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The double-envelope continuity equation
technique has been described for use with
prosthetic valves (24). With this technique,
the high velocity VT, is obtained from the
outside edge of the CWD signal. Instead of
separately using PWD to obtain the LVOT
velocity from a different measurement,
the denser low velocity signal present in
the same envelope is used to represent
VTI,,,. If the ratio is less than 0.25 then
stenosis is severe. The advantages of this
semi-quantitative estimate of function are
simplification of the continuity equation
and the avoidance of beat-to-beat variation
in measurements, especially if the patient
is not in sinus rhythm (Figure 2).

Many patients with native valve AS also
have aortic regurgitation (AR). This leads
to increased transaortic blood flow during
systole with a higher gradient for a given
AV orifice. The AR however does not af-
fect the continuity equation calculations
because the increase in systolic flow is
measured in both the LVOT and across the
AV. The same argument is applicable with

a significant paravalvular leak in a pros-
thetic valve in the aortic position. Howev-
er, coexisting mitral stenosis will cause a
low AV gradient because the fixed CO will
lead to a decrease in transvalvular blood
flow (25).

Novel methods

Recently, there has been resurgence in
publication of research-based and theoreti-
cal methods of assessing the AV, many of
which were originally described decades
ago. These include aortic valve resistance,
percentage stroke work loss and the energy
loss coefficient.

The aforementioned Doppler-derived
techniques of determining severity of AS
in both native and prosthetic valves may
not be reliable in a patient with a low CO.
Hence, interest has arisen in methods
which can overcome the flow dependence
of many measures of AS.

These methods tend not to be used rou-
tinely in clinical practice and even less so
to assess prosthetic valves.

Figure 2
Thedouble-envelope
continuity equation
technique.
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Valve resistance was introduced as a
‘stenotic index’ in the 1950’s but did not
reach worldwide acceptance. AV resistance
is the pressure gradient to flow rate ratio
expressed in units of dyne.s.cm™ and can be
calculated using both catheter-derived data
and by Doppler-derived data, as shown by
the two equations below.

Valve resistance = (1.333 x P) +
(CO/HR x SEP)

Equation 5: Valve resistance calculated from cardiac
catheter data, where CO is cardiac output (ml/min),
HR is heart rate (beats/min), SEP is systolic ejection
period (s/beat) and 1.333 is the conversion factor
from P (pressure gradient) in mmHg to dyne.s.c’.

For Doppler echocardiography, the AV re-
sistance can be calculated as follows:

Valve resistance = 1.333 x 4Vmax?
+ areaLVOT x velocityLVOT

Equation 6: Valve resistance calculated from Doppler
echocardiography data, where V is the maximum ve-
locity recorded across the aortic valve by CWD, area
LVOT is the area of the left ventricular outflow tract
obtained from the AV long-axis view as nr? (assuming
a circular shape) and velocity LVOT is the maximum
velocity recorded in the left ventricular outflow tract
by pulsed wave Doppler.

Valve resistance is maintained to represent
a functional index of hemodynamic im-
pairment rather than an anatomic index,
such as valve area, and AV resistance ap-
pears to remain more constant as flow var-
ies than calculated AV area, particularly in
low-flow states (26).

Percentage Stroke Work Loss (PSWL) was
described by Tobin et al. (27) in 1967 and
is calculated as below:

mean Doppler-derived
aortic gradient

PSWL = -
mean left ventricular

systolic pressure

Equation 7: Calculation of Percentage Stroke Work
Loss, expressed as a percentage.

PSWL is a pressure-corrected measure-
ment and has recently been compared to
other methods of assessment of the AV for
its accuracy. It was found to have good di-
agnostic accuracy in identifying patients
with AS, as assessed by cardiac catheter-
ization. The advantage of this method is its
absolute simplicity, requiring just the mea-
surement of the Doppler gradient and the
cuff systolic blood pressure (28).

The Energy Loss Coefficient has recently
been described by Garcia et al. (29) as a
new, more accurate index of AS. They
used an experimental model of native AV
and bioprosthetic valves to calculate the
energy loss coefficient and compared this
to the standard measurement of EOA. The
measurement was then calculated retro-
spectively in 138 patients with moderate
or severe AS. The energy loss coefficient
was found to reflect more accurately the
degree of stenosis than the EOA in terms
of the end-points of death or AVR.

Energy Loss Coefficient =
= (EOA x AA) + (AA-EOA)

Equation 8: Calculation of the energy loss coefficient
where EOA is effective orifice area and A, is aortic
cross-sectional area, where both EOA and A, are mea-
sured in cm?.

The authors conclude that prospective
studies are now necessary to further docu-
ment the validity of this new index in the
clinical situation.

Causes of high transvalvular pressure
gradients post-AVR

A. Functional phenomena

Intraoperative TEE is very useful for im-
mediate postoperative evaluation of newly
implanted heart valves. The measurement
of a high Doppler flow velocity across a
newly implanted mechanical or biopros-
thetic AV immediately after the cessation
of cardiopulmonary bypass (CPB) can how-
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ever be misleading. Several factors may
contribute to an increased velocity (18). A
more accurate assessment of valve function
can be made if the type of valve prosthesis
is known. A Doppler measurement made
through the smaller central orifice of a
bileaflet prosthesis will demonstrate higher
peak velocity than through the larger side
orifices. Making several measurements can
decrease this error. Any paravalvular leak
should be critically examined and its long-
term impact considered against the risks
of a second bypass period. Abnormalities
identified in the operating theatre may re-
quire immediate surgical correction. High
transvalvular velocities on Doppler interro-
gation immediately post-AVR may be due
to a single or a combination of functional
issues. These include a dysfunctional pros-
thesis and subvalvular or supravalvular ob-
struction.

Dysfunctional prosthesis: an unusually
high peak velocity through a new valve
must raise suspicion of prosthesis malfunc-
tion. In the case of a bileaflet or tilting disc
mechanical prosthesis it is of the utmost
importance to visualise the full excursion
of the leaflets. This is often difficult be-
cause of the echogenic shadowing and
dropout due to the metal in the valve. If it
is not possible to see leaflet motion clearly,
fluoroscopy in the catheter suite is indicat-
ed to confirm normal function of the valve.
Prosthetic valves, even when functioning
normally, are to some degree obstructive to
blood flow. Knowledge of normal hemody-
namic values can assist in interpretation of
Doppler data (13,30).

Subvalvular & supravalvular obstruction:
the simplified Bernoulli equation can only
be used when it is known that the pre-re-
striction velocity (ie that in the LVOT) is
much lower than the post-restriction veloc-
ity. Otherwise the modified Bernoulli equa-
tion must be used, especially in the unusual
situation of more than one lesion in series.

If the LVOT velocity is greater than 1 m/s
then V, cannot be ignored and a search for
the cause of this increased gradient must
be made.

There are several potential causes of sub-
valvular obstruction in the patient under-
going AVR. It is known that hypertension
is strongly associated with degenerative
AS with a prevalence of 24-68% (31). In
patients suffering from both AS and hy-
pertension it is common to see symmetri-
cal, concentric hypertrophy of the left ven-
tricular (LV) wall, sometimes to a marked
degree. When a prosthetic valve is then
inserted in the aortic position, abnormal
intracavity flow acceleration can occur,
causing increased velocities in the LVOT
and LVOT obstruction (32). Systolic ante-
rior motion (SAM) of the anterior mitral
valve leaflet after AVR has been described
(33,34). Thought to be precipitated by
small, hyperdynamic and asymmetrically
hypertrophied ventricles, the mechanism
is probably due to SAM of the mitral valve
or the sudden drop in LV systolic pressure
causing an unloading effect. This again il-
lustrates the need to assess the LVOT gradi-
ent with PWD as a separate measurement
to the CWD across the AV.

Supravalvular obstruction may occur due to
surgical or technical problems, especially in
the more technically demanding insertion
of a stentless valve, which is often placed
in the supra-annular position. If detected,
abnormalities may need intervention. In-
traoperative TEE has been shown to be ef-
fective in assessing stentless AV prosthesis
function (11).

B. Pressure recovery

Pressure recovery has been described as
‘the increase of pressure downstream from
a stenosis due to reconversion of kinetic en-
ergy into potential energy’ and has been the
subject of many experimental and clinical
studies in AS (35). The principle has been
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Figure 3
Diagrammatic representation of blood flow through
a stenosed aortic valve.

used to explain the overestimation that can
be seen when Doppler transvalvular veloci-
ties are used to measure PG compared to
catheter gradients in patients with AS (36,
37). This overestimation is by no means
consistently present in vivo or in vitro
(38) and there has been good correlation in
many studies between the two methods of
measurement, but rarely a conclusive expla-
nation of why this is so variable (Figure 3).
When blood flow converges towards a
constricting orifice such as a stenotic AV,
the velocity increases (kinetic energy in-
creases) and so to keep the total energy
constant the pressure energy (potential
energy) must decrease. Some energy is dis-
sipated as heat. The source of the energy
is the LV. In an AS jet the pressure will be
lowest where the velocity is highest. This
is at the vena contracta, which corresponds
to the minimal cross-sectional valve area.
Distal to the stenosis as velocity decreases,
pressure will increase. This total amount
of pressure recovery is related to the vis-
cous and turbulence energy losses across
the stenotic valve. The Doppler gradients
that are measured at the vena contracta
will be significantly higher than the cath-

eter measurements taken downstream in
the ascending aorta after the pressure has
completely recovered (39). The pressure
gradient will therefore depend on where
the pressure is sampled. In mild to moder-
ate AS the three cusps of the valve form a
funnel rather than a diaphragm, as would
be found in severe stenosis (40). This leads
to greater pressure recovery. The pressure
recovery phenomenon is more significant
in prosthetic aortic valves than in native
valves. Clinically relevant pressure recov-
ery causing a difference in Doppler gradi-
ent compared to catheter-derived gradient
will only be seen in cases where the proxi-
mal ascending aorta is less than 3cm in di-
ameter (41).

C. Prosthesis-patient mismatch

The problem of prosthesis-patient mis-
match (PPM) was recognised over three
decades ago and was originally described
by Rahimtoola in 1978 (42). The basic
concept is that the EOA of the valve pros-
thesis, after insertion into the patient, is
smaller than expected in relation to the
patient’s body surface area (BSA). This
consequently leads to high transvalvular
gradients as the CO required by the patient
necessitates higher flows if the EOA is too
small. Stated more simply, if the gradient
across the valve is to remain low then the
EOA needs to be proportionate to flow re-
quirements. PPM is common (20-70% of
AVR’s) and leads to worse hemodynamic
function, a lower degree of LV mass regres-
sion and higher morbidity and mortality
(43). Often the problem of PPM is more
manifest when the patient exercises, when
a higher CO is required. Hence it has been
suggested that the best strategy to avoid
PPM is to divide the EOA for the valve
prosthesis by the patient’s BSA to calculate
the indexed EOA (EOA,) in cm?/m?® This
value has been shown to be the only value
that correlates consistently with post-op-
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Figure 4

Effective Orifice Areas (EOA) of prosthetic valves.
On the left is a mechanical bileaflet valve and on
the right a bioprosthetic trileaflet valve. The orange
highlighted line represents the EOA of each valve.

erative gradients, which increase exponen-
tially if the EOAi is < 0.85cm?/m?. Severe
PPM exists if the EOAi is < 0.65cm?/m?
(44) (Figure 4).

D. Hyperdynamic state

A failing LV resulting in low flow across a
valvular stenosis gives rise to a low calcu-
lated peak PG (45). Conversely a high flow
such as when inotropes are infused intra-
venously, results in a high calculated PG
on intraoperative TEE. Changes in stroke
volume and CO, which occur in the anes-
thetised, underfilled patient can therefore
significantly affect ‘pressure gradients’. Im-
mediately after cessation of CPB patients
often require inotropic support which, to-
gether with a reduced preload, results in a
hyperdynamic circulation. The post-CPB
patient will often have a low hematocrit
due to hemodilution from the bypass prime
fluid. Blood density is considered in the
full Bernoulli equation and this situation
will therefore contribute to calculation of a
high PG across the valve.

E. Afterload mismatch

The prolonged use of CPB is known to cre-
ate a systemic inflammatory response with
a resultant low SVR post-operatively. Re-
cently in clinical practice, a severely low

SVR is infrequently encountered, perhaps
due to shorter bypass times and the use of
more sophisticated extracorporeal circuits.
A low SVR in the early post-operative pe-
riod, combined with inotropic drug infu-
sion, low filling pressures and specifically
the stentless supra-annular positioned AV
prosthesis, has been suggested as allowing
a functional ‘afterload mismatch’ which
tends to normalise over time (11).

CONCLUSIONS

All the above factors make it important to
thoroughly assess a newly implanted pros-
thetic valve with as many different meth-
ods as possible before making decisions
regarding the overall function of the valve.
Moderate gradients do not necessarily in-
dicate imperfect surgical placement and
intraoperative TEE is able to discriminate
patients with functional phenomena from
those with reversible ‘physiological’ phe-
nomena or potential PPM. The decision to
resume CPB and replace a prosthetic valve
should never be made on velocity and PG
alone as the variety of factors discussed in
this article can all cause a transient high
PG across a newly implanted prosthesis.
Manufacturer’s information should be
consulted to determine the expected trans-
valvular velocities and gradients for that
particular model and size of valve. Invari-
ably, in a patient in whom a high PG across
an AV prosthesis has been detected imme-
diately postbypass, a repeat examination
even hours later, but more usually days lat-
er, should reveal lower pressure gradients
if there are no clear functional problems.
The possibility of PPM should always be
considered and an appropriate prosthetic
valve with the largest possible EOA should
be implanted.

There are no conflicts of interest to declare.
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