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ABSTRACT: Aortic stenosis (AS) is the most prevalent valvular heart disease in developed nations, with increasing incidence driven
by population aging. Early and accurate diagnosis is crucial, as timely intervention significantly improves outcomes. Contemporary
imaging plays a central role in the assessment of AS, enabling precise evaluation of valve anatomy, disease severity, left ventricular
remodeling, and procedural planning. Transthoracic echocardiography remains the first-line modality, providing essential
hemodynamic and structural data. However, limitations in cases of low-flow states, discordant grading, and atypical presentations
necessitate adjunctive tools. Transesophageal echocardiography enhances visualization of valve morphology and annular dimensions,
particularly for pre-procedural assessment. Cardiac computed tomography (CT) has emerged as a cornerstone in transcatheter aortic
valve replacement (TAVR) planning, offering unparalleled spatial resolution for annular sizing, coronary height measurement, and
vascular access evaluation. Meanwhile, cardiac magnetic resonance (CMR) provides robust quantification of ventricular volumes,
fibrosis, and myocardial strain, serving as a prognostic marker in asymptomatic and borderline cases. The integration of multimodality
imaging offers a comprehensive framework, addressing diagnostic ambiguities and guiding individualized management strategies.
This review highlights current advances, clinical applications, and future directions in multimodality imaging for AS, emphasizing its
pivotal role in optimizing patient selection, risk stratification, and procedural outcomes.
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1. Introduction

Aortic stenosis (AS) is the most common primary valvular heart disease in developed countries, especially elderly
patients, with a rising global burden due to aging populations. It is characterized by progressive narrowing of the aortic
valve orifice, most often due to calcific degeneration of a trileaflet valve or congenital abnormalities such as bicuspid
aortic valve. These changes impose a pressure overload on the left ventricle, resulting in concentric hypertrophy and
diastolic dysfunction, with eventual risk of systolic impairment [1,2]. The disease progresses from a prolonged
asymptomatic phase to symptomatic stages marked by shortness of breath/heart failure, angina, and
dizziness/syncope—events that significantly worsen prognosis if left untreated. Echocardiography remains the
cornerstone first-line modality to diagnose AS, however advancements in multimodality imaging—including computed
tomography (CT), cardiac magnetic resonance (CMR), and stress imaging—have complimentary roles to evaluate valve
anatomy, quantify severity, risk-stratify patients and guide valve interventions [3]. Timely recognition and accurate
assessment with multimodality imaging are critical to guiding both surgical aortic valve replacement (SAVR) and
transcatheter aortic valve replacement (TAVR), which are pillars in management [2]. This review highlights the clinical
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presentation, multimodality imaging evaluation and guidance of valvular interventions to inform patient management
and improve clinical outcomes.

2. Etiologies and Pathophysiology

Aortic stenosis (AS) is primarily caused by degenerative, congenital, and rheumatic processes. The degeneration
of the valve is thought to be influenced by mechanical stress, oxidative stress, endothelial dysfunction, inflammation,
and valve cusp bleeding [4—6]. Over time, the aortic valve undergoes thickening, fibrosis, and calcification, progressing
to degenerative AS. Some but not all research reports suggest that factors common to those promoting arteriosclerosis,
including hyperlipidemia, hypertension, and smoking, contribute to the progression of AS [7]. Furthermore, while
statins are effective in preventing atherosclerotic cardiovascular disease, several studies have reported that they cannot
prevent the progression of AS [8]. As the valve leaflets become sclerotic and the aortic valve area narrows, the left
ventricle (LV) experiences increased afterload during systole. Chronic elevation of LV afterload leads to LV
hypertrophy, fibrosis, and diastolic dysfunction, ultimately causing LV remodeling and systolic dysfunction, which
results in hemodynamic failure [9]. Congenital AS is most often caused by bicuspid aortic valves. Bicuspid aortic valve
leads to less efficient distribution and concentration of mechanical forces within the valve, and often leads to AS and
sometimes aortic regurgitation decades earlier than in those with tricuspid aortic valves [10]. The cumulative lifetime
risk of progressing to more than moderate AS or aortic regurgitation (AR) in patients with bicuspid aortic valves is
notably high, approximately 60% by age 70 and 80% by age 90 [11]. Rheumatic AS has become rare in the United
States and the Western world due to effective treatment of rheumatic fever, but it is still common in developing countries
and worldwide [12].

3. Clinical Presentation

Native AS often remains asymptomatic until significant outflow obstruction develops, at which point the classic
triad of exertional dyspnea, angina, and syncope appears and carries a bad prognostic significance. Dyspnea is the most
common presenting symptom and is caused by left ventricular (LV) hypertrophy and rising filling pressures. Angina
may occur without coronary artery disease due to the increased myocardial oxygen demand and impaired
subendocardial perfusion. Exertional syncope results from fixed cardiac output and activity-induced vasodilation. Older
patients frequently have atypical or more subtle symptoms, which may lead to delayed diagnosis, while the onset of
heart failure signs (orthopnea, edema...) signals advanced disease and poor survival without intervention. Even mild
symptom onset in severe AS markedly increases the risk of sudden cardiac death, highlighting the need for urgent
evaluation and valve replacement, often guided by objective functional testing and multimodality imaging [1,2].
Physical examination typically reveals a harsh systolic ejection murmur radiating to the carotids, pulsus parvus et tardus,
reduced pulse pressure, and a sustained apical impulse, while absence of A2 suggests critical stenosis [13]. ECG often
shows LV hypertrophy with lateral strain and may demonstrate atrial fibrillation or conduction disease in advanced
stages, and although nondiagnostic, it reflects chronic pressure overload [14]. Biomarkers such as BNP and NT-proBNP
correlate with LV wall stress and adverse prognosis and may identify subclinical dysfunction, while routine laboratories
support overall risk stratification and procedural planning [15]. Additional lab tests are used to assess overall cardiac
risk and pre-procedural status. These include renal function markers (e.g., serum creatinine, eGFR), hemoglobin, and
electrolytes. Troponin levels may be modestly elevated in severe AS, reflecting myocardial strain. Inflammatory
markers such as CRP are not routinely used but may be elevated in degenerative valve disease [16].

4. Echocardiography

Transthoracic echocardiography (TTE) is the essential first-line imaging modality for diagnosing, grading, and
monitoring aortic stenosis (AS). It is non-invasive, widely accessible, and provides both anatomical and hemodynamic
data, which are fundamental for determining the severity of AS and guiding patient management. Through detailed
imaging of the aortic valve and assessment of blood flow, TTE helps clinicians understand the pathophysiological
changes caused by the stenosis, such as left ventricular (LV) hypertrophy, compensatory remodeling, and alterations in
flow dynamics. As the primary imaging modality for this condition, TTE enables the clinician to visualize valve
morphology, measure transvalvular velocities, and estimate key parameters like valve area, all of which help guide
therapeutic decisions, including the timing of interventions such as valve replacement [1,2] (Table 1).
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Table 1. Modalities for the assessment of aortic stenosis.

Test Strength Limitation
Limitations of the acoustic windows.
. . . . Flow-dependence.
Widely available and non-invasive. P o
o . .. Inter-observer variability.
Evaluate valve morphology and mobility, cause and severity of AS and its . . . .
conseauences Limited tissue evaluation.
TTE .q ) Hypertension may interfere with the assessment of AS severity.
Identify concurrent VHD. . S . .
. . May overestimate the transvalvular pressure gradient in a patient with a
Assessment of hemodynamic severity. .
Measurement of LV size and systolic function small ascending aorta.
Y ’ Low-flow, low-gradient AS and severe LV dysfunction can
underestimate valve disease severity
Higher spatial resolution. Semi-invasive test.
TEE Useful in patients with poor transthoracic windows. Requires specialized equipment and personnel.

Useful before TAVI to evaluate the aortic annulus and ascending aorta.
Accurate LVOT measurement.

Not useful in uncooperative patients and esophageal disease.
Limited hemodynamic assessment.

Exercise testing

Confirm if a patient with severe AS is truly asymptomatic.
Can be combined with echo for dynamic assessment.

Low negative predictive value if used alone in older patients.
Limited specificity.

Harm in patients with symptomatic severe AS.

Variable protocols and effort dependent.

Dobutamine Stress Echocardiography

Distinguish true vs pseudo-severe AS.
Define severity and assess contractile reserve (Stage D2 AS).

Not safe in patients with symptomatic severe AS.

Does not replicate the hemodynamics of exercise.

Low negative predictive value if used alone in older patients.
Results dependent on LV flow reserve (absent in ~30%).
Operator and protocol dependent.

CT-AVC

Provides an anatomical, flow-independent, reproducible, and quantitative
measurement of valvular calcium.

Prediction and tracking of disease progression.

Helpful when a dobutamine stress test is not feasible or inconclusive
(Stages D2 and D3 AS).

Ionizing radiation.

The unenhanced scan technique provides limited anatomical information.
Fibrotic valve thickening cannot be assessed.

May underestimate the severity in young women with bicuspid AV and
Asians

Difficulty differentiating AV Calcium from other structures.

No direct hemodynamic data
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Visualization of AV and cardiac chambers throughout the cardiac cycle.
Anatomy and morphology of AV and surrounding structures.

Ionizing radiation.
No hemodynamics studies.

ccT High spatial resolution. Availability and cost.
Simple and reproducible. Motion artefacts in patients with a fast heart rate.
No ionizing radiation.
Assess myocardial fibrosis. Length of scan.
Evaluate the AV anatomy and motion. Patient tolerance.
CMR Dynamic blood flow quantification. Limited availability and high cost.
Gold standard for LV function, mass, thickness, and volume assessment. ~ Lower temporal resolution than echo or CT.
Particular value in patients with multi-valvular involvement. Non optimal measurement of anatomic AVA.
Evaluation of associated cardiac amyloidosis. Underestimation of velocities and gradients.
Reproducibility.
22:;2:;:(;:;ilincc;lggi;g(f;r:z&?g. Differences depending on the PET tracer used.
PET/CT High cost and radiation.

Excellent repeatability.
Prediction of disease progression and need for AV replacement.

Limited histologic validation and small studies.

Cardiac Catheterization

Gold-standard for AVA calculation (Gorlin).
Pressure measurements.

Hemodynamic reserve testing.

Clarifies discordant findings.

Invasive procedure.

Contrast and radiation.

Requires specialized equipment and personnel.
Errors of AVA in low flow states.

TTE and TEE, transthoracic and transesophageal echocardiography; AS, aortic stenosis; VHD, valvular heart disease; LV, left ventricle; TAVI, transcatheter aortic valve implantation; LVOT,
left ventricle outflow tract; CT-AVC, computed-tomography aortic valve calcium scoring; AV, aortic valve; CCT, cardiac computed tomography; CMR, cardiac magnetic resonance; AVA,
aortic valve area; PET/CT, positron emission tomography and computed tomography.
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4.1. Qualitative Morphological Assessment

The first step in evaluating aortic stenosis using TTE involves a qualitative assessment of the valve’s morphology.
Two-dimensional (2D) echocardiography provides high-resolution images that allow for the assessment of the aortic
valve’s structure and function. The important features of aortic stenosis include thickening and calcification of the valve
leaflets, particularly at the base and the commissures. These structural changes are indicative of chronic disease and
often correlate with the severity of stenosis. A restricted systolic opening of the valve leaflets is another main finding
in AS. This reduction in valve motion is a result of the accumulation of calcified deposits or fibrosis, which stiffen the
leaflets and impair their ability to open fully during systole. BAVs can appear as eccentric or fused leaflets, often with
an asymmetric opening. The presence of BAV significantly increases the likelihood of developing aortic stenosis at a
younger age, making it crucial to monitor for signs of valve calcification and restriction, along with concomitant aortic
regurgitation. Morphological assessment provides valuable information about the structure of the valve. It may assist
in diagnosing the etiology of AS, particularly in distinguishing between degenerative and congenital forms of the disease;
however, AS severity requires confirmation by quantitative parameters in addition to qualitative parameters [17].

4.2. Doppler Hemodynamics and Velocity Assessment

Once the valve morphology has been assessed, Doppler echocardiography is used to evaluate the hemodynamic
severity of the stenosis. Doppler techniques, including color, continuous-wave and pulsed wave Doppler, are crucial to
use in combination to assess transvalvular flow velocities and pressure gradients, which provide a direct assessment of
the stenosis severity (Figure 1). Color Doppler often aliases, indicating high velocities when AS is significant. A key
hemodynamic parameter measured is the peak transaortic velocity (Vmax). This measurement is taken from multiple
acoustic windows to ensure that the ultrasound beam is aligned parallel to the direction of blood flow, for which the
Pedoff probe can be used as an adjunct. Peak velocity of >4.0 m/s signifies severe AS. The mean transvalvular pressure
gradient is back calculated from the mean gradient using the Bernoulli equation (AP = 4V?). This gradient represents
the difference in pressure across the aortic valve and is another essential measure in grading AS. A mean gradient >40
mmHg supports the diagnosis of severe AS. The pressure gradient provides insight into the degree of resistance to blood
flow through the stenotic valve, which ultimately impacts cardiac output and left ventricular function [18] (Table 2).

Table 2. Echocardiographic parameters in aortic stenosis.

Severe AS Cutoff Strength Limitation
Flow dependent.

i i Strongest predictor of clinical outcome. . .
AS jet velocity >4.0 m/s . Correct measurement. Requires specific
Direct measurement.

alignment.
Averaged from the velocity curve. Flow dependent.
Mean pressure gradient  >40 mmHg Units comparable to invasive measurements. Dependent on accurate velocity data.
More reproducible than peak velocity. Pressure recovery phenomenon.
Relatively flow independent. Requires LVOT diameter and flow velocity
Continuity equation AVA <1.0 cm? Feasible in nearly all patients. data and aortic velocity.
Hemodynamic effective orifice area. Error prone.
Simplified continuity . . Decreased accuracy if atypical velocity
. <1.0 cm? Uses more easily measured velocities.
equation AVA curves.

I d ificity in low BSA iall
ncreased specificity in low (especia yNot valid for the obese.
women).

AVA index <0.6 cm*m? L . . Flow dependent.
Increased sensitivity in high BSA (especially .
Less extensive data than for AVA.

men).

Doppler only method. _ L
e . y L. . Limited longitudinal data.
. . Less variability than the continuity equation. . i
Velocity ratio <0.25 . No information on SV.
No need to measure LVOT size.
. . Flow dependent.
No geometric assumptions.

Flow contraction.

Planimetry of anatomic Flow dependent.
Y <1.0 cm? No Doppler information needed. 5

valve area Difficult with severe valve calcification.
Low reproducibility.
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Energy loss index <0.5-0.6 cm?*/m?

Theoretically closer to the true
hemodynamic burden caused by AS.
Relevant in patients with an aortic diameter

<3 cm.

Complex and prone to errors.
Most patients with AS have an aortic
diameter > 3 cm.

Flow dependent.

Recovered pressure
gradient

Closer to the true hemodynamic burden
caused by AS.

No prospective studies showing a real
advantage.

Global longitudinal strain GLS >—15/-14.7%

Early detection of subclinical LV
dysfunction.

Prognostic marker.

Preload and afterload dependence.
Software variability.
Image quality dependency.

Reproducibility. No direct valve assessment.
LV % Stroke Work Loss >25% Easy to measure. Flow dependent.
Correlation to AVA. Limited longitudinal data.

Valvulo-arterial
. >5 mmHg/mL/m?
impedance

Information integration on arterial bead to

the hemodynamic burden of AS.

Only the steady flow is considered.
No longitudinal prospective studies are
available.

Aortic valve resistance ~ >280 dynes/s/cm’

Flow dependence.
Unrealistic mathematic modeling of
dynamics.

Projected valve area at
>1.0 cm?
normal flow rate

Accounts for the changes in flow during
DSE in low flow low gradient AS.
Improved interpretation of AVA changes.

Clinical impact?
The outcome of low flow AS more related to
LV contractility reserve.

Recommendation for clinical application: appropriate in all patients (yellow), reasonable when additional information is needed in
selected patients (green), not recommended for clinical use (blue). AS, aortic stenosis; AVA, aortic valve area; LVOT, left ventricle
outflow tract; BSA, body surface area; SV, stroke volume; LV, left ventricle; DSE, Dobutamine stress echocardiogram.

Figure 1. Echocardiographic images of aortic sclerosis (A,B) and severe aortic stenosis (C,D). Continuous wave Doppler signal
from both subjects was taken from an apical window. 2D image of sclerotic aortic valve (A) shows focal leaflet thickening with
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mild leaflet restriction of noncoronary cusp during systole. Overall, jet velocity is minimally increased at 2.4 m/s. In contrast, aortic
cusps of the severely stenotic valve are thickened and calcified, with severely restricted leaflet motion during systole (C). This
corresponds to a jet velocity of 4.7 m/s (D) [19].

4.3. Aortic Valve Area (AVA) Estimation

Aortic valve area (AVA) measures the valve’s ability to facilitate blood flow. The AVA can be estimated using
several methods, with the continuity equation being the most used approach. The continuity equation is given by: AVA
=CSALVOT x VTILVOT/VTI AV. In this equation, the cross-sectional area of the left ventricular outflow tract (CSA
LVOT) is calculated from the LVOT diameter, and the velocity-time integral (VTI) of the LVOT and the aortic valve
(VTI AV) using Doppler echocardiography. A small AVA, particularly one less than or equal to 1.0 cm?, is one of the
criteria for severe AS. The continuity equation provides a functional assessment of valve area, and it is highly reliable
for quantifying the severity of stenosis in most patients. Each parameter in the calculation contributes to the error of
this measurement, with the most significant LVOT diameter (which is squared to obtain CSA LVOT). VTI of the LVOT
and aortic valve may be replaced by peak velocity or mean velocity of the LVOT and aortic valve in the continuity
equation. However, in cases where 2D imaging is inadequate, anatomical measurements of the valve orifice may be
attempted using planimetry. While 2D TTE is generally the preferred method for estimating AV A, three-dimensional
imaging techniques such as transesophageal echocardiography (TEE) or computed tomography (CT) provide more
precise measurements and are particularly useful for detailed anatomical assessments. These techniques allow for more
accurate visualization of the true orifice of the valve with the use of multi-planar reconstruction, especially in cases
where 2D imaging is limited due to poor acoustic windows or complex valve anatomy [20]. Three-dimensional
echocardiography allows for en face imaging of the aortic valve, which is particularly helpful in procedural planning
and in cases with complex valve anatomies [2] (Table 2).

4.4. Dimensionless Index (DI) or Velocity Ratio

In some cases, particularly when anatomical data are challenging to obtain or when the LVOT diameter is difficult
to measure, the Dimensionless Index (DI), or velocity ratio, can be used for assessing severity. The DI is calculated by
dividing the velocity-time integral of the LVOT by the VTI of the aortic valve. A DI < 0.25 is strongly suggestive of
severe AS, and this parameter can be particularly useful in cases where technical limitations prevent accurate
measurement of other parameters. The DI does not require direct measurement of the LVOT diameter, making it
especially valuable in challenging cases or when assessing patients with suboptimal imaging conditions [21].

4.5. Integrated Approach to Grading Severity

To accurately grade the severity of aortic stenosis, an integrated approach combining multiple parameters is
essential in accordance with guidelines [1,2]. This approach includes an assessment of valve morphology, peak velocity,
mean pressure gradient, AVA, DI, left ventricular ejection fraction (LVEF) and stroke volume indexed (SVi). Reduced
LVEF is important to identify because its presence, especially if due to AS supports proceeding with valvular
intervention, even if the patient is asymptomatic. An integrated assessment helps resolve discrepancies that may arise
when individual parameters provide conflicting information [1].

4.6. Carotid Arteries Assessment

In patients with AS, carotid ultrasonography offers valuable supplementary information and can be included in
multimodality risk assessment. In addition to identifying carotid plaque and measuring stenosis, which can forecast
concurrent coronary atherosclerosis and direct the treatment of ASCVD worldwide, carotid imaging assesses vascular
stiffness, a factor that is frequently overlooked but contributes to negative outcomes. Early research supported the use
of carotid disease burden as a non-invasive indicator of systemic atherosclerosis by showing a correlation between it
and the severity of AS and the chance of significant coronary artery disease [22]. More recent data support that Doppler-
derived vascular stiffness indices such as resistive index (RI) and pulsatility index (PI) have prognostic value: elevated
RI (OR 1.25,95% CI 1.13-1.37) and PI (OR 1.21, 95% CI 1.10-1.34) are associated with worsening heart failure and
major adverse cardiac and cerebral events (MACCE) in patients with AS [23]. These emphasize the potential of carotid
ultrasonography not only for identifying concomitant atherosclerotic disease but also for refining risk stratification by
capturing systemic vascular remodeling that accelerates symptomatic deterioration in AS.
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5. Transesophageal Echocardiography

Transesophageal echocardiography (TEE) is a valuable complementary imaging modality which aids both
qualitative and quantitative assessments of native AS by providing high-resolution, real-time data. TEE contributes
essential diagnostic information to guide clinical decision-making [1,24]. By offering superior spatial resolution
compared to TTE, it enables detailed visualization of valve calcification, morphology, and commissural integrity [25].
In clinical settings, TEE is particularly useful during preoperative evaluations, especially in patients scheduled for
procedures such as aortic valve replacement or repair, where a precise anatomical understanding of the valve complex
is essential.

Quantitative evaluation of aortic stenosis using TEE incorporates Doppler-derived measurements. Two major
components of this assessment include transaortic velocities and the calculation of AV A using the continuity equation.
The double-envelope (DE) technique allows for simultaneous acquisition of velocities in the left ventricular outflow
tract (LVOT) and across the aortic valve (AV), thereby reducing beat-to-beat variability. A prospective study in a cohort
of 75 surgical patients validated the DE/TEE method by comparing the intraoperative AVA measurements with
preoperative assessments derived by both the Gorlin equation (G/CATH) and TTE using the traditional continuity
equation (C/TTE). DE/TEE was successfully performed in 97% of patients, demonstrating its applicability in most
clinical scenarios. The DE/TEE method showed excellent concordance with G/CATH (mean bias of 0.02 cm?) and with
C/TTE (mean bias of —0.05 cm?), indicating the accuracy of the continuity equation when applied via TEE. By acquiring
simultaneous velocity measurements from two different cardiac regions, the DE/TEE method minimizes errors
associated with beat-to-beat variation in stroke volume [24]. This underscores that the functional assessment of AVA
by the continuity equation using DE/TEE is both feasible and reliable in the intraoperative setting.

For an anatomical determination of the aortic valve area, planimetry involves direct tracing of the aortic orifice.
TEE provides high spatial resolution images that facilitate the accurate identification of the valve edges. However, the
feasibility and accuracy of planimetry by TEE (PL/TEE) have been noted to be inferior compared to Doppler-based
methods, with its use successful in only 76% of patients, highlighting the challenges associated with obtaining optimal
imaging planes consistently. Its agreement with preoperative measurements was less robust than that of the DE/TEE
method. The mean bias for AVA using PL/TEE was —0.07 cm* compared with G/CATH and —0.13 cm? compared with
C/TTE, suggesting a potential underestimation of the AVA. While planimetry remains an important anatomical tool, its
application should be considered complementary to Doppler-based techniques.

Advancements in three-dimensional (3D) transesophageal echocardiography have further refined the assessment
of aortic stenosis by overcoming some limitations of 2D imaging. 3D TEE provides a volumetric dataset that allows for
optimal cross-sectional imaging of the aortic valve, thereby enhancing the accuracy of anatomical measurements
without being restricted to a single imaging plane. This helps in accurately determining the minimal orifice area without
the risk of overestimation resulting from suboptimal cut-plane selection. 3D TEE has also demonstrated a reduction in
image acquisition time, along with reduced dependence on the operator’s ability to select an optimal imaging plane, a
critical factor in the reliability of planimetric AVA measurements. The geometric AVA measured by 3D techniques
was consistently found to be smaller and more accurate than that measured via 2D TEE [26]. These findings confirm
that 3D imaging significantly improves the diagnostic performance of TEE when estimating the anatomical dimensions
of the aortic valve; however, 3D TEE measurements are smaller, on average, than CT measurements [27]. Comparative
analysis between TEE, transthoracic echocardiography (TTE), and cardiac catheterization (G/CATH) is crucial for
contextualizing the clinical utility of TEE in AS assessment. TEE provides superior image resolution compared to TTE,
although it may overestimate transaortic gradients and velocities. TEE is favored in situations requiring detailed
anatomical assessments. The DE/TEE technique has shown excellent agreement with G/CATH values, with minimal
mean bias, thereby establishing TEE as a viable non-invasive alternative for intraoperative and preoperative evaluations
(Tables 1 and 3).

Table 3. Guideline indications and recommendations for imaging in AS.

Test Indication Guideline Reference
TTE Initial diagnosis, quantification, LV function, wall thickness, Class I in ACC/AHA and ESC
and follow-up. guidelines.

TTE images are suboptimal or discordant with the clinical
TEE presentation.
Procedural planning before TAVI (detailed valve morphology).

Recommended if TTE is non-
diagnostic or discordant (ASE).
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. . Discrepancy between clinical and echo results. Only if the non-invasive
Cardiac Catheterization . S .
Measurement of Stage D3 AS severity. evaluation is inconclusive.
Inadequate TTE. If echo and/or CT are inadequate.

TAVI planning (contraindications to CT)

Second line when unable to assess LVOT, AV and aorta due to
poor acoustic windows and when CT is contraindicated.

Third line imaging technique to assess AS severity after echo
and CT.

Assess myocardial fibrosis.

CMR

Class Ila-IIb in HAVEC

Measurement of Stage D3 AS severity. S
guidelines.

Cardiac amyloidosis suspicion.

Confirm the absence of symptoms and study physiological
changes with exercise in Stage C1 AS patients.

Exercise testing Assess symptoms and valve hemodynamics in Stage C2 AS.
Unmask the objective occurrence of symptoms in patients who
claim to be asymptomatic.

Class I in HAVEC guidelines.

Class Ila in HAVEC guidelines.

Class I in ACC/AHA and ESC
guidelines.

Distinguish between severe and pseudo-severe Stage D3 AS. Class Ila in HAVEC guidelines.
Distinction between severe and pseudo-severe Stage D3 AS.  Class I in HAVEC guidelines.

) Define severity and assess contractile reserve in Stage D2 AS.
Dobutamine stress test

Distinction between severe and pseudo-severe Stage D2 AS

CCT . Class Ila in HAVEC guidelines.
with no flow reserve.
Procedural planning before TAVI
Recommended by ESC and
- . .. AHA/ACC to clarify A it
Further define severity in AS (Stages D2 and D3), especially if / .CC o clarify AS severity
. .. i when discordant
the Dobutamine stress test is inconclusive. . .
echocardiographic assessments
CT-AVC

remain inconclusive.
Further direct clinical management of patients with discordant
echocardiographic grading.

Prediction and tracking of disease progression.

Prognostic implications in Stage C1 AS.
PET/CT Prediction and tracking of disease progression. Class IIb in HAVEC guidelines.

Investigational applications.
ACC, American College of Cardiology; AHA, American Heart Association; ESC, European Society of Cardiology; HAVEC, Viewpoint
of the Heart Valve Clinic International Database; ASE, American Society of Echocardiography; TTE and TEE, transthoracic and
transesophageal echocardiography; AS, aortic stenosis; LV, left ventricle; TAVI, transcatheter aortic valve implantation, LVOT, left
ventricle outflow tract; CT-AVC, computed-tomography aortic valve calcium scoring; AV, aortic valve; CCT, cardiac computed
tomography; CMR, cardiac magnetic resonance; PET/CT, positron emission tomography and computed tomography.

6. Classification of Low-Gradient Aortic Stenosis

An important scenario with discrepant findings is the low-gradient severe AS scenario, whereby although AVA is
<1.0 cm?, mean gradient and peak velocity across the aortic valve are <40 mmHg and <4.0 m/s, respectively. LVEF
and SVi are important in this setting to classify as classification low-flow low-gradient AS (when LVEF < 50% and
SVi < 35 mL/m?), paradoxical low-flow low-gradient AS (LVEF > 50% but SVi < 35 mL/m?), and normal flow low-
gradient AS (LVEF > 50%, SVi > 35 mL/m?) [28]. In these settings, further evaluation with dobutamine stress
echocardiography and/or gated non-contrast computed tomography to quantify aortic valve calcium score is indicated.
Furthermore, serial surveillance of AS parameters by TTE is important, as a rapid increase may also support proceeding
with aortic valve intervention [1,2].

Low-gradient severe AS is a complex and heterogeneous condition that can arise in the setting of either reduced
or preserved LV function. In patients with low flow, low gradient AS and impaired LV systolic function (ejection
fraction < 40%), the central challenge lies in differentiating true severe AS from pseudo-severe AS. True severe AS
occurs when valve obstruction is the primary driver, with the small fixed AVA (<1.0 cm?) leading to increased afterload,
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reduced stroke volume, and secondary LV dysfunction [29,30]. By contrast, pseudo-severe AS is primarily due to
underlying myocardial disease, where reduced contractility limits valve opening, giving the false impression of severe
obstruction. Both present with similar hemodynamic findings at rest, but treatment implications differ significantly.
Patients with true severe AS derive substantial benefit from valve replacement, while those with pseudo-severe AS do
not. Accurate classification is therefore essential, as prognosis and therapeutic strategies diverge sharply between the
two groups. The Truly or Pseudo-Severe Aortic Stenosis (TOPAS) study further refined this distinction by introducing
the projected AVA at standardized flow, with values <1.0 cm? indicating true severe disease [31].

Another important subgroup is paradoxical low-flow, low-gradient AS in patients with preserved LV ejection
fraction. This form of AS is characterized by reduced stroke volume index (<35 mL/m?) despite normal systolic function,
and is closely associated with concentric LV remodelling, a small ventricular cavity, impaired filling, increased arterial
load, and the presence of myocardial fibrosis [32]. These structural and functional abnormalities lead to reduced forward
flow and diminished transvalvular gradients, creating diagnostic uncertainty when the valve area is <1.0 cm?. In this
group, reliance on conventional Doppler indices alone may underestimate disease severity, so adjunctive hemodynamic
measures are often required. Valvulo-arterial impedance (ZVA), which integrates valvular and arterial load, provides
insight into global LV afterload, with values >4.5 mmHg/mL/m?* suggesting severe disease [33]. Similarly, the energy
loss index (ELI), which accounts for pressure recovery in the ascending aorta, offers a refined estimate of net
hemodynamic burden, with values <0.6 cm*m? indicating severe AS [34]. These additional parameters are particularly
valuable in borderline or discordant cases, helping to identify patients with true hemodynamically significant disease
who are most likely to benefit from aortic valve intervention.

7. Exercise Stress Echocardiography

Exercise stress echocardiography is mainly utilized in evaluating patients with asymptomatic severe AS with
preserved ejection fraction. In this scenario, other modalities like TTE have already identified severe AS; however,
there are no strong indications for valvular intervention because the patient has no symptoms and LVEF normal [1,2].
Sometimes patients don’t report symptoms because they are sedentary and do not undertake regular strenuous exercises,
especially elderly patients. Exercise stress echocardiography can firstly evaluate exercise capacity in terms of exercise
time, depending on protocol and metabolic equivalents, and monitor these over time for deterioration, along with the
development of symptoms and abnormal ECG changes. It can also assess the hemodynamic response to exercise blood
pressure, where blood pressure and heart rate are expected to increase. Furthermore, left ventricle contractile function,
which does not accentuate with exercise (unchanged or deteriorates), can be present in worsening aortic stenosis and
myocardial damage. Patients who develop pulmonary hypertension (systolic pulmonary artery pressure >60 mmHg)
during exercise have demonstrated poorer survival rates [35]. Impaired exercise capacity, abnormal hemodynamic
response (especially if a fall in blood pressure with exercise) and contractile reserve are also supporting indications for
asymptomatic AS to proceed with valve intervention [1,2] (Tables 1 and 3).

8. Dobutamine Stress Echocardiography

Dobutamine stress echocardiography is recommended for patients with low-flow, low-gradient AS, with a class
IIa recommendation and a level of evidence B, provided it is performed in specialized centers with experience in
pharmacological stress testing. It is most useful in the setting of low-gradient aortic stenosis (AVA < 1.0 cm?) and mean
gradient >40 mmHg but with low flow (ie either classical or paradoxical low-gradient AS). In classical low-flow low-
gradient AS where LVEF is also <50%, DSE can assess for contractile reserve (if there is >20% increase in SVi with
moderate dobutamine dose), and at this level, whether the mean gradient across the aortic valve exceeds 40 mmHg
while AVA stays below 1.0 cm’>—if yes, then confirms severe AS, and if not, likely moderate AS [1] (Tables 1 and 3).

9. Cardiac Computed Tomography (CT)

Cardiac computed tomography (CT) has become an essential tool in the evaluation of native aortic stenosis (AS),
offering critical insights that complement and often enhance traditional echocardiography. One of its key applications
is aortic valve calcium scoring, where the Agatston method is used on non contrast, electrocardiogram (ECG)-gated
scans to quantify the extent of calcification (Figure 2). Thresholds of >1300 Agatston units (AU) in women and >2000
AU in men are typically used to define severe AS [36,37]. This approach is particularly valuable when
echocardiographic findings, such as aortic valve area (AVA) and pressure gradients, are discordant. In such cases, CT
calcium scoring has demonstrated good diagnostic performance, with a sensitivity of 82% and specificity of 78% for
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detecting severe AS [37,38]. Moreover, higher calcium scores are strongly associated with disease progression and
worse outcomes, with a hazard ratio of 2.11 for mortality [36,38].

CT also plays a pivotal role in anatomical assessment through contrast-enhanced CT angiography (CTA). Direct
planimetric measurement of the AVA at the leaflet tips during systole often yields slightly larger values compared to
echocardiographic estimates, largely due to more accurate assessment of the left ventricular outflow tract (LVOT) area.
On average, CT-derived AVA measurements are about 0.6 cm” larger than those obtained by echocardiography. A
hybrid approach that combining CT-derived LVOT area with Doppler velocities improves correlation with disease
severity (» = 0.88) compared with echocardiography alone (» = 0.65). This method is especially useful in patients with
bicuspid aortic valves, where CT can better define valve morphology and detect associated aortic abnormalities [39].

In the context of transcatheter aortic valve replacement (TAVR) planning, CTA is indispensable. It provides
detailed information on aortic annular dimensions (mean diameter, perimeter), coronary ostial height, aortic root
anatomy, and valve sizing [37,39]. ECG-gated CTA acquisitions (typically at 120 kV and 0.35-0.5 s rotation times) are
tailored to capture systolic dimensions, which are essential for accurate valve selection. Protocols usually extend from
the thoracic outlet to the proximal thighs to comprehensively evaluate access vessels [39]. Beyond calcification, CT
also allows for assessment of fibrocalcific leaflet thickening, capturing fibrotic changes that are more prevalent in
women and younger patients, an important feature that calcium scoring alone may miss [36]. CT is also critical for
evaluating chest anatomy before cardiac surgery, thoracoabdominal aorta dimensions and pathology (for example, aortic
root or ascending aortic aneurysm would favor surgery over TAVR to concomitantly treat aortic disease), peripheral
vascular access, especially iliofemoral and carotid/subclavian arteries, and coronary heart disease.

Despite its strengths, CT is not without limitations. Compared to echocardiography, it involves higher radiation
exposure and often requires heart rate control to optimize image quality during gated studies. Nonetheless, the
comprehensive anatomical and functional information it provides, including calcification burden, valve anatomy, and
TAVR planning parameters, makes cardiac CT a cornerstone in the modern evaluation of aortic stenosis, particularly
in complex cases where echocardiographic findings are inconclusive (Tables 1 and 3).

Figure 2. Non-enhanced CT of severe aortic valve calcification. Heavy aortic valve calcification burden seen in (A) the axial and
(B) reformatted plane of the aortic valve, associated with (C) severe thoracic aorta, (D,E) mitral valve and (E,F) coronary artery
calcifications.
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10. Cardiac Magnetic Resonance (CMR)

CMR offers a robust, radiation-free, and highly reproducible imaging modality that complements
echocardiography in the assessment of aortic stenosis (AS), particularly in cases where echocardiographic findings are
inconclusive. In addition to its utility in valve assessment, CMR is currently the gold standard for non-invasive
myocardial tissue characterization, supporting a growing myocardial-centered approach to valvular heart disease
evaluation and management [40].

CMR enables detailed visualization of aortic valve morphology through high spatial and temporal resolution,
providing excellent contrast between blood and valve leaflets. Cine imaging using balanced steady-state free precession
(bSSFP) sequences allows accurate evaluation of valve structure, leaflet number, and bicuspid morphology [41].
Kupfahl et al. found that among CMR, TTE, and transoesophageal echocardiography, CMR planimetry had the highest
sensitivity and specificity when validated against cardiac catheterization. However, anatomical planimetry has
limitations in cases where the AVA falls between 1.0 and 1.5 cm?, due to inherent differences between the anatomical
area (assessed by planimetry) and the functional area (derived from flow-based techniques). Moreover, arrhythmias and
the comparatively lower temporal resolution of CMR may hinder the precise identification of the smallest AVA during
the cardiac cycle [42].

Velocity-encoded phase-contrast CMR (PC-CMR) allows for direct quantification of blood flow across the aortic
valve. Using the continuity equation, AVA can be estimated by integrating peak flow velocities at the valve and the left
ventricular outflow tract (LVOT), along with planimetric measurements of LVOT area [43], offering an advantage over
echocardiography, which assumes a circular LVOT geometry. Alternatively, pressure gradients across the stenotic valve
can be estimated using the Bernoulli equation. 2D PC-CMR has shown good agreement with echocardiography for
pressure gradient assessment and provides detailed flow data, including peak velocity, forward and regurgitant flow [44].
However, limitations such as velocity aliasing, misalignment of the imaging plane, suboptimal temporal resolution, and
post-processing artifacts can affect accuracy [45]. To address these issues, 4D flow CMR has emerged as a powerful tool,
capturing three-dimensional velocity fields across the cardiac cycle. Unlike 2D methods, 4D flow does not require
alignment perpendicular to the flow jet, facilitating detection of the highest velocity and offering superior assessment of
peak-flow velocity and global hemodynamics [46]. In subsets of patients with discordant echocardiographic findings, 4D
flow CMR has demonstrated high diagnostic accuracy [47]. Several studies have also shown that 4D flow CMR offers
excellent spatial and temporal reproducibility and yields superior measurements of peak aortic valve velocities and blood
flow parameters compared to 2D PC-CMR [48]. Nonetheless, this technique is limited by long acquisition times, large
data storage requirements, respiratory motion artifacts, and the need for advanced software for data analysis [46].

Beyond diagnostic evaluation, CMR-derived tissue characterization carries major prognostic value in AS. Late
gadolinium enhancement (LGE) identifies focal replacement (often midwall) fibrosis (Figure 3), an irreversible injury
pattern, whose presence independently predicts mortality beyond valve severity and LVEF; in a multicenter cohort,
midwall LGE remained an independent predictor of all-cause death and added incremental risk-stratification value [49].
Quantitative T1-mapping indices of diffuse interstitial fibrosis (native T1 and extracellular volume fraction, ECV)
capture earlier myocardial disease; in an international multicenter JACC study, higher ECV showed stepwise increases
in mortality across tertiles and was independently associated with all-cause mortality after adjustment for age, sex,
LVEF, and LGE [50]. Together, LGE (presence/extent) and elevated ECV provide complementary, incremental
prognostic information beyond conventional hemodynamic indices, inform timing of intervention, and help anticipate
reverse remodeling after AVR.

CMR is also valuable for evaluating the aortic root and annular dimensions, particularly in patients being
considered for TAVR. It provides high-resolution three-dimensional images without exposing patients to ionizing
radiation or nephrotoxic contrast agents. Although contrast-enhanced computed tomography (CCT) is commonly used
due to its excellent spatial resolution, rapid acquisition time, and detailed 3D reconstructions, CMR offers an attractive
alternative, especially in patients with chronic kidney disease. Studies have demonstrated good agreement between
CMR and computed tomography for aortic root measurements, supporting its use in preprocedural planning and
prosthesis sizing [2].

Myocardial remodeling is a critical determinant of outcomes in AS, and CMR is the reference standard for chamber
size and function quantification [51]. CMR is uniquely positioned to characterize myocardial fibrosis and can detect
both focal replacement fibrosis and diffuse interstitial fibrosis-findings that have been histopathologically confirmed in
patients with AS- through LGE and T1 mapping techniques, respectively [49]. LGE imaging detects focal fibrosis,
which reflects irreversible myocardial injury and correlates with adverse outcomes. Several studies have shown that the
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presence of myocardial scar, regardless of pattern, is independently associated with increased mortality post-valve
replacement. For instance, the large multicenter study by Musa et al. involving 674 patients demonstrated a two-fold
increase in all-cause mortality in patients with LGE-detected fibrosis [51]. T1 mapping and extracellular volume (ECV)
quantification allow assessment of diffuse fibrosis, often preceding visible scarring. Elevated native T1 and ECV values
have been linked to poor prognosis, even in the absence of LGE [52]. These metrics may identify early stages of
myocardial decompensation, where timely intervention could potentially reverse adverse remodeling. Hwang et al.
showed that native T1 values improved post-valve replacement, aligning with reductions in LV mass and functional
recovery, while persistently elevated T1 values were associated with worse outcomes [53]. ECV has also emerged as a
strong predictor of prognosis, often outperforming LGE [52]. Chin et al. highlighted a stepwise increase in mortality
risk from normal myocardium to diffuse, then focal fibrosis, supporting the potential utility of CMR-based myocardial
assessment for risk stratification [54]. While the definitive role of these markers in guiding the timing of intervention
remains under investigation, current evidence supports their use in asymptomatic severe AS cases who do not fulfill the
guideline recommended criteria for intervention and for symptomatic patients proved to have nonsevere or moderate
AS to obtain a better understanding of the AS related cardiac damage (Tables 1 and 3).

Figure 3. CMR evaluation of aortic stenosis: (A) planimetry of aortic valve (red line); (B) measurement of IVS (red line) and PW
thickening (green line), showing asymmetric hypertrophy of the IVS; (C) assessment of thoracic aorta (asterisk); (D) mid-wall LGE
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of the IVS (white arrow). CMR: cardiovascular magnetic resonance; IVS: interventricular septum; PW: left ventricle posterolateral
wall; LGE: late gadolinium enhancement.

11. Positron Emission Tomography

Positron emission tomography (PET), particularly when combined with computed tomography (CT), offers
valuable insights into inflammation and calcification processes in cardiovascular diseases. Hybrid imaging with
PET/CT and PET/MR integrates anatomical (CT/MR) and molecular (PET) techniques for comprehensive assessment
of aortic stenosis. PET evaluates disease activity, complementing structural imaging. Two tracers are prominent: 18F-
FDG, a marker of inflammation reflecting macrophage activity (» = 0.85 with histologic CD68 staining), and 18F-
fluoride, which targets developing microcalcification distinct from CT-detected macrocalcification [55].

PET/CT and PET/MRI are emerging as vital tools in the comprehensive evaluation of Aortic Stenosis (AS),
combining anatomical imaging with molecular insights. While CT and MRI provide detailed views of the aortic valve
and myocardium, PET utilizes tracers like 18F-fluorodeoxyglucose (18F-FDG) and 18F-sodium fluoride (18F-NaF) to
highlight active inflammation and calcification. 18F-FDG detects inflammation by targeting glucose-dependent
macrophages in inflamed tissues, although its diagnostic value in AS is limited due to physiological uptake in the
myocardium and poor specificity. In contrast, 18F-NaF is highly effective in detecting valve calcification, correlating
closely with AS severity and progression. Its ability to identify early microcalcifications aids in early diagnosis and
predicting adverse outcomes. PET/MRI offers superior tissue characterization and reduced radiation exposure compared
to PET/CT, but its clinical use in AS is hindered by high costs, limited availability, and technical challenges. Further
development is needed to enhance its clinical applicability in AS assessment [56] (Tables 1 and 3).

11.1. I8F-FDG PET/CT in Aortic Stenosis

The use of 18F-FDG PET/CT in aortic stenosis (AS) has been explored in several studies (Figure 4), with initial
work by Marincheva-Sancheva in 2011 showing increased valvular uptake in AS patients compared to controls,
particularly in mild and moderate stages. This study found a significant correlation between increased uptake and
disease progression, with patients having high 18F-FDG uptake more likely to experience progression of AS [57].
Subsequent studies confirmed the feasibility and reproducibility of PET/CT imaging in AS, with 18F-NaF
demonstrating a stronger correlation to AS severity than 18F-FDG [58]. A prospective study showed that 18F-NaF
uptake was highest in severe AS cases, and both 18F-NaF and 18F-FDG predicted disease progression and adverse
outcomes, with both being independent predictors of cardiovascular events and aortic valve replacement (AVR) [59].
Further research has identified potential therapeutic targets, such as lipoprotein(a) (Lp(a)) and oxidized phospholipids
(OxPL), with higher 18F-NaF uptake in patients with elevated Lp(a), suggesting that targeting these pathways may slow
AS progression [60]. Additionally, 18F-NaF PET/CT has shown promise in evaluating bioprosthetic valve degeneration,
correlating well with histological changes and predicting valve dysfunction [61]. Ongoing trials, such as SALTIRE 2,
are using 18F-NaF to assess the impact of therapies like denosumab and alendronate on valvular calcification. While
CT calcium scoring provides similar predictive value, advancements in PET/CT technology may improve its clinical
utility, particularly for bioprosthetic valves.

In a cohort of asymptomatic patients with calcific aortic stenosis (AS), PET/CT imaging demonstrated that valvular
18F-NaF uptake was associated with AS severity in tricuspid aortic valve (TAV) patients and selectively in women
with bicuspid aortic valve (BAV). In contrast, 18F-FDG uptake showed no consistent relationship with disease severity
in either group. On follow-up, higher 18F-NaF activity and baseline valve velocity predicted AS progression in TAV,
whereas in BAV, age and valve velocity were the strongest predictors. These findings highlight 18F-NaF PET/CT as a
promising tool for assessing disease activity and progression in TAV, with limited prognostic value for 18F-FDG [61].
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SNR: 23.58 SNR: 40.52 SNR: 59.90
TBR: 3.27 TBR: 2.95 TBR: 4.43

Figure 4. Fused 18F-fluoride PET/contrast-enhanced MR angiograms of aortic valve of 60-y-old man with aortic stenosis. Shown
are original diastolic gate (A), summed image (B), and motion-corrected image (C) with focal 18F-fluoride uptake (arrows).

11.2. PET/MR in Aortic Stenosis

PET/MR is an emerging imaging technique that combines high-resolution MRI with sensitive PET molecular
imaging, offering advantages such as superior tissue characterization, motion correction, and reduced radiation exposure.
However, its clinical adoption remains limited due to the high cost and technical challenges, particularly in cardiac
applications. Notably, PET/MR employs a different method for attenuation correction, based on proton density, with
some limitations in cardiac studies due to motion artifacts and mis-segmentation. Despite these challenges, PET/MR
has shown promise in assessing aortic stenosis, with early studies by Doris et al. demonstrating increased 18F-fluoride
uptake and improved signal-to-noise ratios in the aortic valve region [62]. Additionally, PET/MR has been used to
assess myocardial infarction and inflammatory heart diseases like sarcoidosis, myocarditis, and endocarditis, as well as
to differentiate subtypes of cardiac amyloid [63]. The technique has particular promise for assessing chronic conditions
like bicuspid aortic valve disease, given its reduced radiation exposure, which is important for younger patients.
PET/MR is being explored as a tool in trials like BASIK?2 to evaluate the effect of vitamin K2 on valvular calcification
in patients with bicuspid aortic valve disease [64]. Furthermore, a validation study comparing PET/CT and PET/MR in
coronary artery disease and aortic stenosis is underway to determine if PET/MR can provide comparable results to
PET/CT. Ongoing studies may establish PET/MR’s role in enhancing our understanding of the temporal relationship
between inflammation, fibrosis, and calcification in aortic stenosis.

12. Challenges and Future Perspectives

A number of methods are being developed to improve the management of patients with native AS. These methods
focus mainly on three areas: initial diagnosis and screening, understanding the underlying pathophysiology, and
assessing the valve. The development of handheld echo and even smartphone-associated probes, which can be
associated with Artificial Intelligence (Al), can help primary care physicians and even the patients themselves in the
screening of AS. Some Al software is being developed to detect AS on the ECG [65]. In addition, some markers are
being developed to identify various stages in the pathophysiology of AS. By identifying these stages, novel therapies,
including medications and interventions treatments can be developed to improve AS management [4]. The follow-up
of people with AS is routinely done by TTE. With the development of therapies that target valve calcification and
fibrosis, contrast CT assessment may be considered to study the effectiveness of these therapies, especially in phase 2
of clinical trials [66].

An increase in the use of Al is happening not only in the diagnosis, as stated earlier, but also in the management
of AS. It has high accuracy in the analysis of echo parameters, resolving discrepancies in the assessment of the severity
of AS; Al models have been trained to estimate AVA without relying on error-prone LVOT measurements. It can also
reduce treatment initiation, misdiagnoses, and healthcare costs. Machine learning tools also help predict the progression
of mild-to-moderate AS, optimizing follow-up timing and reducing unnecessary echocardiograms. Additionally, it can
classify patients into risk groups and predict their outcome and prognosis in a way that can be better than traditional
predicting methods [67].
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Although PET/CT imaging faces several limitations, including radiation exposure, high costs, limited accessibility,
and susceptibility to motion artifacts that compromise resolution in small cardiac structures such as coronary arteries
and valve leaflets [68], it has increasingly demonstrated promise in the evaluation of valvular heart disease, particularly
through 18F-NaF tracers. Early work established that 18F-NaF uptake strongly correlates with disease severity in AVS,
distinguishing patients with active calcification from those without calcium deposits, and aligning with both
echocardiographic markers of dysfunction and histological evidence of active mineralization [69]. More recent studies
have confirmed its prognostic value, showing that higher 18F-NaF uptake predicts progression of aortic and mitral valve
calcification, future deterioration in hemodynamics, and eventual need for valve replacement [70], with particularly
strong associations observed in individuals with elevated lipoprotein(a) (Lp(a)) and oxidized phospholipid levels [71].

Some new evidence shows that Lp(a), due to its high concentration of OxPL, contributes to calcific AS. OxPL
promote microcalcification, inflammation, and osteogenic differentiation of the valve cells. There is a consistent
association between high Lp(a) levels and greater 18F-NaF PET uptake, and with faster hemodynamic progression of
AS. Genetic studies support even further that Lp(a) is a genetic driver of AS and not simply a marker of disease
progression. Even though no therapy with valve-specific benefits has been approved, novel antisense and siRNA-based
Lp(a)-lowering agents have been shown to achieve 80-95% reductions in circulating Lp(a) which makes these agents
promising candidates for future trials. With this, Lp(a) testing may help in risk stratification of patients, especially
younger ones or those with rapidly progressive disease, and could help guide selection of targeted therapies aimed at
slowing disease progression [60]. Importantly, 18F-NaF PET/CT has also been shown to identify early bioprosthetic
valve degeneration before changes in valve function occur [72], providing a non-invasive method for surveillance of
both surgical and transcatheter prostheses. Sex- and phenotype-specific differences have also emerged, with uptake
predicting progression in tricuspid valve disease, especially in women, but not consistently in bicuspid AVS [61],
highlighting the need for further stratified analyses. Beyond risk prediction, the modality is now being incorporated into
interventional trials. Although the SALTIRE II study found no benefit of osteoporosis drugs on slowing calcific
progression [73], and the BASIK? trial of vitamin K2 is ongoing [64], these investigations demonstrate the growing
role of 18F-NaF PET/CT as both a surrogate marker of therapeutic response and a potential endpoint for drug
development. Together, these findings suggest that despite its practical constraints, 18F-NaF PET/CT holds substantial
promise as a future tool for early detection, risk stratification, and therapeutic monitoring in calcific valvular heart
disease, offering a precision medicine approach that could transform clinical management once effective disease-
modifying therapies emerge.

13. Conclusions

Native aortic stenosis is a progressive valvular disease with significant clinical consequences if left untreated.
Timely and accurate assessment is critical for identifying disease severity, guiding intervention, and improving patient
outcomes. While echocardiography remains the first-line modality, integrating advanced imaging techniques—such as
computed tomography and cardiac magnetic resonance—offers complementary insights into valve anatomy,
calcification, left ventricular remodeling, and myocardial fibrosis. These modalities enhance the diagnostic precision of
AS and its phenotypes, including discordant and low-flow, low-gradient or discordant cases, and help optimize the
timing of valve intervention. A multimodality imaging approach allows for a more comprehensive evaluation of the
complex pathophysiology of AS and facilitates individualized patient care. As imaging technology continues to evolve,
future research should focus on standardizing imaging criteria, validating novel imaging biomarkers, and integrating
artificial intelligence tools to support clinical decision-making. Incorporating multimodal imaging into routine clinical
practice represents a pivotal step in the contemporary management of patients with native aortic stenosis to improve
their clinical outcomes.
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