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Abstract

Almost half a century ago, cardiac surgeons introduced the concept of prosthesis—patient mismatch (PPM), which was
defined by indexing the effective orifice area (EOA) to body surface area. Although PPM has demonstrated strong prog-
nostic value following surgical aortic valve replacement (SAVR), its significance in transcatheter aortic valve replacement
(TAVR) remains uncertain. In this review, we revisit the concept of PPM and explore the methodological and clinical chal-
lenges in its application. Special focus is given to the limitations in interpreting EOA and indexed EOA (EOAI), includ-
ing flow dependency and imaging variability. We also review the literature evaluating the association between PPM and
clinical outcomes after SAVR and TAVR. Finally, we discuss a potential role of alternative metric such as the fitting index.
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Concept of PPM

Prosthesis—patient mismatch (PPM) is defined as an effec-
tive orifice area (EOA) of an implanted prosthetic valve
that is too small relative to the patient’s body size [1]. This
concept was first proposed by the cardiovascular surgeon
Rahimtoola SH in 1978 in the context of surgical aortic
valve replacements (SAVR) [2]. The normal aortic valve
area is typically 3—4 cm? ; however, prosthetic valves rarely
achieve this [3,4]. Therefore, whilst a degree of PPM occurs
in nearly all cases, it is usually clinically insignificant,
unless the mismatch is substantial.

The EOA represents the functional area through which
blood actually flows across the valve, as opposed to the
geometric valve orifice area. It is determined using either
invasive hemodynamic assessment or Doppler echocardiog-
raphy. Before echocardiography and Doppler assessment
were established, the EOA was derived invasively using
Gorlin’s formula (Fig. 1), with cardiac output measured by
dye dilution (cardiogreen) or thermodilution, and pressure
gradients obtained via catheterization [5]. In contemporary
practice, the EOA is usually calculated by Doppler echocar-
diography (Fig. 1).
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Fig. 1 Gorlin formula and Dop-
pler continuous equation. EOA:
effective orifice area

Cco
EOA =

Gorlin formula

Doppler continuous equation

LVOT area * LVOT VTI

CO: Cardiac output
SEP: Systolic Ejection Period
HR: Heart rate

AP: mean transvalvular pressure gradient

Table 1 Criteria of PPM
Indexed EOA (cm?/m?) = EOA / BSA

BMI < 30 kg/m? BMI > 30 kg/m?
Insignificant >0.85 >0.70
Moderate 0.85-0.66 0.70-0.56
Severe <0.65 <0.55

BMI=body mass index, BSA=body surface area, EOA=effective ori-
fice area, PPM=prosthesis patient mismatch

Definition of PPM

PPM is assessed by indexing the EOA to body surface area
(BSA), as the absolute EOA does not account for the impact
of body size on cardiac output requirements: the indexed
EOA (EOAi1)=EOA/BSA [6]. Previously, many studies
used cut-off values of 0.85-0.66 cm*/m? for moderate PPM
and <0.65 cm?m? for severe PPM [7], however, in obese
patients, the BSA may be disproportionately high relative to
their actual metabolic and cardiac output needs. Therefore,
applying the same EOAI cut-off values for obese patients
may lead to the severity of PPM being overestimated. In
the Valve Academic Research Consortium (VARC)-3 lower
EOAI cut-off values (0.70-0.56 cm?/m? for moderate PPM
and <0.55 c¢cm?/m? for severe PPM) are recommended for
obese patients (BMI>30 kg/m?) (Table 1) [8].

Mechanism of PPM

PPM can occur for several reasons. Like placing a tube
within a tube, the implanted prosthesis must be smaller to fit
inside the native annulus, thereby reducing the EOA. This
is particularly problematic in patients whose annular dimen-
sions are already small relative to their body size, unless a
surgical aortic root enlargement (a procedure increasingly
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LVOT: Left ventricular outflow tract
VTI: Velocity time integral
AV: Aortic valve
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performed in recent years) is also performed [9,10]. This
issue is especially pronounced with stented bioprosthetic
SAVR, which require a sewing ring for fixation — this com-
ponent occupies space and further reduces the EOA. The
thickness of the sewing ring also accounts for the discrep-
ancy between the labeled valve size and the stent’s internal
diameter. In addition, the mounting position of the leaflets,
whether the leaflets are mounted internally or externally, can
cause further variation between the stent’s internal diameter
and the true internal diameter [11]. Valves with internally
mounted leaflets tend to have smaller true internal diam-
eters and thus a higher risk of PPM [12]. Finally, BSA is the
denominator for determining the EOA..

Transcatheter aortic valve replacement (TAVR) is gen-
erally associated with a lower risk of PPM compared to
SAV R[13]. This is because TAVR valves are anchored by
radial force rather than sutured, and thus lack a sewing ring,
resulting in a larger EOA. In echocardiographic assessment,
a supra-annular design is associated with a higher EOA than
an intra-annular design; however, this may not hold true
under invasive measurement (as described later).

Table 2 shows how body size influences PPM, compar-
ing the incidence of PPM between US and Japanese patients
treated with TAVR using the Sapien 3 Ultra Resilia [14,15].
Although both populations had similar EOA values post-
TAVR, the larger body size in the U.S. cohort resulted in
smaller EOAi values and a correspondingly higher inci-
dence of severe PPM.

PPM is a functional hemodynamic baseline abnormal-
ity, rather than a structural flaw in the prosthetic valve. It
can occur even when the implanted valve is functioning
normally, and in theory, is present immediately post-op.
However, it is important to distinguish this post-procedural
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Table 2 Studies of Sapien 3 Ultra Resilia in TAVR registries in U.S
and Japan

TVT registry OCEAN-
(U.S)"N=10,312 TAVI registry
(Japan)lSN:618
BMI, kg/m? 29.749.6 22.243.7
BSA, m? NA 1.49+0.18
EOA, cm? 1.9+0.6 1.86+0.47
EOAi, cm*/m? 0.9+0.3 1.26+0.31
Moderate PPM, % NA 5.2%
Severe PPM, n (%) 6.2% 0.5%

BMI=body mass index, BSA=body surface area, EOA=effective ori-
fice area, EOAi=indexed effective orifice area, NA=not available,
PPM=prosthesis patient mismatch, TAVR=transcatheter aortic valve
replacement

baseline from “acquired” PPM at follow-up, which results
from a reduced EOA due to progressive valve deterioration
over time. In such cases, an underlying cause such as struc-
tural valve dysfunction (leaflet fibrosis, calcification, stent
deformation, etc.), as well as thrombosis or endocarditis,
may be responsible for the temporal and dynamic alteration
of PPM [16]. Measurement factors, such as image quality,
measurement variability, or changes in flow status, may
also contribute to the apparent development of acquired
PPM. Additionally, changes in body weight can also affect
PPM classification. Even when the intrinsic valve function
remains unchanged, weight loss may increase EOAi and
potentially reduce the severity of PPM. This phenomenon
may also occur in patients receiving weight-loss drugs, such
as GLP-1 receptor agonists.

Challenges in the assessment of PPM: EOA

Most studies currently assess the EOA using Doppler echo-
cardiography and the following formula: EOA (cm?) = left
ventricular outflow tract (LVOT) Area x LVOT velocity-time
integral (VTI) / aortic valve VTI. The primary advantage of
echocardiographic assessment is that it is non-invasive and
widely accessible; however, it has several limitations. First,
as with all imaging modalities, poor image quality may hin-
der accurate measurements. Second, measurements must be
performed according to established guidelines. For exam-
ple, the LVOT diameter should be measured outer edge—to—
outer edge at the lower (ventricular) end of the valve stent,
whilst the LVOT velocity-time integral (VTI) should be
obtained just proximal to the stent frame [1,17]. Even small
deviations from these recommendations can lead to substan-
tial differences in the calculated EOA. For example, if the
LVOT diameter is measured inner edge—to—inner edge, the
derived EOA may be significantly underestimated. In addi-
tion, incorrect placement of the pulsed-wave Doppler sam-
ple volume within the zone of flow acceleration, rather than

in the true LVOT just proximal to the stent frame, may lead
to overestimation of LVOT VTI and further overestimation
of the calculated EOA.

Third, the LVOT area is typically estimated using the for-
mula LVOT Area=n x (LVOT diameter/2)? which assumes
that the LVOT is circular; however, it is well established
that it is elliptical. Contrast-enhanced computed tomogra-
phy (CT) can assess the LVOT area more accurately and has
been shown to significantly increase it, and thereby reduce
the incidence of PPM compared to transthoracic echocar-
diography (TTE) [18].

Fourth, velocity-time-integral (VTI) assessment using
Doppler echocardiography is dependent on flow status.
Prosthetic leaflet opening may be incomplete in patients
with low-flow states, potentially leading to an underestima-
tion of EOA and, consequently, an overestimation of PPM
severity. This phenomenon parallels the concept of pseudo-
severe aortic stenosis in patients with low-flow, low-gradi-
ent native aortic stenosis. Fifth, due to pressure recovery,
Doppler- and catheter-derived pressure gradients may differ,
as described later.

Two types of PPM: measured and predicted

There are two types of PPM: measured and predicted.
Measured PPM is based on the actual EOAi after valve
replacement. In contrast, predicted PPM is calculated using
reference values of the EOA provided by manufacturers
or published data [19]. In the setting of TAVR, Hahn et al.
reported reference EOA values for the Sapien/Sapien XT/
Sapien 3 valves using data from the PARTNER 1, PART-
NER 2 A, PARTNER 2B, and PARTNER S3 studies, and for
the CoreValve/Evolut R valves using data from the CoreV-
alve US Pivotal Extreme Risk and High Risk trials and the
Medtronic CoreValve Evolut R United States IDE Clinical
Study [20].

There are several important distinctions between the two
approaches.

First, measured PPM can only be assessed after the pro-
cedure, whereas predicted PPM can be estimated before
the procedure, enabling the physician to consider potential
PPM during valve selection.

Second, TTE assessment in the early postoperative phase
is often limited by suboptimal imaging windows, especially
post-SAVR. Therefore, in clinical practice, the use of pre-
dicted PPM may offer a more practical approach in SAVR
patients.

Third, as described earlier, the measurement of EOA
depends on image quality, technical errors/variations, and
flow status. In contrast, predicted PPM, which uses refer-
ence EOA derived from standardized assessments, partly
overcomes these limitations. However, this advantage is
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contingent upon the assumption that the reference EOA val-
ues have been obtained under appropriate conditions, using
correct methodology and normal flow states. In TAVR, ref-
erence EOA values used for predicted PPM are typically
derived from standardized datasets analyzed in core labo-
ratories,”” whereas in SAVR they are often based on more
heterogeneous historical sources. Thus, predicted EOA in
SAVR and TAVR may not be directly analogous constructs.
Importantly, while this methodological standardization rep-
resents a key advantage of predicted PPM in TAVR, the
reference EOA is derived from Doppler measurements and
therefore still subject to the inherent limitations.

The clinical relevance and prognostic implications of
measured and predicted PPM will be discussed separately
in subsequent sections.

Pressure recovery: echocardiographic versus
catheter-based assessment of EOA

During systole, blood flow across a prosthetic valve acceler-
ates and converges just distal to the valve in a narrow region
known as the vena contracta. At this point, flow veloc-
ity peaks, pressure reaches its lowest point, and potential
energy is converted into kinetic energy. Some of this energy
is lost as heat and friction, while another portion contributes
to turbulent flow. These factors result in a pressure gradient,
which is captured by Doppler echocardiography.

Fig. 2 Vena contracta and Pres-

Further downstream in the ascending aorta, turbulent flow
gradually transitions to more laminar flow, allowing partial
pressure recovery (Fig. 2) [21]. Catheter-based pressure
measurements are typically obtained in this downstream
region, after pressure recovery has occurred, and therefore,
aortic pressure measured by catheterization is higher than
the pressure at the vena contracta. Consequently, the pres-
sure gradient measured by catheterization is often lower —
and sometimes markedly different — than that measured by
echocardiography [22].

In 2003, Garcia et al. compared Doppler-derived and
catheter-derived measurements in vitro, in animal models,
and in human subjects. They found that the catheter-derived
EOA, calculated from pressure measured at the vena con-
tracta (i.e., the point of lowest pressure), correlated better
with Doppler-derived EOA, than when pressures obtained
at the level of pressure recovery were used. Furthermore,
EOAs calculated from pressure recovery levels were sys-
tematically larger than those derived by Doppler (Fig. 3)
[23].

Recent studies assessing pressure gradients follow-
ing TAVR confirmed this discrepancy, demonstrating that
catheter-derived gradients at the level of pressure recovery
were consistently lower than those measured by echocar-
diography. Of note, this discrepancy is more pronounced
in supra-annular self-expanding THVs than in intra-annu-
lar balloon-expandable THVs [24-27]. Hatoum H et al.
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Fig. 3 EOA measurement by A

Doppler vs. catheter. A: EOA

(Doppler) vs. EOA (catheter at o i xH0.05
vena contracta). B: EOA (Dop-
pler) vs. EOA (catheter after
pressure recovery). Figures are
quoted from Garcia D et al.23
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conducted an experimental study measuring pressure gra-
dients at the vena contracta and the pressure recovery zone,
comparing a 23 mm Sapien 3 with a 26 mm Evolut valve.
Although the gradient at the vena contracta was higher with
the Sapien 3, the gradient after pressure recovery was sig-
nificantly lower compared with Evolut [25]. Van den Dorpel
MMP et al. reported that it was not the echocardiographic
but the catheter-derived gradients that were associated with
mortality [26].

Deciding whether echocardiographic or catheter-based
gradients should take priority remains a major ongoing
topic of discussion.

Limitations of the gorlin formula

Before the advent of Doppler echocardiography, the Gorlin
formula based on invasive hemodynamics was the standard
method for assessing aortic stenosis, and Doppler-based
assessment has evolved in part from these principles. How-
ever, the Gorlin formula is also primarily dependent on the
mean pressure gradient and cardiac output, with ejection
time and heart rate exerting a modest impact on the calcula-
tion of aortic valve area (AVA) [28]. Importantly, cardiac
output itself is estimated (e.g., by thermodilution), which
may introduce additional measurement variability and affect
the calculated AVA.

Supplementary Fig. 1 illustrates the relationship
between the mean pressure gradient and the AVA derived
from the Gorlin formula, assuming constant heart rate and
ejection time. At very low mean gradients, the calculated
AVA may become disproportionately large—sometimes
reaching physiologically implausible values. This phenom-
enon is often observed after successful TAVR procedures,
where gradients are rarely>10 mmHg [29]. However, the
threshold at which low gradients begin to meaningfully
distort the calculated AVA remains uncertain and should be
interpreted with caution. Despite these limitations, invasive

| y=126x-002
7y

O | r=097 SEE=0.12¢cm

" (cm")

EOA,

In vitro
Animals

EOA,, . (em”)

assessment retains important complementary value. In par-
ticular, pressure gradients are directly measured during cath-
eterization, unlike Doppler-based estimates. Although the
calculated AVA may become less reliable under low-gradient
conditions, a low directly measured pressure gradient itself
argues against the presence of clinically significant obstruc-
tion. Therefore, invasive hemodynamic assessment should
be considered complementary to Doppler-based evaluation,
rather than viewed solely in terms of its limitations.

Challenges in assessment of PPM: Is body
surface area an accurate surrogate for
cardiac output?

Indexing EOA by BSA assumes that cardiac output require-
ments are proportional to BSA; however, whether this
applies to patients undergoing AVR remains uncertain. In
the PERIGON trial, Vriesendorp MD et al. evaluated 744
SAVR patients with normal LV function and found only a
weak correlation between BSA and cardiac output (cardiac
output=1.5*BSA+1.9, »=0.29) [30]. Furthermore, while
larger BSA increased the likelihood of being labelled with
PPM, it was not associated with an increased risk of hav-
ing hemodynamic obstruction (mean gradient>20 mmHg
and/or a Doppler velocity index<0.35). The authors thus
concluded that the current definition of PPM may system-
atically overestimate hemodynamic obstruction in patients
with larger BSA, suggesting caution in using indexed EOA
in this subgroup.
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Clinical impact of PPM
Impact of PPM in SAVR

In SAVR, predicted PPM has often been used to investi-
gate the incidence and impact of PPM, with numerous stud-
ies confirming its negative impact on clinical outcomes
(Table 3) [31-34]. PPM is associated with mortality, and
other adverse clinical outcomes, including heart failure hos-
pitalizations, reduced improvement in quality-of-life and
functional status, and less regression in left ventricular mass
[13].

A report from the STS registry (n=59,779) of patients
undergoing isolated SAVR demonstrated a stepwise increase
in 10-year mortality with increasing severity of predicted
PPM [32]. The FinnValve registry (n=4,097) reported that
severe predicted PPM—but not moderate predicted PPM—
following SAVR with stented bioprostheses was associated
with increased 5-year mortality compared to patients with-
out PPM [33]. Data from the SWEDEHEART and other
national Swedish registries (n=16,423) also demonstrated
a stepwise increase in long-term all-cause mortality over
10 years with increasing predicted PPM grade in patients
undergoing bioprosthetic SAVR. However, the absolute
risk differences in patients with moderate predicted PPM
were small. The authors concluded that the clinical signifi-
cance of moderate predicted PPM might be negligible and

potentially outweighed by the risks associated with preven-
tive strategies [34].

Several meta-analyses have also reported that PPM
after SAVR is associated with higher mortality (Table 4)
[35-39]. Although severe PPM has consistently been linked
to increased mortality, the prognostic impact of moderate
PPM has varied across studies. Sa et al. conducted a meta-
analysis investigating the impact of PPM after SAVR using
reconstructed survival curve data from 122,989 patients.
Both moderate and severe PPM were associated with
increased long-term mortality and heart failure hospital-
ization. The meta-analysis included studies that assessed
the EOA using different methods: in vitro measurements
provided by manufacturers, in vivo values reported in
published studies, and actual measurements from Doppler
echocardiography. Across all methods, >moderate PPM was
consistently associated with worse survival, with the most
pronounced survival differences observed in studies using
Doppler echocardiography-derived EOA [39].

Impact of measured PPM in TAVR

In TAVR studies the impact of PPM on clinical outcomes
has mainly been assessed using measured PPM and results
have varied (Table 5) [19,40—44]. Hermann HC et al. inves-
tigated the clinical impact of PPM from the STS/ACC TVT
registry in 62,125 patients. At 1 year, there was no difference

Table 3 Selected studies reporting clinical outcomes of PPM after SAVR

First Database Year N of treatment Type Cri- Incidence Annular FU  Mortality
Author patients of teria of PPM enlargement
PPM  of
PPM
Man- Multi 2017 3,082 SAVR with Mea- #1 Moderate: 0% (excluded) 10 Moderate vs. severe (excluding
nacio V. center a stented sured 70% years operative mortality): 43.1% vs.
[31] bioprosthesis ~ PPM Severe: 57.1%, p=0.006
8%
Fallon STS 2018 59,779 Isolated SAVR Pre-  #1 Moderate: 3.2% 10 Moderate vs. none: 57% vs. 54%
IM [32] registry dicted 54% years (adjusted HR 1.08, CI 1.05-1.12)
PPM Severe: Severe vs. none: 65% vs. 54%
11% (adjusted HR 1.32, CI 1.25-1.39)
Severe vs. moderate: 65% vs. 57%
(adjusted HR 1.22, CI 1.16 -1.28)
Dahl- Finn- 2021 4,097 SAVR with Pre-  #1 Moderate: NA 5 Moderate vs. none: 20.8% vs.
backaS  Valve a stented dicted 39% years 14.9%, not significant
[33] registry bioprosthesis ~ PPM Severe: Severe vs. none: 29.3% vs. 14.9%,
7% adjusted HR 1.72 (CI 1.08-2.76,
p=0.02)
Dismorr SWEDE- 2023 16,423 SAVR with Pre- #2 Moderate: NA 10 Moderate vs. non: 45% vs. 43%,
M [34] HEART a stented dicted 52% years difference 1.7% (CI 0.1-3.3%)
registry bioprosthesis PPM Severe: Severe vs. none: 48% vs. 43%,
3% difference 4.6% (CI 0.7-8.5%)

#1: none (>0.85 cm?/m?), moderate (0.85-0.65 cm?/m?), and severe (<0.65 cm?>/m?)

#2 (VARCS3 criteria): If BMI is <30 kg/m?, none (>0.85 cm?/m?), moderate (0.85-0.66 cm?/m?), and severe (<0.65 cm?/m?). If BMI is 230 kg/
m2, none (>0.70 cm?/m?), moderate (0.70-0.55 cm?/m?), and severe (<0.55 cm?/m?)

Cl=confidence interval, HR=hazard ratio, NA=not available, PPM=prosthesis patient mismatch, SAVR=surgical aortic valve replacement
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Table 4 Selected meta-analyses reporting clinical outcomes of PPM after SAVR/TAVR

First Year Nof N of SAVR/TAVR Incidence of PPM  Mortality
Author studies patients
Head SJ 2012 34 27,186  SAVR only Any: 44.2% Any PPM vs. none: HR 1.34 (1.18 — 1.51)
[35] Moderate: 34.2%  Moderate vs. none: HR 1.19 (1.07 — 1.33)
Severe: 9.8% Severe vs. none: HR 1.84 (1.38 —2.45)
Takagi 2012 33 25,909 SAVR only Any: 32.5% Any PPM vs. none: HR 1.31 (1.16 — 1.48), p<0.0001
H [36] Moderate: 43.8% Moderate vs. none: HR 0.99 (0.92 — 1.07), p=0.78
Severe: 10.9% Severe vs. none: HR 1.27 (1.11 — 1.46), p=0.0008
ChenJ 2014 14 14,874 SAVR only - Any PPM vs. none (10 years): HR 1.52 (1.26 — 1.84)
[37] Moderate PPM vs. no PPM: Adjusted HR 0.96 (0.86 — 1.07)
Severe PPM vs. no PPM: Adjusted HR 1.50 (1.24 — 1.80)
Dayan 2016 58 40,381 SAVR Any: 43.8% Any PPM vs. none: HR 1.26 (1.16 — 1.36), p<0.0001
V [38] (n=39,568)
TAVR (n=813) Moderate vs. none: HR 1.01 (0.95 — 1.08), p=0.68
Severe vs. none: HR 1.43 (1.14 — 1.80), p=0.002
Severe vs. moderate: HR 1.33 (1.18 — 1.51), p<0.0001
Liao 2017 30 4,691 TAVR only Any: 33.0% Any PPM vs. none (2 years): OR 0.98 (0.72 — 1.32)
YB Moderate: 25.0% Moderate vs. none (2 years): HR 1.05 (0.72 — 1.54)
[48] Severe: 11.0%  Severe vs. none (2 years): HR 1.95 (0.38 — 9.91)
He S 2020 18 72,016 TAVR only Any: 32.0% Any PPM vs. none (2 years): OR 0.99 (0.79 — 1.24)
[47] Severe: 10.0%
Lim 2022 22 1,15,442 TAVR only Any: 31.0% Any PPM vs. none (mean FU 2.0 years): HR 0.97 (0.83 — 1.13)
OZH Severe: 10.7% Severe vs. none (mean FU 1.4 years): HR 1.86 (1.05 — 3.29),
[46] p=0.034
SaMP 2023 23 81,969 TAVR only Any: 23.9% Any PPM vs. none (5 years): HR 1.09 (1.04 — 1.14), p<0.001
[45] Moderate: 24.1%  Moderate vs. none (5 years): HR 1.03 (0.96 — 1.10), p=0.398
Severe: 10.9% Severe vs. none (5 years): HR 1.25 (1.16 — 1.36), p<0.001
SaMP 2024 65 1,22,989 SAVR only Any: 55.6% Any PPM vs. none (25 years): HR 1.16 (1.13 — 1.18), p<0.001
[39] Moderate: 51.4%  Moderate vs. none (20 years): HR 1.09 (1.06 — 1.11), p<0.001

Severe: 9.3%

Severe vs. none (20 years): HR 1.29 (1.24 — 1.35), p<0.001

Cl=confidence interval, HR=hazard ratio, OR=o0dds ratio, PPM=prosthesis patient mismatch, SAVR=surgical aortic valve replacement,

TAVR=transcatheter aortic valve replacement

in mortality or heart failure hospitalization between patients
with no PPM and moderate PPM, however, patients with
severe PPM had a significantly higher rate of mortality or
hospitalization compared to the other two groups [40].

A meta-analysis of reconstructed Kaplan-Meier curves
(n=81,969) reported that severe PPM, but not moderate
PPM, was associated with higher mortality after TAVR
compared with no PPM (Table 4) [45]. In another meta-
analysis, only severe PPM after TAVR was associated with
higher mortality, whereas any PPM was not [46,47].

On the contrary, there are studies reporting that PPM has
no effect on mortality. Al-Azizi et al. investigated the impact
of PPM in 3,016 patients undergoing TAVR and neither
severe nor moderate PPM, irrespective of valve type, was
associated with increased mortality for 5 years [43]. The
IMPACT TAVR registry investigated the impact of measured
and predicted PPM in TAVR patients. In 18,477 patients,
severe measured PPM was associated with significantly
higher mortality at 2-year follow-up compared to no PPM
in unadjusted analyses. However, in a multivariable Cox
analysis, severe measured PPM did not show a significant

relationship with mortality compared to non-severe (i.e. no
or moderate) measured PPM [44]. One meta-analysis also
found no significant differences in either short- or mid-term
mortality between patients with no-PPM and those with any
PPM, moderate PPM or severe PPM [48].

Differences in patient demographics, as well as study
designs, such as the number of patients, follow-up dura-
tion, completeness of follow-up rate, TAVR valves used,
etc. may contribute to these conflicting results. A report
from the STS/ACC TVT registry showed that severe PPM
after self-expanding supra-annular THVs was not associ-
ated with increased 1-year mortality [41]. On the contrary,
and as mentioned above, a report from the same registry,
including balloon-expandable and self-expanding valves,
showed a significant effect of severe PPM on mortality [40].
In the IMPACT TAVR registry, although not statistically
significant, a marginal effect of severe PPM on mortality
was observed after balloon-expandable THVs, whereas no
such effect was observed after self-expanding THVs [44].
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Table 5 Selected studies reporting clinical outcomes of PPM after TAVR

First Database Year N of Type Type Cri- Incidence of FU Mortality
Author patients  of of teria  PPM
THV PPM of
PPM
Her- STS/ 2018 62,125 BE, Mea- #l Moderate: 1 year  Moderate vs. none: 15.6% vs. 15.9% (adjusted HR
rmann  ACC SE  sured 25% 1.00, C10.93-1.07)
HC [40] TVT PPM Severe: 12% Severe vs. none: 17.2% vs. 15.9% (adjusted HR
registry 1.19, CI 1.09-1.31)
Tang STS/ 2021 42,174 SE Mea- #2 De novo 1year  De novo cohort
GHL ACC (de sured cohort
[41] TVT novo) PPM Moderate: Severe vs. moderate or none: 13.8% vs. 12.7%
registry 13.9% (adjusted HR 1.00, CI 0.87-1.16)
5,446 Severe: 5.3% Moderate vs. none: 13.7% vs. 12.5%, p=0.04
(TAV in Severe vs. none: 13.8% vs. 12.5%, p=0.12
SAV)
Ter- PART- 2021 936 BE Mea- #2 SAVR cohort 5years SAVR cohort
nacleJ] NER?2 (SAVR) sured
[19] PPM Moderate: Moderate vs. none: 40.8% vs. 33.1% (HR 1.27, CI
31% 0.95-1.70), p=0.103
Severe: 24% Severe vs. none: 43.1% vs. 33.1% (HR 1.40, CI
1.03-1.91), p=0.03
1,069 TAVR cohort TAVR cohort
(TAVR))
Moderate: Moderate vs. none: 40.8% vs. 36.2% (HR 1.14, CI
28% 0.90-1.45), p=0.266
Severe: 6% Severe vs. none: 48.0% vs. 36.2% (HR 1.40, CI
0.92-2.14), p=0.116
Pre- #2 SAVR cohort 5 years SAVR cohort
dicted Moderate: Moderate vs. none: 43.7% vs. 40.3% (HR 1.11, CI
PPM 28% 0.88-1.39), p=0.38
Severe: 1% Severe vs. none: 81.8% vs. 40.3% (HR 3.08, CI
1.58-5.99), p<0.01
TAVR cohort TAVR cohort
Moderate: Moderate vs. none: 36.9% vs. 41.4% (HR 0.86, CI
21% 0.67-1.10), p=0.22
Severe: 0.1% Severe vs. none: HR not available, p=0.465
Tomii D Swiss- 2023 2,463 BE, Mea- #2 Moderate: 10 years Moderate vs. none: 89.7% vs. 84.3% (adjusted HR
[42] TAVI SE  sured 27% 1.17, CI 1.00-1.38), p=0.055
registry PPM Severe: 9%  (median Severe vs. none: 94.6% vs. 84.3% (adjusted HR
429 1.19, C10.92-1.54), p=0.187
days)
Pre- #2 Moderate: 10 years Moderate vs. none: 82.0% vs. 86.8% (adjusted HR
dicted 11% 0.73, C10.55-0.96), p=0.022
PPM Severe: 1% (median Severe vs. none: 66.5% vs. 86.8% (adjusted HR
429 0.54, C10.24-1.22), p=0.139
days)
Al- Baylor 2024 3,016 BE, Mea- #2 Moderate: 5Syears Moderate vs. none: 45% vs. 47%, adjusted HR 1.05
Azizi K Scott & SE  sured 19% (CI10.88-1.26), p=0.59
[43] White PPM Severe: 6% Severe vs. none: 54% vs. 47%, adjusted HR 1.26 (CI
Health- 0.96-1.66), p=0.095
Care Pre- #2  Moderate: 5years Moderate vs. none: 45% vs. 47%, adjusted HR 1.11
System dicted 21% (CI0.93-1.33), p=0.227
in Texas PPM Severe: 0.8%

Severe vs. none: 33% vs. 47%, adjusted HR 1.03 (CI
0.42-2.49), p=0.954
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Table 5 (continued)

First Database Year N of Type Type Cri- Incidenceof FU Mortality
Author patients  of of teria PPM
THV PPM  of
PPM
Guthoff IMPACT 2024 18,477 BE, Mea- #2 Moderate: 2 years  None: 18.5%, moderate: 18.6%, severe: 21.7%
H[44] TAVR SE  sured 21%
registry PPM Severe: 4% Severe vs. moderate or non: adjusted HR 1.14 (CI
0.94-1.38), p=0.186
pre- #2 Moderate: 7% 4 None: 21.1%, moderate: 18.4%, severe: 17.2%
dicted Severe: 0.6% Severe vs. moderate or non: adjusted HR 0.92, 95%
PPM

CI0.52-1.62, p=0.766

#1: none (>0.85 cm?/m?), moderate (0.85-0.65 cm?/m?), and severe (<0.65 cm?>/m?)

#2 (VARCS3 criteria): If BMI is <30 kg/m?, none (>0.85 cm?/m?), moderate (0.85-0.66 cm?/m?), and severe (<0.65 cm?/m?). If BMI is 230 kg/
m2, none (>0.70 cm?/m?), moderate (0.70-0.55 cm?/m?), and severe (<0.55 cm?/m?)

BE=balloon-expandable, Cl=confidence interval, HR=hazard ratio, PPM=prosthesis patient mismatch, SAVR=surgical aortic valve replace-

ment, SE=self-expanding, TAVR=transcatheter aortic valve replacement

Measured vs. predicted PPM in TAVR

Ternacle et al. used data from the PARTNER 2 study, and
were the first to report the incidence and clinical impact of
predicted PPM in TAVR (Table 5). Their study demonstrated
that compared to measured PPM, the use of predicted PPM
significantly reduced the incidence of PPM in both SAVR
and TAVR. In TAVR patients, severe predicted PPM was
nearly absent, with neither measured nor predicted PPM
showing a significant association with mortality. However,
in SAVR, severe predicted PPM was more strongly associ-
ated with increased mortality than severe measured PPM,
suggesting that predicted PPM may be more prognostically
relevant in the surgical setting [19].

The clinical impact of predicted PPM in TAVR remains
uncertain and may be of limited value (Table 5) [42—44]
Tomii et al. assessed the influence of measured and pre-
dicted PPM on long-term mortality using data from 2,463
patients in the Swiss-TAVI registry. Predicted PPM was
associated with a lower incidence of PPM compared to
measured PPM. Neither moderate nor severe measured
PPM significantly affected 5- or 10-year mortality. Inter-
estingly, moderate predicted PPM was paradoxically asso-
ciated with lower mortality compared to no PPM, raising
questions about the predictive validity of this approach [42].
Similarly, the IMPACT-TAVR study showed that the use of
predicted PPM reduced the incidence of PPM, but neither
measured nor predicted PPM was significantly associated
with 2-year mortality [44].

Differential clinical impact of PPM in SAVR versus
TAVR

The negative impact of PPM on clinical outcomes has
been consistently observed in SAVR, whereas findings in
TAVR remain inconsistent. As discussed above, differences

in the assessment of PPM (measured vs. predicted EOA),
the inherent limitations of each method, and variations in
PPM definitions make direct comparisons between SAVR
and TAVR challenging. Nevertheless, in a meta-analysis of
SAVR studies, PPM was consistently associated with worse
outcomes even when assessed using measured EOA [39]. In
contrast, in TAVR studies, the use of predicted PPM has not
demonstrated differences in outcomes between patients with
and without PPM. 194244

From a procedural perspective, in SAVR, the prosthetic
valve is surgically implanted with a sewing ring and is struc-
turally fixed within the annulus, resulting in a relatively sta-
ble and well-defined effective orifice area. Therefore, PPM
in SAVR more directly reflects a fixed mechanical limitation
of forward flow, which may lead to a more consistent asso-
ciation with clinical outcomes. In contrast, TAVR prostheses
are deployed within the native valve and are subject to vari-
ability in expansion, positioning, interaction with calcifica-
tion, and procedural factors. As a result, the effective orifice
area may be more influenced by multiple factors beyond
prosthesis size alone, potentially attenuating or obscuring
the relationship between PPM and outcomes.

Differences in patient characteristics may also partly
explain this discrepancy. SAVR is more commonly per-
formed in younger, more active patients, in whom the hemo-
dynamic consequences of PPM may be more pronounced.

Methodological differences across studies may also play
an important role. TAVR studies are typically restricted to
patients with aortic stenosis, whereas SAVR studies may
include patients with aortic regurgitation and those undergo-
ing concomitant procedures, which could affect outcomes.
Furthermore, the inclusion of periprocedural mortality —
events that may not be directly attributable to PPM — can
influence the observed associations. Importantly, studies
using measured PPM inherently include only patients who
survive to postoperative echocardiographic assessment,
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whereas studies using predicted PPM may include patients
who die during or shortly after the procedure. This dif-
ference in patient inclusion may further contribute to the
inconsistent associations observed in TAVR. Therefore,
more standardized approaches are warranted to enable more
consistent evaluation across studies.

Call for alternatives to PPM? Fitting index

Considering the methodological limitations and the uncer-
tain clinical implications of PPM, it may be time to consider
alternative concepts for evaluating valve—patient interac-
tions. Garcia D et al. proposed the concept of energy loss
index (ELI) to account for the pressure recovery [49]. Energy
loss reflects the loss of energy as blood flows from the left
ventricle into the aorta across the aortic valve. In an in vitro
experimental model, they demonstrated an inverse relation-
ship between energy loss and the coefficient (EOA*Aa)
/ (Aa — EOA), where Aa denotes the cross-sectional area
of the ascending aorta. When this coefficient was indexed
to BSA, it was defined as the ELI. An ELI<0.52 cm?/m?
was associated with adverse clinical outcomes in subjects
with moderate or severe aortic stenosis. However, the clini-
cal implications of the energy loss index in TAVR patients
remain debatable [50,51]. Another potential approach is
post-TAVR CT assessment of THV geometry, including
valve underexpansion and eccentricity, which may reflect
device—annulus interaction more directly. Several studies
have reported associations between CT-defined THV defor-
mation and subsequent clinical outcomes [52,53]. Although
post-TAVR CT provides detailed assessment of THV geom-
etry, it is not routinely performed in many centers, limiting
its widespread applicability. Alternatively, as described in
the editorial by Ternacle J and Pibarot P on the PERIGON
study, potential approaches include indexing EOA by fat
free-mass instead of BSA, or the EOA indexed to the native
aortic annulus area [54].

In contemporary TAVR practice, preprocedural CT
assessment is essential for valve sizing. Unlike SAVR,
where annular enlargement is an option, in TAVR we are
limited to selecting the type and size of THVs based on ana-
tomical information. In this context, the “Fitting Index” may
offer a practical and anatomically based metric. The Fitting
Index is defined as the ratio between the THV diameter
(valve size) and the aortic annulus diameter as measured by
preprocedural CT. It reflects how well the selected valve fits
within the annular anatomy. Area-derived Fitting index =
(THV nominal diameter [THV size)] / aortic annulus diam-
eter derived from aortic annulus area. Perimeter-derived
Fitting index = (THV nominal diameter [THV size)] / aor-
tic annulus diameter derived from aortic annulus perimeter
(Fig. 4). Table 6 compares the fitting index with measured
and predicted PPM.

We investigated the perimeter-derived Fitting Index in
the Myval THV series (n=368) and Sapien THV series
(n=195) in the Landmark trial [55-57], and Fig. 5 shows
the density curve [56]. Notably, while the Myval has a nar-
row shape in the density curve, the Sapien has a wide shape.
This difference relates to the availability in the Myval group
of intermediate nominal sizes (21.5, 24.5, and 27.5 mm) as
well as conventional nominal sizes (20, 23, 26, and 29 mm),
which enables a better fit to the native aortic annulus.

We investigated the relationship between the fitting index
and the incidence of new permanent pacemaker implanta-
tion (PPI), EOA, and mean pressure gradient at 30 days. The
population was divided into two groups using the crossing
points of the density curve of the fitting index (X=0.99 and
Y=1.06): those with a fitting index less than X or greater
than Y were categorized as inappropriate fitting, whilst
those between X and Y were appropriate fitting (Fig. 5 and
supplementary Fig. 2). The better fit of the Myval series
may help explain their observed larger EOA and lower
mean pressure gradient.

A key limitation of this post hoc analysis is the lack of
recorded data on THV balloon overfilling or underfilling,

Fig. 4 An example of calculating Implanted THV:

the Fitting Index. The area- Baseline CT Myval Octacor 21.5 mm
derived and perimeter-derived g -
diameters were calculated from Native aortic annulus A/ v’ N A

the native aortic annulus area and
perimeter measured on prepro-
cedural CT, assuming a circular
annulus. Area-derived diam-

eter=2 4/area/3.14. Perimeter-

derived diameter=perimeter/3.14.
CT=computed tomography,

Area: 351 mm?
Area derived diameter: 21.1 mm

P AR

L4 S

Perimeter: 67.1 mm N v ik
g

Perimeter derived diameter: 21.4mm

THV=transcatheter heart valve

Area derived Fitting index = labelled THV diameter / CT-annulus area derived diameter
=21.5/21.1
=1.02
Perimeter derived Fitting index = labelled THV diameter / CT-annulus perimeter derived diameter
=21.5/214
= 1.00
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Table 6 Features and comparisons of the fitting index and PPM

Fitting index Measured PPM  Predicted
PPM

Formula Aortic annulus area  EOA (directly EOA
(preprocedural CT) measured) / BSA (based
derived diameter/  (cm*m?) on
implanted nominal reference
THYV diameter publica-
Aortic annulus tion) /
perimeter (pre- BSA
procedural CT) (cm?
derived diameter / m’)
implanted nominal
THYV diameter

Preprocedural ~ Yes No Yes

prediction

Aortic annulus  Yes No No

area (CT) is

considered

Valve size is Yes No No

considered

Body size No Yes Yes

(BSA, BMI) is

considered

Echocar- No Yes Yes

diographic

parameters

BMI=body mass index, BSA=body surface area, CT=computed
tomography, EOA=effective orifice area, PPM=prosthesis patient
mismatch, THV=transcatheter heart valve

Fig. 5 Fitting index and the

incidence of new permanent

pacemaker implantation, effective

orifice area, and mean pres-

sure gradient. Density curves of

perimeter-derived fitting index in

Myval series and Sapien series in 10
the LANDMARK trial. Patients
were divided based on the cross-
ing points (<X or >Y: inappropri-
ate fitting, > X or <Y: appropriate
fitting; X=0.99, Y=1.06). Rates
of new permanent pacemaker 5
implantation, effective orifice

area, and mean pressure gradient

at 30 days are tabulated. The

figure is adapted from van Royen

N et al.5

Density

which hindered adjustment of the prosthesis area or perim-
eter dimensions. In addition, actual valve expansion was
not evaluated by fluoroscopy or postprocedural CT. Fur-
thermore, the Fitting Index is inherently dependent on the
accuracy of annular sizing. The Fitting index was also not
evaluated in the Evolut series, because the labeled valve sizes
and corresponding aortic annulus area/perimeter substan-
tially differ between self-expanding and balloon-expandable
valves. This fundamental difference in sizing methodology
makes direct comparison of the Fitting index across dif-
ferent valve platforms inappropriate. Even within balloon-
expandable platforms, the relationship between labeled
valve size and actual deployed valve dimensions may vary
according to device-specific design characteristics, such as
frame architecture, radial force, recoil behavior, and leaflet
configuration. Another major limitation is the lack of vali-
dated outcomes for this method. Consequently, the clinical
value of the broad size matrix of the Myval series—includ-
ing both intermediate and conventional sizes—has not yet
been established, and the findings related to the fitting index
should be considered hypothesis-generating. Although the
current sample size is limited, further insights are expected
following a planned pooled analysis with the COMPARE-
TAVI study (Myval THV series; n=514, Sapien THV series;
n=>517) [58].

Density Curve of Fitting Index for Myval vs Sapien

Group
[:| Myval

D Sapien

0.99 1.(}6

o
0.9 1.0 1.1 1.2
Fitting Index (THV Sizes divided Aortic Annulus Perimeter derived diameter)
Fitting index <X and >Y Fitting index between X and Y
(Inappropriate fitting index) (Appropriate fitting index)
Myval Sapien Myval Sapien
Group N=105 N=90 N=274 N=99
PPI 16 152) [P=0.38 19 (2L1) 41(15.0) [P=0.97 14 (14.1)
EOA, cm?
’ ’ X X IP<0.! . . 1.99 (0.63) [P . .
Mean (SD) 2.05 (0.55) [P<0.0001] 1.73 (0.51) 0.63) [P=0.06] 1.86 (0.54)
M;g:‘(';;g’ 8.05 (3.74) [P=0.0001] 10.38 (4.67) 8.07 (3.55) [P<0.0001] 9.99 (5.24)
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Summary

Almost half a century ago, cardiac surgeons introduced the
concept of PPM using EOA indexed by BSA, a surrogate of
cardiac output. Indeed, after SAVR, PPM has proven to be
a robust predictor of vital status. With the advent of echo-
cardiography, the EOA became assessable non-invasively;
however, several cautions should be considered when inter-
preting the EOA and EOAI. Furthermore, invasive assess-
ment of AVA using the Gorlin formula may overestimate
AVA at low gradients, limiting its usefulness in reliably
assessing PPM.

The impact of measured PPM post-TAVR on long-term
mortality remains inconsistent across studies, with conflict-
ing results. The clinical relevance of PPM may vary depend-
ing on valve design, and this requires further validation.

Predicted PPM in TAVR, while offering certain advan-
tages over measured PPM, has not clearly demonstrated
prognostic value and may have limited clinical usefulness.
Given these limitations, we propose an alternative fitting
index derived from data routinely collected during the man-
datory pre-TAVR multi-slice CT. The clinical value of the
fitting index warrants prospective investigation.
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