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Abstract

Aortic stenosis (AS) is the most prevalent valvular heart disease in developed countries, with an increased burden due to population aging.
Current indications for aortic valve replacement (AVR) are primarily based on symptom status, valve disease severity, procedural risk,
age, life expectancy, and anatomical features. However, increasing evidence suggests that the prognostic impact of AS extends beyond
valvular obstruction alone. Chronic pressure overload promotes a progressive cascade of structural, functional, and hemodynamic ab-
normalities involving the left ventricle, left atrium, pulmonary circulation, and right ventricle, collectively termed extra-valvular cardiac
damage. Over the past decade, several staging systems have been proposed to characterize the extent of cardiac damage associated with
AS. These classifications consistently show that adverse outcomes increase with advancing stages of cardiac involvement, even among
asymptomatic patients and those with moderate AS. Importantly, recent evidence suggests that the extent of cardiac damage associ-
ated with AS provides additional prognostic value, especially right ventricular involvement, after both surgical aortic valve replacement
(SAVR) and transcatheter aortic valve implantation (TAVI). This review aims to summarize the pathophysiological basis, staging clas-
sifications, and prognostic implications of cardiac damage in AS, with particular emphasis on its potential role in contemporary clinical
decision-making. Although current evidence does not support the use of cardiac damage staging as an independent criterion for selecting
between SAVR and TAVI, it may provide incremental prognostic information, contribute to risk stratification, and help identify patients
who may benefit from earlier intervention before advanced and potentially irreversible cardiac remodeling develops.

Keywords: aortic stenosis; cardiac damage staging; transcatheter aortic valve implantation; surgical aortic valve replacement; risk
stratification; cardiac remodeling; prognosis

1. Introduction
Aortic stenosis (AS) is the most common valvular

heart disease in Western countries, and represents a grow-
ing clinical and public health challenge due to population
aging [1]. The epidemiological burden of AS is expected
to increase further over the coming decades as improve-
ments in quality of life and scientific and technological in-
novations have extended life expectancy [2,3]. Regardless
of its underlying etiology, AS is characterized by progres-
sive obstruction of left ventricular (LV) outflow, leading
to chronic pressure overload, LV remodeling, and, if un-
treated, eventually heart failure (HF) and premature death
[4,5]. No pharmacological therapy has demonstrated suffi-
cient efficacy to prevent or significantly delay disease pro-
gression, and current international guidelines do not recom-
mend medical treatment as an alternative to valve interven-
tion [6,7]. Although patients may remain asymptomatic for
several years, symptom onset marks a major turning point
in the natural history of the disease and is associated with a
substantial worsening in prognosis [1,8]. Once severe AS
becomes symptomatic, survival decreases markedly in the

absence of aortic valve replacement (AVR) [9]. Mortal-
ity after diagnosis of severe AS remains high despite im-
provements in management strategies, reaching approxi-
mately 36% at 3 years and 49% at 5 years [10]. Among
patients managed conservatively without AVR, mortality
is even higher, exceeding 50% within 3 years after di-
agnosis [10]. Currently, AVR remains the only effective
treatment for severe symptomatic AS. Although both surgi-
cal aortic valve replacement (SAVR) and transcatheter aor-
tic valve implantation (TAVI) have substantially improved
clinical outcomes, a relevant proportion of patients remain
untreated or are referred for intervention too late, highlight-
ing the need for earlier recognition, accurate risk stratifica-
tion, and timely intervention [10,11,12].

Over the past decade, the progressive expansion of
TAVI indications from high-risk and inoperable patients
to those aged ≥70 has profoundly reshaped the therapeu-
tic landscape of AS management. Current guidelines are
mainly based on surgical risk assessment, age, life ex-
pectancy, anatomical considerations, and procedural fea-
sibility [7]. However, this approach may not fully reflect
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the complexity of AS pathophysiology and its impact on
the myocardium and the cardiovascular system as a whole.
Indeed, although AVR effectively relieves mechanical ob-
struction, increasing evidence suggests that correcting the
valvular lesion alone may be insufficient, particularly when
associated myocardial and extra-valvular cardiac damage is
present [13]. Long-standing pressure overload leads to LV
hypertrophy, myocardial fibrosis, myocyte degeneration,
LV dysfunction, atrial remodeling, and pulmonary hyper-
tension (PH). These changesmay persist even after success-
ful SAVR or TAVI and significantly influence long-term
prognosis [14]. In this context, recent studies have high-
lighted the prognostic importance of staging cardiac dam-
age beyond the aortic valve (AV) [15,16]. Several investi-
gations have demonstrated that the extent of extra-valvular
cardiac involvement is strongly associated with adverse
outcomes following both SAVR and TAVI, suggesting that
staging cardiac damagemay provide not only prognostic in-
formation but also support clinical decision-making and the
timing of intervention [17,18,19]. This review aims to pro-
vide an overview of the emerging role of prognostic staging
in AS, focusing on its potential integration into contempo-
rary decision-making strategies beyond conventional risk
and valvular severity assessment.

2. Current Decision-Making: Limits of
Risk-Based Models

According to the latest guidelines, the indication for
AVR, whether SAVR or TAVI, is primarily based on the
severity of valvular obstruction, as assessed by echocardio-
graphic parameters, and on the presence of symptoms. In
selected asymptomatic patients, intervention should be con-
sidered in the presence of LV systolic dysfunction or other
features associated with an increased risk of adverse out-
comes. The choice of treatment is based on an integrated
Heart Team evaluation that considers patient age, comor-
bidities, frailty, life expectancy, anatomical suitability, and
procedural feasibility to select the most appropriate ther-
apeutic strategy between SAVR and TAVI [6,7]. Among
the factors influencing therapeutic choice, age remains a
major determinant, with TAVI generally recommended in
older patients, particularly those aged ≥70 years. In con-
trast, SAVR is more frequently considered in younger indi-
viduals with longer life expectancy. Anatomical suitability
also plays a pivotal role, including valve morphology, vas-
cular access, extent and distribution of calcification, coro-
nary anatomy, and the presence of bicuspid or tricuspid AV
disease [7]. In parallel, operative risk assessment contin-
ues to rely predominantly on validated surgical risk mod-
els, mainly the Society of Thoracic Surgeons predicted risk
of mortality (STS-PROM) score and the European system
for cardiac operative risk evaluation score (EuroSCORE II)
[20,21,22]. However, despite their widespread use, these
risk models present important limitations. Both STS and
EuroSCORE II were primarily developed to estimate peri-

operative mortality and procedural complications in cardiac
surgery and, therefore, mainly reflect procedural risk rather
than the overall biological and prognostic burden of the dis-
ease [23,24]. Importantly, these metrics do not adequately
account for the extent of all cardiac damage secondary to
long-standing AS. Consequently, these risk-based models
may fail to capture disease stage and long-term progno-
sis. However, increasing evidence suggests that patients
with similar operative risk may have substantially different
outcomes according to the degree of extra-valvular cardiac
involvement [13]. This limitation has generated growing
interest in staging systems capable of integrating not only
valvular severity and procedural risk, but also the progres-
sive cardiac damage associated with AS, potentially im-
proving prognostic stratification and therapeutic decision-
making beyond conventional risk scores.

3. Pathophysiology of Advanced AS
The main pathophysiological consequence of AS is

the progressive increase in the pressure gradient between
the LV and the aorta, resulting in chronic elevation of LV
afterload [25]. Initially, the LV adapts through concen-
tric hypertrophic remodeling, which reduces wall stress
and preserves systolic performance despite increasing pres-
sure overload [1,26]. Persistent pressure overload progres-
sively transforms this adaptive response into a maladap-
tive process characterized by oxygen supply–demand mis-
match, myocyte loss, fibroblast activation, and progres-
sive extracellular matrix expansion [27,28,29]. Fibrosis
initially develops as diffuse interstitial fibrosis, which is
partially reversible, and later progresses to replacement fi-
brosis, characterized by irreversible loss of functional my-
ocardium. These processes progressively impair ventric-
ular mechanics and myocardial function, contributing to
both systolic and diastolic dysfunction [29,30,31]. In di-
astolic dysfunction, which represents the early manifesta-
tion of this remodeling, hypertrophy and fibrosis reduce
ventricular compliance and impair relaxation, resulting in
elevated LV filling pressures despite a preserved ejection
fraction. Consequently, symptoms and exercise intoler-
ance may develop before overt systolic dysfunction ow-
ing to impaired hemodynamic reserve. Progressive ele-
vation of LV filling pressures extends cardiac damage be-
yond the LV. Increased left atrial (LA) pressure promotes
atrial enlargement, contractile dysfunction, and atrial fib-
rillation (AF), while ventricular remodeling contributes to
functional mitral regurgitation (MR) [32,33]. Chronic ele-
vation of left-sided pressures also involves the pulmonary
circulation, where pulmonary vascular remodeling could
amplify PH beyond passive congestion [34]. The result-
ing increase in right ventricular (RV) afterload promotes
RV remodeling, systolic dysfunction, and functional tricus-
pid regurgitation (TR) [35,36]. Although cardiac damage is
commonly described as progressing from LV remodeling to
pulmonary and right-sided involvement, this evolution ap-
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pears to be non-uniform [35,36]. The extent and pattern of
extra-valvular cardiac damage likely reflect the interaction
among chronic pressure overload, myocardial reserve, ven-
tricular interdependence, adaptive capacity, and the timing
of valve intervention [37].

4. Cardiac Damage Beyond the Valve:
Staging Classification

The hemodynamic and myocardial changes induced
by chronic pressure overload in AS are not confined to
the LV but progressively involve multiple extra-valvular
cardiac structures, as previously discussed. The recogni-
tion that cardiac remodeling influences outcomes led to the
development of staging systems to provide a more inte-
grated assessment of disease severity [14]. The first widely
adopted framework was proposed by Généreux et al. [35],
who introduced an echocardiographic classification of AS
based on the anatomical extension of cardiac damage. Pa-
tients were categorized into five stages according to the
most advanced stage identified. In this model, Stage 0
corresponds to isolated valvular disease without detectable
extra-valvular involvement. Stage 1 includes LV damage,
represented by ventricular hypertrophy and abnormalities
of systolic or diastolic function. Stage 2 identifies exten-
sion toward the LA and mitral valve (MV), including atrial
enlargement, AF, and MR. Stage 3 reflects involvement of
the pulmonary circulation and tricuspid valve (TV), while
Stage 4 corresponds to RV dysfunction. This classifica-
tion showed that higher stage was associated with progres-
sively worse outcomes after AVR and suggested that dis-
ease severity is also influenced by the amount of cardiac
remodeling already present at the time of intervention. Sub-
sequent studies explored whether the same concept could
be captured through different approaches. Using invasive
hemodynamic measurements, Maeder et al. [38] proposed
a staging model based on catheterization-derived variables.
Rather than relying on structural abnormalities, this ap-
proach described progression through increasing LV and
LA filling pressures, pulmonary vascular involvement, and
right-sided pressure overload. The findings of Maeder et al.
[38] supported the observation that pulmonary and right-
sided hemodynamic abnormalities identify patients with a
less favorable prognosis. The relevance of advanced right-
sided involvement was further discussed in later analyses
focusing on the interaction between the RV and pulmonary
circulation [37,39,40]. These studies showed that PH and
RV dysfunction are not simply markers of disease duration
butmay provide additional prognostic information indepen-
dently of conventional left-sided parameters.

To improve discrimination among advanced stages,
Okuno et al. [41] refined the original staging model by fur-
ther subdividing pulmonary and right-sided involvement.
Pulmonary stages were stratified by PH severity, and right-
sided stages incorporated the coexistence of low-flow state
and RV dysfunction. This modification was based on the

observation that patients with apparently similar degrees of
advanced remodeling may experience different clinical out-
comes. Subsequently, Gutierrez-Ortiz et al. [42] shifted at-
tention from structural abnormalities to earlier indicators of
myocardial dysfunction. Their classification introduced left
ventricular global longitudinal strain (LV-GLS) as a marker
of subclinical LV impairment and right ventricular–arterial
coupling (RVAc) as an indicator of advanced right-sided in-
volvement.

In this model, deterioration of ventricular–vascular in-
teraction emerged as a relevant marker of outcome, support-
ing the idea that functional abnormalities may become clin-
ically relevant before advanced structural remodeling be-
comes evident. Recently, Tomaselli et al. [15] extended
this functional approach by integrating multi-chamber my-
ocardial deformation analysis. The model by Tomaselli et
al. [15] incorporated measures of LV, LA, and RV strain
and proposed a staging system based on progressive impair-
ment of myocardial mechanics. An important observation
emerging from this work was that patients with evidence
of impaired RV deformation showed poorer outcomes than
those with preserved RVmechanics, despite similar degrees
of structural involvement. This finding further supports
the hypothesis that deterioration of RV performance repre-
sents an advanced stage of disease progression. Recently,
attempts have been made to expand classification systems
beyond structural and functional staging. In this context,
Généreux et al. [43] proposed a framework based on pat-
terns of clinical presentation, introducing the concepts of
“Stable Valve Syndrome, Progressive Valve Syndrome, and
Acute Valve Syndrome”. Unlike previous staging models,
this classification does not aim to quantify cardiac damage
but to describe different clinical trajectories of AS progres-
sion. The rationale is that disease evolution may not always
occur gradually and that some patients may present with
rapid clinical deterioration despite apparently stable previ-
ous status. The main characteristics, strengths, and limita-
tions of the currently available staging models are summa-
rized in Table 1 (Ref. [15,35,38,41,42,43]).

Although different staging systems have been pro-
posed, most are based on the concept that cardiac damage
progressively extends from the LV to the pulmonary circu-
lation and the right heart structures (Fig. 1).

5. Prognostic Impact of Extra-Valvular
Cardiac Involvement

Staging of extra-valvular cardiac damage has ex-
panded the assessment of AS beyond valve severity to in-
clude the consequences of chronic pressure overload on the
cardiovascular system. Although conventional echocardio-
graphic parameters, symptom status, and left ventricular
ejection fraction (LVEF) remain central to clinical evalu-
ation, these parameters do not fully explain the different
outcomes observed among patients with similar AS severity
[13,44].
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Table 1. Main staging systems for cardiac damage assessment in aortic stenosis.
Staging system Main parameters Key features Strengths Limitations

Généreux et al.
[35]

Echocardiographic structural
and functional abnormalities
involving the LV, LA/MV,
pulmonary circulation/TV,

and RV

Five-stage hierarchical model
(Stages 0–4) based on the

anatomical extension of cardiac
damage

Most widely adopted
and externally

validated staging
system; simple and
clinically applicable

Primarily based on
conventional

echocardiographic
parameters; limited

assessment of subclinical
myocardial dysfunction

Maeder et al. [38] Invasive hemodynamic
measurements obtained

during cardiac catheterization

Staging based on progressive
increases in filling pressures,

pulmonary vascular
involvement, and right-sided

hemodynamic burden

Direct physiological
assessment of disease

severity

Invasive approach limits
routine clinical applicability

Okuno et al. [41] Modified Généreux
classification incorporating
severity of pulmonary

hypertension and right-sided
involvement

Refined characterization of
advanced stages of cardiac

damage

Improved
discrimination among

patients with
advanced disease

More complex
classification; limited
external validation

Gutierrez-Ortiz et
al. [42]

Left ventricular global
longitudinal strain (LV-GLS)
and right ventricular–arterial

coupling (RVAc)

Functional staging focused on
early myocardial dysfunction
and ventricular–vascular

interaction

Detects subclinical
abnormalities before

overt structural
remodeling

Requires advanced
echocardiographic analysis;
limited availability in some

centers
Tomaselli et al.
[15]

Multi-chamber myocardial
deformation analysis (LV, LA,

and RV strain)

Staging based on progressive
impairment of myocardial

mechanics

Comprehensive
functional assessment
of cardiac damage

Novel classification with
limited clinical experience

and validation
Généreux et al.
[43]

Clinical presentation patterns Classification into stable valve
syndrome, progressive valve
syndrome, and acute valve

syndrome

Incorporates clinical
trajectories and

disease presentation

Does not directly quantify
structural or functional

cardiac damage

LA, left atrium; LV, left ventricle; RV, right ventricle; MV, mitral valve; TV, tricuspid valve; LV-GLS, left ventricular global longitudinal strain;
RVAc, right ventricular–arterial coupling.

Growing evidence shows that extra-valvular cardiac
damage provides prognostic information beyond AS sever-
ity. The main studies are summarized in Table 2 (Ref.
[16,35,45,46,47,48,49]).

The original staging model proposed by Généreux et
al. [35] and its subsequent modifications [41,42,50] have
been validated across multiple cohorts, leading to the in-
troduction of a hierarchical framework in which the pro-
gression of cardiac remodeling from the left heart to pul-
monary and right-sided involvement is associated with pro-
gressively worse clinical outcomes [45,51]. As summa-
rized in Table 2, cardiac damage is highly prevalent across
the spectrum of AS. Bennett et al. [45], in a systematic re-
view and meta-analysis of a total of 18 studies and more
than 20,000 patients included, reported cardiac damage in
76% of patients with symptomatic severe AS and in 88%
of those with asymptomatic moderate-to-severe AS. Stage
2, according to the Généreux staging model [35], was the
most frequently reported; meanwhile, mortality progres-
sively increased with advancing cardiac damage, reach-
ing 36.1% in stage 4 among symptomatic severe AS and
51.2% in stages 3–4 among asymptomatic moderate-to-

severe AS [45]. Parada-Barcia et al. [46] also showed that,
in an older high-risk TAVI population, pre-procedural car-
diac damage staging predicted HF hospitalization and all-
cause mortality. Patients with severe cardiac damage, de-
fined by right-heart involvement, had the poorest progno-
sis, with 42% mortality during a mean follow-up of 2.26 ±
0.90 years and significantly more HF hospitalizations than
the other groups. Similarly, Espinoza Romero et al. [16]
evaluated a preoperative echocardiographic staging clas-
sification in a population undergoing SAVR and demon-
strated that patients classified as stage 3 according to their
modified Généreux classification (right-sided involvement
of extra-valvular cardiac damage) experienced markedly
worse outcomes despite relatively low conventional surgi-
cal risk scores. In addition, lower mean transaortic gradi-
ents, potentially reflecting low-flow, low-gradient physiol-
ogy, were linked to poorer prognosis [16]. In this group,
long-term all-cause mortality reached 40.3%, while the
composite endpoint of mortality and cardiovascular read-
missions occurred in 77.3% of patients. Collectively, these
findings suggest that the extent of extra-valvular cardiac
damage identifies a subgroup of patients at particularly high
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Fig. 1. Progressive extension of cardiac damage in AS. Chronic pressure overload from AS promotes a progressive cascade of
structural and functional abnormalities that extends from the left ventricle (Stage 1) to the left atrium andmitral valve (Stage 2), pulmonary
vasculature and tricuspid valve (Stage 3), and finally the right ventricle (Stage 4). Increasing stages of cardiac damage have consistently
been associated with progressively worse clinical outcomes after both SAVR and TAVI. AS, aortic stenosis; LA, left atrium; LV, left
ventricle/ventricular; RA, right atrium; RV, right ventricle/ventricular; SAVR, surgical aortic valve replacement; TAVI, transcatheter
aortic valve implantation.

risk despite apparently favorable conventional risk stratifi-
cation.

Functional TR, RV dysfunction, reduced tricuspid
annular plane systolic excursion (TAPSE), and impaired
RVAc have consistently emerged as markers of advanced
disease and adverse outcomes [16,17,45,47], suggesting
that pulmonary vascular and right-heart involvement re-
flect reduced cardiac reserve and a lower likelihood of com-
plete recovery after intervention, irrespective of the treat-
ment strategy. Consistent with this hypothesis, Harmon
et al. [48] reported that, even in patients with moderate
AS, staging of extra-valvular cardiac damage provides rel-
evant prognostic information. Advanced cardiac damage
(Stages 3–4, defined by pulmonary vascular, tricuspid, and
RV involvement) was associated with the worst clinical out-
comes. Specifically, patients in these stages had the highest
incidence of the composite endpoint of all-cause death and
HF hospitalization, reaching 254.8 events per 1000 person-
years, compared with 51.6, 99.9, and 94.3 events per 1000
person-years in Stages 0, 1, and 2, respectively. In survival
analyses, Stages 3 and 4 were associated with the high-
est risk of adverse outcomes (hazard ratio (HR) 4.43, 95%
confidence interval (CI) 2.78–7.08), and this association re-
mained significant after multivariable adjustment (HR 3.40,
95% CI 1.59–7.26). The authors also evaluated the evo-
lution of cardiac damage over time in patients undergo-
ing AVR, including both SAVR and TAVI. Notably, cardiac
damage progressively accumulated while patients awaited
intervention, and reverse remodeling after AVR was only

partial. Similarly, Jacob et al. [49] showed that the ab-
sence of symptoms does not exclude advanced cardiac re-
modeling and that SAVR does not necessarily reverse es-
tablished cardiac damage. Although some improvement
was observed after treatment, many patients remained in
advanced stages, suggesting that extra-valvular remodeling
may not be completely reversible once established. These
findings highlight the need for tools that identify myocar-
dial dysfunction before irreversible cardiac remodeling de-
velops. In this context, multimodality imaging has emerged
as a complementary approach that identifies different stages
of ventricular decompensation and improves both sever-
ity assessment and risk stratification. Reduced stroke
volume index (SVi) ≤35 mL/m2, conventionally assessed
by Doppler echocardiography and potentially refined by
three-dimensional echocardiography, reflects early hemo-
dynamic impairment, whereas global longitudinal strain
(GLS) and cardiac magnetic resonance tissue characteriza-
tion through late gadolinium enhancement (LGE) and ex-
tracellular volume (ECV) identify progressive myocardial
dysfunction and fibrosis [7,31,52]. Within this multimodal-
ity framework, stress echocardiography (SE) can provide
functional information beyond resting imaging and improve
identification of patients who may benefit from earlier in-
tervention, particularly in selected clinical scenarios. Con-
sistent with the most recent European Society of Cardi-
ology/European Association for Cardio-Thoracic Surgery
(ESC/EACTS) Guidelines, SE is recommended in patients
with low-flow low-gradient AS to assess LV contractile re-
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Table 2. Principal studies evaluating the prognostic impact of extra-valvular cardiac damage staging in AS.
Study Population Staging system Clinical setting Main endpoint Principal findings Clinical message

Généreux et al.
[35]

Patients with
AS

Original cardiac
damage staging
(Stages 0–4)

AS Prognostic
stratification

Increasing stage was
associated with

progressively worse
outcomes

Cardiac damage
provides

prognostic value
beyond AS
severity

Bennett et al.
[45]

Systematic
review and

meta-analysis
(18 studies,
>20,000
patients)

Généreux staging Symptomatic severe
AS; asymptomatic
moderate-to-severe
AS; post-AVR

CV and ACM Cardiac damage was
highly prevalent across

the AS spectrum.
Mortality increased
progressively across

stages

Increasing
cardiac damage

stage is
associated with
worse prognosis

Parada-Barcia
et al. [46]

High-risk
patients

undergoing
TAVI

Simplified
Généreux

classification
(mild, moderate,

severe)

TAVI HF
hospitalization
and ACM

Right-sided cardiac
damage was associated
with the highest mortality
and HF hospitalization

rates

Right-sided
cardiac damage
confers higher
risk after TAVI

Espinoza
Romero et al.
[16]

Patients
undergoing
SAVR

Modified
Généreux

classification

SAVR Long-term
ACM and CV
readmissions

Right-sided cardiac
damage was associated
with the highest mortality
despite relatively low
surgical risk scores.
Lower transaortic

gradients were associated
with worse prognosis

Cardiac damage
staging improves
risk stratification

beyond
conventional
surgical scores

Román et al.
[47]

Patients
undergoing
TAVI and
SAVR

Multiple staging
systems, including
Gutiérrez-Ortiz
classification

TAVI vs. SAVR One-year ACM TAVI patients had more
advanced cardiac damage

than SAVR patients.
Right-sided cardiac

damage independently
predicted one-year

mortality

Right-sided
cardiac damage
is associated with
higher mortality

Harmon et al.
[48]

Patients with
moderate AS

Généreux staging Moderate AS ACM and HF
hospitalization

Advanced cardiac damage
independently predicted

adverse outcomes.
Reverse remodeling after
AVR was only partial

Cardiac damage
has prognostic
value even in
moderate AS

Jacob et al. [49] Patients
undergoing
SAVR

Cardiac damage
staging

SAVR Evolution of
cardiac damage
after surgery

Absence of symptoms did
not exclude advanced
cardiac remodeling.
Cardiac damage was

incompletely reversible
after SAVR

Timely treatment
is needed before

advanced
remodeling
develops

AS, aortic stenosis; AVR, aortic valve replacement; SAVR, surgical aortic valve replacement; TAVI, transcatheter aortic valve implantation;
ACM, all-cause mortality; HF, heart failure; CV, cardiovascular.

serve and distinguish true severe from pseudo-severe steno-
sis, as well as in the evaluation of asymptomatic patients
when clinical status and resting echocardiographic find-
ings are discordant [7]. In addition to these established
indications, recent evidence has proposed a broader role
for SE in the comprehensive functional assessment of AS-
related cardiac damage, particularly through the ABCDEG

approach [53]. This multiparametric evaluation, by inte-
grating the assessment of myocardial ischemia, pulmonary
congestion, LV contractile reserve, coronary microvascular
function, autonomic reserve, stress-induced transvalvular
hemodynamics, may allow a more complete characteriza-
tion of the clinical phenotype and may improve risk stratifi-
cation before advanced structural cardiac damage becomes
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evident. A recent systematic review further reported the
prognostic relevance of several stress-derived parameters
not only in severe asymptomatic AS but also in moder-
ate AS. Among these, exercise-induced increases in mean
transvalvular gradient, elevated E/e′ ratio, exercise-induced
PH, and reduced exercise capacity emerged as the most re-
producible predictors of adverse clinical outcomes [54].

6. SAVR Versus TAVI: Current Evidence and
the Role of Cardiac Damage

The growing recognition that the extent of extra-
valvular cardiac involvement influences prognosis in AS
raises an important question: should patients with vary-
ing degrees of cardiac damage be expected to derive sim-
ilar benefit from SAVR and TAVI? Over the past decade,
randomized trials and large observational studies have pro-
gressively expanded indications for TAVI from inoperable
and high-risk patients to intermediate- and low-risk popula-
tions, demonstrating outcomes comparable to SAVR across
selected groups [7]. However, most pivotal trials that estab-
lished equivalence between treatment strategies were pri-
marily designed around procedural risk, symptom burden,
and valve-related variables. In contrast, the extent of pre-
existing cardiac damage was not incorporated into patient
allocation or treatment algorithms [7,55,56]. Thus, current
evidence supporting procedural selection remains largely
independent of the biological stage of myocardial remodel-
ing. Emerging evidence suggests that patients undergoing
TAVI and SAVR may not arrive at intervention with com-
parable degrees of extra-valvular involvement [17,47,57].
In real-world cohorts, patients treated with TAVI are gen-
erally older, present with a greater burden of comorbidi-
ties, and frequently exhibit more advanced structural and
hemodynamic abnormalities at baseline than those treated
with SAVR [47]. Several mechanisms may contribute to
this observation. First, interpreting symptoms in older pa-
tients is often challenging. Functional limitation, frailty,
chronic pulmonary disease, reduced exercise capacity, and
pre-existing HF may obscure the onset of AS-related symp-
toms and delay referral, even as cardiac remodeling pro-
gresses. Second, symptom-based surveillance strategies
may be less sensitive in older populations because declining
functional status is frequently attributed to age or comor-
bid disease rather than to progressive valvular burden. To-
gether, these factors may favor the accumulation of extra-
valvular cardiac damage before treatment is ultimately per-
formed.

Roman and colleagues [17] showed that patients se-
lected for TAVI had a greater burden of advanced cardiac
damage, including lower LV systolic performance, larger
LA dimensions, higher filling pressures, more frequent pul-
monary vascular involvement, lower TAPSE values, and
greater impairment of RVAc compared with SAVR popu-
lations. Importantly, the difference was not limited to age
and appeared particularly driven by a higher prevalence

of advanced right-heart involvement. These observations
raise an important clinical consideration. If TAVI popu-
lations frequently present for treatment at more advanced
stages of cardiac remodeling, comparisons of procedural
outcomes may partly reflect differences in baseline disease
biology rather than the intrinsic superiority of one interven-
tion. Cardiac damage staging provides an additional per-
spective for interpreting these findings. Across several co-
horts, increasing stage remained associated with progres-
sively worse outcomes following both SAVR and TAVI,
suggesting that the burden of cardiac remodeling influences
prognosis independently of treatment modality [13,44,51].
Importantly, advanced stages, particularly those with pul-
monary and right-heart involvement, retained prognostic
significance even after adjustment for conventional surgi-
cal risk scores. These observations raise the possibility
that, beyond procedural risk estimation alone, the extent
of extra-valvular cardiac damage may inform treatment se-
lection by identifying patients with a reduced likelihood of
functional recovery despite technically successful interven-
tion. In this context, some authors [16] have proposed that
patients with advanced cardiac damage, particularly those
with PH and/or RV involvement, may derive greater benefit
from less invasive approaches. However, current evidence
does not support the conclusion that one treatment strategy
should be systematically preferred according to stage alone.
Some observational studies suggested that increasing car-
diac damage may have a more pronounced effect on peri-
procedural outcomes after SAVR than in TAVI, leading to
the hypothesis that less invasive approaches could partially
attenuate the procedural burden in patients with advanced
disease [57]. Nevertheless, these observations derive pre-
dominantly from retrospective analyses and administrative
databases and remain vulnerable to residual confounding
and indication bias. Therefore, these observations should
not be interpreted as evidence that TAVI modifies the bio-
logical consequences of advanced remodeling.

Meanwhile, available data indicate that correction of
valvular obstruction does not necessarily translate into com-
plete reversal of cardiac damage, as previously discussed
[58], although available evidence remains heterogeneous.
Jacob et al. [49] showed that progression of cardiac dam-
age may continue despite intervention, while Généreux et
al. [14] demonstrated that post-procedural evolution of
cardiac damage, including improvement, persistence, or
worsening, carries independent prognostic implications af-
ter AVR [44,49]. Similarly, Zhou et al. [59] introduced
the concept of dynamic cardiac damage, showing that early
post-TAVI changes in stage were independently associated
with long-term outcome and that residual cardiac damage
remained clinically meaningful even after successful in-
tervention [59]. These observations challenge the tradi-
tional assumption that valve replacement necessarily in-
terrupts disease progression once hemodynamic obstruc-
tion has been relieved. An additional question concerns
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Fig. 2. Potential integration of cardiac damage staging into contemporary management of AS. Current decision-making in AS is
based on an integrated assessment of symptoms, valve severity, procedural risk, age, frailty, and anatomical suitability. Cardiac damage
staging may provide additional prognostic information by incorporating the extent of extra-valvular cardiac involvement into patient
evaluation, thereby supporting Heart Team-based risk stratification, timing of intervention, estimation of expected benefit, and post-
procedural assessment. AS, aortic stenosis; LV, left ventricle/ventricular; LA, left atrium; RV, right ventricle/ventricular; SAVR, surgical
aortic valve replacement; TAVI, transcatheter aortic valve implantation.

whether current guideline recommendationsmay contribute
to delayed intervention in some patients. Contemporary
guidelines [7] primarily rely on symptom status, severity
of valve obstruction, LV systolic dysfunction, and procedu-
ral risk assessment. While these criteria remain supported
by robust evidence, they do not systematically incorporate
the extent of extra-valvular remodeling. This may become
particularly relevant in elderly or multimorbid populations,
where symptom recognition is often delayed, and structural
damage may already be advanced by the time treatment
thresholds are reached. A potential framework for integrat-
ing cardiac damage staging into contemporary management
of AS is illustrated in Fig. 2.

7. Future Perspectives
The growing evidence supporting the prognostic rele-

vance of staging cardiac damage raises important questions
regarding its future role in the management of AS. How-
ever, several important clinical and research questions re-
main unresolved (Table 3).

The potential applications of current staging systems
may extend beyond risk stratification and contribute to a
more comprehensive assessment of disease progression and
the timing of intervention. Several observations support
this perspective. Cardiac damage appears to accumulate
progressively throughout the natural history of AS and may
already be present before symptom onset. Furthermore, in-
creasing evidence suggests that reverse remodeling follow-
ing AVR is often incomplete, particularly when advanced
pulmonary vascular and right-sided cardiac involvement
have already developed [13,14,48,49]. In addition, recent
studies have shown that post-procedural changes in car-
diac damage stage provide independent prognostic infor-
mation, introducing the concept of dynamic cardiac damage
assessment as a potential marker of treatment response and
residual risk [13,59]. Therefore, future research may shift
from simply identifying cardiac damage to understanding
its temporal evolution. Interestingly, emerging evidence
suggests that moderate AS is not a benign condition but
is associated with substantially increased mortality com-
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Table 3. Outstanding questions and future directions.
Outstanding question Current evidence Future priority

Which staging system should be adopted
in routine practice?

Multiple structural, hemodynamic, and functional
models exist, without universal consensus.

External validation and harmonization of
staging criteria.

Should structural and functional imaging
be integrated?

Emerging evidence suggests incremental value of
myocardial deformation and RVAc.

Development of multimodality staging
algorithms.

Can cardiac damage staging identify
patients who benefit from earlier AVR?

Observational studies suggest benefit before
advanced remodeling, but causality is unproven.

Prospective trials evaluating
staging-guided intervention.

Is advanced cardiac damage reversible
after SAVR or TAVI?

Reverse remodeling is variable and often
incomplete.

Identification of reversible versus
irreversible components of damage.

Can residual or dynamic cardiac damage
guide follow-up?

Early studies suggest post-procedural staging has
prognostic value.

Longitudinal studies incorporating serial
imaging assessments.

Should cardiac damage staging be
incorporated into future guidelines?

Evidence consistently supports prognostic value but
remains observational.

Randomized evidence and standardized
staging definitions.

RVAc, right ventricular–arterial coupling; AVR, aortic valve replacement; SAVR, surgical aortic valve replacement; TAVI, transcatheter aortic
valve implantation.

pared with mild or no AS, with an even greater adverse
prognostic impact in patients with LV systolic dysfunction
[60,61]. A recent meta-analysis of more than 400,000 pa-
tients demonstrated that moderate AS is associated with a
markedly increased risk of all-cause mortality and signifi-
cant loss of life expectancy, challenging the traditional view
of moderate AS as a relatively low-risk stage of disease
[62]. These observations suggest that, in some patients, the
biological progression of the disease may outpace its hemo-
dynamic classification. Therefore, the presence of extra-
valvular cardiac damage may identify individuals in whom
myocardial remodeling and ventricular decompensation are
already well established despite only moderate transvalvu-
lar obstruction. In this context, cardiac computed tomogra-
phy (CCT) represents an important complementary imag-
ing modality. While computed tomography-derived aortic
valve calcium score (CT-AVC) is established for confirming
AS severity in patients with low-flow low-gradient or dis-
cordant hemodynamic findings using sex-specific thresh-
olds (>2000 Agatston units (AU) in men and >1200 AU
in women), its accuracy may be reduced in low-calcium
or fibrosis-predominant phenotypes [7]. CT-AVC has also
shown incremental prognostic value across the spectrum of
AS, including moderate disease, while emerging CCT ap-
plications may enable a more comprehensive assessment of
extra-valvular cardiac damage through quantitative evalu-
ation of ventricular function, myocardial deformation, and
extracellular volume [63,64]. Therefore, integrating these
complementary CT findings with cardiac damage staging
may improve patient selection for closer surveillance or
earlier intervention before irreversible remodeling devel-
ops. The growing interest in earlier intervention is reflected
in recent clinical studies [65,66]. In a contemporary sys-
tematic review and meta-analysis of four randomized trials
with a mean follow-up of 4.1 years, early AVR in asymp-
tomatic severe AS significantly reduced HF hospitaliza-
tions and stroke compared with clinical surveillance. How-

ever, no significant reductions in all-cause or cardiovas-
cular mortality were observed. Similarly, the TAVR UN-
LOAD trial [66] demonstrated that, among patients with
moderate AS and HF with reduced ejection fraction, TAVI
was safe and resulted in greater improvements in health sta-
tus and quality of life, despite failing to meet its primary
endpoint. Although these studies do not support routine
intervention in moderate AS, they reinforce the concept
that waiting for progression to conventionally defined se-
vere stenosis may not represent the optimal strategy for all
patients. Whether staging of cardiac damage can identify
subgroups that derive greater benefit from earlier AVR re-
mains an important unanswered question and a key focus
of ongoing prospective trials. In this context, serial assess-
ment of cardiac damage could help identify patients at risk
of progressive myocardial deterioration despite apparently
stable clinical status andmay eventually help refine the tim-
ing of intervention before irreversible remodeling becomes
established. Another area of interest could be integrating
staging systems with emerging markers of myocardial in-
jury and reserve. Advanced echocardiographic parameters,
myocardial deformation imaging, cardiac magnetic reso-
nance assessment of fibrosis, and circulating biomarkers
may provide complementary information beyond conven-
tional structural evaluation (Table 4) [54,67].

Integrating multimodal imaging and biological mark-
ers could improve characterization of disease severity and
enhance the ability of staging models to identify patients
with limited potential for functional recovery after AVR
[15,42,53,54]. However, several challenges remain before
cardiac damage staging can be incorporated into routine
clinical decision-making. Existing classifications differ
substantially in terms of methodology, variables included,
and definitions of advanced disease. Moreover, most avail-
able evidence derives from observational studies, retrospec-
tive analyses, or post hoc investigations. Large prospec-
tive studies specifically designed to evaluate staging-guided
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Table 4. Multimodal imaging markers that support staging of cardiac damage and clinical decision-making.
Cardiac damage and
imaging assessment

Key imaging markers Prognostic significance Potential clinical implication

LV damage LVEF, GLS, SVi, LGE, ECV Early myocardial dysfunction; HF;
mortality

Earlier AVR; closer
surveillance

LA and MV involvement LAVI, moderate/severe MR Progressive remodeling; adverse
outcomes

Risk stratification; earlier
AVR

Pulmonary vascular
involvement

PASP Advanced disease; post-AVR
mortality

Identify advanced cardiac
damage

RV and TV involvement TAPSE, RVAc, RV dysfunction,
RVLS, moderate/severe TR

Advanced cardiac damage; persistent
mortality after AVR

Limited reverse remodeling;
residual risk

Functional assessment Stress echocardiography Contractile reserve; exercise
hemodynamics; deformation reserve

Individualized timing of
intervention

Multimodality valve
assessment

CT-AVC Severity assessment; prognostic value Integrated risk stratification

LV, left ventricle; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; SVi, stroke volume index; LGE, late gadolinium
enhancement; ECV, extracellular volume; HF, heart failure; AVR, aortic valve replacement; LA, left atrium; MV, mitral valve; LAVI, left
atrial volume index; AF, atrial fibrillation; MR, mitral regurgitation; PASP, pulmonary artery systolic pressure; RV, right ventricle; RVAc,
right ventricular–arterial coupling; RVLS, right ventricular longitudinal strain; TV, tricuspid valve; TAPSE, tricuspid annular plane systolic
excursion; TR, tricuspid regurgitation; CT-AVC, computed tomography-derived aortic valve calcium score.

management strategies remain limited. Moreover, whether
future guidelines will incorporate cardiac damage staging
remains uncertain. Several ongoing prospective clinical tri-
als are expected to provide important insights into whether
earlier AVR can modify the natural history of cardiac dam-
age. In particular, randomized studies evaluating early
AVR in asymptomatic severe AS (e.g., NCT04204915),
as well as trials investigating intervention in patients with
moderate AS and LV dysfunction or other high-risk pheno-
types (e.g., NCT05310461; NCT04889872), may help de-
termine whether cardiac damage staging can identify pa-
tients who derive greater benefit from earlier intervention
before irreversible myocardial remodeling occurs. These
studies may also clarify whether cardiac damage is merely
a marker of disease severity or a modifiable therapeutic tar-
get that can be altered through timely AVR.

8. Conclusion
AS should no longer be considered exclusively a

valvular disorder but rather a progressive disease involv-
ing the entire cardiovascular system. Growing evidence
indicates that the extent of extra-valvular cardiac damage
provides important prognostic information beyond conven-
tional measures of valve severity and procedural risk.

Therefore, staging of cardiac damage should be
viewed as a complementary tool that enriches patient char-
acterization by integrating the cumulative consequences of
chronic pressure overload into clinical assessment. How-
ever, current evidence does not support its use as a stand-
alone criterion for intervention or for selecting between
SAVR and TAVI. Rather, its principal value lies in improv-
ing risk stratification, supporting a personalized lifetime
management strategy, and potentially identifying selected

patients who may benefit from closer surveillance or ear-
lier intervention. As the management of AS continues to
evolve, cardiac damage staging will likely need to be inte-
grated with both conventional echocardiographic parame-
ters and dynamic markers of disease progression, including
SE, advanced imaging, and circulating biomarkers, to de-
fine the optimal timing of intervention, preservemyocardial
reserve, and prevent irreversible cardiac damage. Structural
remodeling, hemodynamic abnormalities, myocardial dys-
function, ventricular–vascular interaction, and clinical pre-
sentation could provide complementary information rather
than alternative interpretations of disease severity.
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