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I. INTRODUCTION
Valve stenosis is a common heart disorder and an important cause of
cardiovascular morbidity and mortality. Echocardiography has become the key tool for the diagnosis and evaluation of valve disease,
and is the primary non-invasive imaging method for valve stenosis
assessment. Clinical decision-making is based on echocardiographic
assessment of the severity of valve stenosis, so it is essential that
standards be adopted to maintain accuracy and consistency across
echocardiographic laboratories when assessing and reporting valve
stenosis. The aim of this paper was to detail the recommended
approach to the echocardiographic evaluation of valve stenosis,
including recommendations for speciﬁc measures of stenosis severity,
details of data acquisition and measurement, and grading of severity.
These recommendations are based on the scientiﬁc literature and on
the consensus of a panel of experts.
This document discusses a number of proposed methods for
evaluation of stenosis severity. On the basis of a 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 stenosis of that valve.
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 applications and in rare clinical cases.

It is essential in clinical practice to use an integrative approach when
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Figure 1 Aortic stenosis aetiology: morphology of calcific AS, bicuspid valve, and rheumatic AS (Adapted from C. Otto, Principles
of Echocardiography, 2007).
grading the severity of stenosis, combining all Doppler and 2D data,
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 tachycardia can make
assessment of stenosis severity problematic. Finally, echocardiographic measurements of valve stenosis must be interpreted in the
clinical context of the individual patient. The same Doppler echocardiographic measures of stenosis severity may be clinically important
for one patient but less signiﬁcant for another.
II. AORTIC STENOSIS
Echocardiography has become the standard means for evaluation of
aortic stenosis (AS) severity. Cardiac catheterization is no longer
recommended1–3 except in rare cases when echocardiography is
non-diagnostic or discrepant with clinical data.
This guideline details recommendations for recording and measurement of AS severity using echocardiography. However, although
accurate quantitation of disease severity is an essential step in patient
management, clinical decision-making depends on several other
factors, most importantly symptom status. This echocardiographic
standards document does not make recommendations for clinical
management: these are detailed in the current guidelines for management of adults with valvular heart disease.
A. Causes and Anatomic Presentation
The most common causes of valvular AS are a bicuspid aortic valve
with superimposed calciﬁc changes, calciﬁc stenosis of a trileaﬂet
valve, and rheumatic valve disease (Figure 1). In Europe and the USA,
bicuspid aortic valve disease accounts for ⬃50% of all valve replacements for AS.4 Calciﬁcation of a trileaﬂet valve accounts for most of
the remainder, with a few cases of rheumatic AS. However, worldwide, rheumatic AS is more prevalent.
Anatomic evaluation of the aortic valve is based on a combination
of short- and long-axis images to identify the number of leaﬂets, and
to describe leaﬂet mobility, thickness, and calciﬁcation. In addition,
the combination of imaging and Doppler allows the determination of
the level of obstruction; subvalvular, valvular, or supravalvular. Transthoracic imaging usually is adequate, although transesophageal echocardiography (TEE) 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), or fusion of the right and non-coronary cusps
resulting in a larger right than left cusp with one coronary artery
arising from each cusp (about 20% of cases).5,6 Fusion of the left and
non-coronary cusps is rare. Diagnosis is most reliable when the two
cusps are seen in systole with only two commissures framing an
elliptical systolic oriﬁce. Diastolic images may mimic a tricuspid valve
when a raphe is present. Long-axis views may show an asymmetric
closure line, systolic doming, or diastolic prolapse of the cusps but
these ﬁndings are less speciﬁc than a short-axis systolic image. In
children and adolescents, a bicuspid valve may be stenotic without
extensive calciﬁcation. However, in adults, stenosis of a bicuspid
aortic valve typically is due to superimposed calciﬁc changes, which
often obscures the number of cusps, making determination of bicuspid vs. tricuspid valve difﬁcult.
Calciﬁcation of a tricuspid aortic valve is most prominent when the
central part of each cusp and commissural fusion is absent, resulting
in a stellate-shaped systolic oriﬁce. With calciﬁcation of a bicuspid or
tricuspid valve, the severity of valve calciﬁcation can be graded
semi-quantitatively, as mild (few areas of dense echogenicity with
little acoustic shadowing), moderate, or severe (extensive thickening
and increased echogenicity with a prominent acoustic shadow). The
degree of valve calciﬁcation is a predictor of clinical outcome.4,7
Rheumatic AS is characterized by commisural fusion, resulting in a
triangular systolic oriﬁce, with thickening and calciﬁcation most
prominent along the edges of the cusps. Rheumatic disease nearly
always affects the mitral valve ﬁrst, so that rheumatic aortic valve
disease is accompanied by rheumatic mitral valve changes. Subvalvular or supravalvular stenosis is 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. Subvalvular
obstruction may be ﬁxed, due to a discrete membrane or muscular
band, with haemodynamics similar to obstruction at the valvular
level. Dynamic subaortic obstruction, for example, with hypertrophic
cardiomyopathy, refers to obstruction that changes in severity during
ventricular ejection, with obstruction developing predominantly in
mid-to-late systole, resulting in a late peaking velocity curve. Dynamic
obstruction also varies with loading conditions, with increased ob-
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Table 1 Recommendations for data recording and measurement for AS quantitation

struction when ventricular volumes are smaller and when ventricular
contractility is increased.
Supravalvular stenosis is uncommon and typically is due to a
congenital condition, such as Williams syndrome with persistent or
recurrent obstruction in adulthood.
With the advent of percutaneous aortic valve implantation, anatomic assessment appears to become increasingly important for
patient selection 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, TEE may be superior to
transthoracic echocardiography (TTE). However, standards still have
to be deﬁned.
B. How to Assess Aortic Stenosis (Tables 1 and 2)
B.1. Recommendations for Standard Clinical Practice (Level
1 Recommendation 5 appropriate in all patients with AS) The
primary haemodynamic parameters recommended for clinical evaluation of AS severity are:
●
●
●

AS jet velocity
Mean transaortic gradient
Valve area by continuity equation.

B.1.1. Jet velocity. The antegrade systolic velocity across the narrowed aortic valve, or aortic jet velocity, is measured using continuous-wave (CW) Doppler (CWD) ultrasound.8 –10 Accurate data recording mandates multiple acoustic windows in order to determine
the highest velocity (apical and suprasternal or right parasternal most
frequently yield the highest velocity; rarely subcostal or supraclavicular windows may be required). Careful patient positioning and
adjustment of transducer position and angle are crucial as velocity
measurement assumes a parallel intercept angle between the ultrasound beam and direction of blood ﬂow, whereas the 3D direction of
the aortic jet is unpredictable and usually cannot be visualized. AS jet
velocity is deﬁned as the highest velocity signal obtained from any
window after a careful examination; lower values from other views
are not reported. The acoustic window that provides the highest
aortic jet velocity is noted in the report and usually remains constant
on sequential studies in an individual patient.
Occasionally, colour Doppler is helpful to avoid recording the
CWD signal of an eccentric mitral regurgitation (MR) jet, but is
usually not helpful for AS jet direction. Any deviation from a parallel
intercept angle results in velocity underestimation; however, the
degree of underestimation is 5% or less if the intercept angle is within
15° of parallel. ‘Angle correction’ should not be used because it is
likely to introduce more error given the unpredictable jet direction. A
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Table 2 Measures of AS severity obtained by Doppler echocardiography

Recommendation for clinical application: (1) appropriate in all patients with AS (yellow); (2) reasonable when additional information is needed in
selected patients (green); and (3) not recommended for clinical use (blue).
VR, Velocity ratio; TVI, time-velocity integral; LVOT, LV outflow tract; AS, AS jet; TTE and TEE, transthoracic and transesophageal echocardiography;
SWL, stroke work loss; ⌬P, mean transvalvular systolic pressure gradient; SBP, systolic blood pressure; Pdistal, pressure at the ascending aorta; Pvc,
pressure at the vena contracta; AVA, continuity-equation-derived aortic valve area; v, velocity of AS jet; AA, size of the ascending aorta; ELI,
 , mean systolic transvalvular flow-rate; AVAproj, projected aortic
energy-loss coefficient; BSA, body-surface area; AVR, aortic valve resistance; Q
valve area; AVArest, AVA at rest; VC, valve compliance derived as the slope of regression line fitted to the AVA versus Q plot; Qrest, flow at rest; DSE,
dobutamine stress echocardiography; N, number of instantaneous measurements.

dedicated small dual-crystal CW transducer is recommended both
due to a higher signal-to-noise ratio and to allow optimal transducer
positioning and angulation, particularly when suprasternal and right
parasternal windows are used. However, when stenosis is only mild
(velocity ⬍3 m/s) and leaﬂet opening is well seen, a combined
imaging-Doppler transducer may be adequate.
The spectral Doppler signal is recorded with the velocity scale adjusted so the signal ﬁlls, but ﬁts, on the vertical axis, and with a time scale
on the x-axis of 100 mm/s. Wall (or high pass) ﬁlters are set at a high level
and gain is decreased to optimize identiﬁcation of the velocity curve.

Grey scale 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 the validation and interobserver variability
studies were done using this mode. Colour scales have variable approaches to matching signal strength to colour hue or intensity and are
not recommended unless a decibel scale can be veriﬁed.
A smooth velocity curve with a dense outer edge and clear
maximum velocity should be recorded. The maximum velocity is
measured at the outer edge of the dark signal; ﬁne linear signals at the
peak of the curve are due to the transit time effect and should not be
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which varies with stenosis severity and ﬂow rate. The mean transaortic gradient is easily measured with current echocardiography systems
and provides useful information for clinical decision-making.
Transaortic pressure gradient (⌬P) is calculated from velocity (v)
using the Bernoulli equation as:
⌬P ⫽ 4v2
The maximum gradient is calculated from maximum velocity:
2
⌬Pmax ⫽ 4vmax

Figure 2 Continuous-wave Doppler of severe aortic stenosis jet
showing measurement of maximum velocity and tracing of the
velocity curve to calculate mean pressure gradient.

included in measurements. Some colour scales ‘blur’ the peak velocities, sometimes resulting in overestimation of stenosis severity. The
outer edge of the dark ‘envelope’ of the velocity curve (Figure 2) is
traced to provide both the velocity–time integral (VTI) for the
continuity equation and the mean gradient (see below).
Usually, three or more beats are averaged in sinus rhythm, averaging of more beats is mandatory with irregular rhythms (at least 5
consecutive beats). Special care must be taken to select representative
sequences of beats and to avoid post-extrasystolic beats.
The shape of the CW Doppler 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, subvalvular, or supravalvular), the maximum velocity occurs later in systole and the curve is more rounded in shape with
more severe obstruction. With mild obstruction, the peak is in early
systole with a triangular shape of the velocity curve, compared with
the rounded curve with the peak moving towards midsystole in
severe stenosis, reﬂecting a high gradient throughout systole. The
shape of the CWD velocity curve also can be helpful in determining
whether the obstruction is ﬁxed or dynamic. Dynamic subaortic
obstruction shows a characteristic late-peaking velocity curve, often
with a concave upward curve in early systole (Figure 3).
B.1.2. Mean transaortic pressure gradient. The difference in pressure
between the left ventricular (LV) and aorta in systole, or transvalvular
aortic gradient, is another standard measure of stenosis severity.8 –10
Gradients are calculated from velocity information, and peak gradient
obtained from the peak velocity does therefore not add additional
information as compared with peak velocity. However, the calculation of the mean gradient, the average gradient 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, the relationship between
peak and mean gradient depends on the shape of the velocity curve,

and the mean gradient is calculated by averaging the instantaneous
gradients over the ejection period, a function included in most clinical
instrument measurement packages using the traced velocity curve.
Note that the mean gradient requires averaging of instantaneous
mean gradients and cannot be calculated from the mean velocity.
This clinical equation has been derived from the more complex
Bernoulli equation by assuming that viscous losses and acceleration
effects are negligible and by using an approximation for the constant that
relates to the mass density of blood, a conversion factor for measurement
units.
In addition, the simpliﬁed Bernoulli equation assumes that the
proximal velocity can be ignored, a reasonable assumption when
velocity is ⬍1 m/s because squaring a number ⬍1 makes it even
smaller. When the proximal velocity is over 1.5 m/s or the aortic
velocity is ⬍3.0 m/s, the proximal velocity should be included in the
Bernoulli equation so that
2
2
⌬P ⫽ 4(vmax
⫺ vproximal
)

when calculating maximum gradients. It is more problematic to
include proximal velocity in mean gradient 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
In addition to the above-mentioned sources of error (malalignment
of jet and ultrasound beam, recording of MR jet, neglect of an
elevated proximal velocity), there are several other limitations of
transaortic pressure gradient calculations. Most importantly, any underestimation of aortic velocity results in an even greater underestimation in gradients, due to the squared relationship between velocity
and pressure difference. There are two additional concerns when
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 LV and peak aortic pressure measured
from the pressure tracings. Note that 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 this peak-topeak difference is less thanthe 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 due to
turbulences and viscous losses, some of the kinetic energy will be
reconverted into potential energy with a corresponding increase in
pressure, the so-called PR. Pressure recovery is greatest in stenoses
with gradual distal widening since occurrence of turbulences is then
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Figure 3 An example of moderate aortic stenosis (left) and dynamic outflow obstruction in hypertrophic cardiomyopathy (right).
Note the different shapes of the velocity curves and the later maximum velocity with dynamic obstruction.

reduced. Aortic stenosis with its abrupt widening from the small oriﬁce
to the larger aorta has an unfavourable geometry for pressure recovery.
In AS, PR (in mmHg) can indeed be calculated from the Doppler
gradient that corresponds to the initial pressure drop across the valve (i.e.
4v2), the effective oriﬁce area as given by the continuity equation (EOA)
and the cross-sectional area (CSA) of the ascending aorta (AoA) by the
following equation: PR ⫽ 4v2 ⫻ 2EOA/AoA ⫻ (1⫺EOA/AoA).11
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 sizes, therefore, appear to be the key player and PR must be taken
into account primarily in patients with a diameter of the ascending aorta
⬍30 mm.11 It may be clinically relevant particularly in congenital AS.
However, in most adults with native AS, the magnitude of PR is small
and can be ignored as long as the diameter of the aorta is ⬎30 mm.
When the aorta is ⬍30 mm, however, 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 across the stenosis, which represents the pathophysiologically relevant measurement.11
Current guidelines for decision-making in patients with valvular
heart disease recommend non-invasive evaluation with Doppler
echocardiography.1,2,12,13 Cardiac catheterization is not recommended except in cases where echocardiography is non-diagnostic or
is discrepant with clinical data. The prediction of clinical outcomes
has been primarily studied using Doppler velocity data.
B.1.3. 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 aortic valve area
(AVA) is helpful when ﬂow rates are very low or very high, although
even the degree of valve opening varies to some degree with ﬂow rate
(see below).
Aortic valve area is calculated based on the continuity-equation
(Figure 4) concept that the stroke volume (SV) ejected through the

Figure 4 Schematic diagram of continuity equation.

LV outﬂow tract (LVOT) all passes through the stenotic oriﬁce (AVA)
and thus SV is equal at both sites:
SVAV ⫽ SVLVOT
Because volume ﬂow rate through any 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 ⫻ VTIAV ⫽ CSALVOT ⫻ VTILVOT
Solving for AVA yields the continuity equation14,15
AVA ⫽

CSALVOT ⫻ VTILVOT
VTIAV
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Figure 5 Left ventricular outflow tract diameter is measured in
the parasternal long-axis view in mid-systole from the white–
black interface of the septal endocardium to the anterior mitral
leaflet, parallel to the aortic valve plane and within 0.5–1.0 cm
of the valve orifice.
Calculation of continuity-equation valve area requires three measurements:
●
●
●

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

AS jet velocity is recorded with CWD and the VTI is measured as
described above.
Left ventricular outﬂow tract stroke volume
Accurate SV calculations depend on precisely recording the LVOT
diameter and velocity. It is essential that both measurements are
made at the same distance from the aortic valve. When a smooth
velocity curve can be obtained at the annulus, this site is preferred (i.e.
particularly in congenital AS with doming valve). However, ﬂow
acceleration at the annulus level and even more proximally occurs in
many patients, particularly those with calciﬁc AS, so that the sample
volume needs to be moved apically from 0.5 to 1.0 cm to obtain a
laminar ﬂow curve without spectral dispersion. In this case, the
diameter measurement should be made at this distance from the
valve (Figure 5). However, it should be remembered that LVOT
becomes progressively more elliptical (rather than circular) in many
patients, which may result in underestimation of LVOT CSA and in
consequence underestimation of SV and eventually AVA.16 Diameter is measured from the inner edge to inner edge of the septal
endocardium, and the anterior mitral leaﬂet in mid-systole. 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 5 consecutive beats). With careful attention to the
technical details, diameter can be measured in nearly all patients.
Then, the CSA of the LVOT is calculated as the area of a circle with
the limitations mentioned above:

冉冊

CSALVOT ⫽ 

D

2

2

where D is diameter. LVOT velocity is recorded with pulsed Doppler

Baumgartner et al

7

Figure 6 Left ventricular outflow tract (LVOT) velocity is measured 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 proximal 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 stroke volume.

from an apical approach, in either the anteriorly angulated fourchamber view (or ‘ﬁve-chamber view’) or in the apical long-axis view.
The pulsed-Doppler sample volume is positioned just proximal to the
aortic valve so that the location of the velocity recording matches the
LVOT diameter measurement. When the sample volume is optimally
positioned, the recording (Figure 6) shows a smooth velocity curve
with a well-deﬁned peak, narrow band of velocities throughout
systole. As mentioned above, this may not be the case in many
patients at the annulus due to ﬂow convergence resulting in spectral
dispersion. In this case, the sample volume is then slowly moved
towards the apex until a smooth velocity curve is obtained. The VTI
is measured by tracing the dense modal velocity throughout systole.17
Limitations of continuity-equation valve area
The clinical measurement variability for continuity-equation valve
area 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 measurements
have a very low intra- and interobserver variability (⬃3– 4%) both for
data recording and measurement in an experienced laboratory. However, the measurement variability for LVOT diameter ranges from 5% to
8%. When LVOT diameter is squared for calculation of CSA, it becomes
the greatest potential source of error in the continuity equation. When
transthoracic images are not adequate for the measurement of LVOT
diameter, TEE measurement is recommended if this information is
needed for clinical decision-making.
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
subaortic ﬂow velocities are abnormal, for example, with dynamic
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subaortic 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 due to ﬂow convergence,
the velocity proﬁle may no longer be ﬂat but rather skewed with
highest velocities present at the septum. Placement of the sample
volume in the middle of the LVOT cross-section may nevertheless
give a measurement reasonably close to the average. Placement
closer to the septum or the mitral anterior leaﬂet may, however, yield
higher or lower measurements, respectively.
Continuity-equation valve area calculations have been well validated in both clinical and experimental studies.14,15,18 In addition,
continuity-equation valve areas are a reliable parameter for prediction
of clinical outcome and for clinical decision-making.12,19 Of course,
valve area calculations are dependable only when there is careful
attention to technical aspects 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—not the
anatomic valve area. The effective valve area is smaller than the
anatomic valve area due to contraction of the ﬂow stream in the
oriﬁce, as determined by the contraction and discharge coefﬁcients
for a given oriﬁce geometry.20 Although, the difference between
effective and anatomic valve area may account for some of the
discrepancies between Doppler continuity equation and catheterization Gorlin equation valve areas, there now are ample clinicaloutcome 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
stenosis severity is the observed changes in valve area with changes in
ﬂow rate.21,22 In adults with AS and normal LV function, the effects
of ﬂow rate are minimal and resting effective valve area calculations
are accurate. However, this effect may be signiﬁcant when concurrent
LV dysfunction results in decreased cusp opening and a small
effective oriﬁce area even though severe stenosis is not present. The
most extreme example of this phenomenon is the lack of aortic valve
opening when a ventricular assist device is present. Another example
is the decreased opening of normal cusps seen frequently with severe
LV systolic dysfunction. However, the effect of ﬂow rate on valve
area can be used to diagnostic advantage in AS with LV dysfunction
to identify those with severe AS, as discussed below.
Serial measurements
When serial measurements are performed during follow-up, any
signiﬁcant changes in results should be checked in detail:
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VTI is nearly identical to the ratio of the LVOT to aortic jet maximum
velocity (V).18,23 Thus, the continuity equation can be simpliﬁed to:
AVA ⫽

CSALVOT ⫻ VLVOT
VAV

This method is less well accepted because some experts are concerned that results are more variable than using VTIs in the equation.
B.2.2. Velocity ratio. Another approach to reducing error related to
LVOT diameter measurements is removing CSA from the simpliﬁed
continuity equation. This dimensionless velocity ratio expresses the
size of the valvular effective area as a proportion of the CSA of the
LVOT.
Velocity ratio ⫽

VLVOT
VAV

Substitution of the time-velocity integral can also be used as there was
a high correlation between the ratio using time–velocity integral and
the ratio using peak velocities. In the absence of valve stenosis, the
velocity ratio approaches 1, with smaller numbers indicating more
severe stenosis. Severe stenosis is present when the velocity ratio is
0.25 or less, corresponding to a valve area 25% of normal.18 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.
B.2.3. Aortic valve area planimetry. Multiple studies have evaluated
the method of measuring anatomic (geometric) AVA by direct
visualization of the valvular oriﬁce, either by 2D or 3D TTE or
TEE.24 –26 Planimetry may be an acceptable alternative when Doppler estimation of ﬂow velocities is unreliable. However, planimetry
may be inaccurate when valve calciﬁcation causes shadows or reverberations limiting identiﬁcation of the oriﬁce. Caution is also needed
to ensure that the minimal oriﬁce area is identiﬁed rather than a larger
apparent 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.

make sure that aortic jet velocity is recorded from the
same window with the same quality (always report the
window where highest velocities can be recorded).
when AVA changes, look for changes in the different
components incorporated in the equation. LVOT size
rarely changes over time in adults.

B.3. Experimental descriptors of stenosis severity (Level 3
Recommendation ⴝ not recommended for routine clinical
use) Other haemodynamic measurements of severity such as valve
resistance, LV percentage stroke-work loss, and the energy-loss coefﬁcient are based on different mathematical derivations of the relationship between ﬂow and the trans-valvular pressure drop.27–31
Accounting for PR in the ascending aorta has demonstrated to
improve the agreement 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.11,32
A common limitation of most 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.27

B.2. Alternate measures of stenosis severity (Level 2 Recommendation 5 reasonable when additional information is
needed in selected patients) B.2.1. Simpliﬁed continuity equation.
The simpliﬁed continuity equation is based on the concept that in
native aortic valve stenosis the shape of the velocity curve in the
outﬂow tract and aorta is similar so that the ratio of LVOT to aortic jet

B.4. Effects of concurrent conditions on assessment of
severity B.4.1. Concurrent left ventricular systolic dysfunction. When
LV systolic dysfunction co-exists with severe AS, the AS velocity and
gradient may be low, despite a small valve area; a condition termed
‘low-ﬂow low-gradient AS’. A widely used deﬁnition of low-ﬂow
low-gradient AS includes the following conditions:

●

●
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●
●
●

Effective orifice area ⬍1.0 cm2;1,33,34
LV ejection fraction ⬍40%; and
Mean pressure gradient ⬍30 – 40 mmHg

Dobutamine stress 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,
measured by the change in SV or ejection fraction. These data may be
helpful to differentiate two clinical situations:
●

●

Severe AS causing LV systolic dysfunction. 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 effective orifice area. In this
situation, aortic valve replacement will relieve afterload
and may allow the LV ejection fraction to increase towards
normal.
Moderate AS with another cause of LV dysfunction (e.g.
myocardial infarct or a primary cardiomyopathy). The
effective orifice area is then low because the LV does not
generate sufficient energy to overcome the inertia required
to open the aortic valve to its maximum possible extent. In
this situation, aortic valve replacement may not lead to a
significant improvement in LV systolic function.

A patient with a low ejection fraction but a resting AS velocity 4.0
m/s or mean gradient 40 mmHg does not have a poor left ventricle
(LV). The ventricle is demonstrating a normal response to high
afterload (severe AS), and ventricular function will improve after
relief of stenosis. This patient does not need a stress echocardiogram.
The protocol for dobutamine stress echocardiography for evaluation of AS severity in setting of LV dysfunction uses a low dose
starting at 2.5 or 5 mg/kg/min with an incremental increase in the
infusion every 3–5 min to a maximum dose of 10 –20 mg/kg/min.
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 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 administration should also be
terminated when symptoms, blood pressure fall, or signiﬁcant arrhythmias occur.
Doppler data are recorded at each stage including LVOT velocity
recorded from the apical approach. AS jet velocity optimally is
recorded from the window that yields the highest velocity signal but
some laboratories prefer to use comparative changes from an apical
window to facilitate 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 contractile function.
The report of the dobutamine stress echocardiographic study
should include AS velocity, mean gradient, valve area, and ejection
fraction preferably at each stage (to judge reliability of measurements)
but at least at baseline and peak dose. The role of dobutamine stress
echocardiography in decision-making in adults with AS is controversial and beyond the scope of this document. The ﬁndings we
recommend as reliable are:
●

An increase in valve area to a final valve area ⬎1.0 cm2
suggests that stenosis is not severe.35

●

●
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Severe stenosis is suggested by an AS jet ⬎4.0 or a mean
gradient ⬎40 mmHg provided that valve area does not
exceed 1.0 cm2 at any flow rate.34
Absence of contractile reserve (failure to increase SV or
ejection fraction 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.36

For all other ﬁndings, more scientiﬁc data are required before they
can be included in recommendations for clinical decision-making.
B.4.2. Exercise stress echocardiography. As described in the previous
section, dobutamine stress echocardiography is applied to assess
contractile reserve and AS severity in the setting of LV dysfunction. In
addition, exercise stress echocardiography has been used to assess
functional status and AS severity. Several investigators have suggested
that the changes in haemodynamics during exercise study might
provide a better index of stenosis severity than a single resting value.
Speciﬁcally, impending symptom onset can be identiﬁed by a ﬁxed
valve area that fails to increase with an increase in transaortic volume
ﬂow rate. While clinical studies comparing groups of patients support
this hypothesis and provide insight into the pathophysiology of the
disease process, exercise stress testing to evaluate changes in valve
area is not helpful in clinical decision-making in individual patients
and therefore is currently not recommended for assessment of AS
severity in clinical practice. While exercise testing has become accepted for risk stratiﬁcation and assessment of functional class in
asymptomatic severe AS,1,2 it remains uncertain whether the addition of echocardiographic data is of incremental value in this setting.
Although the increase in mean pressure gradient with exercise has
been reported to predict outcome and provide information beyond a
regular exercise test,22 more data are required to validate this ﬁnding
and recommend its use in clinical practice.
B.4.3. Left ventricular hypertrophy. Left ventricular hypertrophy
commonly accompanies AS either as a consequence of valve obstruction or due to chronic hypertension. Ventricular hypertrophy typically 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.
B.4.4. Hypertension. Hypertension accompanies AS in 35– 45% of
patients. Although a recent in vitro study has demonstrated that
systemic pressure may not directly affect gradient and valve area
measurements,37 increasing LV pressure load may cause changes in
ejection fraction and ﬂow. The presence of hypertension may therefore primarily affect ﬂow and gradients but less AVA measurements.
Nevertheless, evaluation of AS severity38 – 40 with uncontrolled hypertension may not accurately reﬂect disease severity. Thus, control
of blood pressure is recommended before echocardiographic evaluation, whenever possible. The echocardiographic report should always include a blood pressure measurement recorded at the time of
the examination to allow comparison between serial echocardiographic studies and with other clinical data.
B.4.5. Aortic regurgitation. About 80% of adults with AS also have
aortic regurgitation (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, measures of AS severity
remain accurate including maximum velocity, mean gradient, and
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Table 3 Recommendations for classification of AS severity

a

ESC Guidelines.
AHA/ACC Guidelines.

b

valve area. However, because of the high transaortic volume ﬂow
rate, maximum velocity, and mean gradient will be higher than
expected for a given valve area. In this situation, reporting accurate
quantitative data for the severity of both stenosis and regurgitation41
is helpful for clinical decision-making. The combination of moderate
AS and moderate AR is consistent with severe combined valve
disease.
B.4.6. Mitral valve disease. Mitral regurgitation is common in elderly adults with AS either as a consequence of LV pressure overload
or due to concurrent mitral valve disease. With MR, it is important to
distinguish regurgitation due to a primary abnormality of the mitral
valve from secondary regurgitation related to AS. Left ventricular size,
hypertrophy, and systolic and diastolic functions should be evaluated
using standard approaches, and pulmonary systolic pressure should
be estimated from the tricuspid regurgitant jet velocity and estimated
right atrial pressure. Mitral regurgitation severity does not affect
evaluation of AS severity except for two possible confounders. First,
with severe MR, transaortic ﬂow rate may be low resulting in a low
gradient even when severe AS is present; valve area calculations
remain accurate in this setting. 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 with
chronic regurgitation but can appear similar to AS with acute severe
MR. High driving pressure (high LV pressure due to AS) may cause
MR severity overestimation if jet size is primarily used to evaluate MR.
Careful evaluation of MR mechanism is crucial for the decision
whether to also operate on the mitral valve. Mitral stenosis (MS) may
result in low cardiac output and, therefore, low-ﬂow low-gradient AS.
B.4.7. High cardiac output. High cardiac output in patients on
haemodialysis, with anaemia, AV ﬁstula, or other high ﬂow conditions may cause relatively high gradients in the presence of mild or
moderate AS. This may lead to misdiagnosis of severe disease
particularly when it is difﬁcult to calculate AVA in the presence of
dynamic LVOT obstruction. In this situation, the shape of the CWD
spectrum with a very early peak may help to quantify the severity
correctly.
B.4.8. Ascending aorta. In addition to evaluation of AS aetiology
and haemodynamic severity, the echocardiographic evaluation of
adults with aortic valve disease should include evaluation of the aorta
with measurement of diameters at the sinuses of Valsalva and
ascending aorta. Aortic root dilation is associated with bicuspid aortic
valve disease, the cause of AS in 50% of adults and aortic size may
impact the timing and type of intervention. In some cases, additional
imaging with CT or CMR may be needed to fully assess the aorta.

C. How to Grade Aortic Stenosis
Aortic stenosis severity is best described by the speciﬁc numerical
measures of maximum velocity, mean gradient, and valve area.
However, general guidelines have been set forth by the ACC/AHA
and ESC for categorizing AS severity as mild, moderate, or severe to
provide guidance for clinical decision-making. In most patients, these
three Level I recommended parameters, in conjunction with clinical
data, evaluation of AR and LV functions, are adequate for clinical
decision-making. However, in selected patients, such as those with
severe LV dysfunction, additional measurements may be helpful.
Comparable values for indexed valve area and the dimensionless
velocity ratio have been indicated in Table 3, and the category of
aortic sclerosis, as distinct from mild stenosis, has been added. When
aortic sclerosis is present, further quantitation is not needed. In
evaluation of a patient with valvular heart disease, these cut-off values
should be viewed with caution; no single calculated number should
be relied on for ﬁnal judgement. Instead, an integrated approach
considering AVA, velocity/ gradient together with LVF, ﬂow status,
and clinical presentation is strongly recommended. The ACC/AHA
and ESC Guidelines for management of valvular heart disease provide recommendations for classiﬁcation of severity (Table 3).1,2
A normal AVA in adults is ⬃3.0 – 4.0 cm2. Severe stenosis is
present when valve area is reduced to ⬃25% of the normal size so
that a value of 1.0 cm2 is one reasonable deﬁnition of severe AS in
adults. The role of indexing for body size is controversial, 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, 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
severely narrowed when only moderate stenosis is present. Another
approach to indexing for body size is to consider the LVOT to AS
velocity ratio, in addition to valve area, in clinical decision-making.
We recommend reporting of both AS maximum velocity and
mean gradient. In observational clinical studies, a maximum jet
velocity of 4 m/s corresponds to a mean gradient of ⬃40 mmHg and
a maximum velocity of 3 m/s corresponds to a mean gradient of ⬃20
mmHg. Although there is overall correlation between peak gradient
and mean gradient, the relationship between peak and mean gradients depends on the shape of the velocity curve, which varies with
stenosis severity and ﬂow rate.
In clinical practice, many patients have an apparent discrepancy in
stenosis severity as deﬁned by maximum velocity (and mean gradient) compared with the calculated valve area.
The ﬁrst step in patients with either a valve area larger or smaller
than expected for a given AS maximum velocity (or mean gradient)
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is to verify the accuracy of the echocardiographic data (see above for
sources of error).
The next step in evaluation of an apparent discrepancy in measure
of AS severity is to evaluate LV ejection fraction and the severity of
co-existing AR. If cardiac output is low due to small ventricular
chamber or a low ejection fraction, a low AS velocity may be seen
with a small valve area. If transaortic ﬂow rate is high due to
co-existing AR, valve area may be ⬎ 1.0 cm2 even though AS velocity
and mean gradient are high. It may be useful to compare the SV
calculated from the LVOT diameter and velocity with the SV measured on 2D echocardiography by the biplane apical method, to
conﬁrm a low or high transaortic volume ﬂow rate.
When review of primary data conﬁrms accuracy of measurements
and there is no clinical evidence for a reversible high output state (e.g.
sepsis, hyperthyroidism), the patient with an AS velocity of ⬎4 m/s
and a valve area of ⱖ1.0 cm2 most likely has combined moderate
AS/AR or a large body size. The AS velocity is a better predictor of
clinical outcome than valve area in this situation and should be used
to deﬁne valve disease as ‘severe’.
When review of primary data conﬁrms accuracy of measurements
and there is no clinical evidence for a low cardiac output state, the
patient with an aortic velocity of ⬍4.0m/s and a valve area of ⬍1.0
cm2 most likely has only moderate AS with a small body size. The
velocity of AS is a better measure of stenosis severity when body size
is small and transvalvular ﬂow rate is normal (Table 4).
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Table 4 Resolution of apparent discrepancies in measures of
AS severity

III. MITRAL STENOSIS
Echocardiography plays a major role in decision-making for MS,
allowing for conﬁrmation of diagnosis, quantitation of stenosis severity and its consequences, and analysis of valve anatomy.
A. Causes and Anatomic Presentation
Mitral stenosis is the most frequent valvular complication of rheumatic fever. Even in industrialized countries, most cases remain of
rheumatic origin as other causes are rare. Given the decrease in the
prevalence of rheumatic heart diseases, MS has become the least
frequent single left-sided valve disease. However, it still accounts for
⬃10% of left-sided valve diseases in Europe and it remains frequent
in developing countries.42,43
The main mechanism of rheumatic MS is commissural fusion.
Other anatomic lesions are chordal shortening and fusion, and leaﬂet
thickening, and later in the disease course, superimposed calciﬁcation,
which may contribute to the restriction of leaﬂet motion.
This differs markedly from degenerative MS, in which the main
lesion is annular calciﬁcation. It is frequently observed in the elderly
and associated with hypertension, atherosclerotic disease, and sometimes AS. However, calciﬁcation of the mitral annulus has few or no
haemodynamic consequences when isolated and causes more often
MR than MS. In rare cases, degenerative MS has haemodynamic
consequences when leaﬂet thickening and/or calciﬁcation are associated. This is required to cause restriction of leaﬂet motion since
there is no commissural fusion. Valve thickening or calciﬁcation
predominates at the base of the leaﬂets whereas it affects predominantly the tips in rheumatic MS.
Congenital MS is mainly the consequence of abnormalities of the
subvalvular apparatus. Other causes are rarely encountered: inﬂammatory diseases (e.g. systemic lupus), inﬁltrative diseases, carcinoid
heart disease, and drug-induced valve diseases. Leaﬂet thickening and
restriction are common here, while commissures are rarely fused.

B. How to Assess Mitral Stenosis
B.1. Indices of Stenosis Severity B.1.1. Pressure gradient (Level 1
Recommendation). The estimation of the diastolic pressure gradient is
derived from the transmitral velocity ﬂow curve using the simpliﬁed
Bernoulli equation ⌬P⫽4v2. This estimation is reliable, as shown by
the good correlation with invasive measurement using transseptal
catheterization.44
The use of CWD is preferred to ensure maximal velocities are
recorded. When pulsed-wave Doppler is used, the sample volume
should be placed at the level or just after leaﬂet tips.
Doppler gradient is assessed using the apical window in most cases
as it allows for parallel alignment of the ultra sound beam and mitral
inﬂow. The ultrasound Doppler beam should be oriented to minimize the intercept angle with mitral ﬂow to avoid underestimation of
velocities. Colour Doppler in apical view is useful to identify eccentric
diastolic mitral jets that may be encountered in cases of severe
deformity of valvular and subvalvular apparatus. In these cases, the
Doppler beam is guided by the highest ﬂow velocity zone identiﬁed
by colour Doppler.
Optimization of gain settings, beam orientation, and a good acoustic window are needed to obtain well-deﬁned contours of the
Doppler ﬂow. Maximal and mean mitral gradients are calculated by
integrated software using the trace of the Doppler diastolic mitral

12

Baumgartner et al

Figure 7 Determination of mean mitral gradient from Doppler
diastolic mitral flow in a patient with severe mitral stenosis in
atrial fibrillation. Mean gradient varies according to the length of
diastole: it is 8 mmHg during a short diastole (A) and 6 mmHg
during a longer diastole (B).
ﬂow waveforms on the display screen. Mean gradient is the relevant
haemodynamic ﬁnding (Figure 7). Maximal gradient is of little interest
as it derives from peak mitral velocity, which is inﬂuenced by left atrial
compliance and LV diastolic function.45
Heart rate at which gradients are measured should always be
reported. In patients with atrial ﬁbrillation, mean gradi ent should be
calculated as the average of ﬁve cycles with the least variation of R–R
intervals and as close as possible to normal heart rate.
Mitral gradient, although reliably assessed by Doppler, is not the
best marker of the severity of MS since it is dependent on the mitral
valve area (MVA) as well as a number of other factors that inﬂuence
transmitral ﬂow rate, the most important being heart rate, cardiac
output, and associated MR.46 However, the consistency between
mean gradient and other echocardiographic ﬁndings should be
checked, in particular in patients with poor quality of other variables
(especially planimetry of valve area) or when such variables may be
affected by additional conditions [i.e. pressure half-time (T1/2) in the
presence of LV diastolic dysfunction; see below]. In addition, mean
mitral gradient has its own prognostic value, in particular following
balloon mitral commissurotomy.
B.1.2. MVA Planimetry (Level 1 Recommendation). Theoretically,
planimetry using 2D echocardiography of the mitral oriﬁce has the
advantage of being a direct measurement of MVA and, unlike other
methods, does not involve any hypothesis regarding ﬂow conditions,
cardiac chamber compliance, or associated valvular lesions. In practice, planimetry has been shown to have the best correlation with
anatomical valve area as assessed on explanted valves.47 For these
reasons, planimetry is considered as the reference measurement of
MVA.1,2
Planimetry measurement is obtained by direct tracing of the mitral
oriﬁce, including opened commissures, if applicable, on a parasternal
short-axis view. Careful scanning from the apex to the base of the LV
is required to ensure that the CSA is measured at the leaﬂet tips. The
measurement plane should be perpendicular to the mitral oriﬁce,
which has an elliptical shape (Figure 8).
Gain setting should be just sufﬁcient to visualize the whole contour
of the mitral oriﬁce. Excessive gain setting may cause underestimation
of valve area, in particular when leaﬂet tips are dense or calciﬁed.
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Image magniﬁcation, using the zoom mode, is useful to better
delineate the contour of the mitral oriﬁce. The correlation data on
planimetry was performed with fundamental imaging and it is unclear
whether the use of harmonic imaging improves planimetry
measurement.
The optimal timing of the cardiac cycle to measure planimetry is
mid-diastole. This is best performed using the cineloop mode on a
frozen image.
It is recommended to perform several different measurements, in
particular in patients with atrial ﬁbrillation and in those who have
incomplete commissural fusion (moderate MS or after commissurotomy), in whom anatomical valve area may be subject to slight
changes according to ﬂow conditions.
Although its accuracy justiﬁes systematic attempts to perform
planimetry of MS, it may not be feasible even by experienced
echocardiographers when there is a poor acoustic window or severe
distortion of valve anatomy, in particular with severe valve calciﬁcations of the leaﬂet tips. Although the percentage of patients in whom
planimetry is not feasible has been reported as low as 5%, this
number highly depends on the patient population.48 The abovementioned problems are more frequent in the elderly who represent
a signiﬁcant proportion of patients with MS now in industrialized
countries.49
Another potential limitation is that the performance of planimetry
requires technical expertise. Not all echocardiographers have the
opportunity to gain the appropriate experience because of the low
prevalence of MS in industrialized countries. The measurement plane
must be optimally positioned on the mitral oriﬁce. Recent reports
suggested that real-time 3D echo and 3D-guided biplane imaging is
useful in optimizing the positioning of the measurement plane and,
therefore, improving reproducibility.50,51 It also improves the accuracy of planimetry measurement when performed by less experienced echocardiographers.52
In the particular case of degenerative MS, planimetry is difﬁcult
and mostly not reliable because of the oriﬁce geometry and calciﬁcation present.
B.1.3. Pressure half-time (Level 1 Recommendation). T1/2 is deﬁned
as the time interval in milliseconds between the maximum mitral
gradient in early diastole and the time point where the gradient is half
the maximum initial value. The decline of the velocity of diastolic
transmitral blood ﬂow is inversely proportional to valve area (cm2),
and MVA is derived using the empirical formula:53
MVA ⫽ 220 ⁄ T1⁄2
T1/2 is obtained by tracing the deceleration slope of the E-wave on
Doppler spectral display of transmitral ﬂow and valve area is automatically calculated by the integrated software of currently used echo
machines (Figure 9). The Doppler signal used is the same as for the
measurement of mitral gradient. As for gradient tracing, attention
should be paid to the quality of the contour of the Doppler ﬂow, in
particular the deceleration slope. The deceleration slope is sometimes
bimodal, the decline of mitral ﬂow velocity being more rapid in early
diastole than during the following part of the E-wave. In these cases,
it is recommended that the deceleration slope in mid-diastole rather
than the early deceleration slope be traced (Figure 10).54 In the rare
patients with a concave shape of the tracing, T1/2 measurement may
not be feasible. In patients with atrial ﬁbrillation, tracing should avoid
mitral ﬂow from short diastoles and average different cardiac cycles.
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Figure 8 Planimetry of the mitral orifice. Transthoracic echocardiography, parasternal short-axis view. (A) Mitral stenosis. Both
commissures are fused. Valve area is 1.17 cm2. (B) Unicommissural opening after balloon mitral commissurotomy. The
postero-medial commissure is opened. Valve area is 1.82 cm2. (C) Bicommissural opening after balloon mitral commissurotomy.
Valve area is 2.13 cm2.

Figure 9 Estimation of mitral valve area using the pressure
half-time method in a patient with mitral stenosis in atrial
fibrillation. Valve area is 1.02 cm2.

The T1/2 method is widely used because it is easy to perform, but
its limitations should be kept in mind since different factors inﬂuence
the relationship between T1/2 and MVA.
The relationship between the decrease of mean gradient and MVA
has been described and empirically validated using initially catheterization data and then Doppler data. However, ﬂuid dynamics principles applied to simulations using mathematical models and in vitro
modelling of transmitral valve ﬂow consistently showed that LV
diastolic ﬁlling rate, which is reﬂected by the deceleration slope of the
E-wave, depends on MVA but also on mitral pressure gradient in
early diastole, left atrial compliance, and LV diastolic func tion
(relaxation and compliance).53,55 The empirically deter mined constant of 220 is in fact proportional to the product of net compliance,
i.e. the combined compliance of left atrium and LV, and the square
root of maximum transmitral gradient in a model that does not take
into account active relaxation of LV.56 The increase in mean gradient
is frequently compensated by a decreased compliance, and this may
explain the rather good correlation between T1/2 and other measurements of MVA in most series.
However, there are individual variations, in particular when gradient and compliance are subject to important and abrupt changes. This
situation occurs immediately after balloon mitral commissurotomy
where there may be important discrepancies between the decrease in
mitral gradient and the increase in net compliance.56 Outside the
context of intervention, rapid decrease of mitral velocity ﬂow, i.e.
short T1/2 can be observed despite severe MS in patients who have a

Figure 10 Determination of Doppler pressure half-time (T1/2)
with a bimodal, non-linear decreasing slope of the E-wave. The
deceleration slope should not be traced from the early part
(left), but using the extrapolation of the linear mid-portion of the
mitral velocity profile (right). (Reproduced from Gonzalez et
al.54).
particularly low left atrial compliance.57 T1/2 is also shortened in
patients who have associated severe AR. The role of impaired LV
diastolic function is more difﬁcult to assess because of complex and
competing interactions between active relaxation and compliance as
regards their impact on diastolic transmitral ﬂow.58 Early diastolic
deceleration time is prolonged when LV relaxation is impaired, while
it tends to be shortened in case of decreased LV compliance.59
Impaired LV diastolic function is a likely explanation of the lower
reliability of T1/2 to assess MVA in the elderly.60 This concerns
patients with rheumatic MS and, even more, patients with degenerative calciﬁc MS which is a disease of the elderly often associated with
AS and hypertension and, thus, impaired diastolic function. Hence,
the use of T1/2 in degenerative calciﬁc MS may be unreliable and
should be avoided.
B.1.4. Continuity equation (Level 2 Recommendation). As in the
estimation of AVA, the continuity equation is based on the conservation of mass, stating in this case that the ﬁlling volume of diastolic
mitral ﬂow is equal to aortic SV.

冉 冊冉

MVA ⫽ 

D2

VTIAortic

4

VTImitral

冊

where D is the diameter of the LVOT (in cm) and VTI is in cm.61
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Table 5 Assessment of mitral valve anatomy according to the Wilkins score64

The total score is the sum of the four items and ranges between 4 and 16.

Stroke volume can also be estimated from the pulmonary artery;
however, this is rarely performed in practice because of limited
acoustic windows.
The accuracy and reproducibility of the continuity equation for
assessing MVA are hampered by the number of measurements
increasing the impact of errors of measurements. The continuity
equation cannot be used in cases of atrial ﬁbrillation or associated
signiﬁcant MR or AR.
B.1.5. Proximal isovelocity surface area method (Level 2 Recommendation). The proximal isovelocity surface area method is based on the
hemispherical shape of the convergence of diastolic mitral ﬂow on
the atrial side of the mitral valve, as shown by colour Doppler. It
enables mitral volume ﬂow to be assessed and, thus, to determine
MVA by dividing mitral volume ﬂow by the maximum velocity of
diastolic mitral ﬂow as assessed by CWD.
MVA ⫽ (r2)(Valiasing) ⁄ Peak Vmitral · ␣ ⁄ 1800
where r is the radius of the convergence hemisphere (in cm), Valiasing
is the aliasing velocity (in cm/s), peak VMitral the peak CWD velocity
of mitral inﬂow (in cm/s), and a is the opening angle of mitral leaﬂets
relative to ﬂow direction.62
This method can be used in the presence of signiﬁcant MR.
However, it is technically demanding and requires multiple measurements. Its accuracy is impacted upon by uncertainties in the measurement of the radius of the convergence hemisphere, and the opening
angle.
The use of colour M-mode improves its accuracy, enabling simultaneous measurement of ﬂow and velocity.62
B.1.6. Other indices of severity. Mitral valve resistance (Level 3
Recommendation) is deﬁned as the ratio of mean mitral gradient to
transmitral diastolic ﬂow rate, which is calculated by dividing SV by
diastolic ﬁlling period. Mitral valve resistance is an alternative measurement of the severity of MS, which has been argued to be less
dependent on ﬂow conditions. This is, however, not the case. Mitral
valve resistance correlates well with pulmonary artery pressure;
however, it has not been shown to have an additional value for
assessing the severity of MS as compared with valve area.63
The estimation of pulmonary artery pressure, using Doppler estimation of the systolic gradient between right ventricle (RV) and right
atrium, reﬂects the consequences of MS rather than its severity itself.
Although it is advised to check its consistency with mean gradient and

valve area, there may be a wide range of pulmonary artery pressure
for a given valve area.1,2 Nevertheless, pulmonary artery pressure is
critical for clinical decision-making and it is therefore very important
to provide this measurement.
B.2. Other echocardiographic factors in the evaluation of
mitral stenosis B.2.1. Valve anatomy. Evaluation of anatomy is a
major component of echocardiographic assessment of MS because of
its implications on the choice of adequate intervention.
Commissural fusion is assessed from the short-axis parasternal
view used for planimetry. The degree of commissural fusion is
estimated by echo scanning of the valve. However, commissural
anatomy may be difﬁcult to assess, in particular in patients with severe
valve deformity. Commissures are better visualized using real-time
3D echocardiography.52
Commissural fusion is an important feature to distinguish
rheumatic from degenerative MS and to check the consistency of
severity measurements. Complete fusion of both commissures
generally indicates severe MS. On the other hand, the lack of
commissural fusion does not exclude signiﬁcant MS in degenerative aetiologies or even rheumatic MS, where restenosis after
previous commissurotomy may be related to valve rigidity with
persistent commissural opening.
Echocardiographic examination also evaluates leaﬂet thickening and mobility in long-axis parasternal view. Chordal shortening
and thickening are assessed using long-axis parasternal and apical
views. Increased echo brightness suggests calciﬁcation, which is
best conﬁrmed by ﬂuoroscopic examination. The report should
also mention the homogeneity of impairment of valve anatomy, in
particular with regards to commissural areas in parasternal shortaxis view.
Impairment of mitral anatomy is expressed in scores combining
different components of mitral apparatus or using an overall
assessment of valve anatomy49,64,65 (Tables 5 and 6). Other
scores have been developed, in particular taking into account the
location of valve thickening or calciﬁcation in relation to commissures; however, they have not been validated in large series. No
score has been deﬁnitely proven to be superior to another and all
have a limited predictive value of the results of balloon mitral
commissurotomy, which depends on other clinical and echocardiographic ﬁndings.64
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Table 6 Assessment of mitral valve anatomy according to the
Cormier score48

Thus, the echocardiographic report should include a comprehensive description of valve anatomy and not summarize it using a score
alone.
B.2.2. Associated lesions. The quantitation of left atrial enlargement
favours 2D echocardiography enabling left atrial area or volume to be
evaluated. Standard time-motion measurement lacks accuracy because enlargement does not follow a spherical pattern in most cases.
Left atrial spontaneous contrast as assessed by TEE is a better
predictor of the thromboembolic risk than left atrial size.66 Transoesophageal echocardiography has a much higher sensitivity than the
transthoracic approach to diagnose left atrial thrombus, in particular
when located in the left atrial appendage.
Associated MR has important implications for the choice of intervention. Quantitation should combine semi-quantitative and quantitative measurements and be particularly careful for regurgitation of
intermediate severity since more than mild regurgitation is a relative
contraindication for balloon mitral commissurotomy.1,2,41 The mechanism of rheumatic MR is restriction of leaﬂet motion, except after
balloon mitral commissurotomy, where leaﬂet tearing is frequent.
The analysis of the mechanism of MR is important in patients
presenting with moderate-to-severe regurgitation after balloon mitral
commissurotomy. Besides quantitation, a traumatic mechanism is an
incentive to consider surgery more frequently than in case of central
and/or commissural regurgitation due to valve stiffness without
leaﬂet tear. The presence of MR does not alter the validity of the
quantitation of MS, except for the continuity-equation valve area.
Other valve diseases are frequently associated with rheumatic MS.
The severity of AS may be underestimated because decreased SV due
to MS reduces aortic gradient, thereby highlighting the need for the
estimation of AVA. In cases of severe AR, the T1/2 method for
assessment of MS is not valid.
The analysis of the tricuspid valve should look for signs of involvement of the rheumatic process. More frequently, associated tricuspid
disease is functional tricuspid regurgitation (TR). Methods for quantitating TR are not well established and highly sensitive to loading
conditions. A diameter of the tricuspid annulus 40 mm seems to be
more reliable than quantitation of regurgitation to predict the risk of
severe late TR after mitral surgery.2,67
B.3. Stress echocardiography (Level 2 Recommendation) Exercise echocardiography enables mean mitral gradient and systolic
pulmonary artery pressure to be assessed during effort. Semi-supine

Baumgartner et al

15

exercise echocardiography is now preferred to post-exercise echocardiography as it allows for the monitoring of gradient and pulmonary
pressure at each step of increasing workload. Haemodynamic
changes at effort are highly variable for a given degree of stenosis.
Exercise echocardiography is useful in patients whose symptoms are
equivocal or discordant with the severity of MS.1,2 However, thresholds of mitral gradient and pulmonary artery pressure, as stated in
guidelines to consider intervention in asymptomatic patients, rely on
low levels of evidence.1 Estimations of SV and atrioventricular compliance are used for research purposes but have no current clinical
application. Dobutamine stress echocardiography has been shown to
have prognostic value but is a less physiological approach than
exercise echocardiography.68,69
C. How to Grade Mitral Stenosis
Routine evaluation of MS severity should combine measurements of
mean gradient and valve area using planimetry and the T1/2 method
(Tables 7 and 8). In case of discrepancy, the result of planimetry is the
reference measurement, except with poor acoustic windows. Assessment of valve area using continuity equation or the proximal isovelocity surface method is not recommended for routine use but may
be useful in certain patients when standard measurements are inconclusive.
Associated MR should be accurately quantitated, in particular
when moderate or severe. When the severity of both stenosis and
regurgitation is balanced, indications for interventions rely more on
the consequences of combined stenosis and regurgitation, as assessed
by exercise tolerance and mean gradient, than any single individual
index of severity of stenosis or regurgitation.2 Intervention may be
considered when moderate stenosis and moderate regurgita tion are
combined in symptomatic patients.
Consequences of MS include the quantitation of left atrial size and the
estimation of systolic pulmonary artery pressure. The description of valve
anatomy is summarized by an echocardiographic score. Rather than to
advise the use of a particular scoring system, it is more appropriate that
the echocardiographer uses a method that is familiar and includes in the
report a detailed description of the impair ment of leaﬂets and subvalvular apparatus, as well as the degree of commissural fusion.
Assessment of other valvular diseases should be particularly careful
when intervention is considered. This is particularly true for the
quantitation of AS and tricuspid annular enlargement.
Transthoracic echocardiography enables complete evaluation of
MS to be performed in most cases. Transoesophageal echocardiography is recommended only when the transthoracic approach is of
poor quality, or to detect left atrial thrombosis before balloon mitral
commissurotomy or follow ing a thromboembolic event.1,2 The use
of cardiac catheterization to assess the severity of MS should be
restricted to the rare cases where echocardiography is inconclusive or
discordant with clinical ﬁndings, keeping in mind that the validity of
the Gorlin formula is questionable in case of low output or immediately after balloon mitral commissurotomy.1,2,70 Right-heart catheterization remains, however, the only investigation enabling pulmonary
vascular resistance to be assessed, which may be useful in the case of
severe pulmonary hypertension.
The normal MVA is 4.0 –5.0 cm2. An MVA area of ⬎1.5 cm2
usually does not produce symptoms. As the severity of stenosis
increases, cardiac output becomes subnormal at rest and fails to
increase during exercise. This is the main reason for considering MS
signiﬁcant when MVA is ⬍1.5 cm2 (Table 9).1,2 Indexing on bodysurface area is useful to take into account body size. However, no
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Table 7 Recommendations for data recording and measurement in routine use for mitral stenosis quantitation

threshold of indexed valve area is validated and indexing on bodysurface area overestimates the severity of valve stenosis in obese patients.
Ideally, the severity assessment of rheumatic MS should rely
mostly on valve area because of the multiple factors inﬂuencing other
measurements, in particular mean gradient and systolic pulmonary
artery pressure. This justiﬁes attempts to estimate MVA using the
above-mentioned methods even in patients with severe valve deformity. The values of mean gradient and systolic pulmonary artery
pressure are only supportive signs and cannot be considered as
surrogate markers of the severity of MS. Abnormal values suggest
moderate to severe stenosis. However, normal resting values of
pulmonary artery pressure may be observed even in severe MS. In
degenerative MS, mean gradient can be used as a marker of severity
given the limitations of planimetry and T1/2.
Stenosis severity is important, although it is only one of the
numerous patient characteristics involved in decision-making for
intervention, as detailed in guidelines.1,2 Intervention is not considered in patients with MS and MVA ⬎1.5 cm2, unless in symptomatic
patients of large body size. When MVA is ⬍1.5 cm2, the decision to
intervene is based on the consequences of valve stenosis (symptoms,
atrial ﬁbrillation, pulmonary artery pressure) and the suitability of the
patient for balloon mitral commissurotomy. Exercise testing is recommended in patients with MVA, ⬍1.5 cm2 who claim to be asymptomatic or with doubtful symptoms.

The impact of echocardiographic ﬁndings on the prognosis of MS
has mainly been studied after balloon mitral commissurotomy. Multivariate analyses performed in studies reporting a follow-up of at
least 10 years identiﬁed valve anatomy as a strong predictive factor of
event-free survival.71–74 Indices of the severity of MS or its haemodynamic consequences immediately after balloon commissurotomy
are also predictors of event-free survival, whether it is MVA,70,73
mean gradient,70,72 and left atrial or pulmonary artery pressure.72,73
The degree of MR following balloon mitral commissurotomy and
baseline patient characteristics such as age, functional class, and
cardiac rhythm are also strong predictors of long-term results of
balloon mitral commissurotomy.71–73
Large studies of natural history and of results of surgical commissurotomy predate the current echocardiographic practice and thus do not
enable the prognostic value of echocardiographic ﬁndings to be assessed.
IV. TRICUSPID STENOSIS
A. Causes and Anatomic Presentation
Tricuspid stenosis (TS) is currently the least common of the valvular
stenosis lesions given the low incidence of rheumatic heart disease. In
regions where rheumatic heart disease is still prevalent, TS is rarely an
isolated disorder; more often, it is accompanied by MS. Other causes
of TS include carcinoid syndrome (always combined with TR which
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Table 8 Approaches to evaluation of mitral stenosis

Level of recommendations: (1) appropriate in all patients (yellow); (2) reasonable when additional information is needed in selected patients (green);
and (3) not recommended (blue).
AR, Aortic regurgitation; CSA, cross-sectional area; DFT, diastolic filling time; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract;
MR, mitral regurgitation; MS, mitral stenosis; MVA, mitral valve area; MVres, mitral valve resistance; ⌬P, gradient; sPAP, systolic pulmonary artery
pressure; r, the radius of the convergence hemisphere; RA, right atrium; RV, right ventricle; T1/2, pressure half-time; v, velocity; VTI, velocity time
integral; N, number of instantaneous measurements.

Table 9 Recommendations for classification of mitral stenosis
severity

a

At heart rates between 60 and 80 bpm and in sinus rhythm.

is commonly predominant),75 rare congenital malformations,76 –79
valvular or pacemaker endocarditis and pacemaker-induced adhesions,80 – 82 lupus valvulitis,83 and mechanical obstruction by benign
or malignant tumors.84 – 87 Most commonly, TS is accompanied by
regurgitation so that the higher ﬂows through the valve further
increase the transvalvular gradient and contribute to a greater elevation of right atrial pressures.88
As with all valve lesions, the initial evaluation starts with an
anatomical assessment of the valve by 2D echocardiography using

multiple windows such as parasternal right ventricular inﬂow,
parasternal short axis, apical four-chamber and subcostal four-chamber. One looks for valve thickening and/or calciﬁcation, restricted
mobility with diastolic doming, reduced leaﬂet separation at peak
opening, and right atrial enlargement (Figure 11).89 In carcinoid
syndrome, one sees severe immobility of the leaﬂets, described as a
‘frozen’ appearance (Figure 12). Echocardiography also allows for the
detection of valve obstruction by atrial tumours, metastatic lesions, or
giant vegetations. Three-dimensional echocardiography can provide
better anatomical detail of the relation of the three leaﬂets to each
other and assessment of the oriﬁce area.90 Using colour ﬂow Doppler
one can appreciate narrowing of the diastolic inﬂow jet, higher
velocities that produce mosaic colour dispersion, and associated valve
regurgitation.
B. How to Assess Tricuspid Stenosis
The evaluation of stenosis severity is primarily done using the
haemodynamic information provided by CWD. Although there
are reports of quantiﬁcation of oriﬁce area by 3D echocardiography, the methodology is neither standardized nor sufﬁciently
validated to be recommended as a method of choice. The tricuspid inﬂow velocity is best recorded from either a low parasternal
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Figure 11 The left panel illustrates a 2D echocardiographic image of a stenotic tricuspid valve obtained in a modified apical
four-chamber view during diastole. Note the thickening and diastolic doming of the valve, and the marked enlargement of the right
atrium (RA). The right panel shows a CW Doppler recording through the tricuspid valve. Note the elevated peak diastolic velocity
of 2 m/s and the systolic tricuspid regurgitation (TR) recording. The diastolic time–velocity integral (TVI), mean gradient (Grad), and
pressure half-time (T1/2) values are listed.

Figure 12 The left panel illustrates a 2D echocardiographic image of a tricuspid valve in a patient with carcinoid syndrome, obtained
in an apical four-chamber view during systole. Note the thickening and opened appearance of the valve. The right panel shows a
continuous-wave Doppler recording through the tricuspid valve. Note an elevated peak diastolic velocity of 1.6 m/s and the systolic
TR recording.

right ventricular inﬂow view or from the apical four-chamber view.
For measurement purposes, all recording should be made at
sweep speed of 100 mm/s.90 Because tricuspid inﬂow velocities
are affected by respiration, all measurements taken must be
averaged throughout the respiratory cycle or recorded at endexpiratory apnea. In patients with atrial ﬁbrillation, measurements
from a minimum of ﬁve cardiac cycles should be averaged.
Whenever possible, it is best to assess the severity of TS at heart
rates ⬍100 bpm, preferably between 70 and 80 bpm. As with MS,
faster heart rates make it impossible to appreciate the deceleration
time (or pressure half-time).
The hallmark of a stenotic valve is an increase in transvalvular
velocity recorded by CWD (Figures 11 and 12). Peak inﬂow velocity
through a normal tricuspid valve rarely exceeds 0.7 m/s. Tricuspid

inﬂow is normally accentuated during inspiration; consequently, with
TS, it is common to record peak velocities ⬎1.0m/s that may
approach 2 m/s during inspiration. As a general rule, the mean
pressure gradient derived using the 4v2 equation is lower in tricuspid
than in MS, usually ranging between 2 and 10 mmHg, and averaging
around 5 mmHg. Higher gradients may be seen with combined
stenosis and regurgitation.91–93
The primary consequence of TS is elevation of right atrial pressure
and development of right-sided congestion.Because of the frequent
presence of TR, the transvalvular gradient is clinically more relevant
for assessment of severity and decision-making than the actual stenotic valve area. In addition, because anatomical valve oriﬁce area is
difﬁcult to measure (not withstanding future developments in 3D),
and TR is so frequently present, the typical CWD methods for valve
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Table 10 Findings indicative of haemodynamically significant
tricuspid stenosis

a

Stroke volume derived from left or right ventricular outflow. In the
presence of more than mild TR, the derived valve area will be underestimated. Nevertheless, a value ⱕ1 cm2 implies a significant haemodynamic burden imposed by the combined lesion.

area determination are not very accurate. The pressure half-time
method (T1/2) has been applied in a manner analogous to MS. Some
authors have used the same constant of 220, while others have
proposed a constant of 190 with valve area determined as: 190/T1/2.93
Although validation studies with TS are less than those with MS, valve
area by the T1/2 method may be less accurate than in MS. This is
probably due to differences in atrioventricular compliance between
the right and left side, and the inﬂuence of right ventricular relaxation,
respiration, and TR on the pressure half-time. However, as a general
rule, a longer T1/2 implies a greater TS severity with values ⬎190
frequently associated with signiﬁcant (or critical) stenosis.
In theory, the continuity equation should provide a robust method
for determining the effective valve area as SV divided by the tricuspid
inﬂow VTI as recorded with CWD.94 The main limitation of the
method is obtaining an accurate measurement of the inﬂow volume
passing through the tricuspid valve. In the absence of signiﬁcant TR,
one can use the SV obtained from either the left or right ventricular
outﬂow; a valve area of ⱕ1 cm2 is considered indicative of severe TS.
However, as severity of TR increases, valve area is progressively
underestimated by this method. Nevertheless, a value ⱕ1 cm2,
although it is not accounting for the additional regurgitant volume,
may still be indicative of a signiﬁcant hemodynamic burden induced
by the combined lesion.
C. How to Grade Tricuspid Stenosis
From a clinical standpoint, the importance of an accurate assessment
of TS is to be able to recognize patients with haemodynamically
signiﬁcant stenosis in whom a surgical- or catheter-based procedure
may be necessary to relieve symptoms of right-sided failure. In the
presence of anatomic evidence by 2D echo of TS, the ﬁndings listed
in Table 10 are consistent with signiﬁcant stenosis with or without
regurgitation.
V. PULMONIC STENOSIS
Echocardiography plays a major role in the assessment and management of pulmonary valve stenosis.95 It is useful in detecting the site of
the stenosis, quantifying severity, determining the cause of the stenosis, and is essential in determining an appropriate management
strategy.96 Ancillary ﬁndings with pulmonary stenosis such as right
ventricular hypertrophy may also be detected and assessed. Although
the majority of pulmonary stenosis is valvular, narrowing of the right

19

ventricular outﬂow tract (RVOT) below the valve from concurrent
right ventricular hypertrophy may occur as may narrowing of the
pulmonary artery sinotubular junction above the valve.
A. Causes and Anatomic Presentation
Pulmonary stenosis is almost always congenital in origin. The normal
pulmonary valve is trileaﬂet. The congenitally stenotic valve may be
trileaﬂet, bicuspid, unicuspid, or dysplastic.97
Acquired stenosis of the pulmonary valve is very uncommon.
Rheumatic pulmonary stenosis is rare even when the valve is affected
by the rheumatic process.98 Carcinoid disease is the commonest
cause of acquired pulmonary valve disease (combined stenosis and
regurgitation with usually predominant regurgitation) and this may be
sufﬁciently severe to require prosthetic replacement. Various tumors
may compress the RV outﬂow tract leading to functional pulmonary
stenosis. These tumors may arise from within the heart or associated
vasculature or be external to the heart and compress from without.99,100 Pulmonary valve stenosis may also occur as part of more
complex congenital lesions such as tetralogy of Fallot, complete
atrioventricular canal, double outlet RV, and univentricular heart.
Peripheral pulmonary artery stenosis may co-exist with valvular
pulmonary stenosis such as in Noonan’s syndrome and Williams
syndrome.
Stenosis below (proximal to) the pulmonary valve may result from
a number of causes, both congenital and acquired. Congenital ventricular septal defect (VSD) may also be associated with RV outﬂow
tract obstruction secondary to development of obstructive midcavitary or infundibular muscle bundles (double chamber RV) or in rare
cases as a result of the jet lesion produced by the VSD in this area.
Severe right ventricular hypertrophy of any cause but in some cases
caused by valvular pulmonary stenosis itself may be responsible for
narrowing of the infundibular area below the pulmonary valve.
Iatrogenic causes include prior surgery or intervention on this area.
Other causes include hypertrophic or inﬁltrative processes such as
hypertrophic obstructive cardiomyopathy or glycogen storage disorders and compression from a tumour or vascular structure.
Stenosis of the pulmonary artery above the valve (distal to the
valve) may occur in the main pulmonary trunk at the bifurcation, or
more distally in the branch vessels. In rare instances, a membrane just
above the valve may cause stenosis. Pulmonary artery stenosis may
occur as an isolated ﬁnding without other malformations.
B. How to Grade Pulmonary Stenosis
Pulmonic stenosis severity Quantitative assessment of pulmonary stenosis severity is based mainly on the transpulmonary pressure
gradient. Calculation of pulmonic valve area by planimetry is not
possible since the required image plane is in general not available.
Continuity equation or proximal isovelocity surface area method,
although feasible in principle, has not been validated in pulmonary
stenosis and is rarely performed.
B.1.1. Pressure gradient. The estimation of the systolic pressure
gradient is derived from the transpulmonary velocity ﬂow curve using
the simpliﬁed Bernoulli equation ⌬P ⫽ 4v2. This estimation is reliable,
as shown by the good correlation with invasive measurement using
cardiac catheterization.101 Continuous-wave Doppler is used to assess the severity when even mild stenosis is present. It is important to
line up the Doppler sample volume parallel to the ﬂow with the aid
of colour ﬂow mapping where appropriate. In adults, this is usually
most readily performed from a parasternal short-axis view but in
children and in some adults the highest gradients may be found from
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Table 11 Grading of pulmonary stenosis

the subcostal window. A modiﬁed apical ﬁve-chamber view may also
be used where the transducer is angled clockwise to bring in the RV
outﬂow tract. Ideally, the highest velocity in multiple views should be
used for the determination.102,103
In most instances of valvular pulmonary stenosis, the modiﬁed
Bernoulli equation works well and there is no need to account for the
proximal velocity as this is usually, 1 m/s. There are exceptions to this,
however. In the setting of subvalvular or infundibular stenosis and
pulmonary stenosis as part of a congenital syndrome or as a result of
RV hypertrophy, the presence of two stenoses in series may make it
impossible to ascertain precisely the individual contribution of each.
In addition, such stenoses in series may cause signiﬁcant PR resulting
in a higher Doppler gradient compared with the net pressure drop
across both stenoses.104 Pulsed-wave Doppler may be useful to
detect the sites of varying levels of obstruction in the outﬂow tract and
in lesser degrees of obstruction may allow a full evaluation of it.
Muscular infundibular obstruction is frequently characterized by a
late peaking systolic jet that appears ‘dagger shaped’, reﬂecting the
dynamic nature of the obstruction; this pattern can be useful is
separating dynamic muscular obstruction from ﬁxed valvular obstruction, where the peak velocity is generated early in systole.
In certain situations, TEE may allow a more accurate assessment of
the pulmonary valve and RVOT. The pulmonary valve may be
identiﬁed from a mid-esophageal window at varying transducer
positions from 50 to 90, anterior to the aortic valve. The RVOT is
often well seen in this view. It is in general impossible to line up CW
to accurately ascertain maximal ﬂow velocity. Other windows in
which the pulmonary outﬂow tract may be interrogated include the
deep transgastric view in which by appropriate torquing of the
transducer, the RV inﬂow and outﬂow may be appreciated in a single
image. This view can allow accurate alignment of the Doppler beam
with the area of subvalvar/valvular stenosis through the RV outﬂow
tract.
In pulmonary valve stenosis, the pressure gradient across the valve
is used to ascertain severity of the lesion more so than in left-sided
valve conditions due in part to the difﬁculty in obtaining an accurate
assessment of pulmonary valve area. The following deﬁnitions of
severity have been deﬁned in the 2006 American College of Cardiology/American Heart Association (ACC/AHA) guidelines on the
management of valvular heart disease:1
Severe stenosis (Table 11): a peak jet velocity ⬎4 m/s (peak
gradient ⬎64 mmHg) Moderate stenosis: peak jet velocity of
3– 4 m/s (peak gradient 36 – 64 mmHg)
Mild stenosis: peak jet velocity is: ⬍3 m/s (peak gradient less than
36 mmHg).
In determining the need for intervention, no speciﬁc Doppler gradients have been agreed on.
Severity of pulmonary stenosis using Doppler gradients has been
based on catheterization data with demonstration of reasonable
correlation between instantaneous peak Doppler gradients and peakto-peak gradients obtained by catheterization. Typically though,
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Doppler peak gradients tend to be higher than peak-to-peak catheterization gradients.102 Doppler mean gradient has been shown in
one study to correlate better with peak-to-peak catheterization gradient but is not commonly used.105
B.1.2. Other indices of severity. A useful index of severity is to
determine the RV systolic pressure in patients with pulmonary
stenosis from the tricuspid regurgitant velocity and the addition of an
estimate of right atrial pressure. The pulmonary artery systolic pressure should be RV systolic pressure ⫺ pulmonary valve pressure
gradient. In settings where there are multiple stenoses in the RV
outﬂow tract or in the more peripheral pulmonary tree (sometimes
associated with valvular pulmonary stenosis), the failure of the measured pulmonary valve gradient to account for much of the RV
systolic pressure may be a clue for the presence of alternative
stenoses.
B.1.3. Valve anatomy. Evaluation of anatomy is important in deﬁning where the stenosis is maximal, as discussed above. Valve
morphology is often evident especially the thin mobile leaﬂets seen
with the dome-shaped valve. Dysplastic leaﬂets move little and are
rarely associated with the post-stenotic dilatation common in domeshaped leaﬂets. Calciﬁcation of the valve is relatively rare so the valve
appearance does not play a huge role in decisions for balloon
valvuloplasty. However, the size of the pulmonary annulus should be
measured in order to deﬁne the optimal balloon size for successful
dilatation of the valve.106
B.1.4. Associated lesions. Pulmonic stenosis especially when severe
may be associated with right ventricular hypertrophy, eventually right
ventricular enlargement, and right atrial enlargement. Given the
unusual shape of the RV and its proximity to the chest wall, accurate
estimation of RV hypertrophy and enlargement may be difﬁcult. The
parasternal long-axis and subcostal long-axis views are often best in
assessing RV hypertrophy. The normal thickness of the RV is ⬃2–3
mm but given the difﬁculties in estimating thickness, a thickness of
⬎5mm is usually considered abnormal. RV enlargement is typically
assessed in the apical or subcostal four-chamber view.107–109
As described above, pulmonary stenosis may form part of other
syndromes or may be associated with other congenital lesions.
Dilatation of the pulmonary artery beyond the valve is common and
is due to weakness in the arterial wall in a manner analogous to
bicuspid aortic valve and is not necessarily commensurate with the
degree of obstruction. Detection of other lesions such as infundibular
stenosis, VSD, or tetralogy of Fallot is all important in the assessment
of these patients.
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