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Abstract: Aortic stenosis is the most common heart valve disease necessitating surgical or percuta-
neous intervention. Imaging has a central role for the initial diagnostic work-up, the follow-up and
the selection of the optimal timing and type of intervention. Referral for aortic valve replacement is
currently driven by the severity and by the presence of aortic stenosis-related symptoms or signs of
left ventricular systolic dysfunction. This review aims to provide an update of the imaging techniques
and seeks to highlight a practical approach to help clinical decision making.
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1. Introduction

Aortic valve stenosis (AS) is the most common heart valve lesion. The main etiologic
forms of AS are rheumatic, degenerative and congenital. The common pathways of
progressive valvular fibrosis and calcification lead to progressive thickening of the cusps
with narrowing of the valve orifice and a left ventricular (LV) remodeling response [1].

Transthoracic echocardiography (TTE) remains the cornerstone of the severe AS def-
inition, based on aortic valve area (AVA) < 1.0 cm2 or AVA indexed to body surface
area—BSA—(AVAi) < 0.6 cm2/m2 and the trans-valvular pressure mean gradient (TPG) ≥
40 mm Hg or peak aortic jet velocity (Vmax) ≥ 4 m/s [2]. Some patients with severe AS on
the basis of AVA have a relatively low gradient despite a preserved left ventricular ejection
fraction (LVEF) [3,4]. This situation raises uncertainty about the true severity of AS and the
need for treatment [5]. Current guidelines suggest that the timing of aortic valve replace-
ment (AVR) is dependent on the development of symptoms or reduction in LVEF [6,7].
Multimodality imaging techniques, such as computed tomography (CT), cardiovascu-
lar magnetic resonance (CMR) and positron emission tomography (PET), individualize
management strategies in order to optimize the timing and choice of intervention.

The purpose of this review is to illustrate the imaging methods available today to
assess the presence and severity of AS.
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2. Echocardiographic Diagnosis and Pitfalls

TTE is a widely available, non-invasive and reliable technique which provides infor-
mation on the severity of valve stenosis and its structural and functional impact on up-
and down-stream cardiac structures.

2.1. Transvalvular Pressure Gradients

TPG is calculated starting from the velocity-time integral (VTI) of the envelope of the
spectrum derived from the continuous Doppler from which the transvalvular antegrade
velocity is estimated. It represents the maximum instantaneous gradient (that should not
be confused with the so-called “peak-to-peak” gradient obtained during cardiac catheter-
ization) obtained by measuring the peak pre- and post-stenotic Doppler velocities and
applying the simplified Bernoulli equation. It was derived from the principle of conser-
vation energy and is valid only for steady flows without viscous losses in one dimension.
This modified version of the Bernoulli equation assumes a LV outflow tract (LVOT) ve-
locity < 1 m/s and is valid only if the diameter of the sino-tubular junction is more than
30 mm [8]. While presenting, in fact, a linear correlation with catheter-measured values of
TPG, it proved to be highly prone to errors in the presence of increased LVOT velocities
and relevant pressure recovery (conversion of kinetic energy within the AS narrowing into
pressure energy in the aortic root and the ascending aorta) resulting in overestimation.
The effect of pressure recovery is particularly relevant in the case of low turbulence of
the transvalvular flow and small size of the aortic root (justifying the difference between
the TPG measured on the echocardiogram compared to that detected in the cath-lab) [9].
Furthermore, LVOT velocity cannot be assumed to be negligible in high output conditions
such as aortic insufficiency, anemia, fever, thyrotoxicosis, arterio-venous fistula and Paget
disease or when there is concomitant sub-valvular obstruction. In such cases, increased
transvalvular flow can also be observed in patients with moderate AS. The consequence is
that this method of calculating the TPG can be considered reliable only in case of severe
stenosis and is inaccurate when AS is mild or moderate, even because the contribution of
pressure recovery is more important in these cases. On the other hand, low flow conditions
in which there is a reduction in LV SV and LV function can lead to an underestimation of the
severity of AS by evaluating only Vmax and TPG. Hypertension contributes to the already
increased afterload of AS and affects its evaluation because it may cause the underestima-
tion of TPG [10]. In these cases, it is necessary to treat hypertension in order to reduce
the double load that the LV faces during its ejection phase, defined as the valvulo-arterial
impedance.

Finally, TPG is not able to represent the effective AVA in the presence of a variation
of the LVEF in the same patient or following the positive inotropic stimulus during the
dobutamine stress echocardiography (DSE), thus overestimating it. On the other hand, in
patients with pseudo-stenosis, during DSE, the increase in SV will cause only a minimal
increase in TPG and Vmax [11]. Besides, the measurement of Vmax and TPG can be
subject to errors and lead to discordant results. However, even when the imaging quality
is poor, they can successfully be determined in most patients. Accurate data recording
requires multiple acoustic windows to determine the highest AS jet velocity and VTI.
Apical (five-chamber view), suprasternal or right parasternal views most frequently yield
the highest velocity [12]. The use of multiple views limits the risk of underestimation
by 20%. Another important source of underestimation is the suboptimal alignment of
Doppler recordings with the aortic jet. Overestimation, instead, occurs in the case of
the simultaneous presence of mitral regurgitation (MR), when dynamic intraventricular
obstruction velocities are interpreted as aortic jets or when a beat following a long diastole
is included in measurements [13].

Figure 1A shows a recording of Vmax through a stenotic aortic valve in the apical
five-chamber view by a continuous-wave Doppler.
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2.2. Aortic Valve Area

The effective orifice AVA is assessed by the continuity equation which assumes that
the SV at the valve orifice level is equal to that at the LVOT. It requires the measurement
of three parameters: the LVOT cross-sectional area (normally determined as π × (LVOT
diameter/2)2), the LVOT VTI (determined by pulsed wave Doppler) and the transvalvular
VTI determined by continuous wave Doppler. From these, the AVA can be calculated as
the product of the LVOT cross-sectional area and LVOT VTI divided by the continuous
wave Doppler aortic flow VTI (Figure 1B).

The main limitation in the assessment of AVA is the estimate of the LVOT diameter.
It should be measured (and repeated at least five times) in the parasternal long-axis
view, using the zoom mode, in mid systole. European and American society guidelines
recommend its estimate at the aortic annulus level (i.e., at the level of leaflet insertion)
rather than more apically (5–10 mm below the annulus), where the cross-sectional shape is
more elliptical, more irregular (because of the frequent septal bulge) and more dynamic
(greater changes between diastole and systole) than at the level of the aortic annulus [14],
in order to provide higher reproducibility and to measure diameter and pulse Doppler
at the same anatomical level (Figure 2) [6,7]. The main difficulties lie in the fact that
it is technically challenging to measure, especially in elderly patients with calcific AS,
poor echogenicity windows or in the presence of mitral valve prostheses; it is squared
in the continuity equation and so a 1 mm difference can cause 10% variation in LV SV.
In addition, all the sources of error already mentioned and linked to the calculation of
the TPG, which apply in the same way to the estimate of the transvalvular VTI, must be
considered and will result in an overestimation of the residual aortic valve orifice. Potential
assessment problems related to incorrect positioning of the pulse wave Doppler in the
calculation of the LVOT VTI are often not taken into consideration. A positioning of
the sample volume too far from the aortic valve plane leads to an overestimation of the
severity of the AS. Conversely, if positioned too close, within the flow acceleration, it will
underestimate AS severity. Leye et al. have shown that LVOT diameter, estimated by TTE
and transesophageal echocardiography (TEE) measurements, was significantly associated
to BSA and LVOT diameter, derived from a linear regression linked to BSA independently
of gender, and provided an acceptable approximation of the AVA. The present equation
may be used as a safeguard when LVOT diameter measurement is difficult or not possible
with TTE [15].
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In patients with small body size, it may be helpful to use AVAi to avoid overestima-
tion of stenosis severity. The role of indexing for body size is controversial, because the
current algorithms for defining body size do not necessarily reflect the normal AVA in
obese patients and because AVA does not increase with excess body weight [7]. Recently,
Vulesevic et al. have shown that severe AS should be defined as an AVA < 1 cm2 or an AVA
index to height < 0.6 cm2/m rather than an AVAi value of 0.6 cm2/m [16]. An alternative
is represented by the direct planimetry of the valve orifice by 3D TEE which is useful
for grading AS severity in patients with a poor transthoracic acoustic window. The mea-
surement of effective AVA is possible using the continuity equation provided that a good
Doppler alignment to the aortic valve jet is achieved from the trans-gastric view [17] TEE is
also more optimal for annular sizing, the assessment of coronary obstruction, positioning
and paravalvular leak [18]. Finally, the ratio between the sub-valvular and the Vmax is a
simplified version of the continuity equation that ignores the LVOT diameter and thus is
not subject to errors related to its measurement. A value < 0.25 is indicative of severe AS.

The AS severity classification is shown in Table 1.

Table 1. Recommendations for grading of AS severity.

Parameters Mild AS Moderate Severe

Vmax (m/s) 2.6–2.9 3.0–4.0 ≥4.0

Mean gradient (mmHg) <20 20–40 ≥40

AVA (cm2) >1.5 1.0–1.5 <1

AVAi (cm2 /m2) >0.85 0.6–0.85 <0.6
AS: aortic stenosis; Vmax: Peak Aortic Jet Velocity; AVA: Aortic Valve Area; AVAi: Aortic Valve Area index to
Body Surface Area.



J. Clin. Med. 2021, 10, 3745 5 of 17

2.3. Exercise Testing

Semi-supine bicycle exercise on the tilted bed allows for continuous 2D and Doppler
echocardiographic evaluation of the valve, ventricle and its hemodynamic consequences
during exercise [19]. The initial workload of 25 W for 2 min is usually proposed, and it
is increased every 2 min by 25 W. The total exercise time, maximum workload, reason
for stopping the test, peak heart rate and blood pressure are recorded. Complete resting
echocardiography is performed at rest, prior to exercise, with the aim of evaluating the
severity of AS and its consequences (extravalvular cardiac damage or stage of AS). The
evaluation of LV diastolic parameters, MR and the presence of ischemia are part of the
stress echocardiography protocol, although their prognostic values have not been evaluated
so far [20]. Exertional dyspnea could also be explained by diastolic dysfunction and
an increase in LV filling pressure (estimated by E/e’) and an increase in MR severity
with exercise, whereas ischemia could also be the cause of chest pain in patients with
AS. Therefore, due to the lack of large-scale prospective randomized studies, none of
these echocardiographic parameters currently represent an indication for intervention in
asymptomatic patients with severe AS. Exercise echocardiography could help identify a
subset of patients with early and subtle but harmful consequences of AS, who may require
AVR earlier and might benefit from a more frequent follow-up. The inclusion in the rest
protocol of LV global longitudinal strain (GLS) and valvulo-arterial impedance (defined
as systolic arterial pressure + mean aortic valve gradient/LV stroke volume index) has
been shown to have an incremental prognostic value. In a recent study on 504 patients
with asymptomatic severe AS and preserved LVEF, a LV-GLS value < −17% and valvulo-
arterial impedance >4.5 mm Hg/mL/m2 were associated with an increased risk of death
at 5 years [21]. It should be considered in asymptomatic patients with severe AS after a
careful history, in order to unmask symptoms or abnormal blood pressure responses [6].
Although a negative exercise test result is a reassuring finding in younger patients, the
predictive value of the test is lower in older adults and may be further improved when
combined with an echocardiographic assessment of LV function, TPG and pulmonary
arterial pressure [22]. There are a few studies on stress echocardiography in patients with
moderate AS, suggesting that these patients could represent a higher risk group for disease
progression and should be followed more closely (every 6–12 months) [23].

2.4. Strain

Reduced LV GLS is an early marker of impaired contractile function when LVEF is
still preserved and is associated with the presence of myocardial fibrosis [24]. Small series
in asymptomatic patients have also linked GLS with subsequent cardiac events [25,26]

Anyway, GLS clinical use and its adoption into guidelines as a formal indication for
treatment is limited by a lack of standardization between vendors and an overlap in values
amongst those with health and disease [27]. Furthermore, the analysis of left atrial strain
during the atrial reservoir phase shows that a value lower than 21% was associated with a
2.88-fold increased risk for mortality or hospitalization [28] after adjustment for age, NYHA
class and presence of coronary artery disease (CAD).

2.5. Extra-Valvular Cardiac Damage

The importance of anatomical or functional cardiac consequences of AS, with the
exception of a LVEF < 50%, is not taken into account in the AVR decision algorithm, but in
2017, a new staging classification of AS was proposed in symptomatic subjects [29]. It was
based on the absence or presence of cardiac damage as follows: no extra-valvular cardiac
damage (stage 0), LV damage (stage 1), LA or mitral valve damage (stage 2), pulmonary
vasculature or tricuspid valve damage (stage 3) or right ventricular damage (stage 4). Tastet
et al. [30] have demonstrated that stage classification is associated with a 30% increase
in risk of mortality per stage of disease in asymptomatic AS. These authors confirmed
the lack of sensitivity of symptoms to identify the presence and extent of cardiac damage
and emphasized the importance of using a cardiac damage staging approach, based on
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Doppler echocardiographic parameters, to guide the therapeutic management in patients
with asymptomatic moderate to severe AS.

3. Current Guidelines

The recent American guidelines [7] recognize different stages of AS, ranging from
patients at risk of AS (Stage A) or with progressive hemodynamic obstruction (Stage B)
to severe asymptomatic (Stage C) and symptomatic AS (Stage D). Each stage is defined
by patient symptoms, valve anatomy, valve hemodynamics and changes in the LV and
vasculature. Severe symptomatic AS with low flow-low gradient (LF-LG) is designated D2
(with a low LVEF) or D3 (with a normal LVEF).

The European guidelines [6], based on the AVA and TPG, define four categories of AS
when AVA < 1 cm2:

High-gradient severe aortic stenosis (AVA < 1 cm2, TPG > 40 mmHg): if high flow
status (i.e., anemia, hyperthyroidism, arteriovenous shunt) is excluded the stenosis is
severe.

LF-LG AS with reduced LVEF or “Classical”: (AVA ≤ 1 cm2, a TPG < 40 mmHg,
SV index ≤ 35 mL/m2 and LVEF < 50%): the decreased LVEF is generally due to high
afterload from valvular disease and intrinsic myocardial impairment (i.e., ischemic heart
disease, diffuse/focal myocardial fibrosis secondary to AS/hypertension or concomitant
cardiomyopathies) [31]. Low dose DSE and measurement of the degree of aortic valve
calcification (AVC) using CT distinguish truly AS from pseudo-severe AS,

LF-LG AS with preserved LVEF or “Paradoxical” (AVA ≤ 1 cm2, TPG < 40 mmHg,
SV index ≤ 35 mL/m2 and LVEF ≥ 50%): due to the fact that TPG is more dependent on
transvalvular volumetric flow rate (FR) (intended as the volume of fluid which passes per
unit time and calculated as the SV divided by the LV ejection time) than on SV index, some
investigators propose to define low-flow as a mean FR < 200 mL/s [32]. These patients
are more frequently women, with pronounced concentric remodeling and small LV cavity,
diastolic dysfunction and reduced LV systolic longitudinal function despite the preserved
LVEF [33]. The degree of AVC, obtained from evaluation by CT, can be used to identify
severe AS [6].

Normal-Flow Low-Gradient AS with preserved LVEF (AVA ≤ 1 cm2, TPG < 40 mmHg,
SV index > 35 mL/m2 and LVEF ≥ 50%): European guidelines advocate the idea that these
patients have only moderate AS, but a significant proportion have truly severe AS and
would benefit from AVR if symptomatic [34]. This pathophysiological entity is explained
by factors such as the presence of an actually decreased FR despite a normal SV index:
bradycardia, systemic hypertension and/or reduced arterial compliance have been shown
to decrease the SV index, prolong LV ejection time and cause a drop in mean transvalvular
FR and/or TPG [35].

The two different classification systems for the severity of AS, according to European
and American guidelines, are summarized in Table 2.

Furthermore, the American guidelines make no mention of biomarkers, whereas the
European guidelines currently indicate that AVR is reasonable (Class IIa) in an asymp-
tomatic patient with a “markedly elevated natriuretic peptide level” defined as levels
three-fold greater than the age- and sex-corrected normal range, confirmed by repeated
measurements without other explanations [6].
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Table 2. Comparison between the different classification systems of the severity of AS in the European and American guidelines.

2017 ESC/EACTS Guidelines for the Management of Valvular Heart Disease

High-Gradient AS Low-Flow, Low-Gradient AS
with Reduced LVEF Low-Flow, Low-Gradient AS with Preserved LVEF

Normal-Flow,
Low-Gradient AS

with Preserved
LVEF

AVA < 1 cm2, ∆P > 40 mmHg AVA < 1 cm2, ∆P < 40 mmHg,
LVEF < 50%, SVi ≤ 35 mL/m2 AVA < 1 cm2, ∆P < 40 mmHg, LVEF ≥ 50%, SVi ≤ 35 mL/m2

2020 ACC/AHA Guideline for the Management of Patients with Valvular Heart Disease

Stage Definition Valve Anatomy Valve Hemodynamics Hemodynamic
Consequences Symptoms

A At risk of AS BAV or Aortic sclerosis AVmax < 2 m/s None None

B Progressive AS Mild/moderate leaflet calcification
or rheumatic valve changes

Mild AS: AVmax 2.0–2.9 m/s or mean ∆ < 20 mmHg
Moderate AS: AVmax 3.0–3.9 m/s or ∆ 20–39 mmHg

Early left ventricular diastolic
dysfunction may be present

Normal LVEF
None

C1 Asymptomatic severe AS
Severe leaflet calcification/fibrosis
or congenital stenosis with severely

reduced leaflet opening

AVmax ≥ 4 m/s or ∆ ≥ 40 mmHg
AVA typically is ≤1.0 cm2, but not required to define

severe AS
Very severe AS is an AVmax ≥ 5 m/s or ∆ ≥ 60 mm Hg

Left ventricular diastolic
dysfunction

Mild left ventricular
hypertrophy

Normal LVEF

None

C2 Asymptomatic severe AS
with reduced LVEF

Severe leaflet calcification/fibrosis
or congenital stenosis with severely

reduced leaflet opening

AVmax ≥ 4 m/s or ∆ ≥ 40 mmHg
AVA typically is ≤1.0 cm2, but not required to define

severe AS
LVEF < 50% None

D1 Symptomatic severe high-
gradient AS

Severe leaflet calcification/fibrosis
or congenital stenosis with severely

reduced leaflet opening

AVmax ≥ 4 m/s or ∆ ≥ 40 mmHg
AVA typically is ≤1.0 cm2, but not required to define

severe AS

Left ventricular diastolic
dysfunction

Left ventricular hypertrophy
Pulmonary hypertension may

be present

Exertional dyspnea,
angina or

pre-syncope or
syncope, decreased
exercise tolerance

or HF
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Table 2. Cont.

2017 ESC/EACTS Guidelines for the Management of Valvular Heart Disease

High-Gradient AS Low-Flow, Low-Gradient AS
with Reduced LVEF Low-Flow, Low-Gradient AS with Preserved LVEF

Normal-Flow,
Low-Gradient AS

with Preserved
LVEF

D2

Symptomatic severe low-flow,
low-gradient AS with

reduced
LVEF

Severe leaflet calcification/fibrosis
with severely reduced leaflet

motion

AVA ≤ 1.0 cm2 with resting AVmax < 4 m/s or
∆P < 40 mmHg

Dobutamine stress echo shows AVA < 1.0 cm2 with
AVmax ≥ 4 m/s at any flow rate

Left ventricular diastolic
dysfunction

Left ventricular hypertrophy
LVEF < 50%

HF
Angina

Syncope or
pre-syncope

D3

Symptomatic severe
low-gradient AS with normal
LVEF or paradoxical low-flow

severe AS

Severe leaflet calcification/fibrosis
with severely reduced leaflet

motion

AVA ≤ 1.0 cm2 with resting AVmax < 4 m/s or
∆ < 40 mmHg

AND
SVi ≤ 35 mL/m2 measured when patient is

normotensive (systolic blood pressure <140 mmHg)

Increased left ventricular
relative wall thickness
Small left ventricular
chamber with low SV

Restrictive diastolic filling
Normal LVEF

HF
Angina

Syncope or
pre-syncope

AS: Aortic valve Stenosis; AVA: Aortic Valve Area; ∆: mean pressure gradient; LVEF: Left Ventricular Ejection Fraction; SVi: Stroke Volume index; MSCT: Multislice Computed Tomography; BAV: Bicuspid
Aortic Valve; AVmax: Aortic maximum velocity; HF: Heart Failure; ESC/EACTS: European Society of Cardiology/European Association for Cardio-Thoracic Surgery. ACC/AHA: American College of
Cardiology/American Heart Association.
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4. Multimodality Imaging for Discordant (Low-Gradient) AS

A significant proportion of patients with severe AS presents with discordant grading
(i.e., AVA ≤ 1 cm2 and a TPG < 40 mmHg) [4]. The first step is to confirm the validity of
echocardiographic measures of AS severity and to treat hypertension. The next step is to
differentiate severe from non-severe AS with the use of low dose DSE, in patients with
classical LF-LG AS, while AVC measured by CT is preferred in patients with paradoxical
LF-LG AS, as well as in those with inconclusive results with DSE. CMR and PET could
allow a detailed assessment of the AS valve and the myocardial remodeling response.

4.1. Dobutamine Stress Echocardiographic

The dobutamine infusion protocol consists of 5 min increments of 5 µg/kg/min up
to a maximum dosage of 20 µg/kg/min. In response to inotropic stimuli, severe AS is
characterized by an increase in Vmax with values ≥ 4 m/s (TPG ≥ 40 mmHg) at any
FR, but with AVA remaining ≤ 1.0 cm2. In contrast, pseudo-severe AS is identified by
an increase in AVA > 1.0 cm2 with flow normalization and TPG reduction. In addition,
the absence of flow reserve (also termed contractile reserve; increase in SV < 20%) has
prognostic implications because surgical aortic valve replacement (SAVR) in this setting
comes with a weaker recommendation (IIb, level of evidence C) [6], but prognosis in such
patients is dismal with medical management alone, and as such transcatheter aortic valve
implantation (TAVI) may be a more favorable option [27].

However, a relevant proportion of patients do not have flow reserve and/or have
inconclusive results at DSE. The changes in TPG and AVA during DSE largely depend on
the magnitude of flow augmentation achieved, which may vary considerably from one
patient to another (Figure 3). Therefore, this approach may be misleading [36]. Hence, the
concept of projected AVA (i.e., the projected AVA at a normal FR of 250 mL/s induced by
dobutamine) was developed [36,37] After an increase of ≥15% in FR, using AVA and FR
[Q], projected AVA is calculated as follows:

AVAProj = AVARest +
AVAPeak − AVARest

QPeak − QRest
× (250 − QRest) (1)
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Figure 3. The figure shows the case of valve with pseudo-severe aortic stenosis (A) at low (rest) and normal flow rate
(dobutamine) and that of valve with truly severe aortic stenosis (B) at low and normal flow rate. SV: stroke volume; AVA:
aortic valve area; TPG: transvalvular pressure gradient. DBX: Dobutamine. See the text for details. A projected AVA ≤ 1 cm2

is considered severe. In many ways, the concept of projected AVA outperforms the traditional flow-reserve concept, which
may be intrinsically flawed due to the complex interaction between decreased contractility, increased afterload and altered
geometry in classical LF-LG AS [38]. However, many patients with paradoxical LF-LG AS have small ventricles, with
concentric remodeling and a high prevalence of atrial fibrillation and isolated upper septal hypertrophy, which may lead to
serious side effects such as LVOT dynamic obstruction with hypotension and syncope; thus, DSE should be stopped as soon
as increase in flow is sufficient.
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4.2. Computed Tomography in AS

AVC by CT is a load independent, low radiation (<1 mSv), quantitative and ex-
tremely reproducible technique to assess aortic valve thickening, which requires an ECG-
gated non-contrast acquisition [6]. Quantification relies on the Agatston method using
semi-automated software and provides a flow-independent quantitative assessment of
AS anatomical severity. Due to sex differences in AS pathophysiology (women present
with less calcification than men), specific cut-offs defining severe AS differ for women
(≥1200 Agatston Units—AU) and men (≥2000 AU) [39]. Patients with particularly large
or small aortic annuli would likely benefit from the AVC indexation to BSA, defined as
AVC density [40]. AVC has been shown to be a powerful independent predictor of hemo-
dynamic progression in AS, which may further individualize optimal timing of follow-up
and/or intervention [41]. However, it should be emphasized that non-contrast CT only
captures mineralized tissues and would underestimate AS severity in younger patients
with a bicuspid aortic valve in which the stenosis is predominantly caused by non-calcified
tissues [42].

In Figure 4, we report an example of AS severity assessment by CT-AVC.
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4.3. Cardiovascular Magnetic Resonance

CMR emerged as an alternative and non-invasive method which avoids many of
the pitfalls of other imaging techniques: sedation/anesthesia for TEE and contrast expo-
sure of CT [43]. Moreover, CMR can offer a detailed identification and quantification of
myocardial fibrosis, which has been implicated in prognosis post-SAVR or TAVI [44,45]
and often predates a reduction in LVEF [46,47]. Late gadolinium enhancement (LGE)
correlates with the degree of interstitial fibrosis on an endomyocardial biopsy [48]. Treibel
et al. have recently demonstrated that myocardial fibrosis in AS comprises both diffuse
reactive interstitial (reversible) and more focal replacement (irreversible) forms, often with
a subendocardial-to-epicardial gradient [49]. In case of LF-LG, severe AS with normal or
reduced LVEF, CMR has currently a limited role in terms of diagnosis and is not included
in recent guidelines. Due to the low-flow condition, the maximum potential AVA may be
underestimated by CMR direct planimetry of the stenotic valve. CMR is, therefore, not
helpful in differentiating between pseudo-severe and severe AS [50].
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Strain imaging on CMR can evaluate and quantify myocardial deformation appearing
before any identifiable changes in LVEF, especially in patients with suboptimal echocardio-
graphy image quality [51].

Figure 5 shows a stepwise integrated approach for the assessment of low gradient AS.
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Figure 5. Stepwise integrated approach for the assessment of discordant grading aortic stenosis. AS: aortic stenosis; AVA:
Aortic valve area; LVEF: Left ventricular ejection fraction; SVi: stroke volume index to body surface area; DSE: dobutamine
stress echocardiography; AVA proj: projected area at standardized normal flow rate of 250 mL/s. AVA proj ≤ 1 cm2 is
considered severe; CT-AVC: computed tomography aortic valve calcium scoring (severity cut-offs: women ≥ 1200 AU and
men ≥ 2000 AU); ** AVA proj and CT-AVC are used because the stenosis severity often remains indeterminate at the outset
of DSE, or echocardiographic assessments are discordant.

4.4. Positron Emission Tomography

PET-CT offers novel insights into the complex pathophysiological processes driv-
ing AS, including inflammation, calcium deposition and ossification [52]. Radiolabeled
sodium fluoride (18F-NaF) has an affinity for microcalcification. It may also localize to
areas of valve degeneration and areas predisposed to progressive degeneration. This
technique offers considerable promise as a biomarker of disease activity, as a means of
predicting disease progression [53], and it may also identify therapeutic targets for novel
pharmacotherapy [54].

5. Indications for Intervention

Current recommendations [6,7] for AVR in AS patients rely solely on mean TPG, AVA
and the presence of symptoms. It is also necessary to take in account the Society of Thoracic
Surgeons score or Euroscore II, frailty and the compromise of other major organ systems [6].
Management of asymptomatic severe AS remains controversial. Predictors of symptom
development and adverse outcomes in these patients include clinical characteristics (e.g.,
older age, presence of atherosclerotic risk factors), echocardiographic parameters (rate
of hemodynamic progression, increase in TPG > 20 mmHg with exercise, pulmonary
hypertension) and biomarkers [6]. Nevertheless, new insights into the pathophysiology of
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AS patients, advances in diagnostic imaging and the evolution of TAVI are fueling interest
in the management of asymptomatic patients with severe AS. A less invasive intervention
than the SAVR could plausibly justify preventive AVR in these patient subgroups rather
than waiting for the appearance of the first symptoms [55]. The choice between SAVR vs.
TAVI should be made by a multidisciplinary Heart Team, taking into account the clinical
characteristics of the patient, the association with other valve disease, CAD, comorbidities
and frailty.

Finally, the use of balloon aortic valvuloplasty in calcified AS is generally limited
to severely symptomatic patients as a bridge to SAVR/TAVI or requiring an urgent non-
cardiac surgery [6].

Current recommendations for AVR are summarized in Figure 6.
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scoring. LVEF: left ventricular ejection fraction. PAsP: Pulmonary artery systolic pressure. ETT: exercise treadmill test BP:
blood pressure.

Special Patient Populations

In patients requiring coronary artery bypass graft surgery (CABG), if AS is severe or
the patient has symptoms, AVR should be performed in conjunction with CABG. Most
operators agree that coronary revascularization, in patients referred to TAVI, should be
performed before AVR when CAD involves the proximal segments of major epicardial
coronary arteries, in the presence of significant renal dysfunction and if there is no concern
about prolonged dual antiplatelet therapy [56].

Severe AS frequently coexists with severe MR, but the absence of clinical trials sug-
gests careful evaluation to distinguish patients who might benefit from a double valve
intervention [6].
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Up to one third of patients with paradoxical AS might have concomitant cardiac
amyloidosis (CA), commonly due to wild-type transthyretin [57]. Compared to patients
with lone AS, those with AS and CA are older, have worse functional status, higher
circulating N-terminal pro-brain natriuretic peptide and troponin levels [58]. Some studies
suggest that amyloid substance may deposit within the aortic valve leaflets and thus lead
to the development of AS despite absent or minimal leaflet calcification. In such cases,
non-contrast CT, which captures only the calcified component of the valve leaflet tissue,
would underestimate the severity of this amyloid-related AS [59].

Typical LGE patterns, and elevated T1 values and extracellular volume fraction as a
result of amyloid infiltration [60], may elevate the index of suspicion of AS e CA, although
the use of bone scintigraphy is supported by recent expert consensus recommendations to
confirm the diagnosis non-invasively [61]. TAVI has been shown to improve outcomes in
CA and SA with no increased periprocedural complications and mortality compared with
AS alone [62].

6. Conclusions

AS is the most common type of valvular heart disease. The therapeutic decision
essentially depends on symptomatic status and stenosis severity, but the extent of cardiac
damage associated has important prognostic implications after AVR. Echocardiography
is the gold standard for the diagnosis of AS. However, multimodality imaging has an
important role in the management of AS in order to find out subclinical pathophysiological
changes, improve a patient’s selection candidate to SAVR or TAVI, stratify risk and improve
procedural outcomes.
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Abbreviations

AS Aortic stenosis
AU Agatston Units
AVA Aortic Valve Area
AVAi Aortic Valve Area index to Body Surface Area
AVC Aortic valve calcium scoring
AVR Aortic Valve Replacement
BSA Body Surface Area
CA Cardiac amyloidosis
CABG Coronary artery bypass graft surgery
CAD Coronary Artery Disease
CMR Cardiovascular magnetic resonance
CT Computed tomography
DSE Dobutamine stress echocardiography
18F-NaF Radiolabeled sodium fluoride
FR Flow rate
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GLS Global Longitudinal Strain
LFLG Low Flow-Low Gradient
LGE Late gadolinium enhancement
LV Left ventricular
LVEF Left ventricular ejection fraction
LVOT Left ventricular outflow tract
MR Mitral Regurgitation
PET Positron emission tomography
SAVR Surgical aortic valve replacement
SV Stroke Volume
TAVI Transcatheter Aortic Valve Implantation
TEE Transesophageal echocardiography
TPG Transvalvular pressure gradient
TTE Transthoracic Echocardiography
Vmax Peak Aortic Jet Velocity
VTI velocity-time integral
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