




other. If the occluder cannot be imaged, obstruction can be sus-
pected when there is a failure of the colour map to fill (narrow high-
velocity inflow jet wrap-around aliasing) the PHV orifice in all views.
In bioprostheses, the jet can be narrow at the level of the immobile
cusps, but can expand rapidly to fill the orifice towards the tips of
the stents. Severe impairment in LV function may also cause reduced
valve opening, but this will be associated with a thin, low-velocity in-
flow signal on colour imaging.

Acquired mitral PHV obstruction
Doppler assessment
Doppler ultrasound assessment (CW and pulsed wave) of mitral
PHVs is obtained from the apical positions with TTE and low-
oesophageal four-chamber view with TOE. Off-axis views may be
necessary to correctly align the beam parallel to flow.

Mitral inflow peak early diastolic velocity (E velocity) in most nor-
mally functioning bileaflet mechanical PHVs is ,1.9 m/s but can be
as high as 2.4 m/s in small mismatched prostheses.87,149 – 151 The
normal mean transmitral gradient is generally ,5–6 mmHg.152 In-
creasing grades of stenosis are associated with increasing transmitral

velocities and gradients. However, prosthesis size, ventricular and
atrial function, chamber compliances, relative chamber pressures,
and the presence of PPM or of any obstruction can influence trans-
mitral velocities. The presence of tachycardia leads to a shortening
of the diastolic filling and increased in the peak early mitral vel-
ocity.19 Similarly, significant MR, which leads to a volume overload
state, increases transmitral flow velocities. All this highlights the
need for comparing serial values in the same patient over time.14

In the absence of any these conditions, an early mitral peak velocity
≥2.5 m/s and a mean transmitral pressure gradient ≥10 mmHg sug-
gest the presence of severe mitral prosthetic obstruction.14 Signifi-
cant mitral PHV obstruction is usually associated with increased
transprosthetic [mean gradient (≥12 mmHg) during stress echo-
cardiography (Figure 23)].35,135 A change from immediate post-
operative values is also supportive of acquired PHV obstruction.
An increase in mean gradient .5 mmHg with similar heart rates
is suggestive of the occurrence of valve obstruction.

A PHT ,130 ms is often consistent with normal mitral PHV func-
tion, whereas a PHT .200 ms on sequential echocardiograms sug-
gests the presence of significant stenosis. As PHT is influenced by

Figure 21 Paravalvular leak due to mitral valve prosthesis dehiscence. Slit-like dehiscence of a bioprosthesis in mitral position from transoe-
sophageal approach, with 3D colour flow Doppler showing the presence of a severe paravalvular regurgitation located posteriorly and involving
.25% of the prosthesis circumference from anterior septum to posterior wall of the left atrium (LA) (B and D). The schematic representation of
the prosthesis orientation as seen from the 3D left atrial perspective in A and C (after reorientation with the aorta up).
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heart rate, LA, and LV compliance, patients with tachycardia or re-
duced atrioventricular compliance may exhibit a normal PHT des-
pite the presence of significant prosthetic valve stenosis. PHT
should not be obtained in case of first-degree atrioventricular block
when E and A velocities are merged or the diastolic filling period is
short. Slight increments in PHT (130–200 ms) are to be interpreted
with caution.149,151

The EOA and the DVI (VTIPrV/VTILVOT) are less flow-dependent
parameters. The EOA is calculated using the continuity equation
(stroke volume/VTIPrV), which is not valid in case of .mild MR or
AR. In case of AR, the RVOT stroke volume can be used as an alterna-
tive approach. Conversely, the PHT-derived EOA is not valid in pros-
thetic mitral valve.103,108 The correct interpretation of DVI requires the
absence of significant AR. Although values are to be referenced against
normal data for each prosthesis type and size, an EOA ,1 cm2 and
a DVI .2.5 raise suspicion for significant mitral PHV obstruction.14

Integrative assessment
Echocardiographic assessment of mitral PHV obstruction includes
integration of data from 2D/3D imaging of the mitral valve as well
as qualitative and quantitative Doppler measures of obstruction se-
verity (Figure 24). Other imaging modalities, when indicated, can be
used to alternatively assess valve motion, structure, and function.
For instance, in case of Doppler silent prosthetic valve thrombosis,
which is characterized by normal or slightly elevated Doppler gradi-
ents, identification of abnormal disk motion of the bileaflet mitral
PHV can require the use of cinefluoroscopy or cardiac CT.45

Interpretation of the data should be performed according to the
date of valve replacement, the prosthesis’ characteristics, and the
haemodynamic conditions. Table 15 lists the imaging parameters
used to assess mitral PHV function. When all parameters are nor-
mal, the probability of valve dysfunction is very low while PHV dys-
function is likely if the majority of them are abnormal.149

Differential diagnosis of high-pressure gradients
In a mitral prosthesis, a mean gradient of 6 mmHg or more may in-
dicate pathologic obstruction, the presence of hyperdynamic states
(e.g. post-op period, anaemia, sepsis), tachycardia, PPM, regurgita-
tion, technical errors, or localized high central jet velocity in bileaflet
mechanical valves.7,14,102,122,136 To overcome the flow dependency
of pressure gradients, a stepwise approach including EOA and DVI
estimation is required (Figure 24). After having excluded possible
technical errors, the EOA is compared with the normal reference
value of EOA for the type and size of prosthesis implanted. If the
EOA is lower than the normal reference value, and especially
when there is a decrease in EOA and DVI during follow-up, the pres-
ence of an abnormal prosthetic motion (or suspected by abnormal
colour flow) in the context of a DVI .2.2 and PHT ≥130 ms
suggests prosthetic valve obstruction. A PHT ,130–200 ms in a pa-
tient with a high transprosthetic gradient is not a sign of pathologic
obstruction but rather is a sign of a high transprosthetic flow rate,
especially when the leaflet/disc mobility is normal. In this situation,
lower velocities can be obtained by careful Doppler beam orienta-
tion to avoid this central acceleration. If the EOA is close to the

Figure 22 Degenerative mitral bioprosthesis and high gradient. Dysfunctional bioprosthesis as seen with 2D and 3D transoesophageal echo-
cardiography (TOE). 2D (A) and 3D (B) colour flow imaging of the prosthesis show an abnormal intraprosthetic regurgitation (yellow arrow in 2D
TOE and red arrow in 3D TOE). 2D colour flow imaging of the anterograde flow shows a significant aliasing at the level of the prosthesis indicative
of a high-velocity flow profile (C). Incomplete opening of one of the cusps (anterior) is seen from the 3D dataset (D, white arrow). E and F showing
the anatomic orifice area (AOA) obtained by planimetry and the EOA obtained by the continuity equation. Both confirm significant obstruction.

P. Lancellotti et al.Page 34 of 47

by guest on M
ay 5, 2016

D
ow

nloaded from
 



reference value, one can calculate the indexed EOA (EOA/BSA)
with measured or projected (normal reference value) EOA. If the
indexed is ≤1.2 cm2/m2, one can assume that PPM is present and
that depending on its degree of severity, it may be partially or totally
responsible for the high gradient. In this context, it is important to
keep in mind that both phenomenon, i.e. PPM and intrinsic dysfunc-
tion, may coexist. Of note, PPM is present early after surgery and on
all subsequent echocardiograms, so further changes in pressure gra-
dients often account for additional intrinsic dysfunction. In the other
case (indexed EOA .1.2 cm2/m2), if the leaflet mobility is consid-
ered to be normal or is undetermined and the DVI is ,2.2, one
should suspect occult mitral trans- or paravalvular regurgitation
or high flow states.

Pathological mitral regurgitation
Colour Doppler evaluation
Rating the severity of prosthetic MR is also a considerable challenge.
The volume of the regurgitant flow jet is determined by the size of
the regurgitant orifice, the driving force from the pressure gradient
across the orifice, and the duration of systole.20

Colour flow imaging is the most common way to assess MR se-
verity. The general assumption is that as the severity of the MR in-
creases, the size and the extent of the jet into the LA also
increase.153 However, the relation between jet area and MR severity
presents a large range of variability. So, this approach is a source of
many errors and is not recommended to assess MR severity.20

Nevertheless, the detection of a large eccentric jet adhering,

swirling, and reaching the posterior wall of the LA is in favour of sig-
nificant prosthetic MR. Conversely, small thin jets that appear just
beyond the mitral leaflets usually indicate mild MR.154

On colour Doppler, paravalvular leaks have a typical appearance
of a jet that passes from the LA into the LA outside the prosthesis
ring and often projects into the atrium in an eccentric direction. For
semi-quantitative evaluation of paravalvular MR, careful imaging of
the neck of the jet in a short-axis view, at the level of the sewing
ring, is required to accurately define its circumferential extent,
which can be expressed as a percentage of the total sewing ring cir-
cumference (,10% ¼ mild; 10–29% ¼ moderate; ≥30% se-
vere).155 Rocking of the prosthesis is usually associated with
.40% dehiscence and thus severe regurgitation.

The vena contracta is the area of the jet as it leaves the regurgitant
orifice; it reflects thus the regurgitant orifice area. The vena contracta
width is useful to distinguish mild from severe prosthetic MR. It is
measure from the parasternal long-axis or apical four-chamber views.
A vena contracta ,3 mm indicates mild prosthetic MR while a width
≥7 mm defines severe MR.151 Due to the shadowing caused by the
prosthetic material, the vena contracta width may be difficult to assess.
It is inaccurate in case of multiple jets or irregular orifice shape.14,20

The PISA method is feasible, especially in bioprosthetic valves
(Figure 13). Imaging of the flow convergence zone is usually obtained
from the apical four-chamber view, though other views can be used
if parallel to regurgitant flow direction.153,156 The area of interest is
optimized by lowering imaging depth and reducing the Nyquist limit
to �15–40 cm/s. The radius of the PISA is measured at mid-systole

Figure 23 Mitral valve prosthesis dysfunction and exercise echocardiography. Significant increase in mean pressure gradient (MPG) during ex-
ercise echocardiography over a prosthetic mechanical valve in mitral position (C) in a patient with mildly elevated resting gradients (A), complaining
of exercise-induced dyspnoea. During exercise (D), there is a significant increase in transtricuspid pressure gradient (TTPG) compared with rest
(B) that parallels the increase in pressure gradients across the mitral prosthesis.
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using the first aliasing. R Vol and EROA are obtained using the stand-
ard formulas. Qualitatively, the presence of flow convergence at a
Nyquist limit of 50–60 cm/s should alert to the presence of severe
MR. Grading of severity of MR classifies regurgitation as mild, mod-
erate, or severe, and sub-classifies the moderate regurgitation group
into ‘mild-to-moderate’ (EROA of 20–29 mm2 or a R Vol of 30–
44 mL) and ‘moderate-to-severe’ (EROA of 30–39 mm2 or a R
Vol of 45–59 mL). Quantitatively, prosthetic MR is considered se-
vere if EROA is ≥40 mm2 and R Vol ≥60 mL. The PISA method

faces several advantages and limitations, which have been addressed
elsewhere. Briefly, the PISA method is based on the assumption of
hemispheric symmetry of the velocity distribution proximal to the
circular regurgitant lesion, which may not hold for eccentric jets,
multiple jets, or complex or elliptical regurgitant orifices.20 Also
the acoustic shadowing may hamper the proper visualization of
the PISA.

Spectral Doppler parameters can be used as additive or alterna-
tive features to corroborate severity of regurgitation. In the absence

Figure 24 Algorithm for evaluation of high transvalvular mitral gradient. DVI, Doppler velocity index; EOA, effective orifice area; PPM, patient-
prosthesis mismatch. *Bileaflet valves only. **Consider underestimation of LVOT diameter and/or LVOT VTI. #If leaflet/disc motion unclear by
TTE, consider cinefluoroscopy or cardiac CT. ##Consider overestimation of LVOT diameter and/or LVOT VTI.
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of prosthetic mitral obstruction, the increase in transprosthetic mi-
tral flow that occurs with increasing MR severity can be detected as
higher flow velocities during early diastolic filling (increased E vel-
ocity). In the absence of mitral stenosis, a peak E velocity .1.5 m/s
at PW Doppler suggests severe prosthetic MR. Conversely, a dom-
inant A wave (atrial contraction) basically excludes severe MR. The
presence of a retrograde systolic flow (PW Doppler 1 cm deep into
the pulmonary vein) in one or more of the pulmonary veins is an-
other specific parameter for significant MR (Figure 13).157 A dense
MR signal with a full CW Doppler envelope also indicates more
severe MR than a faint signal. When truncated (notched) with a
triangular contour and an early peak velocity (blunt), it indicates
elevated LA pressure or a prominent regurgitant pressure wave
in the LA due to severe MR. In eccentric MR, it may be difficult
to record the full CW envelope of the jet because of its
eccentricity.

Regurgitant volume can be calculated by subtracting the forward
stroke volume at the LVOT (or RV stroke volume if .mild AR)
from the total transmitral stroke volume (or 2D/3D-derived total
LV stroke volume). This approach is time consuming and is asso-
ciated with several drawbacks. In general, a regurgitant fraction
.50% indicates severe prosthetic MR.

The impact of prosthetic MR on LV, LA, and pulmonary pressures
depends on the chronicity and severity of the regurgitation as well as
on the pre-existing cardiomyopathy. In the absence of other condi-
tions, LV and LA dilatation are sensitive for chronic significant MR,
while normal size almost excludes severe chronic MR. Similarly, if

LV volumes fail to decrease after valve replacement for MR or
tend to increase after valve replacement for mitral stenosis, and in
particular if the LV is hyperdynamic, a haemodynamically significant
leak should be suspected among other factors. Conversely, LV or
LA dilatation may be absent in acute severe MR.

Given that direct detection of prosthetic MR is often not possible
with TTE, the presence of occult prosthetic MR should be sus-
pected when the following signs are present: (i) the presence of
flow convergence on the LV side of the prosthesis during systole;
(ii) the presence of a turbulent colour flow within the LA distal to
the acoustic shadow; (iii) increased mitral peak E wave velocity, gra-
dient, and/or DVI; (iv) unexplained or new worsening of pulmonary
arterial hypertension; and a dilated and hyperkinetic LV. PHT is of-
ten normal in prosthetic MR unless there is concomitant sten-
osis.149,158 TOE should be systematically performed when there is
a clinical or TTE suspicion of occult MR.134

Integrative assessment
Echocardiographic assessment of prosthetic MR includes integra-
tion of data from 2D/3D imaging of the valve and ventricle as well
as Doppler measures of regurgitation severity (Table 16). An effort
should be made to quantify the degree of regurgitation, except in
the presence of mild or less prosthetic MR. The measurement of
the vena contracta width and the calculation of the EROA, RVol,
and regurgitant fraction is recommended, when feasible. Adjunctive
parameters help to consolidate the severity of MR and should be
widely used particularly when there is discordance between the
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Table 15 Grading mitral prosthetic valve obstruction

Normal Possible obstruction Significant obstruction

Qualitative

Valve structure and motion Normal Often abnormala Abnormala

Semi-quantitative

Pressure half time (ms)b ,130 130–200 .200

Quantitative

Flow dependent

Peak velocity (m/s)c,d,f ,1.9 1.9–2.5 ≥2.5

Mean gradient (mmHg)c,d,f ≤5 6–10 ≥10

Increase in mean gradient during stress echo ,5 5–12 .12

Follow-up increase in mean gradient ,3 3–5 .5

Flow independent

Effective orifice area (cm2)c,g ≥2 1–2 ,1

Effective orifice area vs. normal reference valuec,g Reference+1SD ,Reference 21SD ,Reference 22SD

Difference (reference EOA 2 measured EOA) (cm2)c ,0.25 0.25–0.35 .0.35

Doppler velocity indexc,d,e,g ,2.2 2.2–2.5 .2.5

See Table 8 to obtain the normal reference values of effective orifice area for the different models and sizes of prostheses.
PHT, pressure half time; SD, standard deviation.
aAbnormal mechanical valves: occluder that is immobile or with restricted mobility, thrombus or pannus; abnormal biologic valves: cusps thickening/calcification, thrombus, or
pannus.
bThis parameter is influenced by heart rate, left atrial compliance, and left ventricular compliance. This parameter should not be measured during tachycardia, first atrioventricular
block, or circumstances that cause fusion between the E and A velocities or shorten the diastolic filling period.
cThe criteria proposed for these parameters are valid for near normal or normal diastolic volume (i.e. stroke volume: 50–90 mL) and heart rate (50–80 bpm).
dThese parameters are also abnormal in the presence of significant mitral prosthesis regurgitation.
eThis parameter is dependent on the size of the LV outflow tract. In atrial fibrillation, the VTIPrMV and the VTILVOT should be measured in matched cardiac cycles.
fThese parameters are more affected by flow and heart rate.
gThese parameters are not valid when .mild concomitant aortic or mitral regurgitation is present.
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quantified degree of prosthetic MR and the clinical context. These
parameters should be interpreted according to the chronicity of
prosthetic MR and the LV remodelling. If results are still discrepant
and after elimination of technical errors, or when echocardiography
is inconclusive, other imaging modalities can be used in experienced
centres to assess valve motion, structure, and function.

Tricuspid prosthetic valve
Baseline assessment and serial reports
The echocardiographic report includes the documentation of (i) the
type and size of the prosthetic valve, (ii) blood pressure, (iii) valve
morphology and function, (iv) prosthetic pressure gradients
and flow velocities (EOA, DVI), (v) the heart rate at which gradients
are measured, (vi) the presence of regurgitation (location, severity),
(vii) RV size and function, (viii) RA size, (ix) inferior vena cava
dimensions and respiratory changes, and (x) pulmonary pressure
(Tables 4 and 10).7,14 Calculated EOA should be compared with ref-
erence values for the prosthetic valve type. When needed, the type
and reason for the use of other imaging approaches are to be ac-
knowledged. Any changes in tricuspid PHV characteristics are
documented.

Imaging assessment
Because of the anterior position of the tricuspid PHV, assessment of
tricuspid valve by TTE is generally superior to imaging by TOE.81

The three main TTE views allowing the tricuspid valve visualization
are the parasternal (long-axis view of RV inflow, short-axis view at
the level of the aortic valve), the apical four-chamber, and the sub-
costal views. All views, particularly from the apex, will need multiple
tilting to obtain optimal views of the RV and tricuspid valve. The RV
inflow and sub-costal views are very useful for assessing colour flow
through tricuspid prosthesis, because the acoustic shadowing inter-
ference is less than in apical views.14,20 With TOE standard views of
the tricuspid prosthesis include mid-oesophageal four-chamber and
modified bicaval views, the mid-oesophageal inflow–outflow view,
and the transgastric RV inflow–outflow view.

Valve morphology and function
Imaging may identify the aetiology of PHV dysfunction including
obstruction or regurgitation due to bioprosthesis degeneration
(thickening, calcification, abnormal mobility), rocking motion of
the sewing ring, or abnormal occluder motion in mechanical
PHVs.
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Table 16 Imaging criteria for grading the severity of prosthetic mitral valve regurgitation

Mild Moderate Severe

Qualitative

Valve structure and motion Usually normal Usually abnormala Usually abnormala

Colour flow MR jetb Small Intermediate Large central jet or eccentric jet adhering,
swirling, and reaching the posterior LA wall

Flow convergencec No or small Intermediate Larged

CW signal of MR jet Faint/Parabolic Dense/Parabolic Dense/triangular

Semi-quantitative

Pulmonary vein flow Systolic dominance Systolic bluntinge Systolic flow reversalf

Mitral inflow Variable Variable Peak velocity ≥1.9 m/s; Mean gradient ≥5 mmHg

Doppler velocity index (VTIPrMV/VTILVOT) ,2.2 2.2–2.5 .2.5

VC width (mm) ,3 3–5.9 ≥6

Circumferential extent of paravalvular
regurgitation (%)g

,10% 10–29% ≥30%

Quantitativeh

EROA (mm2) ,20 20–39 ≥40

RVol (mL)i ,30 30–59 ≥60

Regurgitant fraction (%) ,30 30–50 .50

+LV and LA sizej and the systolic pulmonary
arterial pressure

aAbnormal mechanical valves: immobile occluder, dehiscence, or rocking (paravalvular regurgitation); abnormal biologic valves: cusps thickening/calcification, dehiscence, or
rocking (paravalvular regurgitation).
bParameter applicable to central jets and is less accurate in eccentric jets.
cAt a Nyquist limit of 50–60 cm/s.
dPISA radius ,0.4 and ≥0.9 cm for central jets, respectively, with a baseline shift at a Nyquist limit of 40 cm/s.
eUnless other reasons of systolic blunting (atrial fibrillation, elevated LA pressure).
fPulmonary venous systolic flow reversal is specific but not sensitive for severe MR.
gApplies only to paravalvular regurgitation.
hThese quantitative parameters are less well validated than in native MR.
iCan be estimated by the PISA method if feasible or by calculating the difference between stroke volume measured at the mitral annulus and stroke volume measured in the LVOT
(if no .mild aortic regurgitation).
jApplies to chronic, late post-operative prosthetic mitral valve regurgitation in the absence of other aetiologies and acute MR.
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Acquired tricuspid PHV obstruction
Doppler assessment
Doppler ultrasound assessment (CW and pulsed wave) of tricuspid
PHVs is obtained from multiple views. Various transducer positions
and off-axis views are used to correctly align the ultrasound beam as
much as parallel to flow. Determination of the severity of tricuspid
PHV stenosis has been validated in a limited number of patients.

Tricuspid inflow peak early diastolic velocity (E velocity) in most
normally functioning tricuspid PHVs is ,1.9 to 2 m/s.159,160 The
normal mean transtricuspid gradient is often ,6 to 9 mmHg, de-
pending on the prosthesis type. Increasing grades of obstruction
are associated with increasing transmitral velocities and gradients.
However, velocities vary with respiration, heart rate, chamber com-
pliances and pressures, and the presence of any obstruction. To
minimize the respiratory flow variations, averaging a minimum of
5 cycles (during end-expiratory or quiet respiration) is recom-
mended whether the patient is in sinus rhythm or in atrial fibrillation.
In the absence of tachycardia or significant TR, an early tricuspid
peak velocity ≥1.9–2 m/s and a mean transtricuspid pressure gradi-
ent ≥6–9 mmHg are suggestive of possible tricuspid prosthetic ob-
struction.161 – 163

A short PHT is often consistent with normal tricuspid PHV func-
tion, whereas a significantly prolonged PHT on sequential echocar-
diograms suggests possible stenosis. As this parameter is influenced

by heart rate and right chambers compliance, PHT should be inter-
preted with caution.161,162

The EOA and the DVI (VTIPrV/VTILVOT) are less flow-dependent
parameters. The DVI can be used to distinguish stenosis from regur-
gitation, because in both cases the gradient is increased. A DVI ≥3.2
for tricuspid biosprosthetic valves or ≥2 for mechanical bileaflet
valve in the absence of significant AR suggests possible tricuspid
stenosis.81,163 The EOA derived by PHT has not been validated in
tricuspid PHV. The EOA is thus calculated using the continuity equa-
tion (stroke volume/VTIPrV), which is not valid in case of .mild AR.
In case of AR, the RVOT can be used as an alternative approach.
Of note, no cut-off value of EOA has been validated.

Integrative assessment
Echocardiographic assessment of tricuspid PHV obstruction in-
cludes integration of data from 2D/3D imaging of the tricuspid valve
as well as Doppler measures of stenosis severity (Figure 25). Other
imaging modalities, when indicated, can be used to alternatively as-
sess valve motion, structure, and function. Interpretation of the data
should be performed according to the date of valve replacement,
the prosthesis’ characteristics, and the haemodynamic conditions.
Table 17 lists the imaging parameters used to assess tricuspid PHV
function. More parameters are abnormal, the higher the likelihood
of possible PHV dysfunction.

Figure 25 Echocardiographic evaluation of bioprostheses in tricuspid position. Normally functioning prosthesis in A–F. Dysfunctional pros-
thesis with signs of severe stenosis in G and H. The white arrows in A–C indicate the pillars of the prosthesis’s frame as seen in 2D transthoracic
echocardiography (A) and 3D transoesophageal echocardiography (B, closed position; C, opened position). The haemodynamic parameters [peak
early diastolic velocity, pressure half time (PHT), Doppler velocity index (DVI), and mean pressure gradient (MPG)] are all normal (E and F). Patho-
logic increased echogenicity of the bioprosthesis (red arrow, G), suggestive of prosthesis dysfunction and abnormal haemodynamic parameters,
confirming prosthesis dysfunction (H ).
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Differential diagnosis of high-pressure gradients
In a tricuspid prosthesis, a mean gradient of .6 mmHg may denote
pathologic obstruction, the presence of hyperdynamic states (e.g.,
post-op period, anaemia, sepsis), tachycardia, PPM, regurgitation,
technical errors, or localized high central jet velocity (only for bileaf-
let mechanical valves).122,124 In the presence of normal leaflet/disc
mobility, normal or mildly prolonged PHT, and normal DVI, one
should suspect PPM, localized high gradient in bileaflet mechanical
valves (redo the Doppler recording avoiding central jet velocities),
PHV regurgitation or high flow states. Conversely, the presence of
an abnormal PHV motion in the context of a high DVI, prolonged
PHT, and progressive increase in mean gradient during follow-up
suggests prosthetic valve obstruction.

Pathological tricuspid regurgitation
Colour Doppler evaluation
Grading the severity of prosthetic TR is in principle similar to pros-
thetic MR. However, because standards for determining the TR se-
verity are less robust than for MR, the algorithms for relating colour
flow-derived parameters to TR severity are less well developed.

Colour flow imaging is useful for screening the presence of TR.
The general assumption is that larger colour jets that extend deep
into the RA represent more TR than smaller thin jets that are
seen just beyond the tricuspid valve. As for MR, this method is a
source of many errors and is limited by several technical and haemo-
dynamic factors.163,164 Colour flow imaging is not recommended for
assessing TR severity. Nevertheless, the detection of a large eccen-
tric jet adhering, swirling, and reaching the posterior wall of the RA
is in favour of severe TR.14,20 Conversely, small thin central jets usu-
ally indicate mild TR. It should be noted that normal bioprosthetic
valve might have mild TR in the early post-operative period.

The vena contracta width of the TR is typically imaged in the ap-
ical four-chamber view using the same settings as for MR. Averaging
measurements over at least two to three beats are recommended.
A vena contracta ≥7 mm is in favour of severe while a diameter
,6 mm may be either mild or moderate TR.165 Due to the shadow-
ing caused by the prosthetic material, the vena contracta width may

be difficult to assess. It is inaccurate in case of multiple jets or irregu-
lar orifice shape.

Although providing quantitative assessment, the PISA method has
not been validated in the setting of tricuspid PHV. However, in the
absence of distortion of the flow convergence zone, the PISA meth-
od can be applied to grade severe prosthetic TR.14,20

Spectral Doppler parameters can be used as additive or alterna-
tive features to corroborate severity of regurgitation. Similar to MR,
the severity of TR will affect the early tricuspid diastolic filling (E vel-
ocity). In the absence of tricuspid stenosis, an elevated tricuspid
peak E velocity (1.9–2.1 cm/s or greater), although not specific, is
a common finding in severe TR. The presence of a holosystolic re-
versal flow (PW Doppler) in the hepatic vein is another specific par-
ameter for significant TR.164,166 A dense TR signal with a full CW
Doppler envelope also indicates more severe TR than a faint signal.
When truncated (notched) with a triangular contour and an early
peak velocity (blunt), it indicates a prominent regurgitant pressure
wave in the RA due to severe TR. In eccentric TR, it may be difficult
to record the full CW envelope of the jet.

Quantitative PW Doppler method has not been validated to
quantify the prosthetic TR severity.

The impact of prosthetic TR on right heart chambers depends on
the chronicity and severity of the regurgitation as well as on the pre-
existing conditions. In the absence of other conditions, RV and RA
enlargement (with diastolic septal flattening) and inferior vena cava
dilatation with minimal change on respiration are sensitive for
chronic significant TR while normal size almost excludes severe
chronic TR. When these findings are absent, the presence of signifi-
cant TR should be questioned.

Integrative assessment
Echocardiographic assessment of prosthetic TR includes integration
of data from 2D/3D imaging of the valve, right heart chambers, sep-
tal motion and inferior vena cava, as well as Doppler measures of
regurgitant severity (Table 18). The consensus of the experts is to
advocate grading the severity of TR by using the vena contracta
width, except in the presence of mild or trivial TR. Adjunctive para-
meters help to consolidate about the severity of TR. These para-
meters should be interpreted according to the chronicity of
prosthetic TR and the RV remodelling. In case of discrepant/incon-
clusive echo results, other imaging modalities imaging can be used in
experienced centres to assess valve motion, structure, and function.

Pulmonary prosthetic valve
Baseline assessment and serial reports
The echocardiographic report includes the documentation of (i) the
type and size of the prosthetic valve, (ii) valve morphology and func-
tion, (iii) prosthetic pressure gradients and flow velocities, (iv) the
presence of regurgitation (location, severity), (v) RV size and func-
tion, (vi) pulmonary pressure, (vii) pulmonary artery dimension
(Tables 4 and 10).7,14 When needed, the type and reason for the
use of other imaging approaches are to be acknowledged. Any
changes in pulmonic PHV characteristics are reported.

Imaging assessment
Because the pulmonary valve is located anteriorly and superiorly, it
is often difficult to fully visualize by either TTE or TOE.20 With TTE,

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

Table 17 Grading tricuspid prosthetic valve
obstruction

Normal Possible obstructiona

Qualitative

Valve structure and motion Normal Often abnormalb

Semi-quantitative

Pressure half time (ms) ,130 ≥130

Doppler velocity index ,2 ≥2

Quantitative

Flow dependent

Peak velocity (m/s)c ,1.9 ≥1.9

Mean gradient (mmHg)c ,6 ≥6

aBecause of respiratory variation, average 3–5 cycles in sinus rhythm.
bCusps thickening or immobility.
cMay be increased also with valvular regurgitation.
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Table 18 Grading the severity of tricuspid prosthetic valve regurgitation

Mild Moderate Severe

Qualitative

Valve structure and motion Usually normal Usually abnormala Usually abnormala

Colour flow TR jetb Small Intermediate Very large central jet or eccentric wall impinging jet

Flow convergencec No or small Intermediate Larged

CW signal of TR jet Faint/Parabolic Dense/Parabolic Dense/Early peaking

Semi-quantitative

Hepatic vein flow Systolic dominance Systolic bluntinge Systolic flow reversalf

Tricuspid inflow Variable Variable Elevated pressure gradient

VC width (mm) ND ,7 .7

Quantitative

EROA (mm2) ND ND ND

R Vol (mL) ND ND ND

Regurgitant fraction (%) ND ND ND

+RA-RV-IVC dimensionsg

aDehiscence (paravalvular regurgitation), leaflet thickening/calcification (paravalvular regurgitation); abnormal biologic valves: cusps thickening/calcification.
bParameter applicable to central jets and is less accurate in eccentric jets.
cAt a Nyquist limit of 50–60 cm/s.
dBaseline Nyquist limit shift of 28 cm/s.
eUnless other reasons of systolic blunting (atrial fibrillation, elevated RA pressure).
fPulmonary venous systolic flow reversal is specific but not sensitive for severe MR.
gApplies to chronic, late post-operative prosthetic tricuspid valve regurgitation.

Figure 26 Degenerative bioprosthesis in pulmonary position. Highly turbulent anterograde flow related both to the presence of stenosis and
significant prosthesis regurgitation (A). The anterograde flow velocity and mean pressure gradient (MPG) are increased (B). An intense continuous
wave Doppler signal and a short PHT are seen, related to the presence of a concomitant intraprosthetic regurgitation (D). The transtricuspid
systolic gradient is measured in C.
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the pulmonic valve is imaged from the parasternal short-axis view at
the level of the aortic valve, the RVOT view, and the sub-costal view.
Tilting the probe in a slight cranial direction gives a clearer view of
both the pulmonic valve and the proximal pulmonary artery. On
TOE, the pulmonic valve is imaged from the high oesophageal
view at 508–908 near the level of the short-axis view of the aortic
valve (usually found at �308). Slight withdrawal of the probe from
the level of the aortic valve at 508–908 may facilitate visualization of
the pulmonic valve, main pulmonary artery, and its bifurcation. It can

also be imaged from a deep transgastric view in a 1208 imaging plane.
Colour flow Doppler is used to detect any flow acceleration or re-
gurgitation. 3D TOE allows for accurate evaluation of bioprosthetic
pulmonary valve structure and function, and enhances the precision
and monitoring of percutaneous valvuloplasty.167

Valve morphology and function
Pulmonic PHV dysfunction, stenosis and/or regurgitation, is generally
associated with abnormal valve morphology (calcifications, pannus,
thrombus) and/or mobility (rocking motion of the sewing ring,
abnormal occluder motion).

Acquired pulmonary PHV obstruction
Doppler assessment
Using both CW and PW Doppler at the level of the pulmonary
valve, velocities across the pulmonary valve are measured. Several
cycles should be recorded to account for small variations in veloci-
ties during the respiratory cycle. The funnel shape of the RVOT and
the potential concomitant stenosis of the pulmonary branches limit
the accuracy of the continuity equation to calculate the EOA. Cur-
rently, pulmonary valve conduits are commonly used, and it is im-
portant to know the type of degeneration that these devices may
show (edge stenosis), which may cause increased gradients.14,22

Current evidence on the determination of the prosthetic pul-
monary obstruction is limited. Doppler findings suspicious of pros-
thetic pulmonary valve stenosis include: narrowing of forward
colour flow map, single transvalvular peak velocity .3.2 m/s for
bioprostheses (mean gradient ≥20 mmHg) or .2.5 m/s for
homografts (mean gradient ≥15 mmHg), increase in peak velocity
on serial studies, elevated RV systolic pressure, and new impairment
of RV function (Figure 26). When stenosis of the pulmonary
branches co-exists, PW Doppler may be preferred over CW Dop-
pler to measure the transprosthetic gradient (provided that there is
not aliasing).168,169
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Table 19 Grading pulmonary prosthetic valve
obstruction

Normal Possible
obstruction

Qualitative

Valve structure and
motion

Normal Often abnormala

Colour flow Normal Narrowing
of forward
colour map

Semi-quantitative

Pressure half time (ms) ,230 ≥230

Quantitative

Flow dependent

Peak velocity
(m/s)b,c

,3.2 Bioprosthesis,
,2.5 Homograft

≥3.2 Bioprosthesis,
≥2.5 Homograft

Mean gradient
(mmHg)

,20 Bioprosthesis,
,15 Homograft

≥20 Bioprosthesis
≥15 Homograft

aCusps thickening or immobility.
bThe criterion is valid for near normal or normal stroke volume (50–90 mL) and
flow rate (200–300 mL/s).
cIncrease in peak velocity on serial studies is the more reliable parameter.
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Table 20 Grading the severity of pulmonary prosthetic valve regurgitation

Mild Moderate Severe

Qualitative

Valve structure and motion Usually normal Usually abnormala Usually abnormala

Colour flow PR jet widthb,c Small Intermediate Large (.50–65% of RVOT diameter)

CW signal of PR jet Incomplete or faint Dense Dense

CW Jet deceleration rate Slow Variable Steep, early termination of diastolic flowd

Diastolic flow reversal in the pulmonary artery None Present Present

Pulmonary vs. Systemic flow by PW Doppler Slightly increased Intermediate Greatly increased

Semi-quantitative

Pressure half time (ms)e ND ND ,100 ms

Quantitative ND ND ND

+RV sizef

aAbnormal mechanical valves: immobile occluder, dehiscence, or rocking (paravalvular regurgitation); abnormal biologic valves: leaflet thickening/calcification or prolapse,
dehiscence, or rocking (paravalvular regurgitation).
bParameter applicable to central jets and is less accurate in eccentric jets.
cAt a Nyquist limit of 50–60 cm/s; parameter applies to central jets and not eccentric jets.
dSteep deceleration is not specific for severe PR.
ePressure half time is shortened with increasing RV diastolic pressure.
fApplies to chronic, unless other cause of RV dilatation exists, including residual postsurgical dilatation.
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Integrative assessment
Echocardiographic assessment of pulmonary PHV obstruction in-
cludes integration of data from 2D/3D imaging of the pulmonic valve
as well as Doppler measures of stenosis severity. Other imaging mo-
dalities, when indicated, can be used to alternatively assess valve
structure, motion, and function. Table 19 lists the imaging para-
meters used to assess pulmonary PHV function.

Pathological pulmonary regurgitation
Colour Doppler evaluation
There is a paucity of data regarding the imaging assessment of pros-
thetic pulmonary regurgitation (PR). Detection of prosthetic PR re-
lies almost exclusively on colour flow imaging. PR is diagnosed by
documenting a diastolic jet in the RVOT directed towards the RV.

Significant prosthetic PR is distinguished from mild PR by a longer
duration of flow (holodiastolic) and a wider jet as the regurgitant jet
crosses the pulmonic valve.170 However, in severe PR, where equal-
ization of diastolic pulmonary artery and RV pressures occurs earlier
in diastole, the colour jet area can be brief and inaccurate (depend-
ency on the driving pressure).171 The assessment of prosthetic PR
severity is usually estimated by the diameter of the jet at its ori-
gin.172 –174 The maximum colour jet diameter (width) is measured
in diastole immediately below the pulmonic valve (at the junction
of the RVOT and pulmonary annulus) in the parasternal short-axis
view or from the sub-costal view. Although this measurement suf-
fers from a high inter-observer variability, a jet width that occupies
.50–65% of the RV outflow tract width measured in the same
frame suggests severe PR.

Detection of reversal colour Doppler flow in pulmonary arteries
is a specific sign of at least moderate to severe PR.14,20

Although the vena contracta width is probably a more accurate
method than the jet width to evaluate PR severity by colour Dop-
pler, it lacks validation studies. In some patients, the flow conver-
gence zone can be assessed. However, no studies have examined
the clinical accuracy of this method in quantifying the severity of PR.

A short PHT (,100 ms) (sine wave shape of the CW Doppler
signal due to rapid deceleration rate with termination of flow in
mid to late diastole) and a dense CW PR jet are not specific but
compatible with severe prosthetic PR.175,176 The PHT is dependant
not only on PR severity but also on diastolic intrapulmonary pres-
sures and on diastolic properties of the RV, with shorter PHT
when RV physiology is restrictive.

Theoretically, PW Doppler assessment of the forward and re-
verse flows at the pulmonary annulus and in the pulmonary artery
can been used to calculate R Vol and regurgitant fraction. The pul-
monary annulus should be measured carefully during early ejection
(2–3 frames after the R wave on the ECG), just below the valve. This
technique is subject to errors in measurement and is not validated
for this purpose. A regurgitant fraction ,30% is suggestive of mild
PR, whereas a regurgitant fraction .50% can be consistent with
severe PR.174

Evidence of RV dilatation with flattening of the interventricular
septum in diastole and resultant paradoxical motion is suggestive
but not specific for severe PR. Nevertheless, its absence suggests
milder degree of PR or acute PR. Of note, dilatation can be observed
in other conditions (non-specific) or may be absent in acute
severe PR.

Integrative assessment
Echocardiographic assessment of prosthetic PR includes integration
of data from 2D/3D imaging of the pulmonary valve and RV as well
as Doppler measures of regurgitation severity (Table 20). As for all
regurgitant lesions, all modalities should be used. In case of discrep-
ant/ inconclusive echo results, CMR can be used in experienced
centres.

Conflict of interest: None declared.

References
1. Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-Sarano M.

Burden of valvular heart diseases: a population-based study. Lancet 2006;368:
1005–11.

2. Dunning J, Gao H, Chambers J, Moat N, Murphy G, Pagano D et al. Aortic valve
surgery: marked increases in volume and significant decreases in mechanical valve
use—an analysis of 41227 patients over 5 years from the Society for Cardiothor-
acic Surgery in Great Britain and Ireland National database. J Thorac Cardiovasc Surg
2011;142:776–82.

3. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ et al. Executive
summary: heart disease and stroke statistics-2014 update: a report from the
American Heart Association. Circulation 2014;129:399–410.

4. Vahanian A, Alfieri O, Andreotti F, Antunes MJ, Baron-Esquivias G,
Baumgartner H et al. Guidelines on the management of valvular heart disease
(version 2012). Eur Heart J 2012;33:2451–96.

5. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, Guyton RA et al.
AHA/ACC Guideline for the management of patients with valvular heart disease.
J Am Coll Cardiol 2014;63:2438–88.

6. Jamieson WR. Update on technologies for cardiac valvular replacement, trans-
catheter innovations, and reconstructive surgery. Surg Technol Int 2010;20:
255–81.

7. Pibarot P, Dumesnil JG. Prosthetic heart valves: selection of the optimal prosthesis
and long-term management. Circulation 2009;119:1034–48.

8. Nappi F, Spadaccio C, Chello M, Acar C. The Ross procedure: underuse or under-
comprehension? J Thorac Cardiovasc Surg 2015;149:1463–4.

9. Phan K, Tsai Y-C, Niranjan N, Bouchard D, Carrel TP, Dapunt OE et al. Sutureless
aortic valve replacement: a systematic review and meta-analysis. Ann Cardiothorac
Surg 2015;4:100–11.

10. Kodali SK, Williams MR, Smith CR, Svensson LG, Webb JG, Makkar RR et al. Two-
year outcomes after transcatheter or surgical aortic-valve replacement. N Engl J
Med 2012;366:1686–95.

11. Zamorano JL, Badano LP, Bruce C, Chan KL, Gonçalves A, Hahn RT et al. EAE/ASE
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