de impact van het 
postoperatieve delirium in patiënten die TAVI ondergingen. In hoofdstuk 4.2 
onderzochten we de impact van frailty op de gezondheidsgerelateerde kwaliteit 
van leven na TAVI.

Deel 2 van dit proefschrift richtte zich op enkele hemodynamische aspecten 
in patiënten met aortaklepstenose. In hoofdstuk 5.1 onderzochten we de 
kortetermijneffecten van TAVI op hemodynamische metingen, waaronder arteriële 
vaatstijfheid in patiënten voor en na TAVI. In hoofdstuk 5.2 onderzochten we de 
associatie tussen verhoogde valvulo-arteriële impedantie en de associatie met 
veranderingen in gezondheidsgerelateerde kwaliteit van leven na TAVI.

Multidisciplinaire zorg voor oudere patiënten die een TAVI ondergaan
Het voornaamste doel van het TAVI Care & Cure Programma (Hoofdstuk 2.1) is het 
verbeteren van de behandeling en de zorg voor patiënten met aortaklepstenose die 
een TAVI ondergaan. Het TAVI Care & Cure programma is ontwikkeld en geïnitieerd 
in samenwerking met de afdelingen cardiologie, cardiothoracale chirurgie, 
anesthesie en geriatrie. Het programma omvat de pre-procedurele beoordeling 
door de cardioloog en de geriater, de benodigde diagnostiek, de behandeling 
middels de interventie en de follow up op de polikliniek. De verzamelde data 
zorgt voor aanvullende kennis en meer inzicht met betrekking tot de veiligheid 
en prestatie van de klepprothese, hoe we patiënten behandelen in een real-world 
setting, met daarbij meenemend gezondheidsgerelateerde kwaliteit van leven, de 
rol van frailty, het kwantificeren van patiëntkarakteristieken, als ook criteria voor 
veilig en verantwoord vervroegd ontslag.
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Het vaststellen van frailty in oudere patiënten met aortaklep stenose
In Hoofdstuk 3 onderzochten we verschillende methodes om frailty vast te stellen 
in oudere patiënten met aortaklepstenose. De Erasmus Frailty Score (Hoofdstuk 
3.1) is een zelf-ontwikkelde frailty score die verschillende geriatrische domeinen 
combineert om frailty vast te stellen. We hebben een comprehensive geriatric 
assessment uitgevoerd gebruikmakend van gevalideerde instrumenten om de 
frailty status te kunnen definiëren. Voor het definiëren van de Erasmus Frailty 
Score (EFS) hebben we 5 geriatrische domeinen geïdentificeerd voor deze 
specifieke populatie: cognitie, gemeten met de Mini Mental State Examination 
(MMSE); kracht, uitgedrukt in de handknijp kracht; voedingsstatus gemeten met 
de Malnutrition Universal Screening Tool (MUST); zelfstandigheid in activiteiten 
in het dagelijks leven gescoord met de Katz ADL index en zelfstandigheid in 
instrumentele activiteiten in het dagelijks leven gescoord met de Lawton & Brody 
index. Patiënten werden als frail beschouwd als zij op 3 of meer domeinen onder 
gedefinieerde standaard afkapwaarden scoorden. We vonden dat frailty, gemeten 
met de Erasmus Frailty Score, sterk en onafhankelijk geassocieerd is met het 
ontstaan van het postoperatief delirium en mortaliteit na 1 jaar in oudere patiënten 
na TAVI.

In hoofdstuk 3.2 onderzochten we de impact van frailty op 
langetermijnoverleving gebruikmakend van de multidimensionele prognostische 
index, wat een eerder gevalideerd frailty assessment instrument is.

Zoals de Erasmus Frailty Score, is de multidimensionele prognostische 
index gebaseerd op een comprehensive geriatric assessment en bestaat uit 8 
domeinen: zelfstandigheid in activiteiten in het dagelijks leven, zelfstandigheid 
in instrumentele activiteiten in het dagelijks leven, cumulatieve ziekte 
scoringssysteem en comorbiditeit index (CIRS-CI), cognitie, ondervoeding, 
decubitus risicoscore, het aantal medicijnen en het sociale steunnetwerk. Voor 
elk van de acht domeinen wordt een score toegewezen met score 0 voor geen 
probleem, score 0.5 voor een klein probleem en score 1 voor een ernstig probleem. 
De som van alle domeinscores wordt daarna gedeeld door 8 om de uiteindelijke 
MPI score te berekenen. Aangezien ons doel was om de effectiviteit van deze 
eerder gevalideerde score in deze specifieke populatie te onderzoeken, hebben 
we de eerder gedefinieerde afkapwaarden gebruikt voor het risico op mortaliteit.

MPI-1 score 0–0.33, indicatie voor laag risico; MPI-2 score 0.34–0.66, indicatie 
voor medium risico; MPI-3 score 0.67–1.0, indicatie voor hoog risico.

In deze studie vonden we dat de MPI tool gebruikt kan worden om frailty vast 
te stellen en dat deze tool in staat is om overleving na TAVI te kunnen voorspellen. 
De 1- en 3-jaarsoverlving was 92% en 85% in patiënten die behoorden tot de MPI-1 
groep, en in de MPI 2-3 groep was dat 85% en 69.5% voor de 1- en 3-jaarsoverleving. 
De MPI tool kan nuttig zijn om frailty vast te stellen en kan overleving na TAVI 
voorspellen.

De impact van frailty op uitkomsten na TAVI
Zoals beschreven in hoofdstuk 3.1 en 3.2 kan frailty geassocieerd worden 
met hogere mortaliteitcijfers tot 3 jaar na TAVI. Frailty is ook een bekende 
risicofactor voor het postoperatieve delirium, wat verklaard kan worden door het 
feit dat frailty geassocieerd is met een afname van het adaptief vermogen of de 
reservecapaciteit op het moment dat er stressoren ontstaan. Ondanks dat TAVI 
een minimaal invasief karkater heeft, blijft de procedure stressvol, met name voor 
het type patiënt die een TAVI ondergaat die over het algemeen oud is, meerdere 
comorbiditeiten heeft en ook frail is.

In hoofdstuk 4.1 hebben we de incidenten, determinanten en consequenties 
onderzocht van het delirium na TAVI. We vonden een incidentie van het delirium 
van 14% in de periode van 2014 tot 2017 en in meer dan twee derde van de 
gevallen ontstond het delirium op dag 0 of dag 1 na TAVI. We vonden dat een 
eerder cerebrovasculair incident in de voorgeschiedenis, frailty en de duur van 
de procedure onafhankelijke voorspellers waren van het postoperatief delirium. 
Het doormaken van het postoperatief delirium was geassocieerd met een 
langere opname duur, onafhankelijk van verdere complicaties gedurende de 
procedure en opname. We vonden ook dat de 1-jaarsoverleving 68% was van de 
patiënten die een delier doormaakten ten opzichte van 85% in patiënten zonder 
postoperatief delier. Als we keken naar de veranderingen in 3 jaar verminderde 
de incidentie van het delirium van 18% in 2014 naar 7% in 2017. Deze afname in 
incidentie zou secundair kunnen zijn aan de procedurele veranderingen van de 
TAVI, waarbij de voorkeursbehandeling van de TAVI via femorale toegang verricht 
wordt, gebruik gemaakt wordt van lokale anesthesie en met een significante 
afname in procedure tijd. Een andere verklaring zou kunnen zijn dat de geriater 
het risico op het postoperatief delirium voorafgaand aan de TAVI beoordeeld 
binnen het framework van het TAVI Care & Cure programma en preventieve en 
therapeutische maatregelen inzet op moment dat dat noodzakelijk is. Het is bekend 
dat preventiestrategieën tot 30% reductie kunnen leiden van het postoperatief 
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delirium. Ondanks dat we geen controlegroep hadden met patiënten die geen 
delierpreventieve maatregelen hadden ontvangen, zijn we overtuigd dat, zowel de 
delierpreventieve strategieën in combinatie met het minimaliseren van de TAVI-
procedure tot een op een PCI lijkende procedure, de reductie in het postoperatief 
delirium kan verklaren in deze populatie.

Patiënten met ernstige aortaklepstenose ervaren symptomen zoals kort- 
ademigheid en pijn op de borst met een negatieve invloed op de gezond-
heidsgerelateerde kwaliteit van leven. TAVI verminderd symptomen en verbetert 
de gezondheidsgerelateerde kwaliteit van leven in de meerderheid van de patiënten 
die behandeld worden voor symptomatische aortaklep stenose. Echter, er is een 
substantiële groep patiënten die geen voordeel ervaart van een TAVI.

In hoofdstuk 4.2 onderzochten we de impact van frailty op de gezondheids-
gerelateerde kwaliteit van leven 1 jaar na TAVI. In meer dan 200 patiënten stelden 
we de gezondheidsgerelateerde kwaliteit van leven vast door gebruik te maken 
van de EQ-5D-5L vragenlijst op baseline en 1 jaar na de TAVI. De EQ-5D-5L is een 
generieke gezondheidsgerelateerde kwaliteit van leven vragenlijst en is gevalideerd 
om de gezondheidsstatus in een oudere populatie te kunnen meten. De EQ-5D-5L 
bestaat uit 5 gezondheidsdomeinen: mobiliteit, zelfzorg, dagelijkse activiteiten, 
pijn of discomfort en angst/depressie klachten. Frailty werd vastgesteld middels 
de Erasmus Frailty Score. We vonden dat frailty op baseline een onafhankelijke 
voorspeller was van afname van de gezondheidsgerelateerde kwaliteit van 
leven 1 jaar na TAVI. In patiënten die als frail werden beschouwd verminderde 
de gezondheidsgerelateerde kwaliteit van leven waarbij de zelfgerapporteerde 
gezondheidsstatus niet veranderde. In de niet-fraile patiëntengroep ging de 
gezondheidsgerelateerde kwaliteit van leven niet achteruit en de zelfgerapporteerde 
gezondheidsstatus verbeterde. In de afwezigheid van perifeer vaatlijden en 
nierinsufficiëntie verbeterde de gezondheidsgerelateerde kwaliteit van leven ook 
in fraile patiënten. De New York Heart Association is een score systeem voor de 
ernst van de dyspnoe klachten. In zowel fraile als niet-fraile patiënten vonden we 
na TAVI een verbetering in de New York Heart Association functionele status. 
Ondanks dat de indicatie voor TAVI zich heeft uitgebreid naar laag risico patiënten, 
zal de meerderheid van de patiënten die een TAVI ondergaan oud en frail zijn 
en meerdere comorbiditeiten hebben. Voor deze specifieke populatie kan de 
absolute levenswinst in jaren minder belangrijk zijn dan het verbeteren van hun 
gezondheidsgerelateerde kwaliteit van leven. Om die reden is verder onderzoek 
nodig met de focus op post-operatief gezondheidsgerelateerde kwaliteit van leven 

in een bredere context om ook het verwachte effect op kwaliteit van leven te 
incorporeren in het proces van besluitvorming en verwachtingsmanagement van 
patiënten.

De rol van vasculaire veroudering in patiënten met ernstige aortaklepste-
nose
Naast frailty zouden er ook nog andere factoren kunnen bestaan die belangrijk zijn 
in de peri-operatieve zorg van oudere patiënten met een ernstige aortaklepstenose. 
Frailty is gelinkt aan het bestaan van cardiovasculaire veroudering en ziekte. 
Aan de andere kant, patiënten met cardiovasculaire ziekten hebben vaak 
comorbiditeiten, met substantiële impact op functionaliteit en een hoge prevalentie 
van beperkingen in verschillende domeinen die ook onderdeel zijn van het frailty 
syndroom zoals ondervoeding, cognitieve beperkingen, sarcopenie en verminderde 
inspanningstolerantie.

Arteriële vaatstijfheid is een bekende biomarker van cardiovasculaire ziekte 
en is een onafhankelijke voorspeller voor cardiovasculaire morbiditeit en 
mortaliteit. Toegenomen arteriële vaatstijfheid leidt tot verhoging van het risico 
op cerebrovasculaire incidenten, myocard infarcten en mortaliteit in de algehele 
populatie. Studies hebben aangetoond dat verminderde arteriële compliantie 
geassocieerd kon worden met een slechtere overleving 2 jaar na de TAVI. Er 
zijn echter weinig studies die de interactie tussen arteriële vaatstijfheid en de 
hemodynamiek in patiënten na TAVI onderzochten.

Deel 2 van dit proefschrift heeft zich met name gericht op verschillende 
hemodynamische aspecten bij patiënten met aortaklepstenose. In Hoofdstuk 5.1 
hebben de kortetermijnseffecten van een TAVI onderzocht op hemodynamische 
metingen, inclusief arteriële vaatstijfheid, in patiënten voor en na TAVI. In Hoofdstuk 
5.2 onderzochten we de associatie van een verhoogde valvulo-arteriële impedantie 
en de veranderingen in de gezondheidsgerelateerde kwaliteit van leven na TAVI.

In Hoofdstuk 5.1 onderzochten we de mogelijke korte termijn veranderingen 
in de arteriële vaatstijfheid en andere aan de aorta gerelateerde hemodynamische 
variabelen na TAVI. Zowel aortaklepstenose en arteriële vaatstijfheid zijn 
onafhankelijke voorspellers van cardiovasculaire morbiditeit en mortaliteit. 
Aortaklepstenose wordt niet meer gezien als een op zich zelf staande 
hartklepziekte, maar tevens als een ziekteproces wat lijkt op atherosclerose-
gerelateerde processen die leiden tot een aangetaste systemische arteriële 
compliantie.
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Zowel aortaklepstenose als arteriële vaatstijfheid hebben een effect op de 
prestaties van het cardiovasculaire systeem, inclusief het functioneren van de 
linkerventrikel. Veranderingen van één component (namelijk het herstellen van de 
normale flowpatronen van de aortaklep door de zieke klep te vervangen) kan een 
effect hebben op andere componenten zoals arteriële vaatstijfheid. In onze studie 
vonden wij bij oudere patiënten dat er een verlaging was van bloeddruk en arteriële 
vaatstijfheid op de korte termijn na TAVI. De omvang van de veranderingen was het 
grootst bij de patiënten met een verhoogde arteriële vaatstijfheid op baseline. Ook 
zagen we dat in de gehele studiepopulatie de cardiac output en de cardiac index 
significant verhoogde na TAVI met daarbij ook een significante afname van de 
augmentatie index en perifere vaatweerstand. Verder onderzoek zou zich kunnen 
richten op de rol en de impact van veranderingen in arteriële vaatstijfheid en andere 
hemodynamische parameters op mortaliteit en andere klinische uitkomsten.

In Hoofdstuk 5.2 onderzochten we de veranderingen in hemodynamische 
parameters en de impact ervan op kwaliteit van leven en uithoudingsvermogen 
na TAVI. In aortaklepstenose kan de valvulo-arteriële impedantie en schatting 
geven van de algehele afterload van de linkerventrikel door zowel de aortaklep 
als de verminderde arteriële compliantie en kan tevens mortaliteit voorspellen na 
TAVI. In deze studie hebben we prospectief onderzoek gedaan naar de associatie 
tussen de baseline valvulo-arteriële impedantie en gezondheidsgerelateerde 
kwaliteit van leven en uithoudingsvermogen na meer dan 1 jaar na de TAVI. Tevens 
onderzochten we de veranderingen van valvulo-arteriële impedantie voor, na en 
1 jaar na de TAVI en de associatie met kwaliteit van leven op de langere termijn.

We vonden dat verhoogde valvulo-arteriële impedantie aanwezig was in 50% 
van de patiënten voor TAVI en 21% na TAVI en bleef aanwezig in 21% na 1 jaar 
follow-up. We vonden ook dat een verhoogde valvulo-arteriële impedantie op 
baseline een onafhankelijke voorspeller was van verminderde kwaliteit van leven 
en uithoudingsvermogen gemiddeld 28 maanden na TAVI.

Patiënten met een blijvend verhoogde valvulo-arteriële impedantie op 1 jaar na 
TAVI hadden tevens een verminderde kwaliteit van leven en uithoudingsvermogen 
bij follow up. Het meten van valvulo-arteriële impedantie kan nuttig zijn in het 
verbeteren van risicostratificatie en klinische besluitvorming. Huidige richtlijnen 
adviseren een vervanging van de hartklep gebaseerd op klepspecifieke criteria 
(zoals aortaklepoppervlakte en gemiddelde gradiënt) om ernstige aortaklepstenose 
te definiëren, maar nemen daar niet de vasculaire indices van toegenomen 
afterload in mee. Valvulo-arteriële impedantie is een eenvoudig te verkrijgen meting 

en kan een integrale evaluatie geven van zowel de valvulaire als de vasculaire load 
met relevante prognostische informatie in patiënten met asymptomatische matig 
tot ernstige aortaklepstenose, maar ook voor patiënten die een TAVI ondergaan. 
Onze bevindingen tonen aan dat valvulo-arteriële impedantie ook patiënten kan 
identificeren die risico lopen op ongewenste uitkomsten op kwaliteit van leven op 
de langere termijn, wat soms net zo belangrijk is als levensverwachting, zeker in 
de oudere en kwetsbare patiënten die vaak voor TAVI verwezen worden.

De zoektocht naar het verbeteren van prognostische modellen is een continue 
proces. Ondanks dat frailty en vasculaire eigenschappen geassocieerd zijn met 
hogere morbiditeit en mortaliteit in TAVI patiënten, lijkt een harde beslissing 
gebaseerd op frailty of vasculaire biomarkers te vroeg. De heterogeniteit in de 
patiënten die kandidaat zijn voor TAVI is groot, door verschillende comorbiditeiten, 
diverse levels van frailty en de verschillen in behandeldoelen en voorkeuren van 
patiënten. De beslissing om wel of niet voor interventie te gaan moet gemaakt 
worden met het meewegen van al deze factoren en kunnen niet alleen op een 
prognostisch model gebaseerd zijn.

Ook al wordt frailty vastgesteld, dan blijft nog de vraag: ‘Wat kunnen we doen 
met deze informatie?’. Het vaststellen van frailty zou niet de conclusie moeten 
zijn, het zou de start van een discussie moeten zijn hoe we zorg kunnen leveren 
op maat gemaakt voor die unieke patiënt. Wat maakt deze patiënt frail? Kunnen 
we patiënten behandelen met een therapie dat het frailty profiel kan omkeren 
of verminderen? Hoe kunnen we kwetsbare patiënten monitoren zodat we 
ongewenste uitkomsten zo snel mogelijk kunnen opsporen en behandelen? 
Hoe kunnen we zorgen voor de hele kwetsbare patiënten die waarschijnlijk geen 
voordeel van TAVI zullen ervaren?

Zorg leveren aan oudere patiënten met aortaklepstenose, met of zonder frailty, 
is complex en heeft multidisciplinaire zorg nodig. Optimale, op de unieke patiënt 
afgestemde zorg kan bereikt worden door het combineren van de expertise van 
specialisten betrokken bij katheter-gebonden interventies. Daarmee blijft het 
TAVI Care&Cure programma een programma voor zorg en behandeling van deze 
bijzondere patiëntengroep.

8



APPENDICES

PhD Portfolio 
List of publications 
Affiliations 
Dankwoord 
Curriculum Vitae



218 219

PhD PortfolioPhD Portfolio

PHD PORTFOLIO
Name:     Johanna Anna Goudzwaard
PhD period:    July 2016 – December 2022
Erasmus MC department:  Internal medicine – Geriatric Medicine
Promotores:    Prof. dr. F.U.S Mattace-Raso
     Prof. dr. P.P.T de Jaegere
Co promotor:    Dr. M.J. Lenzen

General courses
2017   Course ‘Tentamen vragen maken’, Erasmus MC
2017   Course ‘Teach the Teacher I’, Erasmus MC
2017   Basis Qualification for teaching (BKO- deel certificaat)  
   completed
2017   Research Integrity, Erasmus MC
2019   Course ‘Auditen volgens de Tracermethodiek’, Q Academy
2019   Course ‘Visitatietraining t.b.v. wetenschappelijke   
   vereniging NVKG’
2020   Course ‘Teach the Teacher III’, Erasmus MC
2020   Course ‘Teach the Teacher EPA gestuurd opleiden,  
   Erasmus MC
2021   Course ‘Waarderend Auditen, Kerteza
2021   Course ‘Masterclass Startende Opleider’, De Academie  
   voor Medisch Specialisten

(Inter)national conferences and meetings
2015 Oral presentation symposium Passende zorg, Erasmus MC, the  
 Netherlands
  ‘Zorg voor kwetsbare ouderen met een ernstige aortaklepstenose’
2016 Organization of symposium and oral presentation, Dutch   
 International Congress of Geriatrics, ‘s Hertogenbosch, 
 the Netherlands
 ‘Transkatheter aortaklep vervanging (TAVI): de nieuwe stap in behandeling
   van aortaklepstenose bij (kwetsbare) ouderen.’
2017 Poster presentation, Science Days Internal Medicine, Erasmus MC,  
 Antwerp, Belgium
 ‘Frailty is a predictor of postoperative delirium after Transcatheter Aortic  
 Valve Implantation’

2017 Oral presentation, Dutch International Congress of Geriatrics, ‘s  
 Hertogenbosch, the Netherlands
 ‘Frailty is a predictor of postoperative delirium after Transcatheter Aortic  
 Valve Implantation’
2017 Oral presentation VIP Symposium, Erasmus Mc, The Netherlands
 ‘Hix EPD en VMS thema kwetsbare ouderen’
2017 Oral Presentation, 13th International congress of the European Union  
 Geriatric Medicine Society Annual Congress, Nice, France
 ‘Prognostic value of the Erasmus Frailty Score on delirium after TAVI in  
 older patients’
2017 Poster presentation ARTERY 17 conference, Pisa, Italy
 ‘Aortic stiffness, aortic valve stenosis and frailty in older persons   
 undergoing TAVI’
2018 Poster presentation, Science Days Internal Medicine, Erasmus MC,  
 Antwerp, Belgium
 ‘Changes in aortic stiffness and hemodynamics after TAVI in patients with
  aortic valve stenosis’
2018 Poster presentation, 14th, International congress of the European Union
  Geriatric Medicine Society Annual Congress, Berlin, Germany
 ‘Multidimensional Prognostic Index predicts mortality in older patients  
 undergoing Transcatheter Aortic Valve Implantation’
2018 Poster presentation ARTERY 18 conference, Guimaraes, Portugal
 ‘Short term hemodynamic changes after Transcatheter Aortic Valve  
 Implantation’
2018 Snapperdagen Interne Geneeskunde, Rotterdam, the Netherlands
 ‘Ouderengeneeskunde’
2019 Oral presentation, Dutch International Congress of Geriatrics, ‘s  
 Hertogenbosch, the Netherlands 
 ‘Short-term changes of blood pressure and aortic stiffness in older  
 patients after Transcatheter Aortic Valve Implantation’
2019 Snapperdagen Interne Geneeskunde, Rotterdam, the Netherlands
 ‘Ouderengeneeskunde’
2019 Dutch Revascularisation and Electrophysiology Summit, Nijkerk, the  
 Netherlands
 ‘Behandeling van de oudere patiënt. One size fits all?’

9



220 221

PhD PortfolioPhD Portfolio

Supervision research activities

Supervision of Master students in completing master thesis (MSc) for the 
Faculty of Medicine, Erasmus MC University Medical Center Rotterdam
2016 Ferhat Acar, ‘Post-operative delirium in TAVI patients’
2017 Eline Kwekkenboom, ‘The impact of frailty on Quality of Life one Year after
  TAVI’
2017 Kirscha Paula, ‘Delirium is associated with cognitive deterioration 1 year  
 after TAVI’
2018 Louise Geluk, ‘Changes in Activities of Daily Living after TAVI’
2018 Fleur Verpaalen, ´TAVI in frail patients with severe symptomatic aortic  
 stenosis: Futility or Utility?’
2019 Fleur van Hoorn, ‘Impact of fraily on health-related quality of live 12  
 months after TAVI’
2020 Manon Waling, ‘The impact of delirium on Quality of Life one Year after  
 TAVI’
2020 Laura Tobe, ‘The impact of frailty on Acute Kidney Injury after TAVI’

Supervision of Bachelor student in completing bachelor thesis for the Faculty 
of Health Policy and Management, EUR, Rotterdam

2021 Femke Stoffels, ‘Ziekenhuisaccreditatie: Een onderzoek naar de bijdrage  
 van ziekenhuisaccreditatie op de kwaliteit van zorg’

Educational Activities
2016-2022 Teaching and supervising fellows Geriatrics, Erasmus MC
2016-2022 Master curriculum Geneeskunde (perioperative care), 
  Erasmus MC
2016 -2022 Zorgacademie, Erasmus MC

Other activities
2016-2022 Medical specialist Quality and Safety Internal Medicine, 
  Erasmus MC
2017-2022 Chair Guidelines Committee Dutch Society of Geriatricians  
  (NVKG)
2019-2022 Chair Audit Committee Dutch Society of Geriatricians (NVKG)
2019-2021 Peer reviewing Clinical Interventions of Aging (n=3)
2021  Peer reviewing International Journal of General Medicine (n=1)

9



222 223

List of publicationsList of publications

LIST OF PUBLICATIONS
Insuline glargine is more potent in activating the human IGF-I receptor than human 
insulin and insulin detemir.
Varewijck AJ, Goudzwaard JA, Brugts MP, Lamberts SW, Hofland LJ, Janssen JA.
Growth Hormone IGF research, 2010 Dec; 20(6): 427-31.

Circulating insulin-like growth factors may contribute substantially to insulin 
receptor isoform A and
isoform receptor isoform B signaling. Varewijck AJ, Brugts MP, Frystyk J, 
Goudzwaard JA,
Uitterlinden P, Waaijers AM, Feng Y, Dimitrov DS, Lamberts SW, Hofland LJ, 
Janssen JA.
Mol Cell Endocrinol. 2013 Jan 5;365(1):17-24.

Long-term follow-up of quality of life in high-risk patients undergoing transcatheter 
aortic valve implantation for symptomatic aortic valve stenosis. De Ronde-Tillmans 
MJ, de Jager TA, Goudzwaard JA, El Faquir N, van Mieghem NM, Zijlstra F, Utens 
EM, Mattace-Raso FU, Lenzen MJ, de Jaegere PP.
J Geriatr Cardiol. 2018 Apr;15(4):261-267.

The Erasmus Frailty Score is associated with delirium and 1-year mortality after 
Transcatheter Aortic Valve Implantation in older patients. The TAVI Care & Cure 
program. Goudzwaard JA, de Ronde-Tillmans MJAG, El Faquir N, Acar F, Van 
Mieghem NM, Lenzen MJ, de Jaegere PPT, Mattace-Raso FUS.
Int J Cardiol. 2019 Feb 1;276:48-52.

Validation of the Rotterdam Elderly Pain Observation Scale in the Hospital Setting. 
Boerlage AA, van Rosmalen J, Cheuk-Alam-Balrak JM, Goudzwaard JA, Tibboel 
D, van Dijk M. Pain Pract. 2019 Apr;19(4):407-417.

Mannose binding lectin and prediction of risk for chemotherapy induced febrile 
neutropenia in patients with a solid tumor. Epskamp C, Goudzwaard JA, Fiets E, 
Zuetenhorst JM, Polee MB, van de Geijn GM, van Schaik RHN, Birnie E, Hamberg 
P. Cancer Invest. 2019;37(3):156-162.

Early recognition and treatment of neuropsychiatric symptoms to improve quality 
of life in early Alzheimer’s disease: protocol of the BEAT-IT study. Eikelboom 
WS, Singleton E, van den Berg E, Coesmans M, Mattace Raso F, van Bruchem 
RL, Goudzwaard JA, de Jong FJ, Koopmanschap M, den Heijer T, Driesen 
JJM, Vroegindeweij LJHM, Thomeer EC, Hoogers SE, Dijkstra AA, Zuidema 
SU, Pijnenburg YAL, Scheltens P, van Swieten JC, Ossenkoppele R, Papma JM. 
Alzheimers Res Ther. 2019 May 24;11(1):48.

Short-term changes of blood pressure and aortic stiffness in older patients after 
transcatheter aortic valve implantation. Goudzwaard JA, Disegna E, de Ronde-
Tillmans MJ, Lenzen MJ, de Jaegere PP, Mattace-Raso FU.
Clin Interv Aging. 2019 Aug 2;14:1379-1386.

TAVI Care and Cure, the Rotterdam multidisciplinary program for patients 
undergoing transcatheter aortic valve implantation: Design and rationale. De 
Ronde-Tillmans MJAG, Goudzwaard JA, El Faquir N, van Mieghem NM, Mattace-
Raso FUS, Cummins PA, Lenzen MJ, de Jaegere PPT. Int J Cardiol. 2020 Mar 
1;302:36-41. doi: 10.1016/j.ijcard.2019.12.005. Epub 2019 Dec 16.PMID: 31859111

Impact of Valvulo-Arterial Impedance on Long-Term Quality of Life and Exercise 
Performance After Transcatheter Aortic Valve Replacement. Nuis RJ, Goudzwaard 
JA, de Ronde-Tillmans MJAG, Kroon H, Ooms JF, van Wiechen MP, Geleijnse ML, 
Zijlstra F, Daemen J, Van Mieghem NM, Mattace-Raso FUS, Lenzen MJ, de Jaegere 
PPT. Circ Cardiovasc Interv. 2020 Jan;13(1):e008372.

Incidence, determinants and consequences of delirium in older patients after 
transcatheter aortic valve implantation. Goudzwaard JA, de Ronde-Tillmans MJAG, 
de Jager TAJ, Lenzen MJ, Nuis RJ, van Mieghem NM, Daemen J, de Jaegere PPT, 
Mattace-Raso FUS. Age Ageing. 2020 April 2020 27;49(3):389-394.

Chapter 9.
Hart- en vaatziekten. In: Claassen JAHR, van Campen C; Inleiding in de gerontologie 
en geriatrie. Mattace-Raso FUS, Goudzwaard JA, Tap L. Bohn Stafleu van Loghum. 
2020 Apr 28

9



224 225

List of publicationsList of publications

Aortic stiffness in older persons, determinants and consequences. Tap L, 
Goudzwaard JA, Mattace-Raso FUS. APMB Medical and biological sciences. 
2020 June 18. 108.1:1-5.

Impact of Frailty on health-related Quality of Life one year after Transcatheter 
Aortic Valve Impantation. Goudzwaard JA, de Ronde-Tillmans MJAG, van Hoorn 
FED, Kwekkeboom EHC, Lenzen MJ, van Wiechen MPH, Ooms JFW, Nuis RJ, van 
Mieghem NM, Daemen J, de Jaegere PPT, Mattace-Raso FUS. Age Ageing. 2020 
Oct 23;49(6):989-994.

Pathways Towards Lean TAVR, Maarten van Wiechen, Joris Ooms, Thijmen 
Hokken, Marjo De Ronde-Tillmans, Jeannette Goudzwaard, Joost Daemen, Peter 
De Jaegere, Francesco Mattace-Raso, Nicolas van Mieghem. Structural Heart, 
2020, 4:4, 284-287

Chronic kidney disease in the context of multimorbidity patterns: the role of 
physical performance: The screening for CKD among older people across Europe 
(SCOPE) study. Corsonello A, Fabbietti P, Formiga F, Moreno-Gonzalez R, Tap L, 
et al. BMC Geriatrics 2020 Oct 2;20(Suppl 1):350.

Association between kidney function, nutritional status and anthropometric 
measures in older people: The screening for CKD among Older People across 
Europe (SCOPE) study. Guligowska A, Corsonello A, Pigłowska M, Roller-
Wirnsberger R, Wirnsberger G, Ärnlöv J, et al. BMC Geriatrics 2020 Oct 2;20(Suppl 
1).

Delirium: A frequent Manifestation in COVID-19 Older Patients. Mattace-Raso F, 
Polinder-Bos H, Oosterwijk B, van Bruchem-Visser R, Goudzwaard J, Oudshoorn 
C, Ziere G, Egberts A. Clinical Intervation in Aging. 2020 Dec 1;15:2245-2247.

Simplified Trans-Axillary Aortic Valve Replacement under local anesthesia- 
A single-center Early Experience. Ooms JF, Van Wiechen MP, Hokken 
TW, Goudzwaard J, De Ronde-Tillmans MJ, Daemen J, Mattace-Raso F, De 
Jaegere PP, Van Mieghem NM. Cardiovascul Revasc Med. 2021 Feb;23:7-13.

Artificial Intelligence and Transcatheter Interventions for Structural Heart Disease: 
a glance at the (near) future. Ribeiro JM, Astudillo P, de Backer O, Budde R, Nuis 
RJ, Goudzwaard J, Van Mieghem NM, Lumens J, Mortier P, Mattace-Raso F, 
Boersma E, Cummins P, Bruining N, de Jaegere PP. Trends Cardiovasc Med. 2021 
Feb 10:S1050-1738(21)00017-7.

Minimizing Population Health Loss in Times of Scarce Surgical Capacity During 
the Coronavirus Disease 2019 Crisis and Beyond: A Modeling Study.
Gravesteijn B, Krijkamp E, Busschbach J, Geleijnse G, Helmrich IR, Bruinsma S, van 
Lint C, van Veen E, Steyerberg E, Verhoef K, van Saase J, Lingsma H, Baatenburg 
de Jong R; Value Based Operation Room Triage team collaborators. Value Health. 
2021 May;24(5):648-657.

Multidimensional Prognostic Index and Outcomes in Older Patients Undergoing 
Transcatheter Aortic Valve Implantation: Survival of the Fittest. Goudzwaard JA, 
Chotkan S, De Ronde-Tillmans MJAG, Lenzen MJ, van Wiechen MPH, Ooms JFW, 
Polinder-Bos HA, de Beer-Leentfaar M, Van Mieghem NM, Daemen J, Pilotto A, de 
Jaegere PPT, Mattace-Raso FUS. Clin Med. 2021 Aug 11;10(16):3529.

Changes in demographics, treatment and outcomes in a consecutive cohort who 
underwent transcatheter aortic valve implantation between 2005 and 2020.
De Ronde-Tillmans MJAG, Nuis RM, Goudzwaard JA, Cummins PA, Hokken TW, 
Van Wiechen MPH, Ooms JFW, Daemen J, Van Mieghem NMDA, Mattace-Raso 
FUS, Lenzen MJ, de Jaegere PPT. Neth Heart J. 2022 Feb 25. doi: 10.1007/s12471-
022-01662-2. Online ahead of print.

Clinical consequences of consecutive self-expanding transcatheter heart valve 
iterations.
Kroon HG, van Gils L, Ziviello F, van Wiechen MPH, Ooms JFW, Rahhab Z, El 
Faquir N, Maugenest AM, Goudzwaard JA, Cummins P, Lenzen M, Kardys I, 
Daemen J, Mattace-Raso F, de Jaegere PPT, Van Mieghem NM. Neth Heart J. 
2022 Mar;30(3):140-148.

9



226 227

AffiliationsList of publications

Artificial Intelligence and Transcatheter Interventions for Structural Heart Disease: 
A glance at the (near) future.
Ribeiro JM, Astudillo P, de Backer O, Budde R, Nuis RJ, Goudzwaard J, Van 
Mieghem NM, Lumens J, Mortier P, Mattace-Raso F, Boersma E, Cummins P, 
Bruining N, de Jaegere PP.Trends Cardiovasc Med. 2022 Apr;32(3):153-159.

The Impact of the COVID-19 Pandemic on the Clinical Status of Patients Referred 
for TAVR.
Ooms JF, Gunes D, Hokken TW, Adrichem R, Nuis RJ, De Ronde-Tillmans 
M, Goudzwaard J, Mattace-Raso F, Daemen J, Van Mieghem NM.Cardiovasc 
Revasc Med. 2022 Aug; 41: 173-174

AFFILIATIONS

Erasmus MC
Department of Internal Medicine, section of Geriatric Medicine, Erasmus MC 
University Medical Center Rotterdam, Rotterdam, the Netherlands.
Francesco U.S. Mattace-Raso, Ferhat Acar, Sadhna Chotkan, Madelon De Beer-
Leentfaar, Fleurance E.D. van Hoorn, Eline H.C. Kwekkenboom, Eleonora Disegna
Department of Cardiology, Thoraxcenter, Erasmus MC University Medical Center 
Rotterdam, Rotterdam, the Netherlands
Marjo J.A.G de Ronde-Tillmans, Nahid El Faquir, Nicolas M van Mieghem, Paul A. 
Cummins, Mattie J. Lenzen, Peter P.T. de Jaegere, Maarten P.H van Wiechen, Joris 
F.W. Ooms, Joost Daemen, Tom A.J. de Jager, Rutger-Jan Nuis, Herbert Kroon, 
Marcel L. Geleijnse, Felix Zijlstra
Galliera Hospital and University of Bari
Department of Geriatric Care, Orthogeriatrics and Rehabilitation, E.O. Galliera 
Hospital, Genoa, Italy and Department of Interdisciplinary Medicine, University 
of Bari, Italy
Alberto Pilotto

9



228 229

Dankwoord

DANKWOORD
Dankbaar, trots en gelukkig dat mijn proefschrift af is! Met de start als medisch 
specialist en een jong gezin waren de afgelopen jaren soms turbulent, dynamisch, 
heftig, maar altijd verrassend. Ik heb in de afgelopen jaren in een geweldig team 
mogen werken en me mogen omringen met fantastische mensen. Graag wil ik 
iedereen bedanken die me in de afgelopen jaren heeft geïnspireerd, gemotiveerd 
en gesteund op zowel professioneel als persoonlijk vlak.

Als eerste wil ik graag de patiënten bedanken die we binnen het TAVI Care & Cure 
programma hebben mogen behandelen. Door jullie ervaringen, verwachtingen en 
wensen kunnen we ons continue blijven verbeteren en dragen jullie bij aan nieuwe 
kennis en kunde binnen dit programma.

Daarnaast wil ik heel graag iedereen uit mijn promotieteam bedanken die van begin 
tot eind onmisbaar is geweest in het hele promotietraject.

Hooggeleerde professor dr. Mattace-Raso, lieve Francesco, als AIOS aan het eind 
van mijn opleiding kwam ik naar je toe omdat ik graag onderzoek wilde doen naar 
de patiënten die middels TAVI werden behandeld. Alsof het zo had moeten zijn 
was jij net samen met Peter de samenwerking gestart binnen het TAVI Care & 
Cure programma. Ik wil je graag bedanken voor alle tijd, steun en begeleiding in 
de afgelopen jaren als promotor, maar ook als collega en mentor. Dank je wel voor 
je motiverende en inspirerende gesprekken, dat je me de ruimte geeft om mijn 
eigen pad te zoeken en me daarbij soms ook een zijstap laat maken. “Horizontaal 
vooruit”, een prachtig begrip voor mij die recht vooruit soms een lastig concept 
vindt. Ik kijk uit naar de komende jaren van samenwerken.

Daarnaast wil ook mijn promotor professor dr. de Jaegere bedanken. Beste 
Peter, als er iemand ooit twijfelt aan samenwerking met de geriatrie kan ik geen 
beter persoon bedenken die de kracht en de waarde van de geriatrie met zoveel 
enthousiasme kan uitleggen. Jouw betrokkenheid en bevlogenheid heeft geleid 
tot deze fantastische samenwerking en ik ben trots om hier onderdeel van te zijn. 
Dank je wel voor je begeleiding, input, kritische blik en vragen. Jouw creativiteit is 
eindeloos en ik ben benieuwd naar welke projecten dat verder zal leiden. Heel veel 
dank voor de afgelopen jaren.

Mijn co-promotor, dr. Lenzen. Beste Mattie, in de afgelopen jaren ben jij een baken 
van rust geweest. In de stress van het promotietraject, wat zowel Marjo als ik 
hebben gecombineerd met onze klinische werkzaamheden, was jij er om ons 
gerust te stellen dat het echt allemaal goed zou komen. En het kwam ook goed! 
Dank je wel voor je begeleiding, je rustige, maar ook kritische blik. Jouw vertrouwen 
in het promotietraject heeft me echt gesteund, dank je wel.

Lieve Marjo, wat had ik zonder jou gemoeten in de afgelopen jaren? We hebben 
de afgelopen jaren zoveel samen gedaan: hard gewerkt, frustraties, lief en leed 
gedeeld, heel veel gelachen, maar ook gehuild, op congres geweest, wijntjes 
gedronken en gefantaseerd over onze Manolo’s. Ik ben zo ontzettend trots dat 
we nu samen op de dezelfde dag promoveren! Dank je wel lieve Marjo, voor deze 
hele bijzondere samenwerking. Ik wens je heel veel geluk toe.

Geachte leescommissie, professor dr. Kardys, professor dr. Emmelot-Vonk, 
professor dr. Peeters, hartelijk dank voor de bereidheid en tijd om dit proefschrift 
te lezen en te beoordelen en deel te nemen aan mijn commissie. Ook de overige 
leden van de commissie, professor dr. Burdorf, professor dr. van Mieghem en 
professor dr. van der Cammen wil ik hartelijk bedanken voor deelname aan mijn 
commissie.

In het bijzonder wil ik professor dr. van der Cammen bedanken. Lieve Tischa, 12 
jaar geleden ben ik met de opleiding begonnen met jou als opleider. Ik vind het 
ontzettend bijzonder en een eer dat jij nu deelneemt aan mijn commissie. Dank 
je wel voor je begeleiding, je inspiratie, je vertrouwen in en je passie voor ons vak. 
Je bent een geriater pur sang, een fijne opleider en collega en, ook al was het niet 
heel lang, een hele lieve buurvrouw!

Een groot deel van werkplezier wordt bepaald door het samenwerken met 
collega’s. Aan de collega’s van de interne: dank jullie wel voor de warme 
werkomgeving, een grote groep met experts, het is fijn om altijd bij jullie terecht 
te kunnen. Aan de collega’s van de interventiecardiologie: Nicolas, Joost en Rutger-
Jan, als ‘kleppen interventiecardiologen’ hoop ik op een verdere samenwerking 
binnen het programma. De mogelijkheden binnen de interventiecardiologie 
groeien, en hopelijk groeit onze samenwerking net zo hard mee. Aan de collega’s 
binnen de thoraxchirurgie: dank jullie wel voor de samenwerking, ook binnen 
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de patiëntengroep met klepproblematiek die geopereerd gaat worden ligt een 
belangrijke rol voor de geriater. Dank jullie wel voor de kans om dit aan jullie te laten 
zien. Aan alle AIOS waarmee ik in afgelopen jaren heb samengewerkt: dank jullie 
wel. Door jullie op te leiden leer ik zelf misschien nog wel het meest. Ik wens jullie 
heel veel succes en geluk toe in jullie verdere carrière. Aan alle masterstudenten 
die ik heb mogen begeleiden tijdens hun masteronderzoek: Ferhat, Eline, Kirscha, 
Louise, Fleur, Manon, Fleur en Laura: dank jullie wel voor jullie frisse blikken, zonder 
jullie was het volbrengen van dit proefschrift een stuk moeilijker geweest. Heel 
veel dank ook aan alle fellows van de interventiecardiologie voor de samenwerking 
binnen de database, patiëntenzorg en het hartteam. Jullie zijn een onmisbaar 
onderdeel van het TAVI Care & Cure programma. Heel veel succes in jullie verdere 
carrière!

In het bijzonder wil ik mijn collega’s van de sector geriatrie bedanken: Francesco, 
Rozemarijn, Christian, Bert, Harmke, Caroline, Madelon, Mirjam en Annette. Dank 
jullie wel voor de fijne samenwerking! Van AIOS tot onderdeel van de staf zijnde, 
ik heb me altijd welkom gevoeld. Ik kan niet wachten om te zien wat we met onze 
sector verder gaan bereiken!

Lieve Madelon, out of the box denken heeft met jou een hele nieuwe betekenis 
gekregen. Dank je wel voor je moedige overstap van de neonaten op de IC naar de 
ouderen in het ziekenhuis. In de afgelopen jaren zijn we terecht gekomen bij onze 
gezamenlijke interesse: geriatrische zorg binnen de cardiothoracale interventie en 
thoraxchirurgie. Ik ben heel benieuwd wat we samen verder nog gaan betekenen 
voor deze patiëntengroep. Dank je wel voor je positiviteit, je collegialiteit, voor je 
luisterend oor, voor je adviezen op welk vlak dan ook. Ik vind het heel bijzonder en 
een eer dat je op mijn promotie als paranymf naast me wil staan.

Lieve Aimee, we hebben elkaar leren kennen toen wij als twee piepjonge co-
assistenten begonnen met onze co-schappen in Tilburg. Vanaf daar zijn we samen 
ons masteronderzoek gestart onder begeleiding van Joop Janssen op het lab van 
Leo Hofland. Die periode was ook het begin van een mooie vriendschap. Ook al 
wonen we heel dichtbij, zien we elkaar lang niet zo veel als dat we zouden willen, 
de vriendschap blijft alsof hij nooit anders geweest is. Ik ben trots op jou hoe je 
altijd jezelf bent gebleven en wens je heel veel geluk toe met David en jullie meiden. 
Dank je wel dat je op deze bijzonderdere dag naast me staat.

Vriendschappen ontstaan door alle periodes van het hele leven heen. Met blijvende 
vriendschappen van de middelbare school, van de studie geneeskunde, de co-
schappen en nieuwe vriendschappen zoals de ouwe-saaie-lullen-club en de 
fantastische-vrouwen-van-de-ouwe-saaie-lullen-club voel ik me enorm gezegend. 
Dank jullie wel voor jullie vriendschap en liefde in welk stadium van het leven dan 
ook. Jullie zijn de slingers op mijn feestje!

Lieve familie, schoonfamilie en bonusfamilie, dank jullie wel dat jullie er geweest 
zijn op welke manier dan ook. Lieve Marianne en Ton, al meer dan 20 jaar zijn jullie 
mijn bonusfamilie. Dank jullie wel voor jullie betrokkenheid en steun in al die jaren.

Lennert, mijn lieve broer. Wat zou jij vandaag mega trots op mij geweest zijn. Ik 
mis je brede schouders en heerlijke lach nog elke dag.

Lieve Anne, mijn zusje. Met bewondering kijk ik hoe jij voor jezelf je eigen pad 
durft te kiezen en te bewandelen. Ik wens jou en jouw prachtige jongens heel veel 
geluk toe.

Lieve papa en mama, jullie advies is altijd geweest: ‘Je kan het altijd proberen, 
zolang je het niet probeert weet je niet wat wel en niet kan’. Dit heeft voor mij mijn 
hele leven het vertrouwen gegeven om het gewoon te proberen, ook al zou het 
niet lukken. Wat een krachtig gevoel van mogelijkheden heeft dit gegeven! Ik ben 
jullie heel dankbaar voor jullie onvoorwaardelijke liefde en steun en ben trots op 
de ouders die jullie zijn.

Lieve Maud en Jules. Van alles wat ik tot nu toe gedaan heb ben ik het meest 
trots op jullie. Lieve Maud, wat een prachtig mens ben je! Je bent lief, zorgzaam, 
een dierenvriend in hart en nieren en je hebt een fantastisch gevoel voor taal en 
woordgrappen. Om jou te zien genieten van het leven is het mooiste wat er is. Blijf 
je hart volgen, dan kom je overal. Lieve Jules, wat een bijzonder mens ben je! Stoer, 
sterk, behulpzaam, lief en ook nog eens een hele goede voetballer met tomeloze 
energie. Wat jouw pad ook gaat zijn, het wordt bijzonder! Lieve Maud en Jules, ik 
kijk uit naar alle mooie avonturen die we nog zullen beleven, jullie maken van mijn 
leven een feestje, ik hou van jullie.

Lieve Virgil, jij weet wat ik hier tegen jou zou zeggen en dat is genoeg. Al mijn later 
is met jou.
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