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Echocardiography is the key tool for the diagnosis and evaluation of aortic stenosis. Because clinical decision-making is based on the echo-
cardiographic assessment of its severity, it is essential that standards are adopted to maintain accuracy and consistency across echocardio-
graphic laboratories. Detailed recommendations for the echocardiographic assessment of valve stenosis were published by the European
Association of Echocardiography and the American Society of Echocardiography in 2009. In the meantime, numerous new studies on aor-
tic stenosis have been published with particular new insights into the difficult subgroup of low gradient aortic stenosis making an update
of recommendations necessary. The document focuses in particular on the optimization of left ventricular outflow tract assessment, low
flow, low gradient aortic stenosis with preserved ejection fraction, a new classification of aortic stenosis by gradient, flow and ejection
fraction, and a grading algorithm for an integrated and stepwise approach of artic stenosis assessment in clinical practice.
...................................................................................................................................................................................................
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Introduction

Aortic stenosis (AS) has become the most common primary heart
valve disease and an important cause of cardiovascular morbidity and
mortality. Echocardiography is the key tool for the diagnosis and
evaluation of AS, and is the primary non-invasive imaging method for
AS assessment. Diagnostic cardiac catheterization is no longer rec-
ommended1–3 except in rare cases when echocardiography is non-
diagnostic or discrepant with clinical data.

Because clinical decision-making is based on the echocardiographic
assessment of the severity of AS, it is essential that standards be
adopted to maintain accuracy and consistency across echocardio-
graphic laboratories when assessing and reporting AS.
Recommendations for the echocardiographic assessment of valve
stenosis in clinical practice were published by the European
Association of Echocardiography and the American Society of
Echocardiography in 2009.4 The aim of the 2009 paper was to detail
the recommended approach to the echocardiographic evaluation of
valve stenosis, including recommendations for specific measures of
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stenosis severity, details of data acquisition and measurement, and
grading of severity. These 2009 recommendations were based on the
scientific literature and on the consensus of a panel of experts. Since
publication of this 2009 document, numerous new studies on AS
have been published, in particular with new insights into the difficult
subgroup of low gradient AS. Accordingly, a focused update on the
echocardiographic assessment of AS appeared to be a needed docu-
ment and is now provided with this document.

As with the 2009 document, this document discusses a number of
proposed methods for evaluation of stenosis severity. On the basis of
an updated comprehensive literature review and expert consensus,
these methods were categorized for clinical practice as:

• Level 1 Recommendation: an appropriate and recommended
method for all patients with aortic stenosis.

• Level 2 Recommendation: a reasonable method for clinical use
when additional information is needed in selected patients.

• Level 3 Recommendation: a method not recommended for routine
clinical practice although it may be appropriate for research appli-
cations and in rare clinical cases.

It is essential in clinical practice to use an integrative approach when
grading the severity of AS, combining all Doppler and 2D data as well
as clinical presentation, and not relying on one specific measurement.
Loading conditions influence velocity and pressure gradients; therefore,
these parameters vary depending on intercurrent illness of patients
with low vs. high cardiac output. In addition, irregular rhythms or tachy-
cardia can make assessment of AS severity challenging. Ideally, heart
rate, rhythm, and blood pressure should be stated in the echocardio-
graphic report and haemodynamic assessment should be performed at
heart rates and blood pressures within the normal range. These guide-
lines provide recommendations for recording and measurement of AS
severity using echocardiography. However, although accurate quantifi-
cation of disease severity is an essential step in patient management,
clinical decision-making depends on several other factors, most

importantly, whether or not symptoms are present. This document is
meant to provide echocardiographic standards and does not make rec-
ommendations for clinical management. The latter are detailed in the
current guidelines for management of adults with heart valve disease.1,2

Highlights in this focused update on aortic stenosis document
include:

• Optimization of LVOT assessment.
• Low flow, low gradient aortic stenosis with reduced LVEF.
• Low flow, low gradient aortic stenosis with preserved LVEF.
• New classification of AS by gradient, flow and ejection fraction.
• AS grading algorithm- an integrated and stepwise approach.

Aetiologies and morphologic
assessment

The most common causes of valvular AS are calcific stenosis of a tri-
cuspid valve, a bicuspid aortic valve with superimposed calcific
changes, and rheumatic valve disease (Figure 1). Congenital aortic
stenosis owing to a unicuspid aortic valve is rare in adults with usually
marked dysmorphic features including severe thickening and calcifica-
tion and associated with significant concomitant aortic regurgitation
(AR). In Europe and North America, calcific AS represents by far the
most frequent aetiology with the prevalence of bicuspid vs. tricuspid
aortic valves as underlying anatomy being highly age dependent.5

While tricuspid valves predominate in the elderly (>75 years) bicus-
pid valves are more common in younger patients (age < 65 years).
While rheumatic AS has become rare in Europe and North America,
it is still prevalent worldwide.

Anatomic evaluation of the aortic valve is based on a combination of
short- and long-axis images to identify the number of cusps, and to de-
scribe cusp mobility, thickness, and calcification. In addition, the com-
bination of imaging and Doppler allows the determination of the level

Figure 1 Aortic stenosis aetiology: morphology of calcific AS, bicuspid valve, and rheumatic AS (adapted from C. Otto, Principles of
Echocardiograpy, 2007).
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of obstruction: subvalvular, valvular, or supravalvular. Transthoracic
imaging is usually adequate, although transoesophageal echocardiog-
raphy (TOE) may be helpful when image quality is suboptimal.

A bicuspid valve most often results from fusion of the right and left
coronary cusps, resulting in a larger anterior and smaller posterior
cusp with both coronary arteries arising from the anterior cusp
(�80% of cases). Fusion of the right and non-coronary cusps resulting
in larger right than left cusp, with one coronary artery arising from
each cusp is less common (�20% of cases).6,7 Fusion of the left and
non-coronary cusps and valves with two equally sized cusps (“true”
bicuspid valve) are rare. Diagnosis is most reliable when the two
cusps are seen in systole with only two commissures framing an ellip-
tical systolic orifice. Diastolic images may mimic three cusps when a
raphe is present. Long-axis views may show an asymmetric closure
line, systolic doming, or diastolic prolapse of one or both of the cusps,
but these findings are less specific than a short-axis systolic image. In
children, adolescents and young adults, a bicuspid valve may be sten-
otic without extensive calcification. However, in most adults, stenosis
of a bicuspid aortic valve typically results from superimposed calcific
changes, which often obscures the number of cusps, making deter-
mination of bicuspid vs. tricuspid valve difficult. Geometry and dilata-
tion of the aortic root and ascending aorta may provide indirect hints
that a bicuspid valve may be present.

Calcification of a tricuspid aortic valve is most prominent in the
central and basal parts of each cusp while commissural fusion is ab-
sent, resulting in a stellate-shaped systolic orifice. Calcification of a bi-
cuspid valve is often more asymmetric. The severity of valve
calcification can be graded semi-quantitatively, as mild (few areas of
dense echogenicity with little acoustic shadowing), moderate (mul-
tiple larger areas of dense echogenicity), or severe (extensive
thickening and increased echogenicity with a prominent acoustic
shadow). The degree of valve calcification is a predictor of clinical
outcome including heart failure, need for aortic valve replacement
and death.5,8 Radiation induced aortic stenosis represents a special
challenge as the aortic valve is often heavily calcified in a younger
population making the assessment of aortic valve morphology and
LVOT diameter difficult.9

Rheumatic AS is characterized by commissural fusion, resulting in a
triangular systolic orifice, with thickening and calcification most prom-
inent along the edges of the cusps. Rheumatic disease nearly always
affects the mitral valve too, so that rheumatic aortic valve disease is
accompanied by rheumatic mitral valve changes.

Subvalvular and supravalvular stenosis are distinguished from
valvular stenosis based on the site of the increase in velocity seen
with colour or pulsed Doppler and on the anatomy of the outflow
tract and aorta, respectively. Subvalvular obstruction may be fixed,
owing to a discrete membrane or muscular band, with haemodynam-
ics similar to obstruction at the valvular level. Dynamic subaortic ob-
struction, for example, with hypertrophic cardiomyopathy, refers to
obstruction that changes in severity during ventricular ejection, with
obstruction developing predominantly in mid-to-late systole, result-
ing in a late peaking velocity curve. Dynamic obstruction also varies
with loading conditions, with increased obstruction when ventricular
volumes are smaller and when ventricular contractility is increased.

Supravalvular stenosis is uncommon and typically results from a
congenital condition, such as Williams syndrome with persistent or
recurrent obstruction in adulthood. In supravalvular stenosis flow

acceleration is noted above the valve which confirms the morpho-
logic suspicion of a narrowing typically at the sinotubular junction
with or without extension into the ascending aorta.

With the advent of percutaneous aortic valve implantation, ana-
tomic assessment has become increasingly important for patient se-
lection and planning of the intervention. Besides underlying
morphology (bicuspid vs. tricuspid) as well as extent and distribution
of calcification, the assessment of annulus dimension is critical for the
choice of prosthesis size. For the latter, 2D/3D TOE is superior to
transthoracic echocardiography (TTE). Because multi-slice com-
puted tomography (MSCT) has not only been shown to provide
measurements of the annulus size with high accuracy, but also pro-
vides a comprehensive pre-procedural evaluation including aortic
root shape, distance between coronary arteries and annulus, and
anatomic details of the entire catheter route, it is frequently used
now for this purpose.10,11 Thus, in cases when computed tomog-
raphy is performed it may not be necessary to undergo TOE.
Nevertheless, accurate measurements of the aortic valve annulus can
also be made by 3D-TOE. Moreover, CT may not be feasible in pa-
tients who have renal insufficiency and TOE is a reliable alternative in
such patients. Pre-interventional evaluation and echocardiographic
monitoring of aortic valve intervention are not part of this focused
update and are covered in separate documents.

Basic assessment of severity

Recommendations for data recording and measurements are sum-
marized in Table 1. Measures of AS severity obtained by Doppler
echocardiography are summarized in Table 2.

Recommendations for standard clinical
practice
(Level 1 Recommendation = appropriate in all patients with AS).

The primary haemodynamic parameters recommended for clinical
evaluation of AS severity are:

• AS peak jet velocity.
• Mean transvalvular pressure gradient.
• Aortic valve area by continuity equation.

Peak jet velocity

The antegrade systolic velocity across the narrowed aortic valve, or
aortic jet velocity, is measured using continuous-wave (CW) Doppler
(CWD) ultrasound.12–14 Accurate data recording mandates the use of
multiple acoustic windows in order to determine the highest velocity
(apical and right parasternal or suprasternal view most frequently yield
the highest velocity; rarely subcostal or supraclavicular windows yield
the highest velocities). Careful patient positioning and adjustment of
transducer position and angle are crucial as velocity measurement as-
sumes a parallel intercept angle between the ultrasound beam and dir-
ection of blood flow, whereas the direction of the aortic jet in three
dimensions is unpredictable and usually cannot be visualized. AS jet vel-
ocity is defined as the highest velocity signal obtained from any window
after a careful examination; lower values from other views are not re-
ported. The acoustic window that provides the highest aortic jet vel-
ocity is noted in the report and usually remains constant on sequential
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studies in an individual patient, prior to intervention. Occasionally, col-
our Doppler is helpful to avoid recording the CWD signal of an eccen-
tric mitral regurgitation (MR) jet, but is usually not helpful for AS jet
direction. ‘Angle correction’ should not be used because it is likely to
introduce more error, given the unpredictable jet direction.

A dedicated small dual-crystal CWD transducer (pencil or
PEDOF-pulse echo Doppler flow velocity meter probe) is strongly
recommended both because of its higher signal-to-noise ratio and
because it allows optimal transducer positioning and angulation, par-
ticularly when suprasternal and right parasternal windows are used.
However, when flow velocity is low (< 3 m/s) and cusp opening is
well seen, a combined imaging-Doppler transducer may be adequate.

The spectral Doppler signal is recorded with the spectrogram
baseline and the velocity scale adjusted so the signal fills, but fits, on
the vertical axis, and with a time scale on the x-axis of 50–100 mm/s.
Wall (high-pass) filters are set at a high level and gain is decreased to
optimize identification of the velocity curve from the spectrogram
envelope. A grayscale signal intensity look-up table is used because
this scale maps signal strength using a decibel scale that allows visual
separation of noise and transit time effect from the velocity signal. In
addition, all of the validation and inter-observer variability studies
have been performed using this mode. Colour scales for CW

Doppler have different approaches to matching signal strength to col-
our hue or intensity and are not recommended unless a decibel scale
can be verified. In case of poor acoustic quality, the use of echo con-
trast media has been suggested31,32 but is not used in many echocar-
diography laboratories. In case of its use, proper machine settings
(e.g. adequate adjustment gain lowering) are crucial to avoid artefacts
and overestimation of velocities.

A smooth velocity curve with a dense outer edge and clear max-
imum velocity should be recorded. The maximum velocity is meas-
ured at the outer edge of the dark signal; fine linear signals at the peak
of the curve are owing to transit-time effects and should not be
included in measurements. The outer edge of the spectral Doppler
envelope is traced (Figure 2) to provide both the velocity–time integral
(VTI) for the continuity equation and the mean gradient (see below).

Three or more beats should be averaged for patients in sinus
rhythm.

Averaging of more beats is mandatory with irregular rhythms (at
least 5 consecutive beats). Special care must be taken to select repre-
sentative sequences of beats and to avoid post-extrasystolic beats.

The shape of the CWD velocity curve is helpful in distinguishing
the level and severity of obstruction. Although the time course of the
velocity curve is similar for fixed obstruction at any level (valvular,

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

Table 1 Recommendations for data recording and measurement for AS quantitation

Data element Recording Measurement

LVOT diameter • 2D parasternal long-axis view
• Zoom mode
• Adjust gain to optimize the blood tissue interface

• Inner edge to inner edge
• Mid-systole
• Parallel and adjacent to the aortic valve or at

the site of velocity measurement

�Diameter is used to calculate a circular CSA*

LVOT velocity • Pulsed-wave Doppler
• Apical long-axis or five-chamber view
• Sample volume positioned just on LV side of valve and moved carefully into

the LVOT if required to obtain laminar flow curve
• Velocity baseline and scale adjusted to maximize size of velocity curve
• Time axis (sweep speed) 50–100 mm/s
• Low wall filter setting
• Smooth velocity curve with a well-defined peak and a narrow velocity range

at peak velocity

• Maximum velocity from peak of dense velocity

curve
• VTI traced from modal velocity

AS jet velocity • CW Doppler (dedicated transducer)
• Multiple acoustic windows (e.g. apical, suprasternal, right parasternal)
• Decrease gain, increase wall filter, adjust baseline, curve and scale to opti-

mize signal
• Gray scale spectral display with expanded time scale
• Velocity range and baseline adjusted so velocity signal fits but fills the verti-

cal scale

• Maximum velocity at peak of dense velocity

curve. Avoid noise and fine linear signals
• VTI traced from outer edge of dense signal
• Mean gradient calculated from traced velocity

curve
• Report window where maximum velocity

obtained

Valve anatomy • Parasternal long- and short-axis views
• Zoom mode

• Identify number of cusps in systole, raphe if

present
• Assess cusp mobility and commissural fusion
• Assess valve calcification

*see text for the limitations of the assumption of a circular LVOT shape.
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..subvalvular, or supravalvular), the maximum velocity occurs later in
systole and the curve is more rounded in shape with more severe ob-
struction. With mild obstruction, the peak is in early systole with a tri-
angular shape of the velocity curve, compared with the rounded
curve with the peak moving towards mid systole in severe stenosis,

reflecting a high gradient throughout systole. The shape of the CWD
velocity curve also can be helpful in determining whether the ob-
struction is fixed or dynamic. Dynamic subaortic obstruction shows a
characteristic late-peaking velocity curve, which is usually concave
upward in early systole (Figure 3).

Mean pressure gradient

The pressure difference between the left ventricle (LV) and aorta in
systole, or transvalvular aortic gradient, is another standard measure of
stenosis severity.12–14 Gradients are calculated from velocity informa-
tion, and therefore the peak gradient obtained from the peak velocity
does not add additional information when compared with peak vel-
ocity. However, the calculation of the mean gradient, the average gra-
dient across the valve occurring during the entire systole, has potential
advantages and should be reported. Although there is overall good
correlation between peak gradient and mean gradient, this relationship
depends on the shape of the velocity curve, which varies with stenosis
severity and flow rate. Transaortic pressure gradient (DP) is calculated
from velocity (v) using the simplified Bernoulli equation as:

DP ¼ 4v2:

The maximum gradient is calculated from maximum velocity:

DPmax ¼ 4v2max:

The mean gradient is calculated by averaging the instantaneous
gradients over the ejection period, a function included in currently
available clinical instrument measurement packages using the traced
velocity curve. Importantly, the mean gradient requires averaging of
instantaneous mean gradients and cannot be calculated from the
mean velocity.

Figure 3 An example of moderate aortic stenosis (left) and dynamic outflow obstruction in hypertrophic obstructive cardiomyopathy (right).
Note the different shapes of the velocity curves and the later maximum velocity with dynamic obstruction.

Figure 2 Continuous-wave Doppler of severe aortic stenosis jet
showing measurement of maximum velocity and tracing of the vel-
ocity curve to calculate mean pressure gradient.
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This clinical (simplified) equation has been derived from the more

complex Bernoulli equation by assuming that viscous losses and ac-
celeration effects are negligible and by using an approximation for the
constant that relates to the mass density of blood, a conversion fac-
tor for measurement units. In addition, the simplified Bernoulli equa-
tion assumes that the proximal velocity can be ignored, a reasonable
assumption when this velocity is <1 m/s because squaring a num-
ber <1 makes it even smaller. When the proximal velocity is over 1.5
m/s or the transvalvular velocity is <3.0 m/s, the proximal velocity
should be included in the Bernoulli equation when calculating max-
imum gradients so that

DPmax ¼ 4ðv2
max � v2

proximalÞ:

It is more problematic to include proximal velocity in mean gradi-
ent calculations as each point on the ejection curve for the proximal
and jet velocities would need to be matched and this approach is not
used clinically. In this situation, maximum velocity and gradient should
be used to grade stenosis severity.

Sources of error for pressure gradient calculations
Misalignment of the ultrasound beam with the AS jet results in signifi-
cant underestimation of jet velocity and an even greater underestima-
tion of pressure gradient, owing to the squared relationship between
velocity and pressure difference. This highlights the importance of
using multiple acoustic windows (as detailed above) for the CWD as-
sessment of AS. Inadvertent recording of MR jet and neglect of an
elevated proximal velocity are other limitations of transaortic pres-
sure gradient calculations. It is important to distinguish the AS jet
from MR (see Mitral regurgitation section).

There are two additional concerns, related to comparing pressure
gradients calculated from Doppler velocities to pressures measured
at cardiac catheterization. First, the peak gradient calculated from the
maximum Doppler velocity represents the maximum instantaneous
pressure difference across the valve, not the difference between the
peak left ventricular (LV) and peak aortic pressure that is commonly
measured from the pressure tracings. The peak LV and peak aortic
pressure do not occur at the same point in time; so, this difference
does not represent a physiological measurement and is less than the
maximum instantaneous pressure difference.

The second concern is the phenomenon of pressure recovery
(PR). The conversion of potential energy to kinetic energy across a
narrowed valve results in a high velocity and a drop in pressure.
However, distal to the orifice, flow decelerates again. Although some
of the kinetic energy dissipates into heat owing to turbulence and vis-
cous losses, some of the kinetic energy will be reconverted into po-
tential energy, which causes an increase in measured static pressure
referred to as PR. PR is greatest in stenoses with gradual distal widen-
ing, because occurrence of turbulence is then reduced. In general,
aortic stenosis, with its abrupt widening from the small orifice to the
larger aorta has an unfavourable geometry for PR. However, PR (in
mmHg) can be important for some patients with AS. It can be calcu-
lated from the Doppler gradient that corresponds to the initial pres-
sure drop across the valve (i.e. 4v2), the effective orifice area (EOA)
as given by the continuity equation and the cross-sectional area of
the ascending aorta (AoA), by the following equation: PR = 4v2 �
2EOA/AoA � (1- EOA/AoA).24 Thus, PR is basically related to the

ratio of EOA/AoA. As a relatively small EOA is required to create a
relevant gradient, AoA must also be relatively small to end up with a
ratio favouring PR. For clinical purposes, aortic size, therefore, is an
important determinant and PR should be taken into account primarily
in patients with a diameter of the ascending aorta <30 mm.24 In most
adults with native AS, the magnitude of PR is small and can be ignored
as long as the diameter of the ascending aorta (at its maximally
imaged point) is >30mm. However, when the ascending aorta
is <30mm, one should be aware that the initial pressure drop from
LV to the vena contracta, as reflected by Doppler measurement, may
be significantly higher than the actual net pressure drop between the
LV and the ascending aorta, which represents the pathophysiologic-
ally relevant measurement.24 Therefore, if the magnitude of PR is sig-
nificant, the aortic valve gradient may be overestimated by echo as it
does not incorporate PR. PR may be clinically relevant particularly in
congenital AS. Another clinical scenario where PR can be important
is in the presence of bileaflet mechanical valves where it can account
for falsely elevated prosthetic valve gradients.

Aortic valve area

Doppler velocity and pressure gradients are flow dependent. For a
given orifice area, velocity, and gradient increase with an increase in
transaortic flow rate, and decrease with a decrease in flow rate.
Calculation of the stenotic orifice area or effective aortic valve area
(AVA) is particularly important when flow rates are very low or very
high, although even the degree of valve opening varies to some de-
gree with flow rate (see below).

AVA is calculated by using the continuity-equation (Figure 4) which
is based on the concept that the stroke volume (SV) ejected through
the LV outflow tract (LVOT) all passes through the stenotic orifice
(AVA) and thus SV at valve orifice level is equal to the LVOT SV:

SVAV ¼ SVLVOT:

Figure 4 Schematic diagram of continuity equation.
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Because volume flow through any crossectional area (CSA) is
equal to the CSA times flow velocity over the ejection period (the
VTI of the systolic velocity curve), this equation can be rewritten as:

AVA� VTIAV¼CSALVOT � VTILVOT:

Solving for AVA yields the continuity equation20,33

AVA¼ CSALVOT�VTILVOT

VTIAV
:

Standard calculation of continuity-equation valve area requires
three measurements:

• AS jet velocity by CWD.
• LVOT diameter for calculation of the CSA.
• LVOT velocity recorded with pulsed Doppler.

AS jet velocity should be recorded with CWD and the VTI is
measured as described above.

LV outflow tract SV
Accurate SV calculations depend on precisely measuring the cross-
sectional LVOT area and LVOT velocity. The current standard ap-
proach to estimate the LVOT CSA that is still commonly used is
based on LVOT diameter measurements. LVOT diameter is meas-
ured in a parasternal long-axis view from the inner edge to inner

edge of the septal endocardium, and the anterior mitral leaflet in mid-
systole (Figure 5). Diameter measurements are most accurate using
the zoom mode with careful angulation of the transducer and with
gain and processing adjusted to optimize the images. Usually three or
more beats are averaged in sinus rhythm, averaging of more beats is
appropriate with irregular rhythms (at least five consecutive beats).
With careful attention to the technical details, the LVOT diameter
can be measured in most patients. In current practice, the CSA of the
LVOT is usually calculated as the area of a circle:

CSALVOT ¼ p
D
2

� �2

where D is the LVOT diameter.
Although a circular assumption for LVOT provides a reasonable

approach that has been validated in experimental and human studies,
3D echo and CT have shown that the LVOT area is not truly circular
but more elliptical (see under Limitations of the ‘standard approach’
continuity-equation valve area section for more details).

LVOT velocity is recorded with pulsed Doppler from an apical
approach, in either the anteriorly angulated four-chamber view
(5-chamber view) or in the apical long-axis view. The pulsed Doppler
sample volume is positioned just proximal to the aortic valve. When
the sample volume is optimally positioned, the recording (Figure 6)
shows a smooth velocity curve with a well-defined peak, and narrow
band of velocities throughout systole. This may not be the case in
many patients with significant AS when the sample volume is

Figure 5 Left ventricular outflow tract diameter (LVOTd) is
measured in a zoomed parasternal long-axis view in mid-systole
from the white-black interface (inner-to-inner) of the septal endo-
cardium to the anterior mitral leaflet, parallel to the aortic valve
plane. Some experts prefer to measure within 0.3–1.0 cm of the
valve orifice whereas others prefer the measurement at the annulus
level (see text). Note that in many patients, as in this case, the LV
outflow tract is relatively rectangular within 1 cm of the aortic annu-
lus. Green double headed arrows show the LVOTd measurement
at the annulus and with different distances from it yielding identical
measurements in this patient.

Figure 6 Left ventricular outflow tract (LVOT) velocity is meas-
ured from the apical approach either in an apical long-axis view or
an anteriorly angulated four-chamber view (as shown here). Using
pulsed-Doppler the sample volume (SV), with a length (or gate) of
3–5 mm, is positioned on the LV side of the aortic valve, just prox-
imal to the region of flow acceleration into the jet. An optimal signal
shows a smooth velocity curve with a narrow velocity range at each
time point. Maximum velocity is measured as shown. The VTI is
measured by tracing the modal velocity (middle of the dense signal)
for use in the continuity equation or calculation of SV.
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positioned at the annulus, owing to flow convergence resulting in
spectral dispersion at this level. In many cases, the sample volume
must be slowly moved towards the apex until a smooth velocity
curve is obtained. The VTI is then measured by tracing the instantan-
eous dense modal velocities throughout systole.16 Although the
LVOT velocity signal can be seen ‘within’ the high velocity aortic jet
on the CWD recording, this velocity curve is not recommended for
calculation of SV or in the continuity equation because higher veloc-
ities in the flow convergence region proximal to the stenosis contrib-
ute to this signal.

Ideally, the LVOT diameter measurement should be made at the
same anatomic level as the velocity recording. When a smooth vel-
ocity curve can be obtained at the aortic annulus, this site is preferred
(i.e. particularly in congenital AS with a doming valve). However, flow
acceleration at the annulus level and even more proximally may
occur, particularly in patients with calcific AS, so that it may be neces-
sary to move the sample volume apically by 0.5–1.0 cm to obtain a
laminar flow curve without spectral dispersion. In this situation, the

LVOT diameter can be measured at the same distance from the valve
as the Doppler sample volume position (Figure 5). Fortunately, in
most patients the LVOT diameter does not change much in the 1 cm
proximal to the valve so that results are similar with either measure-
ment location (Figure 5). The advantages of diameter measurement at
the annulus level are (i) higher measurement reproducibility owing to
clear anatomic landmarks, (ii) easier to ensure diameter and Doppler
data are recorded at the same level by showing the aortic closing click
in the Doppler signal, and (iii) better correlation with the annulus
measurement needed for sizing transcatheter valves. However, there
is no general consensus and many laboratories measure the diameter
routinely at the annulus level whereas others measure more apically
in the LVOT, depending on the flow pattern in each patient.

Challenges in measurement of LVOT diameter include: (i) in some
patients calcium may extend from the aortic annulus to the base of
the anterior mitral leaflet. Figure 7A illustrates a case in which calcifica-
tion protruding into the LVOT might yield an incorrectly small LVOT
diameter, because the calcium may not extend circumferentially
around the annulus perimeter. Figure 7B illustrates how a slightly
altered view avoids localized calcification and yields a larger and more
accurate diameter. (ii) In patients with a ‘sigmoid septum’ the LVOT
diameter measured apically from the annulus will often appear
smaller than the flow area at the annulus. (iii) Ideally, LVOT diameter
should be measured in mid-systole, at the same time in the cardiac
cycle as the maximum LVOT velocity. However, sometimes image
quality is suboptimal in mid-systole, and the outflow tract is imaged
more clearly at end-diastole.34 A practical approach is to measure
the LVOT in the systolic frame that yields the largest diameter.

Limitations of the ‘standard approach’ continuity-equation valve area
The clinical measurement variability for continuity-equation effective
AVA depends on the variability in each of the three measurements,
including both the variability in acquiring the data and variability in
measuring the recorded data. AS jet and LVOT velocity measure-
ments have a very low intra- and inter-observer variability (�3–4%)
both for data recording and measurement in an experienced labora-
tory. However, the measurement variability for LVOT diameter
ranges from 5 to 8%. When LVOT diameter is squared for the calcu-
lation of CSA, it becomes the greatest potential source of measure-
ment error in the continuity equation. When transthoracic images
are not adequate for the measurement of LVOT diameter, TOE
measurement is recommended if this information is needed for clin-
ical decision-making.

Another important limitation is the assumption of a circular shape
of the LVOT. Although, it has long been recognized that the LVOT is
somewhat elliptical, rather than circular resulting in underestimation
of LVOT CSA and in consequence underestimation of SV and even-
tually AVA (on average 0.2 cm2 in one study),17 more attention has
been focused on this issue with the advent of transcatheter aortic
valve implantation, particularly for selection of valve type and size
prior to implantation. MSCT studies have now confirmed that the
aortic valve annulus as well as LVOT are elliptical in most patients,
which has led to the use of this approach for valve sizing at most insti-
tutions. However, echocardiography remains the standard for the
measurement of AS severity because these parameters have been
shown to be strong predictors of clinical outcomes, despite assuming
a circular LVOT shape in the continuity equation. Recent data suggest

Figure 7 (A) A patient example in which calcification protruding
into the LVOT might yield an incorrectly small LVOT diameter, be-
cause the calcium may not extend circumferentially around the an-
nulus perimeter. (B) A slightly altered view avoids localized
calcification and yields a larger and more accurate diameter. (With
permission from Steve Goldstein from ASE’s Comprehensive
Echocardiography, Ch 95).
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that more precise measurement of AVA using MSCT LVOT area
may be of particular importance in low gradient AS to avoid misclassi-
fication of AS severity but further validation of this approach is
needed.35 3D echocardiography may also provide more accurate as-
sessment of LVOT area as it can be directly planimetered and thus
avoid the underestimation of AVA when using a circular assumption
for LVOT.36–39 3D echo measurement of LVOT area can thus be an
alternative to MSCT to provide more accurate LVOT and AVA cal-
culation. An additional advantage of 3D echo is that it can be readily
acquired at the time of the 2D echo study, avoiding the need for ob-
taining an alternate imaging study to assess the LVOT. A limitation of
3D echo, however, remains decreased spatial resolution compared
with 2D echo and MSCT.

Accuracy of SV measurements in the outflow tract also assumes
laminar flow with a spatially flat profile of flow (e.g. velocity is the
same in the centre and at the edge of the flow stream). When sub-
aortic flow velocities are abnormal, for example, with dynamic sub-
aortic obstruction or a subaortic membrane, SV calculations at this
site are not accurate. With combined stenosis and regurgitation, high
subaortic flow rates may result in a skewed flow profile across the
outflow tract that may limit the accuracy. When LVOT velocity must
be measured with some distance to annulus owing to flow conver-
gence, the velocity profile may no longer be flat but rather skewed
with highest velocities present at the septum. Placement of the sam-
ple volume in the middle of the LVOT cross-section may neverthe-
less give a measurement reasonably close to the average. Placement
closer to the septum or the mitral anterior leaflet, will yield higher or
lower measurements, respectively.

In the rather rare patient with a dilated LVOT, centrally measured
velocities may also be significantly higher than the average velocity
across the LVOT, which may result in SV and AVA overestimation.
An unexpected high SV that appears discrepant to the other findings
in such a patient may be an indication that LVOT dilatation is contri-
buting to an erroneous measurement.

Despite all these limitations continuity-equation valve area calcula-
tions have been well validated in both clinical and experimental stud-
ies.19,20,33 In addition, continuity-equation valve areas have been
reported as a valuable parameter for prediction of clinical outcome
and for clinical decision-making.15,40 Of course, valve area calculations
are dependable only when there is careful attention to technical as-
pects of data acquisition and measurement as detailed above.

In addition, there are some theoretical concerns about continuity-
equation valve areas.

First, the continuity-equation measures the effective valve area—
the area of the flow stream as it passes through the valve (the vena
contracta) —not the anatomic valve area. The effective AVA is
smaller than the anatomic valve area owing to contraction of the flow
stream in the orifice, as determined by the contraction and discharge
coefficients for a given orifice geometry.41 Although, the difference
between effective and anatomic valve area may account for some of
the discrepancies between Doppler continuity equation and cath-
eterization Gorlin equation valve areas, there now are ample clinical-
outcome data validating the use of the continuity equation. The
weight of the evidence now supports the concept that effective, not
anatomic, orifice area is the primary predictor of clinical outcome.

The second potential limitation of valve area, as a measure of sten-
osis severity, is the observed change in valve area with change in flow

rate.42,43 In adults with AS and normal LV function, the effects of flow
rate are minimal and resting effective valve area calculations are ac-
curate. However, this effect may be significant when concurrent LV
dysfunction results in decreased cusp opening and a small EOA even
though severe stenosis is not present. The most extreme example of
this phenomenon is the lack of aortic valve opening when a ventricu-
lar assist device is present. Another example is the decreased open-
ing of normal cusps seen frequently with severe LV systolic
dysfunction and low flow state. However, the effect of flow rate on
valve area can be used in this condition to identify those with severe
AS, as discussed below.

Serial measurements
When serial measurements are performed during follow-up, any sig-
nificant changes in results should be checked in detail:

• Make sure that aortic jet velocity is recorded from the same win-
dow with the same quality (always report the window where high-
est velocities can be recorded).

• When effective AVA changes, look for changes in the different
components incorporated in the equation. LVOT size rarely
changes over time in adults under baseline stable haemodynamic
conditions. This is a common source of error and may be an argu-
ment for using the same LVOT diameter.

Key points

(1) The three primary haemodynamic parameters recommended
for clinical evaluation of AS severity are (i) AS peak jet velocity,
(ii) mean aortic transvalvular pressure gradient, and (iii) valve area
by continuity equation.

(2) AS peak jet velocity:
• A peak gradient >_4 m/s is consistent with severe aortic

stenosis.
• AS peak jet velocity should be obtained in multiple views.
• A dedicated small dual-crystal CWD transducer is strongly

recommended.
(3) Mean aortic transvalvular pressure gradient:

• A mean gradient of >_ 40 mmHg is consistent with severe aor-
tic stenosis.

• The mean gradient is calculated by averaging the instantan-
eous gradients over the ejection period. Importantly, the
mean gradient requires averaging of instantaneous mean gra-
dients and cannot be calculated from the mean velocity.

(4) A common source of error for gradient measurement is misalign-
ment of the beam, highlighting the importance of using multiple
acoustic windows for the CW Doppler assessment of AS.

(5) AVA:
• An AVA of < 1.0 is consistent with severe aortic stenosis.
• AVA by continuity-equation calculation has been well vali-

dated in both clinical and experimental studies and has been
reported as a valuable parameter for prediction of clinical
outcome and for clinical decision-making.

• LVOT diameter is measured in a parasternal long-axis view
from the inner edge to inner edge of the septal endocardium,
and the anterior mitral leaflet in mid-systole (Figure 5).

• LVOT velocity is recorded with pulsed Doppler from an ap-
ical approach, in either the anteriorly angulated four-chamber
view (five-chamber view) or in the apical long-axis view. The
pulsed Doppler sample volume is positioned just proximal to
the aortic valve (Figure 6).
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..• When a smooth velocity curve can be obtained at the aortic
annulus, this site is preferred for LVOT measurement.
However, flow acceleration at the annulus level may occur
so that it may be necessary to move the sample volume api-
cally by 0.5–1.0 cm to obtain a laminar flow curve without
spectral dispersion.

• One major limitation of the standard continuity equation is
the assumption of a circular outflow tract shape. Because it is
more or less elliptical LVOT area may be underestimated
and as consequence flow and AVA will be underestimated,
too. Direct planimetry of the LVOT (3D TEE or MSCT) can
avoid this source of error.

Alternative measures of stenosis severity
(Level 2 recommendation = reasonable when additional information
is needed in selected patients).

Simplified continuity equation

The simplified continuity equation is based on the concept that in na-
tive aortic valve stenosis the shapes of the velocity curves in the
LVOT and aorta are similar, so that the ratio of LVOT VTI to aortic
jet VTI is nearly identical to the ratio of the LVOT maximum velocity
to aortic jet maximum velocity (V).28,34 Thus, the continuity equation
may be simplified to

AVA ¼ CSALVOT � VLVOT=VAV:

This method is less well accepted because of concerns that results
are more variable when using velocities as opposed to using VTIs in
the equation. In addition, SV assessment has become standard
and is of utmost importance in low gradient AS, requiring VTI
measurements.

Velocity ratio and VTI ratio (dimensionless index)

Another approach to reducing error related to LVOT area measure-
ments is removing LVOT CSA from the continuity equation. This di-
mensionless velocity or VTI ratio expresses the size of the valve
effective area as a proportion of the CSA of the LVOT:

Velocity ratio ¼ VLVOT

VAV

VTI ratio ¼ VTILVOT

VTIAV
:

In the absence of valve stenosis, the velocity ratio approaches 1,
with smaller numbers indicating more severe stenosis. Severe sten-
osis is suggested when the velocity ratio is 0.25 or less, corresponding
to a valve area 25% of normal.19 To some extent, the velocity ratio is
normalized for body size because it reflects the ratio of the actual
valve area to the expected valve area in each patient, regardless of
body size. However, this measurement ignores the variability in
LVOT size beyond variation in body size.

AVA planimetry

Multiple studies have evaluated the method of measuring anatomic
(geometric) AVA by direct visualization of the valve orifice, by TTE or
TOE, as an alternative to Doppler estimation of flow velocities (Table

2). However, planimetry becomes particularly difficult when valve
calcification causes shadows or reverberations limiting identification of
the orifice. This is particularly true for TTE. If planimetry is used it
should be done with TOE which has been shown to provide valve
areas correlating with invasive data (Gorlin equation), Doppler
data (continuity equation), and planimetry by MSCT.21,22,42–46

Caution is also needed to ensure that the minimal orifice area is identi-
fied rather than the larger area proximal to the cusp tips, particularly
in congenital AS with a doming valve. In addition, as stated previously,
effective, rather than anatomic, orifice area is the primary predictor of
outcome. In this context it has to be pointed out again that the EOA is
significantly smaller than the anatomic AVA because of flow
contraction.

Experimental descriptors of stenosis
severity
(Level 3 recommendation, not recommended for routine clinical
use)

Other haemodynamic measurements of severity such as valve re-
sistance, LV percentage stroke-work loss, and the energy-loss coeffi-
cient are based on different mathematical derivations of the
relationship between flow and the trans-valve pressure drop.23,27–30

Accounting for PR in the ascending aorta has shown improved agree-
ment between invasively and non-invasively derived measurements
of the transvalvular pressure gradient, and is particularly useful in the
presence of a high output state, a moderately narrowed valve orifice
and, most importantly, a non-dilated ascending aorta.24,25

A common limitation of most of these new indices is that long-term
longitudinal data from prospective studies are lacking. Consequently, a
robust validation of clinical-outcome efficacy of all these indices is
pending, and they are seldom used for clinical decision-making.23

Advanced assessment of AS
severity

Basic grading criteria
There is a continuous spectrum of aortic valve disease from aortic
sclerosis without haemodynamic consequences to very severe flow
obstruction. The measures of disease severity need therefore to be
viewed as a continuum. Definitions of grades of severity of AS are to
some extent arbitrary. In clinical practice, peak transaortic jet veloc-
ities, mean gradients and valve areas (calculated by the continuity
equation) are in general used to grade the severity of AS. The

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

Table 3 Recommendations for grading of AS severity

Aortic

sclerosis

Mild Moderate Severe

Peak velocity (m/s) <_2.5 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 <1.0

Indexed AVA (cm2/m2) – >0.85 0.60–0.85 <0.6

Velocity ratio – > 0.50 0.25–0.50 <0.25
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prognostic importance of peak aortic jet velocity across the whole
spectrum of AS and even beyond the threshold of severe stenosis
has been demonstrated.

Current recommendations1,2 for haemodynamic classification of AS
severity are demonstrated in Table 3. Any one of the three criteria: a
valve area <1.0 cm2, a peak velocity >_4.0 m/s, or a mean gradient >_40
mmHg can be considered to suggest severe AS. Ideally, there should be
concordance with all criteria in the severe range. In cases where there is
discordance of criteria, it is important to integrate these criteria with
additional imaging findings and clinical data before a final judgement (see
Special considerations of difficult subgroups and Integrated and stepwise
approach to grade AS severity sections). Because velocities and gradi-
ents are flow dependent, some patients with low volume flow across
the aortic valve [e.g. SV index (SVi) <35 mL/m2] may have severe AS
with only a small valve area, and not a high velocity or mean gradient. It
has been suggested to index AVA to body surface area (cut-off 0.6 cm2/
m2 for severe AS) for patients with either unusually small or large body
surface area. The role of indexing for body size is, however, controver-
sial, primarily because the current algorithms for defining body size
[such as body-surface area (BSA)] do not necessarily reflect the normal
AVA in obese patients, and because valve area does not increase with
excess body weight. However, indexing valve area for BSA is important
in children, adolescents, and small adults, as valve area may seem se-
verely narrowed when only moderate stenosis is present.

When velocity ratio is used, a ratio <0.25 is considered to indicate
severe AS.

Hypertension can alter the peak velocity/mean gradient and should
therefore be recorded for every examination. Ideally the evaluation
of aortic stenosis should be carried out when the patient’s blood
pressure is normal.

Special considerations of difficult
subgroups
While haemodynamic classification of AS severity is easy when meas-
urements of velocity/gradient and valve area are concordant
(Table 3), it becomes challenging when discordant measurements are
present.

Valve area may be >_1.0 cm2 despite a peak velocity >_4 m/s and
mean gradient >_40 mmHg in the presence of a high transvalvular
flow. This may be owing to concomitant AR or shunt lesions.
Although valve area may be larger than normally expected for severe
AS, haemodynamics remain consistent with severe LV pressure over-
load and therefore severe aortic valve disease in this situation. For
clinical decision-making, reversible causes of increased flow in case of
high cardiac output (fever, anaemia, hyperthyroidism, atrioventricular
shunts for dialysis, etc.) must be excluded.

More challenging is the discordant finding of a valve area <1.0 cm2 in
the presence of a peak velocity <4 m/s and mean gradient <40 mmHg.
In this situation, measurement errors for all components (transaortic
velocity, LVOT velocity, LVOT area) need to be carefully excluded, in
particular the underestimation of LVOT area and thus underestimation
of flow rate (see Aortic valve area section). The first step is to review
the original images and Doppler tracings to ensure the data quality is
high and that measurements have been made correctly.

It also has to be emphasized that current cut-offs for valve area
and velocity/gradient are not consistent. To generate a mean gradient

of 40 mmHg at a normal flow rate, the valve area must be closer to 0.8
than to 1.0 cm2.47,48 This discrepancy seems to affect especially patients
with a small LVOT diameter.49 Finally, small stature of the patient may
be another reason for the finding of a small valve area and low gradient.

After exclusion of these reasons for discordant valve area/gradient
measurements, the following entities must be considered.

Low flow, low gradient AS with reduced ejection fraction

When LV systolic dysfunction with reduced SV co-exists with severe
AS, the AS velocity, and gradient may be low, despite a small valve
area.50,51 A widely used definition of low flow, low gradient AS with
reduced EF includes the following conditions:

• Effective AVA <1.0 cm2.
• Mean aortic transvalvular pressure gradient <40 mmHg.
• LV ejection fraction <50%.
• SVi <35 mL/m2.

Dobutamine stress-echocardiography provides information on the
changes in aortic velocity, mean gradient, and valve area as flow rate
increases, and also provides a measure of the contractile response to
dobutamine and presence of flow reserve, measured by the change
in ejection fraction and increase in SV.30,50–53 These data may be
helpful to differentiate two clinical situations:

• Severe AS causing LV systolic dysfunction (i.e. true severe AS): the
transaortic velocity is flow dependent; so, LV failure can lead to a
patient with severe AS having an apparently moderate transaortic
peak velocity and mean pressure gradient associated with a small
EOA. In this situation, aortic valve replacement will relieve after-
load and may allow the LV ejection fraction to increase towards
normal.

• Moderate AS (i.e. pseudosevere AS) with another cause of LV dys-
function (e.g. myocardial infarct or a primary cardiomyopathy): The
EOA is then low because the LV does not generate sufficient en-
ergy to overcome the inertia required to open the aortic valve to
its maximum possible extent. In this situation, aortic valve replace-
ment may not lead to a significant improvement in LV systolic func-
tion. Valve replacement has not been shown to be of benefit in this
group and medical heart failure treatment is recommended.54

Thus, this diagnostic distinction has important clinical relevance.

A patient with a low ejection fraction but a resting AS velocity >_4.0
m/s or mean gradient >_40 mmHg generally does not have impaired
LV systolic function. The ventricle is demonstrating a normal re-
sponse to high afterload (severe AS), and ventricular function will im-
prove after relief of stenosis. This patient does not need a stress
echocardiogram.

The protocol for dobutamine stress echocardiography for evaluation
of AS severity in the setting of LV dysfunction uses a low-dose protocol,
starting at 2.5 or 5 lg/kg/min with an incremental increase in the infu-
sion every 3–5 min to a maximum dose of 10–20 lg/kg/min (see Table
4). There is a risk of arrhythmia so there must be medical supervision
and high doses of dobutamine should be avoided. The infusion should
be stopped as soon as a positive result is obtained (>20% increase in SV
from baseline or an increase in AS jet velocity >_4.0 m/s or a mean gradi-
ent >_30–40 mmHg provided that valve area does not exceed 1.0 cm2

at any flow rate) or when the heart rate begins to rise more than 10–20
bpm over baseline or exceeds 100 bpm, on the assumption that the
maximum inotropic effect has been reached. In addition, dobutamine
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..administration should also be terminated when symptoms, blood pres-
sure fall, or significant arrhythmias occur.

Doppler data are recorded at each stage including LVOT velocity
recorded from the apical approach. AS jet velocity is recorded from
the window that yields the highest velocity signal but some laborato-
ries prefer to use comparative changes from an apical window to fa-
cilitate rapid data acquisition. The LVOT diameter is measured at
baseline and the same diameter is used to calculate the continuity-
equation valve area at each stage. Measurement of biplane ejection
fraction at each stage is helpful to assess the improvement in LV con-
tractile function. The dimensionless index can be tracked during
stages as an alternate measure corroborating changes in AVA.

The report of the dobutamine stress echocardiographic study
should include AS velocity, mean gradient, SV and valve area at each
stage. EF should be measured at least at baseline and peak effect. The
role of dobutamine stress echocardiography in decision-making in
adults with AS is controversial and beyond the scope of this docu-
ment. The findings we recommend as reliable are:

• An increase in effective AVA to a final valve area >1.0 cm2 sug-
gests that stenosis is not severe.26

• >20% increase in SV from baseline suggests presence of contract-
ile reserve.

• Severe stenosis is suggested by an AS jet velocity >_4.0 m/s or a
mean gradient >30–40 mmHg provided that valve area does not
exceed 1.0 cm2 at any flow rate.51

• Absence of contractile reserve (failure to increase SV by > 20%) is
a predictor of a high surgical mortality and poor long-term out-
come although valve replacement may improve LV function and
outcome even in this subgroup.52

The changes in gradient and AVA during DSE largely depend on
the magnitude of flow augmentation, which may vary considerably
from one patient to another. Therefore, it would be ideal to compare

AVA in different patients at a standardized normal flow rate. With
this purpose, a new parameter, the projected AVA at a normal flow
rate of 250 mL/s, has been proposed.30,53

Key points

(1) Low flow, low gradient AS with reduced ejection fraction is defined
as (i) AVA <1.0 cm2, (ii) mean aortic transvalvular pressure gradient
<40 mmHg, (iii) LV ejection fraction <50%, and (iv) SVi <35 mL/m2.

(2) Low-dose DSE can help distinguish between pseudo severe AS vs.
true severe AS.
• An increase in effective AVA to a final valve area >1.0 cm2

suggests that stenosis is not severe.
• Severe stenosis is suggested by an AS jet velocity >_4 m/s or

a mean gradient >30–40 mmHg provided that valve area
does not exceed 1.0 cm2 at any flow rate.

• Absence of contractile reserve (failure to increase SV
by > 20%) is a predictor of a high surgical mortality and poor
long-term outcome although valve replacement may improve
LV function and outcome even in this subgroup.

Low flow, low gradient AS with preserved ejection

fraction

The most challenging finding in clinical practice is a valve area <1 cm2

with a peak velocity <4 m/s and a mean pressure gradient <40 mmHg
despite normal LVEF. The entity of ‘paradoxical’ low flow, low gradi-
ent AS with preserved EF has been introduced in this setting and
refers to patients with hypertrophied, small ventricles resulting in
reduced transvalvular flow (for which SVi < 35 mL/m2 is a surrogate)
despite normal EF.55,56 However, this entity has to be diagnosed with
particular care because other more frequent reasons for the finding
of a small valve area and low gradient in the presence of normal EF
may be more likely such as technical factors in AVA calculation (see
Aortic valve area section) and have to be carefully excluded. Severe

Table 4 Low dose dobutamine protocol

52

≥4.0
[50,51].
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AS must, in particular be questioned when peak velocity is <3.0 m/s
and mean pressure gradient <20 mmHg. Severe ‘paradoxical’ low
flow, low gradient AS with preserved EF has in general been
described in elderly patients with hypertrophied ventricles of small
volume. Reduced longitudinal LV function and fibrosis have been
found in many cases. However, the vast majority of these patients
had a history of hypertension that may also have caused the LV path-
ology.55,56 In addition, it remains so far unclear how to distinguish be-
tween pseudosevere and true severe AS in this setting. DSE may be
less helpful in these ventricles with small volumes and normal EF. So
far, only one small study has suggested that dobutamine echo may be
helpful in this setting.57 Further research is required to define its def-
inite role in paradoxical low flow, low gradient AS. The degree of
valve calcification assessed by non-contrast CT may in this situation
be a final important hint to identify true severe AS.58,59 However,
only a high calcium score can ascertain severe AS while a low score
makes severe AS highly unlikely (Table 5). Thus, in a relatively wide
intermediate grey zone, a calcium score can also not give the final an-
swer by itself and can only be one important piece of information
within an integrated approach (see Integrated and stepwise approach
to grade AS severity section). In addition, calcium load must be differ-
ently interpreted in men and women, mainly because of differences
in body size. It has, therefore, been proposed to index calcium scores
to BSA or relate it to the LVOT area.59,60

In summary, the following conditions must be considered when
AVA is calculated smaller than 1 cm2 with a peak velocity <4 m/s and
mean gradient <40 mmHg despite normal LV EF:

• Measurement errors (most importantly, underestimation of LVOT
area and thus flow) in moderate AS (true valve area >_1.0 cm2).

• Severe hypertension during examination.
• Inconsistency between AVA and velocity/gradient cut-offs in the

range of AVAs between 0.8 and 1.0 cm2.
• Clinically moderate AS (despite an AVA <1.0 cm2) in a patient

with small body size.
• Severe paradoxical low flow, low gradient AS (true severe or

pseudosevere).

For guidance how to deal with these patients in clinical practice
see Integrated and stepwise approach to grade AS severity in clinical
practice section.

Key points

(1) Low flow, low gradient AS with preserved ejection fraction is
defined as (i) AVA <1 cm2, (ii) peak velocity <4 m/s, (iii) mean pres-
sure gradient <40 mmHg, and (iv) normal LVEF (>_50%).

(2) When considering low flow, low gradient AS with preserved ejec-
tion fraction, important to exclude:
• Measurement errors (most importantly, underestimation of

LVOT area and thus flow).
• Severe hypertension during examination.
• Inconsistency between AVA and velocity/gradient cut-offs in

the range of AVAs between 0.8 and 1.0 cm2.
• Clinically moderate AS (despite an AVA < 1.0 cm2) in a pa-

tient with small body size.

Normal flow, low gradient AS with preserved ejection

fraction

A calculated valve area below 1 cm2 and a mean gradient below 40
mmHg (Vmax below 4 m/s) may be encountered even in the presence
of calculated normal flow in clinical practice. Although the entity of
‘severe normal flow, low gradient AS’ has been suggested61 this does
not make sense by fluid dynamics principles. It is more likely that this
composition of measurements is a result of the inconsistent cut-off
values for valve area and velocity/gradient (see above) or of measure-
ment errors—in particular underestimation of valve area by above-
mentioned reasons—and indicates clinically moderate AS. This hy-
pothesis is supported by studies that have demonstrated that patients
with ‘normal flow, low gradient AS’ have the same outcome as those
with moderate AS.62,63 Patients with this constellation should there-
fore not be diagnosed to have severe AS. They should however be
carefully followed and re-evaluated, particularly when they are
symptomatic.

New classification of AS by gradient,
flow, and ejection fraction
As discussed in Special considerations of difficult subgroups section, a
valve area <1.0 cm2 is a sensitive marker to identify severe AS but has
a low specificity when velocity is <4 m/s and mean gradient <40
mmHg. Patients with a valve area <1.0 cm2 and a velocity <4 m/s may
have only moderate AS, depending on flow status and ventricular
function. Thus, in patients with a valve area <1.0 cm2, further classifi-
cation based on the combination of velocity (gradient), transvalvular
SV, and LV ejection fraction is recommended as follows:

Table 5 Criteria that increase the likelihood of severe
AS in patients with AVA <1.0 cm2 and mean
gradient <40 mmHg in the presence of preserved EF

(1) Clinical citeria:

Physical examination consistent with severe aortic stenosis

Typical symptoms without other explanation

Elderly patient (>70 years)

(2) Qualitative imaging data:

LVH (additional history of hypertension to be considered)

Reduced LV longitudinal function without other explanation

(3) Quantitative imaging data:

Mean gradient 30–40 mmHg*

AVA <_0.8 cm2

Low flow (SVi <35 mL/m2) confirmed by other techniques than

standard

Doppler technique (LVOT measurement by 3D TEE or MSCT;

CMR, invasive data)

Calcium score by MSCT**

Severe AS likely: men >_2000 women >_1200

Severe AS very likely: men >_ 3000 women >_1600

Severe AS unlikely: men <1600 women <800

*Haemodynamics measured when the patient is normotensive
**Values are given in arbitrary units using Agatston method for quantification of
valve calcification
AS, aortic stenosis; AVA, aortic valve area; EF, ejection fraction; LVOT, left vetir-
cular outflow tract; CMR, cardiac magnetic resonance imaging; MSCT, multislice
comptuted tomography; SVi, stroke volume index; TOE, transesophageal
echocardiography.
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.• high gradient (velocity >_4 m/s or mean gradient >_40 mmHg) vs.
low gradient (mean gradient <40 mmHg);

• normal flow (SVi >_ 35 mL/m2) vs. low flow (SVi <35 mL/m2);
• preserved ejection fraction (>_50%) vs. reduced ejection fraction

(<50%).

As discussed above, the assumption of a circular LVOT shape may
result in underestimation of transaortic SV measured using Doppler
data so that many patients classified to have low flow, low gradient
AS may indeed have normal flow and thus only moderate AS.
Although 2D and 3D echocardiographic measurement of LV end-
diastolic and end-systolic volumes to calculate SV is not affected by
LVOT geometry, this approach also can underestimate SV. In clinical
practice, the diagnosis of low flow AS is most secure if multiple
approaches to calculation of SVi yield similar results and there is an
explanation for the low flow state—most often a small hypertro-
phied ventricle with small LV volumes or LV systolic dysfunction with
a reduced ejection fraction. Furthermore—although widely ac-
cepted—the definition of the flow status by SV has intrinsic limita-
tions. With increasing severity of AS, the ejection time may prolong
and even patients with a normal SV may indeed have reduced trans-
valvular flow.64

For these reasons, the new classification has to be viewed with
caution. For clinical decision-making, it is strongly recommended to
follow the integrated approach of AS assessment described in
Integrated and stepwise approach to grade AS severity in clinical
practice section. The diagnosis of severe AS requires clinical judg-
ment with integration of several types of data including patient symp-
toms, valve anatomy, haemodynamics, and LV anatomy and function
as summarized in the ACC/AHA guidelines recommendation for dis-
ease stages.1

Key points
In patients with a valve area <1.0 cm2, further classification based on
the combination of velocity (gradient), transvalvular SV, and LV ejec-
tion fraction is recommended as follows:

• high gradient (velocity >_ 4 m/s or mean gradient >_40 mmHg) vs.
low gradient (mean gradient <40 mmHg);

• normal flow (SVi >_35 mL/m2) vs. low flow (SVi <35 mL/m2);
• preserved ejection fraction (>_50%) vs. reduced ejection fraction

(<50%).

Assessment of the LV in AS

LV hypertrophy and changes in LV function in response to AS are im-
portant for AS grading and the definition of the pathophysiologic
stage of disease. In addition, LV abnormalities (hypertrophy, dysfunc-
tion) caused by concomitant disease such as arterial hypertension, LV
dysfunction from coronary artery disease or cardiomyopathy may
significantly affect AS assessment.

Conventional parameters of LV function
Conventional parameters of LV function include the measurement of
LV end-diastolic and end-systolic diameters providing fractional
shortening, and end-diastolic and end-systolic volumes providing SV
and ejection fraction. EF is load dependent and the increase in LV
afterload associated with AS may result in a decrease in EF despite

preserved myocardial function (i.e. afterload mismatch). In this case,
EF will improve after relief of obstruction.

Novel parameters of LV function
Global longitudinal strain (GLS) measurements in severe AS may de-
tect impairment of LV systolic function when EF is still normal and
may predict prognosis although further studies are needed to con-
firm its prognostic value.65–68 In addition, myocardial fibrosis is associ-
ated with unfavourable outcomes in AS patients and may be
reflected in reduced GLS.69–72 However, limitations to the clinical
utility of GLS include inter-vendor differences in strain measure-
ments,73 afterload dependence, and outcome data largely limited to
studies of symptomatic patients. Thus, the role of GLS in asymptom-
atic AS for the detection of early myocardial dysfunction and as a par-
ameter that may improve timing of intervention remains insufficiently
defined. Nevertheless, its use as an additional piece of information
within an integrated approach to assess AS can be helpful in selected
patients.

LV hypertrophy
LV hypertrophy commonly accompanies AS either as a consequence
of valve obstruction or owing to chronic hypertension, which is fre-
quently present in the elderly with AS. Ventricular hypertrophy typic-
ally results in a small ventricular cavity with thick walls and diastolic
dysfunction, particularly in elderly women with AS. The small LV
ejects a small SV so that, even when severe stenosis is present, the
AS velocity and mean gradient may be lower than expected for a
given valve area. Continuity-equation valve area is accurate in this
situation. Many women with small LV size also have a small body size
(and LVOT diameter), so indexing valve area to body size may be
helpful. Excessive LV hypertrophy as assessed by echocardiography
has been shown to be a predictor of outcome.74 Assessment of LV fi-
brosis by echocardiography remains limited and requires magnetic
resonance imaging (CMR).

Integrated and stepwise approach
to grade AS severity

Considering all the newly defined entities of AS discussed above, the
definition of severe AS has become more and more challenging over
recent years. Current guidelines emphasize that the diagnosis in clin-
ical practice must be based on an integrated approach including trans-
valvular velocity/gradient, valve area, valve morphology, flow rate, LV
morphology and function, blood pressure and symptoms.1,2 The fol-
lowing step-by-step approach can help to deal with the current chal-
lenge of defining severe AS in clinical practice and is illustrated in
Figure 8.

2D echocardiography provides the morphology of the aortic valve.
Thickening and calcification of aortic cusps with reduced motion (cal-
cific AS) or doming of a pliable aortic valve (congenital AS) or fused
commissures (rheumatic AS) indicate the presence of stenotic aortic
valve disease and requires further assessment of its severity by the
following steps.

Step 1. Assessment of transvalvular peak velocity and mean
gradient
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..Carefully performed CW-Doppler interrogation provides trans-
valvular peak velocity and mean gradient. Several major sources of
error need to be avoided (see Peak jet velocity and Mean gradient
sections). A velocity of >_4 m/s and a mean gradient of >_40 mmHg in-
dicate high gradient AS while measurements below these cut-offs de-
fine low gradient AS. This distinction determines the following steps
of evaluation. It has to be emphasized that velocity/gradient measure-
ments—as long as properly performed—represent the most robust
variables for severity assessment in clinical practice.

High gradient AS track
This track may be considered the ‘easy track’. A high gradient gener-
ally indicates severe AS. Whether severe high gradient AS is associ-
ated with normal flow or low flow and normal LVEF or reduced
LVEF has prognostic implications but does not require further evalu-
ation to confirm AS severity.

The only diagnostic condition to consider for assessment of AS se-
verity is the patient with abnormally high flow across the valve
(SVi >58 mL/m2).48 In this situation, even non-severe AS as defined

5

5

Figure 8 Integrated, stepwise approach to grading AS severity.
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by AVA >_1.0 cm2, may present with a high gradient. The high gradient
will nevertheless indicate severe pressure overload of the left ven-
tricle. In some settings, high flow and therefore the severity of pres-
sure overload may be reversible such as in anaemia, hyperthyroidism,
arterio-venous shunts. These conditions need to be identified and
correctly addressed. Assessment should then be repeated when flow
status has normalized. In other settings such as additional AR of hae-
modynamic significance or patients on haemodialysis with no option
to reduce the shunt, the high flow cannot be changed but then the
high gradient again indicates severe pressure overload owing to aor-
tic valve disease and high gradients remain an essential prognostic fac-
tor75 consistent with severe valve disease that may indicate
intervention on the aortic valve.

The next step in high gradient AS is therefore to exclude a high flow
state and if present to determine the reason for the high flow and
whether it is reversible. High flow can—in most instances—be easily
recognized from high LVOT velocity that can be quickly recognized
by colour Doppler or velocity ratio.

Low gradient AS track
This is considered the ‘difficult track’.

In low gradient AS, the next step must always be to assess AVA.
Step 2. Effective AVA calculation indicates moderate AS when it

is >_1.0 cm2. In patients with a large LVOT, overestimation of flow and
therefore AVA should be excluded.

A calculated effective AVA <1.0 cm2 only suggests, but does not
confirm severe AS. This setting requires the most extensive further
evaluation.

Step 3. Exclusion of measurement errors (see Peak jet velocity,
Mean gradient, Aortic valve area and Special considerations of diffi-
cult subgroups sections).

All components that contribute to AVA calculation must be
checked. In particular underestimation of AVA by flow underestima-
tion owing to underestimation of the LVOT area must be carefully
excluded.

Step 4. Define flow status (normal flow = SVi >_35 mL/m2; low
flow = SVi < 35 mL/m2).

If normal flow is present, severe AS is very unlikely even if AVA is
calculated <1 cm2. These patients will in general have moderate AS
and AVA is likely to be miscalculated. The inconsistency of the cut-
offs for AVA and velocity/gradient may be another explanation for
this constellation of measurements as well as a very small body size.

Step 5. If low flow is present, further evaluation depends on LV ejec-
tion fraction and patients with preserved EF must be separated from
those with reduced EF.

In low flow, low gradient AS with reduced LVEF (i.e. <50%), dobut-
amine echo should be performed to assess contractile/flow reserve
(increase in SV on DSE by 20% or more) and to distinguish between
true severe and pseudosevere AS (see Low flow, low gradient AS
with reduced EF section). In patients without contractile reserve, this
distinction may not be possible and the degree of valve calcification
(best determined by MSCT) may be the primary clue as to whether
AS is severe or moderate (see Table 5).

Low flow, low gradient AS with preserved LVEF represents the
most challenging subgroup and clear distinction between severe and
non-severe AS remains difficult. Measurement errors must be
excluded with particular care in this setting. Because flow

measurements in the LVOT tend to underestimate the real flow
when assuming a circular shape, additional attempts to account for
this source may be required to make sure that flow is indeed reduced
and AVA <1.0 cm2. 3D echo and MSCT may provide a more accur-
ate LVOT area and SV calculation. Magnetic resonance imaging
(CMR) and invasive evaluation may be alternatives. When measure-
ments are confirmed, Table 5 summarizes criteria that increase the
likelihood of severe AS in this setting. Extent of valve calcification
again is an important piece of information, but an integrated approach
that includes in addition a number of clinical, morphologic and hae-
modyanamic variables is essential.

Key points

• The diagnosis of severe aortic stenosis in clinical practice must be
based on an integrated approach including transvalvular velocity/
gradient, valve area, valve morphology, flow rate, LV morphology
and function, blood pressure and symptoms.

• A step-by-step approach can help to deal with the current chal-
lenge of defining severe AS particularly in the setting of low gradi-
ent AS in clinical practice (Figure 8).

Associated pathologies

Aortic regurgitation
About 80% of adults with AS also have AR but regurgitation is usually
only mild or moderate in severity and measures of AS severity are
not significantly affected. When severe AR accompanies AS, meas-
ures of AS severity remain accurate including maximum velocity,
mean gradient, and valve area. However, because of the high trans-
aortic volume flow rate, maximum velocity, and mean gradient will
be higher than expected for a given valve area. In this situation, re-
porting accurate quantitative data for the severity of both stenosis
and regurgitation76 is helpful for clinical decision-making. The com-
bination of moderate AS and moderate AR is consistent with severe
combined valve disease. Velocity and mean gradient remain the major
predictors of outcome.75

Mitral regurgitation
MR is common in elderly adults with AS either as a consequence of
LV pressure overload, LV remodelling or owing to concurrent mitral
valve disease. It is essential to distinguish regurgitation owing to a pri-
mary abnormality of the mitral valve from secondary regurgitation
related to AS. LV size, hypertrophy, and systolic and diastolic function
should be evaluated using standard approaches, and pulmonary sys-
tolic pressure should be calculated from the peak tricuspid regurgi-
tant jet velocity and estimated right atrial pressure. MR severity does
not affect evaluation of AS severity except for two possible con-
founders. First, with severe MR, transaortic flow rate may be low re-
sulting in a low gradient even when severe AS is present; valve area
calculations remain accurate in this setting as long as flow is calculated
in the LVOT and not by volumetry. Second, a high-velocity MR jet
may be mistaken for the AS jet as both are systolic signals directed
away from the apex. Timing of the signal is the most reliable way to
distinguish the CWD velocity curve of MR from AS; MR is longer in
duration, starting with mitral valve closure and continuing until mitral
valve opening. The shape of the MR velocity curve also may be helpful
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.with chronic regurgitation, but can appear similar to AS with acute
severe MR. High driving pressure (high LV pressure owing to AS)
may cause MR severity overestimation if jet size is primarily used to
evaluate MR. The high driving pressure will also disproportionately
increase the regurgitant volume for a given regurgitant orifice area.
Careful evaluation of the mechanism(s) of MR is crucial for the deci-
sion whether the mitral valve requires intervention in addition to aor-
tic valve intervention.

Mitral stenosis
In patients with rheumatic AS, the mitral valve is usually also affected
with the rheumatic process and has some degree of stenosis, or pos-
sibly predominantly regurgitation. Mitral stenosis may result in low
cardiac output and, therefore, low flow, low gradient AS.

Dilatation of the ascending aorta
In addition to evaluation of AS aetiology and haemodynamic severity,
the echocardiographic evaluation of adults with aortic valve disease
should always include careful evaluation of the aorta with measure-
ment of diameters at the sinuses of Valsalva, the sinotubular junction
and the ascending aorta. Dilation of the aortic root and/or the tubular
ascending aorta is associated with bicuspid aortic valve disease and
aortic size may impact the timing and type of intervention. In some
cases, additional imaging with TOE, CT or CMR may be needed to
fully assess the aorta.

Arterial hypertension
Hypertension accompanied AS in 35–45% of patients in earlier stud-
ies. However, in elderly patients with low flow, low gradient AS it
was present in the vast majority.55,56 Although an in vitro study has
demonstrated that systemic pressure may not directly affect gradient
and valve area measurements,77 increasing LV pressure load may
cause changes in ejection fraction and flow. The presence of hyper-
tension may therefore primarily affect flow and gradients but less
AVA measurements. Nevertheless, evaluation of AS severity78,79,80

with uncontrolled hypertension may not accurately reflect disease
severity. Thus, control of blood pressure is recommended before
echocardiographic evaluation, whenever possible. The echocardio-
graphic report should always include a blood pressure measurement
recorded at the time of the examination, to allow comparison be-
tween serial echocardiographic studies and with other clinical data.

Prognostic markers

A number of echocardiographic predictors of outcome have been re-
ported in asymptomatic severe AS. They have been of particular
interest with regard to the improvement of timing of surgery in
asymptomatic patients. In this context, it has to be emphasized that
these factors have, in general, been demonstrated to be predictors of
event-free survival, which was driven by development of symptoms
requiring intervention in the majority of cases. It remains uncertain
whether patients benefit from early surgery before symptom onset in
the presence of these risk factors.

Echocardiographic predictors of symptom development and ad-
verse outcomes in AS are as follows:

• peak aortic jet velocity;8,15,81

• severity of valve calcification;8

• LV ejection fraction;71,82

• rate of haemodynamic progression;8

• increase in gradient with exercise;43,83

• excessive LV hypertrophy;74

• abnormal longitudinal LV function (in particular GLS);70–72

• pulmonary hypertension.84–88

Of these, the following have been considered in clinical practice
guidelines to impact the decision for surgery in asymptomatic AS:2

• peak aortic jet velocity >5.5 m/s;
• combination of severe valve calcification with a rapid increase in

peak transvalvular velocity of >_ 0.3 m/s/year;
• increase of mean pressure gradient with exercise by > 20 mmHg.

Key points
The following prognostic markers have been considered to impact
decision for surgery in asymptomatic severe aortic stenosis patients.

• peak aortic jet velocity >5.5 m/s;
• combination of severe valve calcification with a rapid increase in

peak transvalvular velocity of >_ 0.3 m/s/year;
• increase of mean pressure gradient with exercise by > 20 mmHg.

Follow-up assessment

Follow-up assessment of AS by echocardiography focuses on the
progression of stenosis severity (increase in velocity/gradient and de-
crease in AVA) and the occurrence of secondary changes in response
to AS (increase in LV hypertrophy, decrease in LVEF, increase in sec-
ondary MR and TR, increase in pulmonary artery pressure) as well as
changes in the size of the ascending aorta.

With regard to changes in velocity/gradient and AVA, it is essential
to use exactly the same methods to avoid artificial changes (see
above). For example, an increase in peak velocity >_0.3 m/s that may
drive surgical treatment can be caused by comparison of a spectrum
recorded from a right parasternal approach with previous measure-
ments only obtained from an apical approach. Velocity and gradient
may remain constant or even decrease despite progression of AS
when flow has decreased at the same time.

Thus, follow-up assessment requires methodological precision and
careful interpretation.

Disclaimer: This report is made available by EACVI and ASE as a
courtesy reference source for members. This report contains recom-
mendations only and should not be used as the sole basis to make
medical practice decisions or for disciplinary action against any em-
ployee. The statements and recommendations contained in this report
are frequently based on the opinions of experts, rather than on scien-
tifically verified data. EACVI and ASE make no express or implied war-
ranties regarding the completeness or accuracy of the information in
this report, including the warranty of merchantability or fitness for a
particular purpose. In no event shall EACVI or ASE be liable to you,
your patients, or any other third parties for any decision made or ac-
tion taken by you or such other parties in reliance on this information.
Nor does your use of this information constitute the offering of
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medical advice by EACVI/ASE or create any physician-patient relation-
ship between EACVI/ASE and your patients or anyone else.
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