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Aims This study aims to assess the changes in cardiac damage stage in a real-world cohort of patients undergoing transcatheter 
aortic valve implantation (TAVI), and to investigate the prognostic value of cardiac damage stage evolution.

Methods 
and results

Patients with severe aortic stenosis (AS) undergoing TAVI were retrospectively analysed. A five-stage system based on the 
presence and extent of cardiac damage assessed by echocardiography was applied before and 6 months after TAVI. 
Multivariable Cox regression analyses were used to examine independent prognostic value of the changes in cardiac damage 
after TAVI. A total of 734 patients with severe AS (mean age, 79.8 ± 7.4 years; 55% male) were included. Before TAVI, 32 (4%) 
patients did not show any sign of extra-valvular cardiac damage (Stage 0), 85 (12%) had left ventricular damage (Stage 1), 
220 (30%) left atrial and/or mitral valve damage (Stage 2), 227 (31%) pulmonary vasculature and/or tricuspid valve damage 
(Stage 3), and 170 (23%) right ventricular damage (Stage 4). Six months after TAVI, 39% of the patients improved at least 
one stage in cardiac damage. Staging of cardiac damage at 6 months after TAVI [hazard ratio (HR) per one-stage increase, 
1.391; P = 0.035] as well as worsening in the stage of cardiac damage (HR, 3.729; P = 0.005) were independently associated 
with 2-year all-cause mortality.

Conclusion More than one-third of patients with severe AS showed an improvement in cardiac damage 6 months after TAVI. Staging 
cardiac damage at baseline and follow-up may improve risk stratification in patients undergoing TAVI.
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Introduction
Calcific aortic valve disease is the most common valvular heart disease 
requiring valve replacement in the aging population of the Western 
world.1 Transcatheter aortic valve implantation (TAVI) or surgical 
aortic valve replacement (AVR) are recommended in patients with 
symptomatic severe aortic stenosis (AS) or with reduced left ven
tricular systolic function due to AS-related cardiac remodelling.2–4 If 
left untreated, not only does the severity of AS worsen but also pro
gressive extra-valvular cardiac damage occurs, extending from the 
aortic valve to the left ventricle (LV, left atrium (LA), pulmonary cir
culation, and eventually the right ventricle (RV) and tricuspid valve.5 In 
2017, Généreux et al.6 proposed a staging system for AS-related 
extra-valvular cardiac damage and created models for prognostica
tion of patients with severe AS, based on the extent of extra-valvular 
cardiac damage. Subsequent studies applied this ‘staging concept’ in 
patients with severe AS7–9 and other valvular heart diseases.10,11

More recently, Généreux et al.6 applied the extra-valvular cardiac 
damage staging system to the PARTNER II and III (Placement of 
AoRTic TraNscathetER Valves) patient cohorts for risk stratifica
tion12 considering both surgical and transcatheter AVR in the context 
of the highly selected population included in these randomized con
trolled trials. The authors demonstrated that the cardiac damage sta
ging system applied before and 1 year after AVR was predictive of 
patient outcomes.12 However, the changes in cardiac damage and 
its relative prognostic value specifically after TAVI in a real-world set
ting have not been investigated. Accordingly, the present study aims 
to (i) evaluate the change in the staging of cardiac damage 6 months 
after TAVI using the criteria introduced by Généreux et al.6 and 
(ii) to assess the prognostic value (all-cause mortality) of the change 

in cardiac damage after TAVI in a real-world cohort of patients 
with severe AS.

Methods
Patient population and data collection
Patients with severe AS who underwent TAVI between November 2007 and 
December 2019 at the Leiden University Medical Center (The Netherlands) 
were included. Severe AS was defined as an aortic valve area assessed with 
the continuity equation <1.0 cm2 (or an indexed aortic valve area 
<0.6 cm2/m2) and/or a mean aortic valve gradient ≥40 mmHg and/or a 
peak aortic jet velocity ≥4 m/s, according to current echocardiographic 
guidelines.13 Moreover, patients with low-flow low-gradient AS were also in
cluded (defined by aortic valve area <1.0 cm2, mean aortic transvalvular pres
sure gradient <40 mmHg, LV ejection fraction <50%, and stroke volume 
index <35 mL/m2).13 The exclusion criteria were congenital heart disease, 
cardiac transplantation, supra- or subvalvular AS, dynamic LV outflow tract 
obstruction, infective endocarditis, and valve-in-valve procedures. Patients 
with incomplete baseline or follow-up echocardiographic data or those 
who died within 6-month follow-up were excluded (Figure 1). All patients 
underwent complete clinical evaluation before TAVI. Patient information 
was retrospectively collected from electronic medical records of the 
Leiden University Medical Centre (EPD-Vision 11.8.4.0) and hospital records 
(HiX; ChipSoft, Amsterdam, The Netherlands). Clinical data included demo
graphic characteristics, symptoms, comorbidities, laboratory tests, and medi
cation. The date when the TAVI was performed was recorded and 
considered as a dichotomous variable (before vs. after 2015) for adjustment 
in the analysis of prognosis. Since this is a retrospective analysis of clinically 
collected data, the Institutional Review Board approved the study and waived 
the need for patient written informed consent.
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Transthoracic echocardiography
All patients underwent echocardiographic evaluation before and 6 months 
after TAVI. Echocardiographic data were acquired using available ultrasound 
systems (Vivid-7, E9 and E95; GE Healthcare, Horten, Norway). The ultra
sound systems were equipped with M3S, M5S, M5Sc-D, and 4Vc-D 4D ma
trix cardiac probes. Two-dimensional, colour, continuous- and pulsed-wave 
Doppler images were obtained from the parasternal, apical, and subcostal 
views. All images were digitally stored for offline analysis (EchoPAC version 
203; GE-Vingmed, Horten, Norway). From the parasternal long-axis view, 
LV dimensions were assessed, and LV mass was calculated using 
Devereux’s formula and indexed to body surface area (LV mass index).14

LV end-diastolic and end-systolic volumes were evaluated using the apical 
2- and 4-chamber views, and LV ejection fraction was calculated according 
to the biplane Simpson’s method. Using the biplane method of disks, LA vo
lumes were measured at end-systole in the apical 2- and 4-chamber views and 
subsequently indexed to body surface area (LA volume index).14 Pulsed-wave 
Doppler recordings of the transmitral flow were used to measure peak early 
(E) and late (A) diastolic velocities for the assessment of LV diastolic func
tion.15 Using tissue Doppler imaging of the mitral annulus on the apical 
4-chamber view, the e’ was obtained at both the lateral and septal side of 
the mitral annulus, and the values were averaged to calculate the E/e’ ratio 
for estimation of LV filling pressures.15 Grading of mitral and tricuspid regur
gitation was based on current recommendations.16 The pulmonary artery 
systolic pressure (PASP) was calculated from the peak velocity of the tricus
pid regurgitant jet using the Bernoulli equation, adding the right atrial pressure 
determined by the inspiratory collapse and diameter of the inferior vena 
cava.17 To evaluate RV systolic function, anatomical M-mode was applied 
on the focused apical 4-chamber view of the RV to measure tricuspid annular 
plane systolic excursion (TAPSE).17

Aortic valve area calculation was performed by the continuity equation 
using velocity time integrals of the aorta and LV outflow tract. Peak and 
mean aortic transvalvular gradients were calculated using the modified 

Bernoulli equation.13 Continuous and pulsed wave Doppler data were ob
tained from the apical 5- or 3-chamber views.

Definition of modified extra-valvular cardiac 
damage classification
Patients were classified into five independent stages based on the presence 
and extent of cardiac damage, as proposed by Généreux et al.6 This classifi
cation included the following: Stage 0 = no signs of cardiac damage; Stage 1 =  
LV damage, defined as LV ejection fraction <50% and/or E/e´>14 and/or LV 
mass index >115 g/m2 (male) or > 95 g/m2 (female); Stage 2 = LA or mitral 
valve damage, defined as ≥ moderate mitral regurgitation and/or indexed LA 
volume >34 mL/m2; Stage 3 = pulmonary or tricuspid valve damage, defined 
as PASP ≥60 mmHg and/or ≥ moderate tricuspid regurgitation; Stage 4 = RV 
damage, defined as TAPSE <17 mm2 (see Figure 2). Stage 3 was also divided 
into 2 groups based on PASP values <60 mmHg (Stage 3a) or ≥60 mmHg 
(Stage 3b) as proposed by Okuno et al.18 Patients were hierarchically classi
fied as a given stage (the most severe stage) if at least one of the proposed 
criteria was met within that stage. In contrast to a previous study,12 atrial fib
rillation was not included in this staging classification because reversibility of 
atrial fibrillation is unlikely after TAVI. Cardiac damage was evaluated before 
and 6 months after TAVI. An improvement in the stage of cardiac damage 
was defined as an improvement of at least 1 stage at follow-up, whereas wor
sening in cardiac damage staging was defined as worsening of at least 1 stage 
at follow-up. Stabilization of cardiac damage was considered if baseline and 
follow-up staging category were similar.

Clinical endpoints and follow-up
Patients were followed up for all-cause mortality after TAVI at 2 years. The 
median time interval between TAVI and the follow-up echocardiographic 
assessment was 6 months, and 87% of the follow-up assessments were per
formed within 5–7 months after TAVI. Survival data were complete for all 

Figure 1 Patient inclusion flow-chart. AS, aortic stenosis; FU, follow-up; LVOT, left ventricular outflow tract; TAVI, transcatheter aortic valve 
implantation.
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patients and collected from the departmental cardiology information sys
tem, which is linked to the municipal civil registries.

Statistical analysis
Categorical variables are presented as counts and percentages and com
pared using the χ2 test. Normally distributed continuous variables are ex
pressed as mean ± standard deviation, while non-normally distributed 
continuous variables are presented as median and interquartile range. 
Continuous data were compared with one-way ANOVA applying the 
Bonferroni correction for normally distributed variables, whereas the 
Kruskal–Wallis test was used for variables with a non-normal distribution. 
Survival analysis was performed with the Kaplan–Meier method. To com
pare proportion differences between stages of cardiac damage at baseline 
and follow-up, McNemar test was used. Cumulative event rates were com
pared across groups using the log-rank test. For evaluating the association 
between the staging classification (as well as other clinical and echocardio
graphic parameters) and all-cause mortality, multivariable Cox regression 
analyses were performed after identification of clinically significant variables 
at the univariable Cox regression analyses. A landmark analysis was per
formed to evaluate the association between the stage of cardiac damage 
at 6 months and the 2-year outcomes. Moreover, the change in cardiac 
damage staging from baseline to 6-month follow-up was examined, and a 
multivariable Cox regression analysis was performed to investigate the as
sociation between this change and all-cause mortality at 2-year follow-up.19

A two-sided P-value <0.05 was considered statistically significant. Statistical 
analysis was performed using IBM SPSS version 25.0 (SPSS Inc., IBM Corp).

Results
Baseline characteristics
A total of 734 patients with severe AS (mean age 79.8 ± 7.4 years, 55% 
male) were included and categorized into 5 groups, based on the 

modified AS staging system. Thirty-two (4%) patients did not show 
any sign of extra-valvular cardiac damage (Stage 0), 85 (12%) patients 
had LV damage (Stage 1), 220 (30%) patients had LA and/or mitral valve 
damage (Stage 2), 227 (31%) patients had pulmonary vasculature and/ 
or tricuspid valve damage (Stage 3), and 170 (23%) patients had RV 
damage (Stage 4). The prevalence of atrial fibrillation, previous cardiac 
surgery, higher risk score [European System for Cardiac Operative Risk 
Evaluation (EuroSCORE) II] increased in parallel to more severe cardiac 
damage; also impaired renal function, use of diuretics, and higher heart 
rate were associated with more advanced stages of cardiac damage 
(Table 1).

Regarding echocardiographic parameters, patients with advanced 
stages of cardiac damage had significantly larger LV and LA volumes, 
worse LV systolic and diastolic function, higher prevalence of significant 
mitral and tricuspid regurgitation, increased PASP, and worse RV systol
ic function compared with less advanced stages (Table 2).

Association between cardiac damage 
staging and 2-year all-cause mortality
At 2-year follow-up, 121 patients (17%) had died. Based on the cardiac 
damage staging performed at baseline (before TAVI), the estimated 
2-year mortality rate was 9.4% for patients who were in Stage 0, 
10.6% in Stage 1, 15.5% in Stage 2, 14.5% in Stage 3, and 24.7% in 
Stage 4 (overall log-rank P = 0.010; Figure 3A). Interestingly, when 
Stage 3 was subdivided according to PASP values, as proposed by 
Okuno et al.,18 the 2-year survival rate of patients on Stage 3b 
(PASP ≥ 60 mmHg) was similar to those on Stage 4 whereas the one 
of those on Stage 3a was similar to the patients on Stage 2 (see 
Supplementary data online, Figure S1). Focusing on cardiac damage sta
ging 6 months after TAVI, the estimated 2-year mortality rate based on 
this landmark analysis was the highest in Stage 4 (21.4%), as compared 
with Stage 0 (4.3%), Stage 1 (6.9%), Stage 2 (8.4%), and Stage 3 (7.7%; 
overall log-rank P = 0.011; P-value <0.05 for all pairwise comparisons 

Figure 2 Stages of cardiac damage in severe aortic stenosis. The Figure illustrates the echocardiographic-based cardiac damage staging system that 
was applied before and after TAVI. LV, left ventricular; TAPSE, tricuspid annular plane systolic excursion; TAVI, transcatheter aortic valve implantation.
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between Stage 4 and all the other stages; Figure 3B), and this was con
sistent also after stratifying Stage 3 according to PASP values into 3a and 
3b (see Supplementary data online, Figure S1).

Supplementary data online, Table S1 summarizes the uni- and multi
variable Cox regression analysis for all-cause mortality to assess the 
prognostic value of the cardiac damage staging system at baseline. On 
multivariable analysis, apart from baseline cardiac damage [hazard ratio 
(HR) per 1 stage increase, 1.341; 95% confidence interval (CI), 1.098– 
1.637; P = 0.004], also chronic obstructive pulmonary disease (HR, 
2.221; 95% CI, 1.457–3.386; P < 0.001), serum haemoglobin level 
(HR, 0.857; 95% CI, 0.772–0.951; P = 0.004), creatinine level (HR, 
1.172; 95% CI, 1.003–1.370; P = 0.046), and earlier TAVI implantation 
(performed before year 2015) compared with more recent implant
ation (after 2015) were independently associated with 2-year all-cause 
mortality (see Supplementary data online, Table S1).

Evolution of cardiac damage and relation 
with 2-year outcomes
At 6-month follow-up, 72 patients died. Accordingly, 662 patients were 
available to compare echocardiographic parameters at baseline and 6 
months after TAVI. Compared with the cardiac damage stage at baseline, 
39.4% of the patients improved at least one stage at 6-month follow-up, 
while 38.1% remained in the same stage, and 12.7% showed worsening of 
at least one stage. Figure 4, Supplementary data online, Figure S2 and 
Supplementary data online, Table S2 displays the evolution of cardiac 
damage from baseline to 6 months after TAVI. After adjusting for 
EuroSCORE II, early vs. late TAVI (before compared with after 2015) 
and baseline stage of cardiac damage, the staging of cardiac damage at 
6-month follow-up showed an independent association with all-cause 
mortality (HR per one-stage increase, 1.368; 95% CI, 1.002–1.867; P =  
0.048; see Table 3, Model 2). To test whether the evolution of cardiac 
damage was independently associated with 2-year patient outcomes, 
an additional multivariable Cox regression analysis was performed testing 
the prognostic value of the 6-month changes in cardiac damage after 

TAVI adjusting it for the baseline cardiac damage staging and the 
EuroSCORE II. This analysis further confirmed the prognostic value of 
the change in cardiac damage stage between baseline (before TAVI) 
and 6 months after TAVI (P = 0.017; see Table 3, Model 3). Specifically, 
cardiac damage worsening (HR, 3.729; 95% CI, 1.494–9.305; P = 0.005) 
was associated with a higher risk of all-cause death compared to cardiac 
damage improvement 6 months after TAVI. Moreover, Supplementary 
data online, Figure S3 shows the additional prognostic value of cardiac 
damage staged at 6-month follow-up (χ2 change = 4.317; P = 0.038) 
and cardiac damage evolution groups after TAVI (χ2 change = 8.627; 
P = 0.013) over the baseline assessment and EuroSCORE II.

Discussion
The present study is the first to demonstrate the evolution and prog
nostic value of cardiac damage 6 months after TAVI in a real-world set
ting. Cardiac damage was highly prevalent before and after TAVI. 
Nevertheless, at 6-month follow-up, an improvement in cardiac dam
age was observed in almost 40% of the total population suggesting a 
high percentage of short-term reversibility of cardiac damage after 
TAVI. Cardiac damage staging at 6-month follow-up and its relative 
comparison with the assessment before TAVI had a significant inde
pendent association with 2-year all-cause mortality suggesting the im
portance of patient follow-up and longitudinal assessment to predict 
patient outcomes and improve risk stratification.

Prevalence of extra-valvular cardiac 
damage in patients with severe AS
The cardiac damage staging system represents a holistic approach that 
takes into account all cardiac structures to quantify and stage the car
diac adverse remodelling and damage likely due to severe AS. The quan
tification of cardiac damage allows to risk stratify patients with severe 
AS and could be useful to identify the optimal timing for intervention 
before AS-related symptoms occur and irreversible cardiac damage 

Figure 3 Kaplan–Meier survival curves for all-cause death according to cardiac damage assessed at baseline (A) and 6-month follow-up (B). Both in 
the baseline (A) and follow-up (B) survival analysis, cardiac damage stages from 0 to 3 had significantly lower event rates compared to Stage 4 based on 
pairwise comparison analysis (P-value <0.05 for all pairwise comparisons with all the other cardiac damage stages).

924                                                                                                                                                                                   R. Myagmardorj et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/26/5/918/7998778 by H

asselt U
niversity user on 07 August 2025



takes place. In the present study depicting a real-world setting, cardiac 
damage before TAVI was nearly universal with only 4% of patients 
showing no cardiac damage and the remaining 96% with echocardio
graphic markers of LV (12%), LA and/or mitral valve (30%), pulmonary 
vasculature and/or tricuspid valve (31%), or RV damage (23%). 
Importantly, in accordance with previous studies,20–22 worsening car
diac damage stages before TAVI were associated with increased mor
tality even after aortic valve intervention. The ‘staging concept’ had 
been applied in various studies in patients with severe AS7–9 as well 
as other valvular heart diseases,10,11 showing a consistent prognostic 
value. Généreux et al.12 assessed the presence and evolution of cardiac 
damage before and 1 year after AVR in patients with severe AS under
going surgical AVR or TAVI from 2 randomized clinical trials 
(PARTNER 2 and 3). The authors reported similar percentages of car
diac damage before AVR as noted in the current study, with a total of 
94% of the patients presenting echocardiographic markers of cardiac 
damage before aortic valve intervention. In fact, in the study by 
Généreux et al.12 before AVR only 6% of the patients had no cardiac 
damage, 14% presented with LV damage, 51% with LA or mitral valve 
damage, 21% with pulmonary vasculature or tricuspid valve damage, 
and 7% with RV damage. The higher prevalence of RV damage in our 
study as compared to the study by Généreux et al.12 (23% vs. 7%, 

respectively) could be related to the highly selected populations in 
the PARTNER 2 and 3 trials, compared to the real-world setting pre
sented in the current study. Using the same criteria to classify extra- 
valvular cardiac damage, Okuno et al.20 evaluated 1133 patients with se
vere AS undergoing TAVI and reported similar proportions of patients 
without cardiac damage (Stage 0, 3%), with LV damage (Stage 1, 10%), 
LA and/or mitral valve damage (Stage 2, 35%), pulmonary vasculature 
and/or tricuspid valve damage (Stage 3, 21%), or RV damage (Stage 4, 
31%).20 The high prevalence of cardiac damage in patients undergoing 
AVR in the real-world setting may relate to the relatively late referral 
for treatment. Current guidelines recommend AVR in patients with se
vere AS only if they are symptomatic or in case of LV systolic dysfunc
tion identified as a reduction in LV ejection fraction.13 However, 
symptoms and LV ejection fraction can be late markers of disease 
and irreversible cardiac remodelling may be present already in earlier 
stages. For instance, Vollema et al.21 using LV global longitudinal strain 
integrated in the staging system showed a prevalence of 91% of cardiac 
damage in a cohort of 616 asymptomatic patients with severe AS. 
Further confirming this hypothesis, Singh et al.23 showed the presence 
and progression of late gadolinium enhancement by cardiac magnetic 
resonance and therefore potentially irreversible cardiac damage, also 
in asymptomatic patients with moderate to severe AS.

Figure 4 Evolution of baseline cardiac damage at 6-month follow-up per each stage. Each colour-coded rectangular box corresponds to baseline 
cardiac damage stages. Each pie chart shows the evolution of the baseline cardiac damage at 6-month follow-up after TAVI. Black colour denotes pa
tients who died within 6 months after TAVI (n = 72). The other colours in the pie chart represent the cardiac damage stages as coded at baseline. LV, left 
ventricular; TAVI, transcatheter aortic valve implantation.
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Prognostic implications of cardiac damage 
in AS
The cardiac damage staging system requires not only to focus on the 
aortic valve but also on the other cardiac structures to screen for car
diac damage associated with severe AS. This approach has a strong 
pathophysiological foundation and allows to follow-up patients ration
ally and to better understand their clinical status apart from symptoms 
which may be difficult to assess in elderly individuals who may suffer 
from several comorbidities that can make it difficult to understand 
whether the symptoms are related to AS or not.24 Similar to our study, 
Généreux et al.12 showed that both cardiac damage assessed before 
AVR and at 1-year follow-up after intervention were independent pre
dictors of 2-year mortality. In the current study, including a large real- 
world cohort of patients undergoing TAVI, the presence of cardiac 
damage at 6-month follow-up was similarly associated with 2-year all- 
cause mortality even after adjusting for potential confounders. 
The current observations confirm the feasibility and value of risk strati
fication of the cardiac damage staging system in real-world clinical 
practice. Moreover, also the comparative assessment of cardiac damage 
between baseline and 6-month follow-up showed an independent 
association with prognosis demonstrating the importance of re- 
assessing cardiac damage after TAVI and comparing the findings with 
the pre-procedural status to improve risk stratification. Similarly to 
AS, also comorbidities such as atrial fibrillation, pulmonary hyperten
sion, and coronary artery disease are associated with abnormal cardiac 
function,25 could independently contribute to cardiac damage and its 
evolution, can worsen prognosis and should also be taken into account 

for risk stratification in patients with severe AS undergoing TAVI and 
during follow-up.

Reversibility of cardiac damage after TAVI
The current study showed a higher percentage of cardiac damage im
provement after TAVI compared to the study by Généreux et al.12

(39% vs. 16% of patients). There could be several potential explanations 
for this observation. One reason could relate to the different patient 
populations: while Généreux et al.12 included patients from randomized 
controlled trials undergoing both TAVI and surgical AVR, the current 
study considered a real-world cohort including only patients who 
underwent TAVI. Moreover, in the current study, the presence of atrial 
fibrillation was not included in the staging model, since permanent atrial 
fibrillation is highly prevalent in patients undergoing TAVI, with very low 
likelihood of permanent conversion to sinus rhythm during follow-up.12

The degree and reversibility of cardiac damage in patients with se
vere AS are multifactorial. The LV adapts to the increased afterload 
posed by significant AS with compensatory LV hypertrophy. On the 
one hand, LV hypertrophy is beneficial since it allows the LV to develop 
higher pressures to maintain the stroke volume, cardiac output and sys
temic perfusion despite the presence of AS.26 On the other hand, LV 
hypertrophy can be accompanied by myocardial fibrosis that is not 
functional and can lead to the development of LV systolic and diastolic 
dysfunction as well as ventricular arrhythmias.27 Moreover, myocardial 
fibrosis represents a marker of LV irreversible damage that does not 
regress after AVR.28 Myocardial fibrosis can be detected with cardiac 
magnetic resonance imaging and is associated with heart failure as 
well as increased mortality in patients undergoing AVR.29 Puls et al.30

demonstrated that myocardial fibrosis assessed with endomyocardial 
biopsies in patients with AS correlates with the extent of pathological 
baseline cardiac remodelling, heart failure symptoms, and also adverse 
long-term cardiovascular prognosis after TAVI. Although echocardiog
raphy cannot detect myocardial fibrosis, it is useful to assess 
extra-valvular cardiac damage, which is associated with irreversible 
myocardial remodelling and damage. Therefore, it may be hypothesized 
that a more advanced cardiac damage stage may be related to a higher 
degree of myocardial fibrosis that may not regress after TAVI. 
This hypothesis, however, needs further validation.

Clinical perspectives
This study highlights the importance of staging cardiac damage in pa
tients with severe AS. The cardiac damage staging system can identify 
potential disease progression which may prompt the indication for 
TAVI before irreversible or less reversible cardiac damage has occurred 
and the potential benefit of TAVI may be blunted. The current findings 
suggest that TAVI should be considered before RV dysfunction 
(Stage 4) occurs. In addition, the presence of RV dysfunction can 
significantly deteriorate short-term outcomes. Moreover, the current 
findings highlight the importance of re-assessing extra-valvular damage 
at 6 months after TAVI. When RV dysfunction (Stage 4) persists, the 
risk of death remains high despite AVR. In patients without regression 
of cardiac damage after TAVI optimization of medical therapy including 
treatment of heart failure and concomitant comorbidities are import
ant as they could play an even important role on residual risk and 
prognosis.

Study limitations
The limitations of this retrospective single-centre study are inherent to 
the study design. Moreover, data on other imaging modalities that allow 
myocardial tissue characterization (e.g. cardiac magnetic resonance im
aging) were not available and, therefore, the association between ad
verse and irreversible cardiac remodelling and the cardiac damage 
staging system based on echocardiography could not be investigated. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Independent associates of all-cause mortality 
at 2-year follow-up

Parameters HR (95% Cl) P-value

Model 1

Euroscore II, per 1% increase 0.991 (0.948–1.037) 0.706

Late vs. early TAVI 0.503 (0.344–0.736) <0.001

Staging at baseline (per 1 stage 

increase)

1.316 (1.097–1.577) 0.003

Model 2

Euroscore II, per 1% increase 1.033 (0.981–1.089) 0.218

Late vs. early TAVI 0.574 (0.336–0.981) 0.042

Staging at baseline (per 1 stage 

increase)

0.948 (0.717–1.254) 0.710

Staging at 6 months (per 1 stage 

increase)

1.368 (1.002–1.867) 0.048

Model 3

Euroscore II, per 1% increase 1.033 (0.981–1.089) 0.217

Late vs. early TAVI 0.581 (0.340–0.994) 0.047

Staging at baseline (per 1 stage 
increase)

1.391 (1.024–1.890) 0.035

Staging evolution at 6 months

Improved — 0.017

Stabilized 1.838 (0.993–3.401) 0.053

Worsened 3.729 (1.494–9.305) 0.005

Values are HR (95% CI). Bold values represent significant P-values (<0.05).
CI, confidence interval; EuroSCORE, European system for cardiac operative risk 
evaluation; HR, hazard ratio; TAVI, transcatheter aortic valve implantation.
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A survival bias could have affected the analysis on the prognostic value 
of follow-up cardiac damage staging after TAVI.

Conclusions
Although extra-valvular cardiac damage is highly prevalent in patients 
with severe AS undergoing TAVI, more than one-third of the patients 
show an improvement at 6 months after the procedure, which is 
associated with better outcomes. The echocardiography-based, 
extra-valvular cardiac damage staging assessed before and after TAVI 
may further improve risk stratification in patients undergoing TAVI.

Supplementary data
Supplementary data are available at European Heart Journal - 
Cardiovascular Imaging online.

Funding
Rinchyenkhand Myagmardorj received funding from Turku University 
Hospital, Finland (grant number: 2620864).

Conflict of interest: The Department of Cardiology, Heart Lung Center, 
Leiden University Medical Centre has received research grants from Abbott 
Vascular, Alnylam, Bayer, Biotronik, Bioventrix, Boston Scientific, Edwards 
Lifesciences, GE Healthcare, Medtronic, Pie Medical, Medis, Pfizer and 
Novartis. D.J.C. received research grant support from Edwards 
Lifesciences, Boston Scientific, Abbott, Medtronic, JC Medical, and Jena 
Valve and consulting services from Edwards Lifesciences, Boston 
Scientific, and Abbott. V.D. received speaker fees from Abbott Vascular, 
Medtronic, Edwards Lifesciences, Novartis, JenaValve, Philips and GE 
Healthcare. F.v.d.K. received speaker’s and consulting fees from Abbott 
and Edwards Lifesciences. N.A.M. received speaker’s fees from Abbott 
Vascular, Philips Ultrasound, Omron, GE Healthcare, and Pfizer. J.J.B. re
ceived speaker fees from Abbott Vascular, Edwards Lifesciences, and 
Omron. The remaining authors have nothing to disclose. Therefore, 
M.-A.C. is an Associate Editor, European Heart Journal, Cardiovascular 
Imaging. P.P. is a member of the International Editorial Board, European 
Heart Journal, Cardiovascular Imaging. N.A.M. is a liaison editor to 
European Heart Journal, Cardiovascular Imaging. J.J.B. is a member of the 
International Editorial Board, European Heart Journal, Cardiovascular 
Imaging.

Data availability
The data underlying this article will be shared on reasonable request to the 
corresponding author.

References
1. Yadgir S, Johnson CO, Aboyans V, Adebayo OM, Adedoyin RA, Afarideh M et al. Global, 

regional, and national burden of calcific aortic valve and degenerative mitral valve dis
eases, 1990–2017. Circulation 2020;141:1670–80.

2. 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 2019;380:1695–705.

3. Smith CR, Leon MB, Mack MJ, Miller DC, Moses JW, Svensson LG et al. Transcatheter 
versus surgical aortic-valve replacement in high-risk patients. N Engl J Med 2011;364: 
2187–98.

4. Leon MB, Smith CR, Mack MJ, Makkar RR, Svensson LG, Kodali SK et al. Transcatheter 
or surgical aortic-valve replacement in intermediate-risk patients. N Engl J Med 2016; 
374:1609–20.

5. Lindman BR, Maniar HS, Jaber WA, Lerakis S, Mack MJ, Suri RM et al. Effect of tricuspid 
regurgitation and the right heart on survival after transcatheter aortic valve replace
ment: insights from the placement of aortic transcatheter valves in inoperable cohort. 
Circ Cardiovasc Interv 2015;8:10.

6. Généreux P, Pibarot P, Redfors B, Mack MJ, Makkar RR, Jaber WA et al. Staging classi
fication of aortic stenosis based on the extent of cardiac damage. Eur Heart J 2017;38: 
3351–8.

7. Vollema EM, Amanullah MR, Ng ACT, van der Bijl P, Prevedello F, Sin YK et al. Staging 
cardiac damage in patients with symptomatic aortic valve stenosis. J Am Coll Cardiol 
2019;74:538–49.

8. Tastet L, Tribouilloy C, Maréchaux S, Vollema EM, Delgado V, Salaun E et al. Staging car
diac damage in patients with asymptomatic aortic valve stenosis. J Am Coll Cardiol 2019; 
74:550–63.

9. Schewel J, Kuck KH, Frerker C, Schmidt T, Schewel D. Outcome of aortic stenosis ac
cording to invasive cardiac damage staging after transcatheter aortic valve replacement. 
Clin Res Cardiol 2021;110:699–710.

10. Van Wijngaarden AL, Mantegazza V, Hiemstra YL, Volpato V, van der Bijl P, Pepi M et al. 
Prognostic impact of extra-mitral valve cardiac involvement in patients with primary mi
tral regurgitation. J Am Coll Cardiol Img 2022;15:961–70.

11. Silva G, Queirós P, Silva M, Saraiva F, Barros A, Ribeiro J et al. Staging cardiac damage in 
patients with aortic regurgitation. Int J Cardiovasc Imaging 2022;38:2645–53.

12. Généreux P, Pibarot P, Redfors B, Bax JJ, Zhao Y, Makkar RR et al. Evolution and prog
nostic impact of cardiac damage after aortic valve replacement. J Am Coll Cardiol 2022; 
80:783–800.

13. Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, Goldstein S et al. 
Recommendations on the echocardiographic assessment of aortic valve stenosis: a fo
cused update from the European association of cardiovascular imaging and the 
American society of echocardiography. Eur Heart J Cardiovasc Imaging 2017;18:254–75.

14. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L et al. 
Recommendations for cardiac chamber quantification by echocardiography in adults: 
an update from the American society of echocardiography and the European associ
ation of cardiovascular imaging. Eur Heart J Cardiovasc Imaging 2015;16:233–70.

15. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF  III, Dokainish H, Edvardsen T et al. 
Recommendations for the evaluation of left ventricular diastolic function by echocardi
ography: an update from the American society of echocardiography and the European 
association of cardiovascular imaging. Eur Heart J Cardiovasc Imaging 2016;17:1321–60.

16. Lancellotti P, Pibarot P, Chambers J, La Canna G, Pepi M, Dulgheru R et al. 
Multi-modality imaging assessment of native valvular regurgitation: an EACVI and ESC 
council of valvular heart disease position paper. Eur Heart J Cardiovasc Imaging 2022; 
23:e171–232.

17. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K et al. 
Guidelines for the echocardiographic assessment of the right heart in adults: a report 
from the American society of echocardiography endorsed by the European association 
of echocardiography, a registered branch of the European Society of Cardiology, and 
the Canadian society of echocardiography. J Am Soc Echocardiogr 2010;23:685–788.

18. Okuno T, Heg D, Lanz J, Praz F, Brugger N, Stortecky S et al. Refined staging classifica
tion of cardiac damage associated with aortic stenosis and outcomes after transcatheter 
aortic valve implantation. Eur Heart J Qual Care Clin Outcomes 2021 Oct 28;7:532–41.

19. Morgan CJ. Landmark analysis: a primer. J Nucl Cardiol 2019;26:391–3.
20. Okuno T, Heg D, Lanz J, Stortecky S, Praz F, Windecker S et al. Staging cardiac damage 

associated with aortic stenosis in patients undergoing transcatheter aortic valve im
plantation. Int J Cardiol Heart Vasc 2021;33:100768.

21. Vollema EM, Amanullah MR, Prihadi EA, Ng ACT, van der Bijl P, Sin YK et al. Incremental 
value of left ventricular global longitudinal strain in a newly proposed staging classifica
tion based on cardiac damage in patients with severe aortic stenosis. Eur Heart J 
Cardiovasc Imaging 2020;21:1248–58.

22. Grevious SN, Fernandes MF, Annor AK, Ibrahim M, Saint Croix GR, de Marchena E et al. 
Prognostic assessment of right ventricular systolic dysfunction on post-transcatheter 
aortic valve replacement short-term outcomes: systematic review and meta-analysis. 
J Am Heart Assoc 2020;9:e014463.

23. Singh A, Chan DCS, Kanagala P, Hogrefe K, Kelly DJ, Khoo JP et al. Short-term adverse 
remodeling progression in asymptomatic aortic stenosis. Eur Radiol 2021;31:3923–30.

24. Fortuni F, Butcher SC, van der Kley F, Lustosa RP, Karalis I, de Weger A et al. Left ven
tricular myocardial work in patients with severe aortic stenosis. J Am Soc Echocardiogr 
2021;34:257–66.

25. Fortuni F, Grayburn PA. The need for comprehensive risk phenotyping in aortic sten
osis. JACC Cardiovasc Imaging 2024;17:1041–3.

26. Rassi AN, Pibarot P, Elmariah S. Left ventricular remodelling in aortic stenosis. Can J 
Cardiol 2014;30:1004–11.

27. Fortuni F, Bax JJ, Delgado V. Changing the paradigm in the management of valvular heart 
disease: in addition to left ventricular ejection fraction, focus on the myocardium. 
Circulation 2021;143:209–11.

28. Bing R, Cavalcante JL, Everett RJ, Clavel MA, Newby DE, Dweck MR. Imaging and impact 
of myocardial fibrosis in aortic stenosis. J Am Coll Cardiol Img 2019;12:283–96.

29. Flett AS, Sado DM, Quarta G, Mirabel M, Pellerin D, Herrey AS et al. Diffuse myocardial 
fibrosis in severe aortic stenosis: an equilibrium contrast cardiovascular magnetic reson
ance study. Eur Heart J Cardiovasc Imaging 2012;13:819–26.

30. Puls M, Beuthner BE, Topci R, Vogelgesang A, Bleckmann A, Sitte M et al. Impact of myo
cardial fibrosis on left ventricular remodelling, recovery, and outcome after transcath
eter aortic valve implantation in different haemodynamic subtypes of severe aortic 
stenosis. Eur Heart J 2020;41:1903–14.

Reversibility of cardiac damage after TAVI                                                                                                                                                      927
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcim
aging/article/26/5/918/7998778 by H

asselt U
niversity user on 07 August 2025


