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Key points

1. Transthoracic echocardiography is the cornerstone to confirm the severity of aortic stenosis.

2. In patients with high-gradient severe aortic stenosis, the stroke volume should be evaluated to assess the prognosis.

3. In patients with a low-gradient and tight aortic valve area pattern, a multimodality imaging approach should be used to confirm the true severity of aortic stenosis before decision making.

SYNOPSIS:

Severe aortic stenosis (AS) is associated with a progressive cardiac remodeling which ultimately leads to heart failure and death if the valve is not replaced. The confirmation of AS severity is therefore crucial to adequately manage patients with AS. Transthoracic echocardiography is the first line exam to confirm AS severity, but it may be inconclusive in discordant cases. In this setting, AS severity should be confirmed using a multimodality imaging approach. This review gives an overview of how to assess and/or confirm AS severity, especially in case of discordance.

Introduction:

Assessing aortic stenosis (AS) severity is essential in the management of patients. Indeed, class I indications for aortic valve replacement (AVR) are only recommended in patients with severe AS. Doppler-echocardiography is the cornerstone for AS evaluation because of its high performance, low-cost and large availability. The first line evaluation after auscultation of a heart sound or in patients at risk, such as patients with known congenitally bicuspid aortic valve is the transthoracic echocardiography (TTE). In the majority of cases TTE allows to confirm the diagnosis, determine the severity, and evaluate the myocardial repercussion of AS. Moreover, indication for aortic valve intervention in asymptomatic patients are predominantly based on echocardiography. However, a multimodality imaging approach could be mandatory, especially in patients with discordance in echocardiographic parameters used to grade AS severity.

Transthoracic Doppler-echocardiography: the first line of AS evaluation

Assessment of AS severity is mostly based on three parameters (Figure 1): transaortic valvular peak jet velocity (Vmax), mean pressure gradient (∆Pm) between the left ventricle (LV) and the aorta, and aortic valve area (AVA) calculation. Severe AS is defined by (Table 1) a Vmax ≥4 m/s, a ∆Pm ≥40 mmHg, and an AVA <1.0 cm 2 or <0.6cm 2 /m 2 after indexation to body surface area (BSA) [START_REF] Baumgartner | Recommendations on the echocardiographic assessment of aortic valve stenosis: A focused update from the European Association of Cardiovascular Imaging and the American Society of Echocardiography[END_REF] . The evolution of these parameters over time is also crucial to identify patients with a rapid AS progression (increase in Vmax ≥0.3m/s/year).

-Vmax and ∆Pm of the antegrade systolic flow across the narrowed aortic valve are measured using continuous-wave Doppler (CWD) ultrasound. The maximum velocity is measured at the outer edge of the dark signal, and the outer edge of the spectral Doppler envelope is traced to provide both the velocity-time integral (VTI) for the continuity equation and ∆Pm (using the simplified Bernoulli equation) (Figure 1A). In order to obtain the highest Vmax, the CWD must be aligned with the ejection flow and Doppler angle correction should be avoided. Hence, a multiple acoustic window exploration including the right parasternal way 2 , if possible with the use of a small dual-crystal CWD transducer (PEDOF), after a careful patient positioning is strongly recommended (Figure 1B) [START_REF] Baumgartner | Recommendations on the echocardiographic assessment of aortic valve stenosis: A focused update from the European Association of Cardiovascular Imaging and the American Society of Echocardiography[END_REF] . The window where the highest Vmax is recorded should be mentioned in the TTE report for further evaluations.

-AVA is calculated using the continuity equation which is based on the concept of flow preservation: the stroke volume (SV) ejected through the left ventricular outflow tract from the valve should be avoided because of the risk of underestimation (i.e. septal bulging and non-tubular LVOT). In addition, positioning the LVOT d within 0.3-1.0cm of the valve may impact the evaluation reproducibility. LVOT d assessment may be difficult in case of extensive calcifications, and might require the use of transesophageal echocardiography (TEE) or cardiac computed tomography (CT) to accurately define it [START_REF] Ng | Comparison of aortic root dimensions and geometries before and after transcatheter aortic valve implantation by 2-and 3dimensional transesophageal echocardiography and multislice computed tomography[END_REF] . LVOT VTI is measured using pulsed-wave Doppler (PWD) modality from an apical approach. The PWD sample is positioned just proximal to the aortic valve, ideally at the same level as the LVOT d is measured. The recording should show a smooth velocity curve with a well-defined peak, and a narrow band of velocities throughout systole (Figure 1 C). In case of important spectral dispersion, the sample volume should be slowly moved from the valve towards the apex.

Thirty to 40% of patients with severe AS may have a discordance between AVA (<1.0 cm 2 , i.e. in the severe range) and hemodynamic parameters (Vmax <4 m/s and ∆Pm <40 mmHg, i.e. in the moderate range). A careful evaluation of LVOT d measures should be done in these cases, and second line parameters (Table 1, Figure 1) should be assessed if the discordance is confirmed: velocity or VTI ratio, acceleration time and its ratio over ejection time, and AVA planimetry [START_REF] Baumgartner | Recommendations on the echocardiographic assessment of aortic valve stenosis: A focused update from the European Association of Cardiovascular Imaging and the American Society of Echocardiography[END_REF] . These parameters reduce the risk of error related to the LVOT d measurement.

-Velocity or VTI ratio (Figure 1C) is the ratio Vmax or VTI between LVOT and AV levels. The normal value is 1, while in a severe AS the ratio is <0.25 (or 25%). This parameter is particularly interesting when LVOT d measurement is unclear.

Velocity ratio = LVOT Vmax

AV Vmax

VTI ratio =

LVOT VTI AV VTI -The analysis of the ejection dynamics transvalvular velocity using CWD may provide additional semiquantitative parameters to better characterize AS severity. Acceleration time (AT) is the delay between the beginning and the maximal peak of the aortic ejection velocity and ejection time is the overall ejection duration (ET) (Figure 1D). It was demonstrated that an AT >110ms or an AT/ET >0.36 was associated with AS severity and outcomes [START_REF] Griguer | Clinical significance of ejection dynamics parameters in patients with aortic stenosis: an outcome study[END_REF] . However, in low flow patients, these parameters could be increase in non-severe stenosis due to the lack of strength of the flow to open a stenosis that is only moderate.

-AVA planimetry (Figure 3A) is an interesting additional parameter which offers a direct anatomic visualization of the narrowed AV orifice (cutoff <1.0 cm 2 ). However, several limits exist: 1) the level of the orifice area assessment must be well positioned at the tips of the leaflets in order to avoid overestimation and thus positioning should be performed with 3D imaging modality, 2) planimetry can be very difficult in case of extensive calcifications (shadows and reverberations), and 3) because of flow contraction, the hemodynamic calculated AVA is could be up to 0.6-fold smaller than the anatomic AVA by planimetry. Thus, severe AS diagnosis should not be challenged on this parameter alone, but it may provide an additional information in difficult cases. TEE using two-(2D) or three-dimensional (3D) modalities, and cardiac CT with contrast injection are more accurate than TTE for AVA planimetry.

All hemodynamic parameter measured by echocardiography are flow dependent: a decrease in flow will decrease gradient and velocity but also velocity/VTI ratio and AVA by continuity equation and planimetry.

Finally, AS severity should also be assessed using a semi-quantitative approach based on valvular calcification extension (Figure 4A) because of its strong correlation with the stenosis severity and outcomes [START_REF] Rosenhek | Predictors of outcome in severe, asymptomatic aortic stenosis[END_REF] . This additional parameter may also help in case of discordant severe AS.

Transesophageal echocardiography: an anatomic evaluation

AS severity assessment can require the use of TEE in specific conditions: 1) patient with poor TTE echogenicity, 2) inaccurate LVOT d measurement, and 3) associated HVD.

In patients with extensive aortic valve calcification, the risk of LVOT d underestimation by TTE can require the use of TEE [START_REF] Ng | Comparison of aortic root dimensions and geometries before and after transcatheter aortic valve implantation by 2-and 3dimensional transesophageal echocardiography and multislice computed tomography[END_REF] . Moreover, the LVOT area calculation is based on the 2D LVOT d measurement, while the aortic annulus has an elliptic shape [START_REF] Piazza | Anatomy of the aortic valvar complex and its implications for transcatheter implantation of the aortic valve[END_REF] . This geometric assumption may lead to underestimate AVA in case of misalignment with the larger LVOT diameter (Figure 2B). Thus, a 3D TEE (Figure 2C) may be performed to more accurately assess LVOT dimensions 3 in case of discordance between a small AVA (<1.0 cm 2 ) and a low transvalvular flow (Vmax <4 m/s and ∆Pm <40 mmHg). 3D TEE automated software can provide a rapid and reliable assessment of aortic annulus and root [START_REF] Prihadi | Feasibility, accuracy, and reproducibility of aortic annular and root sizing for transcatheter aortic valve replacement using novel automated three dimensional echocardiographic software: comparison with multi-detector row computed tomography[END_REF] . However, threshold of AVA used to assess aortic stenosis severity should probably be modified (cf. 3. Fusion imaging).

As previously explained in the TTE section, TEE can be used to directly measure the AVA at the tip of leaflets using 2D and 3D planimetry (Figure 3B). In addition, TEE allows a more accurate assessment of the aortic root dimensions and the aortic valve anatomy (i.e. bicuspid valve) than TTE.

Cardiac computed tomography: calcium scoring and fusion imaging

-Non-contrast CT: Calcium scoring These last years, the quantification of aortic valve calcific burden (i.e. calcium scoring) by cardiac CT revolutionized AS evaluation. Calcium scoring (Figure 4B) requires a low-dose (<1mSv) cardiac CT with ECG gating but without contrast injection. The quantification of calcific deposition is performed according to the Agatston method using a semi-automated software. Several studies demonstrated the excellent reproducibility and performance of calcium score for the AS severity and prognosis evaluations. Moreover, calcium score may provide a more reliable prognostic evaluation than usual hemodynamic parameters [START_REF] Cueff | Measurement of aortic valve calcification using multislice computed tomography: correlation with haemodynamic severity of aortic stenosis and clinical implication for patients with low ejection fraction[END_REF][START_REF] Clavel | Impact of aortic valve calcification, as measured by MDCT, on survival in patients with aortic stenosis: results of an international registry study[END_REF][START_REF] Pawade | Computed tomography aortic valve calcium scoring in patients with aortic stenosis[END_REF] .

According to current guidelines, calcium scoring should be used in patients with discordant parameters of severe AS and both preserved or reduced LV ejection fraction (LVEF <50%), in order to confirm the severity [START_REF] Baumgartner | ESC/EACTS guidelines for the management of valvular heart disease: The Task Force for the management of valvular heart disease of the European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS)[END_REF] and avoid unnecessary or delayed intervention.

Interestingly, the calcium score cutoff to define severe AS (Table 1) differs according to sex with a lower value in women (≥1,200 AU) than in men (≥2,000 AU) [START_REF] Clavel | Impact of aortic valve calcification, as measured by MDCT, on survival in patients with aortic stenosis: results of an international registry study[END_REF][START_REF] Pawade | Computed tomography aortic valve calcium scoring in patients with aortic stenosis[END_REF] . This difference may be explained by the presence of a smaller aortic annulus, in part, and especially a more fibrotic pattern of valve disease in women [START_REF] Simard | Sex-related discordance between aortic valve calcification and hemodynamic severity of aortic stenosis: is valvular fibrosis the explanation?[END_REF] . In addition, ethnicity may also influence the calcium deposition [START_REF] Patel | Racial differences in the prevalence of severe aortic stenosis[END_REF] , but further investigations are required to define additional cutoffs.

-Contrast CT: AVA and LVOT planimetry -fusion imaging The high 3D spatial resolution of contrast cardiac CT allows a very accurate evaluation of the anatomy and the dimensions of cardiac structures. Hence, contrast CT may be used in AS patients to better define LVOT, AV morphology and AVA planimetry and aortic root dimensions.

As previously explained for TEE, AVA planimetry may be accurately measured by contrast CT (Figure 3C) in case of discordance between AVA and transvalvular flow in order to better characterize AS severity (AVA <1.0 cm 2 , Table 1).

The elliptic shape of the LVOT may lead to AVA underestimation when evaluated by echocardiography, while a 3D evaluation by CT using both mean LVOT d and LVOT area may be more accurate [START_REF] Ng | Comparison of aortic root dimensions and geometries before and after transcatheter aortic valve implantation by 2-and 3dimensional transesophageal echocardiography and multislice computed tomography[END_REF] . Hence, some authors evaluated if an hybrid approach to calculate AVA using TTE-derived Doppler parameters and contrast cardiac CT-derived LVOT dimensions (Figure 2D) could reconcile AVA and flow in discordant cases [START_REF] Kamperidis | Low gradient severe aortic stenosis with preserved ejection fraction: reclassification of severity by fusion of Doppler and computed tomographic data[END_REF][START_REF] Clavel | Aortic valve area calculation in aortic stenosis by CT and doppler echocardiography[END_REF][START_REF] Arangalage | Anatomic characterization of the aortic root in patients with bicuspid and tricuspid aortic valve stenosis does fusion of Dopplerechocardiography and computed tomography resolve discordant severity grading?[END_REF] . Interestingly, this approach lead to find larger LVOT dimensions but the result was not unequivocal because of a similar or even a higher overall percentage of misclassified patients compared to TTE findings [START_REF] Arangalage | Anatomic characterization of the aortic root in patients with bicuspid and tricuspid aortic valve stenosis does fusion of Dopplerechocardiography and computed tomography resolve discordant severity grading?[END_REF] . Indeed, some patients with a classical severe AS (AVA <1.0 cm 2 and ∆Pm ≥40 mmHg) became discordant (∆Pm ≥40 mmHg but AVA ≥1.0 cm 2 ), while patients with a severe discordant AS (AVA <1.0 cm 2 and ∆Pm <40 mmHg) became moderate (AVA ≥1.0 cm 2 and ∆Pm <40 mmHg). This could be explain by the fact that the optimal AVA cutoff to predict outcomes was larger than using LVOT measured by TTE (AVA ≤1.2cm 2 vs. 1.0cm 2 ) [START_REF] Clavel | Aortic valve area calculation in aortic stenosis by CT and doppler echocardiography[END_REF] . Thus, an hybrid approach may be proposed but only in case of discordant severe AS and using a larger cutoff of AVA (Table 1) [START_REF] Delgado | How do we reconcile echocardiography, computed tomography, and hybrid imaging in assessing discordant grading of aortic stenosis severity?[END_REF] .

Finally, contrast cardiac CT is essential before transcatheter aortic valve replacement (TAVR) to define the prosthesis size according to the aortic annulus dimensions, the AV anatomy (bicuspid or tricuspid), and the aortic root characteristics (aortic dimensions and coronary artery position), in addition to the vascular access assessment (cf. Article 10).

Cardiac magnetic resonance imaging

Cardiac magnetic resonance (CMR) is the gold standard method for the assessment of ventricular volumes and function, and for the characterization of myocardial abnormality, while its use in HVD is relatively recent. Intracardiac flows can be evaluated by 2D phasecontrast or more recently by four-dimensional (4D) flow imaging acquisitions. The latter has the advantage of analyzing all the components of the flow and not only those perpendicular to the acquisition plane, which is the main limitation of phase-contrast data. The most validated indication is aortic regurgitation in both native and prosthetic valves, especially after TAVR [START_REF] Ribeiro | Cardiovascular magnetic resonance to evaluate aortic regurgitation after transcatheter aortic valve replacement[END_REF] . Several publications also reported a good accuracy compared to TTE for assessing AS severity [START_REF] Mantini | Grading of aortic stenosis severity: a head-to-head comparison between cardiac magnetic resonance imaging and echocardiography[END_REF] in both bicuspid and tricuspid valves. CMR parameters to quantify AS severity are similar to those of TTE: AVA and antegrade systolic flow across the aortic valve.

Transvalvular aortic flow parameters (Vmax, ∆Pm, and aortic antegrade volume) are obtained from phase-contrast imaging between the leaflet tips and the proximal ascending aorta portion, and AVA is calculated using the continuity equation. LVOT area measurement is obtained from cine-images using the same method as cardiac CT and antegrade LVOT volume is derived from a phase-contrast acquisition at the LVOT level. This method is time consuming and requires a previous TTE analysis (Vmax) to accurately encode CMR velocity. Thus, CMR is not a first-line exam for the evaluation of AS severity but may be used in dedicated conditions as in patients without any correct acoustic window by TTE. In addition, LVOT area by CMR could be used to calculate AVA using a hybrid approach as previously described for cardiac CT. Finally, a phase-contrast acquisition at the tip of aortic leaflets may be used for direct AVA planimetry.

Stress echocardiography for aortic stenosis severity evaluation: an obsolete exam?

Two distinct situations should be considered regarding the use of stress echocardiography in patients with AS: 1) the prognostic evaluation of asymptomatic patients with severe AS using exercise-stress echocardiography, and 2) the confirmation of AS severity when TTE at rest is inconclusive.

The first aspect is very controversial. Some studies found that exercise-stress echocardiography parameters (LVEF variation, ∆Pm increase) might be useful for the prognostic stratification of asymptomatic severe AS patients in order to identify patients who would benefit from early surgery [START_REF] Masri | Predictors of long-term outcomes in asymptomatic patients with severe aortic stenosis and preserved left ventricular systolic function undergoing exercise echocardiography[END_REF][START_REF] Maréchaux | Usefulness of exercise stress echocardiography for risk stratification of true asymptomatic patients with aortic valve stenosis[END_REF] . However, recent reports did not find any additional value of echocardiography over the stress-test alone [START_REF] Goublaire | Prognostic value of exercise-stress echocardiography in asymptomatic patients with aortic valve stenosis[END_REF] . In view of the lack of reliable data, the use of exercise-stress echocardiography in asymptomatic severe AS was removed from the latest guidelines [START_REF] Baumgartner | ESC/EACTS guidelines for the management of valvular heart disease: The Task Force for the management of valvular heart disease of the European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS)[END_REF] .

Conversely, the use of stress echocardiography with low dose (up to 20 µg/kg/min) dobutamine infusion is recommended by current guidelines to distinguish severe (true-severe) form moderate (pseudo-severe) AS (Table 1) in patients with discordant parameters of severe AS (AVA <1.0 cm 2 and ∆Pm <40 mmHg) and reduced LVEF (<50 %, i.e. classical lowgradient severe AS). The first step is to determine if the patient has a flow reserve (increase in SV ≥20%). Indeed, AS severity evaluation is very complex when the low-flow state related to LV systolic dysfunction is not corrected by dobutamine infusion. In patients with a flow reserve, the second step is to quantify AVA and transvalvular aortic flow variations at peak stress. Severe AS is confirmed by an increase in Vmax ≥4 m/s or ∆Pm ≥40 mmHg but with an AVA that remains <1.0 cm 2 (Figure 5), while moderate AS is defined by an increase in AVA ≥1.0 cm 2 . However, many patients, even with contractile reserve will not reach a normal flow rate and will remain discordant at peak stress evaluation. To overcome this limitation, the projected AVA calculation may help to identify true-severe AS [START_REF] Clavel | Validation of conventional and simplified methods to calculate projected valve area at normal flow rate in patients with low flow, low gradient aortic stenosis: the multicenter TOPAS (True or Pseudo Severe Aortic Stenosis) study[END_REF][START_REF] Annabi | Dobutamine stress echocardiography for management of low-flow, low-gradient aortic stenosis[END_REF] . Finally, in patient without contractile reserve, the projected AVA could be calculated if the increase in flow is higher than 15%. If not, the severity of AS remained in determined by stress echocardiography. In all of these patients, AS severity could be confirmed/assessed by CT calcium scoring.

These guidelines are mainly based on publications that predate the era of TAVR [START_REF] Monin | Low-gradient aortic stenosis: operative risk stratification and predictors for long-term outcome: a multicenter study using dobutamine stress hemodynamics[END_REF][START_REF] Monin | Aortic stenosis with severe left ventricular dysfunction and low transvalvular pressure gradients[END_REF][START_REF] Quere | Influence of preoperative left ventricular contractile reserve on postoperative ejection fraction in low-gradient aortic stenosis[END_REF] . It was demonstrated that patients with a pseudo-severe AS had the same prognosis than matched patients with heart failure, whereas patients with a true-severe AS had worse outcomes [START_REF] Fougères | Outcomes of pseudo-severe aortic stenosis under conservative treatment[END_REF] . In addition, the absence of flow reserve was a major risk marker for postoperative mortality. However, surgical aortic valve replacement (SAVR) was beneficial in true-severe AS patients (confirmed by the surgeon) regardless of the presence or absence of flow reserve compared to medical therapy alone [START_REF] Tribouilloy | Outcome after aortic valve replacement for low-flow/low-gradient aortic stenosis without contractile reserve on dobutamine stress echocardiography[END_REF] . The prognosis impact of flow reserve was not confirmed in SAVR [START_REF] Annabi | Dobutamine stress echocardiography in low-flow, low-gradient aortic stenosis: flow reserve does not matter anymore[END_REF] patients as well as after TAVR [START_REF] Ribeiro | Transcatheter aortic valve replacement in patients with low-flow, low-gradient aortic stenosis: The TOPAS-TAVI registry[END_REF] . To summarize, all patients with a classical low-gradient true-severe AS will benefit from AVR, especially using a percutaneous approach, whether or not having a flow reserve. Hence, the current use of dobutamine stress echocardiography is probably less relevant, since the AS severity can be directly confirmed by calcium scoring (Proposal 1, Figure 6).

Confirmation and classification of severe aortic stenosis: a multimodality approach

Aortic stenosis is classified in different categories according to transvalvular mean pressure gradient (∆Pm cutoff: 40 mmHg), LVEF (cutoff 50%) and LVOT flow (SVi cutoff: 35ml/m 2 ).

High-gradient (HG) severe AS corresponds to classical severe AS and requires no further exam to confirm its severity. However, AS patients with a HG low-flow (LF) pattern may have a worse prognosis in absence of early treatment compared to HG normal-flow (NF) patients [START_REF] Rusinaru | Impact of low stroke volume on mortality in patients with severe aortic stenosis and preserved left ventricular ejection fraction[END_REF] . Conversely, LG (or discordant) severe AS requires a multimodality approach to confirm its true severity before considering AV intervention (Figure 6). The first step consists in confirming the measurements (especially LVOT d ) and in using additional parameters (i.e. VTI ratio, AVA planimetry, AT or AT/ET, hybrid AVA) to exclude moderate AS. Next step requires the assessment of LVEF to distinguish LG AS patients with preserved (≥50%) from reduced LVEF (<50%). In patient with LG AS and reduced LVEF (i.e. classical LG-LF AS), the true severity of AS should be confirmed by dobutamine stress echocardiography or by calcium scoring when inconclusive. In patients with LG AS but preserved LVEF, the SV assessment should be used to discriminate NF from paradoxical LF LG AS. LG-NF AS is classified as severe AS unlikely by the current guidelines, but recent studies suggest that 50% patients may have a true-severe stenosis and may benefit from AVR [START_REF] Zusman | Intervention versus observation in symptomatic patients with normal flow-low gradient severe aortic stenosis[END_REF] . Hence, the use of calcium scoring may help to identify these patients (proposal 2, Figure 6). Patients with a paradoxical LG-LF AS also require calcium scoring by CT to confirm AS severity, moreover there prognosis is darker and interventional risk higher due to the low flow state. The Figure 6 is an adapted version of the different steps reported in the current guidelines to classify and confirm severe AS. In addition, we provide a simplify proposal (proposal 1) to confirm AS severity with calcium scoring in patients with a LG pattern, regardless of the LVEF and SV levels.

Conclusion

Aortic stenosis is a serious cardiac disease with a significant morbi-mortality. AS severity confirmation is essential to adequately manage such patients. TTE is the key exam to confirm the diagnosis in a large majority of patients. However, parameter discordance is not uncommon and requires a multimodality approach to confirm AS severity. 

TABLES

Low-Gradient AS

(

  LVOT) is equal to SV ejected through the aortic valve orifice: Where LVOT d is the diameter of LVOT. This equation requires the measurement of two additional echocardiographic parameters: the LVOT VTI (LVOT VTI ) and the LVOT diameter (LVOT d ) to calculate LVOT area. LVOT d is a key measure to define AS severity. It should be measured at the aortic annulus level (inner edges of leaflet insertion) from a parasternal long axis view zoomed on the aortic valve during the systolic phase, when the diameter is x LVOT VTI = AVA x AV VTI maximal (Figure 2A). Although recommended for years, LVOT d measurement away
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Table 1 :

 1 Parameters defining severe aortic stenosis using a multimodality approach

	Imaging modality	Parameters
	Echocardiography	
	First line (also available for CMR)	
	-Peak jet velocity	≥4 m/s
	-Mean pressure gradient	≥40 mmHg
	-Aortic valve area	≤1.0 cm 2
	-Aortic valve area index	≤0.6 cm 2 /m 2
	Second line	
	-Velocity or VTI ratio	<0.25
	-Acceleration time	>110 ms
	-Acceleration time/ejection time	>0.36
	-Aortic valve area planimetry	≤1.0 cm 2
	Stress echocardiography	
	-Peak jet velocity at peak	≥4 m/s
	-Mean pressure gradient at peak	≥40 mmHg
	-Aortic valve area at peak	≤1.0 cm 2
	Cardiac computed tomography	
	-Calcium scoring	Men ≥2,000 AU
		Women ≥1,200 AU
	-Aortic valve area planimetry	≤1.0 cm 2
	Hybrid method (LVOT by CT or CMR)	
	-Aortic valve area	≤1.2 cm 2

Aortic Valve Area < 1 cm 2 ? Stroke volume index

  

	Transvalvular Gradient/Velocity ∆ ∆ ∆ ∆Pm ≥ ≥ ≥ ≥ 40 mmHg and Vmax ≥ ≥ ≥ ≥ 4 m/s ?
	Moderate AS
	≤ ≤ ≤ ≤ 35 ml/m 2

High-Gradient Severe AS Yes No Normal-Flow Low-Gradient AS Severe AS Unlikely No Aortic Stenosis SV and SVi evaluation for prognosis SV < 55 ml or SVi < 30 ml/m 2 ?

  

		Low-Flow	Normal-Flow
		High-Gradient	High-Gradient
		Severe AS	Severe AS
	LVEF ≥ ≥ ≥ ≥ 50%?	
		Low-Gradient AS with
	(Low-	preserved LVEF

Flow) Low-Gradient AS with reduced LVEF Paradoxical Low-Flow, Low-Gradient AS Dobutamine stress echocardiography Flow reserve and conclusive? No Yes Yes Confirm measures and 2 nd line evaluation* Alternative 1 Alternative 2 Yes No Calcium scoring by CT

  

		No
	Yes	
		Yes	No
		Yes	No
		No
	Yes	
	AVA ≤ ≤ ≤ ≤ 1cm 2 and ∆ ∆ ∆ ∆Pm ≥ ≥ ≥ ≥ 40 mmHg	
	Or Projected AVA ≤ ≤ ≤ ≤ 1cm 2	-≥2000 in men -≥1200 in women
	Moderate AS	Severe AS

CMR for cardiac magnetic resonance, VTI for velocity time integral, LVOT for left ventricular outflow tract, CT for computed tomography, mmHg for millimeter of mercury.
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