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Echo/Doppler Evaluation of Hemodynamics After
Aortic Valve Replacement

Principles of Interrogation and Evaluation of High Gradients

David S. Bach, MD
Ann Arbor, Michigan

Echocardiography/Doppler is the standard clinical tool for the assessment of hemodynamics after aortic
valve replacement. Analysis can include mean and peak transvalvular gradients, dimensionless valve
index, effective orifice area from the continuity equation, geometric orifice area from planimetry, and
energy loss coefficient. High gradients after aortic valve replacement can be, but are not necessarily,
caused by left ventricular outflow obstruction; and not all left ventricular outflow obstruction after aortic
valve replacement is due to prosthesis dysfunction. Understanding the methods by which echocardiog-
raphy and Doppler are used to noninvasively assess aortic valve hemodynamics, and the caveats associ-
ated with those methods, can help the clinician distinguish obstructive from nonobstructive causes of high
gradients, and prosthesis dysfunction from other causes of obstruction. (J Am Coll Cardiol Img 2010;3:
296-304) © 2010 by the American College of Cardiology Foundation

Transvalvular gradients determined using
Doppler echocardiography in general correlate
well with invasive measures among patients
with native aortic stenosis (AS) (1-3) and after
aortic valve replacement (AVR) (4). The accu-
racy, noninvasive nature, broad availability, and
absence of exposure to ionizing radiation have
established echocardiography/Doppler as the
standard for the clinical assessment of heart
valve function (5,6), including the assessment
of hemodynamics after AVR.

In general, echocardiography/Doppler as-
sessment of prosthetic aortic valve (AV) hemo-
dynamics is the same as the assessment of
native AS. However, caveats exist for the non-
invasive assessment of AV hemodynamics in
general, and the presence of a prosthetic valve can

introduce additional confounders. At a time
when emphasis is (appropriately) being placed on
prosthetic valve hemodynamics, an understand-
ing of the data derived from their noninvasive
assessment, including any inherent pitfalls and
caveats, also is of importance. This review sum-
marizes the means by which echocardiography/
Doppler is used to assess hemodynamics after
AVR and the potential caveats associated with its
use, and proposes an algorithm for the clinical
evaluation of high gradients after AVR.

Methods of Hemodynamic Assessment

Gradients. The most basic noninvasive method
for the assessment of AV hemodynamics is
with transvalvular gradients. By definition,
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pressure increases proximal to a restrictive orifice;
the difference between the pressure proximal and
distal to the orifice is a reflection of the degree of
obstruction. Catheterization directly measures pres-
sure proximal and distal to the AV; the difference
between maximal pressures is the peak-to-peak
gradient, and the average difference in pressures
over the duration of flow is the mean pressure
gradient. Of note, invasive techniques correct for
any temporal delay between pressure increase in the
aorta relative to the left ventricle (LV) by manually
or electronically shifting the pressure traces to
overlap.

Doppler echocardiography takes advantage of the
acceleration of flow across a restrictive orifice, and
the relationship defined by the Bernoulli equation
between velocity and pressure, to assess gradients
(7). Using the Bernoulli equation, the difference in
pressure across a restrictive orifice is defined as:

AP = Pl 7P2: 4(V227V12)

where P; and V; are the pressure and velocity,
respectively, proximal to the restrictive orifice;
and P, and V, are the pressure and velocity,
respectively, distal to the orifice. The peak dif-
ference between pressures is the peak instanta-
neous gradient, and the average difference over
the duration of flow is the mean gradient. Unlike
the invasive measurement of pressure difference,
Doppler echocardiography does not correct for
the temporal shift in the timing of pressure in the
aorta relative to the LV. Although there is good
correlation between mean pressure gradients de-
termined invasively and noninvasively (1-4), the
two “peak” pressures determined by the two
techniques are inherently different: the Doppler
peak instantaneous gradient always is greater
than the invasively determined peak-to-peak gra-
dient.

Whether determined invasively or noninva-
sively, mean pressure gradient is a good measure
of valve hemodynamics. However, gradients are
sensitive to flow. The Gorlin equation demon-
strates the relationship between gradient and
flow, defining AV area as cardiac output (flow)
divided by the product of heart rate, systolic
ejection period, the Gorlin constant, and the
square root of the mean gradient. For any fixed
valve orifice area, gradient increases in a high-
flow state and decreases in a low-flow state.
Clinically, a high-flow state can occur because of
pain, anxiety, or fever; or in association with
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medical conditions including anemia and hyper-
thyroidism. Significant aortic regurgitation also is
associated with a high-flow state across the AV,
even if forward cardiac output is not increased.

In contrast to mean gradient, peak gradient
(peak-to-peak or peak instantaneous) is a less reli-
able measure of valve hemodynamics, owing to the
substantial influence of LV contractility in addition
to the influence of transvalvular flow. The peak
pressure gradient is an especially unreliable indica-
tor of hemodynamics in the setting of a prosthetic
AV, where high velocities are commonly observed
immediately after valve opening.

Characteristics of the spectral Doppler enve-
lope beyond simple velocity quantification also
can provide information pertinent to the severity
of AS. The Doppler envelope associated with
normal prosthetic AV function is triangular in
shape, and peaks in early systole. With
significant AV obstruction, the Doppler
envelope becomes more rounded in con-
tour and peaks later in systole; with
longer acceleration time and ejection
time, and a higher ratio of acceleration
time to ejection time (8).

Effective orifice area. Effective orifice area
(EOA) is determined using echocardiog-
raphy Doppler and the continuity equa-
tion, and is a reflection of the minimal
cross-sectional area of the outflow jet (the
vena contracta) (7). EOA is calculated as
the product of the cross-sectional area of
the LV outflow tract (from its diameter,
measured in the parasternal long-axis
view) and the LV outflow tract velocity
time integral (using pulsed-wave Doppler from an
apical window), divided by the AV velocity-time
integral (using continuous-wave Doppler from an
apical, right parasternal, or suprasternal window).
Unlike gradients, EOA provides an accurate assess-
ment of stenosis severity independent of flow in
most hemodynamic states.

Dimensionless valve index. The dimensionless valve
index (DVI) is a unitless ratio of the velocity
proximal to and through the AV (8). Typically
expressed as the ratio of velocity-time integrals,
DVI also can be expressed as the ratio of peak
velocities. Similar to EOA, DVI should reflect
hemodynamics independent of flow, and can be
especially useful for serial assessment when the
diameter of the LV outflow tract cannot be reliably
measured. In general, DVI < 0.25 suggests signif-

icant obstruction.
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Figure 1. Pressure Recovery Distal to the AV

High static pressure in the left ventricle (LV) is converted to kinetic energy,
maximal at the vena contracta (VC). In the ascending aorta (Ao), kinetic
energy can be either lost as thermal energy or recovered as pressure
energy. Pressure recovery is more prominent when the ascending aorta is

not dilated. The maximal pressure gradient (PG,,,,) is the difference in static

pressures between the left ventricle (P.,) and the vena contracta (P), and
correlates with the Doppler gradient. The net pressure gradient (PG, is

the difference in static pressures between the left ventricle and the ascend-
ing aorta (P,,) after pressure recovery has occurred, and correlates with the

catheterization gradient. AV = aortic valve.

Geometric orifice area. Geometric orifice area
(GOA) is the minimal cross-sectional area of the
AV orifice. Using transthoracic or transesophageal
echocardiography, GOA is determined by planim-
etry of the valve in short-axis. It cannot be deter-
mined in vivo for a mechanical prosthesis. For a
tissue valve, its accuracy is affected by how well the
valve orifice is visualized, and whether the funnel-
shaped valve is visualized (and traced) at its minimal
cross-sectional area. The GOA and EOA of a valve
are the same only if the minimal cross-sectional area
of the flow jet (the wena contracta) happens to
coincide with the cross-sectional area of the valve.
Pressure recovery and energy loss coefficient. The
pressure recovery phenomenon can be responsible
for Doppler gradients that are substantially higher,
and valve area that is substantially lower, than those
determined invasively (9-13). When blood acceler-
ates across a restrictive orifice, pressure energy
proximal to the stenosis is converted to kinetic
energy. Distal to the stenosis, blood decelerates. (In
a patient with severe AS, the peak velocity across
the AV approaches 5 m/s; however, blood flow in
the descending aorta typically is no more than 1
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m/s.) Because energy is neither created nor destroyed
within the circulatory system, kinetic energy gained
during flow acceleration must be converted to another
form of energy during flow deceleration. In practice,
kinetic energy is variably converted to thermal energy
(heat) or is recovered as pressure energy (termed
pressure recovery) (Fig. 1). Conversion of kinetic energy
to heat dominates if there is turbulent flow and a
dilated ascending aorta—both typical in the setting of
significant native AS. In contrast, pressure recovery
predictably occurs, and may predominate, in the set-
ting of laminar transvalvular flow and a normal-caliber
proximal ascending aorta (10-13).

Because continuous-wave Doppler resolves maxi-
mum velocity anywhere along the axis of interroga-
tion, instantaneous flow acceleration is detected, and
converted to the pressure gradient using the Bernoulli
equation. In contrast, pressure determined during
heart catheterization typically is assessed several cen-
timeters distal to the AV, at a location after flow
deceleration and pressure recovery have occurred (Fig.
1) (9). Clinically, the nes pressure gradient (PG,.,)
between the LV and the ascending aorta (after pres-
sure recovery) is more representative of the actual
hemodynamic burden placed on the LV than is the
maximal pressure gradient (PG,,,,) determined using
Doppler echocardiography.

The effect of pressure recovery on EOA and valve
gradients can be estimated, and should be ac-
counted for in patients with proximal ascending
aorta diameter =3.0 cm (11-13). The energy loss
coefficient is an expression of valve area (in square
centimeters) after correction for pressure recovery,

and is more representative of the hemodynamic
burden of AV obstruction than is the EOA (12):

E.Co = (EOA X Aoy)/(Ao, — EOA)

where E; Co is the energy loss coefficient and Ao, is
the cross-sectional area of the proximal ascending
aorta (typically at the sinotubular junction or proximal
tubular ascending aorta, determined from diameter).
Similarly, the contribution of pressure recovery to the

Doppler gradient can be estimated (10):

Pressure recovery (mm Hg) =

PG, X 2 X (EOA X Aoy) X (1 — [EOA/Ao,])

where PG, represents the Doppler-derived gra-
dient. PG, (after pressure recovery) can be non-
invasively estimated:

PGnet = PGmax - {PGma.x X 2 X (EOA X AOA)
X (1 — [EOA/Aox])}.
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Caveats

Doppler gradients. Doppler gradients can underes-
timate the severity of AS in 3 circumstances. First,
failure to align the Doppler beam parallel with the
highest velocity jet results in underestimation of the
velocity by a factor of the cosine of the angle
between the jet and the interrogating Doppler
beam. Since the highest velocity jet direction cannot
be reliably predicted, AV velocities should be care-
fully interrogated from multiple transducer posi-
tions. Second, gradients vary with flow, and in a
low-flow state, gradients underestimate the severity
of AS. Low-flow low-gradient AS typically is asso-
ciated with patients with low LV ejection fraction
(14). However, there has been recent appreciation
of an important subset of patients with low-flow
low-gradient AS despite a normal LV ejection
fraction (15). The latter can be mediated by systolic
dysfunction despite a normal EF, or low cardiac
output owing to a small LV cavity size and small
stroke volume despite preserved LV contractility
(16). Finally, gradients can underestimate the se-
verity of AS in patients with elevated systemic
blood pressure (17).

Doppler gradients can overestimate the severity
of AS in 5 circumstances, 3 of which involve errors
in measurement. First, contamination of the
continuous-wave Doppler signal by mitral regurgi-
tation, or mistaking mitral regurgitation for LV
outflow, can lead to a scenario in which the LV-
to-left atrial pressure gradient is mistaken for the
LV-to-aorta gradient. Because mitral regurgitation
velocity typically is ~5 m/s, a substantial AV
gradient could be mistakenly reported. However,
the duration of the spectral Doppler jet can be
useful in differentiating AS from mitral regurgita-
tion. Because mitral regurgitation starts earlier and
lasts longer than LV outflow, a continuous-wave
Doppler envelope that is appreciably longer than
the pulsed-wave Doppler envelope of the LV out-
flow tract should be suspected of including mitral
regurgitation. Second, attempting to correct for the
angle of Doppler interrogation relative to the direc-
tion of blood flow (the angle theta) can lead to
overestimation of gradients by a factor of 1/(cosine
theta); as a rule, angle correction is discouraged
because the actual direction of the highest velocity
flow vector in a turbulent jet cannot be reliably
predicted. Third, the spectral Doppler envelope can
be overtraced, such that more area is included under
the traced curve used to calculate gradient than is

actually defined by the modal velocity profile (7).
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Fourth, any high-flow state can be associated with
gradients that are out of proportion to the actual
degree of LV outflow obstruction. Finally, as dis-
cussed above, the pressure recovery phenomenon
can be responsible for a Doppler gradient (PG,,,,,)
that is substantially higher than the invasively de-
termined pressure gradient (PG,.,).

EOA. EOA is an excellent means to describe in vivo
AV hemodynamics relatively independent of flow.
Caveats associated with its use relate to potential
pitfalls in its calculation, failure to incorporate the
effects of pressure recovery, and failure to correct for
body size. There are two potential pitfalls in the
calculation of EOA using the continuity equation.
First, EOA is calculated from 3 different echocar-
diography/Doppler modalities utilizing at least 2
transthoracic windows. Diameter and pulsed-wave
Doppler interrogation of the LV outflow tract
theoretically are determined at the same exact
location, but use different echocardiographic views;
error is introduced with failure to measure at the
same location. Second, the calculation of LV out-
flow tract area involves squaring the outflow tract
radius, introducing a potentially large error if the
diameter is measured inaccurately. For an LV out-
flow tract diameter of 2.0 cm, a 10% error in
measurement (1.8 cm) results in a 19% error in
calculated EOA.

Although EOA reflects AV hemodynamics rel-

atively independent of flow, an exception can occur
in the setting of very low flow, in which the AV
may fail to open to its full potential. Finally, patient
body size affects the interpretation of AV area
determined by any method. Because the AV nor-
mally is larger in a large individual and smaller in a
small individual, a small AV has relatively more
hemodynamic impact (and reflects a greater severity
of AS) in a large compared with a small individual.
To account for this, valve area should be indexed to
body surface area; severe AS typically is taken as a
valve area index <0.6 cm*/m? (5,6).
GOA. AV planimetry for GOA can be as accurate as
is the visualization of the valve orifice. This is
affected by the imaging modality (transthoracic vs.
transesophageal echocardiography), and by operator
experience in establishing on-axis imaging and
recognizing the minimal valve orifice area of a
potentially funnel-shaped valve. However, attenua-
tion and reverberation artifact can make accurate
visualization of the valve orifice difficult in associa-
tion with native or bioprosthetic valve cusp calcifi-
cation, and impossible in association with a me-
chanical prosthesis.
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Figure 2. Effect of Valve Shape on EOA

With a more gradually narrowed orifice, the minimal jet area (vena con-
tracta) is the same as the minimal valve orifice area (left). With more abrupt
narrowing and a flatter valve, the flow jet continues to accelerate and con-
tract distal to the restrictive orifice (right). EOA = effective orifice area;
GOA = geometric orifice area.

GOA is not synonymous with EOA; GOA
describes the anatomic orifice, and EOA describes
in vivo flow. Valve shape is known to influence the
relationship between EOA and GOA (18,19). In
contrast to a pliable, domed AV, a relatively flat AV
(typical of degenerative AS or bioprosthetic AS) is
associated with a flow jet that continues to acceler-
ate and narrow after it passes through the restrictive
orifice, and the vena contracta is distal to and smaller
than the GOA (Fig. 2). The coefficient of contrac-
tion, defined as the ratio of EOA to GOA, is a
predictable function determined by valve shape.
Clinically, the coefficient of contraction varies from
0.90 to 0.71 (18), defining up to a 29% difference
between the EOA and GOA. Of note, the GOA of
a prosthetic valve does not correlate with observed
in vivo hemodynamics (20).

Pressure recovery. Pressure recovery can cause sub-
stantially higher gradients and substantially lower
valve area on echocardiography/Doppler compared
with invasively derived measurements (Fig. 1). In
adult patients with significant native AS, transval-
vular flow is turbulent, and the ascending aorta
typically is dilated. Both factors preclude substantial
recovery of pressure energy distal to the stenosis,
and compensation for pressure recovery is unneces-
sary (1-3). However, pressure recovery can play a
greater role after AVR (9,13). Pressure recovery has
been well documented especially in association with
bileaflet mechanical AV prostheses (9); pressure
recovery also is observed after bioprosthetic AVR
(13). Although the ascending aorta often is dilated
in patients undergoing AVR, concomitant aortic
root repair serves to fix the ascending aorta at a
normal caliber. As such, combined AVR and aortic
root repair can be associated with substantial pres-
sure recovery. As an example of the impact of
pressure recovery related to aorta size, a 21-mm AV
prosthesis with Gorlin valve area (and energy loss

coefficient) 1.3 cm? would have an EOA of only 1.0
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cm? in a patient with an ascending aorta diameter of
2.4 cm, a 23% error and suggestive of borderline
severe AS. In the same patient, pressure recovery
would be responsible for 34% of the Doppler
gradient.

Evaluation of High Gradients After Aortic
Valve Replacement

High gradients in the absence of obstruction. High
gradients after AVR can be due to 1 or more of
several potential etiologies. Some, but not all, are
associated with obstruction to LV outflow (Table 1).
High gradients after AVR can occur without LV
outflow obstruction in the setting of measurement
error, high-flow states, and pressure recovery. Mea-
surement error and pressure recovery are more fully
discussed above. In a high-flow state, valve appear-
ance, EOA, DVI, and the contour of the spectral
Doppler envelope all should remain normal.
High gradients in the presence of obstruction. High
gradients after AVR can be caused by obstruction at
the level of the valve due to prosthesis dysfunction,
pannus, or prosthesis—patient mismatch (PPM); or
due to obstruction above or below the level of the
AV. Prosthesis dysfunction can occur gradually,
with progressive sclerosis and calcification late after
implantation of a bioprosthesis. Similar to native
AS, it is recognized echocardiographically with
visualization of the bioprosthesis cusps. Conversely,
prosthesis dysfunction can occur abruptly. Valve
thrombosis, or formation of a vegetation in associ-
ation with infective endocarditis, can result in

Table 1. High Gradients After AVR

No LV outflow obstruction
Measurement error
Signal contamination or confusion with MR
Correction for “cosine theta”
Over-tracing spectral Doppler envelope
High-flow state

Fever, pain, anemia, hyperthyroidism, anxiety, significant
aortic regurgitation

Pressure recovery
LV outflow obstruction
Obstruction at the aortic valve
Prosthesis dysfunction
Bioprosthesis calcification
Thrombus or vegetation
Pannus overgrowth
Prosthesis—patient mismatch

Subvalvular or supravalvular obstruction

AVR = aortic valve replacement; LV = left ventricle; MR = mitral regurgita-
tion.
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incomplete opening of a mechanical valve occluder.
Less commonly, a large thrombus or vegetation can
compromise the orifice of either a mechanical or a
tissue prosthesis. Although it is possible in some
circumstances to echocardiographically assess me-
chanical occluder mobility, fluoroscopic interroga-
tion can be more reliable for a prosthesis in the
aortic position. Both thrombus and vegetation ap-
pear echocardiographically as a soft-tissue density
mass or masses associated with a prosthesis; al-
though some echocardiographic features can help
distinguish the two, differentiation often is made
from clinical rather than from echocardiographic
features.

Pannus overgrowth can occur after mechanical or
bioprosthetic AVR. LV outflow obstruction and
increased gradient can occur if the orifice area is
sufficiently compromised, or if pannus overgrowth
compromises systolic opening of a mechanical oc-
cluder. Pannus overgrowth of clinical significance
typically occurs late—many years, or decades—after
AVR, but paradoxically can occur within months of
surgery. Pannus is difficult to detect echocardio-
graphically, owing to its occurrence directly adja-
cent to the prosthetic sewing cuff, with associated
attenuation and reverberation artifact; the echocar-
diographic diagnosis of pannus overgrowth often is
a diagnosis of exclusion.

PPM is defined as an inadequate valve orifice
area for an individual patient despite normal func-
tion of the prosthesis. An indexed EOA <0.85
cm?/m? typically is taken as moderate PPM, and an
indexed EOA <0.65 cm?/m? as severe PPM (21).
PPM after AVR is associated with excess short-
term (22) and long-term (23) mortality, with a
strong interaction with LV systolic dysfunction.
PPM typically can be avoided through the use of a
prosthesis with a predicted EOA taken from a
reliable source (8,24,25), indexed to patient body
surface area, that is =0.85 cm?/m?. PPM is sug-
gested on echocardiography/Doppler in the setting
of high transvalvular gradients but an echocardio-
graphically normal-appearing prosthesis, and an
EOA that falls within tolerance of anticipated.

Although supravalvular LV outflow obstruction
can occur in Williams syndrome and in atypical
aortic coarctation, it is an unlikely cause of high
transvalvular gradient after AVR, because the as-
cending aorta is directly visualized at the time of
aortotomy. In contrast, subvalvular LV outflow
obstruction can and does occur after AVR (26).
Subvalvular LV outflow obstruction after AVR

probably occurs most commonly as a result of LV
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hypertrophy secondary to valvular AS, with systolic
compromise of the LV outflow tract. Less com-
monly, subvalvular LV outflow obstruction after
AVR can occur in the setting of concomitant
hypertrophic obstructive cardiomyopathy. Because
subvalvular obstruction often is not recognized prior
to AVR, it can first present with increased gradients
after surgery. Subvalvular LV outflow obstruction
after AVR typically is not associated with the
“dagger”-shaped spectral Doppler envelope that
is seen in hypertrophic obstructive cardiomyopa-
thy (26).

Chronicity. The chronicity of high gradients after
AVR can offer an important clue to the underlying
etiology (Table 2). Among the potential causes of
high gradients that are not associated with LV
outflow obstruction, pressure recovery would be
anticipated early after surgery and on subsequent
echocardiograms. In contrast, measurement error and
high-flow states are transient, and would not be
anticipated on all post-operative echocardiograms.
Among the potential causes of high gradients that
are associated with LV outflow obstruction, PPM and
subvalvular obstruction should be present early after
surgery and on all subsequent echocardiograms;
whereas prosthesis dysfunction and pannus over-
growth are unlikely early after surgery, and typically
are evident only on later post-operative echocar-
diograms. The ability to compare later post-
operative gradients to those early after AVR is an
important reason to perform routine baseline
echocardiography/Doppler relatively early after
surgery, at a time when hemodynamics and echo-
cardiography windows have returned to normal,
and when normal prosthesis function is still
relatively certain (5,6).

Diagnostic algorithm. In evaluating a patient after
AVR, the practitioner typically has access to clinical
and echocardiography/Doppler data. If Doppler
gradients are high, dominant questions typically are

Table 2. Chronicity as a Clue to Etiology of High Gradients
After AVR

High Gradients Early
After AVR

High Gradients Acquired
Later After AVR

No outflow obstruction
Pressure recovery Measurement error

High-flow state

Outflow obstruction
Prosthesis—patient mismatch Prosthesis dysfunction

Subvalvular or supravalvular
obstruction

Pannus overgrowth

AVR = aortic valve replacement.
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whether the patient has actual LV outflow obstruc-
tion, and if so, whether prosthesis dysfunction is
responsible.

Actual LV outflow obstruction should be consid-
ered clinically more likely in a patient with symp-
toms or physical findings suggestive of hemody-
namically significant AS. When basing an
evaluation on echocardiography/Doppler data
alone, the algorithm shown in Figure 3 may be
useful. In general, measurement error should be
excluded, and the valve should be carefully interro-
gated for abnormal appearance that could herald
prosthesis dysfunction. If the echocardiogram is
performed late after AVR, comparison with an
earlier postoperative echocardiogram is useful to
evaluate for interval change that could suggest
prosthesis dysfunction or pannus overgrowth. For
high gradients observed on an echocardiogram per-
formed early after surgery, or on an echocardiogram
without an earlier study available for comparison,
both echocardiographic and clinical data should be
scrutinized for evidence of a high-flow state. In the
setting of high gradients due to increased flow, the
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triangular shape and early-peaking contour of the
spectral Doppler envelope typically is preserved.
Barring evidence of a high-flow state, the echocar-
diogram should be scrutinized for evidence of sub-
valvular obstruction, and an ascending aorta diam-
eter =3.0 cm should lead to consideration for
pressure recovery as a factor contributing to high
gradients. If the valve manufacturer and size are
known, the anticipated EOA should be indexed to
the patient’s body surface area to assess for PPM.

If no identifiable cause of high gradients is found,
pannus overgrowth (not usually visualized on echo-
cardiographic imaging) should be considered. Con-
sideration also should be given to additional testing
(including fluoroscopy, transesophageal imaging,
computed tomography, or cardiac magnetic reso-
nance) to address possible prosthesis dysfunction.
In the asymptomatic patient, simple follow-up im-
aging may be appropriate. Notably, causes of ele-
vated gradients that are not associated with actual
LV outflow obstruction should be carefully evalu-
ated and excluded, and echocardiography/Doppler
findings should be taken in clinical context with

High Gradient After AVR

Obstruction

Are E| Co,
corrected gradient
still abnormal?

Pressure Recovery No Yos

Prosthesis-Patient Yes
Mismatch

Yes Measurement error?
| Measurement Error | < (MR signal, over-tracing, cos theta correction)
Yes No
| Prosthesis Dysfunction | Does AV appear normal?
No
Early After AVR l Later After AVR
(=3 months) (>3 months)
- Yes High-flow state? No Early echo
High-Flow State | “— (High EF, AR, fever, anemia) € available?
No Yes
Subvalvular Yes Yes l

<«—— Subvalvular obstruction? <«————— Similar data?
} No } No

Yes Proximal aorta
<3.0cm?

No

Anticipated EOA/BSA
<0.85 cm2/m2?

1 No

High-flow state?
(High EF, AR, fever, anemia)

Yes

| High-Flow State |

No

> Pannus overgrowth?

» Reconsider prosthesis dysfunction.

» Consider additional testing:
+ TEE/Catheterization/fluoroscopy/CT/CMR
* Follow-up TTE

echocardiography.

Figure 3. Algorithm for Evaluation of High Gradients After AVR

Measurements should be scrutinized for error. The valve should be interrogated for anatomic evidence of prosthesis dysfunction. Evi-
dence of a high-flow state and subvalvular obstruction should be sought. Correction for pressure recovery should be performed if the
ascending aorta diameter is =3.0 cm. Prosthesis—patient mismatch should be considered based on anticipated valve area indexed to
patient body surface area. AR = aortic regurgitation; AV = aortic valve; AVR = aortic valve replacement; BSA = body surface area;
CMR = cardiac magnetic resonance; CT = computed tomography scan; Echo = echocardiogram; EF = ejection fraction; E,Co = energy
loss coefficient; EOA = effective orifice area; MR = mitral regurgitation; TEE = transesophageal echocardiography; TTE = transthoracic
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patient symptoms and physical findings, before
making a clinical determination that there is im-
portant LV outflow obstruction after AVR.

Conclusion

High gradients after AVR can be, but are not
necessarily, caused by LV outflow obstruction. Un-
derstanding the methods by which echocardiogra-
phy and Doppler are used to assess AV hemody-
namics, and the associated caveats, can help the
clinician distinguish obstructive from nonobstruc-
tive causes of high gradients, and prosthesis dys-
function from other causes of obstruction. Mea-
surement error, a high-flow state, and the presence
of pressure recovery are common factors that can
contribute to elevated Doppler gradients in the

Echo/Doppler After AVR

absence of LV outflow obstruction. Prosthesis dys-
function, pannus overgrowth, subvalvular obstruc-
tion, and PPM can be responsible for high Doppler
gradients due to actual LV outflow obstruction.
Echocardiography/Doppler findings should be
taken in clinical context, and possible causes of high
gradients that are not associated with LV outflow
obstruction should be carefully evaluated and ex-
cluded, before making a clinical determination that
there is important LV outflow obstruction after

AVR.
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