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Chapter 1

NORMAL AND ABNORMAL FUNCTiON OF THE AORTiC VALVE

The aortic valve forms the gate between the heart and systemic circulation. It needs to open 
and close properly to prevent hemodynamic obstruction and guarantee unidirectional blood 

these compartments during the cardiac cycle. The opening and closing properties rely on 

Aortic stenosis (AS) refers to a state in which the valve’s opening property is diminished. 
AS is one of the most prevalent valvular heart diseases in adults in the Western world 1 and 
is present in around 2.8% of people aged 75 years and older 2. It is a progressive condition 
predominantly of degenerative nature and mechanistically related to atherosclerosis 1-3. 

of this thesis. Risk factors for AS in adults include age, dyslipidemia, diabetes mellitus, 
hypertension and smoking, among others. Bicuspid aortic valve, a congenital abnormality 
in which one commissure is either absent or underdeveloped, is an important risk factor 
and is present in about 1-2% 1,2 of patients with AS. In contrast to degenerative or senile 
AS, bicuspid AS develops much earlier in life. In AS, obstruction at the level of the valve 

resulting in adverse remodeling and heart failure (Figure 1). In contrast, aortic regurgitation 

the heart 4. Aortic regurgitation (AR) shares certain risk factors with AS such as bicuspid 
aortic valve. In developing countries, rheumatic disease is the main cause of AR. In sporadic 

urgent intervention. AR mainly leads to volume overload which negatively impact LV 
function and inherently increase the risk of mortality and morbidity. The primary focus of 
this thesis is hemodynamic obstruction, i.e., stenosis, rather than regurgitation.
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Figure 1. 

Reproduced from Otto CM, Prendergast B. Aortic-valve stenosis - from patients at risk to severe valve obstruction. N Engl J Med. 

2014 Aug 21;371(8):744-56. doi: 10.1056/NEJMra1313875, Copyright Massachusetts Medical Society.

AORTiC VALVE REPLACEMENT

The indications for intervention on the aortic valve are based on hemodynamic severity of 
aortic valve disease, symptoms and LV function 5,6. The main idea is to intervene on the 
valve before other components of the heart are irreversibly damaged. After the onset of 
severe aortic valve disease, the prognosis rapidly deteriorates if no intervention is performed 7.  
Potential interventions can be divided into surgical and transcatheter aortic valve 

Hufnagel et al. in 1954 8

and the prosthetic heart valves have drastically improved. For the latter, a distinction is 

Surgical biological valves can be further subdivided into stented, stentless and sutureless 
bioprostheses. Homografts or pulmonary autografts, used in the Ross procedure, are 

9.  
SAVR can be performed through a full sternotomy or by using less invasive access routes, 
like upper hemi-sternotomy, right anterior or axillary thoracotomy (so-called mini-AVR). 
An even less invasive interventional alternative to SAVR, without the use of extra corporeal 

1
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et al. in 
2002 10. While this treatment was initially proposed for high-risk individuals, it is currently 
offered to patients across the entire range of surgical risk 5,6. In contemporary practice, way 
more TAVR than SAVR procedures are annually performed 11

interventions and prosthetic valves for individual patients is based on patient characteristics, 
prosthetic valve durability and, importantly, patient preference 5,6.

THE ROLE OF ECHOCARDiOGRAPHY iN AORTiC VALVE REPLACEMENT

Echocardiography plays a central role in the assessment of the performance of the aortic 
valve. It guides the indication for intervention on the native aortic valve as well as the 
evaluation of prosthetic heart valves, both after implantation and during follow-up. 

valvular performance was assessed via cardiac catheterization 12. Pioneers like Liv Hatle, 
Catherine Otto, and Jae Oh demonstrated that non-invasive estimation of hemodynamic 
parameters like the pressure gradient and the aortic valve area corresponded well to invasive 
catheterization measurements 13-16. To note, it is good to realize that current hemodynamic 

17. Several pragmatic 
assumptions are made to simplify the clinical assessments 18. For example, the behavior 

determine the transvalvular gradient.

Preoperative assessment
In preoperative care, the severity of AS is categorized as mild, moderate or severe using 
three primary echocardiographic parameters: the peak aortic jet velocity, the mean 
pressure gradient, and the aortic valve area 19. To measure these parameters, blood 
velocity during the cardiac cycle needs to be recorded at the level of the aortic valve 

(Figure 2). In addition, various physiological 
and geometrical assumptions are made for pragmatic reasons. Next to these primary 
parameters, many other exist 19, however, current international guidelines lack any 
recommendations for AVR based on them 5,6. In asymptomatic patients, the indication 
for intervention relies solely on echocardiography which underscores its pivotal role even 
more. The natural history of asymptomatic AS is not benign 20,21, and asymptomatic 

22,23.  
In a reasonable amount of patients, the primary echocardiographic parameters are 
discordant 24. The diagnosis of AS is challenging when the mean pressure gradient and 
aortic valve area depict different levels of disease severity. Even in case of preserved left 
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to improve the diagnosis of true severe AS 25. Many uncertainties remain regarding the 

24-26.

Figure 2. Echocardiographic evaluation of a normal and stenotic aortic valve. 

Reproduced from Otto CM, Prendergast B. Aortic-valve stenosis - from patients at risk to severe valve obstruction. N Engl J Med. 

2014 Aug 21;371(8):744-56. doi: 10.1056/NEJMra1313875, Copyright Massachusetts Medical Society.

1

Binnenwerk Bart - V4 - tekst groter.indd   13 29-01-2025   10:27



14

Chapter 1

Perioperative management
In perioperative care, echocardiography is used to assess the technical success of prosthetic 

is carefully evaluated since it is associated with worse outcomes 27

strategies or surgical approaches could affect hemodynamic outcomes such as paravalvular 

Postoperative assessment

some hemodynamic obstruction themselves 28,29. If there is considerable hemodynamic 
obstruction after an intervention, this is called prosthesis-patient mismatch (PPM). This 

indexed to body surface area (BSA) 30. PPM after AVR seems to be associated with increased 
mortality in most studies 31-33

appropriateness of the cut-offs and the validity of BSA indexation 34,35. Up to now, no other 

valve dysfunction due to PPM or paravalvular leak are categorized as non-structural valve 
deterioration 30,36 (Figure 3). The performance of prosthetic valves could also be hampered 
as a result of endocarditis, valve thrombosis, or structural valve deterioration (SVD). The 

30,36. 
Durability remains a major, if not the most important, concern for biological heart valves. 
To detect prosthetic degeneration early, preferably at times that redo surgery or valve-in-

proposed for hemodynamic SVD 30,36,37

theory and their accuracy and clinical utility have yet to be explored.
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Figure 3. Sources of bioprosthetic valve dysfunction.

Adopted from Capodanno D et al. EHJ 2017 with permission.

CHALLENGES iN ECHOCARDiOGRAPHiC iMAGiNG

Echocardiographic parameters are proxies for valvular performance, the underlying construct that we 
aim to measure, but they are also affected by physiological elements like LV function, vascular function 
and biological variability as well as non-physiological sources such as measurement error. These factors 
complicate the interpretation of valvular performance. Examples of challenging situations comprise 

to distinguishing valvular performance from other disturbing sources to improve the interpretation 
of echocardiography and aid clinical decision-making by cardiologists and cardio-thoracic surgeons 
concerning the native and bioprosthetic aortic valve. The main challenges regarding hemodynamic 
concepts in aortic valve replacement that are addressed in this thesis are summarized in Table 1.

Table 1. The main challenges addressed in this thesis regarding hemodynamic concepts in aortic valve replacement.

Aortic Valve Replacement Main challenge addressed in this thesis

 Preoperative assessment • The diagnosis of severe aortic stenosis in asymptomatic patients
• 

 Perioperative management • The surgical strategy to optimize hemodynamic performance
• The research methods to determine optimal surgical strategies

 Postoperative assessment • The prognostic value of prosthesis-patient mismatch and other parameters 
for residual hemodynamic obstruction

• The diagnosis of hemodynamic structural valve deterioration

1
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GENERAL OUTLiNE OF THE THESiS

The overall aim of this thesis is to improve the evaluation of the native and bioprosthetic 
valve by cardiologists and cardio-thoracic surgeons to optimize clinical management. This 
thesis is delineated in chronological order starting at the onset of native aortic valve disease 
via the implantation of the tissue valve to end with bioprosthetic valve degeneration. While 
the primary focus lies on the clinical content, special attention is paid to the application of 
various epidemiological methods for measurement error, causality, predictive analytics, 
missing data, and longitudinal data analysis.

Part I

aortic stenosis. In Chapter 2, the impact of measurement error in the echocardiographic 
assessment of AS severity is investigated in context of current thresholds for intervention 
in international guidelines 5,6. In Chapter 3 and 4, the accuracy and clinical utility 

that corroboration with other methods is essential 24-26. In Chapter 3, the robustness of 

echocardiographic stroke volume measurements and measurement error. In Chapter 4, 

valve area 25

 Chapter 5 describes the differences in echocardiographic 
assessment of the native and bioprosthetic valve between a central core laboratory and 
clinical centers.

Part II focusses on the role of interventional strategies and surgical approaches regarding 
hemodynamic performance of bioprosthetic valves. In Chapter 6, outcomes after minimally 
invasive procedures such as right anterior thoracotomy and hemisternotomy are compared 
to conventional sternotomy. In Chapter 7

Chapter 8 is a systematic 
review and meta-analysis on the same topic summarizing all available evidence. Chapter 9 
describes a step-by-step surgical tutorial of the implantation of a stentless aortic bioprosthesis. 
In Chapter 10, perioperative care differences of SAVR between North America and Europa 

have separate guidelines 5,6 but the extent of practical differences is unknown. Chapter 
11 zooms in on methodological practice of studies on the optimal interventional strategy. 

observational studies not only on aortic valve procedures but on cardiothoracic interventions 
in general.
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Part III addresses echocardiographic concepts in the postoperative phase. In Chapter 12, 
it is studied whether different postoperative echocardiographic parameters and the current 
thresholds for PPM 30 add prognostic value to a preoperative risk score for the prediction of 
all-cause mortality 5 years after SAVR. In Chapter 13, the reproducibility of the results 
of the previous study is examined in pooled data of three randomized controlled trials. 

targeted. Thereafter, the focus is shifted to the assessment of durability of bioprosthetic 
valves. In Chapter 14 30,36,37 
is investigated.

outline of future perspectives on hemodynamic performance of the native and bioprosthetic 
aortic valve which is detailed in Chapter 15. A summary in Dutch is provided in Chapter 16.

1
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Measurement Error in Echocardiographic Assessment of Aortic Stenosis Severity

ABSTRACT

Aims: The present guidelines advise replacing the aortic valve for individuals with severe 
aortic stenosis (AS) based on various echocardiographic parameters. Accurate measurements 

evaluation of the severity of aortic stenosis.

Methods and Results: A systematic review was performed to examine whether 
measurement errors are reported in studies focusing on the prognostic value of peak 
aortic jet velocity (Vmax)

in asymptomatic patients with aortic stenosis. Out of the 37 studies reviewed, 17 (46%) 
acknowledged the existence of measurement errors, but none of them utilized methods to 
address them. Secondly, the magnitude of potential errors was collected from available 
literature for use in clinical simulations. Interobserver variability ranged between 0.9-8.3% 
for Vmax and MPG but was higher for EOA (range 7.7-12.7%), indicating lower reliability. 

EOA by 23% compared to planimetry by other modalities. A clinical simulation resulted 

stenosis (AS) to moderate AS.

Conclusions: Measurement errors are underreported in studies on echocardiographic 

Clinicians and scientists should be aware of the implications for accurate clinical decision-
making and assuring research validity.

2

Binnenwerk Bart - V4 - tekst groter.indd   27 29-01-2025   10:27



28

Chapter 2

INTRODUCTiON

In the Western world, aortic stenosis (AS) is the most common primary valve disease and 

severity, clinicians depend primarily on the echocardiographic assessment, which includes 

is of particular importance in asymptomatic patients where the decision to intervene is 

are at higher risk for mortality (4-9), is recommended (10, 11). The current guidelines give 
a class IIa indication for intervention solely based on a peak aortic jet velocity (Vmax) of > 5 

are crucial. However, as with any measurement, the echocardiographic assessment of AS is 

measurement errors (2, 12), their effect on clinical practice and research outcomes is not yet 
fully understood. The objective of this study was threefold: 1) to examine the consideration 
of measurement error in echocardiography studies, 2) to determine the extent of different 
sources of measurement error, and 3) to simulate their effect on the present thresholds for 
intervention in patients with AS.

Box 1 

Measurement errors lead to a difference between observed and true values (13, 102), and can be 

random or systematic. Random measurement errors consist of a zero average and a constant variance. 

true value. In contrast, systematic measurement errors provide an observed variable that represents 
a biased variant of the true value thereby consistently leading to either over- or underestimation 

rather the target to be measured that one has in mind. An example of random measurement error in 
daily practice is for example, intraobserver or interobserver variability. Distinguishing these sources 
of variability from biological variation (e.g., due to circadian patterns) can be challenging.
The term measurement error sometimes receives a negative connotation, as it can be inferred 
that some kind of mistake has been made. In this paper, measurement error is viewed from an 

or an accepted reference (systematic). Hence, this manuscript is not a judgement of any author, 
clinician, or paper included in this manuscript, for it does not necessarily deal with human error.
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METHODS

Systematic review
The reporting and correction of measurement errors in prognostic studies on 
echocardiography in AS were analyzed through a systematic review. We limited the analysis 
to studies in asymptomatic patients, where the accuracy of the measurements is of paramount 
importance and to limit the extent of the review analysis. Furthermore, the review only 
included papers on the three primary parameters used by the European Association of 

Vmax

measurements to obtain these parameters are depicted in Figure 1.

Figure 1. 

The continuous-wave doppler is used to determine peak aortic jet velocity and mean transaortic pressure gradient derived from the 

doppler, and the LVOT diameter. All images are reproduced from Baumgartner et al. (103), with permission of Oxford University Press.

An electronic search in PubMed Central was performed on 03 September 2022. The complete 

Two independent researchers (BV and MV) reviewed all potentially eligible articles by 
title and summary, and then conducted full-text reviews. In the event of inconsistencies, a 
third researcher (RG) repeated the screening, and a joint agreement was reached after a 
consensus meeting. The recommendations of the EACVI and ASE for echocardiographic 
assessment of AS (2), for example averaging three or more heartbeats for patients in sinus 
rhythm, and even more in case of irregular rhythms which is a method to reduce random 
error, were considered as the norm and residual measurement error was studied. Reporting 
on random measurement error was acknowledged if an article provided 1) calculations of 

2
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models, likelihood methods and bias analysis were recognized as correction methods (see 
Keogh et al. and Van Smeden et. al for more detailed examples (12, 13)).

Insights into the magnitude of erroneous sources
Potential erroneous sources for Vmax, MPG, and EOA have been reported before, in 

as random and systematic measurement errors, are summarized in Table 1. In a scoping 
approach, information was gathered to provide  insights into the magnitude of all 

guidelines (2), the European and American guidelines on the management of valvular heart 
disease (10, 11), consensus statements (14), the studies included in our systematic review, and 

would serve as input for the simulations of the impact of measurement error which is outlined 

Table 1. Overview of potential erroneous sources in the echocardiographic assessment of aortic stenosis severity.

Random measurement error Systematic measurement error

Vmax • Alignment CWD
• Tracing the CWD derived VTIAV

• Flow dependency*
• Recording of eccentric MR jet

MPG • Alignment CWD
• Tracing the CWD derived VTIAV

• Flow dependency*
• Recording of eccentric MR jet
• Neglect of proximal velocity
• Instantaneous vs. peak-to-peak pressure difference
• Pressure recovery

EOA • Alignment CWD
• Tracing the CWD derived VTIAV

• Alignment PWD
• Tracing the PWD derived VTILVOT

• LVOT diameter

• Flow dependency*
• Circular vs. elliptical CSALVOT

• 

* Flow dependency causes either underestimation (in case of reduced left ventricular function, regional wall motion abnormalities, concentric 

pressure gradient, MR; mitral regurgitation, PWD; pulsed wave Doppler, Vmax; peak aortic jet velocity, VTI; velocity-time integral.

Impact of measurement error on current thresholds for intervention
The impact of measurement error was simulated based on echocardiographic indications 

on valvular heart disease management (10, 11). We focused on interobserver variability 

area in 2-dimensional transthoracic echocardiography (2D-TTE) as a potential source of 
systematic measurement error. For the simulations, the IOV was set to values reported in 

max, and 13% in EOA, as the IOV described in 
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impact of assuming a circular LVOT shape was simulated using the median underestimation 
by 2D-TTE as compared to 3-dimensional transesophageal echocardiography (3D-TEE), 
computed tomography (CT), and cardiovascular magnetic resonance (CMR) planimetry 
reported in literature. By projecting this median underestimation on a hypothetical cohort 

The EOAs of this cohort were based on a normal distribution using the mean and standard 
deviation of the surgical arm of the PARTNER 3 trial (15, 16). Data analysis and visualization 
were performed using R software, version 3.6.3 (R Foundation for Statistical Computing, 
Vienna, Austria, www.r-project.org). No original patient data were used in the simulations, 

RESULTS

Systematic review
The initial search gave 203 articles of which 166 were excluded after a two-step screening 
approach (Figure S1). Eleven studies reported on Vmax (8, 9, 17-25), six on MPG (6, 26-30), 
seven on EOA (31-37), and thirteen on multiple primary parameters (5, 7, 38-48). When 
all studies were pooled, any mention of error in measurement was made in less than half 
of the included studies (46%), with random measurement error (41%) more prevalent than 
systematic error (19%, Table 2). The studies on EOA discussed measurement error most 

Intraobserver or interobserver variability was most often described as the cause of random 
measurement errors. There was no correction for measurement error in all the studies 
included, even in studies that reported systematic measurement errors.

Table 2. Reporting of measurement error in studies on echocardiographic assessment of aortic stenosis severity.

Vmax

n = 11
MPG
n = 6

EOA
n = 7

Combination
n = 13

Total
n = 37

Random measurement error 4 (36%) 0 (0%) 4 (57%) 7 (54%) 15 (41%)

Systematic measurement error 0 (0%) 1 (17%) 4 (57%) 2 (15%) 7 (19%)

Any measurement error 4 (36%) 1 (17%) 5 (71%) 7 (54%) 17 (46%)

Cells represent the number of studies (percentage). Note that the numbers do not necessarily add up because the numbers are expressed by study 

2

Binnenwerk Bart - V4 - tekst groter.indd   31 29-01-2025   10:27



32

Chapter 2

Insights into the magnitude of erroneous sources
Peak aortic jet velocity (Vmax)

Vmax is measured directly from the velocities across the aortic valve obtained via continuous-
wave Doppler (CWD) (2). The highest value of measurements from different acoustic windows 
is determined. Doppler interrogation with windows outside of apical position is important since 
the highest velocity is often obtained from the right parasternal window (49, 50), however, this 
window is only used in 52% (51).

the aortic jet, or in measuring data, i.e., selecting the peak of the velocity curve (2, 14). In 
addition, a combination of the previously mentioned errors can result in random variation 
on observer level. In literature, intraobserver and interobserver variability ranged from 
0-4% (2, 38, 41, 52-55) and 0.9-8.3% (2, 18, 45, 52, 53, 55-57), respectively. In Table S2, a 
complete overview is provided.

. By averaging the instantaneous gradients over the ejection time, 
using the velocity-time integral across the aortic valve (VTIAV), the MPG is derived (2). Since 
the CWD is used for calculating MPG and Vmax, the potential sources for measurement 

Intraobserver and interobserver variability in literature ranged from 2.5-10.7% (38, 41, 53) 
and 3.9-7.0% (53, 56, 58), respectively (Table S2).

patients with hypertrophic cardiomyopathy or other types of subvalvular narrowing (2, 14, 
59). Another source of overestimation of Doppler-derived MPG compared to catheterization 
measurements is due to the concept of pressure recovery (PR). PR is the hemodynamic 
phenomenon where beyond a narrowed area (the valve), kinetic energy (velocity) can be 
converted to potential energy (pressure) due to deceleration of blood (60). Recovery occurs 

Niederberger and colleagues found constant overestimation of Doppler gradients with 
differences up to 66 mmHg in patients with a small aortic diameter of 1.8 cm (61). In a 
clinical study, Baumgartner et al. observed an average overestimation of MPG of 11 mmHg 
(20%) due to PR (62). In larger studies comprising 697 and 1563 patients, comparable 
overestimations ranging from 14-26% were observed (63, 64). Overestimation due to PR 
increased with smaller aortic diameters in all studies, especially when proximal aortic 
dimensions were below 3.0-3.5 cm (62-64).
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. The continuity 

LVOT, the CWD-derived 
VTIAV, and the LVOT diameter functioning as an argument to calculate the cross-sectional 

. Like the CWD, potential errors exist 
in PWD alignment and VTILVOT tracing (2, 14). Intraobserver and interobserver variability 
ranged from 1.1-5.0% (41, 53, 65-69) and 7.67-12.7% (53, 65, 66, 70), respectively (Table S2).

errors can occur on one hand. On the other hand, assuming a circular geometry of the 

observed (2, 14, 71). The anteroposterior diameter, which is measured by 2D-TTE, often 

2D-TTE as summarized in Table 3 (65, 72-78). Median underestimation 2D-TTE was 20%, 
28%, and 22% compared to 3D-TEE (72-76), CT (72, 73, 75-77), and CMR planimetry (65, 
78), respectively. The maximum reported underestimation was 46% (75).

LVOT (2). In accordance, the 
VTIAV

by Donati et al.

impact on the ratio VTILVOT AV. To our knowledge, literature is absent on the impact 

2
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Table 3. 

2D-TTE vs. 3D-TEE planimetry

Study Mean underestimation EOA

Norum et al. 2020 8% 0.7 ± 0.2 cm2

Teixeira et al. 2017 17% 0.62 ± 0.20 cm2

Mehrotra et al. 2015 15% 0.6 ± 0.13 cm2

Stähli et al. 2014 39% 0.48 ± 0.04 cm2 *

Ng et al. 2010 21% § 0.69 ± 0.18 cm2

2D-TTE vs. CT planimetry

Study Mean underestimation EOA

Norum et al. 2020 29% 0.7 ± 0.2 cm2

Teixeira et al. 2017 24% 0.62 ± 0.20 cm2

Stähli et al. 2014 46% 0.48 ± 0.04 cm2 *

 Gaspar et al. 2012 15% 0.92 ± 0.44 cm2

Ng et al. 2010 26% § 0.69 ± 0.18 cm2

2D-TTE vs. CMR planimetry

Study Mean underestimation EOA

Maes et al. 2017 24% 0.76 ± 0.17 cm2 *

Garcia et al. 2011 20% 1.53 ± 0.67 cm2

study. § These studies used 2-dimensional TEE instead of TTE. EOA is presented as mean ± standard deviation calculated by the continuity 

Impact of measurement error on current thresholds for intervention
Random measurement error

a Vmax
2. The impact of interobserver 

variability when these cut-off values are observed, is shown in Figure 2. For example, when 
one measures an EOA of 1.0 cm2, the true EOA could well be in the range between 0.8 and 
1.2 cm2, or even more extreme (2b). The uncertainty around Vmax is much smaller (2a) due 
to lower IOV (as the x-axes represent similar ranges). When one observes an EOA of 0.84 
cm2, there is a 10% chance (probability of 0.1) that the true EOA is greater than 1.0 cm2 
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Figure 2. The impact of interobserver variability on observed echocardiographic values.

Panels 2a-b present the uncertainty due to interobserver variability around cut-off values for severe aortic stenosis in the guidelines (10, 11) 

true value higher than 1.0 cm2 due to interobserver variability is plotted here for patients 

(solid dark blue line) cm2. For the patients with an observed EOA of 0.7 cm2, their value is 
not close to the cut-off separating severe from moderate AS, and an IOV of less than 15% 

2, the same 15% 

2
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Figure 3. 

The latest guidelines (10, 11) introduced a new class IIa indication for intervention when 

max both of which 
may be affected by random measurement error such as IOV. This impact is shown in Figure 

in 6.5%, indicating unjustly withholding of intervention in 1 in 16 patients due to IOV.
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Figure 4. Impact of interobserver variability on annual increase in peak aortic jet velocity

The red lines show the distribution of true annual increase in peak aortic jet velocity when a 0 m/s/year increase is observed. The 

intervention) who are not detected due to interobserver variability.

Systematic measurement error

In literature, the median underestimation of the LVOT area by 2D-TTE as compared 
to all other modalities was 22.5% (Table 3). The impact of this underestimation on the 

by 2D-TTE (solid dark blue line), and by planimetry of the LVOT area (interrupted red line), 
of a hypothetical cohort of patients based on the PARTNER 3 trial (15, 16). The proportion 
with non-severe AS increased by 42% when the LVOT area is measured by planimetry (48% 
compared to 6% by 2D-TTE).

2
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Figure 5. 

interrupted red line illustrates the EOA distribution of the same patients if the LVOT area is measured by CT, CMR, or 3D-TEE 

planimetry. The areas under the curve show the number of patients with non-severe AS. An increase in patients of 42% is observed 

when EOA is measured by planimetry. AS; Aortic stenosis, CT; Computed tomography, CMR; Cardiovascular magnetic resonance, 

echocardiography, 3D-TEE; 3-dimensional transesophageal echocardiography.

DiSCUSSiON

This study showed that the potential of measurement errors in echocardiographic assessment 
of AS severity is underreported in literature. It also detailed mechanisms and magnitudes 
of random and systematic errors, including subgroups of patients prone to AS severity 

The European and American guidelines on valvular heart disease management have 
broadened recommendations for aortic valve interventions in AS patients based solely 
on abnormal echocardiographic parameters (10, 11). Both guidelines include indications 
for asymptomatic patients with severe AS. Furthermore, thresholds for intervention in 
asymptomatic patients with severe AS and LV dysfunction are lowered from an ejection 
fraction below 50% to 55% (11). Besides, patients with discordant primary parameters, for 

for aortic valve replacement (10, 11). With these expanding echocardiography-based 
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recommendations, it is crucial to acknowledge the presence and magnitude of measurement 

importantly, interventions on unjustly indicated patients must be avoided.

The 46% consideration of measurement error found in this study, was identical to its 
reporting in high-impact journals (80). Brakenhoff and colleagues stated that in most articles 

data support. Our experience is similar, apart from calculations of observer agreement, as the 
impact of errors was only vaguely addressed and phrased like ‘we must take measurement error 
into account’, without further explanation (21).

cut-off values for severe AS demonstrated in several studies (81-83). In a large group of AS 
patients with preserved ejection fraction, Minners et al. (81) found that 30% had an EOA < 
1 cm2 despite a MPG < 40 mmHg. In that study, a MPG of 40 mmHg corresponded to an 
EOA of 0.75 cm2. However, when correcting for systematic underestimation by the continuity 

2

factors, such as low stroke volume, also contribute to this discrepancy (81).

Interestingly, Mehrotra et al. (74) found that the underestimation of the LVOT area by TTE 
compared to CT was more profound in patients with severe AS than in controls (20% vs. 
12%). They hypothesized that pressure overload caused by AS induces LV remodeling, 

expand during systole (74). This would mean that a decrease in EOA leads to less LVOT 

mean EOA was shown next to the underestimation rates to investigate this hypothesis. 

topic is of interest, as different EOA cut-off values will be needed when underestimation of 
the LVOT area is truly dependent on patient features such as AS severity. The potential 
utilization of 3D-TTE for optimizing LVOT measurements presents an attractive alternative 
to invasive methods such as TEE, contrast-enhanced CT, or CMR. However, the feasibility 

The severity thresholds for aortic stenosis were selected based on their link with clinical 
outcomes. Therefore, studies on the prognostic implications of systematic measurement errors 
would be valuable to clinical practice. Unfortunately, these are rare. Clavel et al. performed 
a head-to-head LVOT comparison and AVA recalculation by CT vs. echocardiography and 
found no superiority of CT, just a higher threshold of 1.2 cm2 that was associated with poor 

AS severity in our simulation would be diminished.

2
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We have not yet discussed a potential source of systematic measurement error that could 

varies between and within patients. Flow dependency could either lead to overestimation of 

failure, regional wall motion abnormalities, concentric LV hypertrophy, mitral regurgitation, 

individuals (95, 96) and patients with severe aortic stenosis (97, 98). This limitation could 

patient mismatch after AVR (97, 98).

Echocardiographic parameters play a crucial role in clinical practice by aiding in diagnosis 
and prognosis, relying on accurate measurement and true associations. Precision in 
measurement is vital for treatment decision-making in individual patients. Among the 
primary parameters explored in this review, Vmax demonstrated the least variability 

max max) are more 

LVOT obstruction. Recent studies highlight the importance of focusing on myocardial 
parameters and incorporating multimodality imaging (99). These advancements show 
promise, but further research is necessary to optimize diagnostic processes and determine 
the ideal intervention threshold for AS patients.

The measurement methods utilized in routine clinical practice are mostly comparable to those 
used in the studies that serve as the basis for guidelines, and they likely exhibit similar degrees 
of measurement error. Therefore, current cut-off values should be correct, even though 
the observed values might not be the true values. A problem arises though if measurement 

especially when an echocardiographic observation is close to the cut-off value. Assessment can 
be repeated (after a short time) reducing the impact of random errors, but not that of systematic 
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errors. Moreover, a combination of parameters should be considered, not only hemodynamic 

advised in the guidelines (10, 11). Clinicians should recognize differential systematic measurement 

aortic regurgitation, or anemia. Such sources of error must be minimized to accurately classify 
patients. If this is not possible, observed values should be carefully interpreted.

relationships, including randomized controlled trials (100, 101). Its presence can lead to 
over- and underestimation of the true exposure-outcome relationship, even in case of random 
measurement error because statistical assessment depends on sampling variability (12, 13). 
Echocardiographic assessments at baseline or during follow-up can be repeated (in a short 
time) to enhance the credibility of obtained values. If continuous echocardiographic values 

therefore improperly treated. To reduce measurement errors, researchers must identify, 
assess, and correct them. Reporting errors is crucial, and collaborating with epidemiologists 
or statisticians can improve research validity, especially since many clinical researchers may 

Limitations

more precisely in clinical research than in routine daily practice. Therefore, the results of the 
magnitude of erroneous sources in this study could be conservative. Second, reporting certain 

S2). As both intraobserver and interobserver variability are random measurement errors, 
the reported percentages were therefore interpreted as distributed around the observed 

random or systematic measurement error was present. In daily clinical practice, the sum 
of all errors together determines whether the observed echocardiographic parameters are 
reliable and unbiased.

CONCLUSiONS

With expanding recommendations for intervention on abnormal echocardiographic 
parameters, understanding the various sources of measurement errors in assessing AS 
and how to handle them is crucial. This will improve clinical decision-making and ensure 
research validity. We (re-)encourage clinicians and researchers to not rely exclusively on 
(single) echocardiographic parameters for the diagnosis of severe AS.

Acknowledgements: We thank dr. Jae K. Oh and dr. Howard C. Herrmann for reviewing 
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2

Binnenwerk Bart - V4 - tekst groter.indd   41 29-01-2025   10:27



42

Chapter 2

REFERENCES

Diagnostic Approaches, and Therapeutic Strategies for Patients With Asymptomatic Severe Aortic 

2. Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, Goldstein S, et al. Recommendations 
on the Echocardiographic Assessment of Aortic Valve Stenosis: A Focused Update from the European 
Association of Cardiovascular Imaging and the American Society of Echocardiography. J Am Soc 

3. Gahl B, Çelik M, Head SJ, Vanoverschelde JL, Pibarot P, Reardon MJ, et al. Natural History of 
Asymptomatic Severe Aortic Stenosis and the Association of Early Intervention With Outcomes: A 

4. Lancellotti P, Magne J, Dulgheru R, Clavel MA, Donal E, Vannan MA, et al. Outcomes of 
Patients With Asymptomatic Aortic Stenosis Followed Up in Heart Valve Clinics. JAMA Cardiol. 

5. Rosenhek R, Binder T, Porenta G, Lang I, Christ G, Schemper M, et al. Predictors of outcome in 

6. Bohbot Y, Kowalski C, Rusinaru D, Ringle A, Marechaux S, Tribouilloy C. Impact of Mean 
Transaortic Pressure Gradient on Long-Term Outcome in Patients With Severe Aortic Stenosis and 

7. Otto CM, Burwash IG, Legget ME, Munt BI, Fujioka M, Healy NL, et al. Prospective study of 
asymptomatic valvular aortic stenosis. Clinical, echocardiographic, and exercise predictors of outcome. 

8. Nishimura S, Izumi C, Nishiga M, Amano M, Imamura S, Onishi N, et al. Predictors of Rapid 

in asymptomatic moderate to severe aortic stenosis: the importance of the valvular, arterial and 

Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American 

Guidelines for the management of valvular heart disease. Eur Heart J. 2021.

13. Keogh RH, Shaw PA, Gustafson P, Carroll RJ, Deffner V, Dodd KW, et al. STRATOS guidance 

14. Hagendorff A, Knebel F, Helfen A, Knierim J, Sinning C, Stöbe S, et al. Expert consensus document 
on the assessment of the severity of aortic valve stenosis by echocardiography to provide diagnostic 

15. Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo M, et al. Transcatheter Aortic-
Valve Replacement with a Balloon-Expandable Valve in Low-Risk Patients. N Engl J Med. 

Binnenwerk Bart - V4 - tekst groter.indd   42 29-01-2025   10:27



43

Measurement Error in Echocardiographic Assessment of Aortic Stenosis Severity

16. Pibarot P, Salaun E, Dahou A, Avenatti E, Guzzetti E, Annabi MS, et al. Echocardiographic Results 
of Transcatheter Versus Surgical Aortic Valve Replacement in Low-Risk Patients: The PARTNER 

17. Pellikka PA, Sarano ME, Nishimura RA, Malouf JF, Bailey KR, Scott CG, et al. Outcome of 622 

18. Nistri S, Faggiano P, Olivotto I, Papesso B, Bordonali T, Vescovo G, et al. Hemodynamic progression 

by conventional echocardiography of patients with aortic stenosis: the “CAIMAN-ECHO score”. 

20. van der Linde D, Andrinopoulou ER, Oechslin EN, Budts W, van Dijk AP, Pieper PG, et al. 
Congenital valvular aortic stenosis in young adults: predictors for rate of progression of stenosis and 

21. Nakatsuma K, Taniguchi T, Morimoto T, Shiomi H, Ando K, Kanamori N, et al. Prognostic Impact 
of Peak Aortic Jet Velocity in Conservatively Managed Patients With Severe Aortic Stenosis: An 

22. Everett RJ, Tastet L, Clavel MA, Chin CWL, Capoulade R, Vassiliou VS, et al. Progression of 
Hypertrophy and Myocardial Fibrosis in Aortic Stenosis: A Multicenter Cardiac Magnetic Resonance 

23. Taniguchi T, Morimoto T, Shiomi H, Ando K, Kanamori N, Murata K, et al. Sudden Death in 
Patients With Severe Aortic Stenosis: Observations From the CURRENT AS Registry. J Am Heart 

24. Minners J, Rossebo A, Chambers JB, Gohlke-Baerwolf C, Neumann FJ, Wachtell K, et al. Sudden 

25. Benfari G, Nistri S, Marin F, Cerrito LF, Maritan L, Tafciu E, et al. Excess Mortality Associated with 

26. Archer SL, Mike DK, Hetland MB, Kostamo KL, Shafer RB, Chesler E. Usefulness of mean aortic 

27. Maes F, Boulif J, Piérard S, de Meester C, Melchior J, Gerber B, et al. Natural history of paradoxical 

28. Izumo M, Takeuchi M, Seo Y, Yamashita E, Suzuki K, Ishizu T, et al. Prognostic implications in 
patients with symptomatic aortic stenosis and preserved ejection fraction: Japanese multicenter aortic 

29. Delesalle G, Bohbot Y, Rusinaru D, Delpierre Q, Maréchaux S, Tribouilloy C. Characteristics and 
Prognosis of Patients With Moderate Aortic Stenosis and Preserved Left Ventricular Ejection Fraction. 

30. Chan DCS, Singh A, Greenwood JP, Dawson DK, Lang CC, Berry C, et al. Effect of the 2017 

31. Dalsgaard M, Kjaergaard J, Pecini R, Iversen KK, Kober L, Moller JE, et al. Predictors of exercise 

32. Saito T, Muro T, Takeda H, Hyodo E, Ehara S, Nakamura Y, et al. Prognostic value of aortic valve 

2

Binnenwerk Bart - V4 - tekst groter.indd   43 29-01-2025   10:27



44

Chapter 2

33. Maréchaux S, Ringle A, Rusinaru D, Debry N, Bohbot Y, Tribouilloy C. Prognostic Value of Aortic 
Valve Area by Doppler Echocardiography in Patients With Severe Asymptomatic Aortic Stenosis. J 

34. Tribouilloy C, Bohbot Y, Maréchaux S, Debry N, Delpierre Q, Peltier M, et al. Outcome Implication 
of Aortic Valve Area Normalized to Body Size in Asymptomatic Aortic Stenosis. Circ Cardiovasc 

35. Nabeshima Y, Nagata Y, Negishi K, Seo Y, Ishizu T, Sato K, et al. Direct Comparison of Severity 
Grading Assessed by Two-Dimensional, Three-Dimensional, and Doppler Echocardiography for 

e3.

36. Kanamori N, Taniguchi T, Morimoto T, Watanabe H, Shiomi H, Ando K, et al. Prognostic Impact 
of Aortic Valve Area in Conservatively Managed Patients With Asymptomatic Severe Aortic Stenosis 

37. Yoshida H, Seo Y, Ishizu T, Izumo M, Akashi YJ, Yamashita E, et al. Prognostic Value of Energy 

38. Takeda S, Rimington H, Chambers J. Prediction of symptom-onset in aortic stenosis: a comparison 

discussion 8-9.

39. Lancellotti P, Lebois F, Simon M, Tombeux C, Chauvel C, Pierard LA. Prognostic importance of 

40. Hristova-Antova E, Georgievska-Ismail L, Srbinovska E, Spiroska V, Hristova-Dimceva A, Zanteva-
Naumoska M. Annual rate of progression of aortic-jet velocity and survival in cases of severe 

41. Monin JL, Lancellotti P, Monchi M, Lim P, Weiss E, Piérard L, et al. Risk score for predicting outcome 

42. Kitai T, Honda S, Okada Y, Tani T, Kim K, Kaji S, et al. Clinical outcomes in non-surgically managed 

43. Banovic M, Brkovic V, Vujisic-Tesic B, Nedeljkovic I, Trifunovic D, Ristic A, et al. Valvulo-arterial 
impedance is the best mortality predictor in asymptomatic aortic stenosis patients. J Heart Valve Dis. 

the Prognosis of Octogenarians with Aortic Stenosis in the Advanced Aging Societies. Intern Med. 

45. Bahler RC, Hawi R, Rovner A, Finkelhor RS, Thomas CL, Dawson NV. Predicting Outcomes in 

46. George SA, Prisco S, Onizuka T, Ortiz F, Malik U, Mbai M, et al. An Observational Study of Elderly 

47. Kandels J, Tayal B, Hagendorff A, Lavall D, Laufs U, Sogaard P, et al. “Pure” severe aortic stenosis 
without concomitant valvular heart diseases: echocardiographic and pathophysiological features. Int 

48. Rosenhek R, Zilberszac R, Schemper M, Czerny M, Mundigler G, Graf S, et al. Natural history of 

Binnenwerk Bart - V4 - tekst groter.indd   44 29-01-2025   10:27



45

Measurement Error in Echocardiographic Assessment of Aortic Stenosis Severity

49. Thaden JJ, Nkomo VT, Lee KJ, Oh JK. Doppler Imaging in Aortic Stenosis: The Importance of 
the Nonapical Imaging Windows to Determine Severity in a Contemporary Cohort. J Am Soc 

50. Benfari G, Mantovani F, Romero-Brufau S, Setti M, Rossi A, Ribichini FL, et al. The right parasternal 
window: when Doppler-beam alignment may be life-saving in patients with aortic valve stenosis. J 

51. Michalski B, Dweck MR, Marsan NA, Cameli M, D’Andrea A, Carvalho RF, et al. The evaluation 
of aortic stenosis, how the new guidelines are implemented across Europe: a survey by EACVI. Eur 

52. Sacchi S, Dhutia NM, Shun-Shin MJ, Zolgharni M, Sutaria N, Francis DP, et al. Doppler assessment 
of aortic stenosis: a 25-operator study demonstrating why reading the peak velocity is superior to 

53. Moura LM, Ramos SF, Pinto FJ, Barros IM, Rocha-Gonçalves F. Analysis of variability and 
reproducibility of echocardiography measurements in valvular aortic valve stenosis. Rev Port Cardiol. 

54. Otto CM, Pearlman AS, Gardner CL. Hemodynamic progression of aortic stenosis in adults assessed 

55. Otto CM, Pearlman AS, Kraft CD, Miyake-Hull CY, Burwash IG, Gardner CJ. Physiologic changes 
with maximal exercise in asymptomatic valvular aortic stenosis assessed by Doppler echocardiography. 

56. Geibel A, Görnandt L, Kasper W, Bubenheimer P. Reproducibility of Doppler echocardiographic 

57. Bouchard A, Blumlein S, Schiller NB, Schlitt S, Byrd BF, 3rd, Ports T, et al. Measurement of left 
ventricular stroke volume using continuous wave Doppler echocardiography of the ascending aorta 

58. Krafchek J, Robertson JH, Radford M, Adams D, Kisslo J. A reconsideration of Doppler assessed 

60. Herrmann HC, Laskey WK. Pressure loss recovery in aortic valve stenosis: Contemporary relevance. 
Catheter Cardiovasc Interv. 2021.

61. Niederberger J, Schima H, Maurer G, Baumgartner H. Importance of pressure recovery for the 
assessment of aortic stenosis by Doppler ultrasound. Role of aortic size, aortic valve area, and direction 

62. Baumgartner H, Stefenelli T, Niederberger J, Schima H, Maurer G. “Overestimation” of catheter 
gradients by Doppler ultrasound in patients with aortic stenosis: a predictable manifestation of pressure 

63. Bahlmann E, Cramariuc D, Gerdts E, Gohlke-Baerwolf C, Nienaber CA, Eriksen E, et al. Impact of 
pressure recovery on echocardiographic assessment of asymptomatic aortic stenosis: a SEAS substudy. 

Adjustment in Patients with Predominantly Severe Aortic Stenosis: Asian Valve Registry Data. J Am 

2

Binnenwerk Bart - V4 - tekst groter.indd   45 29-01-2025   10:27



46

Chapter 2

65. Garcia J, Kadem L, Larose E, Clavel MA, Pibarot P. Comparison between cardiovascular magnetic 

assessment: multidetector CT compared with cine MR imaging and transthoracic and transesophageal 

67. Veyrat C, Gourtchiglouian C, Dumora P, Abitbol G, Sainte Beuve D, Kalmanson D. A new 
non-invasive estimation of the stenotic aortic valve area by pulsed Doppler mapping. Br Heart J. 

69. Warth DC, Stewart WJ, Block PC, Weyman AE. A new method to calculate aortic valve area without 

70. Bowman LK, Cranney GB, Hopkins AP, Wicks J, Walsh WF. Doppler echocardiographic 

72. Norum IB, Edvardsen T, Ruddox V, Gunther A, Dahle G, Otterstad JE. Three-dimensional versus 

in severe aortic stenosis. A cross-sectional study using computer tomography and Haegar sizers as 

74. Mehrotra P, Flynn AW, Jansen K, Tan TC, Mak G, Julien HM, et al. Differential left ventricular 

75. Stähli BE, Abouelnour A, Nguyen TD, Vecchiati A, Maier W, Lüscher TF, et al. Impact of three-
dimensional imaging and pressure recovery on echocardiographic evaluation of severe aortic stenosis: 

76. Ng AC, Delgado V, van der Kley F, Shanks M, van de Veire NR, Bertini M, et al. Comparison of 
aortic root dimensions and geometries before and after transcatheter aortic valve implantation by 
2- and 3-dimensional transesophageal echocardiography and multislice computed tomography. Circ 

77. Gaspar T, Adawi S, Sachner R, Asmer I, Ganaeem M, Rubinshtein R, et al. Three-dimensional 

78. Maes F, Pierard S, de Meester C, Boulif J, Amzulescu M, Vancraeynest D, et al. Impact of left 

79. Donati F, Myerson S, Bissell MM, Smith NP, Neubauer S, Monaghan MJ, et al. Beyond Bernoulli: 
Improving the Accuracy and Precision of Noninvasive Estimation of Peak Pressure Drops. Circ 

80. Brakenhoff TB, Mitroiu M, Keogh RH, Moons KGM, Groenwold RHH, van Smeden M. 
Measurement error is often neglected in medical literature: a systematic review. J Clin Epidemiol. 

Binnenwerk Bart - V4 - tekst groter.indd   46 29-01-2025   10:27



47

Measurement Error in Echocardiographic Assessment of Aortic Stenosis Severity

81. Minners J, Allgeier M, Gohlke-Baerwolf C, Kienzle RP, Neumann FJ, Jander N. Inconsistencies of 

82. Minners J, Allgeier M, Gohlke-Baerwolf C, Kienzle RP, Neumann FJ, Jander N. Inconsistent grading 
of aortic valve stenosis by current guidelines: haemodynamic studies in patients with apparently normal 

83. Castel AL, Maréchaux S, Laaouaj J, Rusinaru D, Levy F, Tribouilloy C. Relationship between 
cutoff values of peak aortic valve velocity and those of other Doppler echocardiographic parameters 

area calculation in aortic stenosis by CT and Doppler echocardiography. JACC Cardiovasc Imaging. 

85. Garcia D, Pibarot P, Landry C, Allard A, Chayer B, Dumesnil JG, et al. Estimation of aortic valve 

86. Kadem L, Rieu R, Dumesnil JG, Durand LG, Pibarot P. Flow-dependent changes in Doppler-derived 

87. Burwash IG, Forbes AD, Sadahiro M, Verrier ED, Pearlman AS, Thomas R, et al. Echocardiographic 

88. Burwash IG, Thomas DD, Sadahiro M, Pearlman AS, Verrier ED, Thomas R, et al. Dependence 

89. Burwash IG, Pearlman AS, Kraft CD, Miyake-Hull C, Healy NL, Otto CM. Flow dependence of 

90. Bermejo J, Antoranz JC, García-Fernández MA, Moreno MM, Delcán JL. Flow dynamics of stenotic 

91. Schwammenthal E, Vered Z, Moshkowitz Y, Rabinowitz B, Ziskind Z, Smolinski AK, et al. 
Dobutamine echocardiography in patients with aortic stenosis and left ventricular dysfunction: 

93. Metivier F, Marchais SJ, Guerin AP, Pannier B, London GM. Pathophysiology of anaemia: focus on 

94. Gertz ZM, Raina A, O’Donnell W, McCauley BD, Shellenberger C, Kolansky DM, et al. Comparison 
of invasive and noninvasive assessment of aortic stenosis severity in the elderly. Circ Cardiovasc Interv. 

95. de Simone G, Devereux RB, Daniels SR, Mureddu G, Roman MJ, Kimball TR, et al. Stroke volume 
and cardiac output in normotensive children and adults. Assessment of relations with body size and 

96. Tanner JM. Fallacy of per-weight and per-surface area standards, and their relation to spurious 

97. Vriesendorp MD, Groenwold RHH, Herrmann HC, Head SJ, De Lind Van Wijngaarden RAF, 
Vriesendorp PA, et al. The Clinical Implications of Body Surface Area as a Poor Proxy for Cardiac 

98. Velders BJJ, Vriesendorp MD, Herrmann HC, Klautz RJM. The Ratio Fallacy of Prosthesis-Patient 

2

Binnenwerk Bart - V4 - tekst groter.indd   47 29-01-2025   10:27



48

Chapter 2

99. Ajmone Marsan N, Delgado V, Shah DJ, Pellikka P, Bax JJ, Treibel T, et al. Valvular heart disease: 

100. Groenwold RHH, Dekkers OM. Measurement error in clinical research, yes it matters. Eur J 

101. van Smeden M, Penning de Vries BBL, Nab L, Groenwold RHH. Approaches to addressing missing 

102. Carroll RJ, Ruppert, D., Stefanski, L.A., & Crainiceanu, C.M. Measurement Error in Nonlinear 

103. Baumgartner HC, Hung JC-C, Bermejo J, Chambers JB, Edvardsen T, Goldstein S, et al. 
Recommendations on the echocardiographic assessment of aortic valve stenosis: a focused update from 
the European Association of Cardiovascular Imaging and the American Society of Echocardiography. 

SUPPLEMENTARY FiLES

Binnenwerk Bart - V4 - tekst groter.indd   48 29-01-2025   10:27



49

Measurement Error in Echocardiographic Assessment of Aortic Stenosis Severity

2

Binnenwerk Bart - V4 - tekst groter.indd   49 29-01-2025   10:27



3
Binnenwerk Bart - V4 - tekst groter.indd   50 29-01-2025   10:27



THE ROBUSTNESS OF THE FLOW-GRADIENT 
CLASSIFICATION OF SEVERE AORTIC STENOSIS

B.J.J. Velders, M.D. Vriesendorp, F.M. Asch, M.G. Moront, F.Dagenais, M.J. Reardon, J.F. Sabik 
III. R.H.H. Groenwold, R.J.M. Klautz

JTCVS Open 2023

Presented at the 2023 annual meeting of the Heart Valve Society, Malaga, Spain

Binnenwerk Bart - V4 - tekst groter.indd   51 29-01-2025   10:27



52

Chapter 3

GRAPHiCAL ABSTRACT

Binnenwerk Bart - V4 - tekst groter.indd   52 29-01-2025   10:27



53

ABSTRACT

Background:
intervention for severe aortic stenosis (AS) patients with discordant echocardiographic 

Methods: Data were used from a prospective cohort study and severe AS patients 
2 2) with preserved ejection fraction (>50%) were selected. SV was 

determined by an echocardiographic core laboratory at the LVOT and by subtracting the 
2-dimensional left ventricle end-systolic from the end-diastolic volume (volumetric). Patients 

2) and mean gradient 
(40 mmHg). The group composition was compared and the agreement between the SV 
measurements was investigated using regression, correlation, and limits of agreement. In 

Results: Of 1118 patients, 699 were eligible. The group composition changed considerably 

average 15.1 mL (95% limits of agreement -24.9:55.1 mL) higher than volumetric SV. When a 

Conclusions:

was sensitive to small measurement errors. These results stress that parameters beyond the 

intervention.

3
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INTRODUCTiON

The diagnosis of severe aortic stenosis (AS) is challenging when echocardiographic 
parameters such as the mean pressure gradient (MPG) and the aortic valve area (AVA) 

alterations are thought to play a crucial role in explaining this discrepancy 1. Hence, a 
2

mmHg are still considered to have severe AS in case of a small AVA index (AVAi) and 
2

the heart team as it determines the indication for aortic valve replacement (AVR) in the 
guidelines 3,4

1,2,5. Therefore, corroboration with volumetric 
echocardiographic methods such as the Simpson’s was initially advised 2,5. Although fair 
agreement between these SV methods was reported by some studies 6,7, several other studies 
found poor agreement 8,9,10

directly relevant to clinic practice, are still unclear.

and volumetric SV for severe AS patients with preserved LVEF. The secondary aim was 
to study the agreement between the SV measurements themselves. The overarching goal is 
to provide information to improve decision-making by the heart team for AS patients with 
discordant echocardiographic parameters.

PATiENTS AND METHODS

Study data
Data from the PERIcardial SurGical AOrtic Valve ReplacemeNt (PERIGON) Pivotal Trial 
for the Avalus valve (www.clinicaltrials.gov, NCT02088554) were used. The PERIGON 
Pivotal Trial is a single-armed prospective observational follow-up study to examine the 
safety and performance of the Avalus bioprosthesis (Medtronic, Minneapolis, Minnesota, 
USA). The design of the trial was formerly outlined in detail 11. In the PERIGON Pivotal 
Trial, patients with a clinical indication for AVR due to AS or aortic regurgitation (AR) 
were enrolled. More than mild mitral- or tricuspid regurgitation was an exclusion criterion. 

more than mild regurgitation were also excluded. Moreover, only the patients with an AVAi 
2 2 and preserved LVEF (>50%) were selected. The study was conducted at 38 

centers across North America and Europe at which local institutional review boards or ethics 
et al. 12 for number and 

date per center). Furthermore, written informed consent was obtained from all patients. 
All deaths and valve-related events were adjudicated by an independent clinical events 
committee (Baim Institute for Clinical Research, Boston, MA, USA).
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2-Dimensional and Doppler echocardiography
An independent core laboratory (MedStar Health Research Institute, Washington, DC, 

LVOT) in which the velocity-
time integral (VTI) was multiplied by the LVOT cross-sectional area under the assumption 
of a circular shape. The second was the volumetric method (SVvolumetric) in which the 2D 
left ventricle (LV) end-systolic volume was subtracted from the LV end-diastolic volume 

Simpson’s rule. When this continuous parameter was not available (which was the case 
in 21%), a categorical variable was used that indicated whether LVEF was good (>50%), 

parameters were constituted by dividing them by BSA (according to the DuBois formula 13).

et al. 
2 2

Statistical analysis

(percentages). Missing baseline data were present only for SVvolumetric (in 20%), and were 
assumed to be missing at random (MAR) 14. Therefore, multiple imputation was performed 
based on all available patient characteristics, preoperative echocardiographic parameters, 
and survival status using predictive mean matching with 50 iterations to create 10 imputed 
datasets. Estimates and corresponding variances were pooled according to Rubin’s rules 14. 

15. A sensitivity analysis 
was carried out in patients with complete data.

between the SV measurements, including 95% limits of agreement, was illustrated in a 
Bland-Altman plot 16

patterns determined by each SV method to investigate whether potential differences in group 
composition affected the corresponding survival rates. Follow-up started at the day of surgery 

3
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Lastly, the clinical implication of measurement error in SVLVOT was studied. An 
overestimation of the LVOT diameter by 1 mm was simulated, after which the SV and AVA 

All analyses were performed using R software, version 3.6.3 (R Foundation for Statistical 
Computing, Vienna, Austria, www.r-project.org).

RESULTS

Out of 1118 patients in the PERIGON Pivotal Trial, 699 were eligible (supplementary 
Figure S1

determined by SVLVOT (Table 1

group had the lowest median Society of Thoracic Surgeons predicted risk of mortality (STS 
PROM), whereas the PLFLG had the highest. The average AVA and AVAi were smallest 
in the LFHG group, and largest in the NFLG group. There were large discrepancies in 
SVLVOT and SVvolumetric, and PLFLG patients had the smallest average indexed LV end-
diastolic volume (LVEDV). Mild mitral regurgitation was relatively uncommon in the 
PLFLG group. Coronary artery disease and concomitant coronary artery bypass grafting 
were more common in the low-gradient groups as compared to the high-gradient groups. 

In Table S1

SV method. When SVvolumetric

differences, the group characteristics remained rather similar to the scenario using SVLVOT.

Table 1. 
SV measurement.

NFHG NFLG LFHG PLFLG

N = 267 (38%) N = 156 (22%) N = 148 (21%) N = 128 (19%)

Patient characteristics

Age (years) 71.3 ± 8.3 70.8 ± 8.1 70.0 ± 7.0 70.7 ± 7.6

Male 188 (70%) 110 (71%) 116 (78%) 96 (75%)

Body surface area (m2) 1.93 ± 0.19 1.98 ± 0.22 2.07 ± 0.21 1.99 ± 0.20
2) 28.6 ± 4.8 29.9 ± 5.0 30.6 ± 5.4 30.1 ± 5.6

STS score (%)

Diabetes mellitus 56 (21%) 51 (33%) 61 (41%) 42 (33%)

Hypertension 200 (75%) 130 (83%) 116 (78%) 95 (74%)

Chronic obstructive pulmonary disease 28 (10%) 15 (10%) 18 (12%) 11 (9%)
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1. Continued

NFHG NFLG LFHG PLFLG

N = 267 (38%) N = 156 (22%) N = 148 (21%) N = 128 (19%)

Coronary artery disease 106 (40%) 76 (49%) 57 (39%) 65 (51%)

Concomitant CABG 76 (28%) 62 (40%)  35 (24%) 56 (44%)

24 (9%) 9 (6%) 14 (9%) 17 (13%)

116 (43%) 68 (44%) 66 (45%) 53 (41%)

Stroke 13 (5%) 7 (4%) 7 (5%) 4 (3%)

Peripheral vascular disease 16 (6%) 13 (8%) 11 (7%) 11 (9%)

30 (11%) 13 (8%) 14 (9%) 18 (14%)

Echocardiography

Peak aortic jet velocity (ms-1) 4.7 ± 0.5 3.8 ± 0.4 4.6 ± 0.4 3.6 ± 0.4

Mean pressure gradient (mmHg) 55 ± 13 33 ± 6 55 ± 10 31 ± 7

Aortic valve area (cm2) 0.71 ± 0.15 0.90 ± 0.14 0.57 ± 0.11 0.74 ± 0.15

Aortic valve area index (cm2 2) 0.37 ± 0.07 0.46 ± 0.07 0.28 ± 0.05 0.37 ± 0.08

Doppler velocity index 0.23 ± 0.08 0.29 ± 0.08 0.20 ± 0.08 0.25 ± 0.08

LVOT SV (mL) 84.9 ± 15.2 83.0 ± 12.9 63.2 ± 8.1 61.0 ± 9.4
2) 44.0 ± 7.0 42.1 ± 5.5 30.6 ± 3.0 30.6 ± 3.5

Volumetric SV (mL) 62.9 ± 18.8 62.6 ± 18.7 61.8 ± 17.6 53.5 ± 17.3
2) 32.4 ± 8.7 31.8 ± 8.1 30.0 ± 7.9 26.8 ± 7.4

Heart rate (bpm) 65 ± 10 64 ± 11 71 ± 12 70 ± 12
2) 52.0 ± 13.4 51.7 ± 13.4 49.4 ± 12.8 43.6 ± 11.7

2) 19.9 ± 6.3 20.0 ± 6.4 19.5 ± 6.4 16.2 ± 5.6

Left ventricular ejection fraction (%) 62 ± 6 62 ± 5 61 ± 6 62 ± 6

Left ventricular hypertrophy 120 (45%) 42 (27%) 63 (43%) 43 (34%)

Mild mitral regurgitation 100 (37%) 54 (35%) 58 (39%) 26 (20%)

Mild tricuspid regurgitation 101 (38%) 43 (28%) 38 (26%) 39 (30%)

Using SVLVOT, the NFHG group comprised 267 (38%) patients, the NFLG group 156 (22%), 
the LFHG group 148 (21%), and the PLFLG group 128 (19%). The group composition 
changed when SVvolumetric was used (Figure S2

patients, the NFLG group of 53 (10%), the LFHG group of 227 (42%), and the PLFLG 

19%, while they disagreed in the other 50% (Figure 1). Furthermore, an increase in LVOT 

3
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2 2 (95% 
2). The correlation between the SV methods was 

0.33 (95% CI 0.26:0.40). SVLVOT was on average 15.1 mL higher than SVvolumetric with 95% 
limits of agreement ranging from -25.0 to 55.1 mL (Figure 2). For the entire cohort, the 

yielded alterations in survival (Figure 3). If SV was obtained via the LVOT method, the 

CI 82-91%) at 5 years of follow-up. However, when using volumetric SV, the LFHG group 
had the worst survival (Kaplan-Meier survival rate 88%, 95% CI 84-93%), and the survival 
curves for all patient groups changed.

The results of the above-mentioned analyses based on partly imputed data were similar to 
the results of the sensitivity analysis in patients with complete data (Table S2, Figure S3 and S4).

Clinical implication of measurement error in LVOT SV
A 1 mm overestimation of the LVOT diameter resulted in an increase in mean SVLVOT index 

2 and in mean AVAi from 0.37 to 0.43 cm2

1mm overestimation (Figure 4, Figure S5). In absolute numbers, the LFHG group drecreased 

AVAi > 0.6 cm2 2.
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Figure 1. Agreement between the LVOT and the volumetric method to determine indexed stroke volume 
in patients with severe aortic stenosis.

3
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Figure 2. Bland-Altman plot: agreement between LVOT and the volumetric stroke volume measurements 
in patients with severe aortic stenosis.

Figure 3. 
aortic valve replacement.

Censoring is indicated by the “+” sign. For the left Kaplan-Meier analysis, the survival rates were 86.5% (95% CI 82.3-91.0%) 
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Figure 4. -

DiSCUSSiON

In this analysis of 699 severe AS patients with preserved LVEF, there were large differences 

SV measurement (Figure 5). SVvolumetric was systematically lower than SVLVOT. Furthermore, 
SVLVOT

2. The patient 

17. Bavishi and colleagues 18 reported high 

indexed LVEDV in PLFLG patients. For the LFHG group, Eleid et al. 19 found that the AVA 
and AVAi was smallest, and that the incidence of diabetes mellitus was relatively high. In 

Previous studies have stated that SV corroboration with other methods is essential for 
2,5

SVs derived from the LVOT and the Simpson’s method were comparable 6, which was 
also found in a more recent study comprising mild to severe AS patients 7. Conversely, a 

et al. 8, 
by Iwataki et al. 9, and by the World Alliance of Societies of Echocardiography 10 in 1450 
healthy adult volunteers. In the current study, SVvolumetric was expected to approximate the 
forward SVLVOT since patients with more than mild mitral or tricuspid regurgitation were 

3
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excluded. However, a lower SV was observed using the volumetric method. In the absence of 

in a post-hoc analysis we excluded patients who underwent concomitant CABG to rule 

geometrical assumptions, measurement errors are a likely cause.

Derivation of SVvolumetric via the biplane Simpson’s method demands capturing the complex 
LV geometry in two-dimensional images. Errors could arise in tracing the endocardial 
borders, from the inability to track the entire LV volume for example due to anatomical 
constraints, geometrical assumptions, and (apical) foreshortening 10, 20. Small variability in 
2D measurements can lead to larger distortions when translated to the volumetric scale. 
Foreshortening happens when the echo beam does not capture the true apex and results 

cannot be solved by image analysis despite the use of an experienced core lab. Hence, 
foreshortening could contribute to the SV discrepancy in our study.

While the LVOT method is most commonly applied, this measurement is also susceptible to 
measurement error. The VTILVOT could be mismeasured due to probe malalignment or due 

21, whereas the LVOT area is often 
underestimated as a result of the assumption of a circular shape 1. Considering the latter, 
SVLVOT

to small errors in the LVOT diameter is a drawback of the LVOT method. To exemplify, 
a 1 mm overestimation of the LVOT diameter resulted in a reduction in the proportion of 

groups, but also for clinical practice since recommendations for intervention only exist for 
3,4.

From our data, we cannot conclude that SVvolumetric is a systematic underestimation of the 
SVLVOT, or vice versa. Although this was not the aim of this study, the optimal SV method 

gold standard for non-invasive SV measurement. However, as studies including imaging 
modalities such as 3-dimensional echocardiography 10, 22, computed tomography (CT) 8 or 
cardiovascular magnetic resonance (CMR) 7,23 also indicate different (usually larger) SVs, it 
seems that neither method is completely interchangeable. To avoid ambiguity, we encourage 
guideline authors to at least specify the SV measurement method in recommendations 

clinical relevance of using echocardiographic SV to categorize AS patients might be needed. 
Theoretically, it makes sense to assess SV when a low gradient is observed. However, the 
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Recent research endeavors suggest to shift the focus to the myocardium to optimize diagnostic 
pathways and the timing of intervention 24. The main idea is to intervene before structural 
components of the heart are irreversibly damaged. Modern echocardiographic parameters 
such as global longitudinal strain and myocardial work indices but also multimodality 

evidence on their superiority is needed before these will be part of standard clinical practice. 
For now, the results of this analysis reinforce the guideline recommendations 3,4 that for 

point in the direction of severe AS 3,4.

Strengths and limitations
The study population consisted of patients who were at low surgical risk, which could reduce 
the generalizability of the observed differences in SV to high-risk severe AS patients who are 
scheduled for transcatheter AVR. Nevertheless, while all patients had a primary indication 
for valve replacement based on their AVAi, common concomitant procedures like CABG 
were allowed, which boosts overall representativeness to the entire severe AS population. 
In addition, the study was executed in an international multicenter setting with prospective 
data gathering. The current analysis included relatively large patient groups, especially 
the LFHG and PLFLG group when compared to previous studies 18. Unfortunately, no 

lack of routine CT assessments.

Differences between SVLVOT and SVvolumetric have been described before 6-10, however, we 

small measurement errors. The outline of these implications for clinical practice is the novelty 
of the current study.

CONCLUSiONS

was sensitive to small measurement errors. These results stress that the heart team should 

with discordant echocardiographic parameters.

3
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ABSTRACT

Background: 
(AS), body surface area (BSA) is used to normalize both the aortic valve area index (AVAi) 
and stroke volume index (SVi).

Objective: 

Methods: 2 2) and preserved ejection fraction who 

2

relationships with BSA, per 0.1 m2 increase, were investigated using binary and multinomial 

Results: Of 1118 who received a study valve, 699 patients met the criteria for this analysis, of 
which 276 (39%) had PLF. Increasing BSA was associated with an increase in the probability 

and with its subcategories of LFHG (OR 1.32, 95% CI 1.20:1.46) and PLFLG (OR 1.10, 
95% CI 1.00:1.22). These associations remained after adjustment for age and gender.

Conclusions: 

AVAi and MPG are discordant, it is of utmost importance to consider multiple hemodynamic, 
anatomical, and clinical parameters to decide whether AS is truly severe and the patient will 

4
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INTRODUCTiON

Some patients with severe aortic stenosis (AS) based on their aortic valve area (AVA) present 
with relatively low stroke volume (SV) despite a preserved left ventricular ejection fraction 

2 2 2, and LVEF > 50% 
1

gradient (LFHG) 2. The apparent discrepancy in echocardiographic parameters complicates 
3.

SV, which may disproportionally affect the probability of being labelled with PLF 4. We 

METHODS

Study data
Data from the PERIcardial SurGical AOrtic Valve ReplacemeNt (PERIGON) Pivotal 
Trial for the Avalus valve (www.clinicaltrials.gov, NCT02088554) were used. This single-
arm observational follow-up study examined the performance of the Avalus bioprosthesis 
(Medtronic, Minneapolis, Minnesota, USA) 5. Patients with a clinical indication for valve 
replacement due to AS or regurgitation (AR) were enrolled. For the current analysis, only 

2 2 and preserved LVEF (> 50%) were included, 
and patients with AR as primary indication or a mixed indication with more than mild 
regurgitation were excluded. The study was conducted at 38 centers across North America 
and Europe, at which local institutional review boards or ethics committees provided study 

et al. 6 for approval number and date per center). 
Furthermore, written informed consent was obtained from all patients. As this analysis 

used exclusively.

Echocardiography
An independent core laboratory (Cardiovascular Core Laboratories, MedStar Health 
Research, Institute, Washington DC, USA) assessed all echocardiographic parameters. 

Doppler velocity index (DVI) was derived. Stroke volume was determined by multiplying 
the velocity-time integral across the LVOT (VTILVOT) by the corresponding cross-sectional 
area. LVEF was calculated from the left ventricle end-systolic and end-diastolic volume using 

Binnenwerk Bart - V4 - tekst groter.indd   70 29-01-2025   10:27



71

was not available (which was the case in 21%), a categorical variable was used indicating 

DuBois formula: BSA = 0.007184 * height0.725 * weight0.425 7

the criteria of Dumesnil et al. 2 2 2 2, and 

40 mmHg, respectively.

Statistical analysis

(percentages). Data were compared using the independent samples t-test, Mann-Whitney 

The relations between BSA and PLF, LFHG, and PLFLG were investigated using binary 
and multinomial logistic regression analysis with and without adjustment for age and sex. 
The assumptions of linearity between the log odds of PLF, LFHG, and PLFLG and the 
continuous parameters BSA and age were checked with restricted cubic splines plots. In 
addition, the likelihood ratio test was used to study whether logistic models, including an 

than a model with the continuous variables BSA or age alone. The assumption of linearity 

term  next to age and sex as a covariate in the adjusted analyses.

SVi, MPG, and LVEF, were investigated using linear regression, again, with and without 
adjustment for age and sex. The assumption of linearity between the separate components 
and the continuous parameters BSA and age was checked by visual inspection of scatter plots 
and was met for all variables (Figure S2). The associations between BSA and the separate 

Statistical Computing, Vienna, Austria, www.r-project.org).

RESULTS

Characteristics of PLF patients
Of the 1118 patients enrolled in the PERIGON Pivotal Trial, 699 met the criteria for the 
current analysis, of which Figure 

1). The PLF group comprised the LFHG group (n=148, 21%) and the PLFLG group (n=128, 
18%). Table 1 demonstrates the baseline characteristics of patients with NF and PLF. PLF 
patients had on average higher BSA and BMI. Furthermore, male sex, diabetes mellitus, and 

4
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too. In Table S1

of smaller BSA, higher median Society of Thoracic Surgeons predicted risk of mortality 

end-systolic volume index for the PLFLG patients. Moreover, left ventricular hypertrophy 
(LVH), larger LV end-diastolic volume index and associated mild mitral regurgitation were 

Figure 1. CONSORT diagram for patients with severe aortic stenosis and preserved ejection fraction.

a

(Medtronic, Minneapolis, Minnesota, USA). AR; aortic regurgitation, AS; aortic stenosis, AVAi; aortic valve area index, CONSORT; 

Consolidated Standards Of Reporting Trials, LVEF; left ventricular ejection fraction, SAVR; surgical aortic valve replacement.

Relation between BSA and PLF

2 increase, Table 2). 
Furthermore, increasing BSA was associated with an increase in the probability to be 

Figure 2). When these relations were adjusted for the confounding factors age and sex, the 
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Relation between BSA and the separate components of PLF

between BSA and AVAi and between BSA and SVi (Table 3). On the contrary, no association 
was present with either MPG or LVEF. After adjustment for age and sex, these relations 

the results from the linear regression analysis (Figure 3): BSA negatively correlated with AVAi 

Table 1. 
stenosis and preserved ejection fraction.

NF
n = 423

PLF
n = 276

p-value

Demography

Age (years) 71.1 ± 8.2 70.3 ± 7.3 0.162

Male 298 (70%) 212 (77%) 0.078

Body surface area (m2) 1.95 ± 0.20 2.03 ± 0.20 <0.001
2) 29.1 ± 4.9 30.4 ± 5.5 0.002

STS PROM (%) 0.377

Diabetes mellitus 107 (25%) 103 (37%) <0.001

Hypertension 330 (78%) 211 (76%) 0.696

Chronic obstructive pulmonary disease 43 (10%) 29 (11%) 0.986

Coronary artery disease 182 (43%) 122 (44%) 0.819

33 (8%) 31 (11%) 0.161

184 (43%) 119 (43%) 0.982

Stroke 20 (5%) 11 (4%) 0.781

Peripheral vascular disease 29 (7%) 22 (8%) 0.685

43 (10%) 32 (12%) 0.637

Echocardiography

Peak aortic jet velocity (ms-1) 4.3 ± 0.6 4.1 ± 0.7 <0.001

Mean transaortic pressure gradient (mmHg) 46.6 ± 15.1 43.6 ± 14.7 0.010
2) 0.78 ± 0.20 0.65 ± 0.20 <0.001

2 2) 0.40 ± 0.10 0.32 ± 0.10 <0.001

Doppler velocity index 0.25 ± 0.10 0.23 ± 0.10 <0.001

Velocity-time integral aortic valve (cm2) 106.4 ± 20.1 97.7 ± 20.9 <0.001

Velocity-time integral LVOT (cm2) 25.7 ± 4.5 21.1 ± 3.6 <0.001

5.4 ± 1.1 4.4 ± 1.0 <0.001

Stroke volume (mL) 84.2 ± 14.4 62.2 ± 8.8 <0.001

4
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Table 1. Continued

NF
n = 423

PLF
n = 276

p-value

2) 43.3 ± 6.6 30.6 ± 3.3 <0.001

Heart rate (bpm) 66 ± 10 70 ± 12 <0.001
2) 51.9 ± 13.4 46.8 ± 12.7 <0.001

2) 19.9 ± 6.3 18.3 ± 6.2 0.002

Left ventricular ejection fraction (%) 61.9 ± 5.9 61.2 ± 5.9 0.205

Left ventricular hypertrophy 162 (38%) 106 (38%) >0.99

Mild mitral regurgitation 154 (36%) 84 (30%) 0.122

Mild tricuspid regurgitation 144 (34%) 76 (28%) 0.086

Table 2. The relationship between body surface area and PLF, LFHG, and PLFLG for patients with severe 
aortic stenosis and preserved ejection fraction.

Unadjusted odds  
ratio BSA (95% CI)

p-value
Adjusted a odds  
ratio BSA (95% CI)

p-value

PLF 1.21 (1.12:1.31) <0.001 1.23 (1.12:1.35) <0.001

LFHG 1.32 (1.20:1.46) <0.001 1.35 (1.21:1.51) <0.001

PLFLG 1.10 (1.00:1.22) 0.048 1.09 (0.97:1.23) 0.131

Table 3. 

BSA (95% CI)
p-value

Adjusted a

BSA (95% CI)
p-value

Aortic valve area index -0.008 (-0.011:-0.005) <0.001 -0.010 (-0.014:-0.007) <0.001

Stroke volume index -0.889 (-1.173:-0.604) <0.001 -0.979 (-1.324:-0.634) <0.001

Mean pressure gradient 0.093 (-0.435:0.621) 0.731 0.189 (-0.452:0.830) 0.564

Left ventricular ejection fraction -0.123 (-0.367:0.120) 0.321 0.051 (-0.242:0.344) 0.733
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Figure 2. 
patients with severe aortic stenosis and preserved ejection fraction.

4
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Figure 3. 
surface area for patients with severe aortic stenosis and preserved ejection fraction.

The solid black lines demonstrate the relation between the variables using linear regression. The dashed black lines represent the 95% 

DiSCUSSiON

In this analysis of 699 patients with severe AS and preserved ejection fraction, higher BSA 

while the unindexed parameters MPG and LVEF were not.

et al. 

the shapes on paper to calculate an area 8. A total of only 16 subjects were studied at the 
time (10 adults, 6 children). This formula was changed and reiterated to a surface area 
calculation by the DuBois brothers in 1915, after studying 19 body measurements in a 
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a formula was developed to approximate this measure using weight and height 7. Data were 

and…muscles were well-developed,’ a 21 month old infant with severe rickets measured 2 
hours post-mortem, two male bilateral above the knee amputees and other individuals who 
had succumbed to premature death post-mortem due to disease 8. Few have challenged the 

patient care and its attempted role to serve as a surrogate for cardiac output. BSA has broadly 

intent of its derivation from 12 study subjects in 1915. In 1993, Slone et al. 9 demonstrated 

impact of skin follicles and skin pores to be of negligible contribution to skin surface area. 
However, variations in follicle and pore density vary greatly between the adult and pediatric 
population, further negating the accuracy of BSA calculations.

BSA indexation is performed to achieve that the ratio of a hemodynamic parameter and BSA 

Thereby, it is implicitly assumed that hemodynamic parameters have a proportional 
relation to BSA. Previous studies have additionally demonstrated the fallacy of constant 

volunteers 10,11 or in patients with severe aortic stenosis who underwent surgical aortic 
valve replacement 12. In the latter study, our group demonstrated that the violation of this 
proportionality assumption could lead to erroneous labelling of prosthesis-patient mismatch 
(PPM): that is, in patients with small BSA, PPM was underestimated, while in patients with 
large BSA, PPM was overestimated. A study that compared the incidence of PPM between 
an Asian and Western population 13 serves as a clear example of the clinical implications as 
described here 14. The implications of erroneous BSA indexation will be important to any 
assessment of hemodynamic valvular performance, so also for the evaluation of TAVR in 
SAVR and valve-in-valve TAVR.

be labelled with PLF and its subcategories more often due to the improper indexation of 

reproducible echocardiographic parameters negatively impact the understanding of natural 
progression of clinical staging of patients with symptomatic AS. Intense focus on calculated 
stroke volume index many times creates distraction from the apparent clinical diagnosis 
of negative left ventricular remodeling that has occurred with progression of symptomatic 
aortic stenosis, and the inability of the left ventricle to mount any substantial forward stroke 
volume. This complicates decision-making in patients with apparent severe AS, because 

15 and 
European 16 guidelines on the management of valvular heart disease. For example, certain 
PLFLG patients with very large BSA might potentially have an unindexed SV that is normal 

4
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for them but an indexed 

BSA indexation. These patients might actually have NF low-gradient AS if BSA indexation 
had been proportional. Considering this scenario, these patients would not have had an 
indication for intervention.

Especially for LFHG patients, low (forward) SVi is physiologically hard to explain since 
both the LVEF is good and the MPG is high. In the PERIGON Pivotal Trial, patients 
with more than mild mitral- or tricuspid regurgitation were excluded, hence discrepancies 

this group might be related to AF, though only present in 9% (Table S1), or the residual 
mitral regurgitation (MR). However, when adjusted for age, sex, AF, and mild MR in a 
post-hoc regression analysis (Table S2), the relation between BSA and LFHG remained 
unchanged. The contribution of non-physiological explanations such as disproportional BSA 
indexation or measurement error now become more reasonable. SVi estimation includes the 
measurement of the LVOT diameter, a parameter prone to error and large variability 3 that 

).

guidelines advocating for multi-pronged approach to diagnosis and management of valvular 
heart disease 15,16. This multi-disciplinary heart team integrated approach evaluating multiple 
hemodynamic, anatomical, and clinical parameters are critical to patient centric care. In 
the setting of discordance between AVA(i) and MPG, complementary information on, for 

Strengths and limitations
The generalizability of our results can be diminished by the selection of participants for the 
study. Data were used from a prospective cohort study that included only low-risk patients who 
were deemed candidates for surgical AVR by the local heart teams. Hence, the results should 
be interpreted as hypothesis-generating and external validation is needed. In the enrollment 
period, which was 2014 and 2017 for all valve sizes and reopened in 2019 for the 29-mm valves 
to continue through early 2023, low-gradient severe AS might have been considered less often. 
Nevertheless, the current analysis was based on prospectively collected data with consistent 
assessment of echocardiographic parameters by an independent core laboratory. Moreover, the 
sample size of the study was relatively large, especially for the LF subgroups. The allowance of 
concomitant procedures like coronary artery bypass grafting and the international multicenter 
setting boosted the overall generalizability to other patients with severe AS.
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CONCLUSiONS

a higher probability of being labelled with PLF than patients with small BSA. This BSA 

gradient patterns have an indication for intervention in current guidelines 15,16. Especially 
when the AVA(i) and MPG are discordant, it is of utmost importance to consider multiple 
hemodynamic, anatomical, and clinical parameters to decide whether AS is truly severe.

4
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Table S1. 

LFHG
n = 148

PLFLG
n = 128

p-value

Demography

Age (years) 70.0 ± 7.0 70.7 ± 7.6 0.431

Male 116 (78%) 96 (75%) 0.557

Body Surface Area (m2) 2.07 ± 0.21 1.99 ± 0.20 0.002
2) 30.6 ± 5.4 30.1 ± 5.6 0.402

STS PROM (%) 0.023

Diabetes Mellitus 61 (41%) 42 (33%) 0.222

Hypertension 116 (78%) 95 (74%) 0.461

Chronic Obstructive Pulmonary Disease 18 (12%) 11 (9%) 0.468

Coronary Artery Disease 57 (39%) 65 (51%) 0.073

14 (9%) 17 (13%) 0.393

66 (45%) 53 (41%) 0.582

Stroke 7 (5%) 4 (3%) 0.729

Peripheral Vascular Disease 11 (7%) 11 (9%) 0.867

14 (9%) 18 (14%) 0.295

Echocardiography

Peak aortic jet velocity (ms-1) 4.6 ± 0.4 3.6 ± 0.4 <0.001

Mean transaortic pressure gradient (mmHg) 54.7 ± 10.1 30.8 ± 6.5 <0.001
2) 0.57 ± 0.11 0.74 ± 0.15 <0.001

2 2) 0.28 ± 0.05 0.37 ± 0.08 <0.001

Doppler velocity index 0.20 ± 0.08 0.25 ± 0.08 <0.001

Velocity-time integral aortic valve (cm2) 111.1 ± 16.3 82.1 ± 13.5 <0.001

Velocity-time integral LVOT (cm2) 21.7 ± 3.6 20.4 ± 3.4 0.002

4.4 ± 0.9 4.3 ± 1.0 0.272

Stroke volume (mL) 63.2 ± 8.1 61.0 ± 9.4 0.032
2) 30.6 ± 3.0 30.6 ± 3.5 0.943

Heart rate (bpm) 70 ± 11 70 ± 12 0.713
2) 49.4 ± 12.8 43.6 ± 11.7 <0.001

2) 19.5 ± 6.4 16.2 ± 5.6 0.001

Left ventricular ejection fraction (%) 60.9 ± 5.7 61.6 ± 6.2 0.342

Left ventricular hypertrophy 63 (43%) 43 (34%) 0.190

Mild mitral regurgitation 58 (39%) 26 (20%) 0.001

4
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Table S1. Continued

LFHG
n = 148

PLFLG
n = 128

p-value

Mild tricuspid regurgitation 38 (26%) 39 (30%) 0.650

Table S2. The relationship between body surface area and PLF, LFHG, and PLFLG adjusted for age, 

ejection fraction.

Unadjusted odds 
ratio BSA (95% CI)

p-value
Adjusted a odds ratio 
BSA (95% CI)

p-value

PLF 1.21 (1.12:1.31) <0.001 1.22 (1.12:1.34) <0.001

LFHG 1.32 (1.20:1.46) <0.001 1.35 (1.21:1.52) <0.001

PLFLG 1.10 (1.00:1.22) 0.048 1.09 (0.96:1.22) 0.171

Figure S1. The relation between the log odds of PLF, LFHG, and PLFLG and the continuous variables 
body surface area and age for patients with severe aortic stenosis and preserved ejection fraction.

The solid black lines are restricted cubic splines representing the different relationships. The dashed black lines display the 95% 
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Figure S2. The relation between AVAi, SVi, MPG, and LVEF and the continuous variables body surface 
area and age for patients with severe aortic stenosis and preserved ejection fraction.

4
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Core Laboratory versus Center-Reported Assessment of the Aortic Valve

ABSTRACT

Background:
reported echocardiographic assessment of the native and bioprosthetic aortic valve are 
lacking. We aimed to explore clinically relevant differences between these evaluations.

Methods: Data were used from the PERIcardial SurGical AOrtic Valve ReplacemeNt 
(PERIGON) Pivotal Trial for the Avalus valve. In this trial, patients with an indication 
for surgical aortic valve replacement (SAVR) due to aortic stenosis or regurgitation (AR) 
were enrolled. Serial echocardiographic examinations were performed at each center 
and blindly reanalyzed by an independent echocardiographic core laboratory (ECL). 
For the bioprosthetic valve analysis, postoperative data throughout 5-year follow-up were 
pooled. Differences between the ECL and the centers in continuous parameters were 

Results: The analysis on the native aortic valve was performed on 1118 echocardiograms. 

11-7% higher. High ICCs of around 0.90 were observed for the parameters peak aortic jet 
velocity, mean pressure gradient, and the velocity-time integral across the aortic valve. 

Over 5000 echocardiograms were available for the bioprosthetic valve analysis. Therein, 

(95% CI 0.40, 0.44) for PPM.

Conclusions: There is high agreement between the ECL and clinical centers on continuous-
wave Doppler-related measurements. In contrast, agreement is low for parameters that 
involve measurement of the LVOT diameter. These results provide important context for 
the interpretation of aortic valve performance in studies that lack central ECL evaluation.

5
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INTRODUCTiON

Hemodynamic performance of the native and bioprosthetic aortic valve is primarily 
evaluated by echocardiography (1-3). Variability in echocardiographic assessment can result 

rhythm, but also from variation within and between observers (4).

To minimize this type of variation in trials, the use of an echocardiographic core laboratory 
(ECL) has been advised (5). In clinical centers, uniform evaluation is not guaranteed, and 
often many observers with various experiences are involved. In contrast, central analysis of 
echocardiograms at an ECL allows for standardized and blinded assessment by a limited 

Quantitative differences between core laboratory and center-reported echocardiographic 
assessment have been investigated to a limited degree (6-9). Moreover, studies have focused 
only on left ventricular function or aortic dimensions and not on valvular heart disease. 
Quantitative insights could enhance the interpretation of hemodynamic data from studies 
that lack central echocardiographic assessment. Hence, the objective of this study was 
to explore differences between core laboratory and center-reported echocardiographic 
assessment of the native and bioprosthetic aortic valve.

METHODS

Study data
Data were used from the PERIcardial SurGical AOrtic Valve ReplacemeNt (PERIGON) 
Pivotal Trial for the Avalus valve (www.clinicaltrials.gov, NCT02088554). The PERIGON 
Pivotal Trial is a single-armed prospective observational follow-up study to examine the 
safety and performance of the Avalus bioprosthesis (Medtronic, Minneapolis, Minnesota, 
USA). The design of the trial was previously described in detail (10). In short, patients with 
a clinical indication for surgical aortic valve replacement (SAVR) due to aortic stenosis 
(AS) or regurgitation (AR) were enrolled. Local ethics committees or institutional review 
boards provided study approval, and all patients provided written informed consent (11). 
Echocardiographic parameters were assessed at each center and blindly reanalyzed by an 
independent ECL (MedStar Health Research Institute, Washington, DC, USA).

Echocardiography
All patients underwent transthoracic echocardiography prior to SAVR and peri-procedural 
transesophageal echocardiography. Thereafter, patients were scheduled for serial follow-up 
at hospital discharge (up to 30 days), 3 to 6 months, 1 year, and annually up to 5 years after 
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participating centers, at investigator meetings, as well as via training CD.

ECL based on American Society of Echocardiography guidelines (1-3), described as follows: 
Peak aortic jet velocity (Vmax) and the velocity-time integral across the aortic valve (VTIAV) 
were measured with continuous-wave Doppler in the window with highest velocities. The 

csa). The LVOT 
diameter (LVOTd) was measured in mid-systole from inner edge to inner edge of the septal 

LVOT (VTILVOT) was measured with pulsed-wave Doppler. The Doppler velocity index (DVI) 
was determined by dividing the VTILVOT by the VTIAV and stroke volume (SV) by multiplying 
the LVOTcsa by the VTILVOT. The EOA index (EOAi) was derived by indexing EOA to the 

continuous-wave Doppler was used to assess the severity of native AR and paravalvular 
leak (PVL) in the parasternal long and short-axis, apical long-axis and 5-chambers 

Statistical analysis
All statistical analyses were performed using the R software (R Foundation for Statistical 
Computing, Vienna, Austria, www.r-project.org). Patient characteristics were reported 

distribution for numerical values and as counts (percentages) for categorical values. All cross-
sectional analyses were performed on information that was complete for both the ECL and 
the center-reported assessment, i.e., a complete-case analysis was performed.

Native valves
For investigations on the native aortic valve, echocardiographic data at baseline (prior to 
surgery) were used and for these analyses patients with a failed bioprosthesis as primary 
indication (n = 6) were excluded. Cross-sectional differences between the ECL and the 

irr). Agreement on 

vcd ).

Prosthetic valves
For assessment of the bioprosthetic aortic valve, postoperative data throughout 5-year 
follow-up were stacked, though the discharge visit was analyzed separately since different 

5
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echocardiograms instead of patients. Cross-sectional differences were determined with the 
same measures as described above and illustrated in Bland-Altman plots including 95% 
limits of agreement (14). Agreement in PVL at discharge and postoperative prosthesis-patient 
mismatch (PPM) according to the VARC-3 criteria (15) was analyzed using weighted Cohen’s 

the most prostheses and the ECL were illustrated by plotting standardized mean differences. 
This restriction in centers was applied because data of low-enrolling centers were deemed 
less reliable and generalizable due to sampling variability.

In addition, longitudinal differences between the ECL and the centers were studied. The 
progression of echocardiographic values throughout 5-year follow-up was modelled for each 

illustration). This procedure was done twice, using data of the ECL and of the centers. For 
example, the models for MPG for each individual looked like  
and  in which the intercept is the predicted ECL or center value 

this longitudinal analysis, we selected patients who had complete data at 3 follow-up visits 

assessments. The mean residual, which depicts the average difference between the measured 
values and the predicted values based on linear regression (the distance marked with red lines 
in Figure S1), was determined for both the ECL and the center measurements.

RESULTS

All 1118 patients who received an implant in the PERIGON Pivotal Trial at the time of data 
analysis were included in the current analysis. The baseline characteristics of the study cohort 
are presented in Table S1. Patients were on average 70 years old, 75% were male, and 87% 
had preserved LV ejection fraction at baseline. Missing data in ECL and center measurement 
of the parameters studied in this analysis are reported in Table S2. The amount of missing 
ECL and center data was comparable for most parameters. The largest discrepancies in 
available data were observed in EOA, EOAi, and SV.

Native valves
Agreement between center-reported and ECL assessment of the native aortic valve is 
presented in Table 1. The relative mean difference was largest for LVOTcsa followed by SV, 
EOA, and EOAi with center-reported values being 11-7% higher on average. High ICCs 
of around 0.90 were observed for the parameters Vmax, MPG, and VTIAV. An overview of 

was concordant in 59%.
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Table 1. Agreement between core laboratory and center-reported assessment of hemodynamic parameters 
of the native aortic valve.

Parameter Ncc

Centers
Mean ± SD

ECL
Mean ± SD

Mean Difference *

± SD
Relative Mean 
Difference * ± SD

ICC
(95% CI)

Vmax 1055 4.1 ± 0.9 4.1 ± 0.9 0.1 ± 0.4 1% ± 12% 0.89 (0.88,0.91)

MPG 1070 44.1 ± 17.6 42.2 ± 17.0 1.8 ± 6.9 4% ± 16% 0.91 (0.90,0.93)

EOA 942 1.00 ± 0.86 0.90 ± 0.50 0.10 ± 0.41 7% ± 26% 0.74 (0.70,0.78)

EOAi 942 0.51 ± 0.44 0.45 ± 0.25 0.05 ± 0.20 7% ± 26% 0.75 (0.71,0.79)

DVI 985 0.26 ± 0.14 0.27 ± 0.12 -0.01 ± 0.07  -5% ± 19% 0.83 (0.81,0.85)

LVOTd 1024 2.18 ± 0.29 2.06 ± 0.20 0.13 ± 0.25 6% ± 11% 0.44 (0.27,0.56)

LVOTcsa 1024 3.80 ± 1.23 3.36 ± 0.68 0.46 ± 1.09 11% ± 21% 0.37 (0.25,0.46)

VTILVOT 1006 24 ± 9 24 ± 5 -0 ± 8  -4% ± 19% 0.42 (0.37,0.47)

VTIAV 1026 99 ± 26 97 ± 26 1 ± 11 1% ± 13% 0.90 (0.89,0.91)

SV 958 88 ± 43 79 ± 21 9 ± 37 8% ± 25% 0.32 (0.25,0.38)

complete cases; SD, standard deviation; SV, stroke volume; Vmax, peak aortic jet velocity; VTIAV, velocity-time integral across the aortic 

valve; VTILVOT, VTI across the LVOT.

Figure 1. Agreement between core laboratory and center-reported assessment of native aortic regurgitation (AR).
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Prosthetic valves
The agreement for investigations of the bioprosthetic aortic valve is reported in Table 2. 
Again, relative mean differences were largest for LVOTcsa and SV, and ICCs were highest 
for Vmax, MPG, and VTIAV. At discharge, relative mean differences were comparable to 
the differences at other follow-up visits, but in general the ICCs were numerically lower 
(Table S3). An overview of paravalvular leak (PVL) at discharge by assessor is provided 

0.18, 0.37). Figure 2 illustrates the postoperative EOAi values and corresponding PPM 

differences in assessment on center level. The standardized mean differences for Vmax were 
between 0 and 0.5 for all centers, while there was more heterogeneity between centers for 
other hemodynamic parameters. For example, the standardized mean differences in DVI 
ranged between -0.8 and 0.3, and those in LVOTd, between -0.2 and 1.3. Differences on 
the individual patient level are demonstrated in Bland-Altman panels in Figure 4. The 
difference in Vmax, MPG, and DVI were close to 0, while there was an average difference in 
EOA of 0.10 cm2 (95% limits of agreement -0.68, 0.88). Table 3 presents the differences in 
longitudinal variability expressed as mean residual. The mean residual in EOA was smaller 
for the ECL as compared to the centers, while the residuals for Vmax, MPG, and DVI were 
more comparable.

Figure 2. -
thetic aortic valves.

assessments during follow-up were stacked for this analysis except for the discharge echocardiograms. BMI, body mass index; EOA, 
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Table 2. Agreement between core laboratory and center-reported assessment of the hemodynamic 
parameters of the bioprosthetic aortic valve.

Parameter Ncc

Mean Centers
(SD)

Mean ECL
(SD)

Mean 
Difference *

(SD)

Relative Mean 
Difference * 
(SD)

ICC
(95% CI)

Vmax 4995 2.4 ± 0.5 2.4 ± 0.4 0.1 ± 0.2 2% ± 10% 0.84 (0.82,0.87)

MPG 5031 13.4 ± 5.0 12.6 ± 4.7 0.8 ± 2.5 6% ± 19% 0.86 (0.82,0.89)

EOA 4536 1.61 ± 0.51 1.50 ± 0.38 0.10 ± 0.40 5% ± 23% 0.56 (0.51,0.61)

EOAi 4536 0.81 ± 0.25 0.76 ± 0.19 0.05 ± 0.20 5% ± 23% 0.55 (0.50,0.60)

DVI 4728 0.44 ± 0.11 0.45 ± 0.10 -0.01 ± 0.08 -3% ± 17% 0.69 (0.67,0.71)

LVOTd 4873 2.15 ± 0.23 2.06 ± 0.16 0.09 ± 0.20 4% ± 10% 0.44 (0.30,0.55)

LVOTcsa 4873 3.68 ± 0.82 3.35 ± 0.52 0.33 ± 0.71 8% ± 19% 0.42 (0.28,0.53)

VTILVOT 4806 22 ± 6 22 ± 5 0 ± 3 0% ± 15% 0.76 (0.75,0.78)

VTIAV 4982 52 ± 11 51 ± 11 1 ± 6 3% ± 13% 0.84 (0.82,0.86)

SV 4595 81 ± 23 74 ± 17 7 ± 18 8% ± 22% 0.54 (0.44,0.63)

* The (relative) mean difference was calculated by subtracting the ECL values from the center values. Please note that all echocardiographic 

complete cases; SD, standard deviation; SV, stroke volume; Vmax, peak aortic jet velocity; VTIAV, velocity-time integral across the aortic 

valve; VTILVOT, VTI across the LVOT.

Figure 3. Standardized mean differences between core laboratory and 10 largest clinical centers for he-
modynamic parameters for bioprosthetic valve performance.

assessments during follow-up were stacked for this analysis except for the discharge echocardiograms. DVI, Doppler velocity index; 

velocity; VTIAV, velocity-time integral across the aortic valve; VTILVOT, VTI across the LVOT.

5
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Figure 4. Agreement between core laboratory and center-reported assessment of hemodynamic obstruction 
for individual patients.

The solid lines represent the mean difference between the value of the center and the ECL, and the dashed lines represent the 95% 

limits of agreement. Please note that all echocardiographic assessments during follow-up were stacked for this analysis except for the 

mean pressure gradient; Vmax, peak aortic jet velocity.

Table 3. Longitudinal differences in core laboratory and center-reported echocardiographic assessment 
of the bioprosthetic valve.

Parameter N* Mean Residual ECL (SD) Mean Residual Centers (SD)

893 0.2 ± 0.1 0.2 ± 0.4

Mean pressure gradient (mmHg) 912 1.8 ± 1.1 2.0 ± 1.8
2) 585 0.16 ± 0.09 0.24 ± 0.22

Doppler velocity index 699 0.04 ± 0.03 ± 0.04

* The number of patients available for longitudinal analysis. The residuals are determined under the assumption of a linear progression of 

echocardiographic parameters throughout follow-up (see supplementary Figure S1). ECL, echocardiographic core laboratory; SD, standard deviation.
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DiSCUSSiON

In over 1000 echocardiographic assessments of the native aortic valve and around 5000 

continuous-wave Doppler-related measurements, such as Vmax, MPG, and the VTIAV, and 
low on parameters that involved measurement of the LVOTd.

Differences between the ECL and the clinical centers in parameters involving the 
LVOTd

Measurements obtained closer to the aortic valve will yield larger LVOT diameters and areas 
(17). For the bioprosthetic valve, the measurement location of the LVOTd is more clearly 

d, inner 
edge to inner edge measurement in mid-systole is advised (1). The analysis on center-level 
differences (Figure 3) showed that there is large heterogeneity between centers in measuring 
the LVOTd

Small errors have a big impact on any parameter involving the LVOTcsa since the LVOT 

csa. Clinically important concepts that 
rely on the LVOTd

and PPM, through EOAi (15, 18, 19). The ICCs for SV was only 0.32, and the Cohen’s kappa 

hemodynamic obstruction after SAVR.

In the current analysis, the ICCs of Vmax and MPG were superior to other measures of 
hemodynamic obstruction for both the native and the bioprosthetic aortic valve. A potential 
explanation for this could be that Vmax and MPG are relatively easy to determine as compared 
to other parameters, which is supported by relatively low intra- and interobserver variability 
in previous literature (4). This could imply that these parameters may be most trustworthy 
in studies that lack ECL assessment. However, Vmax

such instances, EOA(i) or DVI are better alternatives (1, 3). Of these, the DVI values of 
the clinical centers were found to be more comparable to the ECL and showed higher 
ICCs in our analysis. It is important to realize, though, that the analyses on the center and 
individual patient levels showed considerable heterogeneity. Figure 3 reveals between-center 
differences in various parameters. Moreover, the limits of agreement for EOA in Figure 4 
depict substantial variation on patient-level differences, namely ranging between -0.68 and 
0.89 cm2.

5
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results on the assessment of AR. Agreement on native AR was substantially higher than on PVL 

also showed substantial disagreement in PVL grading (20) and advised a multiparametric 

In addition, insights into longitudinal differences were provided. The mean residual for 
ECL assessments was smaller for EOA, while for the other parameters the residuals were 
more comparable. It is hard to make clinical inferences on precision of longitudinal echo 
assessments because within-patient variability could be either a result of measurement 

in this study could not distinguish these causes. If one assumes a true linear progression of 

smaller residual indicates more precise measurements.

Details on missing data are also informative. The ECL does not provide values if 

cases for the ECL than for the centers. For other parameters, differences in the amount of 

echocardiographic recordings to make each measurement.

Previous studies that compared core laboratory with center-reported assessments have 
focused on other areas than the aortic valve. The LV function and dimensions as determined 
by a core laboratory were found to have higher prognostic value for predicting clinical 
endpoints than the measurements of local centers (6, 7). Other studies showed moderate 

agreement on echocardiographic measurement of ascending aorta dimensions (9).

Some misconceptions about core laboratories exist. The use of an ECL does not guarantee 
that echocardiographic values are closer to the true values but does guarantee that 
echocardiographic examinations and measurements are performed in a standardized 
and consistent way (21, 22), providing a more homogeneous database. ECLs undergo 

interobserver variability (5). Because the prognostic value of any parameter depends on 
measurement variability (23), central analysis in an ECL may potentially enhance the 

(21). ECLs could also provide value to studies beyond just the measurements. They contribute 

(blinded) interpretation of hemodynamic results (21, 22). The downsides comprise the related 
costs and complexity of implementation, though the latter is mitigated by improvements 
in online infrastructure. The added value of an ECL is proportional to the variability and 
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reproducibility of the measurement under study and to the amount of different assessors or 
centers involved in clinical trials (21, 22). A central core lab reading decreases heterogeneity. 

the ECL and clinical centers, which could enhance the interpretation of aortic valve 
performance in studies that lack central assessment.

Limitations
All centers participating in the PERIGON trial received training by the ECL and were 

practice are likely less standardized and prone to higher variation in studies without ECL 
involvement or outside the prospective trial setting. By restricting the analysis to complete 
cases, we primarily excluded information from the clinical centers. ECL data were more 

be provided. This limits generalizability to all center-reported measurements. Nonetheless, 

and it provided detailed cross-sectional analyses on the group, center, and individual patient 
level as well as longitudinal analyses. All patients received the same stented bioprosthesis, 

However, this reduces generalizability to other bioprosthetic valves, especially transcatheter, 
sutureless, and stentless valves. Moreover, we stacked data from many follow-up visits for 
the bioprosthetic valve analysis. Data from the same patient were likely correlated, but we 
did not correct the estimation of the standard errors. Hence, these standard errors could be 
slightly underestimated. Lastly, we compared all center measurements to those of a single 
ECL. Other ECLs could have different protocols, which might yield distinct numerical 
differences or differences in other parameters. Therefore, our results should be interpreted 
as exploratory and further studies on this topic would be of interest.

CONCLUSiONS

For echocardiographic assessment of the native and bioprosthetic aortic valve, agreement 
between the ECL and the clinical centers varies per parameter and per center. There is high 
agreement on continuous-wave Doppler-related measurements. Conversely, agreement is 
low for parameters that involve measurement of the LVOT diameter. These results provide 
important context for the interpretation of aortic valve performance in studies that lack 
central ECL evaluation.

5

Binnenwerk Bart - V4 - tekst groter.indd   97 29-01-2025   10:27



98

Chapter 5

REFERENCES

1. Baumgartner H, Hung J, Bermejo J, et al. Recommendations on the echocardiographic assessment 
of aortic valve stenosis: a focused update from the European Association of Cardiovascular Imaging 

2. Zoghbi WA, Adams D, Bonow RO, et al. Recommendations for noninvasive evaluation of native 
valvular regurgitation: a report from the American Society of Echocardiography developed in 
collaboration with the Society for Cardiovascular Magnetic Resonance. J Am Soc Echocardiogr 

3. Lancellotti P, Pibarot P, Chambers J, et al. Recommendations for the imaging assessment of prosthetic 
heart valves: a report from the European Association of Cardiovascular Imaging endorsed by the 
Chinese Society of Echocardiography, the Inter-American Society of Echocardiography, and the 

4. Velders BJJ, Groenwold RHH, Ajmone Marsan N, et al. Improving accuracy in diagnosing aortic 
stenosis severity: An in-depth analysis of echocardiographic measurement error through literature 

5. Douglas PS, DeCara JM, Devereux RB, et al. Echocardiographic imaging in clinical trials: American 
Society of Echocardiography standards for echocardiography core laboratories: endorsed by the 

6. Hole T, Otterstad JE, St John Sutton M, et al.. Differences between echocardiographic measurements 
of left ventricular dimensions and function by local investigators and a core laboratory in a 2-year 

7. Dart AM, Otterstad JE, Kirwan BA, et al. Predictive value of local and core laboratory 
echocardiographic assessment of cardiac function in patients with chronic stable angina: the ACTION 

8. Kataoka A, Scherrer-Crosbie M, Senior R, et al. The value of core lab stress echocardiography 

9. Asch FM, Yuriditsky E, Prakash SK, et al. The need for standardized methods for measuring the 
aorta: multimodality core lab experience from the GenTAC Registry. JACC Cardiovasc Imaging 

10. Klautz RJM, Kappetein AP, Lange R, et al. Safety, effectiveness and haemodynamic performance of 

11. Klautz RJM, Dagenais F, Reardon MJ, et al. Surgical Aortic Valve Replacement With A Stented 

12. Zoghbi WA, Chambers JB, Dumesnil JG, et al. Recommendations for evaluation of prosthetic 
valves with echocardiography and doppler ultrasound: a report from the ASE’s Guidelines and 
Standards Committee and the Task Force on Prosthetic Valves, developed in conjunction with 
the ACC Cardiovascular Imaging Committee, Cardiac Imaging Committee of the AHA, the 
European Association of Echocardiography, a registered branch of the ESC, the Japanese Society 
of Echocardiography and the Canadian Society of Echocardiography. J Am Soc Echocardiogr 

14. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical 

Binnenwerk Bart - V4 - tekst groter.indd   98 29-01-2025   10:27



99

Core Laboratory versus Center-Reported Assessment of the Aortic Valve

15. Généreux P, Piazza N, Alu MC, et al. Valve Academic Research Consortium 3: updated endpoint 

and valve failure in assessing long-term durability of transcatheter and surgical aortic bioprosthetic 
valves: a consensus statement from the European Association of Percutaneous Cardiovascular 
Interventions (EAPCI) endorsed by the European Society of Cardiology (ESC) and the European 

17. Guzzetti E, Capoulade R, Tastet L, et al. Estimation of stroke volume and aortic valve area in patients 
with aortic stenosis: a comparison of echocardiography versus cardiovascular magnetic resonance. J 

despite preserved left ventricular ejection fraction: implications for diagnosis and treatment. Eur Heart 

20. Hahn RT, Pibarot P, Weissman NJ, et al. Assessment of paravalvular aortic regurgitation after 
transcatheter aortic valve replacement: intra-core laboratory variability. J Am Soc Echocardiogr 

21. Oh JK. Is core laboratory essential for using echocardiography in clinical trials? Controlled vs random 

22. Asch FM, Weissman NJ. Echo core labs: gold standard or fools’ gold? J Am Soc Echocardiogr 

23. Hutcheon JA, Chiolero A, Hanley JA. Random measurement error and regression dilution bias. BMJ 

SUPPLEMENTARY FiLES

5

Binnenwerk Bart - V4 - tekst groter.indd   99 29-01-2025   10:27



Binnenwerk Bart - V4 - tekst groter.indd   100 29-01-2025   10:27



PART II

PERIOPERATIVE MANAGEMENT

Binnenwerk Bart - V4 - tekst groter.indd   101 29-01-2025   10:27



6
Binnenwerk Bart - V4 - tekst groter.indd   102 29-01-2025   10:27



MINIMALLY INVASIVE AORTIC VALVE 
REPLACEMENT IN CONTEMPORARY 
PRACTICE: CLINICAL AND HEMODYNAMIC 
PERFORMANCE FROM A PROSPECTIVE 
MULTICENTER TRIAL

Bart J.J. Velders, Michiel D. Vriesendorp, Michael J. Reardon, Vivek Rao, Rüdiger Lange, 
Himanshu J. Patel, Elizabeth Gearhart, Joseph F. Sabik III, Robert J.M. Klautz

The Thoracic and Cardiovascular Surgeon 2022

Binnenwerk Bart - V4 - tekst groter.indd   103 29-01-2025   10:27



104

Chapter 6

GRAPHiCAL ABSTRACT

Illustrations of surgical approaches reproduced and adapted from Elattar MA, van Kesteren F, Wiegerinck EM, et al. Automated CTA 

based measurements for planning support of minimally invasive aortic valve replacement surgery. Med Eng Phys. 2017 Jan;39:123-

128. doi: 10.1016/j.medengphy.2016.11.002, with permission.
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ABSTRACT

Background: The advent of transcatheter aortic valve replacement has led to an increased 
emphasis on reducing the invasiveness of surgical procedures. The aim of this study was to 
evaluate clinical outcomes and hemodynamic performance achieved with minimally invasive 
aortic valve replacement (MI-AVR) as compared with conventional AVR.

Methods: Patients who underwent surgical AVR with the Avalus bioprosthesis, as part of a 
prospective multicenter non-randomized trial, were included in this analysis. Surgical approach 
was left to the discretion of the surgeons. Patient characteristics and clinical outcomes were 
compared between MI-AVR and conventional AVR groups in the entire cohort (n=1077) and 
in an isolated AVR subcohort (n=528). Propensity score adjustment was performed to estimate 
the effect of MI-AVR on adverse events.

Results: Patients treated with MI-AVR were younger, had lower STS scores, and 
underwent concomitant procedures less often. Valve size implanted was comparable between 
the groups. MI-AVR was associated with longer procedural times in the isolated AVR 
subcohort. Post-procedural hemodynamic performance was comparable. There were no 

cause mortality, thromboembolism, reintervention, or a composite of those endpoints within 
either the entire cohort or the isolated AVR subcohort. After propensity score adjustment, 
there remained no association between MI-AVR and the composite endpoint (HR: 0.86, 
95% CI 0.47-1.55, p=0.61).

Conclusions: Three-year outcomes after MI-AVR with the Avalus bioprosthetic valve were 
comparable to conventional AVR. These results provide important insights into the overall 
ability to reduce the invasiveness of AVR without compromising outcomes.

6
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INTRODUCTiON

Surgical aortic valve replacement (AVR) remains the gold standard in young, low-risk 
patients, while the long-term durability of transcatheter aortic valve replacement (TAVR) 
has yet to be established in this population (1). However, the advent of TAVR has led to an 
increased emphasis on reducing the invasiveness of surgical procedures.

While minimally invasive aortic valve replacement (MI-AVR) has been around for more 
than two decades (2,3), only a minority of isolated AVR patients are treated in this manner 
(4). The perceived limitation of MI-AVR is that it is technically more challenging and 
hence may lead to inferior outcomes compared to a full sternotomy, which provides more 
space to operate and resolve procedural complications. Moreover, it is important to provide 
insights into the feasibility, safety, and performance of new bioprostheses in the setting of MI-
AVR, as the design of the prosthesis may impact the ease of implantation. To compare the 

PERIcardial SurGical AOrtic Valve ReplacemeNt (PERIGON) Pivotal Trial accordingly.

PATiENTS AND METHODS

Study design
The PERIGON Pivotal Trial (www.clinicaltrials.gov, NCT02088554) is a prospective, 
single-arm study of the Avalus bioprosthesis (Medtronic, Minneapolis, Minnesota, USA), a 
stented bovine pericardial aortic valve. The trial is being conducted at 38 sites in Europe, 
Canada, and the United States. The study design was previously described in detail (5,6). 
Patients with moderate or severe symptomatic aortic stenosis or chronic severe regurgitation 
and a clinical indication for surgical AVR, with or without a concomitant procedure, were 
enrolled. The concomitant procedures were limited to coronary artery bypass grafting, 
left atrial appendage ligation, patent foramen ovale closure, ascending aortic aneurysm or 

The study was designed and conducted in accordance with the Declaration of Helsinki and 
good clinical practice. Institutional review board or ethics committee approval was obtained 
at each site, and all patients provided written informed consent. An independent clinical 
events committee adjudicated all deaths and valve-related adverse events. The original 

this committee. Therefore, potential infections were screened from adverse event data and 

Centers for Disease Control and Prevention (CDC) (7). An independent data and safety 
monitoring board provided study oversight. An independent core laboratory (MedStar, 
Washington, DC) evaluated echocardiograms.
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In the current study, patients were compared according to the surgical approach performed, 

sternotomy). Patients who had had a prior open-heart surgery were excluded. The full cohort 
included both patients who underwent AVR with a concomitant procedure and those who 
underwent isolated AVR. The isolated AVR subcohort included only patients who received 
no concomitant procedures.

Follow-up and endpoints
Clinical and echocardiographic (transthoracic) evaluations were performed annually 

characteristics, early outcomes (ie, within 30 days postimplant), and 3-year outcomes between 
the MI-AVR and conventional AVR groups. Early outcomes included death and valve-
related thromboembolism, major haemorrhage, major paravalvular leak, reintervention, 

outcomes analysis included all-cause, cardiac, and valve-related mortality, thromboembolism, 
valve thrombosis, all hemorrhage, major hemorrhage, all paravalvular leak, endocarditis, 
non-structural valve dysfunction, reintervention, and explant. In addition, a composite 
outcome of all-cause death, thromboembolism, or reintervention at 3 years was evaluated.

Statistical analyses

percentages, and continuous characteristics are reported as mean ± standard deviation 

Fisher exact test (categorical variables). Early and 3-year outcome event rates (and 95% 

were calculated with the log-rank test. Cox proportional hazards models, adjusted for 

between the MI-AVR and conventional AVR groups in each cohort. Propensity scores 
were estimated for the isolated AVR cohort using multivariable logistic regression models 
adjusted for the following potential confounders: age, male sex, body surface area, New York 

6
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RESULTS

Entire cohort
In the present study, 224 (20.8%) patients underwent MI-AVR, and 853 (79.2%) patients 
underwent conventional AVR. Among 36 participating trial sites, 6 centers reported a 
minimally invasive approach in 50% or more of their enrolled subjects. These centers enrolled 
59% of all minimally invasive patients in this study (Figure 1). The baseline characteristics 
of the two groups are listed and compared in Table 1. Patients treated with MI-AVR had a 
lower age, STS score, and prevalence of coronary artery disease, and a higher prevalence 
of left ventricular hypertrophy. The procedural characteristics of the two groups are listed 
in Table 2. In the overall cohort, the primary indication for AVR was pure aortic stenosis 
in the majority of patients. The prevalence of aortic regurgitation and mixed aortic disease 
was higher in the MI-AVR group. Moreover, patients in the MI-AVR group had shorter 
cardiopulmonary bypass (98.0 ± 30.1 vs. 106.1 ± 42.6 minutes, p = 0.001) and aortic cross-
clamp (71.8 ± 21.7 vs. 81.3 ± 33.5 minutes, p < 0.001) times, and the Cor-Knot device (LSI 
Solutions, Victor, New York, USA) was more often used (28.6% vs. 10.2%, p < 0.001). The 
proportion of concomitant procedures was higher in the conventional AVR group (57.3% 
vs. 26.8%, p<0.001), including the proportion of concomitant CABG procedures (41.0% vs. 
0.9%, p < 0.001). The distribution of valve sizes was similar between both groups. Within the 
MI-AVR group, 156 (69.6%) patients underwent hemisternotomy, and 68 (30.4%) patients 
underwent right anterior thoracotomy.

Table 1: Baseline characteristics according to surgical approach.

Entire cohort (n = 1077) Isolated SAVR (n = 528)

MI-AVR
Conventional 
SAVR p value

MI-AVR
Conventional 
SAVR p value

(N = 224) (N = 853) (N = 164) (N = 364)

Age (years) 67.6 ± 10.2 70.8 ± 8.4 <0.001 67.7 ± 9.7 70.3 ± 8.9 0.003

Male 159 (71.0%) 646 (75.7%) 0.15 121 (73.8%) 253 (69.5%) 0.32

Body surface area (m2) 2.0 ± 0.2 2.0 ± 0.2 0.17 2.0 ± 0.2 2.0 ± 0.2 0.16

29.3 ± 5.2 29.5 ± 5.5 0.66 29.3 ± 5.3 29.6 ± 5.8 0.64

84 (37.5%) 366 (42.9%) 0.14 59 (36.0%) 145 (39.8%) 0.40

STS risk of mortality (%) 1.5 ± 1.1 2.0 ± 1.3 <0.001 1.4 ± 1.1 1.7 ± 1.2 0.008

Diabetes 55 (24.6%) 232 (27.2%) 0.43 38 (23.2%) 92 (25.3%) 0.60

Hypertension 168 (75.0%) 650 (76.2%) 0.71 117 (71.3%) 253 (69.5%) 0.67

Peripheral vascular disease 14 (6.3%) 65 (7.6%) 0.48 6 (3.7%) 23 (6.3%) 0.21

29 (12.9%) 85 (10.0%) 0.20 19 (11.6%) 23 (6.3%) 0.039

4 (1.8%) 40 (4.7%) 0.06 1 (0.6%) 22 (6.0%) 0.002
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Chronic obstructive lung 
disease

25 (11.2%) 102 (12.0%) 0.74 19 (11.6%) 50 (13.7%) 0.50

Coronary artery disease 49 (21.9%) 413 (48.4%) <0.001 38 (23.2%) 86 (23.6%) 0.91

Left ventricular 
hypertrophy

123 (54.9%) 321 (37.6%) <0.001 84 (51.2%) 140 (38.5%) 0.006

Percutaneous coronary 
intervention

22 (9.8%) 121 (14.2%) 0.09 14 (8.5%) 40 (11.0%) 0.39

19 (8.5%) 90 (10.6%) 0.36 12 (7.3%) 33 (9.1%) 0.51

Figure 1. Distribution of surgical approach across the participating centers of the PERIGON Pivotal Trial.

and in 1 patients after MI-AVR (0.70% vs. 0.45%, p =1.00). In addition, two patients who 
underwent RAT developed an inguinal wound infection.

Isolated AVR
The baseline characteristics of the isolated AVR cases are also reported in Table 1. One 
hundred sixty-four (31.1%) patients underwent MI-AVR, and 364 (68.9%) patients underwent 

between groups in this subcohort, but the conventional AVR group had a higher prevalence 
of previous cerebrovascular accidents (CVA) and a lower prevalence of renal dysfunction. In 
accordance with the entire cohort, the MI-AVR group was younger, had a lower STS risk of 

6
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mortality, and had a higher prevalence of left ventricular hypertrophy. For the isolated cases, 
cardiopulmonary bypass (96.8 ± 29.1 vs. 85.1 ± 29.1 minutes, p < 0.001) and aortic cross-
clamp (70.8 ± 21.5 vs. 63.8 ± 22.8 minutes, p = 0.001) times were shorter in the conventional 
AVR group (Table 2). Differences in the primary indication of AVR, the use of Cor-Knot 
sutures, and distribution of valve size in the isolated AVR cohort were similar to those 
observed in the overall cohort. Within the MI-AVR group, 105 (64.0%) patients underwent 
hemisternotomy, and 59 (36.0%) patients underwent right anterior thoracotomy (RAT).

In accordance with the results of the overall cohort, the unadjusted post-operative mortality 

and late follow-up (Tables 2 and 3, Figure 2). After propensity score adjustment, there 
was no association between MI-AVR with the composite endpoint of all-cause mortality, 
thromboembolism, or reintervention through 3 years (HR: 0.86, 95% CI 0.47-1.55, p = 0.61). 
The adjusted effect of MI-AVR on mortality (HR: 0.89, 95% CI 0.34-2.30, p = 0.80) and 

MI-AVR and conventional AVR groups at discharge up to 3 years (Figure 4).
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Figure 2. Three-year outcomes according to surgical approach in the isolated surgical aortic valve re-
placement (AVR) cohort.

mortality, thromboembolic events, and reintervention; (B) all-cause mortality; (C) thromboembolism; and (D) reintervention. MI-

AVR, minimally invasive AVR.

6
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Figure 3. Factors associated with three-year outcomes in a propensity-score adjusted multivariable model.

Impact of surgical approach on outcomes at 3 years in the isolated surgical AVR cohort. Propensity-score-adjusted multivariable models 

groups. *The composite outcome comprised all-cause death, thromboembolism, and reintervention.

Figure 4. Post-procedural hemodynamics according to surgical approach through 3 years of follow-up. 

AVR group during follow-up.

Subanalysis isolated MI-AVR cohort

used in the RAT group (61% vs 11%, p<0.0001). Early and late safety endpoints, valve-
related event rates, and hemodynamic performance did not differ between the groups (see 
supplementary Tables 1-3).

6
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Within the MI-AVR group, the Cor-Knot was used in 49 patients (30%), and manually 
tied sutures (“No Cor-Knot”) were used in 115 patients (70%). The baseline characteristics 

different between the Cor-Knot group and the No Cor-Knot group (97.0 ± 23.5 vs 96.7 

endpoints, including all-cause mortality, thromboembolism, paravalvular leak, endocarditis, 
and reintervention, as shown in Table 4.

Table 4: Summary of adverse events according to the use of Cor-Knot at 3 years follow-upa

Cor-Knot (N=49) No Cor-Knot (N=115) P-valueb

All-cause mortality 4.2% (1.1-15.7%)
(n=2)

3.6% (1.4-9.2%)
(n=4)

0.8

Cardiac-related mortality 2.0% (0.3-13.6%)
(n=1)

3.6% (1.4-9.2%)
(n=4)

0.61

Valve-related mortality 2.0% (0.3-13.6%)
(n=1)

0.9% (0.1-6.4%)
(n=1)

0.56

Thromboembolism 6.6% (2.2-19.2%)
(n=3)

2.6% (0.9-8.0%)
(n=3)

0.27

Valve thrombosis 0.0% (0.0-0.0%)
(n=0)

0.0% (0.0-0.0%)
(n=0)

NA

All hemorrhagec 11.6% (4.9-25.9%)
(n=5)

12.2% (7.2-20.1%)
(n=13)

0.86

Major hemorrhagec 4.1% (1.0-15.3%)
(n=2)

6.6% (3.2-13.4%)
(n=7)

0.61

All paravalvular leak 0.0% (0.0-0.0%)
(n=0)

0.0% (0.0-0.0%)
(n=0)

NA

Endocarditis 6.2% (2.0-18.0%)
(n=3)

1.8% (0.5-7.1%)
(n=2)

0.15

Non-structural valve dysfunction 0.0% (0.0-0.0%)
(n=0)

0.0 (0.0-0.0%)
(n=0)

NA

Reintervention 6.3% (2.1-18.3%)
(n=3)

1.8% (0.4-6.8%)
(n=2)

0.15

Explant 6.3% (2.1-18.3%)
(n=3)

1.8% (0.4-6.8%)
(n=2)

0.15

log-rank test through 3 years. cOnly anticoagulant-related hemorrhage events are included.
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DiSCUSSiON

In a cohort of 1077 patients who underwent AVR with the Avalus bioprosthesis, we found 
that the incidence of postoperative mortality and morbidity were comparable between the 
MI-AVR and conventional AVR groups up to 3 years of follow-up.

remains a lack of consensus about their application in clinical practice (8). Previous attempts 

literature. In a Cochrane review of randomized controlled trials that compared limited vs. 
full sternotomy in 2017, only 511 patients were included from 7 clinical trials (9). In addition, 
a recent meta-analysis by Chang et al. suggested that the comparison of early mortality is 
subject to publication bias (10). Despite these methodological concerns, neither of these 

adverse events between MI-AVR and conventional SAVR. The strengths of the present 
study are its prospective multicenter design, the size of the study population, the robustness 
of follow-up, adjudication of valve-related safety endpoints by an independent clinical events 
committee, as well as consistent assessment of hemodynamic performance by an independent 
core laboratory.

As part of the protocol of the PERIGON Pivotal Trial, surgical approach was left to the 
discretion of the participating surgeon. This gives insight into the decision-making of 
experienced surgeons in contemporary practice, and it appears that conventional AVR is still 

Because of this evident confounding by indication, a secondary analysis was performed 
on a narrowed down cohort that included only patients who underwent isolated AVR, 
although there remained a difference in age, prevalence of left ventricular hypertrophy, and 
previous stroke. However, both before and after propensity score adjustment, there were no 
relevant differences in mortality or other valve-related adverse events at 3 years of follow-

However, the clinical value of this difference remains unclear since there was no difference 

bleeding episode that resulted in death, hospitalization, reoperation, centesis, or a decrease 

Due to the limited room to manoeuvre with MI-AVR, it can be hypothesized that the 
optimal valve size may not always be implanted. However, in our study, MI-AVR was not 
associated with inferior hemodynamic performance in the isolated AVR subcohort, as the 
average implanted valve size and postoperative echocardiographic parameters (ie, mean 

to the work of Furukawa et al, who also found no relevant difference in the prosthesis size 
implanted (11). In addition, there were no differences in paravalvular leakage and cardiac 

6
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device implantation at 30 days between the surgical approaches, demonstrating that the 
Avalus valve can be safely used in a MI-AVR setting.

As clinical outcomes and hemodynamic performance were comparable in the isolated AVR 
subcohort, the use of MI-AVR over conventional AVR presents a trade-off between less 
scarring and longer procedural times. To shorten the MI-AVR procedure and hence make 

sutureless valves be used (10). However, as shown in the PERSIST-AVR trial, the average 
reduction in cardiopulmonary bypass and aortic cross-clamp times was only 20 minutes with 
sutureless versus sutured valves (12). This time saved comes at the cost of a three-fold higher 
risk of permanent pacemaker implantation, which is associated with decreased survival 
during long-term follow-up (13). In addition, despite the longer procedural times compared 
to conventional AVR, MI-AVR with a stented bioprosthesis was not associated with a higher 

to perform MI-AVR safely.

Another theoretical way of shortening MI-AVR procedures is the use of automated suture 
fasteners. Literature on automated suture fasteners in MI-AVR is scarce. A recent systematic 
review and meta-analysis by Sazzad and colleagues (14) included three retrospective cohort 
studies and one small randomized controlled trial. Short-term outcomes showed reduced 
cardiopulmonary bypass and aortic cross-clamp times and similar early mortality rates. 
Mid- and long-term outcomes are lacking, leaving a gap of knowledge about potential 
complications related to extra foreign material, such as thromboembolism, endocarditis, 

study, and all safety endpoints were similar at 30 days and 3 years of follow-up.

While the present study suggests that MI-AVR is as safe as conventional AVR in patients 

preferences with the selection of the most appropriate treatment strategy (8). Furthermore, 
surgeons should be aware that there is a learning curve associated with the adoption of 

learning curve.
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Limitations
Although data were prospectively collected, patients were not randomized to the respective 

Nevertheless, narrowing inclusion criteria and applying propensity score adjustment did not 
change the results. In addition, follow-up was relatively short as the average duration was 
3 years after the procedure. While hemodynamic performance was consistent between the 
two groups, the PERIGON trial will continue to follow a subset of patients for up to 12 years 
of follow-up, and those long-term results will provide further insights into the relative safety 
and hemodynamic performance of the Avalus valve in a MI-AVR setting.

CONCLUSiONS

Three-year outcomes after MI-AVR with the Avalus bioprosthetic valve were comparable 
to outcomes achieved with a conventional AVR. These results provide important insights 
into the overall ability to reduce the invasiveness of AVR without compromising outcomes. 6
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ABSTRACT

Objective: To compare short- and mid-term clinical and echocardiographic outcomes 
according to the use of pledgeted sutures during aortic valve replacement.

Methods:
were enrolled in a prospective cohort study to evaluate the safety of a new stented 
bioprosthesis. Outcomes were analyzed according to the use of pledgets (pledgeted group) or 
no pledgets (non-pledgeted group). The primary outcome was a composite of thromboembolism, 
endocarditis, and major paravalvular leak at 5 years of follow-up. Secondary outcomes 
included multiple clinical endpoints and hemodynamic outcomes. Propensity score matching 
was performed to adjust for prognostic factors, and subanalyses with small valve sizes (<23 

Results: The pledgeted group comprised 640 patients (59%), and the non-pledgeted group 
442 (41%), with baseline discrepancies in demography, co-morbidities, and stenosis severity. 

the primary outcome occurred in 41 (11.7%) patients in the pledgeted and 36 (9.8%) in the 
non-pledgeted group (p = 0.51). The EOA was smaller in the pledgeted group (p = 0.045), 
while no difference was observed for the mean or peak pressure gradient between groups. 

relevant differences.

Conclusions: In this large propensity-score-matched cohort, comprehensive clinical 
outcomes were comparable between patients undergoing aortic valve replacement with 
pledgeted and non-pledgeted sutures up to 5 years of follow-up, but pledgets might lead to 
a slightly smaller EOA in the long run.

7
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INTRODUCTiON

Aortic valve replacement (AVR) is the second-most commonly performed type of cardiac 
surgery, and rates are increasing due to an aging population (2). Although AVR has been 
performed and improved over several decades, there is still debate between surgeons about 

results (3-7) (Table 1).

Some argue that the use of pledgeted sutures allow for more even distribution of mechanical 

decreasing the incidence of paravalvular leak (PVL) (3). However, others believe that 

of pledgets could also induce higher rates of thromboembolism or endocarditis due to extra 
foreign material.

Within the PERIcardial SurGical AOrtic Valve ReplacemeNt (PERIGON) Pivotal Trial 
of the Avalus bioprosthesis, the technical details for implantation were left to the discretion 
of the surgeon. We aimed to provide insight into the effect of pledgeted sutures during AVR 
on multiple clinical and hemodynamic outcomes. The primary outcome of interest was a 
composite of thromboembolism, endocarditis, and major PVL at 5-year follow-up.
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PATiENTS AND METHODS

Study design
The PERIGON Pivotal Trial (www.clinicaltrials.gov, NCT02088554) is a prospective 
multicenter trial that is conducted at 38 sites across the United States, Canada, and Europe. 
In this single-armed trial, clinical and hemodynamic outcomes of the Avalus bioprosthesis 
(Medtronic, Minneapolis, Minnesota, USA), a stented bovine pericardial aortic valve, are 
evaluated. The study design was previously described in detail (8, 9). In short, symptomatic 
patients with moderate or severe aortic stenosis or chronic, severe aortic regurgitation who 
were admitted for surgical AVR according to clinical indication were enrolled. Patients with 
and without concomitant procedures, limited to coronary artery bypass grafting (CABG), 
left atrial appendage ligation, patent foramen ovale closure, ascending aortic aneurysm 

technical details were left to the surgeon’s own consideration.

The trial was conducted according to the Declaration of Helsinki and good clinical 
practice. At each site, approval of the protocol was obtained from the institutional review 

was provided by all patients. All deaths and valve-related adverse events were adjudicated 
by an independent clinical events committee, and study oversight was provided by an 
independent data and safety monitoring board (Baim Institute for Clinical Research, Boston, 
Massachusetts, USA). All echocardiographic data were evaluated by an independent core 
laboratory (MedStar, Washington, DC, USA).

with pledgets (pledgeted group), and non-everted or everted mattress, continuous, or simple 
interrupted sutures without pledgets (non-pledgeted group). Patients with previous aortic 

were excluded.

Follow-up and endpoints
Annual clinical and (transthoracic) echocardiographic evaluations were performed after the 

post-implantation), and 5-year outcomes were compared between the pledgeted and non-
pledgeted groups. The primary outcome was a composite of thromboembolism, endocarditis, 
and major PVL at 5-year follow-up. Other clinical parameters included in the early- and 
mid-term outcome analysis consisted of mortality, thromboembolism, endocarditis, all and 
major hemorrhage, all and major paravalvular leak, explant, reintervention, and permanent 
pacemaker implantation.
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Echocardiographic outcomes consisted of mean and peak pressure gradients calculated 

(EOAi >0.85 cm2 2 or >0.70 cm2 2), moderate (EOAi between 0.85 and 0.66 cm2 2 or 
0.70 and 0.56 cm2 2 2 2 2 2) for patients with 

2 2, respectively (10).

Statistical analysis
Continuous variables are presented as mean ± standard deviation and categorical variables 
as number and percentage. The independent sample t-test or Mann-Whitney U test was 

was used to calculate p values. An additional evaluation of hemodynamic performance 
post-implantation and at 5-year follow-up in valve sizes smaller than 23 mm was performed. 

pledgeted group was compared between the “mattress” (non-everted and everted mattress 
sutures) and “non-mattress” (continuous and simple interrupted sutures) groups to investigate 
differences not related to the use of pledgets.

Propensity score matching was performed to account for potential bias arising from 
the decision to use pledgets. Propensity scores were calculated based on the following 
variables: age, male sex, BSA, Society of Thoracic Surgeons (STS) risk of mortality, New 

obstructive pulmonary disease (COPD), hypertension, previous myocardial infarction, renal 

less invasive approach (hemisternotomy or right anterior thoracotomy). Baseline LVEF 
and baseline mean pressure gradient were missing for 225 (20.8%) and 26 (2.4%) patients, 
respectively. To avoid losing patients in the post-matched analysis, the missing values were 
imputed with the median before entering propensity score matching. A 5-to-1 digits greedy 
1:1 matching algorithm was used to form a propensity-score-matched cohort for analysis.

A 2-sided alpha level of 0.05 was used in all tests. The balance in baseline characteristics 
before and after propensity score matching was expressed in standardized mean differences. 
Statistical analyses were performed with SAS version 9.4 (SAS Institute, Cary, North 
Carolina, USA).

7
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RESULTS

Entire cohort
640 (59%) patients underwent AVR with pledgeted sutures, and 442 (41%) underwent 
AVR with non-pledgeted sutures. The baseline characteristics are summarized in Table 

aortic stenosis as the primary indication for AVR, minimally invasive surgical approach, 
concomitant procedures, and implanted valve sizes. At 30 days, all clinical and hemodynamic 
endpoints were comparable (Table S2). At 5-years of follow-up, the composite outcome 
of thromboembolism, endocarditis, and major PVL occurred in 9.2% of the pledgeted 
group and 10.2% of the non-pledgeted group (p=0.59) (Table S3). Moreover, there were no 

clinical or hemodynamic outcomes. After propensity-score matching, 794 patients (397 
matched pairs) were eligible for the analysis (Figure S1). The groups were similar with regard 
to comorbidities and hemodynamic parameters, yet differences in concomitant procedures 
persisted (Table 2). At 30 days, the composite outcome was 2.8% in the pledgeted group and 
1.0% in the non-pledgeted group (p=0.07) (Table S4). The hemodynamic parameters were 
similar between the two groups.

At 5 years of follow-up (Table 3), the composite outcome of thromboembolism, endocarditis, 
and major PVL occurred in 11.7% of the pledgeted group and in 9.8% of the non-pledgeted 
group (p=0.51). The separate components were also comparable (Figure 1 and Figure 2). 
The EOA was smaller in the pledgeted group (p=0.045), but no difference was observed for 
the mean or peak pressure gradient. The MPG remained stable over time, whereas the EOA 
decreased especially in the pledgeted group (Figure S2). The degree of PVL was consistent 
throughout follow-up (Figure 3). The proportion with any PPM at 5-year follow-up was 
similar between the groups (Table 3).

Figure 1. Kaplan-Meier event rates according to the use of pledgets for patient who underwent aortic valve 
replacement in the propensity-score-matched cohort.

Displayed are event rates for the composite outcome of thromboembolism, endocarditis, and major paravalvular leak (left), and for 
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Figure 2. Kaplan-Meier event rates according to the use of pledgets for patient who underwent aortic valve 
replacement in the propensity-score-matched cohort.

Table 2. Baseline and procedural characteristics according to the use of pledgets for patient who underwent 
aortic valve replacement in the entire cohort and the propensity-score-matched cohort.

Entire cohort (n = 1082)
Propensity-score-matched cohort 
(n = 794)

Pledgets
(n = 640)

Non pledgets
(n = 442)

SMD
Pledgets
(n = 397)

Non pledgets
(n = 397)

SMD

Age (years) 69.6 ± 8.5 71.0 ± 9.4 0.148 70.2 ± 8.3 70.3 ± 9.2 0.010

Male 494 (77.2%) 323 (73.1%) 0.095 300 (75.6%) 295 (74.3%) 0.029

Body surface area (m2) 2.01 ± 0.2 1.96 ± 0.2 0.205 1.98 ± 0.2 1.98 ± 0.2 0.019
2) 29.8 ± 5.5 29.0 ± 5.3 0.145 29.4 ± 5.7 29.2 ± 5.4 0.026

272 (42.5%) 189 (42.8%) 0.005 158 (39.8%) 166 (41.8%) 0.041

STS risk of mortality (%) 1.9 ± 1.2 2.1 ± 1.6 0.211 1.90 ± 1.20 1.90 ± 1.24 0.004

Diabetes 179 (28.0%) 114 (25.8%) 0.049 108 (27.2%) 99 (24.9%) 0.052

Hypertension 510 (79.7%) 318 (71.9%) 0.182 293 (73.8%) 291 (73.3%) 0.011

Peripheral vascular 
disease

40 (6.3%) 39 (8.8%) 0.098 26 (6.5%) 31 (7.8%) 0.049

65 (10.2%) 50 (11.3%) 0.037 48 (12.1%) 40 (10.1%) 0.064

28 (4.4%) 16 (3.6%) 0.039 10 (2.5%) 13 (3.3%) 0.045

COPD 79 (12.3%) 48 (10.9%) 0.046 45 (11.3%) 42 (10.6%) 0.024

Left ventricular ejection 
fraction (%)

59.8 ± 9.0 58.6 ± 10.1 0.126 58.67 ± 9.5 59.71 ± 9.0 0.112

Coronary artery disease 288 (45.0%) 183 (41.4%) 0.073 167 (42.1%) 168 (42.3%) 0.005

Left ventricular 
hypertrophy

284 (44.4%) 161 (36.4%) 0.163 160 (40.3%) 146 (36.8%) 0.073

52 (8.1%) 59 (13.3%) 0.169 45 (11.3%) 41 (10.3%) 0.032

stenosis
597 (93.3%) 425 (96.2%) 0.129 380 (95.7%) 382 (96.2%) 0.026

7
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Table 2. Continued

Entire cohort (n = 1082)
Propensity-score-matched cohort 
(n = 794)

Pledgets
(n = 640)

Non pledgets
(n = 442)

SMD
Pledgets
(n = 397)

Non pledgets
(n = 397)

SMD

Minimally invasive 
surgical approach

150 (24.3%) 70 (16.5%) 0.200 76 (19.1%) 70 (17.6%) 0.010

Concomitant procedures

None 288 (45.0%) 242 (54.8%) 0.196 175 (44.1%) 218 (54.9%) 0.218

CABG 223 (34.8%) 128 (29.0%) 0.127 145 (36.5%) 115 (29.0%) 0.162

Ascending aortic 

circulatory arrest

48 (7.5%) 35 (7.9%) 0.016 30 (7.6%) 32 (8.1%) 0.019

Other1 161 (25.2%) 68 (15.4%) 0.245 92 (23.2%) 58 (14.6%) 0.220

516 (80.6%) 371 (83.9%) 0.16 320 (80.6%) 331 (83.4%) 0.072

Total bypass time (min) 104.2 ± 40.6 105.6 ± 41.0 0.035 101.7 ± 38.4 105.8 ± 41.2 0.103

Aortic cross-clamp time 
(min)

79.2 ± 31.2 79.5 ± 32.3 0.012 78.2 ± 30.0 79.9 ± 32.4 0.052

Annular diameter2 23.7 ± 2.05 23.7 ± 2.17 0.021 23.7 ± 2.13 23.7 ± 2.19 0.019

Valve size implanted

17 mm 0 (0.0%) 1 (0.2%) 0.067 0 (0.0%) 0 (0.0%) 0.000

19 mm 16 (2.5%) 23 (5.2%) 0.141 8 (2.0%) 20 (5.0%) 0.164

21 mm 115 (18.0%) 88 (19.9%) 0.050 79 (19.9%) 75 (18.9%) 0.025

23 mm 226 (35.3%) 161 (36.4%) 0.023 145 (36.5%) 147 (37.0%) 0.010

25 mm 216 (33.8%) 126 (28.5%) 0.113 125 (31.5%) 114 (28.7%) 0.060

27 mm 62 (9.7%) 36 (8.1%) 0.054 38 (9.6%) 34 (8.6%) 0.035

29 mm 5 (0.8%) 7 (1.6%) 0.074 2 (0.5%) 7 (1.8%) 0.119

Mean pressure gradient 
(mmHg)

41.7 ± 17.0 43.3 ± 16.8 0.096 43.3 ± 16.9 43.3 ± 16.7 0.001

2) 0.164 0.75 0.76 0.013

area (cm2 2)
0.131 0.38 

(0.17-1.83)
0.39 (0.18-1.82) 0.013
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Table 3. Clinical outcomes and hemodynamic performance at 5 years of follow-up for patients who 
underwent aortic valve replacement in the propensity-score-matched cohort.

Pledgets
(n = 397)

Non pledgets
(n = 397)

p-value1

Composite endpoint
(thromboembolism, endocarditis, and major PVL)

11.7% (8.7-15.7%)
(n=41)

9.8% (7.1-13.4%)
(n=36)

0.51

Thromboembolism 5.9% (3.9-8.9%)
(n=22)

6.1% (4.1-9.3%)
(n=22)

0.95

Endocarditis 6.4% (4.1-9.9%)
(n=20)

4.2% (2.5-6.9%)
(n=15)

0.35

Major paravalvular leak 0.3% (0.0-1.8%)
(n=1)

0.0% (NA)
(n=0)

0.32

All paravalvular leak 1.1% (0.4-2.8%)
(n=4)

1.5% (0.5-4.0%)
(n=4)

0.96

All-cause mortality 13.3% (10.0-17.6%)
(n=45)

10.5% (7.7-14.2%)
(n=37)

0.30

Cardiac-related mortality 6.8% (4.4-10.3%)
(n=22)

4.2% (2.5-7.1%)
(n=14)

0.15

Valve-related mortality 2.2% (1.1-4.4%)
(n=8)

0.5% (0.1-2.1%)
(n=2)

0.06

Reintervention 3.1% (1.7-5.5%)
(n=11)

3.9% (2.2-6.7%)
(n=13)

0.74

Explant 3.1% (1.7-5.5%)
(n=11)

3.2% (1.7-5.7%)
(n=11)

0.95

Permanent pacemaker implantation 5.6% (3.7-8.5%)
(n=21)

6.9% (4.6-10.1%)
(n=25)

0.55

Mean pressure gradient (mmHg) 12.3 ± 4.4 12.3 ± 4.0 0.93

Peak pressure gradient (mmHg) 22.0 ± 7.4 21.9 ± 7.4 0.93

EOA (cm2) 0.045

EOAi (cm2 2) 0.06

Prosthesis-patient mismatch 0.07

None 40 (31.7%) 44 (32.6%)

Moderate 46 (36.5%) 64 (47.4%)

Severe 40 (31.7%) 27 (20.0%)

surface area; NA, not available; PVL, paravalvular leak.
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Figure 3. Paravalvular leak over time according to the use of pledgets for patient who underwent aortic 
valve replacement in the propensity score-matched-cohort.

Subanalysis: valve sizes <23 mm
The baseline and procedural characteristics of patients with implanted valve sizes below 
23 mm are presented in Table S5. Pledgets were used in 131 patients, and no pledgets in 

existed in baseline age, STS risk of mortality, concomitant procedures, and implanted valve 
size. Additionally, the aortic cross-clamp time was longer in the pledgeted group than in the 
non-pledgeted group (78.6 ± 29.4 vs. 69.2 ± 31.3 minutes, p = 0.017). The hemodynamic 
performance up to 30 days and at 5-year follow-up is demonstrated in Table 4. The mean 
pressure gradient up to 30 days was lower in the pledgeted group compared to the non-
pledgeted group (14.9 ± 4.6 vs. 16.4 ± 5.6, p = 0.027), but this difference was absent at 5-year 
follow-up. All other parameters were comparable at both follow-up points.

Table 4. Hemodynamic performance at discharge up to 30 days and at 5 years of follow-up in valve sizes 
<23 mm for patients who underwent aortic valve replacement.

Pledgets
(n = 131)

Non pledgets
(n = 112)

p-value

Mean pressure gradient (mmHg)

Discharge up to 30 days 14.9 ± 4.6 16.4 ± 5.6 0.027

5 years 15.7 ± 5.6 15.0 ± 4.2 0.50

Peak pressure gradient (mmHg)

Discharge up to 30 days 27.5 ± 8.7 29.8 ± 9.8 0.07
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Table 4. Continued

Pledgets
(n = 131)

Non pledgets
(n = 112)

p-value

5 years 27.6 ± 9.2 26.1 ± 8.0 0.38
2)

Discharge up to 30 days 0.43

5 years 0.54
2 2)

Discharge up to 30 days 0.81

5 years 0.47

Prosthesis-patient mismatch

Discharge up to 30 days 0.79

None 42 (35.9%) 28 (31.5%)

Moderate 43 (36.8%) 36 (40.4%)

Severe 32 (27.4%) 25 (28.1%)

5 years 0.50

None 3 (7.3%) 6 (12.8%)

Moderate 16 (39.0%) 21 (44.7%)

Severe 22 (53.7%) 20 (42.6%)

Paravalvular leak

Discharge up to 30 days 0.60

None 76 (59.8%) 70 (66.0%)

Trace 37 (29.1%) 27 (25.5%)

Mild 14 (11.0%) 9 (8.5%)

Moderate 0 (0.0%) 0 (0.0%)

Severe 0 (0.0%) 0 (0.0%)

5 years 0.33

None 41 (83.7%) 38 (79.2%)

Trace 3 (6.1%) 7 (14.6%)

Mild 5 (10.2%) 3 (6.3%)

Moderate 0 (0.0%) 0 (0.0%)

Severe 0 (0.0%) 0 (0.0%)

test/Fisher exact test, respectively.

7
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Subanalysis: non-pledgeted sutures

mattress subgroup and 205 in the non-mattress subgroup. Their baseline characteristics are 

and concomitant procedures. The hemodynamic performance up to 30 days and at 5-year 
follow-up is presented in Table S7. At both timepoints, no differences related to suturing 

DiSCUSSiON

In a propensity-score-matched analysis of a large international cohort, clinical outcomes 
at 30 days and 5 years of follow-up were comparable between patients undergoing surgical 
AVR with and without pledgeted sutures.

Previous literature comparing pledgeted to non-pledgeted sutures in AVR mainly focused 
on hemodynamic performance (Table 1). Hence, insight into clinical outcomes is scarce. 
A potential disadvantage of pledgeted sutures is an increased risk of infection, pannus, or 
thrombus formation due to the presence of extra foreign material. A single study (7) evaluated 
thromboembolism rates, while endocarditis has never been studied to our knowledge. In our 
analysis, both adverse events rarely occurred at 30 days of follow-up and were comparable at 
5 years. Thus, there was no evidence of higher rates of these events when pledgets were used.

Paravalvular leak is another important variable in the choice whether to use pledgeted 

Regarding other hemodynamic performance measures such as the EOA, previous results 
were ambiguous, too. Tabata and colleagues (4) observed a smaller EOA post-implantation 
in the pledgeted group that disappeared at 1 year, whereas Ugur et al. (5) described a larger 

of a smaller EOA in the pledgeted group. This phenomenon might be due to subvalvular 

time, which could lead to elevated velocities in the LVOT. Theoretically, such obstruction 

of valve sizes <23 mm, the EOAs were similar between the pledgeted and non-pledgeted 
group (Table 4). Another explanation could be related to measurement error since the smaller 

diameter is prone to error and has a drastic effect on the EOA value as this diameter is 
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complicate the echocardiographic measurement of the LVOT diameter even more when it 
is examined in close proximity to the aortic annulus. As the absolute difference in EOA was 
less than 0.1 cm2, the difference was absent in small valve sizes, and other hemodynamic 

insights. A derivative of the indexed EOA is PPM. As previous PERIGON substudies 
challenged the clinical relevance of this concept by outlining shortcomings regarding 
correspondence with elevated gradient and disproportional normalization by BSA (11-13), 
we chose to mainly focus on primary echocardiographic parameters rather than PPM in 
this study.

difference with lower values in the pledgeted group was found at 30 days, however, this 
dissimilarity was less than 1 mmHg. Hence, it was not considered clinically important. To 

within the non-pledgeted group. This analysis did not show any difference between mattress 

studies reported similar hemodynamic parameters between pledgeted and non-pledgeted 

Strengths and limitations
A major advantage of the current study was that all 1082 patients received the same 
bioprosthetic valve, which eliminated any bias due to the type of prosthesis. Furthermore, 
the prospective design with independent adverse event adjudication and core-laboratory 
assessment of echocardiograms enabled robust and consistent data gathering up to 5 
years of follow-up. Despite these strengths, there were limitations. Even though there was 
apparent harmony between patient characteristics after propensity score matching, the study 
design could not guarantee complete comparability as adjustment was possible only for 

inextricable confounding effect. The 1082 AVR procedures in this analysis were performed 
by 132 surgeons, some of whom solely used pledgeted (54 surgeons) or non-pledgeted sutures 
(33 surgeons). Hence, we did not incorporate surgeon data in the propensity score matching.
To achieve complete comparability, randomized treatment allocation would have been a 

the subanalyses, in which the statistical power was also decreased due to smaller sample 
sizes. Therefore, these results should be interpreted in the context of these limitations. An 
increased length of follow-up might have revealed more profound differences in outcomes. 
It would be of interest to observe whether the difference in EOA will persist and eventually 

7
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lead to differences in clinical outcomes such as reintervention. Important aspects that remain 
unknown to the discussion of whether to use pledgeted sutures for SAVR are the feasibility 
of reoperations and future valve-in-valve transcatheter AVR for degenerated bioprostheses. 

future studies on this topic, these issues are highly relevant.

CONCLUSiONS

In a propensity-score-matched analysis, comprehensive clinical outcomes were comparable 
between patients undergoing AVR with pledgeted and non-pledgeted sutures up to 5 years 
of follow-up. Nevertheless, pledgets might lead to a slight reduction of the EOA in the long 
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ABSTRACT

Objective: 
sutures during surgical aortic valve replacement (SAVR). We aimed to investigate the effect 
of pledget-reinforced sutures versus sutures without pledgets during SAVR on different 
outcomes in a systematic review and meta-analysis.

Methods: A literature search was performed in PubMed, Cochrane and Embase databases. 
Studies must include patients undergoing SAVR and must compare any pledget-reinforced 

leakage (PVL), and secondary outcomes comprised thromboembolism, endocarditis, 

(MDs) for which the no pledgets group served as reference.

Results: Nine studies, all observational, met the inclusion criteria. The risk of bias was 
critical in seven studies, and high and moderate in the other two. The pooled RR for 

RR for mortality at 30-days was 1.02 (95% CI 0.48, 2.18) and during follow-up was 1.13 (95% 
CI 0.67, 2.00). For MPG and EOA at 1-year follow-up, the pooled MDs were 0.60 mmHg 
(95% CI -4.92, 6.11) and -0.03 cm2 (95% CI -0.18, 0.12), respectively.

Conclusions Literature on the use of pledget-reinforced sutures during SAVR is at high 
risk of bias. Pooled results are inconclusive regarding superiority of either pledget-reinforced 
sutures or sutures without pledgets. Hence, there is no evidence to support or oppose the use 
of pledget-reinforced sutures.

8
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CENTRAL PiCTURE

University Press.

Central Message: Meta-analysis did not reveal differences in outcomes between suturing 

Perspective Statement: Literature on the use of pledget-reinforced sutures during SAVR 
is scarce and at high risk of bias. Pooled results are inconclusive regarding superiority for 
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INTRODUCTiON

place (2). Since then, numerous advancements have been made to improve the outcomes 
of individual patients. However, there is still no consensus on some aspects of this surgical 
procedure including whether pledget-reinforced sutures should be used to implant the 
prosthetic valve. Experience learns that, even within one center, it strongly depends on the 

pledgets (3-8). For example, Englberger et al. (3) reported lower incidences of paravalvular 
leak (PVL) when pledgets were used while other studies found similar incidences for suturing 

et al. (9), although this difference in EOA is not found in other studies (5, 7, 8). Finally, the 

available literature and examine pooled effects, a systematic review and meta-analysis was 

on different hemodynamic and clinical outcomes. The goal of this meta-analysis is to provide 
a clinical recommendation for or against the use of pledgets during SAVR.

METHODS

For this meta-analysis, the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines were followed (10) and for the development of the protocol, 
the PRISMA guidelines for protocols (PRISMA-P) (11). The protocol was preregistered prior 
to the start of the study on PROSPERO with ID number 433066. The primary outcome was 
moderate or greater PVL post-implantation up to 30 days. Secondary outcomes, measured 
post-implantation up to 30 days and during mid-term follow-up, included thromboembolism, 
endocarditis, mortality, mean pressure gradient (MPG), and EOA.

Study selection, data extraction and risk of bias assessment
A literature search was performed in PubMed, Cochrane and Embase on June the 7th 
2023. Together with a librarian a search string was developed, which is included in the 

SAVR, and the intervention, pledget-reinforced sutures. Studies were selected according to 
the following eligibility criteria: studies must include patients undergoing SAVR and must 

pledgets. Observational studies and randomized controlled trials published in peer-reviewed 
journals were included. Systematic reviews, meta-analyses, and conference abstracts were 

8
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excluded as well as studies in any language other than English. Two researchers (TB & MC) 

as well as data extraction and risk of bias assessment on study level. Any disagreement was 

form based on the Cochrane format. If studies included more than one treatment arm with 
pledget-reinforced sutures or sutures without pledgets, these were grouped to one arm with 
and without pledgets. If this was not possible, the largest group with pledget-reinforced 
sutures and the largest group with sutures without pledgets were contrasted. The Risk Of 
Bias In Non-randomized Studies of Interventions (ROBINS-I) was use (13).

Statistical analysis

extracted or calculated using the cumulative incidences per treatment group. If multiple 
results on the same outcome were reported, e.g., unadjusted and adjusted for potential 
confounders, the risk ratio after confounding adjustment was preferred. For continuous 
outcomes like MPG and EOA, mean differences (MDs) were pooled. Results were pooled 
using a Hartung-Knapp random-effects model (14) and results were presented using forest 

The Hartung-Knapp model was used because this model provides a realistic estimation of 
the uncertainty in treatment effect when only limited studies are available (14, 15). To assess 
heterogeneity, the I2 was estimated and a 95% prediction interval was calculated around the 
pooled estimate (16). This prediction interval depicts the expected range of the true treatment 
effect in a new study (17). Furthermore, the potential of publication bias was evaluated 
using Egger’s test (18) and visualized in funnel plots. The Grading of Recommendations, 
Assessment, Development, and Evaluations (GRADE) framework was used for making 
clinical practice recommendations about the use of pledget-reinforced sutures during SAVR 
(19). All statistical analyses were executed using the statistical software R (R Foundation 

meta and robvis
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RESULTS

Systematic review

screening, 12 articles were selected for full-text reading. Three studies were excluded because 
these lacked a comparison of pledget-reinforced sutures and sutures without pledgets, no 
human subjects were involved or no full-text was available (20-22). Nine studies were eligible 

retrospective data collection. Two studies were a secondary analysis of an RCT, however, the 
patients in this study were not randomized to pledget-reinforced sutures (3, 23). An overview 
of the study characteristics, patient characteristics, and clinical outcomes is provided in Table 
1 and of the risk of bias assessment in Figure 2 and 3.

Figure 1. Flowchart of the selection process of studies on the use of pledget-reinforced sutures during 
surgical aortic valve replacement.

A schematic presentation of the literature review executed according to the PRISMA guidelines. PRISMA, Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses.

8
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Figure 2. Risk of bias assessment for studies on the use of pledget-reinforced sutures during surgical aortic 
valve replacement.

Englberger et al. (3) performed a retrospective analysis of their AVERT RCT data which 
included both mechanical SAVR and mitral valve replacement. The analysis comprised a 
total of 549 aortic valve patients. Englberger et al. reported PVL, had a mean follow-up of 30.6 
months and risk of bias was critical mainly because no adjustment for confounding was made.

Nair et al. (23) retrospectively analyzed data from another RCT. 126 patients received a 
mechanical aortic valve prosthesis. Follow-up was 10 years, and the primary endpoint was 
PVL and the risk of bias was critical due to the risk of bias in confounding.
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Figure 3. Risk of bias assessment per domain for the included articles on the use of pledget-reinforced 
sutures during surgical aortic valve replacement.

LaPar et al. (4) executed a retrospective cohort study with 802 patients, which included 
both mechanical and biological SAVRs. The mean follow-up was 82.0 months. Outcome 
measures included PVL, mortality and thromboembolism and the risk of bias was critical 
mainly because no adjustment for confounding was made.

Tabata et al. (5) included 152 SAVR patients who received a 19- or 21-mm biological valve. In 
this retrospective cohort study, PVL and EOA were reported up to one-year post-SAVR and 
risk of bias was serious since multivariable outcome regression was used for a few confounding 
factors namely sex, body surface area, ejection fraction, annulus size and implantation of 
19-mm prosthesis.

Ugur et al. (6) included 346 SAVR patients who were implanted with a 19- or 21-mm 
bioprosthesis. In this prospective cohort study, the mean follow-up was 12 months at which 
PVL, MPG and EOA were measured. Due to a lack of adjustment methods for confounding, 
risk of bias was judged as critical.

8
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Kim et al. (7) performed a retrospective cohort study including 439 mechanical or biological 
SAVR patients. The mean follow-up was 16 months. PVL, mortality and EOA were reported, 
and the risk of bias was critical mainly because the study lacked adjustment methods for 
confounding.

Lee et al. (7) included 215 mechanical or biological SAVR patients in a retrospective cohort 
study. MPG, EAO and PVL were reported up to a median follow-up of 9.6 months and PVL 
up to 26 months post-operatively. Mainly because no adjustment method for confounding 
was used, the risk of bias was judged as critical.

Velders et al. (8) performed a prospective cohort study which included 1082 biological SAVR 
patients. The authors reported on PVL, mortality, endocarditis, thromboembolism, MPG 
and EOA up to 60 months post-operatively. Propensity score matching was used based on 
multiple confounding variables and the risk of bias was judged as moderate.

Rasheed et al. (24) included 629 mechanical or biological SAVR patients in a retrospective 
cohort study. The predicted EOA index was reported as the outcome. Risk of bias was critical 
mainly because no adjustment method for confounding was used.
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Meta-analysis
Outcomes were pooled if reported by at least three individual studies. An overview of the 
reported outcomes (including the time of outcome measurement) per study is provided in 
Supplementary Tables S1 and Table S2.

up. The risk ratio (RR) for pledget-reinforced sutures versus sutures without pledgets was 
0.59 (95% CI 0.13, 2.73, Figure 4). The 95% prediction interval ranged from 0.03 to 12.27. 
Three studies reported on 30-day mortality. The pooled RR was 1.02 (95% CI 0.48, 2.18, 
Figure 5a). Again, three studies reported on mortality during follow-up, the pooled RR 
was 1.15 (95% CI 0.67, 2.09, Figure 5b). The MPG and the EOA at 1-year follow-up were 

-4.92, 6.11, Figure 6a) for MPG and -0.03 cm2 (95% CI -0.18, 0.12, Figure 6b) for EOA, both 
numerically in favor of sutures without pledgets. The 95% prediction intervals for the MD 
in MPG and EOA were large: -30.64 to 31.83 mmHg and -0.42 to 0.36 cm2, respectively. 

in line with the main analysis using the random-effects model. For the outcomes reported 
above, funnel plots are presented in Figure S1. Besides mortality during follow-up, these 
indicated a low suspicion on publication bias which was also reiterated by high p-values for 
the Egger’s test: 0.98 for PVL, 0.36 for 30-day mortality, 0.98 for mortality during follow-
up, 0.64 for MPG and 0.77 for EOA, respectively.

For outcomes which were reported by less than three studies the results are summarized in 

thromboembolism and infective endocarditis at 30-days and during mid-term follow-up were 
low in both the pledget-reinforced sutures and sutures without pledgets group.

Figure 4. Forest plot on moderate or greater paravalvular leak at mid-term follow-up after surgical aortic 
valve replacement.
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Figure 5. Forest plot on 30-day mortality and mortality during follow-up after surgical aortic valve replacement.

Figure 6. 
aortic valve replacement.

8
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DiSCUSSiON

This systematic review and meta-analysis provides an overview of the available studies that 
compared pledget-reinforced sutures to sutures without pledgets for SAVR. Literature on this 
topic is scarce and at high risk of bias. The pooled results do not demonstrate superiority for any 

Numerically, the results for PVL were slightly in favor of pledget-reinforced sutures, while the 

amount of included studies and the low number of clinical events. Furthermore, the pooled 
differences for MPG and EOA were very small (0.60 mmHg and -0.04 cm2) and therefore 
unlikely to be clinically relevant. To note, the pooled estimates for MPG and EOA represent 
the difference at 1-year post-implantation, and these could become larger with longer follow-
up. For example, Velders et al. (8) reported that the EOA in the pledget-reinforced suture 
group was about 0.10 cm2

in future studies.

Patients for which the choice between pledget-reinforced sutures and sutures without pledgets 
could be extra important are the ones with a small aortic annulus. Several included studies 
have separately reported their outcomes for labelled valve sizes smaller than 21-mm or 

the EOA and MPG were slightly in favor of sutures without pledgets (5, 7, 9, 24), except for 
one subgroup analysis in which comparable results were found (8). Again, differences were 
small and unfortunately the reported information was too limited to present in a sub analysis. 

annulus and more studies are needed.

The focus of this review was on the difference between any pledget-reinforced suturing 

et al. tested different 

(7, 24). The limited amount of available data on these differences made analysis on this 
subject very unreliable and was therefore not performed. Furthermore, Kim et al. reported 

optimize hemodynamic performance and to facilitate the best lifetime management.
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harder when pledget-reinforced sutures have initially been used. For future valve-in-valve 

GRADE recommendations
According to the GRADE framework, the evidence summarized in our meta-analysis is 
considered to have a low level of certainty (19). The magnitude of the observed effects was 

 These 

conclusive evidence is available.

Limitations
The limitations of this systematic review and meta-analysis comprise the small number 

reported on few endpoints at varying follow-up times. Furthermore, the prevalence of these 
endpoints was also low. Moreover, in the included observational studies, the impact of the 
surgeon on outcomes could be an inextricable source of confounding. If experienced surgeons 

would be intertwined with a comparison in surgical experience. The condition of the native 
annulus could also have affected the decision to use pledgets and the outcomes after SAVR. 
However, most studies did not provide any information on the condition of the annulus. 
Lastly, limited additional details for subgroups like patients with a small annulus or for 

meta-analysis generated a comprehensive overview of all available evidence on the use of 
pledget-reinforced sutures during SAVR. The analysis was executed conform a preregistered 
protocol and full access is provided to the study data and the statistical code.

CONCLUSiONS

For the choice between pledget-reinforced sutures or sutures without pledgets during 
SAVR, literature is scarce and at high risk of bias. Pooled results are inconclusive regarding 
superiority of either pledget-reinforced sutures or sutures without pledgets. There is no 
evidence to support or oppose the use of pledget-reinforced sutures.

Acknowledgement: we thank A. Malekzadeh, librarian of the Amsterdam University 
Medical Center, for his help with developing the search strategy.
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Aortic Root Replacement with the Freestyle bioprosthesis

ABSTRACT

In this video tutorial, the technical details for the implantation of the Freestyle stentless 
bioprosthesis are outlined based on the case of a 76-year-old male patient with symptomatic 
stenosis of a bicuspid aortic valve and aortic root dilatation.

9
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INTRODUCTiON

The Medtronic Freestyle stentless bioprosthesis (Medtronic Inc., Minneapolis, MN, USA) 
is a porcine aortic root xenograft. It can be used for various root pathologies, but due to its 

versatile implantation compared with composite valved grafts, especially in the setting of 
infective endocarditis or reoperations. Several follow-up studies of patients with this prosthesis 
have demonstrated mid- and long-term survival rates that were largely comparable to those 

Patient Presentation
A 76-year-old male patient with a bicuspid aortic valve was referred to our clinic with 
symptomatic aortic stenosis and a dilated aortic root. The patient experienced symptoms 
during minimal exercise. Apart from a single transient ischaemic attack, his medical history 
contained no relevant cardiovascular diseases. Transthoracic echocardiography showed a 

coronary artery disease. After shared decision making, the patient opted for a bioprosthesis. 
Hence, he was scheduled for aortic root replacement with the Freestyle stentless bioprosthesis.

Surgical Technique & Videos
1 - Patient presentation

valve. The mean pressure gradient was 40 mmHg, the aortic valve area index was 0.46 cm2

m2 and the Doppler velocity index was 0.20. Furthermore, a trace of aortic regurgitation 
was present. Computed tomography showed a dilated aortic root with a diameter of 
approximately 48 mm and an elongated ascending aorta.

2 - Exposure and cannulation

After a median sternotomy, the distal ascending aorta was cannulated, and venous drainage 
was achieved through a two-stage cannula in the right atrium. A left vent was inserted 
through the upper right pulmonary vein. Finally, the aorta was cross-clamped, and warm 
blood cardioplegia was administered and repeated every 15–20 minutes.

3 - Aortic root preparation

The aorta was transected just a few centimeters above the sinotubular junction, and 
the dilated part was removed. To improve exposure, traction sutures were placed in the 
commissures. The native sinuses were resected, and the coronary arteries were mobilized.

Binnenwerk Bart - V4 - tekst groter.indd   162 29-01-2025   10:27



163

Aortic Root Replacement with the Freestyle bioprosthesis

The aortic valve was bicuspid with a raphe between the left and right coronary cusps (Sievers 

pericardial patch was used to reconstruct the annulus at that location. The appropriate valve 
size was determined to be 29 mm using the manufacturer’s sizer.

5 - Freestyle positioning

As can be inferred from the video, the distance between the left and right coronary buttons of 
the porcine prosthesis did not match the distance between the human ostiae. For that reason, 
the Freestyle prosthesis was rotated 120 degrees clockwise. In this situation, the left coronary 
button of the prosthesis corresponded to the right coronary ostium of the patient, whereas 
the non-coronary cusp of the prosthesis matched the left coronary ostium of the patient.

6 – Implanting the Freestyle prosthesis

The prosthesis can be implanted using a single interrupted or a continuous suturing 

like shape of the native annulus. Three 4-0 polypropylene sutures were placed under the 
commissures at the height of the nadirs. The manufacturer’s sizer was helpful in determining 
the right distance between the sutures. Using the double green lines on the sewing cuff as 
a reference, the prosthesis was positioned correctly. After the continuous suture line was 
completed, the sutures were tightened with a nerve hook before they were tied.

7 – Reimplanting the coronary arteries

A 5-0 polypropylene suture was used to assure total occlusion of the right coronary ostium 
of the Freestyle prosthesis. Optimal positioning of the coronary buttons is important. 
When dissecting, coronary buttons should not be mobilized too extensively to maintain 
an anatomical position. Furthermore, the native ostia of the coronary arteries should not 
be trimmed too much to enhance the ease of potential reoperations in the future. In the 
non-coronary sinus of the prosthesis, a neo-ostium was created using a 6-mm punch device. 

suture. One should keep in mind that the tissue of the porcine prosthesis is different from 
that of the vascular graft that is used during the Bentall procedure. Therefore, more gentle 

The optimal position of the button does not always correspond with the button of the 
prosthesis. Here, a neo-ostium was created just above the native ostium of the prosthesis.

8 - Distal anastomosis

The prosthesis was attached to the ascending aorta without the need for a vascular 
interposition graft. The distal anastomosis was made with a 4-0 polypropylene suture.

9
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9 - Final result

After de-airing, the aortic cross-clamp was removed while we manually compressed the right 
coronary artery to prevent any remaining air from entering. Satisfactory performance of 
the prosthesis was observed on transoesophageal echocardiography. After inspection of all 
the anastomoses, the chest was closed in a standard fashion.

OUTCOME & DiSCUSSiON

Outcome
The patient was haemodynamically stable after surgery, and the postoperative course was 
uneventful. The patient was discharged home on postoperative day 5 after transthoracic 

gradients were 5 mmHg and 10 mmHg, respectively. Because the patient was already taking 
clopidogrel, no additional thromboprophylaxis was prescribed. Normally, we prescribe 
aspirin for 3 months.

Discussion
As mentioned in the introduction, good clinical and haemodynamic results have been 

for reintervention after replacement of the aortic root with this prosthesis is structural valve 
deterioration, especially in younger patients, followed by endocarditis and non-structural 

of this prosthesis include infective (native and prosthetic valve) endocarditis, type-A aortic 

but their use should be weighed against the harm of more extensive surgery.

Aortic root replacement with the Freestyle stentless bioprosthesis is a valuable option for 
many different pathologies. This video tutorial provides a step-by-step approach outlining 
essential surgical details for the implantation of this prosthesis.
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ABSTRACT

Objective: To describe differences between North America and Europe in the perioperative 
management of patients undergoing surgical aortic valve replacement (SAVR).

Methods: 

new stented bioprosthesis at 25 centers in North America (Canada and the United States) and 
13 centers in Europe (Germany, the Netherlands, France, the United Kingdom, Switzerland, 
and Italy). While all patients underwent implantation with the same bioprosthetic model, 
perioperative management was left to the disvcretion of participating centers. Perioperative 
care was described in detail including outcomes up to 1-year follow-up.

Results: Among 1118 patients, 643 (58%) were implanted in North America, and 475 
(42%) were implanted in Europe. Patients in Europe were older, had a lower body mass 
index, less bicuspid disease, and worse degree of aortic stenosis at baseline. In Europe, 
anticoagulant therapy at discharge was more aggressive, whereas length of stay was longer 
and discharges directly to home were less common. Rehospitalization risk was lower in 
Europe at 30 days (8.5% vs. 15.9%) but converged at 1-year follow-up (26.5% vs. 28.1%). 
Within continents, there were major differences between individual countries concerning 
perioperative management.

Conclusion: Contemporary patients receiving SAVR in North America and Europe 

and discharge management. Furthermore, rehospitalization differed largely between 
continents and countries. Hence, geographical setting must be considered during design 
and interpretation of trials on SAVR.

10
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KEY MESSAGE

What is already known on this topic: North America and Europe have separate 

replacement, but the extent of practical differences between these continents is unknown.

What this study adds: This study provides a comprehensive overview of regional 
differences in perioperative care for these patients.

How this study might affect research, practice or policy: This study outlined 
that perioperative care differed to a great extent in terms of patient selection, procedural 

and Europe. These differences must be considered by regional policy makers, especially 
European guideline committees.
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INTRODUCTiON

North America and Europe have separate guidelines for the perioperative management 

clinical care differences between these continents is unknown. For example, differences 

major randomized controlled trials are primarily enrolled in the United States of America 
(USA) (3, 4), intercontinental differences in perioperative management might challenge the 
generalizability of results across different regions.

stented bioprosthesis, patients were enrolled at 38 centers in North America and Europe. All 
patients underwent SAVR with the same stented aortic bioprosthesis, while perioperative 
management was left to the discretion of the participating centers. Our aim was to 

generalizability of outcomes.

METHODS

The PERIcardial SurGical AOrtic Valve ReplacemeNt (PERIGON) Pivotal Trial of 

NCT02088554) is a single-armed follow-up study executed at 25 centers in North America 
(Canada and United States) and 13 centers in Europe (Germany, Netherlands, France, 
United Kingdom, Switzerland, and Italy). In this trial, clinical and hemodynamic outcomes 
were investigated in patients receiving the Avalus bioprosthesis, a stented bovine pericardial 
aortic valve. Patients were enrolled between 2014 and 2017 for all valve sizes. Enrollment was 
reopened in 2019 for size 29 mm and continues through early 2023. Previously, a detailed 
description of the study design was provided (5, 6). In brief, symptomatic patients with a 
clinical indication for AVR due to either moderate or severe aortic stenosis (AS) or severe 
chronic regurgitation were eligible. Several concomitant procedures were allowed, such as 
coronary artery bypass grafting (CABG). At each center, an ethics committee or institutional 

number and date for each participating center), and all patients gave written informed 
consent. An independent clinical events committee was constituted to adjudicate all deaths 
and valve-related adverse events, while an independent data and safety monitoring board 
provided study surveillance (Baim Institute for Clinical Research, Boston, Massachusetts, 
USA). Furthermore, a core laboratory (MedStar, Washington, DC, USA) evaluated all 
echocardiographic assessments.

Our primary objective was to describe clinical care differences between North America and 
Europe. Moreover, a per-country subanalysis was performed.

10
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Comprehensive baseline and procedural characteristics were outlined to provide a detailed 
overview of practical differences. In addition, the antithrombotic regimens and discharge 
strategies were investigated. Lastly, early clinical endpoints at 30-day and 1-year follow-up 
were demonstrated. These endpoints included all-cause rehospitalization, all-cause mortality, 
cardiac mortality, valve-related mortality, thromboembolism, hemorrhage, paravalvular 
leak, and reintervention.

Statistical analysis

and compared with the independent samples t-test or Mann-Whitney U test. Categorical 

intervals (CIs), were estimated using the Kaplan-Meier method. Follow-up for this analysis 
started at the time of surgery and continued until death, withdrawal, or one year after 

of one continent. At 30-day and 1-year follow-up, data were complete for 99.6% and 93.3%, 
respectively. A complete case analysis was executed. Statistical tests were executed using 
SAS version 9.4 (SAS Institute, Cary, North Carolina, USA). All tests were two-tailed, and 

the design or analysis of the study. The data underlying this article were provided by the 
sponsor and will not be shared with third parties for purposes of reproducing the results.

RESULTS

Out of a total of 1118 implanted patients, 643 (58%) were implanted in North America, and 
475 (42%) in Europe. 375 patients were implanted in the USA, and 268 in Canada. In Europe, 
the majority of patients were enrolled in Germany (n=213), followed by the Netherlands 
(n=114), France (n=86), the United Kingdom (n=45), Switzerland (n=12), and Italy (n=5).

Per continent analysis
Patients who underwent SAVR in North America had on average lower age, higher body 

peripheral vascular disease, chronic obstructive pulmonary disease (COPD), congestive 
heart failure, and left ventricular hypertrophy than European patients. On the other hand, 
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Table 1. Baseline characteristics of patients undergoing surgical aortic valve replacement in North America 
and Europe.

North America
(n = 643)

Europe
(n = 475)

p-value

Age (years) 68.6 ± 9.7 72.3 ± 7.4 <0.001

Male 494 (76.8%) 345 (72.6%) 0.11

Body surface area (m2) 2.0 ± 0.2 1.9 ± 0.2 <0.001
2) 30.2 ± 5.9 28.3 ± 4.5 <0.001

276 (42.9%) 196 (41.3%) 0.58

STS Risk of Mortality (%) 1.8 ± 1.2 2.2 ± 1.5 <0.001

Diabetes Mellitus 177 (27.5%) 121 (25.5%) 0.44

Hypertension 489 (76.0%) 363 (76.4%) 0.89

Dyslipidemia 453 (70.5%) 237 (49.9%) <0.001

Peripheral Vascular Disease 38 (5.9%) 43 (9.1%) 0.045

59 (9.2%) 60 (12.6%) 0.06

27 (4.2%) 18 (3.8%) 0.73

TIA 31 (4.8%) 29 (6.1%) 0.35

COPD 60 (9.3%) 70 (14.7%) 0.005

Congestive heart failure 102 (15.9%) 120 (25.3%) <0.001

Coronary artery disease 283 (44.0%) 203 (42.7%) 0.67

Myocardial infarction 58 (9.0%) 41 (8.6%) 0.82

Left ventricular hypertrophy 158 (24.6%) 300 (63.2%) <0.001

64 (10.0%) 53 (11.2%) 0.52

Liver disease 15 (2.3%) 9 (1.9%) 0.62

Bicuspid aortic valve 256 (39.8%) 73 (15.4%) <0.001

Aortic aneurysm 65 (10.1%) 33 (6.9%) 0.06

Primary indication <0.001

Aortic stenosis 540 (84.0%) 402 (84.6%)

Aortic regurgitation 49 (7.6%) 15 (3.2%)

Mixed 49 (7.6%) 57 (12.0%)

Failed prosthesis 5 (0.8%) 1 (0.2%)

Smoking 307 (47.7%) 231 (48.6%) 0.77

Substance abuse (drug or alcohol) 17 (2.6%) 6 (1.3%) 0.11

Mean pressure gradient (mm Hg) 40.4 ± 17.9 44.4 ± 15.7 <0.001
2) <0.001
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The surgical approach was different with a high percentage of conventional median 
sternotomy in North America (Table 2). The more popular minimally invasive strategy of 
choice was a hemisternotomy in Europe but a right anterior thoracotomy in North America. 
Non-everted mattress sutures and pledget use were common in North America, while 
simple interrupted sutures were more popular in Europe. Concomitant procedures were 
comparable between continents. While bypass time was also similar, aortic cross-clamp 
time was somewhat higher in North America.

Table 2. Procedural characteristics of patients undergoing surgical aortic valve replacement in North 
America and Europe.

North America
(n = 643)

Europe
(n = 475)

p-value

Surgical approach
<0.001

Median sternotomy 547 (85.1%) 343 (72.2%)

Hemisternotomy 37 (5.8%) 108 (22.7%)

Right anterior thoracotomy 52 (8.1%) 17 (3.6%)

Other 7 (1.1%) 7 (1.5%)

Simple interrupted 61 (9.5%) 262 (55.2%) <0.001

Continuous 2 (0.3%) 39 (8.2%) <0.001

Pledgets 441 (68.6%) 217 (45.7%) <0.001

Everted mattress 40 (6.2%) 24 (5.1%) 0.41

Non-everted mattress 536 (83.4%) 146 (30.7%) <0.001

Figure-of-eight 3 (0.5%) 0 (0.0%) 0.27

Cor-knot 144 (22.4%) 24 (5.1%) <0.001

Other 14 (2.2%) 9 (1.9%) 0.74

Number of sutures 14.3 ± 3.0 15.8 ± 7.9 0.015

Implanted valve size 0.28

17 mm 0 (0.0%) 1 (0.2%)

19 mm 26 (4.0%) 16 (3.4%)

21 mm 124 (19.3%) 87 (18.3%)

23 mm 212 (33.0%) 189 (39.8%)

25 mm 211 (32.8%) 139 (29.3%)

27 mm 60 (9.3%) 41 (8.6%)

29 mm 10 (1.6%) 2 (0.4%)

Annular enlargement 16 (3.8%) 11 (6.1%) 0.22

Nicks procedure 11 (2.6%) 8 (4.4%) 0.25
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Table 2. Continued

North America
(n = 643)

Europe
(n = 475)

p-value

Konno procedure 0 (0.0%) 0 (0.0%) NA

Other 5 (1.2%) 3 (1.7%) 0.70

68 (16.2%) 14 (7.7%) 0.005

Patch closure 39 (9.3%) 13 (7.1%) 0.38

Aortic root replacement 3 (0.7%) 0 (0.0%) 0.56

Other 27 (6.4%) 1 (0.5%) <0.001

Concomitant procedures

None 305 (47.4%) 246 (51.8%) 0.15

CABG 216 (33.6%) 146 (30.7%) 0.31

Implantable cardiac device (pacemaker, ICD, CRT, etc.) 0 (0.0%) 1 (0.2%) 0.42

LAA Closure 53 (8.2%) 34 (7.2%) 0.50

PFO Closure 11 (1.7%) 2 (0.4%) 0.05

Myectomy
3 (0.5%) 18 (3.8%) <0.001

Arrest
58 (9.0%) 28 (5.9%) 0.05

0 (0.0%) 1 (0.2%) 0.42

Other 96 (14.9%) 63 (13.3%) 0.43

Total bypass time (min) 105.8 ± 40.7 104.0 ± 41.7 0.48

Total aortic cross clamp time (min) 81.6 ± 32.0 76.6 ± 30.8 0.010

ovale, STJ; Sinotubular junction.

In North America, more patients received aspirin or other antiplatelet monotherapy (Figure 1). 
In Europe, oral anticoagulant (OAC) use was more common, both alone and in combination 

than 90% of the North American patients went home directly after their initial hospital 
stay. In Europe, despite their longer stay, most patients were discharged to a rehabilitation 
clinic (55.8%) or other hospital (19.8%). All-cause rehospitalization risk was higher in North 

however, the risks became more comparable between continents throughout 1-year follow-
up (Figure 2). At 30-day and 1-year follow-up, thromboembolism risks were comparable, 
while all and major hemorrhage risks were different between the continents (Table 4).

10
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Figure 1. Antithrombotic medication at discharge in North America and Europe for patients who under-
went surgical aortic valve replacement.
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Table 4. Thirty-day and 1-year outcomes for patients who underwent surgical aortic valve replacement in 
North America and Europe.

30-day 1-year

North America
(n = 643)

Europe
(n = 475)

North America
(n = 643)

Europe
(n = 475)

All-cause mortality 0.3% (0.1-1.2%) 1.7% (0.8-3.3%) 2.4% (1.4-3.9%) 4.0% (2.6-6.3%)

Cardiac mortality 0.3% (0.1-1.2%) 0.8% (0.3-2.2%) 0.9% (0.4-2.1%) 2.6% (1.5-4.5%)

Valve-related mortality 0.0% (NA) 0.0% (NA) 0.2% (0.0-1.1%) 0.4% (0.1-1.8%)

Thromboembolism 1.4% (0.7-2.7%) 1.3% (0.6-2.8%) 2.5% (1.5-4.1%) 3.0% (1.8-5.1%)

All hemorrhage* 0.0% (NA) 0.0% (NA) 4.7% (3.3-6.7%) 5.9% (4.1-8.5%)

Major hemorrhage* 2.0% (1.2-3.5%) 0.9% (0.3-2.3%) 4.1% (2.8-6.0%) 2.6% (1.5-4.6%)

All paravalvular leak 1.7% (1.0-3.1%) 0.0% (NA) 1.0% (0.4-2.1%) 0.0% (NA)

Major paravalvular leak 0.3% (0.1-1.2%) 0.0% (NA) 0.3% (0.1-1.3%) 0.0% (NA)

Reintervention 0.3% (0.1-1.2%) 0.4% (0.1-1.7%) 0.8% (0.3-1.9%) 1.1% (0.5-2.6%)

Per country analysis
Patient age in France and the UK was relatively high (Table S1 in the supplementary 

Table S2, the procedural characteristics per country are shown. A surgical approach via 
hemisternotomy was most commonly used in Germany, while a right anterior thoracotomy 

markedly more often in Germany (87.3%) and in Switzerland (83.3%) compared to the other 
European countries (13.2% at most). In the USA, application of the Cor-knot (LSI Solutions, 
Victor, New York, USA), an automated suture fastener, was popular. In Germany, annular 
enlargement was performed remarkably more in contrast to all other countries, while in 
Canada 27.5% of patients underwent an aortic root enlargement.

In France, the antithrombotic regimen was most liberal with almost 70% of patients receiving 

country ranged from a mean of 5 to 12 days (Table 3). In most European countries, the 

most patients were transferred to another hospital after their initial stay, and most patients in 
UK were discharged to home. Rehospitalization per country varied widely at both 30-day 
(Table S3) and 1-year follow-up (Figure 2). Moreover, thromboembolism risks at 30-day 
and 1-year follow-up differed between the countries with the highest occurrence in the UK 
(Table S3). The cumulative incidence of all anticoagulant-related hemorrhage was highest in 
Germany (8.8%, 95% CI 5.7-13.7%) at 1 year, while the major hemorrhage risk was highest 
in the USA (5.4%, 95% CI 3.5-8.3%).
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Figure 2. Kaplan-Meier analysis for rehospitalization up to 1-year follow-up per continent and per country 
for patients who underwent surgical aortic valve replacement.

The upper panel represents the per-continent analysis, while the lower panel represents the per-country analysis.
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DiSCUSSiON

In a large observational trial executed at 38 centers across North America and Europe, 

perioperative care for SAVR patients and found differences in patient selection, procedural 
characteristics, and discharge strategy between continents and countries. As these differences 
affect trial outcomes, they potentially diminish generalizability of surgical trials performed 

in the interpretation of surgical trials and is of importance for national and international 
guideline committees.

Generalizability of the effects of surgical interventions, including aortic valve replacement, 
is not straightforward if intervention effects possibly differ between groups of patients or 
practice characteristics. In trials, commonly, average treatment effects are estimated and 
apply to patient groups that are represented in that trial. Generalizing results to patient 

assumptions.

Regional differences between North America and Europe have been described before for 
other cardiovascular diseases. For example, in heart failure patients, major differences 
were observed in discharge strategies with shorter length of stay in North America (8, 9). 
Transatlantic variation has to some extent been outlined for transcatheter aortic valve 

for SAVR patients is still lacking.

In the PERIGON Pivotal Trial, European patients were older and had higher STS risk of 
mortality, more comorbidities (including left ventricular hypertrophy), and worse degree of 
aortic stenosis. While these parameters relate to each other, European clinicians seem more 
conservative in their decision for intervention, which could very well explain the differences 
in valve anatomy and indication between the regions. Minimally invasive approaches were 
noticeably more popular in Europe, especially in Germany and in the United Kingdom, with 

America a trend for increased minimally invasive surgical AVR has also been observed (11).

of valvular heart disease (1) make a weak recommendation (class 2a, level of evidence B-NR) 
for aspirin only for all bioprosthetic SAVR patients in the absence of other indications for 
OACs and anticoagulation with a vitamin-K antagonist (VKA) for 3-6 months in case 

the antithrombotic regimens varied widely, even within continents. A potential explanation 
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for this variation could be that each center acts according to its local protocol as the strength 
of the evidence is relatively low. A meta-analysis (12) found that the bleeding risk after AVR 
is affected by the choice of anticoagulation. Hence, regional antithrombotic strategies need 
to be considered when interpreting thrombosis- and bleeding-related outcomes if adjustment 
for medication is lacking.

In addition, discharge strategies were very different between continents and countries. 

length of stay, the risk of in-hospital complications, and early rehospitalization, which is, 
for example, used as component of the primary composite outcome in the PARTNER 3 
trial (3), could be affected. Furthermore, rehospitalization has also been integrated into the 

research (13). It should be realized that this outcome is extremely variable. Any comparison 
of the above-mentioned outcome measures between certain treatments could only be reliably 
interpreted when considering geographical settings.

In this study, there seemed to be an association between the length of stay, the discharge 
location, and 30-day rehospitalization after SAVR. However, the descriptive design does not 

are of interest to determine the pros and cons of certain discharge strategies.

Limitations
The population of the PERIGON Pivotal Trial is selective due to its eligibility criteria and 
might therefore be less representative of the entire SAVR population on each continent. 
However, the permittance of common concomitant procedures like CABG and the 
multicenter international character of the study enhance generalizability. Of note, only 
few patients were enrolled in Italy and Switzerland, so the results from these countries are 
more prone to sampling variability and therefore are less reliable. These small numbers may 
not represent the wider practice in these countries. Within countries there could also be 

perioperative care and outcomes might not be generalizable to the entire country. In the 

will, in turn, have affected discharge results and antithrombotic regimen. As there were 
multiple differences in patient and procedural characteristics between continents and 
between countries, and these are likely accompanied by differences in unmeasured variables, 
we decided to avoid direct comparisons of clinical outcomes. Hence, although outcomes 
like mortality, bleeding, and rehospitalization differed per region, no causal inference on 
the impact of regional perioperative care can be made. Due to our approach of thoroughly 
comparing continents and countries, multiple statistical tests were executed. As a result, 

testing. All patients received the same prosthesis, so any bias related to prosthetic valve 

10
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differences are ruled out. Furthermore, the prospective design of the trial and the presence 
of an independent clinical events committee enabled robust and accurate data gathering 

to the study goal.

CONCLUSiON

Current perioperative management of SAVR patients broadly varies between North America 
and Europe. In a large observational trial, there were major differences in patient selection, 

the rehospitalization risks differed largely between continents and countries. Hence, 

interpretation of surgical trials of aortic valve replacement and in the development of (inter)
national guidelines.

Binnenwerk Bart - V4 - tekst groter.indd   182 29-01-2025   10:27



183

Perioperative Care Differences of Surgical Aortic Valve Replacement

REFERENCES

1. 

2. 
Guidelines for the management of valvular heart disease. Eur Heart J. 2021.

3. Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo M, et al. Transcatheter Aortic-Valve 

4. Popma JJ, Deeb GM, Yakubov SJ, Mumtaz M, Gada H, O’Hair D, et al. Transcatheter Aortic-Valve 

5. Sabik JF, 3rd, Rao V, Lange R, et al. One-year outcomes associated with a novel stented bovine 

6. Klautz RJM, Kappetein AP, Lange R, Dagenais F, Labrousse L, Bapat V, et al. Safety, effectiveness 
and haemodynamic performance of a new stented aortic valve bioprosthesis. Eur J Cardiothorac Surg. 

7. Klautz RJM, Dagenais F, Reardon MJ, Lange R, Moront MG, Labrousse L, et al. Surgical aortic 
valve replacement with a stented pericardial bioprosthesis: 5-year outcomes. Eur J Cardiothorac Surg. 

8. Pitt B, Zannad F, Gheorghiade M, Martínez F, Love TE, Daniel C, et al. Transatlantic similarities 
and differences in major natural history endpoints of heart failure after acute myocardial infarction: 

9. Mentz RJ, Cotter G, Cleland JG, Stevens SR, Chiswell K, Davison BA, et al. International differences 
in clinical characteristics, management, and outcomes in acute heart failure patients: better short-term 
outcomes in patients enrolled in Eastern Europe and Russia in the PROTECT trial. Eur J Heart Fail. 

10. Thourani VH, Borger MA, Holmes D, Maniar H, Pinto F, Miller C, et al. Transatlantic Editorial on 

11. Nguyen TC, Terwelp MD, Thourani VH, Zhao Y, Ganim N, Hoffmann C, et al. Clinical trends in 
surgical, minimally invasive and transcatheter aortic valve replacement†. Eur J Cardiothorac Surg. 

12. Riaz H, Alansari SA, Khan MS, Riaz T, Raza S, Luni FK, et al. Safety and Use of Anticoagulation 
After Aortic Valve Replacement With Bioprostheses: A Meta-Analysis. Circ Cardiovasc Qual 

13. Généreux P, Piazza N, Alu MC, Nazif T, Hahn RT, Pibarot P, et al. VARC 3: Updated Endpoint 

SUPPLEMENTARY FiLES

10

Binnenwerk Bart - V4 - tekst groter.indd   183 29-01-2025   10:27



11
Binnenwerk Bart - V4 - tekst groter.indd   184 29-01-2025   10:27



CONFOUNDING ADJUSTMENT 
IN OBSERVATIONAL STUDIES ON 
CARDIOTHORACIC INTERVENTIONS:  
A SYSTEMATIC REVIEW OF 
METHODOLOGICAL PRACTICE

Bart J.J. Velders, J.W. Taco Boltje, Michiel D. Vriesendorp, Robert J.M. Klautz, Saskia Le Cessie, 
Rolf H.H. Groenwold

European Journal of Cardio-Thoracic Surgery 2023

Binnenwerk Bart - V4 - tekst groter.indd   185 29-01-2025   10:27



186

Chapter 11

GRAPHiCAL ABSTRACT

Binnenwerk Bart - V4 - tekst groter.indd   186 29-01-2025   10:27



187

 Confounding Adjustment in Cardiothoracic Studies

ABSTRACT

Objectives: It is unknown which confounding adjustment methods are currently used in 

adjustment methods in observational studies on cardiothoracic interventions.

Methods: A systematic review was performed which included all observational studies that 
compared different interventions and were published between January 1 and July 1, 2022, 
in three European and American cardiothoracic surgery journals. Detailed information on 

Results: Ninety-two articles were included in the analysis. Outcome regression (N = 49, 
53%) and propensity score matching (N = 44, 48%) were most popular (sometimes used 
in combination), while 11 (12%) studies applied no method at all. The way of selecting 
confounders was not reported in 42 (46%) of the studies, solely based on previous literature 
or clinical knowledge in 14 (16%), and (partly) data-driven in 25 (27%). For the studies that 
applied propensity score matching, the matched cohorts comprised on average 46% of the 
entire study population (range 9% - 82%).

Conclusions:

for causal inference on optimal treatment strategies for clinical practice. Reporting on these 
methods is an important aspect of this, which can be improved. 11
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INTRODUCTiON

In cardiothoracic research, many studies aim for causal inference by comparing different 
surgical interventions or strategies. To make valid inferences, the treatment groups under 

controlled trials (RCTs) ensure this by design, however, for observational studies, often 

regarding the data modelling assumptions and the interpretation of results.

on the effects of cardiothoracic interventions, it is unknown which methods are used and whether 
these are applied appropriately. Hence, the aim of this study was to systematically evaluate the 

on cardiothoracic interventions.

MATERiALS AND METHODS

Ethics statement
There are no individual patient data used in this review and informed consent is not applicable.

Systematic review

systematic review was performed. Observational studies were included that were published 
between January 1 and July 1, 2022, in one of the following three cardiothoracic journals: 
the European Journal of Cardio-Thoracic Surgery (EJCTS), The Journal of Thoracic and 
Cardiovascular Surgery ( JTCVS), and Annals of Thoracic Surgery (ATS). Furthermore, 
only observational studies were included that aimed to estimate a causal effect by comparing 
outcomes between two (or more) interventions or one (or more) intervention(s) versus no 

female sex, or primary surgery versus reoperation. Furthermore, RCTs, systematic reviews 

PubMed Central was searched on September 21, 2022. The search strategy is available in 

after deblinding were discussed until joint agreement was reached. Full-text review and data 
retrieval were performed by BV and checked by TB.
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treatment arm), the primary outcome, the number of primary outcome events in case the 
outcome was binary or a time-to-event outcome, the confounding adjustment method(s) 

of estimated parameters of the regression model in case outcome regression or propensity 
methods were used, and whether unmeasured confounding was commented on. If the primary 

considered to be the primary outcome. The number of outcome events was extracted from 

as part of different confounding adjustment methods, the number of estimated parameters 

estimated treatment effect was. Positivity refers to the assumption that all individuals have 
a non-zero probability to receive any of the treatments studied. Overlap is related, because 

Lastly, when studies used PS matching (PSM), data were collected on the sample size (per 
arm) of the matched cohort, the matching method, and whether comparability between 
treatment groups post matching was checked.

Statistical analysis

depending on the distribution, checked using visual inspection of histograms, for numerical 
data. In addition, for the studies that used outcome regression or PS methods, the number 
events for the dependent variable per estimated parameter in the regression model was 
calculated. In general, it is recommended that this number should be at least 10 to assure 

All analyses were executed in R, version 3.6.3 (R Foundation for Statistical Computing, 
Vienna, Austria, www.r-project.org). Reporting was in accordance with the Preferred 

review was not pre-registered because there is no opportunity for methodological reviews 
yet. The PRISMA checklist, the R code, and the complete data extraction form are all 

11
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RESULTS

Systematic review
The literature search yielded 691 articles. After title and abstract screening, 588 studies 

excluded based on full-text screening as these studies either did not compare interventions 
or had a descriptive aim. A total of 92 articles were eligible for the analysis. References to 
the included articles and the studies that were excluded based on full-text screening are 

Figure 1. Flowchart of review process.

Of the included studies, 50% were published in EJCTS, 28% in JTCVS, and 22% in ATS 
(Table 1). The median sample size was 799 and the median number of outcome events was 100 
for studies with binary or time-to-event primary outcomes. Mortality was the most commonly 
used primary outcome of interest.

Various (sometimes multiple) confounding adjustment methods were used, among which 
outcome regression (53%) and PSM (48%) were most popular, while 12% applied no method 
at all. The motivation for the method of choice was noted in 3 studies (3%). These stated 

“As anticipated, the balanced nature of the baseline features in the 2 groups motivates our decision not to 

and 
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“Maximum likelihood binary logistic regression was unable to be used due to low event rates. Therefore, 

.

Table 1. Details for confounding adjustment methods in observational studies on cardiothoracic 
interventions.

All studies, N = 92

STUDY DETAILS

Journal

European Journal of Cardio-Thoracic Surgery 46 (50%)

Journal of Thoracic and Cardiovascular Surgery 26 (28%)

Annals of Thoracic Surgery 20 (22%)

Sample size

Outcome events a

Primary outcome

Mortality 52 (57%)

Complications 13 (14%)

10 (11%)

Adverse events 3 (3%)

5 (5%)

Oncological 2 (2%)

Other 7 (8%)

CONFOUNDING DETAILS

Numbers of confounders

Confounding adjustment method b

Outcome regression 49 (53%)

1 (1%)

Restriction 1 (1%)

Propensity score matching 44 (48%)

Propensity score adjustment 2 (2%)

Inverse probability of treatment weighting 11 (12%)

No method applied 11 (12%)

Motivation method described

Yes 3 (3%)

No 89 (97%)

Selection confounders

Previous literature 6 (7%)

11
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Table 1. Continued

All studies, N = 92

Clinical knowledge 8 (9%)

Data-driven 16 (17%)

Clinical knowledge + data-driven 9 (10%)

Not reported 42 (46%)

No confounders selected 11 (12%)

Comment unmeasured confounding

Yes, presence acknowledged 32 (35%)

5 (5%)

No comments made 55 (60%)

a For studies with binary primary outcomes. b The numbers do not add up since some studies used multiple confounding adjustment methods. 

Of the 81 studies that corrected for confounding, 42 (52%) studies did not report on the 
selection of confounders. In 14 (17%) studies, confounder selection was solely based on 
previous literature or clinical knowledge and in 25 (31%) this was (partly) data driven. 
Data-driven approaches included forward or backward stepwise selection (40%), 

The potential presence of unmeasured confounding was acknowledged in 35%, and a bias 

was performed in 5 studies (5%).

the PS (Table 2). Positivity (i.e., overlap of PSs) was checked in 28%. In the studies that 

between treated and untreated individuals, with 80% using a greedy algorithm or nearest-
neighbor matching with or without a caliper. One study (2%) matched on the smallest sum 
of overall PS distances, whereas 18% of the studies did not report which matching algorithm 
was used. The matched cohorts comprised on average 46% of the entire study population, 
and this fraction ranged from a minimum of 9% to a maximum of 82% (Figure 2). In the 
studies that used matching without replacement, on average 78% of the treated patients and 
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Table 2. Details for propensity score methods in observational studies on cardiothoracic interventions.

All PS studies, N = 51

50 (98%)

14 (28%)

Estimated effect

Average treatment effect 11 (22%)

Average treatment effect in the treated 2 (4%)

Average treatment effect in the matched 38 (74%)

All PSM studies, N = 44

Matching method

Caliper 8 (18%)

Greedy algorithm or nearest-neighbor 6 (14%)

Greedy algorithm or nearest-neighbor + caliper 21 (48%)

Smallest sum of overall PS distances 1 (2%)

Not reported 8 (18%)

Matching with replacement 2 (5%)

Comparability post-matching checked 42 (96%)
a 46 ± 20

a This analysis was executed in PSM studies that matched without replacement, as the studies that used replacement did not report the number 

standard deviation. PS, propensity score; PSM; PS matching.

11
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Figure 2. Relative sample size of matched cohort compared to entire population in observational studies 
on cardiothoracic interventions that used propensity score matching without replacement.

The number of events of the dependent variable per estimated parameter, for the studies that 
used binary or survival regression methods in their adjustment is shown in Figure 3, as for the 
studies that only used outcome regression (N= 28), the median number of outcome events per 

studies that used both outcome regression and PS methods (N= 21), the median number of 
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Figure 3. Number of outcome events and treated patients per estimated parameter for regression modelling 

The interrupted grey lines are placed at 10 events / patients per parameter which is generally considered the minimum for stable 

DiSCUSSiON

In this systematic review, we found that reporting on confounding adjustment methods 

This includes no motivation for the choice of the method, not reporting on the selection of 
confounders, and an incomplete and unclear description of PSM algorithms (if applied).

for cardiothoracic researchers, two statistical primers have been published in EJCTS in 2018 

we observed that research practice still falls short on many domains.

Our review focused on reporting of methodological aspects of confounding adjustment 
in observational studies of cardiothoracic interventions. While our interest also lied in 

We note that this study is not intended to criticize individual studies, but rather meant to 

11
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of items that we extracted from the included studies highlights key element of observational 

It was sometimes unclear whether the aim of included studies was just to describe current 
practice, or to make a comparison between different treatments. For causal inference using 

to apply a particular adjustment method. Of two common data sources, registries might not 
include detailed information on all confounders, while single center studies might have a 

refrain from causal inference or at least clearly acknowledge the limitations and elaborate 
on the interpretation of the results.

select these confounders are discouraged because the risk of omitting important confounders 

we found that data-driven approaches were used in 31%. Instead, confounder selection based 

(DAGs). Using these graphs, one can indicate whether residual confounding is expected in an 
observational study because some confounders might not have been measured. Only one study 

of variables to control for all confounding and to prevent selection bias, they do not provide 
information on the appropriate functional form. For guidance how to model, for example, 

Choices regarding a confounding adjustment method need to align with the main interest of 

depends on the analytical approach. For example, the treatment effects estimated by default 
implementations of inverse probability of treatment weighting (IPTW) and PSM correspond 
to different causal effects, namely the so-called average treatment effect and the average 
treatment effect among the treated, respectively. Note that there are many options for these 

Another consideration is the appropriateness of the data in relation to the confounding 
adjustment method, for example the number of events in relation to the number of parameters 
that needs to be estimated. When the number of outcome events is low, PS methods could be 
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preferred, because for the latter methods, treatment status (instead of outcome status) is the 
dependent variable in the regression model and hence the number of (un)treated patients the 
limiting factor. For example, in Figure 3, it can be observed that for some studies that used 

The most popular PS method was PSM. Exact matches between treated and untreated 
patients limit bias due to confounding but may increase the variance when only a small 
proportion of patients ends up in the matched cohort. In the end, an optimal balance between 
bias and variance will result in the smallest overall error. From Figure 2, it can be inferred 
that on average more than 50% of the initial sample size was discarded with 91% as most 

it becomes to generalize results of the study to a particular group of patients in clinical 

treatment effect in the matched. The second most popular PS method was IPTW. By using 

Some confounding adjustment methods were not used in any of the studies included in this 
review like standardization, instrumental variable analysis and methods like g-estimation 

As mentioned above, all confounding adjustment methods can only control for confounders 
that are measured. Quantitative bias analysis can be performed to provide insights into 
the effect of unmeasured confounding under different assumptions, for example by 

are unfamiliar with these methods, we suggest consulting an epidemiologist or statistician 
when applying these.

Confounding is an important threat to causal inference in observational studies of treatment 

and STRengthening Analytical Thinking for Observational Studies (STRATOS) outline 
many more crucial aspects. Furthermore, it could be useful to structure the design of an 
observational study with a hypothetical RCT in mind. A guide to this process called “target 

methodological aspects due to a journal’s word count limit, comprehensive details can be 

11
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reporting of research methodology and statistical analysis in journals, and hopefully these 

be a way to achieve this.

Limitations

on information reported in published articles. Some information was not reported, while 

and the number of estimated parameters for regression analysis. A second limitation is that 
the review focused on studies published in three major cardiothoracic surgery journals 
which is a subset of all observational studies of cardiothoracic treatments. The inclusion of 

confounding adjustment methods.

CONCLUSiON

methods is crucial for causal inference on optimal treatment strategies for clinical practice. 
Reporting on these methods is an important aspect of this, which can be improved.
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ABSTRACT

Background: While various hemodynamic parameters to assess prosthetic performance 

area (EOA) index thresholds. Adjusting for the Society of Thoracic Surgeons predicted risk of 
mortality (STS PROM), we aimed to explore the added value of postoperative hemodynamic 
parameters for the prediction of all-cause mortality 5-year after aortic valve replacement.

Methods: Data were used from the PERIcardial SurGical AOrtic Valve ReplacemeNt 
(PERIGON) Pivotal Trial: a multicenter prospective cohort study regarding the performance 

Candidate predictors included peak jet velocity, mean pressure gradient, EOA, predicted 

and categories for PPM. Performance of Cox models was investigated using the c-statistic 

Results: 1118 patients received the study valve, and 1022 were eligible for the current 
analysis. 
cause mortality (HR 1.40, 95% CI 1.26-1.55). When extending the STS PROM with 
single hemodynamic parameters, neither the c-statistics nor the NRI demonstrated added 

observed when multiple hemodynamic parameters were added.

Conclusions: The STS PROM was found to be the main predictor of patients’ prognosis. 
The additional prognostic value of postoperative hemodynamic parameters for the prediction 
of all-cause mortality was limited.

12
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CENTRAL PiCTURE

STS; Society of Thoracic Surgeons

Central Message: Postoperative hemodynamic parameters including the VARC 3 criteria 
for prosthesis-patient mismatch (PPM) added limited prognostic value to the STS PROM 
for the prediction of mortality after SAVR.

Perspective Statement: These results do not abate the relevance of prosthetic valve size, 
but rather stress the importance of considering patient characteristics when interpreting 

the clinical relevance of PPM. Further research on this concept and its relation with adverse 
events is warranted.
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INTRODUCTiON

Prosthesis-patient mismatch (PPM) emerges when a prosthetic heart valve is 
too small for a patient’s hemodynamic needs 1

(BSA) 2,3, have found that this phenomenon of residual hemodynamic obstruction 
is associated with increased mortality after aortic valve replacement (AVR) 4-7.  
In contrast to EOAi, other postoperative hemodynamic parameters have not been considered 

Since hemodynamic parameters as well as mortality are affected by patient characteristics, 
e.g., left ventricular ejection fraction, it is important to adjust for those characteristics 
when investigating their relationship. The Society of Thoracic Surgeons predicted risk of 
mortality (STS PROM) is a generally recognized risk score based on comprehensive patient 
characteristics, and, though initially developed to predict 30-day mortality 8, it has also been 
proven to predict late mortality after AVR through up to 10 years of follow-up 9. Considering 
the STS PROM as a reference, we evaluated the added prognostic value of postoperative 
hemodynamic parameters for the prediction of all-cause mortality 5 years after AVR.

PATiENTS AND METHODS

Patient Data
The study population consisted of patients enrolled in the PERIcardial SurGical AOrtic 
Valve ReplacemeNt (PERIGON) Pivotal Trial (www.clinicaltrials.gov, NCT02088554): 
a prospective, multicenter, single-arm trial evaluating the performance of the Avalus 
bioprosthesis (Medtronic, Minneapolis, Minnesota, USA), a stented bovine pericardial 
aortic valve. Its study design was formerly outlined in detail 10,11. In short, the trial included 
symptomatic patients with moderate or severe aortic stenosis (AS), or chronic severe aortic 
regurgitation, and a clinical indication for surgical AVR enrolled mainly between 2014 and 
2017. All patients received the same stented bioprosthesis. Concomitant procedures were 
allowed but restricted to coronary artery bypass grafting (CABG) and left atrial appendage 
ligation, among others. A local institutional review board (IRB) or research ethics committee 

et al. 12

approval number and date), and written informed consent was obtained from all participants. 
All deaths and valve-related events were adjudicated by an independent clinical events 
committee (Baim Institute for Clinical Research, Boston, Massachusetts, USA), and study 
oversight was kept by an independent data and safety monitoring board (Baim Institute). 
Echocardiograms were evaluated by a core laboratory (MedStar Health Research Institute, 

12
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(LVOT) by the VTI across the aortic valve. Forward stroke volume (SV) was determined 
by multiplying the LVOT cross-sectional area by its VTI.

Study design
Since echocardiographic assessment during initial hospital stay was considered of limited 

up visit after discharge conducted between 3 and 6 months after implant. Patients who 
underwent previous cardiac surgery (to focus on primary SAVR procedures), who died or 

between 3 and 6 months were excluded. Next to STS PROM, several candidate predictors 

peak aortic jet velocity (Vmax), mean pressure gradient (MPG), EOA, EOAi, DVI, and two 
additional derivatives (see supplement for calculation): predicted EOAi (pEOAi) and the 

13, e.g., 
constituted in valve charts and Blackstone et al. 14 introduced prosthesis-patient sizing based 
on geometric dimensions and thus POAi. Dichotomous predictors for any, moderate, and 
severe PPM were added to the analysis to enable interpretation of the results considering the 

3.

Statistical analyses
Cox proportional hazards models were used in a nested approach with time-to-death as the 

assessed by evaluating missing data (<20%). The scales of EOA, EOAi, DVI, pEOAi, and 
POAi were reduced by a factor of 10 in all models to create clinically interpretable hazard 
ratios (e.g., EOA per 0.1 cm2 instead of per 1 cm2

visit for routine echocardiographic assessment and continued until death or withdrawal from 

R2

likelihood ratio test (LRT) were used to study improvement of nested models compared to 
a reference model with STS PROM alone.

The prognostic value of hemodynamic parameters was assessed in different steps. In the 

STS PROM was initially developed to predict 30-day mortality, its 5-year predictive ability 

according to VARC 3 levels of PPM was demonstrated too. In the second step, the model 
relating STS PROM to mortality was extended by adding one candidate hemodynamic 

maximal predictive performance of postoperative hemodynamic parameters by adding all 
continuous hemodynamic predictors except for parameters with excessive missing values 
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predictor that performed best in terms of the LRT in the previous steps was chosen.

All analyses were carried out using R software, version 3.6.3 (R Foundation for Statistical 
Computing, Vienna, Austria, www.r-project.org). A p-value below 0.05 was considered 

sponsor and will not be shared with third parties for purposes of reproducing the results. 
More comprehensive information on model building decisions, the outcome measures, and 
the analytical approach can be found in the supplement.

RESULTS

Of the 1118 who received the study valve, 30 were excluded because they died or 
withdrew consent before their 3-6 months echo, 30 because no core laboratory assessed 
echocardiograms was available between 3-6 months post-surgery, and 36 as they underwent 

any PPM at the discharge echo. The remaining 1022 patients were included in the current 
analysis. The patient characteristics and echocardiographic values of all hemodynamic 
predictors are presented in Table 1. The mean age was 70.0 ± 8.9 years, and the STS PROM 
was 1.9 ± 1.3%. Most patients (88%) had a left ventricle ejection fraction of at least 50%. 
Concomitant procedures are reported in Table S1. Moderate and severe PPM were present 
in 40% and 15% of the patients, respectively. At 5 years of follow-up, 89 patients had died, 
and the median follow-up time was 1697 days.

Table 1. 
aortic valve replacement.

Total, n = 1022

Patient characteristics

Age (years) 70.0 ± 8.9

Male 767 (75%)

Body surface area (m2) 1.99 ± 0.2
2) 29.5 ± 5.5

STS PROM (%) 1.9 ± 1.3

Diabetes mellitus 266 (26%)

Hypertension 766 (75%)

Chronic obstructive pulmonary disease 120 (12%)

Left ventricle ejection fraction > 50% 898 (88%)

Coronary artery disease 439 (43%)

424 (41%)

Previous stroke 39 (4%)

12
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Table 1. Continued

Total, n = 1022

Peripheral vascular disease 70 (7%)

96 (9%)

Operative characteristics

Valve size implanted

17 mm 1 (0.1%)

19 mm 39 (3.8%)

21 mm 194 (19%)

23 mm 364 (36%)

25 mm 320 (31%)

27 mm 93 (9.1%)

29 mm 11 (1.0%)

Peak aortic jet velocity (ms-1) 2.32 ± 0.4

Mean pressure gradient (mm Hg) 12.0 ± 4.1
2) 1.56 ± 0.4

2 2) 0.79 ± 0.2

Doppler velocity index 0.47 ± 0.1
2 2) 0.79 ± 0.1

2 0.05 ± 0.0

Any prosthesis-patient mismatch * 528 (55%)

 Moderate prosthesis-patient mismatch * 384 (40%)

 Severe prosthesis-patient mismatch * 144 (15%)

Surgeons predicted risk of mortality, SV; stroke volume.

candidate predictors exceeded the exclusion threshold of 20% (Table S2). Multicollinearity 
was observed for Vmax and MPG, and for EOA and EOAi with Pearson’s correlation 

hazards and linearity were met for all candidate predictors (Figures S2 and S3).

The results of the univariable analysis of all predictors, are summarized in Table 2. STS 

STS PROM performed best in terms of Nagelkerke’s R2 (0.20) and the c-statistic (0.66, 95% 
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CI 0.60-0.72). Those measures were substantially lower for all other predictors. Nevertheless, 

p value 0.40).

In the updating step, ten different models were constituted, including STS PROM and one 
single hemodynamic predictor per model (Table 3). The effect of STS PROM remained 

hemodynamic predictors was associated with all-cause mortality. Correspondingly, the LRTs 

and comparable to the model with STS PROM as the only predictor variable. Likewise, the 
NRI did not show improvement for any models.

Table 2. Univariable relations between candidate predictors and mortality in patients who underwent 
surgical aortic valve replacement.

HR
(95% CI)

R2
C-Statistic
(95% CI)

STS PROM 1.40 (1.26:1.55) 0.20 0.66 (0.60:0.72)

Vmax 1.44 (0.86:2.43) 0.01 0.55 (0.49:0.61)

MPG 1.02 (0.98:1.08) 0.01 0.54 (0.48:0.60)

EOA 1.01 (0.95:1.07) 0.00 0.51 (0.44:0.58)

EOAi 1.62 (0.51:5.18) 0.01 0.53 (0.46:0.59)

DVI 1.07 (0.84:1.34) 0.00 0.52 (0.45:0.59)

pEOAi 1.06 (0.83:1.34) 0.00 0.50 (0.44:0.56)

POAi 1.05 (0.28:3.95) 0.00 0.50 (0.44:0.56)

Any PPM 0.75 (0.49:1.15) 0.01 0.54 (0.49:0.59)

Moderate PPM * 0.70 (0.44:1.13)
0.02 0.55 (0.49:0.60)

Severe PPM * 0.88 (0.48:1.63)

criteria 3) , STS PROM; Society of Thoracic Surgeons predicted risk of mortality, Vmax; peak aortic jet velocity.

Table 3. Prognostic value of single hemodynamic predictors in addition to STS PROM for patients who 
underwent surgical aortic valve replacement.

HR Predictor
(95% CI)

HR STS PROM
(95% CI)

LRT*

p-value
C-Statistic (95% CI)

NRI*

(95% CI)

STS PROM +

12
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Table 3. Continued

HR Predictor
(95% CI)

HR STS PROM
(95% CI)

LRT*

p-value
C-Statistic (95% CI)

NRI*

(95% CI)

Vmax 1.65
(0.97:2.78)

1.41
(1.28:1.56)

0.062 0.68 (0.62:0.73) 0.00
(-0.08:0.08)

MPG 1.03
(0.98:1.08)

1.40
(1.27:1.55)

0.197 0.67 (0.62:0.72) 0.01
(-0.06:0.07)

EOA 1.03
(0.97:1.09)

1.41
(1.27:1.56)

0.359 0.67 (0.61:0.72) 0.02
(-0.06:0.09)

EOAi 1.03
(0.92:1.16)

1.40
(1.26:1.54)

0.584 0.66 (0.61:0.72) 0.02
(-0.07:0.12)

DVI 1.03
(0.81:1.31)

1.40
(1.26:1.55)

0.805 0.66 (0.61:0.72) 0.00
(-0.06:0.06)

pEOAi 0.99
(0.78:1.24)

1.40
(1.26:1.55)

0.899 0.66 (0.61:0.72) 0.00
(-0.08:0.07)

POAi 1.46
(0.39:5.51)

1.40
(1.27:1.55)

0.899 0.65 (0.59:0.71) 0.01
(-0.08:0.09)

Any PPM 0.78
(0.50:1.20)

1.40
(1.26:1.54)

0.221 0.67 (0.61:0.73) 0.03
(-0.07:0.13)

Moderate PPM § 0.73
(0.44:1.18)

1.40
(1.26:1.54)

0.356 0.67 (0.61:0.73) 0.05
(-0.05:0.14)

Severe PPM § 0.91
(0.50:1.68)

* The LRT and NRI compared a new model with STS PROM + one candidate predictor to a reference model of STS PROM alone. § The 

PPM; prosthesis-patient mismatch (according to the Valve Academic Research Consortium 3 criteria 1), STS PROM; Society of Thoracic 

Surgeons predicted risk of mortality, Vmax; peak aortic jet velocity.
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Figure 1. 
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Figure 2. Kaplan-Meier survival curves according to Valve Academic Research Consortium 3 levels of 
prosthesis-patient mismatch.

The solid lines represent the survival curves according to the levels of prosthesis-patient mismatch, including the corresponding 95% 

the date of surgery

value of 0.003 (Table S5), while this was not supported by the NRI (estimate 0.06, 95% CI 
-0.06-0.18) or the c-statistic (0.68, 95% CI 0.63-0.74 vs. 0.66, 95% CI 0.60-0.72 for STS 
PROM alone).

CI 1.10-4.53), while the c-statistic was comparable to the other models including a single 

p-value for the LRT (Table S7). However, the c-statistic of the latter model was similar to a 
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DiSCUSSiON

The prognostic value of postoperative hemodynamic parameters for the prediction of all-
cause mortality was minimal in addition to the STS PROM, which is available before 
surgery. The updated models showed limited overall predictive improvement in our data 
set of over 1000 SAVR patients at 5 years of follow-up.

The predictive effect of STS PROM on long-term mortality has been demonstrated for 
different types of cardiac surgery. Puskas et al. 9

1 demonstrates reduced survival with increasing STS PROM. Furthermore, STS PROM 
was the main determinant of model performance in both the extended models and the 
optimal statistical model.

On the contrary, little prognostic value of postoperative hemodynamic parameters was 
observed, even for measured or predicted EOAi. Although any PPM according to the current 

3 was present in the majority of patients (40% moderate PPM and 15% severe 
PPM), there was no association with mortality at 5 years. The EOAi thresholds to classify 
PPM were initially based on its relation with elevated MPG 13

4,5, which concluded that 
(EOAi-based) PPM negatively impacted survival after surgical AVR. However, many of 
the individual studies included in the meta-analyses failed to show a negative association 
between PPM and survival. A potential explanation can be found in differences in study 
population or different methods to adjust for baseline and procedural characteristics. As the 
STS PROM is a summarized risk score encompassing a broad range of patient characteristics 
and preoperative information, other corrections were made in the studies that were included 
in the meta-analyses 4,5.

Compared to EOAi, the prognostic value of other postoperative hemodynamic parameters 
is less evident. In an analysis of the National Echo Database Australia, impaired valvular 

max, MPG, and 
EOA, was associated with worse survival 15

measurement moment as “only data from the last recorded echocardiographic examination 
were used” which troubles interpretation. Hahn and colleagues 16

of DVI (whether treated as a continuous or dichotomized variable) on 2-year mortality in 
the surgical cohorts of the PARTNER 2 and 3 trials. In our analysis, DVI as a continuous 

prediction of time-to-death for individuals. Nevertheless, this dichotomized variable did not 
alter the predictive performance of the model in terms of discriminating between patients 

12
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and external validation is necessary. For POAi, Blackstone et al. 14

effect on intermediate- and long-term mortality in a large study comprising 13,258 patients 
who underwent surgical AVR with different valve types. These results were in line with 

all-cause mortality 5 years after AVR was so little. First, as demonstrated above, STS PROM 
was a very strong predictor of mortality on its own. Second, since hemodynamic parameters 
depend on both the valve and the patient, and the valvular function is drastically improved 
by surgery, the patient contribution prevailed. This contribution consists of characteristics 

prosthetic valve size, poor LV function, or a combination of both. Third, in our study, 
residual hemodynamic obstruction after surgery often corresponded to only mild native AS, 
which is well tolerated. Fourth, the values for hemodynamic parameters were concentrated in 
a narrow range in the postoperative setting. The smaller between-patient differences become, 

Besides, measurement error might disturb predictions even more as it can induce attenuation 
17. As random measurement errors are 

These results do not abate the relevance of prosthetic valve size, but rather stress the 
importance of considering patient characteristics when interpreting hemodynamic 
parameters for prognostic purposes.

Limitations

generalizable to intermediate- and high-risk AS patients. However, the study was executed 
in an international multicenter setting and allowed some common concomitant procedures 
like CABG, which boost overall representativeness of the population. Moreover, survival 
in intermediate- and high-risk patients is expected to be even more rigorously affected 
by patient characteristics like STS PROM. In addition, follow-up beyond 5-years might 
reveal new associations in this low-risk cohort. While the number of deaths was largely 

i.e., our main interest, the results from the “full statistical model” were more prone to 

be interpreted with caution, and external validation in larger cohorts with more events is 

to optimize hemodynamic performance or clinical outcomes for the patient. Furthermore, 
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the competing risk of non-cardiovascular mortality, which further complicates the analysis. 
An important strength of the current study is that all patients were treated with the same 
stented bioprosthesis, enabling consistent analysis of hemodynamics unaffected by different 
valve properties. On the contrary, it reduces generalizability to surgical bioprostheses other 
than Avalus and to other types of valves such as mechanical, stentless, and TAVR valves 
and homografts.

CONCLUSiON

The STS PROM was found to be the main predictor of patients’ prognosis through 5 years 
of follow-up. In this analysis, the added prognostic value of postoperative hemodynamic 
parameters for the prediction of all-cause mortality was limited. These results warrant 
further research on the concept of PPM and its relation with adverse outcomes.

12
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ABSTRACT

Background: While there are many echocardiographic parameters available to assess 
prosthetic valve performance, prosthesis-patient mismatch (PPM) after surgical aortic valve 

Objectives: To investigate the incremental prognostic value of various postoperative 
echocardiographic parameters to the STS score for the prediction of 5-year mortality after 
bioprosthetic SAVR.

Methods: Patients who received a surgical bioprosthetic valve in the Evolut Low Risk, 
SURTAVI, or CoreValve US Pivotal High-Risk trial were included. Echocardiographic 
parameters were measured by a core laboratory. Cox regression models including the STS 
score were updated by adding one of the following echocardiographic parameters: peak 
velocity (Vmax), mean pressure gradient (MPG), EOA, EOAi, Doppler velocity index (DVI), 
predicted EOAi, measured PPM according to the Valve Academic Research Consortium 3, 

the likelihood ratio test (LRT) and the change in C-index, among others.

Results: Out of 1829 patients, 1667 were eligible. When added to the STS score, only 

of all updated models containing both the STS score and one echocardiographic parameters 
were comparable to the C-index of the STS score alone.

Conclusions: 
provided some predictive improvement to the STS score. However, prosthetic valve 
performance parameters did not provide incremental value for the discrimination of patient 

13
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INTRODUCTiON

Echocardiography is the primary modality to assess prosthetic valve performance after 
surgical aortic valve replacement (SAVR) (1). While various hemodynamic parameters for 
prosthetic valve performance exist (2), prosthesis-patient mismatch (PPM) has exclusively 

but a considerable number did not (4,5). Furthermore, several limitations have been 

appropriateness of the EOAi cut-offs (8), and the usefulness of the valve charts on projected 
PPM (9). Nevertheless, the association between other postoperative echocardiographic 
parameters and mortality has been relatively understudied. A comparison of the predictive 
value in the same population will provide important information which parameter is most 
strongly related to adverse outcomes.

such as age, sex, and left ventricular ejection fraction (LVEF). Many of these characteristics 

risk score which has strong prognostic power for both short and long-term mortality up to 
10 years after SAVR (10,11). Because this score is already available prior to surgery, it is 
of particular interest to investigate whether postoperative hemodynamic parameters for 
prosthetic valve performance improve the predictions of mortality. Hence, this study aimed 

parameters to the STS score for the prediction of 5-year mortality after bioprosthetic SAVR.

PATiENTS AND METHODS

Patient Data
For this analysis, the study population consisted of patients enrolled in the surgical arms of 
the Evolut Low Risk, Surgical Replacement and Transcatheter Aortic Valve Implantation 
(SURTAVI), and CoreValve US Pivotal High-Risk randomized controlled trials (RCTs). 
These RCTs investigated the effect of transcatheter versus surgical AVR in low, intermediate, 
and high-risk patients, respectively. Throughout this manuscript, the trials are abbreviated 
as Evolut LR, SURTAVI, and CoreValve HR. The most important design features of the 

are available in the primary end point analyses (12-14). In these trials, a local institutional 
review board or research ethics committee provided approval at each participating center 
and written informed consent was obtained from all patients. The participants allowed to 
use the collected data for research purposes beyond the scope described in the initial trial 
protocol. All deaths and valve-related events were adjudicated by an independent clinical 
events committee (Baim Institute for Clinical Research, Boston, Massachusetts, USA). All 
echocardiographic parameters were assessed by the same independent core laboratory at 
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valve. Doppler stroke volume (SV) was determined by taking the product of the LVOT 
cross-sectional area and the VTI across the LVOT.

Study design
The postoperative hemodynamic parameters that served as predictors of interest were 
measured 30 days after surgery for patients enrolled in the Evolut LR and CoreValve HR 
trials. For patients enrolled in the SURTAVI trial, the echocardiographic parameters were 
measured at a reference echo at discharge because there was no 30-day visit in this study. 
For this analysis, all patients that were scheduled and underwent SAVR with a bioprosthetic 
valve were included. Patients who died or withdrew consent before the reference echo, or who 
had no core laboratory assessed echocardiogram available within the appropriate timeframe 

day of the reference echo after surgery and continued until death or withdrawal, whichever 

trials’ protocols) throughout the same follow-up window. The predictors of interest were 
determined beforehand based on previous literature (1,2,15-17). Apart from the STS score, 
these comprised the continuous parameters peak aortic jet velocity (Vmax), MPG, EOA, EOAi, 
DVI, and projected EOAi (pEOAi). Furthermore, categorical predictors included the Valve 
Academic Research Consortium (VARC) 3 levels of measured prosthesis-patient mismatch 
(PPM) and dichotomized variant of Vmax

Statistical analyses

predictors was assessed by evaluating missing data (<20%) and collinearity with the STS 
score (<0.8). If one of these conditions was violated, the corresponding predictor was omitted 
from the analysis. Multiple imputations were used to complete missing baseline characteristics 
and predictor values under the assumption of missing at random. Imputations were based on 
a trial indicator, all baseline variables, the predictors of interest, and the outcome (18). The 
imputation method was predictive mean matching for continuous predictors and logistic 
regression for categorical baseline characteristics with 50 iterations to create 10 imputed 

pooled conform Rubin’s rules (19).

2, and the 
C-index were calculated (20,21). The scales of EOA, EOAi, DVI, and pEOAi were reduced 
by a factor of 10 in all analyses to enhance the clinical interpretation of the HRs (e.g., EOA 

13
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per 0.1 cm2 instead of per 1 cm2 increase). Thereafter, the Cox regression model including 
the STS score was updated by adding one predictor at a time. Hence, each separate updated 
model comprised the STS score and a single echocardiographic parameter. The STS score 

improvement (NRI), and (change in) the C-index (20-22). For the LRT and NRI, updated 
models were compared to a model with the STS score alone. Furthermore, HRs were 
calculated for each predictor included in the model. For analyses on cardiovascular mortality, 

score was illustrated in a Kaplan-Meier analysis. This method was also used to demonstrate 

2, 
2.

All analyses were performed using R software, version 4.3.2 (R Foundation for Statistical 
Computing, Vienna, Austria, www.r-project.org). The data underlying this article are 
owned by the sponsor and will not be shared with third parties for purposes of reproducing 
the results. Comprehensive details on model building decisions, regression modelling 
assumptions, the outcome measures, the R packages used, and the analytical approach are 

RESULTS

Out of the 1829 patients who were scheduled for SAVR and actually underwent surgery 
in the Evolut LR, SURTAVI, and CoreValve HR trial, 1667 met the inclusion criteria. A 

severe). At 5-year follow-up, 404 patients had died of which 235 CV deaths. The median 
follow-up time was 1425 days.

Table 1. Baseline characteristics and postoperative echocardiographic parameters at the reference echo 
for patients who underwent surgical aortic valve replacement.

Evolut LR
N = 643

SURTAVI
N = 708

CoreValve HR
N = 316

All
N = 1667

Age (years) 74 ± 6 80 ± 6 83 ± 6 78 ± 7

Male 428 (67%) 391 (55%) 165 (52%) 984 (59%)

Body surface area (m2) 2.00 ± 0.23 1.92 ± 0.24 1.85 ± 0.23 1.94 ± 0.24
2) 30.8 ± 5.8 29.3 ± 6 28.5 ± 6.3 29.7 ± 5.9
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Table 1. Continued

Evolut LR
N = 643

SURTAVI
N = 708

CoreValve HR
N = 316

All
N = 1667

STS PROM (%)

Diabetes mellitus 196 (31%) 244 (35%) 144 (46%) 584 (35%)

Hypertension 530 (83%) 638 (90%) 304 (96%) 1472 (88%)

Chronic obstructive pulmonary disease 112 (18%) 237 (34%) 138 (44%) 487 (30%)

Left ventricle ejection fraction (%) 63 ± 8 60 ± 11 58 ± 10 61 ± 10

90 (14%) 191 (27%) 142 (45%) 423 (25%)

182 (28%) 415 (59%) 273 (86%) 870 (52%)

78 (12%) 50 (7%) 45 (14%) 173 (10%)

Peripheral vascular disease 54 (8%) 209 (30%) 131 (42%) 394 (24%)

1 (0%) 14 (2%) 15 (5%) 30 (2%)

Any concomitant procedure 168 (26%) 207 (29%) 31 (10%) 406 (24%)

Concomitant CABG 88 (14%) 166 (23%) 15 (5%) 269 (16%)

Postoperative reference echo

Peak aortic jet velocity (ms-1) 2.2 ± 0.4 2.3 ± 0.5 2.3 ± 0.6 2.3 ± 0.5

Mean pressure gradient (mm Hg) 10.5 ± 4.0 12.5 ± 5.8 11.7 ± 5.7 11.6 ± 5.2
2) 2.03 ± 0.58 1.81 ± 0.62 1.60 ± 0.51 1.86 ± 0.61

2 2) 1.03 ± 0.29 0.95 ± 0.32 0.87 ± 0.27 0.97 ± 0.31

Doppler velocity index 0.51 ± 0.11 0.51 ± 0.12 0.50 ± 0.12 0.51 ± 0.12

Stroke volume (mL) 82 ± 23 70 ± 22 67 ± 20 74 ± 23
2) 41 ± 11 37 ± 11 36 ± 11 38 ± 11

2 2) 0.86 ± 0.11 0.86 ± 0.13 0.86 ± 0.14 0.86 ± 0.13

Prosthesis-patient mismatch

 Any 108 (20%) 174 (34%) 119 (43%) 401 (30%)

 Moderate 90 (17%) 123 (24%) 76 (27%) 289 (22%)

 Severe 18 (3%) 51 (10%) 43 (16%) 112 (8%)

433 (68%) 516 (77%) 212 (69%) 1161 (72%)

16 (3%) 68 (10%) 25 (8.1%) 109 (7%)

32 (5%) 55 (9%) 30 (10%) 117 (8%)

STS PROM, Society of Thoracic Surgeons predicted risk of mortality.

Missing data are presented in Table S3, and the correlation between the STS score and 
all other predictors is presented in Table S4. None of the predictors was missing in >20% 
of patients or had a correlation >0.8 with the STS score, hence, all were included in the 
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analysis. Graphical inspections of the linearity and proportional hazards assumptions for 
all-cause and CV mortality are delineated in Figures S2-5.

In the univariable analysis on 5-year all-cause mortality, various echocardiographic 
parameters were associated with mortality. The C-index was highest for the STS score (0.67, 

on 5-year all-cause mortality in which the STS score was updated with echocardiographic 

EOAi with values of 0.035 and 0.060, respectively. The corresponding adjusted HRs were 
1.45 (95% CI 1.05, 2.02) and 0.97 (95% CI 0.93, 1.00). The C-indices of all updated models 
were similar to the one with only the STS score (0.67 vs. 0.67) and all NRIs were close to 0.

Table 2. Univariable relations between candidate predictors and 5-year all-cause mortality in patients who 
underwent surgical aortic valve replacement.

HR (95% CI) R2 C-index (95% CI)

Log STS PROM 2.61 (2.20, 3.09) 0.19 0.67 (0.64, 0.70)

Vmax 0.95 (0.77, 1.16) 0.00 0.50 (0.47, 0.53)

MPG 0.99 (0.97, 1.01) 0.00 0.51 (0.48, 0.54)

EOA 0.97 (0.95, 0.99) 0.02 0.57 (0.54, 0.60)

EOAi 0.95 (0.91, 0.98) 0.02 0.56 (0.53, 0.60)

DVI 0.92 (0.84, 1.01) 0.00 0.54 (0.51, 0.57)

pEOAi 1.00 (0.92, 1.08) 0.00 0.50 (0.47, 0.53)

Any PPM 1.41 (1.14, 1.75) 0.02 0.54 (0.52, 0.57)

Moderate PPM § 1.34 (1.04, 1.73)
0.02 0.55 (0.52. 0.57)

Severe PPM § 1.57 (1.13, 2.18)

Vmax 0.84 (0.68, 1.04) 0.00 0.51 (0.49, 0.52)

0.92 (0.61, 1.39) 0.00 0.50 (0.48, 0.51)

1.67 (1.20, 2.33) 0.01 0.53 (0.51, 0.54)

criteria (3)) , STS PROM; Society of Thoracic Surgeons predicted risk of mortality, SV(i); stroke volume (index), Vmax; peak aortic jet velocity.
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Table 3. Incremental prognostic value of single hemodynamic predictors to the STS PROM for 5-year 
all-cause mortality after surgical aortic valve replacement.

HR Predictor
(95% CI)

HR Log STS PROM
(95% CI)

LRT*

p-value
C-index
(95% CI)

NRI*

(95% CI)

Log STS PROM +

Vmax 0.95 (0.78, 1.16) 2.60 (2.20, 3.08) 0.615 0.67 (0.64, 0.70) 0.01 (-0.02, 0.04)

MPG 0.99 (0.97, 1.01) 2.60 (2.20, 3.08) 0.319 0.67 (0.64, 0.70) 0.01 (-0.02, 0.04)

EOA 0.99 (0.97, 1.01) 2.55 (2.15, 3.04) 0.273 0.67 (0.64, 0.70) 0.02 (-0.02, 0.07)

EOAi 0.97 (0.93, 1.00) 2.56 (2.16, 3.03) 0.060 0.67 (0.65, 0.70) 0.02 (-0.02, 0.07)

DVI 0.93 (0.86, 1.02) 2.60 (2.19, 3.08) 0.138 0.67 (0.65, 0.70) 0.02 (-0.02, 0.06)

pEOAi 1.00 (0.92, 1.07) 2.61 (2.20, 3.09) 0.904 0.67 (0.64, 0.70) 0.00 (-0.03, 0.04)

Any PPM 1.20 (0.97, 1.50) 2.56 (2.15, 3.03) 0.103 0.67 (0.65, 0.70) 0.01 (-0.03, 0.06)

Moderate PPM § 1.19 (0.92, 1.53) 2.55 (2.15, 3.03) 0.258 0.67 (0.65, 0.70) 0.02 (-0.03, 0.06)

Severe PPM § 1.23 (0.88, 1.72)

Vmax 0.87 (0.70, 1.08) 2.60 (2.19, 3.07) 0.224 0.67 (0.64, 0.70) -0.01 (-0.05, 0.03)

0.82 (0.54, 1.24) 2.62 (2.21, 3.10) 0.340 0.67 (0.64, 0.70) 0.01 (-0.02, 0.05)

1.45 (1.05, 2.02) 2.57 (2.17, 3.05) 0.035 0.67 (0.65, 0.70) 0.00 (-0.03, 0.04)

* The LRT and NRI compared a new model with STS PROM + one hemodynamic predictor to a reference model of STS PROM alone. § The 

improvement; pEOAi, predicted EOAi; PPM, prosthesis-patient mismatch (according to the Valve Academic Research Consortium 3 criteria 

(3)); STS PROM, Society of Thoracic Surgeons predicted risk of mortality; SV(i), stroke volume (index); Vmax, peak aortic jet velocity.

had the highest risk of mortality. Figure 2 and 3 demonstrate the Kaplan-Meier analyses 13
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Figure 1. 
patients that underwent surgical aortic valve replacement.

Thoracic Surgeons.
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Figure 2. Kaplan-Meier survival analysis according to categories of prosthesis-patient mismatch for patients 
that underwent surgical aortic valve replacement.

Figure 3. 
underwent surgical aortic valve replacement.

13
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For 5-year cardiovascular mortality, the univariable analysis is presented in Table S5 and 

and 0.017, respectively), followed by EOAi and PPM. The C-indices of all updated models 
hardly improved as compared to the C-index of the STS score alone (0.68 vs. 0.67), and all 
NRIs were close to 0.

not discussed in detail. In the 10 imputed data sets, on average 866 had preserved ejection 
2, of which 158 had died at 5-year follow-up. The subgroup 

5-year follow-up. In both subgroups, none of the echocardiographic parameters provided 
incremental prognostic value to the STS score for 5-year mortality after SAVR.

Table 4. Incremental prognostic value of single hemodynamic predictors to the STS PROM for 5-year 
cardiovascular mortality after surgical aortic valve replacement.

HR Predictor
(95% CI)

HR Log STS PROM
(95% CI)

LRT*

p-value
C-index
(95% CI)

NRI*

(95% CI)

Log STS PROM +

Vmax 0.99 (0.77, 1.27) 2.50 (2.01, 3.11) 0.917 0.68 (0.65, 0.72) 0.00 (-0.04, 0.03)

MPG 1.00 (0.97, 1.02) 2.50 (2.01, 3.11) 0.684 0.68 (0.65, 0.71) -0.01 (-0.05, 0.03)

EOA 0.98 (0.96,1.00) 2.41 (1.93, 3.01) 0.127 0.68 (0.64, 0.71) 0.00 (-0.05, 0.06)

EOAi 0.95 (0.91, 1.00) 2.43 (1.95, 3.03) 0.035 0.68 (0.65, 0.72) 0.02 (-0.04, 0.08)

DVI 0.86 (0.77, 0.96) 2.47 (1.99, 3.07) 0.007 0.68 (0.65, 0.72) 0.02 (-0.04, 0.07)

pEOAi 0.97 (0.88, 1.07) 2.50 (2.01, 3.11) 0.574 0.68 (0.65, 0.72) 0.00 (-0.04, 0.03)

Any PPM 1.36 (1.03, 1.79) 2.42 (1.94, 3.02) 0.033 0.69 (0.66, 0.72) 0.00 (-0.06, 0.06)

Moderate PPM § 1.24 (0.88, 1.74)
2.39 (1.92, 2.99) 0.042 0.69 (0.65, 0.72) 0.00 (-0.06, 0.07)

Severe PPM § 1.62 (1.10, 2.39)

Vmax 0.91 (0.68, 1.21) 2.49 (2.00, 3.10) 0.513 0.68 (0.65, 0.72) 0.00 (-0.05, 0.04)

0.84 (0.49, 1.43) 2.51 (2.02, 3.12) 0.366 0.68 (0.65, 0.71) -0.01 (-0.05, 0.02)

1.67 (1.13, 2.48) 2.45 (1.97, 3.05) 0.017 0.68 (0.65, 0.72) 0.01 (-0.04, 0.06)

* The LRT and NRI compared a new model with STS PROM + one hemodynamic predictor to a reference model of STS PROM alone. § The 

improvement; pEOAi, predicted EOAi; PPM, prosthesis-patient mismatch (according to the Valve Academic Research Consortium 3 criteria 

(3)); STS PROM, Society of Thoracic Surgeons predicted risk of mortality; SV(i), stroke volume (index); Vmax, peak aortic jet velocity.
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DiSCUSSiON

This pooled analysis leveraging core laboratory echo data of three RCTs found that most 
echocardiographic parameters have no incremental predictive value for 5-year all-cause 
mortality after SAVR, when considered in addition to the STS score. The only exception 
was DVI, which – when dichotomized at 0.35 – provided some predictive improvement.

These results are in line with those from a previous study by our group based on 1022 SAVR 
patients enrolled in the PERIGON Pivotal trial (17). In that analysis, the added prognostic 
value of postoperative echocardiographic parameters to the STS score was also limited and 
the discrimination between patients that died or survived also remained unchanged when 
prosthetic valve performance parameters were added to the STS score.

The hemodynamic parameter that was most strongly related to all-cause mortality 

higher than for those with values > 0.35. This association was even stronger than the one 

parameter for clinically relevant hemodynamic obstruction after SAVR.

PPM, especially the severe category, is associated with adverse outcomes in many studies, 
however, in a considerable number it is not (4,5). There could be several potential explanations 

a poor proxy for cardiac output (6). As a result, the probability to have PPM after SAVR 
seems to increase with increasing BSA, while the probability on hemodynamic obstruction as 

The clinical implication of this indexation fallacy becomes apparent in the following 

variability in EOA, mainly because of the need to measure the LVOT diameter (1). Using 
the projected EOAi from valve charts or reference studies does not seem to be a solution 
since it might not correspond well to measured PPM after SAVR (9) and because pEOAi 
provided the poorest prognostic value out of all parameters tested in the current analysis.

Theoretically, one might expect that any form of residual obstruction after SAVR would 
especially associate with long-term outcomes. Obstruction at the level of the aortic valve 
induces an increased afterload which negatively impacts cardiac remodeling and could 

13
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provoke heart failure in time. The proportional hazards plots do not show this particular 
pattern though. The HRs seem to be most extreme at 1 to 2 years after surgery and tend 
to decline thereafter. A potential explanation could be that echocardiographic values do 

PPM are also the ones with the highest STS scores, lowest LVEF, and lowest SV. These 

patient and the echocardiographic parameters for prosthetic valve performance could also 
explain the limited incremental prognostic value to the STS score. Moreover, in general, 
predictors tend to become less powerful when the time between their measurement and 
the outcome increases. For 5-year mortality and beyond, information on the progression of 
echocardiographic parameters could yield superior prognostic value to single measurements 
shortly after surgery.

Limitations

eligibility criteria, the results might not generalize to the entire SAVR population. 
Furthermore, only patients who received a bioprosthesis were included in this analysis of 
which the majority received a stented valve. Moreover, the maximum follow-up time for 
the Evolut LR trial at the time of analysis was 4 years, so the low-risk patients have been 
censored at that timepoint and did not contribute follow-up time to the entire 5-year period. 
Longer follow-up of all patients would lead to more events and might alter the results. On 
the contrary, this analysis has multiple strengths. All clinical events were adjudicated by the 
same independent clinical events committee and all echocardiographic data by the Mayo 
Clinic core laboratory. The pooled cohort comprised many patients with many mortality 
events which allowed for stable predictions and high statistical power. It also allowed for 

CONCLUSiONS

predictive improvement to the STS score for the prediction of all-cause mortality after 
SAVR. However, prosthetic valve performance parameters did not provide incremental 
value for the discrimination of patients that die or survive throughout 5-year follow-up. 
These results indicate that patient characteristics, summarized in the STS score, are the 
main predictor of the patient’s prognosis after SAVR and that prosthetic valve performance 
parameters provide limited added value.

Acknowledgements: We would like to thank Shuzhen Li for arranging access to the study 
data and for performing additional statistical validation.
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SUPPLEMENTARY FiLES

Comprehensive methods and statistical analysis

size and body surface area and is usually depicted in a valve chart that could be used prior to surgery 1.  
To determine the pEOAi for each patient, the expected EOA of the prosthesis type and size 
that a patient received is divided by its body surface area. The expected EOA per prosthesis 
type and size were retrieved from reference studies 2-6.

Predictor suitability

Suitability of predictors was assessed by evaluating missing data and collinearity. Predictors 
of interest were excluded if the percentage of missing data exceeded 20% since those variables 

Surgeons (STS) score, serving as a reference, was included in the analysis regardless of missing 
data. Collinearity between the STS score and the predictors of interest was investigated using 

cor() from R package 
stats), and point biserial correlation for dichotomous predictors (R function cor.test() from R 
package stats

of that predictor was not studied.

Cox regression assumptions

For Cox regression modelling, linearity between continuous predictors and the log relative 
hazard on the outcome of all-cause and cardiovascular mortality was investigated. The 
assumption of linearity was checked using visual inspection of restricted cubic splines plots 
with 5 data knots (R function rcspline.plot() in R package Hmisc). In addition, the assumption of 
proportional hazards was studied by graphical inspection of Schoenfeld residuals (R function 

in R packages survival) but no adjustments were made in case of violations because 

7.  

freedom in statistical terms) in the regression analysis, the more stable the prediction become. 

parameter is needed. Since the extended models included two parameters, namely the STS 
score + one echocardiographic parameter, and the largest model in this analysis included 
three parameters, namely the STS score + moderate and severe prosthesis-patient mismatch, 
a minimum of 20 and 30 outcome events was considered appropriate, respectively.

13
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Missing data

Multiple imputations were used to complete missing predictor data under the assumption 
of missing at random (MAR). The MAR assumption was deemed reasonable since missing 
predictor data were considered to be dependent on information that was measured. For 
example, echocardiographic variables like peak aortic jet velocity, mean pressure gradient 
and EOA correlate well and some variables even share the same underlying measurements 
(such as the velocity-time integral across the aortic valve). Imputations were based on a trial 
indicator, all baseline variables, the predictors of interest, and the outcome 8. The imputation 
method was predictive mean matching for continuous predictors and logistics regression 
for categorical baseline characteristics with 50 iterations to create 10 imputed datasets (R 
function mice() in the R package mice

imputed dataset, and estimates pooled conform Rubin’s rules 9.

Performance and improvement measures

2, and the 
C-index were calculated 10,11. The HRs depict the relative instantaneous hazard on the 
outcome per unit increase in the predictor for patients that are alive and did not experience 
the outcome yet (R function coxph() from the R package survival). Nagelkerke’s R2 is a measure 
for explained variation in the outcome (R function  in the R package survMisc) and is 
commonly calculated for logistic regression models but can also be used for survival data 10. 
The C-index (R function coxph() from the R package survival) is a measure for discrimination 
and is an extension to the C-statistic for censored data10,11. The C-index calculates the 
probability that for a pair of two patients, the patient with a higher predicted risk experiences 
the outcome earlier than a patient with a lower predicted risk (i.e, that this patient experiences 

well to using no model or chance, while a value of 1 indicates perfect discrimination.

In multivariable analysis, HRs, the likelihood ratio test (LRT), the C-index, and the net 

and C-index are identical to the univariable analysis. The LRT (R function D2() from 
the R package mice) and the NRI (R function nricens() from the R package nricens) were 
used to investigate improvement of updated models compared to a reference model with 
the STS score alone. To estimate valid p-values for the LRT after multiple imputations, 

by Li et al. 12

derived from the F distribution (R function pf() from R package stats). The NRI estimates 

10,13. A more detailed explanation can 
be found in the article by Pencina et al. 13. For the models investigating 5-year mortality, a 
three-category NRI is utilized in which the cut-offs were based on the 5-year cumulative 
incidences in the PARTNER 1 14, and PARTNER 2 trial 15 which were 62.4% and 42.1% 
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for all-cause mortality, and 47.6%, and 27.6% for CV mortality. These risks also include the 

these patients will be excluded from our analysis. To compensate for this overestimation, we 
attenuated the cumulative incidences from the PARTNER trials by  
in our study. For example, if we exclude 5% of the total 5-year deaths, the three-category 
NRI cut-offs will be 0.95 (= 1-0.05) times the corresponding risks in the PARTNER studies. 
Similar methods were used to determine the cut-offs for 5-year CV mortality.

Data visualization

years was plotted using the Kaplan-Meier method (R function ggsurvplot() from R package 
survminer).

13
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Table S2. Overview of implanted bioprostheses for patients who underwent surgical aortic valve replacement.

Bioprosthetic valve type N (%)

Stented 1397 (84%)

 Perimount 661

 Trifecta 370

 Mosaic 218

 Hancock II 57

44

35

 Inspiris Resilia 7

 Avalus 5

Stentless 64 (4%)

 Freestyle 61

 Solo 3

Sutureless 206 (12%)

 Intuity 109

 Perceval 89

 3F Enable 8

Table S3. Overview of missing data.

Candidate predictor Missing data

Society of Thoracic Surgeons predicted risk of mortality 0 (0%)

Peak aortic jet velocity 47 (2.8%)

Mean pressure gradient 49 (2.9%)

327 (19.6%)

327 (19.6%)

Doppler velocity index 142 (8.5%)

Stroke volume 320 (19.2%)

Stroke volume index 320 (19.2%)

111 (6.7%)

Chronic obstructive pulmonary disease 28 (1.7%)

Peripheral vascular disease 3 (0.2%)

Hypertension 1 (0.1%)

1 (0.1%)

1 (0.1%)

Implanted labelled valve size 85 (5.1%)
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Table S4. Correlation between the Society of Thoracic Surgeons predicted risk of mortality and each 
candidate predictor.

CANDIDATE PREDICTOR LOG STS PROM

Peak aortic jet velocity 0.05

Mean pressure gradient 0.06

-0.23

-0.13

Doppler velocity index -0.02

0.02

Any prosthesis-patient mismatch* 0.16

Moderate prosthesis-patient mismatch* 0.08

Severe prosthesis-patient mismatch* 0.14

-0.01

0.07

0.08

STS PROM, Society of Thoracic Surgeons predicted risk of mortality.

Table S5. Univariable relations between candidate predictors and 5-year cardiovascular mortality in 
patients who underwent surgical aortic valve replacement.

HR (95% CI) R2 C-Index (95% CI)

Log STS PROM 2.50 (2.01, 3.11) 0.17 0.67 (0.63, 0.70)

Vmax 0.99 (0.76, 1.28) 0.00 0.50 (0.45, 0.54)

MPG 1.00 (0.97, 1.02) 0.00 0.50 (0.46, 0.54)

EOA 0.96 (0.94, 0.99) 0.03 0.58 (0.54, 0.62)

EOAi 0.93 (0.89, 0.98) 0.03 0.58 (0.54, 0.63)

DVI 0.84 (0.75, 0.95) 0.02 0.57 (0.53, 0.61)

pEOAi 0.97 (0.88, 1.08) 0.00 0.52 (0.48, 0.55)

Any PPM 1.58 (1.20, 2.07) 0.03 0.56 (0.52, 0.59)

Moderate PPM § 1.39 (0.99, 1.95)
0.04 0.56 (0.53, 0.60)

Severe PPM § 2.03 (1.39, 2.98)

Vmax 0.87 (0.66, 1.16) 0.00 0.51 (0.48, 0.54)

0.87 (0.51, 1.50) 0.00 0.50 (0.48, 0.52)

1.91 (1.28, 2.84) 0.02 0.54 (0.51, 0.56)

criteria 16) , STS PROM; Society of Thoracic Surgeons predicted risk of mortality, SV(i); stroke volume (index), Vmax; peak aortic jet velocity.
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Table S6. Univariable relations between candidate predictors and 5-year all-cause mortality in patients 

HR (95% CI) R2 C-Index (95% CI)

Log STS PROM 2.47 (1.89, 3.23) 0.17 0.66 (0.62, 0.71)

Vmax 1.05 (0.74, 1.47) 0.00 0.51 (0.46, 0.57)

MPG 1.00 (0.96, 1.03) 0.00 0.50 (0.44, 0.55)

EOA 0.99 (0.96, 1.02) 0.00 0.53 (0.47, 0.59)

EOAi 0.99 (0.94, 1.05) 0.00 0.53 (0.46, 0.60)

DVI 1.04 (0.90, 1.21) 0.00 0.50 (0.45, 0.55)

pEOAi 1.03 (0.90, 1.17) 0.00 0.51 (0.46, 0.56)

Any PPM 1.48 (1.00, 2.20) 0.01 0.54 (0.50, 0.57)

Moderate PPM § 1.56 (1.02, 2.38)
0.02 0.54 (0.51, 0.58)

Severe PPM § 0.93 (0.24, 3.63)

Vmax 0.84 (0.58, 1.23) 0.00 0.51 (0.47, 0.54)

0.92 (0.50, 1.71) 0.00 0.50 (0.47, 0.53)

1.27 (0.53, 3.07) 0.00 0.50 (0.49, 0.52)

(according to the Valve Academic Research Consortium 3 criteria 16) , STS PROM; Society of Thoracic Surgeons predicted risk of mortality, 

SV(i); stroke volume (index), Vmax; peak aortic jet velocity.

Table S7. Incremental prognostic value of single hemodynamic predictors to the STS PROM for 5-year 

aortic valve replacement.

HR Predictor
(95% CI)

HR Log STS PROM
(95% CI)

LRT*

p-value
C-Index
(95% CI)

NRI*

(95% CI)

Log STS PROM +

Vmax 0.99 (0.72, 1.37) 2.47 (1.89, 3.23) 0.820 0.66 (0.62, 0.71) 0.00 (-0.04, 0.04)

MPG 0.99 (0.96, 1.02) 2.48 (1.89, 3.24) 0.536 0.66 (0.62, 0.71) 0.01 (-0.04, 0.06)

EOA 1.01 (0.98, 1.04) 2.50 (1.91, 3.27) 0.699 0.66 (0.62, 0.71) 0.01 (-0.04, 0.05)

EOAi 1.00 (0.95, 1.06) 2.47 (1.89,3.23) 0.843 0.66 (0.62, 0.71) 0.00 (-0.04, 0.05)

DVI 1.02 (0.88, 1.18) 2.46 (1.88, 3.23) 0.819 0.66 (0.62, 0.71) 0.00 (-0.04, 0.04)

pEOAi 1.02 (0.90, 1.16) 2.47 (1.89, 3.23) 0.743 0.66 (0.62, 0.71) 0.01 (-0.04, 0.05)

Any PPM 1.19 (0.80, 1.78) 2.42 (1.84, 3.17) 0.413 0.66 (0.62 0.71) 0.00 (-0.05, 0.05)

13
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Table S7. Continued

HR Predictor
(95% CI)

HR Log STS PROM
(95% CI)

LRT*

p-value
C-Index
(95% CI)

NRI*

(95% CI)

Moderate PPM § NA
NA NA NA NA

Severe PPM § NA

Vmax 0.86 (0.59, 1.25) 2.46 (1.88, 3.22) 0.448 0.67 (0.62, 0.71) 0.00 (-0.04, 0.05)

0.80 (0.43, 1.48) 2.49 (1.90, 3.25) 0.478 0.66 (0.62, 0.71) 0.01 (-0.04, 0.05)

1.29 (0.53, 3.16) 2.48 (1.89, 3.24) 0.639 0.66 (0.62, 0.71) 0.00 (-0.03, 0.04)

* The LRT and NRI compared a new model with STS PROM + one candidate predictor to a reference model of STS PROM alone. § The 

(according to the Valve Academic Research Consortium 3 criteria 16), STS PROM; Society of Thoracic Surgeons predicted risk of mortality, 

SV(i); stroke volume (index), Vmax; peak aortic jet velocity.

Table S8. Univariable relations between candidate predictors and 5-year all-cause mortality in patients 

HR (95% CI) R2 C-Index (95% CI)

Log STS PROM 2.68 (2.08, 3.44) 0.19 0.66 (0.63, 0.70)

Vmax 0.98 (0.74, 1.29) 0.00 0.50 (0.46, 0.54)

MPG 1.00 (0.97, 1.02) 0.00 0.50 (0.46, 0.54)

EOA 0.98 (0.95, 1.01) 0.00 0.53 (0.49, 0.58)

EOAi 0.98 (0.92, 1.04) 0.00 0.52 (0.48, 0.56)

DVI 0.93 (0.81, 1.05) 0.00 0.54 (0.49, 0.58)

pEOAi 1.02 (0.91, 1.15) 0.00 0.51 (0.47, 0.55)

Any PPM 1.03 (0.77, 1.40) 0.01 0.51 (0.47, 0.55)

Moderate PPM § 0.95 (0.67, 1.35)
0.02 0.53 (0.49, 0.57)

Severe PPM § 1.19 (0.82, 1.74)

Vmax 0.88 (0.66, 1.18) 0.00 0.51 (0.48, 0.54)

1.08 (0.58, 2.00) 0.00 0.50 (0.48, 0.52)

1.61 (1.09, 2.38) 0.02 0.54 (0.51, 0.56)

(according to the Valve Academic Research Consortium 3 criteria 16) , STS PROM; Society of Thoracic Surgeons predicted risk of mortality, 

SV(i); stroke volume (index), Vmax; peak aortic jet velocity.
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Table S9. Incremental prognostic value of single hemodynamic predictors to the STS PROM for 5-year 

HR Predictor
(95% CI)

HR Log STS PROM
(95% CI)

LRT*

p-value
C-Index
(95% CI)

NRI*

(95% CI)

Log STS PROM +

Vmax 1.05 (0.80, 1.38) 2.69 (2.09, 3.47) 0.752 0.67 (0.63, 0.70) -0.01 (-0.06, 0.05)

MPG 1.00 (0.98, 1.03) 2.68 (2.08, 3.46) 0.867 0.67 (0.63, 0.70) 0.00 (-0.06, 0.06)

EOA 1.00 (0.98, 1.04) 2.68 (2.08, 3.46) 0.807 0.66 (0.63, 0.70) 0.00 (-0.05, 0.04)

EOAi 0.99 (0.93, 1.05) 2.67 (2.08, 3.44) 0.743 0.67 (0.63, 0.70) 0.00 (-0.05, 0.05)

DVI 0.93 (0.82, 1.05) 2.67 (2.08, 3.43) 0.241 0.67 (0.63, 0.71) 0.00 (-0.04, 0.04)

pEOAi 1.00 (0.90, 1.12) 2.68 (2.08, 3.44) 0.841 0.66 (0.63, 0.70) 0.01 (-0.03, 0.05)

Any PPM 1.00 (0.74, 1.35) 2.68 (2.08, 3.14) 0.771 0.66 (0.63, 0.70) 0.00 (-0.06, 0.07)

Moderate PPM § 0.98 (0.69, 1.39)
2.67 (2.08, 3.43) 0.953 0.67 (0.63, 0.70) 0.00 (-0.07, 0.07)

Severe PPM § 1.02 (0.70, 1.50)

Vmax 0.95 (0.72, 1.27) 2.67 (2.08, 3.43) 0.767 0.66 (0.63, 0.70) 0.00 (-0.05, 0.06)

1.00 (0.53, 1.86) 2.68 (2.09, 3.44) 0.800 0.66 (0.63, 0.70) 0.00 (-0.04, 0.04)

1.39 (0.93, 2.06) 2.62 (2.04, 3.36) 0.123 0.67 (0.63, 0.71) 0.00 (-0.07, 0.07)

* The LRT and NRI compared a new model with STS PROM + one candidate predictor to a reference model of STS PROM alone. § The 

(according to the Valve Academic Research Consortium 3 criteria 16), STS PROM; Society of Thoracic Surgeons predicted risk of mortality, 

SV(i); stroke volume (index), Vmax; peak aortic jet velocity.
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Table S10. Baseline characteristics and postoperative echocardiographic parameters at the reference echo 

DVI > 0.35
N = 1408 N = 117

Age (years) 78 ± 7 78 ± 7.43

Male 838 (60%) 64 (55%)

Body surface area (m2) 1.93 ± 0.24 1.92 ± 0.26

2) 29.7 ± 5.9 29.7 ± 5.7

STS PROM (%)

Diabetes mellitus 486 (35%) 49 (42%)

Hypertension 1241 (88%) 108 (92%)

Chronic obstructive pulmonary disease 406 (29%) 34 (30%)

Left ventricle ejection fraction (%) 61 ± 9 55 ± 13

337 (24%) 44 (38%)

727 (52%) 68 (58%)

148 (11%) 15 (13%)

Peripheral vascular disease 344 (25%) 23 (20%)

15 (5%) 30 (2%)

Any concomitant procedure 330 (25%) 34 (29%)

Concomitant CABG 214 (15%) 27 (23%)

Postoperative reference echo

Peak aortic jet velocity (ms-1) 2.22 ± 0.46 2.82 ± 0.54

Mean pressure gradient (mm Hg) 11.0 ± 4.6 18.21 ± 7.07
2) 1.91 ± 0.59 1.10 ± 0.31

2 2) 1.00 ± 0.29 0.58 ± 0.14

Doppler velocity index 0.52 ± 0.10 0.31 ± 0.04

Stroke volume (mL) 75 ± 23 60 ± 22
2) 39 ± 11 31 ± 10

2 2) 0.87 ± 0.12 0.78 ± 0.12

Prosthesis-patient mismatch

 Any 316 (25.4%) 85 (89.5%)

 Moderate 257 (20.6%) 32 (33.7%)

 Severe 59 (4.7%) 53 (55.8%)

980 (70%) 114 (97%)

62 (4%) 38 (33%)
2 487 (39%) 68 (72%)

STS PROM, Society of Thoracic Surgeons predicted risk of mortality.
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Table S11. Baseline characteristics and postoperative echocardiographic parameters at the reference echo for 

No PPM
N = 939

Moderate PPM
N = 289

Severe PPM
N = 112

Age (years) 78 ± 7 78 ± 7 80 ± 8

Male 597 (64%) 160 (55%) 48 (43%)

Body surface area (m2) 1.94 ± 0.24 1.93 ± 0.24 1.90 ± 0.25
2) 29.8 ± 5.8 29.1 ± 5.8 29.3 ± 6.2

STS PROM (%)

Diabetes mellitus 305 (33%) 121 (42%) 38 (34%)

Hypertension 827 (88%) 264 (91%) 98 (88%)

Chronic obstructive pulmonary disease 246 (27%) 91 (32%) 38 (34%)

Left ventricle ejection fraction (%) 62 ± 9 59 ± 11 58 ± 12

212 (23%) 97 (34%) 34 (30%)

462 (49%) 164 (57%) 71 (63%)

99 (11%) 31 (11%) 13 (11%)

Peripheral vascular disease 215 (23%) 77 (27%) 30 (27%)

16 (2%) 5 (2%) 3 (3%)

Any concomitant procedure 222 (24%) 67 (23%) 25 (22%)

Concomitant CABG 143 (15%) 39 (14%) 21 (19%)

Postoperative reference echo

Peak aortic jet velocity (ms-1) 2.12 ± 0.42 2.48 ± 0.46 2.82 ± 0.53

Mean pressure gradient (mm Hg) 10.0 ± 4.0 13.8 ± 5.2 17.9 ± 6.8
2) 2.12 ± 0.52 1.36 (0.18) 0.96 ± 0.18

2 2) 1.10 ± 0.26 0.71 (0.08) 0.51 ± 0.09

Doppler velocity index 0.55 ± 0.10 0.43 (0.07) 0.36 ± 0.07

Stroke volume (mL) 81 ± 23 62 ± 16 51 ± 13
2) 41.72 ± 11 32 ± 8 27 ± 6

2 2) 0.89 ± 0.12 0.82 ± 0.11 0.76 ± 0.11

593 (63%) 256 (89%) 108 (96%)

21 (2%) 31 (11%) 33 (30%)

10 (1%) 32 (11%) 53 (47%)
2 267 (28%) 188 (65%) 100 (89%)

STS PROM, Society of Thoracic Surgeons predicted risk of mortality.
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Figure S1. Flowchart for the derivation of the analysis cohort.

HR, high risk; LR, low risk; SAVR, surgical aortic valve replacement; SURTAVI, Surgical Replacement and Transcatheter Aortic 

Valve Implantation.
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Figure S2. Graphical overview of the linearity assumption between continuous parameters and all-cause 
mortality for Cox regression.

13
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Figure S3. Graphical overview of the linearity assumption between continuous parameters and cardio-
vascular mortality for Cox regression.
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Figure S4. Graphical overview of the proportional hazards assumption for Cox regression on all-cause mortality.
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Figure S5. Graphical overview of the proportional hazards assumption for Cox regression on cardiovas-
cular mortality.
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ABSTRACT

Objective: 
hemodynamic structural valve deterioration (SVD). We aimed to study their consistency in 
classifying SVD after surgical aortic valve replacement (SAVR).

Methods: Data were used of SAVR patients implanted in a multicenter, prospective 
cohort study with 5-year follow-up. All patients received the same stented bioprosthesis. 
Echocardiographic parameters were assessed by an independent core laboratory. Moderate 

et al., Dvir 
et al.

Results: A total of 1118 patients were implanted. The mean age was 70 years and 75% 
were male. Hemodynamic SVD at any visit was present in 51 (4.6%), 32 (2.9%), and 34 
(3.0%) patients according to Capodanno, Dvir, and VARC-3. 1064 (95%) patients were 

VARC-3, respectively.

Conclusions: 
but inconsistent positive discriminators for the detection of stenotic hemodynamic SVD. 
While the diagnosis of SVD may be categorical, echocardiographic indices lack this degree 

impedes the detection of true valve degeneration, which challenges the clinical usefulness 
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CENTRAL PiCTURE

structural valve deterioration; VARC, Valve Academic Research Consortium.

Central Message:

Perspective Statement: 
the detection of stenotic hemodynamic SVD. While the diagnosis of SVD may be categorical, 

observed inconsistency impedes the detection of true valve degeneration, which challenges 
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INTRODUCTiON

A main concern for bioprosthetic heart valves is durability. Irreversible damage to 
structural elements of the prosthesis, a process called structural valve deterioration (SVD), 
can eventually lead to hemodynamic dysfunction, symptoms, and the potential need for 

structural and nonstructural causes1

been proposed for hemodynamic SVD by Capodanno et al.2, Dvir et al.3, and the Valve 
Academic Research Consortium (VARC) 34

partially based on an increase in mean pressure gradient (MPG) compared to a reference 
echo performed after surgery.

Echocardiographic parameters like MPG may vary over time due to factors unrelated to 

volemia, heart rate, irregular rhythms, etc.) and measurement error. Inevitably, these factors 

Moreover, even small variations in measurements could result in dramatic changes when 
using strict categories such as presence or absence of SVD. Hence, the aim of this study 

bioprosthetic AVR. Our secondary aim was to study longitudinal variability in MPG during 
follow-up.

METHODS

Study data
Data from the PERIcardial SurGical AOrtic Valve ReplacemeNt (PERIGON) Pivotal Trial 
for the Avalus valve (www.clinicaltrials.gov, NCT02088554) were used. The PERIGON 
Pivotal Trial is a single-armed, prospective, observational follow-up study to examine the 
safety and performance of the Avalus bioprosthesis (Medtronic, Minneapolis, Minnesota, 
USA). The design of the trial was formerly outlined in detail5,6. In short, patients with 
aortic stenosis or regurgitation and a clinical indication for SAVR were enrolled. Several 
concomitant procedures were allowed, including coronary artery bypass grafting (CABG), left 

circulatory arrest. The study was conducted at 38 centers across North America and Europe, 
at which local institutional review boards or ethics committees provided study approval 

et al.7 for approval number and date per center). All patients 
provided written informed consent. All deaths and valve-related events were adjudicated by 
an independent clinical events committee (Baim Institute for Clinical Research, Boston, MA, 
USA), and study oversight was kept by an independent data and safety monitoring board 
(Baim Institute). A single core laboratory (MedStar Health Research Institute, Washington, 
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DC, USA) assessed all echocardiographic parameters. After implant, patients were scheduled 
for follow-up at hospital discharge (up to 30 days), 3 to 6 months, 1 year, and annually 

and the reasons for drop-out is provided in Figure S1

index (DVI) was derived.

et 

al.2, Dvir et al.3, and the VARC 34

throughout the manuscript as Capodanno-SVD, Dvir-SVD, and VARC3-SVD. Moderate 
or greater stenotic SVD was studied because we hypothesized that there would be potential 

For this reason and because moderate or greater regurgitation was only present in 0.2% 
at 5-year follow-up 7, regurgitation data were not considered in this analysis. The exact 

Figure 1. To determine the change in 
echocardiographic parameters, values during follow-up were compared to a reference echo 
performed at hospital discharge up to 30 days. In a subanalysis, values during follow-up 

and 6 months post-surgery.

Figure 1. -
rioration. 2-4

DVI. Doppler velocity index; EACTS, European Association for Cardio-Thoracic Surgery; EAPCI, European Association of 

gradient; VARC, Valve Academic Research Consortium; VIVID, Valve-in-Valve International Data.

Statistical analyses

(percentages). Missing echocardiographic data are presented in Table S1. A complete case 
analysis was performed in all analyses except for graphical representation of longitudinal 
data. Therein, patients with missing data at one or more timepoints were not omitted.
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were excluded to eliminate established clinical causes of hemodynamic alteration.

To assess longitudinal variability in MPG, patients who did not undergo reintervention were 
selected to guarantee that the same prosthetic valve was present at each timepoint. A 95% 
prediction interval was calculated for the change in MPG within individuals by subtracting 
their MPG value at discharge from their MPG value at 5-year follow-up. Furthermore, the 
change in MPG between two consecutive timepoints was repeatedly calculated for deciles 

1-year and 2-year follow-up, deciles were created based on the values of MPG at 1-year.

While the data underlying this analysis are owned by the study sponsor, the analyses were 
proposed and performed by the authors, and the manuscript was written by the author group. 
All analyses were performed using the R software (R Foundation for Statistical Computing, 
Vienna, Austria, www.r-project.org).

RESULTS

A total of 1118 had successful valve implantation and all were included in this analysis. The 
mean age of the study population was 70 years, 75% were male, and the median Society 
of Thoracic Surgeons predicted risk of mortality was 1.60 (Table 1). At discharge up to 
30 days, the average MPG was 13.1±4.7 mmHg, the EOA 1.54±0.36 cm2, and the DVI 

with Capodanno-SVD at least once during follow-up, 32 patients with Dvir-SVD, and 34 
patients with VARC3-SVD (Table S2). 1064 (95%) patients were never labeled with SVD 

14
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Table 1. Patient characteristics at baseline and echocardiographic parameters at discharge for patients who 
underwent surgical aortic valve replacement.

N = 1118

Patient characteristics

Age (years) 70.2 ± 9.0

Male 840 (75%)

Body surface area (m2) 2.0 ± 0.2
2) 29.4 ± 5.4

STS PROM (%)

Diabetes mellitus 298 (27%)

Hypertension 852 (76%)

Chronic obstructive pulmonary disease 130 (12%)

Left ventricle ejection fraction (%) 59 ± 10

Coronary artery disease 487 (44%)

472 (42%)

Previous stroke 45 (4%)

Peripheral vascular disease 81 (7%)

119 (11%)

Echocardiography at discharge up to 30 days

Mean pressure gradient (mm Hg) 13.1 ± 4.7
2) 1.54 ± 0.36

Doppler velocity index 0.49 ± 0.10

PROM, Society of Thoracic Surgeons predicted risk of mortality.

with Capodanno-SVD at 3 years. The consistency during this interval was also 33% for 
et al. and the VARC 3. Likewise, for all intervals, the consistency per 

Table 2 and illustrated in Figure 2.
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Table 2. 
bioprosthetic aortic valve replacement.

3-6 M to 1 y 1 y to 2 y 2 y to 3 y 3 y to 4 y 4 y to 5 y

Capodanno et al.
(33%) (33%) (31%) (14%)

Dvir et al.
(50%) (38%) (33%) (36%) (20%)

VARC 3
(50%) (33%) (33%) (30%) (17%)

follow-up visit. VARC, Valve Academic Research Consortium.4

Figure 2. 
bioprosthetic aortic valve replacement.

structural valve deterioration; VARC, Valve Academic Research Consortium.

heatmaps in Figure S2 (Capodanno et al.), Figure S3 (Dvir et al.), and Figure 3 (VARC 3). The 

the most recent and the most comprehensive.

14
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SVD, and 25% had missing SVD (Figure S2). The reason for inconsistent Capodanno-SVD 

threshold as well as the absolute threshold of 20 mmHg anymore in 80%.

Figure 3. The consistency of hemodynamic SVD within patients who have been labelled with SVD at least 

Each row represents one patient. * indicates endocarditis, ** valve thrombosis, and *** reintervention. NA, not available; SVD, 

hemodynamic structural valve deterioration; VARC, Valve Academic Research Consortium.

19% had missing SVD (Figure S3)

SVD, and 15% had missing SVD (Figure 3). The reason for inconsistent VARC3-SVD 

Table S3). For 
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for Dvir-SVD and VARC3-SVD, these ranged between 0.70 and 1.00.

Longitudinal variability in mean pressure gradient
The mean MPG at discharge was 13.1±4.7 mmHg (Table 1), and the change in MPG 
throughout 5-year follow-up was on average -1.1 mmHg. The corresponding 95% prediction 
interval for the change within individuals ranged between -9.6 and 7.5 mmHg. To give an 
example of variability during follow-up, the course of MPG is plotted for 5 randomly sampled 
patients with complete data (Figure 4). The change in MPG between consecutive timepoints is 
demonstrated per decile in Figure 5 and Table S4. At each interval, the MPG increased most 
in the lowest decile, while the MPG decreased most in the highest decile. For the deciles with 
lowest MPG, the average increase ranged between 1.2 and 2.3 mmHg. For the deciles with 
highest MPG, the average decrease ranged between 1.0 and 5.9 mmHg.

Figure 4. Change in mean pressure gradient for 5 randomly sampled patients who did not undergo rein-
tervention.

14

Binnenwerk Bart - V4 - tekst groter.indd   269 29-01-2025   10:28



270

Chapter 14

Figure 5. 
mean pressure gradient at the start of each period.

with Dvir-SVD, and 42 patients with VARC3-SVD (Table S5). The consistency of the SVD 
Table S6 Table S7. The 

was comparable to the observation with the discharge echo as the reference (Figures S4-6).

Subanalysis: patients without reintervention, valve thrombosis, or endocarditis
For patients without reintervention, valve thrombosis, or endocarditis, the number of subjects 

Table S8

is reported in Table S9 Table S10

Figure S7). After 
Figure S8) and 20 

patients (71%, Figure S9) had absent SVD, respectively.
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In this analysis of 1118 patients who underwent SAVR with core laboratory-adjudicated 

short in detecting dysfunction at times that are relevant to patients and may underestimate 
the occurrence of SVD1

these problems, these could also capture nonstructural dysfunction and noise variation 
due to imprecise measurements or due to natural variation. Capodanno et al.2 proposed 
to include a change in MPG to distinguish between structural and nonstructural causes 
like prosthesis-patient mismatch. Thereafter, Dvir et al.3 and the VARC 34 suggested 
incorporating additional parameters to prevent capturing noise: an increase in MPG should 
be accompanied by a decrease in EOA or DVI. Whether these new echocardiographic 

analysis suggests that the Capodanno et al.2 and the VARC 34

associated with increased mortality8.

The underlying hypothesis of SVD is that prosthetic valve performance declines over 

or immunological mechanisms. These irreversible processes do not resolve without re-

of SVD should consistently classify a patient with SVD after the initial diagnosis. In the 

capture structural degeneration of the prosthesis accurately. Surprisingly, the amount of 
et al.3 and the VARC 

34

For these reasons, the results of the current study do not justify recommending any of these 

echocardiographic parameters. These parameters are proxies for prosthetic valve 

and biological mechanisms such as circadian patterns, and by (random) measurement error. 
As a result, extreme echocardiographic values are likely to be followed by less extreme values 
during follow-up. This phenomenon, called regression toward the mean9, at least partially 
explains our results (Figure 5). Transient clinical events like successfully treated endocarditis, 

14
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about abnormal echocardiographic parameters. However, inconsistency remained after 

because the PERIGON trial lacked protocolized computed tomography examinations, but 
10,11. In this 

not exceeding the increase and absolute thresholds for MPG anymore and to a lesser extent 
related to the criteria for EOA or DVI.

considered clinically most relevant and aligns with the underlying hypothesis about SVD that 

the consistency of absent SVD since we believe that it will hardly ever occur that a patient 
with a structurally degenerated valve would have normal echocardiographic parameters. 
As expected, the consistency of absent SVD was very high, i.e., 1064 of the 1118 were never 

However, as the decision to reoperate is predominantly based on clinical symptoms, we do 
not expect this to occur often. In addition, the VARC 34

of SVD should not rely on the measurement of a single haemodynamic parameter, and 
preferably should incorporate evidence from at least two serial echocardiograms.” 
Furthermore, this consortium recommends distinguishing bioprosthetic valve dysfunction, 
such as hemodynamic SVD, from bioprosthetic valve failure, which is the relevant and 
clinically meaningful variant for the patient. We demonstrated that dysfunction can be highly 

investigate the burden for the patient when considering reintervention.

For the research setting, hemodynamic SVD is proposed by the VARC 3 as an appropriate 
endpoint for durability of prosthetic valves4. However, this setting lacks the important 
nuances mentioned above because generally researchers can rely only on numerical values 
of echocardiographic parameters to adjudicate SVD. Considering our results, hemodynamic 

hemodynamic SVD corresponds best with clinically relevant outcomes like bioprosthetic 
valve failure (BVF), valve-in-valve reinterventions or redo surgery. Although this sounds 

should still be based on hemodynamic criteria, though altered to correspond best to clinical 
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be applicable to the most severe cases because BVF is included, which is independent of 
eligibility for reinterventions. For example, BVF is present in case of new-onset or worsening 
symptoms, pathologic LV remodelling or secondary pulmonary hypertension1. Furthermore, 
accumulating experience and developments with valve-in-valve procedures and redo surgery 

bioprosthetic dysfunction at times that are relevant to patients. We consider echocardiography 
to be the appropriate primary imaging modality to assess prosthetic valve performance. 

modalities, such as computed tomography or cardiac magnetic resonance 1.

Strengths and limitations
The current study has several potential limitations. The follow-up duration is relatively short. 

become more stable due to progressive degeneration of the bioprostheses. Furthermore, longer 
follow-up would lead to more clinical events, which would enable us to study the association 
between hemodynamic SVD and clinical outcomes. While adverse event information were 

Another limitation is missing data. The main reason for missing data is that not all patients 
had completed the 5-year follow-up visit at the time of this analysis, which we consider as 
missing completely at random. Loss to follow-up could bias our results, since this may not be 
random. As only 15 patients were lost to follow-up at 5 years, we consider this impact to be 

consistency. Data imputations were deemed to obscure the interpretation of the results and 
were therefore not applied. Lastly, the results could be less generalizable to populations of 
intermediate or high surgical risk because the study population was restricted to relatively 
low-risk patients. On the contrary, the study has several strengths. All patients received the 
same stented bioprosthesis, and longitudinal data were gathered in a prospective manner. 
An independent clinical events committee adjudicated all valve-related events, and a single 
core lab assessed all echocardiograms. Moreover, the international, multicenter setting and 
the allowance of concomitant procedures like CABG boost the generalizability of the results.

Only moderate or greater stenotic hemodynamic SVD was studied in the current analysis. 
Hence, no conclusions can be drawn about the consistency of hemodynamic SVD due to 
regurgitation.

14
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CONCLUSiONS

positive discriminators for the detection of stenotic hemodynamic SVD. This inconsistency 
may be explained by large within-patient variability in echocardiographic parameters. While 
the diagnosis of SVD may be categorical, echocardiographic indices lack this degree of 

of true valve degeneration, which is important to consider for clinicians and researchers 

Acknowledgements: We thank R.J. Janse for his help with visualizing the longitudinal data.
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SUMMARY

Throughout this thesis, different hemodynamic concepts in aortic valve replacement are 
critically evaluated for their accuracy, robustness, and validity for clinical practice. While 
the invaluable role of echocardiography is acknowledged, limitations and challenging 
scenarios are further explored. These comprehensive insights enhance the interpretation of 
echocardiography and support clinical decision-making by cardiologists and cardio-thoracic 
surgeons concerning the native and bioprosthetic aortic valve.

Chapter 1 serves as the introduction to this thesis. Echocardiographic concepts in pre-, peri- 
and postoperative care are described and the aim of this work is presented. In Chapter 2, it 
is shown that measurement error in the echocardiographic assessment of aortic stenosis (AS) 
severity is underrecognized in literature. While potential erroneous sources have been described 
before 1

demonstrate the clinical implications of measurement error, various simulations were performed. 
With expanding echocardiography-based indications for asymptomatic patients with AS, it is 
crucial to acknowledge the presence and magnitude of measurement error and its implications 

only a challenge in asymptomatic patients but also in symptomatic patients with low cardiac 

2. In 
Chapter 3

(LVOT) and at the left ventricle using the Simpson’s method. Hence, these methods are not 

Chapter 4 outlines that 

gradient do not have an indication for intervention 3,4. The results of Chapters 3 and 4 reinforce 

Chapter 5 reveals that 
there is high agreement between the echocardiographic core laboratory and clinical centers on 
continuous-wave Doppler related measurements like peak aortic jet velocity and mean pressure 
gradient. On the contrary, agreement is low for parameters which involve measurement of the 
LVOT diameter (e.g., SV, EOA, and EOAi), highlighting its limited reproducibility.

In Chapters 6 and 7, the hemodynamic and clinical effects of different strategies for surgical 
aortic valve replacement (SAVR) are compared. In Chapter 6, a minimally invasive approach 
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via right anterior thoracotomy or hemisternotomy led to similar 3-year outcomes as compared 
to conventional full sternotomy. In Chapter 7, pledgeted sutures yielded comparable 5-year 

during follow-up when pledgeted sutures are used. Chapter 8 is a systematic review and meta-

during SAVR. Evidence is scarce and at high risk of bias, and the pooled results do not indicate 
superiority for either sutures with or without pledgets for multiple clinical and hemodynamic 
outcomes. In Chapter 9, surgical insights for the implantation of a stentless bioprosthesis are 

a native bicuspid aortic valve. Chapter 10 provides an overview of patients that underwent 

in disease severity at baseline, procedural characteristics, antithrombotic regime, and timing of 
discharge. The 30-day rehospitalization risk was 8.5% in Europe and 15.9% in North America. 
These results stress that geographical setting must be considered during design of trials on SAVR 
and during the interpretation of their results. In Chapter 11
reporting on confounding adjustment is subpar in many observational studies on cardiothoracic 

studies form the framework on which interventional recommendations for daily clinical practice 
are based. Therefore, comprehensive recommendations are delineated for the design and the 
execution of such studies.

While a range of hemodynamic parameters to assess prosthetic performance are available, 

Chapter 12, the incremental prognostic value of various postoperative 
echocardiographic parameters to a preoperative risk score, the Society of Thoracic Surgeons 
(STS) predicted risk of mortality, is demonstrated to be limited for the prediction of 5-year 
mortality after SAVR. A potential explanation could be that echocardiographic parameters 

the patient. The only parameter that did provide minor predictive improvement in a post-hoc 

the discrimination between patients that died or survived throughout 5-year follow-up. In 
Chapter 13, the results of the preceding chapter were validated in data of three randomized 

some predictive improvement to the STS score, but this parameter did not improve the 
discrimination. These results stress the importance of considering patient characteristics 
when interpreting hemodynamic parameters for prognostic purposes. Chapter 14 

implies permanent intrinsic damage to the prosthesis and therefore challenge the clinical 

15
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DiSCUSSiON AND FUTURE PERSPECTiVES

concepts with regard to hemodynamic performance are reviewed and evidence gaps are 
addressed. The discussion follows the same chronological order as the introduction of this 
thesis: it starts with the diagnosis of native aortic valve disease and ends with failure of the 
bioprosthesis.

In preoperative care, the main goal is to optimize the timing of intervention 5,6. On the one 
hand, interventions need to be performed early to prevent irreversible damage to the heart. 

detect the sweet spot for intervention. Particularly challenging clinical entities comprise 

which patients experience, correspond only modestly to cardiac damage which underpins the 
pivotal role of imaging parameters 7. Critically abnormal echocardiographic values of peak 
aortic jet velocity have been established as a useful intervention threshold for asymptomatic 
patients 8,9

10. Patients with 
moderate AS seems to have a poor prognosis which is not that distinct from severe AS 11,12.  
To accurately diagnose patients with moderate AS, comprehensive diagnostic pathways 
including multimodality imaging and investigations of cardiac damage have been proposed 12.  

outcomes and potentially appropriate future targets for intervention in moderate AS 13. 
By shifting the focus to the myocardium and the extent of cardiac damage, new imaging 

14-16. These parameters seem promising and will contribute to the optimization of risk 

Further improvements to patient care in AS relies on the prevention of underdiagnosis and 
undertreatment 17,18. Undertreatment occurs in up to 67% of patients with low-gradient AS, 

in women 19-21

22-24

AS are suggested 25. Underdiagnosis can be reduced through raising awareness, education 
and technical innovations, among others. Moreover, contemporary population-based studies 

rapidly progressing 17, for example in the Netherlands by linking data sources of Statistics 
Netherlands to the Netherlands Heart Registration.

15
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For timely interventions, an integrated approach by the multidisciplinary heart team, 
preferably in designated heart valve centers, is essential 26. Dedicated cardiologists and 
cardio-thoracic surgeons should be aware of evolving indications and not be fooled in their 
diagnostic work-up by natural variability or measurement error. Especially for challenging 
clinical entities, the heart team needs to consider additional echocardiographic, functional 
and anatomical parameters to diagnose true severe AS and identify the patients that will 

3,4.

Ongoing trials will aid decision-making in AS. The EARLY-TAVR (NCT03042104), 
ESTIMATE (NCT02627391) and EASY-AS (NCT04204915) trial study the effect 
of early TAVR or SAVR versus surveillance in asymptomatic severe AS. The Evolved 
(NCT03094143) trial targets the same asymptomatic severe AS patients but includes 

large left atrial volume index, or impaired LV GLS. For moderate AS, TAVR versus 
optical medical therapy is studied in the TAVR UNLOAD (NCT02661451), PROGRESS 

no pharmacotherapeutic agents that could slow down, stop or reverse AS progression 27. 
Randomized studies on the effect of statins, denosumab and alendronic acid all failed to 

28-31. New drugs targeting lipoprotein(a) seem promising but their clinical value 
has yet to be proven 32-34. Pharmacotherapy has a large potential for AS as well as for the 
conservation of prosthetic valve durability.

Periprocedural AVR strategies to optimize hemodynamic and clinical outcomes
In perioperative care, the main challenge is to tailor interventional strategies and prosthetic 
valve selection to individual patients. Hemodynamic performance is a very important aspect, 
though other clinical aspects, e.g., conduction problems and valve durability, cannot be left 

of life for the patient. The effect of TAVR versus SAVR has been studied across the entire 
range of risk, however, long-term results have yet to be established, especially for low-risk 
individuals 35-41

35-40,42. 

the anatomy, and the need for concomitant surgery to the coronary arteries, other heart valves 
and the aorta 43. Some patient groups have systematically been excluded from the randomized 
trials, for example with a bicuspid aortic valve (BAV). BAV patients represent 5-10% of the 
elderly patients currently treated with TAVR 44 45.  
Hemodynamic performance of TAVR valves in BAV patients seems comparable to tricuspid 

Binnenwerk Bart - V4 - tekst groter.indd   284 29-01-2025   10:28



285

Summary, Discussion and Future Perspectives

aortic valve patients46. However, recent results from the NOTION-2 trial suggest cautious 
use of TAVR in young BAV patients 47. Moreover, clinical outcomes for TAVR in BAV may 
depend on the valve morphology 48

49-51. Another AS 
subgroup for which hemodynamic performance is considered to be of utmost importance, are 
the patients with a small aortic annulus 52. These patients are at risk for residual hemodynamic 
obstruction after AVR because the pressure gradient is inversely and exponentially related 

In a subanalysis of the PARTNER trial, the risk of mortality was comparable between 
TAVR and SAVR although hemodynamic performance was in favor of TAVR 53. The VIVA 

with a small annular diameter. In this small RCT, no differences were observed in clinical 

of TAVR vs SAVR in women with severe AS. Other ongoing trials on TAVR versus SAVR 
for low-risk patients include the DEDICATE (NCT03112980) trial, an investigate-initiated 
trial explicitly targeting “all-comers”. The 1-year results indicate that TAVR was non-inferior 
with regard to death from any cause or stroke 54 but longer term results will follow. For BAV 
patients, the effect of TAVR vs. SAVR will be investigated in the NAVIGATE, BELIEVERS, 
and YOUNG TAVR trial. For severe AS patients with multivessel coronary artery disease, the 
TCW (NCT03424941) trial compares whether TAVR + percutaneous coronary intervention 
is non-inferior to SAVR + concomitant coronary artery bypass grafting.

factors to clinical outcomes. Stented biological valves are used most often but alternatives 
include sutureless, stentless, or mechanical prostheses. In the following section, evidence 
for comparisons is discussed for patients that are eligible for both conventional (i.e. stented 
bioprosthesis) and alternative prosthetic valves. Observational studies suggest that sutureless 
valves yield better hemodynamic performance but come with an increased risk of pacemaker 
implantation 55,56. In the PERSIST-AVR trial, however, sutureless valves were noninferior 
to stented valves with regard to major cerebral and cardiovascular adverse clinical events 57. 
Randomized trials for the comparison between stentless and stented valves originate from 
the early 2000’s and demonstrated comparable prognosis despite a better hemodynamic 

58-60. These results were also found in a recent observational study 61.  

to reduce cross-clamp and cardiopulmonary bypass times 62. In the choice between biological 
and mechanical valves, aspects like anticoagulation and durability are as important as 
hemodynamic performance. The age limit below which mechanical valves should be 
preferred is highly debated 63 and even differs between American and European guidelines 3,4.  
Performing an annular enlargement, through the traditional Nicks 64, Manouguian 65, or 

15
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recently introduced Y-incision procedure 66, is another way to improve hemodynamics. 
According to the Society of Thoracic Surgeons data, enlargements are currently performed 
in only 2.9% of patients aged 65 years and older 67. Literature consists solely of observational 

such as perioperative mortality 67-72. The safety of these procedures as well as their long-

primarily based on surgeon preference and training. For example, different studies suggest 
pledget-reinforced mattress 73, simple interrupted 74, or continuous sutures to be optimal 75.

Hemodynamic performance of transcatheter prostheses is affected by the implantation 
location and the valve’s design. Supra-annular implantation with a self-expandable valve 
provided better hemodynamics but similar clinical outcomes compared to intra-annular 
implantation with a balloon-expandable valve in different trials 76-79. In the ongoing 
SMART (NCT04722250) trial, patients with a small native aortic annulus based on CT 
are randomized to the latest commercially available self-expandable or balloon-expandable 
valves. The LYTEN trial shows that self-expandable valves had superior hemodynamic 
performance in failed surgical bioprosthesis below size 23 mm, but that short-term clinical 
outcomes were again comparable 80. In failed stented bioprosthesis, valve fracture for valve-

has yet to be established 81. An overview of normal transcatheter function for different valves 
was provided by Hahn et al. to serve as reference for clinical practice 82.

knowledge of common pitfalls 83,84

echo guidelines and expert consensus documents 85,86. Echocardiography was validated 
against cardiac catheterization in the setting of native AS, hence, some calculations like the 

87. 
The DISCORDANCE (NCT04827238) trial further investigates discrepancies between 
echocardiographic measurements and their catheterization counterparts.

The importance of lifetime management has been increasingly emphasized: future procedures 
should already be considered at the time of the primary intervention 43. These considerations 
involve, next to valvular performance, preservation of coronary access. TAVR explantation 

interventions 88,89

90,91. In lifetime management, 
information on life expectancy and the likelihood of lifetime events for individuals is essential. 
Microsimulation could be helpful here 92.
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Prosthesis-patient mismatch and hemodynamic structural valve deterioration
In postoperative management of SAVR patients, two pivotal echocardiographic concepts are 
prosthesis-patient mismatch (PPM) and hemodynamic structural valve deterioration (SVD). 
The problem of PPM was brought up by Rahimtoola, already in 1978 93. Later, a formal 

corresponded to elevated pressure gradients 94. Meta-analyses showed that severe PPM, 

TAVR 95-97. However, recent studies have outlined several pitfalls concerning the current 

agreement between projected PPM depicted by valve charts and measured PPM after AVR 98  
but also invalid categorization of EOAi as well as poor correspondence with hemodynamic 
obstruction by other parameters 99, and disproportional indexation to body surface area 
(BSA) 100

is outlined in this letter 101: in a study among an Asian and Western population, the Asian 
higher lower incidence 

associated with worse prognosis on group level in most studies, the concept as currently 

that are already made for standard echocardiographic measurements. The parameters 
that are most valuable for clinical assessment of prosthetic valve performance are the ones 
that are measured most accurate and correspond best to relevant clinical outcomes. The 

and cardiovascular mortality than severe PPM and could therefore be a superior marker for 
clinically relevant hemodynamic obstruction after SAVR (Chapter 12102 & 13). To note, the 

103,104 and will need to be integrated into assessment 
algorithms of prosthetic valves similar to the diagnosis of native AS.

The second echo concept in this setting is hemodynamic SVD. Over the past few years, 

and expert panels, mainly based on changes in echo parameters over time 105-107. The 
occurrence of hemodynamic SVD after TAVR and SAVR has been investigated 108,109, though 

the absolute mean gradient thresholds of 20 mmHg implies a larger relative change for 
transcatheter valves. Put differently, surgical valves will exceed this threshold more easily with 
less relative degeneration. To note, this even holds in trials because the time of randomization, 
i.e., before implantation of the prosthetic valve, does not concur with the reference point for the 

110.  

15
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outcomes like valve-related symptoms, redo surgery or valve-in-valve reinterventions. For 

and an investigation of the burden for the patient 84,107. CT imaging could be used to assess 

evaluation. Invasive measurements by means of cardiac catheterization may be considered 

echo and CT despite the presence of valve-related symptoms 76. This is backed up by the 

gradient was not elevated at cardiac catheterization 87. Moreover, modern imaging tools such 
as 18

detected through echocardiography or CT alone and was found to be a strong predictor of 
111

(and potentially moderate) AS and low-risk patients, the widespread adaptation of TAVR, the 
decrease of mechanical valve implantation, and increasing life expectancy, more and younger 
patients will receive bioprosthetic valves in the near future. Therefore, the burden of SVD will 
amplify and its management increasingly important.

Closing remarks on hemodynamic concepts in aortic valve replacement
Echocardiography is a valuable, if not the most valuable, tool to assess the performance 

measurements should be interpreted with care. Measurements are affected by various sources 
of measurement error, natural variation and by patient characteristics which often have larger 
impact than expected. This thesis consistently highlights that diagnostic echocardiographic 
criteria, which seem theoretically valid, can turn out to be unreliable in clinical practice. 

outcomes for patients. This will lead to continuing advancement in diagnostic algorithms and 
to increased awareness about limitations and uncertainties which further improve clinical 
care for patients with aortic valve disease.
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In dit proefschrift worden verschillende hemodynamische concepten met betrekking tot 
aortaklepvervanging kritisch geëvalueerd op hun nauwkeurigheid, robuustheid en validiteit 

worden de beperkingen en uitdagende scenario’s verder onderzocht. Deze uitgebreide 

besluitvormingsproces door cardiologen en cardio-thoracale chirurgen met betrekking tot 
de native en biologische aortaklep.

Hoofdstuk 1
in de pre-, peri- en postoperatieve zorg worden beschreven en het doel van dit werk wordt 
gepresenteerd. In Hoofdstuk 2
beoordeling van de ernst van aortaklepstenose (AoS) onvoldoende erkend worden in de 
literatuur. Hoewel mogelijke foutbronnen eerder zijn beschreven 1, was de omvang en 

de interobservervariabiliteit in de effectieve openingsoppervlakte is veel groter dan in de 
gemiddelde drukgradiënt. Om de klinische implicaties van meetfouten te demonstreren, 

indicaties voor asymptomatische patiënten met AoS, is het van cruciaal belang de 
aanwezigheid en de omvang van meetfouten en de implicaties ervan te kennen om patiënten 

niet alleen een uitdaging bij asymptomatische patiënten, maar ook bij symptomatische 

slagvolume (SV) en gemiddelde drukgradiënt voorgesteld 2. In Hoofdstuk 3 wordt een 

en in de linker ventrikel zelf met de Simpson methode. Daarom zijn deze methoden niet 

af. Hoofdstuk 4

patiënten met een kleinere BSA. Deze bevinding is klinisch relevant aangezien patiënten 
3,4. De 

resultaten van Hoofdstukken 3 en 4 benadrukken dat voor uitdagende klinische entiteiten 

Hoofdstuk 5
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metingen van een centraal core laboratorium en klinische centra voor continuous-wave 
Doppler parameters zoals de maximale snelheid en de gemiddelde drukgradiënt over de 
aortaklep. Daarentegen is de overeenstemming laag voor parameters die de meting van de 

openingsoppervlakte), wat wijst op de beperkte reproduceerbaarheid van deze metingen.

In Hoofdstukken 6 en 7 worden de hemodynamische en klinische effecten van 
verschillende strategieën voor chirurgische aortaklepvervanging vergeleken. In Hoofdstuk 
6 leidde een minimaal invasieve benadering via een rechter anterieure thoracotomie of 
hemisternotomie tot vergelijkbare 3-jaar uitkomsten in vergelijking met de conventionele 
volledige sternotomie. In Hoofdstuk 7 toonden hechtingen met vilt vergelijkbare 5-jaar 
klinische resultaten als hechtingen zonder vilt, hoewel de effectieve openingsoppervlakte 
mogelijk iets kleiner was tijdens follow-up wanneer vilt werd gebruikt. Hoofdstuk 8 is 
een systematische review en meta-analyse die alle beschikbare literatuur samenvat over 
de risico’s en voordelen van hechtingen met vilt tijdens chirurgische aortaklepvervanging. 
Het bewijs is schaars en heeft een hoog risico op bias, en de samengevoegde resultaten 
wijzen niet op superioriteit van hechtingen met of zonder vilt voor verschillende klinische 
en hemodynamische uitkomsten. In Hoofdstuk 9 worden chirurgische inzichten voor 

besteed aan de juiste positionering van de prothetische klep in het geval van een native 
bicuspide aortaklep. Hoofdstuk 10 biedt een overzicht van patiënten die een chirurgische 

intercontinentale verschillen waargenomen in ziekte ernst voor de operatie, procedurele 
kenmerken, antitrombotisch regime en het moment van ontslag. Het 30-dagen heropname 
risico was 8,5% in Europa en 15,9% in Noord-Amerika. Deze resultaten benadrukken 

chirurgische aortaklepvervanging en bij de interpretatie van resultaten. In Hoofdstuk 
11 wordt vastgesteld dat de kwaliteit van de rapportage over confounding correctie in veel 
observationele studies over cardiothoracale ingrepen onvoldoende is. De methodologie moet 
verbeterd worden omdat deze observationele studies de basis vormen voor de aanbevelingen 
voor interventie in de dagelijkse klinische praktijk. Daarom worden uitgebreide aanbevelingen 
geformuleerd voor het ontwerp en de uitvoering van dergelijke studies.

Hoewel een reeks hemodynamische parameters beschikbaar is om de prestatie van de 

basis van de geïndexeerde effectieve openingsoppervlakte. In Hoofdstuk 12 wordt 
aangetoond dat de incrementele prognostische waarde van verschillende postoperatieve 

of Thoracic Surgeons (STS) voorspelde mortaliteit, beperkt is voor de voorspelling van 
de 5-jaar mortaliteit na chirurgische aortaklepvervanging. Een mogelijke verklaring 

klepprestatie, aangezien deze parameters ook de gezondheid van de patiënt weerspiegelen. 

16
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De enige parameter die enige verbetering in voorspelling bood in een post-hoc analyse 

discriminatie tussen patiënten die stierven of overleefden gedurende de 5-jaar follow-up niet. 
In Hoofdstuk 13 werden de resultaten van het vorige hoofdstuk gevalideerd in data van 

parameter die enige verbetering in voorspelling bood ten opzichte van de STS score, maar 
deze parameter verbeterde weer de discriminatie niet. Deze resultaten benadrukken het 
belang van het overwegen van patiëntkenmerken bij de interpretatie van hemodynamische 
parameters voor prognostische doeleinden. Hoofdstuk 14
voor hemodynamische structurele klepdegeneratie (SVD) inconsistent zijn. Na de eerste 

Deze bevindingen botsen met de onderliggende hypothese dat SVD permanente intrinsieke 
schade aan de prothese impliceert en werpen dus vraagtekens bij de klinische waarde van 
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DiSCUSSiE EN TOEKOMSTPERSPECTiEF

De belangrijkste bevindingen van dit proefschrift worden in dit hoofdstuk in een breder 
perspectief geplaatst. Hedendaagse concepten met betrekking tot hemodynamische prestaties 
worden besproken en leemtes in het bewijs worden aangekaart. De discussie volgt de 
chronologische volgorde van de inleiding van dit proefschrift: het begint met de diagnose 
van native aortaklepziekte en eindigt met het falen van de bioprothese.

In de preoperatieve zorg is het belangrijkste doel het optimaliseren van het tijdstip van interventie 5,6.  
Enerzijds moeten ingrepen vroeg worden uitgevoerd om onomkeerbare schade aan het hart te 
voorkomen. Anderzijds moeten de operatierisico’s van overbodige ingrepen en de complicaties 
van prothetische kleppen worden vermeden. Het is noodzakelijk om de balans te vinden tussen 
deze twee aspecten om het ideale moment voor interventie te bepalen. Bijzondere klinische 

matige AoS. De symptomen die patiënten ervaren, correleren slechts in beperkte mate met 
de hartbeschadiging, wat de cruciale rol van beeldvormende parameters benadrukt 7. Kritiek 

zijn vastgesteld als een nuttige interventiedrempel voor asymptomatische patiënten 8,9. De 

met superieure prognostische waarde ten opzichte van de effectieve openingsoppervlakte, 
met name bij lage stroomsnelheden 10. Patiënten met matige AoS lijken een slechte prognose 
te hebben, die niet veel verschilt van die van ernstige AoS 11,12. Om patiënten met matige 
AoS nauwkeurig te diagnosticeren, zijn uitgebreide diagnostische trajecten voorgesteld met 
multimodale beeldvorming en onderzoeken naar hartbeschadiging 12. Bijvoorbeeld, acute en 
chronische markers van verhoogde vullingsdruk van de linker ventrikel worden geassocieerd 
met slechtere uitkomsten en zijn mogelijk geschikte toekomstige interventiedrempels 
bij matige AoS 13. Door de focus te verleggen naar het myocard en de mate van 

14-16. Deze parameters lijken veelbelovend 

Verder verbeteren van de patiëntenzorg bij AoS vereist de preventie van onderdiagnose 
en onderbehandeling 17,18. Onderbehandeling komt voor bij tot 67% van de patiënten 
met lage-gradient AoS, bij 20-33% van de symptomatische AoS patiënten met een klasse 
I indicatie voor interventie, en vaker bij vrouwen 19-21. Dit laatste kan te maken hebben 

ernst 22-24

25. Onderdiagnose kan worden verminderd door bewustwording, onderwijs en technische 
innovaties. Bovendien kunnen hedendaagse populatie-gebaseerde studies waardevolle 
inzichten bieden in de prevalentie en uitkomsten van AoS, omdat het vakgebied snel 
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vordert 17, bijvoorbeeld in Nederland door data van het Centraal Bureau voor de Statistiek 
te koppelen aan de Nederlandse Hartregistratie.

Voor tijdige interventies is een geïntegreerde aanpak door het multidisciplinaire hartteam, 
bij voorkeur in gespecialiseerde hartklepcentra, essentieel 26. Toegewijde cardiologen en 
cardio-thoracale chirurgen moeten zich bewust zijn van de evoluerende indicaties en 
zich niet laten misleiden in hun diagnostische work-up door natuurlijke variabiliteit of 
meetfouten. Vooral voor uitdagende klinische entiteiten moet het hartteam aanvullende 

aortaklepvervanging 3,4.

Lopende trials zullen de besluitvorming bij AoS ondersteunen. De EARLY-TAVR 
(NCT03042104), ESTIMATE (NCT02627391) en EASY-AS (NCT04204915) 
trials onderzoeken het effect van vroege TAVR of SAVR versus surveillance bij 
asymptomatische ernstige AoS. De Evolved (NCT03094143) trial richt zich op dezelfde 

magnetische resonantie voordat de deelnemers worden gerandomiseerd. De DANAVR 
(NCT03972644) onderzoekt eveneens de voordelen van vroege interventie en richt zich op 
asymptomatische ernstige AoS met bewaarde linker ventrikel ejectiefractie (LVEF), maar 
met hoge vullingsdrukken, een groot geïndexeerd linker atrium volume, of verstoorde 
linker ventrikel globale longitudinale strain (GLS). Voor matige AoS worden in de TAVR 

(NCT05149755) trials TAVR versus optimale medische therapie bestudeerd. De DETECT 

Vandaag de dag zijn er geen farmacotherapeutische middelen die de voortgang van AoS 
kunnen vertragen, stoppen of omkeren 27. Gerandomiseerde studies naar het effect van 
statines, denosumab en alendroninezuur hebben geen voordeel aangetoond 28-31. Nieuwe 
geneesmiddelen die gericht zijn op lipoproteïne(a) lijken veelbelovend, maar hun klinische 
waarde moet nog bewezen worden 32-34. Farmacotherapie heeft een groot potentieel voor 
AoS, evenals voor het tegengaan van degeneratie van prothetische hartkleppen.

Periprocedurele AVR-strategieën voor het optimaliseren van hemodynamische 
en klinische uitkomsten
In de perioperatieve zorg is de belangrijkste uitdaging het afstemmen van interventiestrategieën 
en de keuze van de prothetische klep op de individuele patiënt. Hemodynamische prestaties 
zijn een zeer belangrijk aspect, hoewel andere klinische factoren, zoals geleidingsproblemen 
en klepduurzaamheid, niet over het hoofd mogen worden gezien. Uiteindelijk wordt de 

16
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prognose en kwaliteit van leven van de patiënt bepaald door een combinatie van al deze 
aspecten. Het effect van transkatheter versus chirurgische aortaklepvervanging (TAVR 
versus SAVR) is onderzocht over het gehele risicospectrum, maar de langetermijnresultaten 
moeten nog worden vastgesteld, vooral voor patiënten met een laag risico 35-41. In de 
meeste studies zijn de gradiënten lager en de effectieve openingsoppervlakten groter na 
TAVR, hoewel paravalvulaire lekkage en geleidingsstoornissen vaker voorkomen 35-40,42. 
Patiëntkenmerken die respectievelijk SAVR of TAVR ten faveure stellen, omvatten de mate 

andere hartkleppen en de aorta 43. Sommige patiëntengroepen zijn systematisch uitgesloten 
van gerandomiseerde trials, zoals patiënten met een bicuspide aortaklep (BAV). BAV 
patiënten vertegenwoordigen 5-10% van de ouderen die momenteel met TAVR worden 
behandeld 44 en vereisen vaak aanvullende aortachirurgie 45. De hemodynamische prestaties 
van TAVR kleppen bij BAV patiënten lijken vergelijkbaar te zijn met die bij patiënten met 
een tricuspide aortaklep 46. Recente resultaten van de NOTION-2 trial suggereren echter 
een voorzichtige toepassing van TAVR bij jonge BAV patiënten 47. Bovendien kunnen de 
klinische uitkomsten van TAVR bij BAV afhankelijk zijn van de klepmorfologie 48. Voor 

en is verder onderzoek vereist 49-51. Een andere AoS subgroep waarvoor hemodynamische 
prestaties van het grootste belang worden geacht, zijn de patiënten met een kleine annulus 
van de aortaklep 52. Deze patiënten lopen risico op residuele hemodynamische obstructie 
na AVR, omdat de gradiënt in omgekeerde en exponentiële verhouding staat tot de straal 
in buisvormige structuren (de Wet van Poiseuille), zoals de uitstroombaan van het hart. In 
een subanalyse van de PARTNER trial was het risico op mortaliteit vergelijkbaar tussen 
TAVR en SAVR, hoewel de hemodynamische prestaties in het voordeel van TAVR waren 53.  

voor ouderen met een kleine annulus diameter. In deze kleine gerandomiseerde trial werden 
geen verschillen waargenomen in klinische en hemodynamische uitkomsten. De RHEIA 

met ernstige AoS. Andere lopende trials over TAVR versus SAVR voor patiënten met een 
laag risico zijn de DEDICATE (NCT03112980) trial, een door onderzoekers geïnitieerde 
trial die zich expliciet richt op “all-comers”. De 1-jaarsresultaten geven aan dat TAVR niet 
inferieur was wat betreft overlijden of beroerte 54, maar de langetermijnresultaten moeten 
nog volgen. Voor BAV patiënten wordt het effect van TAVR versus SAVR onderzocht in 
de NAVIGATE, BELIEVERS en YOUNG TAVR trials. Voor ernstige AoS patiënten met 
multivessel coronairlijden vergelijkt de TCW (NCT03424941) trial of TAVR + percutane 
coronaire interventie niet inferieur is aan SAVR + aanvullende coronaire bypassoperatie.

Afgezien van de vraag of een transkatheter of chirurgische strategie de voorkeur heeft, 
verdienen ook de procedurele details van beide behandelingen aandacht. Bij SAVR zijn 
de keuze van de prothetische klep, de chirurgische benadering en de hechtingstechniek 
mogelijke bijdragende factoren voor klinische uitkomsten. Gestente biologische kleppen 
worden het vaakst gebruikt, maar alternatieven zijn sutureless, stentless of mechanische 
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protheses. In de volgende sectie worden de bewijsstukken besproken voor de vergelijkingen 
van patiënten die in aanmerking komen voor zowel conventionele (d.w.z. gestente 
bioprotheses) als alternatieve prothetische kleppen. Observatiestudies suggereren dat 
sutureless kleppen betere hemodynamische prestaties opleveren, maar gepaard gaan 
met een verhoogd risico op pacemakerimplantatie 55,56. In de PERSIST-AVR trial waren 
sutureless kleppen echter niet inferieur aan gestente kleppen wat betreft majeure cerebrale 
en cardiovasculaire nadelige klinische gebeurtenissen 57. Gerandomiseerde trials voor 
de vergelijking tussen stentless en gestente kleppen stammen uit de vroege jaren 2000 en 

stentless kleppen 58-60. Deze resultaten werden ook gevonden in een recente observationele 
studie 61

kunnen worden bij ouderen met comorbiditeiten, een porseleinen aorta of patiënten die 
aanvullende chirurgie nodig hebben om de tijd voor het klemmen van de aorta en de 
hartlongmachine te verkorten 62. Bij de keuze tussen biologische en mechanische kleppen 
zijn aspecten zoals anticoagulatie en duurzaamheid even belangrijk als de hemodynamische 
prestaties. De leeftijdsgrens waaronder mechanische kleppen de voorkeur zouden moeten 
krijgen, is uitvoerig bediscussieerd 63 en verschilt zelfs tussen Amerikaanse en Europese 
richtlijnen 3,4. Het uitvoeren van een annulusvergroting, via de traditionele Nicks 64, 
Manouguian 65, of recent geïntroduceerde Y-incisie procedure 66, is een andere manier om 
de hemodynamiek te verbeteren. Volgens de gegevens van de Society of Thoracic Surgeons 
worden vergrotingen momenteel uitgevoerd bij slechts 2,9% van de patiënten van 65 jaar 
en ouder 67. De literatuur bestaat uitsluitend uit observationele studies die waarschijnlijk 

perioperatieve mortaliteit 67-72. De veiligheid van deze procedures, evenals de voordelen op 
lange termijn en de reproduceerbaarheid, zijn gebieden die verder onderzoek vereisen. Ten 
slotte ontbreekt consensus over de optimale hechtingstechniek voor het implanteren van 
een aortaklepprothese, en in de praktijk is deze voornamelijk gebaseerd op de voorkeur en 
opleiding van de chirurg. Bijvoorbeeld, verschillende studies suggereren met vilt versterkte 
matrashechtingen 73, simple-interrupted 74, of continue hechtingen als optimaal 75.

De hemodynamische prestaties van transkatheterprotheses worden beïnvloed door 
de implantatieplaats en het ontwerp van de klep. Supra-annulaire implantatie met een 
zelf-expanderende klep leverde betere hemodynamica op, maar vergelijkbare klinische 
uitkomsten in vergelijking met intra-annulaire implantatie met een ballon-expanderende klep 
in verschillende trials 76-79. In de lopende SMART (NCT04722250) trial worden patiënten 
met een kleine native aortaklep op basis van CT gestrand om te worden gerandomiseerd naar 
de nieuwste commercieel beschikbare zelf-expanderende of ballon-expanderende kleppen. 
De LYTEN trial toont aan dat zelf-expanderende kleppen superieure hemodynamische 
prestaties hadden bij gefaalde chirurgische bioprotheses met een maat kleiner dan 23 mm, 
maar dat de korte termijn klinische uitkomsten opnieuw vergelijkbaar waren 80. Bij gefaalde 
gestente bioprotheses kan een het breken van de stent voor een valve-in-valve-implantatie 
de hemodynamische prestaties verbeteren, maar het klinische voordeel moet nog worden 

16
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bewezen 81. Een overzicht van de normale transkatheterfunctie voor verschillende kleppen 
werd verstrekt door Hahn et al. als referentie voor de klinische praktijk 82.

Beeldvorming van hartklepprotheses is complex en vereist klinische competentie evenals 
kennis van veelvoorkomende valkuilen 83,84

internationale echo-richtlijnen en expertconsensusdocumenten 85,86

gevalideerd tegen hartkatheterisatie in de setting van native AoS, daarom kunnen sommige 
berekeningen, zoals de vereenvoudigde Bernoulli formule, minder nauwkeurig zijn bij goed 
functionerende hartklepprotheses 87. De DISCORDANCE (NCT04827238) trial zoekt de 

Het belang van levenslange zorg wordt steeds meer benadrukt: toekomstige procedures 
moeten al bij de primaire interventie in acht worden genomen 43. Deze overwegingen 
omvatten, naast de klepfunctie, het behoud van toegang tot de coronairen. Explantatie 

vervanging of ingrepen aan de mitralisklep 88,89. Valve-in-valve TAVR vereist zorgvuldige 

jaren verwacht 90,91. Bij levenslange zorg is informatie over de levensverwachting en de 
waarschijnlijkheid van klepgerelateerde complicaties voor individuele patiënten essentieel. 
Microsimulatie zou hierbij behulpzaam kunnen zijn 92.

Prothese-patiënt mismatch en hemodynamische structurele klepdegeneratie

concepten: prothese-patiënt mismatch (PPM) en hemodynamische structurele klepdegeneratie 
(SVD). Het probleem van PPM werd voor het eerst naar voren gebracht door Rahimtoola in 
1978 93

de geïndexeerde effectieve openingsoppervlakte (EOAi), die overeenkwamen met verhoogde 
gradiënten 94. Meta-analyses hebben aangetoond dat ernstige PPM, op basis van deze EOAi-

95-97. 

limitaties omvatten ontevredenheid over de overeenstemming tussen de geprojecteerde PPM, 
zoals weergegeven in klepdiagrammen, en gemeten PPM na AVR 98, maar ook onjuiste 
categorisering van EOAi en een slechte overeenkomst met hemodynamische obstructie door 
andere parameters 99, en disproportionele indexatie naar BSA 100. Een duidelijk voorbeeld 

101:  
in een studie bij een Aziatische en Westerse populatie hadden de Aziaten aanzienlijk hogere 
snelheden en gradiënten na AVR, maar een aanzienlijk lagere incidentie van PPM. De 

PPM op groepsniveau geassocieerd is met een slechtere prognose in de meeste studies, 

patiënten (en helaas kunnen we niet voorspellen voor welke). Surrogaatconcepten zoals 
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PPM vereisen aanvullende aannames bovenop de reeds gemaakte aannames voor standaard 

klinische beoordeling van de prestaties van een hartklepprothese, zijn de parameters die 
het meest nauwkeurig worden gemeten en het beste overeenkomen met relevante klinische 

sterker geassocieerd is met (cardiovasculaire) mortaliteit dan ernstige PPM en daardoor een 
superieure marker kan zijn voor klinisch relevante hemodynamische obstructie na SAVR 
(Hoofdstuk 12 102

criteria uitdagend 103,104 en moet worden geïntegreerd in de beoordelingsalgoritmen van 
hartklepprotheses, vergelijkbaar met de diagnose van native AoS.

voor hemodynamische SVD voorgesteld, voornamelijk op basis van veranderingen in 
echoparameters in de tijd 105-107. Het optreden van hemodynamische SVD na TAVR en SAVR 
is onderzocht 108,109

ten gunste van TAVR, en dus betekent het overschrijden van de absolute gemiddelde 
gradiëntdrempels van 20 mmHg een grotere relatieve verandering voor transkatheter kleppen. 
Anders gezegd, chirurgische kleppen zullen deze drempel gemakkelijker overschrijden met 
minder relatieve degeneratie. Het is belangrijk op te merken dat dit zelfs geldt in trials, 
omdat het moment van randomisatie (namelijk vóór implantatie van de hartklepprothese) 

van de gevallen inconsistent, zoals uiteengezet in dit proefschrift 110

als eerstelijns detectietool voor afwijkende hartklepfunctie is gerechtvaardigd door de 
mogelijkheid om de klepbladen te beoordelen en kleptrombose of endocarditis snel en non-
invasief uit te sluiten. Echter, kwantitatieve criteria voor de detectie van klepdegeneratie 
vereisen verdere optimalisatie, bijvoorbeeld door hun verband met relevante uitkomsten zoals 
klepgerelateerde symptomen, reoperaties of valve-in-valve re-interventies te onderzoeken. 

SVD zorgvuldig worden bevestigd en moeten de klinische implicaties voor de patiënt worden 
onderzocht 84,107

artefacten door de metalen componenten van de hartklepprotheses kunnen de evaluatie 
bemoeilijken. Invasieve metingen door middel van hartkatheterisatie kunnen worden 
overwogen voordat een reinterventie plaatsvindt in geval van abnormale echowaarden maar 
afwezige klepbladafwijkingen op echo en CT, ondanks de aanwezigheid van klepgerelateerde 
symptomen 76. Dit wordt ondersteund door de bevinding dat bij 70% van de patiënten met 

verhoogd was bij hartkatheterisatie 87. Bovendien hebben moderne beeldvormingstools, zoals 

16

Binnenwerk Bart - V4 - tekst groter.indd   307 29-01-2025   10:28



308

Chapter 16

zijn van daaropvolgende degeneratie 111. Met de evoluerende kennis over de voordelen van 
AVR bij asymptomatische (en mogelijk matige) AoS- en laagrisicopatiënten, de progressieve 
implantatie van transkatheterkleppen, de afname van mechanische klepimplantaties en de 
stijgende levensverwachting, zullen meer en jongere patiënten in de nabije toekomst een 
biologische hartklepprothese ontvangen. Daarom zal de incidentie van SVD toenemen en 
zal het management ervan steeds belangrijker worden.

Conclusies over hemodynamische concepten rondom aortaklepvervanging

werking van de native en biologische aortaklep te beoordelen. Dat gezegd hebbende, 

geïnterpreteerd. Metingen worden beïnvloed door verschillende bronnen van meetfouten, 
natuurlijke variatie en door patiëntkenmerken, die vaak een grotere impact hebben dan 

criteria, die theoretisch valide lijken, in de klinische praktijk onbetrouwbaar kunnen 

daadwerkelijk correleren met klinisch relevante uitkomsten voor patiënten. Dit zal leiden 
tot verdere vooruitgang in diagnostische algoritmen en tot een verhoogd bewustzijn van de 
beperkingen en onzekerheden, wat de klinische zorg voor patiënten met aortaklepziekten 
verder zal verbeteren.
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ABBREViATiONS

AVR  = Aortic valve replacement
AS  = Aortic stenosis
ATS  = Annals of Thoracic Surgery
AVA  = Aortic valve area
BSA  = Body surface area
BVF  = Bioprosthetic Valve Failure
CABG  = Coronary artery bypass grafting

CSA  = Cross-sectional area
CVA  = Cerebrovascular accident
DVI  = Doppler velocity index
ECL  = Echo core laboratory
EJCTS  = European Journal of Cardio-Thoracic Surgery

   Cardio-Thoracic Surgery
IPTW  = Inverse probability of treatment weighting
JTCVS  = The Journal of Thoracic and Cardiovascular Surgery

LVEF  = Left ventricular ejection fraction

GRADE  = Grading of Recommendations, Assessment, Development, 
   and Evaluations
MD  = Mean difference
MI-AVR  = Minimally invasive aortic valve replacement
MPG  = Mean pressure gradient

NYHA  = New York Heart Association
OAC  = Oral anticoagulant
PERIGON = PERIcardial SurGical AOrtic Valve ReplacemeNt Pivotal 
   Trial for the Avalus valve

PPM  = Prosthesis-patient mismatch
PRISM  = Preferred Reporting Items for Systematic Reviews and Meta-
   Analyses
PS  = Propensity score
PSA  = Propensity score adjustment
PSM  = Propensity score matching
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PVL  = Paravalvular leak
RR  = Risk ratio
SAVR  = Surgical aortic valve replacement
STS  = Society of Thoracic Surgeons
STS PROM = Society of Thoracic Surgeons predicted risk of mortality
SV  = Stroke volume
SVD  = Structural valve deterioration
TAVR  = Transcatheter aortic valve replacement
VARC  = Valve Academic Research Consortium
Vmax  = Peak aortic jet velocity
VTI  = Velocity-time integral
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