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Abstract Prosthesis-patient mismatch (PPM) is present
when the effective orifice area of the inserted prosthetic
valve is too small in relation to body size. Its main
hemodynamic consequence is to generate higher than
expected gradients through normally functioning prosthetic
valves. The purpose of this review is to present an update
on the present state of knowledge with regard to diagnosis,
prognosis, and prevention of PPM. PPM is a frequent
occurrence (20% to 70% of aortic valve replacements) that
has been shown to be associated with worse hemodynam-
ics, less regression of left ventricular hypertrophy, more
cardiac events, and lower survival. Moreover, as opposed to
most other risk factors, PPM can largely be prevented by
using a prospective strategy at the time of operation.
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Introduction: Definition of Valve Prosthesis-patient
Mismatch

Valve prosthesis-patient mismatch (PPM) was first de-
scribed in 1978 by Rahimtoola [1] as follows: “Mismatch
can be considered to be present when the effective
prosthetic valve area, after insertion into the patient, is less
than that of a normal human valve.” However, for all
practical purposes, almost all types of valve replacement
have an effective valve area that is less than that of a

normal human valve and, nowadays, the term PPM is
applied to situations in which the effective orifice area
(EOA) of the prosthesis is physiologically too small in
relation to the patient’s body size thus resulting in
abnormally high postoperative gradient [1–5].

Identification of PPM

Consistent with the aforementioned definition, the parameter
that has been used to characterize PPM is the indexed EOA (ie,
the EOA of the prosthesis divided by the patient’s body surface
area [BSA]). It should be emphasized that, for all practical
purposes, the indexed EOA as measured in vivo postopera-
tively is the only parameter that can consistently be correlated
with postoperative gradients as well as clinical outcomes [5,
6]. In contrast to EOA, the geometric orifice area (GOA) is a
static manufacturing specification based on the ex vivo
measurement of the diameter of the prosthesis and the
criteria used for its measurement may differ considerably
from one prosthesis to the other. Thus, the GOA always
overestimates the EOA but in widely varying proportions
depending on the type of prosthesis. For instance, it can be
observed that, for similar values of indexed GOA, peak and
mean gradients are more or less twofold in pericardial valves
than in homografts [7]. Likewise, because of different flow
conditions, the indexed EOAs calculated based on the
manufacturer’s in vitro data are generally too optimistic and
also correlate poorly with postoperative hemodynamics [8••].
It thus follows that most studies using GOA or in vitro EOA
to identify PPM fail to show any significant relationship
between these parameters and adverse clinical outcomes [6,
7]. Unfortunately, some authors still do not make that
distinction and indiscriminately regroup all studies using
either in vivo EOA, GOA, or in vitro EOA to conclude that
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the clinical relevance of PPM is still unclear and remains
controversial [9]. It is now widely accepted and enshrined in
the American Society of Echocardiography/American Col-
lege of Cardiology/American Heart Association/European
Association of Echocardiography/Japanese Society of Echo-
cardiography/Canadian Society of Echocardiography guide-
lines that the in vivo indexed EOA is the only valid
parameter to identify PPM and predict postoperative gra-
dients and/or adverse clinical outcomes [10••].

Aortic PPM

An indexed EOA ≤0.85 cm2/m2 is now widely accepted as
the threshold for PPM in the aortic position [2, 3, 5, 6, 10••]
with values between 0.65 and 0.85 cm2/m2 being classified
as moderate PPM and those below 0.65 cm2/m2 as severe
PPM. It should be of no surprise that these values are very
close to those used in the case of native aortic stenosis.
Depending on studies, the reported prevalence of moderate
PPM varies between 20% and 70% whereas that of severe
PPM is between 2% and 11%. As for native aortic stenosis,
the impact of PPM on clinical outcomes increases with
severity and the categorization between moderate and
severe PPM is thus essential when studying these phenom-
ena. It should also be noted that the prevalence of severe
PPM has had a tendency to decrease substantially over the
past decade due to: 1) increased recognition and awareness
that, notwithstanding associated conditions, severe PPM is
invariably associated with adverse outcomes and that it
should thus be avoided as much as possible; 2) more
widespread implementation of preventive strategies
designed to avoid PPM; and 3) improved design and
hemodynamic performance of newer-generation prostheses.

Mitral PPM

Because of the lower pressure regimen and similarly to native
mitral valve stenosis, the threshold values for mitral PPM are
higher than for aortic PPM. Thus, mitral PPM is considered
moderate when the indexed EOA is ≤1.2 to 1.3 cm2/m2 and
severe when it is ≤0.9 to 1.0 cm2/m2 [3, 4, 10••, 11]. Recent
studies report that the incidence of mitral PPM is much
higher than previously believed: 30% to 70% and 5% to
10% for moderate and severe PPM, respectively [11, 12••,
13–15]. Awareness with regard to mitral PPM is more recent
and with applicable strategies being more limited, it is too
early to determine to what extent it can be prevented.

Clinical Impact of Aortic PPM

There is now a strong body of evidence showing that aortic
PPM is an important risk factor with regard to various

clinical outcomes including improvement in functional
class, regression of left ventricular (LV) hypertrophy, and
both early and late survival.

LV Hypertrophy and Function

Whereas some authors have found that the persistence of
PPM results in lesser regression of LV hypertrophy (LVH),
others have reported that patients with PPM and/or small
prostheses could exhibit significant reductions in LV mass
and, on this basis, have concluded that PPM was not an
important issue. In this context, the following important
pathophysiologic concepts should be remembered [16, 17].
1) Even in the presence of PPM, surgery normally results in
improved hemodynamics, the extent of which can be quite
important. 2) A more optimal result can be expected if PPM
is completely avoided. 3) In analyzing the results of aortic
valve replacement (AVR), it is important to remember that
the relationship between gradients and the indexed EOA is
curvilinear and that the implications for a given patient will
be directly related to his original and final positions on the
indexed EOA-gradient curve. Moreover, it is becoming
increasingly evident that many patients with aortic stenosis
have decreased systemic arterial compliance and concom-
itant hypertension, resulting in an increased LV hemody-
namic load that is only partially relieved by the operation
[18]. Thus, these patients often have more severe concentric
LVH that only partially regresses after operation. Also, for
similar hemodynamic load, patients with hypertension and/
or metabolic syndrome have recently been shown to have
more interstitial myocardial fibrosis and a relatively greater
increase in LV mass [19•]. In this context, Weidemann et al.
[20•] reported that myocardial fibrosis is frequent in
patients undergoing AVR (22 of 58 patients in their series)
and that, in contrast to myocardial cell hypertrophy, it is not
reversible for up to 9 months after operation; these patients
also have more extensive and irreversible myocardial
damage as evidenced by decreases in stroke volume [21],
increases in B-type natriuretic peptide levels [22], and
selective decreases in LV longitudinal shortening [23, 24]
that do not regress after operation. Thus, it is becoming
increasingly evident that the regression of LVH after AVR
is related to many factors beyond PPM.

LV Function

As for LVH, recent studies also show that in patients with
severe aortic stenosis and depressed LV systolic function,
postoperative improvements in LV ejection fraction and
patient functional capacity are largely dependent on the
extent of valve EOA improvement achieved by the
operation [25, 26]. Thus, the residual LV afterload imposed
by PPM negatively impacts on recovery of LV function in
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these high-risk patients. Noticeably, a recent multicenter
study revealed that transcatheter aortic valve implantation
was associated with better and faster postoperative im-
provement in LV ejection fraction compared with surgical
AVR [26] and that this beneficial effect can be attributed in
large part to the superior valve hemodynamics and lower
incidence of PPM achieved by transcatheter valve implan-
tation [26, 27••, 28••].

Coronary Flow Reserve

In the same context, Rajappan et al. [29] demonstrated that
the severity of impairment of coronary flow reserve (CFR)
measured by positron emission tomography was related to
the severity of valve stenosis (valve EOA, gradient, LV
systolic pressure) rather than to LV mass and that changes
in CFR after AVR were not directly related to regression of
LV mass but were rather dependent on the magnitude of the
change in valve EOA achieved with AVR [30]. According-
ly, Garcia et al. [31] have reported that when the aortic
valve indexed EOA is larger than 0.8 to 0.9 cm2/m2, there
is no significant impact on CFR which decreases sharply
when the indexed EOA is lower than this threshold and
becomes almost completely exhausted when the indexed
EOA is below 0.5 cm2/m2.

Early Mortality

The impact of PPM is more important on early rather than
late mortality given that the left ventricle is more vulnerable
during the early postoperative period than later on. In this
regard, there is general agreement that early mortality is
significantly increased in patients with PPM particularly if
severe or associated with LV dysfunction [6, 32–34]. Thus,
in our original series of 1,265 consecutive patients
undergoing AVR [32], overall early mortality was 4.6%
whereas the risk ratio of moderate PPM compared to no
PPM was 2.1 (95% CI, 1.2–3.7) and that of severe PPM
was 11.4 (95% CI, 4.4–29.5). Moreover, the adverse impact
of PPM was much more evident in patients having impaired
LV function (ejection fraction ≤40%). Thus, mortality was
5% in patients with moderate PPM and preserved LV
function compared to 16% in patients with moderate PPM
and depressed LV function and a prohibitively high 67% in
patients with the combination of severe PPM and poor LV
function. This strong interaction between PPM and de-
pressed LV function has subsequently been confirmed not
only in relation to early mortality but also with regard to the
occurrence of heart failure as well as late survival [34–36].
In light of these results, avoidance of potential PPM should
become a particularly mandatory consideration in patients
with LV dysfunction because these high-risk patients have a
decreased ventricular reserve and are thus more vulnerable

to the different degrees of PPM particularly in the
perioperative period.

Late Mortality

The controversy with regard to this variable continues.
Thus, several recent studies confirm that PPM is indepen-
dently associated with reduced late survival [33–38••],
whereas others report the opposite [39–41]. In this context,
it is becoming increasingly clear that the analysis of
patients’ characteristics is of paramount importance when
interpreting such data and in this sense the findings of a
recent study from our laboratory [38••] may provide some
insight into the discrepancies observed in previous studies.
Thus, our results with regard to late mortality in a series of
2,576 patients having survived AVR showed that moderate
PPM was detrimental only in patients with pre-existing LV
dysfunction but not in those with preserved LV function,
whereas severe PPM increased mortality only in patients
less than 70 years old and/or with a BMI less than 30 kg/m2

and/or an LV ejection fraction less than 50% but not in
patients without these characteristics. Other studies have
also reported similar findings with regard to age and LV
function [35, 36, 42]. In contrast, studies reporting negative
results often do not consider LV function [39] and/or
include a large proportion of elderly patients and/or have a
high prevalence of obesity in their patients with PPM [41].
The lack of significant impact of PPM on survival in the
obese population is most likely related to the fact that the
utilization of the BSA for the normalization of EOA may
not be appropriate in this population and future studies will
be necessary to determine if this purpose would not be
better served by the utilization of height or lean body mass.

Exercise Capacity and Quality of Life

Besides the extension of longevity of life, the improvement
in the quality of life is an essential and important objective
of AVR. Several studies have shown that PPM is associated
with reduced functional capacity and quality of life. In a
study in which maximum exercise testing was systemati-
cally performed at 6 months post AVR in a consecutive
series of 312 patients, Bleiziffer et al. [43] found that PPM
was a powerful independent predictor of reduced exercise
capacity. In the elderly population, several studies have also
reported that although moderate PPM does not necessarily
alter late survival, it does impair quality of life.

Miscellaneous Outcomes

Other negative outcomes previously reported in association
with aortic PPM are a higher occurrence of late congestive
heart failure [35] as well as abnormalities of the von
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Willebrand factor and associated bleeding complications [44].
More recently, Mannacio et al. [45] showed that exercise-
induced arrhythmias are more frequent in patients with PPM,
whereas Unger et al. [46] observed that there is a tendency
for these patients to have more important residual mitral
regurgitation after operation. Finally, Flameng et al. [47]
showed that PPM is an important risk factor for early (2–
3 years after AVR) stenosis-type structural valve deteriora-
tion of bioprostheses.

Clinical Impact of Mitral PPM

For a long time, mitral PPM remained quite unexplored and
might have been thought to be a relatively rare phenome-
non with minimal impact on postoperative outcomes.
However, recent studies demonstrate that this is not the
case and that mitral PPM is not uncommon and is
independently associated with worse hemodynamic and
clinical outcomes following mitral valve replacement
(MVR). PPM has been shown to be associated with
persisting pulmonary hypertension, increased incidence of
congestive heart failure, and reduced survival after MVR
[12••, 13, 15]. As for aortic PPM, early and late mortality
would seem to be affected mainly by severe PPM but
further studies are necessary to determine if, as for aortic
prosthesis, moderate mitral valve PPM could not be
detrimental in some specific subgroups of patients. For
instance, a recent study has suggested a possible interaction

between preoperative pulmonary hypertension and either
moderate or severe PPM [14].

Prevention of PPM

Aortic Valve Replacement

As opposed to most other risk factors associated with
adverse clinical outcomes after AVR, PPM is modifiable
and can be largely avoided by using a simple strategy at the
time of operation [5, 6]. Our original description of this
strategy was as follows:

& Step 1: Calculate patient’s BSA from patient’s weight
and height;

& Step 2: Multiply BSA by 0.85 cm2/m2, the result being
the minimal EOA that the prosthesis to be implanted
should have to avoid PPM. For instance, if patient’s
BSA is 1.80 m2, then 1.80×0.85=1.53 cm2 = minimal
EOA to completely avoid PPM;

& Step 3: Chose the prosthesis in light of the result
obtained in step 2 and the reference values for the
different types and sizes of prosthesis (Table 1). Thus, if
the surgeon had intended to implant a Carpentier-
Edwards Perimount prosthesis in the example chosen,
the minimum size to obtain an EOA greater than 1.53
would have been a size 23 or greater. Fortunately, most
prosthesis manufacturers have now made this exercise

Table 1 Normal reference values of effective orifice areas for the aortic valve prostheses

Prosthetic valve size (mm) 19 21 23 25 27 29 Reference

Aortic stented bioprostheses

Mosaic 1.1±0.2 1.2±0.3 1.4±0.3 1.7±0.4 1.8±0.4 2.0±0.4 [5]

Hancock II – 1.2±0.1 1.3±0.2 1.5±0.2 1.6±0.2 1.6±0.2 [5]

Carpentier-Edwards perimount 1.1±0.3 1.3±0.4 1.5±0.4 1.8±0.4 2.1±0.4 2.2±0.4 [5]
aCarpentier-Edwards Magna 1.3±0.3 1.7±0.3 2.1±0.4 2.3±0.5 – – [48]
aBiocor (Epic) – 1.3±0.3 1.6±0.3 1.8±0.4 – – [48]
aMitroflow 1.1±0.1 1.3±0.1 1.5±0.2 1.8±0.2 – – [48]

Aortic stentless bioprostheses

Medtronic freestyle 1.2±0.2 1.4±0.2 1.5±0.3 2.0±0.4 2.3±0.5 – [5]

St. Jude Medical Toronto SPV – 1.3±0.3 1.5±0.5 1.7±0.8 2.1±0.7 2.7±1.0 [5]

Aortic mechanical prostheses [5]

Medtronic-Hall 1.2±0.2 1.3±0.2 – – – – [5]
aMedtronic advantage – 1.7±0.2 2.2±0.3 2.8±0.6 3.3±0.7 3.9±0.7 [48]

St. Jude Medical standard 1.0±0.2 1.4±0.2 1.5±0.5 2.1±0.4 2.7±0.6 3.2±0.3 [5]

St. Jude Medical regent 1.6±0.4 2.0±0.7 2.2±0.9 2.5±0.9 3.6±1.3 4.4±0.6 [6]

MCRI On-X 1.5±0.2 1.7±0.4 2.0±0.6 2.4±0.8 3.2±0.6 3.2±0.6 [6]

Carbomedics standard 1.0±0.4 1.5±0.3 1.7±0.3 2.0±0.4 2.5±0.4 2.6±0.4 [5]

Effective orifice area is expressed as mean values available in the literature. Reproduced from Pibarot and Dumesnil [48]; with permission
a These results are based on a limited number of patients and should thus be interpreted with caution
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easier by providing charts that give the projected
indexed EOAs for the different levels of patient’s BSA
and prosthesis sizes. With regard to reference values for
EOA and indexed EOA, there are three important
caveats worth reiterating: 1) The values should be
derived from in vivo rather than the in vitro data
supplied by the manufacturers because the latter are
usually too optimistic, particularly in the case of
stentless valves. Moreover, the in vivo reference EOAs
should be derived from reliable sources (ie, from studies
including a sufficient number of patients in each model/
size subcategory and using adequate Doppler-
echocardiographic methods for EOA measurement
[8••]). 2) Reference values derived from geometric
measurements (eg, internal diameters or geometric
areas) are inadequate because they bear no relation to
postoperative hemodynamics and particularly if differ-
ent types of valves are being compared (see aforemen-
tioned considerations). 3) When using these charts (or
Tables 1 and 2), it is important to remember that there
are often important discrepancies between the sizers
supplied by the manufacturers for the different types of
prostheses and that for a given patient annulus size, the
labeled size that fits may vary from one type of
prosthesis to the other.

The validity and feasibility of this strategy is now
widely accepted and we believe that, given its simplicity
and rapidity, this exercise should be performed in every
patient undergoing AVR. Depending on the result, if
moderate PPM is anticipated in a patient with certain
characteristics (eg, depressed LV function and/or severe
LVH, young age [<70 years old], athletic lifestyle, and
an elderly patient seeking enhanced quality of life) or a
severe PPM in any given patient, the following strategies
can be considered: 1) the implantation of a prosthesis
with a better hemodynamic performance (eg, a newer
generation of stented bioprosthesis or bileaflet mechan-

ical valve implanted in a complete supra-annular position
or a stentless bioprosthesis); or 2) the performance of an
aortic root enlargement, to accommodate a larger size of
the same type of prosthesis.

Unfortunately, some recent papers have challenged the
use of this approach based on the false premise that the
first-line strategy, if not the only one, for avoiding PPM
would be aortic root enlargement and thus possibly be
associated with an increased operative mortality particu-
larly in the elderly. In reality, given the significant
improvements in prostheses design, contemporary pre-
vention of PPM can largely be accomplished by the
implantation of prosthetic models providing a better
hemodynamic performance (Table 1). The study by
Bleiziffer et al. [8••] is particularly illustrative in this
regard whereby these investigators were able to reduce the
incidence of moderate PPM from 44% to 30% and that of
severe PPM from 9% to 1% by applying strategy #1
described above. Conversely, there is a variance of
opinions with regard to aortic root enlargement for the
purpose of avoiding PPM, many groups having reported
excellent results using this type of strategy. Furthermore,
in patients with a small BSA, the preoperative calculation
of the projected indexed EOA at the time of operation can
be used to validate the use of a small prosthesis and thus
avoid more aggressive procedures such as aortic root
enlargement. Whereas some might still advocate system-
atic avoidance of smaller prostheses, several studies
demonstrate that such prostheses may be safe and
adequate in patients with smaller BSAs, pending calcula-
tion of the projected indexed EOA before operation.

Finally, recent studies have reported that valve hemody-
namics are superior with transcatheter aortic valve implan-
tation than with surgical AVR, especially in the subset of
patients with small aortic root [26, 27••, 28••]. Thus,
transcatheter valve implantation should provide another
valuable alternative to avoid PPM in high-risk patients and
yet provide a less invasive procedure.

Table 2 Normal reference values of effective orifice areas for the mitral valve prostheses

Prosthetic valve size (mm) 25 27 29 31 33 Reference

Mitral stented bioprostheses

Medtronic Mosaic 1.5±0.4 1.7±0.5 1.9±0.5 1.9±0.5 – [12]

Hancock II 1.5±0.4 1.8±0.5 1.9±0.5 2.6±0.5 2.6±0.7 [13]
aCarpentier-Edwards perimount 1.6±0.4 1.8±0.4 2.1±0.5 – – [12]

Mitral mechanical prostheses

St. Jude Medical standard 1.5±0.3 1.7±0.4 1.8±0.4 2.0±0.5 2.0±0.5 [12]
bMCRI On-X 2.2±0.9 2.2±0.9 2.2±0.9 2.2±0.9 2.2±0.9 [12]

Effective orifice area is expressed as mean values available in the literature. Reproduced from Pibarot and Dumesnil [48]; with permission
a These results are based on a limited number of patients and should thus be interpreted with caution
b The strut and leaflets of the MCRI On-X valve are identical for all sizes (25- to 33-mm)
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Mitral Valve Replacement

The rationale for the prevention of mitral PPM is the same
as for the aortic valve. However, it is a much more
demanding challenge given that the techniques allowing
the implantation of a larger-size prosthesis are much more
complex and as of yet unproven with regard to their risk/
benefit ratio [15]. For the time being, the preventive
strategy should therefore be focused on the implantation
of the prosthesis having the largest EOA for a given size
(Table 2). This observation also underlines the need for the
development of better performing prostheses and provides
further motivation for proceeding to repair rather than
replacement whenever possible.

PPM in the Context of the Interpretation of High
Postoperative Gradients

PPM is by far the most frequent cause of high gradient after
valve replacement, the other potential causes being a central
jet artifact in bileaflet prosthesis, intrinsic valve dysfunc-
tion, high flow states, or technical errors [10, 48]. Various
algorithms aimed at better interpreting these high gradients
have previously been proposed by us and others [6, 10••,
48, 49•]. However, their acceptability by clinicians has
varied and they have been criticized for being either too
complicated for routine clinical use or too simplistic to
cover all possibilities.

In this paper, we present yet another alternative that is
somewhat a compendium of previous algorithms and that
can hopefully answer both criticisms (Fig. 1).Thus, after
having excluded possible technical errors and given that
PPM is by far the most frequent cause of high gradients,
the first step would be to simply calculate the projected
indexed EOA (ie, EOA/BSA using the normal reference
value of EOA (Tables 1 and 2) for the type and size of
prosthesis having been implanted). If the result is less than
0.85 cm2/m, one can then surmise 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 (ie,
PPM and intrinsic dysfunction) may coexist. To fully
appreciate the clinical impact of the gradient, it should
also be remembered that the net gradient is less in patients
with a small aortic diameter (ie, <3.0 cm) due to pressure
recovery and it might be useful in such cases to calculate
the extent of pressure recovery and the energy loss index
[50]. If PPM is not present or not severe enough to totally
explain the increased gradient, the next step would be to
thoroughly evaluate leaflet morphology and mobility; in
the case of mechanical valves, cine-fluoroscopy should
mandatorily be performed in addition to echocardiography

[10••]. If leaflet mobility is abnormal, dysfunction should
be suspected and this can be corroborated if the EOA
actually measured on the echo is much lower than the
normal reference value for the same type and size of
prosthesis (Tables 1 and 2) and/or has decreased progres-
sively during follow-up. If, conversely, there is still
uncertainty with regard to possible abnormal leaflet
mobility, one can then proceed to calculate the Doppler
velocity index (DVI), a readily available dimensionless
quantity obtained by dividing maximal Doppler velocity in
the LV outflow tract by the maximal velocity through the
valve. If DVI is less than 0.35 and the prosthesis is a
bileaflet valve with normal leaflet mobility, the high
gradient is in all likelihood due to a central jet artifact;
however, if the valve is not bileaflet, intrinsic dysfunction
should be re-considered as above and the possibility of a
technical error should also be envisioned. If the DVI is
greater than 0.35, possible etiologies for the high gradient
include high flow states, aortic regurgitation, subvalvular
obstruction, and again a technical error. It should be noted
that technical errors particularly with regard to measure-
ments in the LV outflow tract diameter are frequent and
that this possibility should never be neglected. Finally, it
should be remembered that in patients with low flow states
due to LV dysfunction, transprosthetic gradients may be
only slightly or moderately elevated despite the presence
of significant PPM or prosthesis dysfunction. Gradients
are highly flow-dependent and may thus be “pseudo-
normalized” in the presence of low flow states. After
adjusting indexed EOA and DVI values, the same

Fig. 1 Suggested algorithm for interpreting abnormally high trans-
valvular pressure gradients after aortic valve replacement (AVR). BSA
body surface area; DVI Doppler velocity index; EOA effective orifice
area
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rationale as above can be applied to the interpretation of
high gradients after MVR [10••, 48].

Conclusions

PPM is a frequent and modifiable risk factor leading to
more frequent adverse clinical outcomes in patients
undergoing valve replacement. The risk of PPM should be
systematically evaluated at the time of operation by
calculating the projected indexed EOA of the prosthesis to
be implanted and in the case of anticipated PPM, alternative
options should be considered in light of patient’s overall
clinical condition and risk/benefit ratio. Awareness of the
concept of PPM is also essential to correctly interpreting
abnormally high gradients that may be recorded after valve
replacement.
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