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OBJECTIVES This study aimed to compare incidence and impact ofmeasured prosthesis-patientmismatch (PPMM) versus

predicted PPM (PPMP) after surgical aortic valve replacement (SAVR) and transcatheter aortic valve replacement (TAVR).

BACKGROUND TAVR studies have used measured effective orifice area indexed (EOAi) to body surface area (BSA) to

define PPM, but most SAVR series have used predicted EOAi. This difference may contribute to discrepancies in incidence

and outcomes of PPM between series.

METHODS The study analyzed SAVR patients from the PARTNER (Placement of Aortic Transcatheter Valves) 2A trial and

TAVRpatients from the PARTNER 2 SAPIEN 3 Intermediate Risk registry. PPMwas classified asmoderate if EOAi#0.85 cm2/

m2 (#0.70 if obese: bodymass index$30 kg/m2) and severe if EOAi#0.65 cm2/m2 (#0.55 if obese). PPMMwas determined

by the core lab–measured EOAi on 30-day echocardiogram. PPMP was determined by 2 methods: 1) using normal EOA

reference values previously reported for each valvemodel and size (PPMP1; n¼929 SAVR, 1,069 TAVR) indexed to BSA; and

2) using normal reference EOA predicted from aortic annulus size measured by computed tomography (PPMP2; n ¼ 864

TAVR only) indexed to BSA. Primary endpoint was the composite of 5-year all-cause death and rehospitalization.

RESULTS The incidence of moderate and severe PPMP was much lower than PPMM in both SAVR (PPMP1: 28.4% and

1.2% vs. PPMM: 31.0% and 23.6%) and TAVR (PPMP1: 21.0% and 0.1% and PPMP2: 17.0% and 0% vs. PPMM: 27.9% and

5.7%). The incidence of severe PPMM and severe PPMP1 was lower in TAVR versus SAVR (P < 0.001). The presence of

PPM by any method was associated with higher transprosthetic gradient. Severe PPMP1 was independently associated

with events in SAVR after adjustment for sex and Society of Thoracic Surgeons score (hazard ratio: 3.18;95% CI: 1.69-

5.96; P < 0.001), whereas no association was observed between PPM by any method and outcomes in TAVR.

CONCLUSIONS EOAi measured by echocardiography results in a higher incidence of PPM following SAVR or

TAVR than PPM based on predicted EOAi. Severe PPMP is rare (<1.5%), but is associated with increased all-cause

death and rehospitalization after SAVR, whereas it is absent following TAVR. (J Am Coll Cardiol Intv 2021;14:1466–77)
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SEE PAGE 1478

AB BR E V I A T I O N S

AND ACRONYM S

AS = aortic stenosis

BMI = body mass index

BSA = body surface area

CTA = computed tomography

angiography

EOA = effective orifice area

EOAi = indexed effective

orifice area

LVEF = left ventricular

ejection fraction

PPM = prosthesis-patient

mismatch

PPMM = measured prosthesis-

patient mismatch

PPMP1 = predicted prosthesis-

patient mismatch, method 1

PPMP2 = predicted prosthesis-

patient mismatch, method 2

SAVR = surgical aortic valve

replacement

STS = society of Thoracic

Surgeons

TAVR = transcatheter aortic

valve replacement
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P rosthesis-patient mismatch (PPM) is defined
by an effective orifice area (EOA) too small in
relation to patient’s body surface area (BSA),

therefore often resulting in high residual transvalvu-
lar pressure gradients (1). PPM is generally catego-
rized on the basis of the indexed EOA (EOAi) (ie, the
EOA divided by the patient’s BSA). The cutoff values
of EOAi that are recommended to define PPM
are <0.85 cm2/m2 for moderate and <0.65 cm2/m2

for severe PPM (2–4). However, in obese patients
(body mass index $30kg/m2), the use of these EOAi
cutpoints may result in an overestimation of the inci-
dence and severity of PPM because of an overindexa-
tion phenomenon. It is thus recommended to apply
lower cutoff values in these patients: <0.70 cm2/m2

for moderate and <0.55 cm2/m2 for severe PPM (2).
PPM is often defined with the use of the EOAi directly
measured by transthoracic echocardiography at the
pre-discharge or 30-day echocardiogram. However,
the measured EOAi has several limitations: 1) it (and
thus the determination of PPM) is not available in pa-
tients with missing echocardiograms; 2) it is subject
to echocardiographic technical pitfalls and measure-
ment errors; and 3) it is flow dependent and may
thus overestimate the severity of PPM in patients
with a low-flow state. To overcome this limitation,
the use of the predicted EOAi has been proposed to
define PPM; this parameter is calculated by dividing
the normal reference value of EOA for the implanted
model and size of prosthesis by the patient’s BSA
(2,5). The vast majority of surgical aortic valve
replacement (SAVR) studies have used the predicted
EOAi to examine the incidence and impact of PPM
(6,7), whereas all transcatheter aortic valve replace-
ment (TAVR) studies, to date, have only used the
measured EOAi. This difference in the method used
to identify and grade PPM may, at least in part,
explain the discrepancies in PPM incidence and
impact reported between TAVR and SAVR series. No
study has assessed and compared the incidence and
outcomes of PPM using the measured versus the pre-
dicted EOAi in SAVR and TAVR. The objective of this
study was to determine and compare the incidence
and outcomes of PPM after SAVR and TAVR using
the measured versus predicted EOAi.
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METHODS

STUDY DESIGN AND POPULATIONS. In this
analysis, we used the populations from the
PARTNER (Placement of Aortic Transcatheter
Valves; NCT01314313) 2A randomized trial
(8,9) and the PARTNER 2 SAPIEN 3
intermediate-risk observational study
(NCT0322128) (10,11). These 2 prospective,
multicenter studies enrolled patients with
symptomatic, severe aortic stenosis (AS) who
were considered to be at intermediate risk for
30-day surgical mortality. Surgical risk status
was evaluated by a Heart Team and patients
were considered at intermediate risk based
on clinical assessment or if their Society of
Thoracic Surgeons (STS) predicted risk of
operative mortality score was $4%. In those
with STS score <4%, the Heart Team deemed
the patient intermediate risk if they had risk
factors not present within the predictive
score (eg, liver disease, frailty, pulmo-
nary hypertension).
In the PARTNER 2A trial, patients were

randomly assigned to receive either SAVR or TAVR
using the SAPIEN XT device (Edwards Lifesciences,
Irvine, California) (8). In the SAPIEN 3 single-arm
study, all patients underwent TAVR with the SAPIEN
3 valve. Patients who were eligible for the PARTNER 2
trial or registry were presented on a conference call in
which a screening committee reviewed imaging and
clinical data and approved patients prior to enroll-
ment. Inclusion and exclusion criteria for PARTNER 2A
trial and SAPIEN 3 registry (8,10,11) were identical. Key
exclusion criteria were a congenitally bicuspid aortic
valve, severe aortic regurgitation, left ventricular
ejection fraction (LVEF) lower than 20%, severe renal
insufficiency, and estimated life expectancy of <2
years. Both trials were approved by the institutional
review boards of each participating site and written
informed consent was provided by all patients. In the
present study, we included patients from the SAVR
arm of the PARTNER 2A randomized trial and those
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from the PARTNER 2 SAPIEN 3 Intermediate-Risk
registry.

DEFINITION OF PPM. For all methods (measured and
predicted EOAi), PPM was defined as nonsignificant if
EOAi was >0.85 cm2/m2, moderate if >0.65 cm2/m2

and #0.85 cm2/m2, and severe if #0.65 cm2/m2.
Furthermore, lower cutoff values of EOAi were used
in obese patients (body mass index [BMI] $30 kg/m2)
as previously recommended (2): nonsignificant if
EOAi >0.70 cm2/m2, moderate if >0.55 cm2/m2

and #0.70 cm2/m2, and severe if #0.55 cm2/m2.

METHODS TO DEFINE PPM. Measured PPMM. The EOA
was measured at 30 days by transthoracic echocardi-
ography using the continuity equation and then
indexed for BSA to define measured PPM (PPMM)
(2,4). The diameter of the left ventricular outflow
tract was measured just below the left ventricular
border of the bioprosthetic valve stent or sewing ring
from outer-to-outer border of the stent or ring (4).
The pulsed-wave Doppler sample volume was posi-
tioned just apical to the prosthesis stent/ring at the
same location as the left ventricular outflow tract
diameter measurement (Supplemental Figure 1). The
EOA value was then indexed (EOAi) to BSA calculated
with the Dubois formula. All echocardiograms in pa-
tients given SAVR or TAVR were analyzed indepen-
dently by a consortium of echocardiography
core laboratories.
Predicted PPMP. Two different methods (Supplemental
Figure 1) were applied to obtain the predicted EOAi
and define predicted PPM (PPMP). The first method
(predicted 1 [PPMP1]) was based on the normal refer-
ence values of EOA for each size and model of
implanted surgical or transcatheter valves obtained
from the published data (Supplemental Tables 1 and 2)
(2,12). The second method (predicted 2 [PPMP2]) was
used only for the TAVR arm with the SAPIEN 3 valve
and was based on the normal reference values of EOA
derived according to aortic annulus area measured by
computed tomography angiography (CTA) before the
TAVR procedure (Supplemental Table 2). CTA was not
performed routinely in the PARTNER 2A trial; thus,
PPMP2 was not able to be determined for SAVR. The
predicted EOA was then indexed to BSA.

STUDY ENDPOINTS. The primary endpoint was the
composite of all-cause death and cardiac rehospitali-
zation at 5 years. Secondary endpoints included the
separate analysis of all-cause death, cardiac death
and rehospitalization at 5 years. All events were
classified according to Valve Academic Research
Consortium-2 criteria (13). The functional status,
quality of life, and exercise capacity, assessed by the
New York Heart Association functional class, Kansas
City Cardiomyopathy Questionnaire, and 6-min
walking test distance, respectively, were
also reported.

STATISTICAL ANALYSIS. Continuous data were pre-
sented as mean � SD or as median (interquartile
range) when distribution was skewed. Categorical
data were presented as percentage and fraction of
occurrence. Group comparisons were analyzed with
the chi-square test or Fisher exact test, as appro-
priate, for categorical variables; the Student’s t-test or
Wilcoxon rank sum was used for continuous vari-
ables. Paired comparisons were performed using
paired Student’s t-test or McNemar’s test when
appropriate. Logistic regression was used to identify
variables associated with severe PPM. Kaplan-Meier
estimates and log-rank test were used to compare
occurrence of endpoints over 5 years stratified ac-
cording to presence or absence of PPM and severity of
PPM (none, any, moderate, or severe) using
both measured and predicted EOAi (including the 2
predicted methods). Only the PPM definition using
adjusted cutoffs for BMI was considered for the
analysis of outcomes. Multivariable analysis was
performed with the Cox proportional hazards model
and included the STS score and variables with a P
value <0.10 on univariable analysis. Incidence and
association with outcomes of PPM (measured or
predicted) were analyzed separately in both the
SAVR and TAVR arms. All statistical analyses
were performed with the use of SAS software, version
9.4 (SAS Institute) and a P value < 0.05 was consid-
ered statistically significant.

RESULTS

STUDY POPULATION. Overall, 2,005 patients were
included in the SAVR arm of the PARTNER 2A ran-
domized trial (n ¼ 936) and the PARTNER 2 SAPIEN 3
Intermediate-Risk registry (n ¼ 1,069) (Supplemental
Figure 2). The median follow-up duration was 1,747
(interquartile range: 817 to 1,842) days in the
SAVR cohort and 1,685 days (interquartile range:
1,010–1,854 days) in the TAVR cohort. Baseline char-
acteristics of these 2 cohorts are described in previ-
ous publications (11). Thirty-day echocardiography to
define PPMM was available in 726 (78%) patients of
the SAVR cohort and 954 (89%) patients of the TAVR
cohort. For PPMP1, all patients with known prosthetic
valve model and label size were included (SAVR:
n ¼ 929 [99%]; TAVR: n ¼ 1,069 [100%]). Finally,
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TABLE 1 Incidence of PPM According to the Method for Definition of PPM in the SAVR

Versus TAVR Cohorts

SAVR TAVR p Value

Measured PPM

Measured EOAi, cm2/m2 0.79 � 0.22 (726) 0.89 � 0.21 (954) <0.0001

Any PPMM 466/726 (64.2) 446/954 (46.8) <0.0001

Moderate PPMM 264/726 (36.4) 357/954 (37.4) 0.66

Severe PPMM 202/726 (27.8) 89/954 (9.3) <0.0001

Any BMI-adjusted PPMM 396/726 (54.5) 320/954 (33.5) <0.0001

Moderate BMI-adjusted PPMM 225/726 (31.0) 266/954 (27.9) 0.17

Severe BMI-adjusted PPMM 171/726 (23.6) 54/954 (5.7) <0.0001

Predicted PPM, method 1

Predicted EOAi, cm2/m2 0.89 � 0.14 (929) 0.87 � 0.11 (1,069) 0.007

Any PPMP1 399/929 (42.9) 455/1,069 (42.6) 0.86

Moderate PPMP1 374/929 (40.3) 437/1,069 (40.9) 0.78

Severe PPMP1 25/929 (2.7) 18/1,069 (1.7) 0.12

Any adjusted PPMP1 275/929 (29.6) 226/1,069 (21.1) <0.0001

Moderate adjusted PPMP1 264/929 (28.4) 225/1,069 (21.0) 0.0001

Severe adjusted PPMP1 11/929 (1.2) 1/1,069 (0.1) 0.002

Predicted PPM, method 2

Predicted EOAi, cm2/m2 N/A 0.89 � 0.10 (864) N/A

Any PPMP2 N/A 325/864 (37.6) N/A

Moderate PPMP2 N/A 320/864 (37.0) N/A

Severe PPMP2 N/A 5/864 (0.6) N/A

Any adjusted PPMP2 N/A 147/864 (17.0) N/A

Moderate adjusted PPMP2 N/A 147/864 (17.0) N/A

Severe adjusted PPMP2 N/A 0/864 (0.0) N/A

Values are mean � SD (n) or n/N (%).

EOAi ¼ indexed effective orifice area; EOAiM ¼ measured indexed effective orifice area; EOAiP1 ¼ method 1
predicted indexed effective orifice area; EOAiP2 ¼ method 2 predicted indexed effective orifice area; N/A ¼ not
applicable; PPM ¼ prosthesis-patient mismatch; PPMM ¼ measured prosthesis-patient mismatch;
PPMP1 ¼ method 1 predicted prosthesis-patient mismatch; PPMP2 ¼ method 2 predicted prosthesis-patient
mismatch; SAVR ¼ surgical aortic valve replacement; TAVR ¼ transcatheter aortic valve replacement.
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preprocedural CTA data to define PPMP2 were avail-
able in 864 (81%) patients of the TAVR cohort
(Supplemental Figure 2).

INCIDENCE OF PPM USING THE MEASURED EOAi

VERSUS THE PREDICTED EOAi IN SAVR AND TAVR.

The measured and predicted EOA and EOAi in the
TAVR and SAVR arms are presented in Table 1. Using
the measured EOAi, the incidence of moderate and
severe PPMM were 36.4% and 27.8%, respectively
(overall PPMM: 64.2%), in the SAVR cohort and 37.4%
and 9.3%, respectively (overall PPMM: 46.8%), in the
TAVR cohort (Table 1, Figure 1). When using the pub-
lished expected transcatheter valve areas by bio-
prosthetic valve size to calculate EOAi, the incidence
of moderate and severe PPMP1 was 40.3% and 2.7%,
respectively (overall PPMP1: 42.9%), in the SAVR
cohort and 40.9% and 1.7%, respectively (overall
PPMP1: 42.6%), in the TAVR cohort (Table 1, Figure 1).
Using the published expected transcatheter valve
areas by CTA annular area to calculated EOAi, the
incidence of moderate and severe PPMP2 was 37.0%
and 0.6%, respectively (overall PPMP2: 37.6%), in the
TAVR cohort (Table 1, Figure 1B). With all 3 methods
(measured, predicted 1, predicted 2), adjustment of
the EOAi cutpoints in obese patients (<0.70 cm2/m2

instead of <0.85 cm2/m2 for moderate PPM
and <0.55 cm2/m2 instead of 0.65 cm2/m2 for severe
PPM) resulted in lower incidences of PPM (Figure 1).
Baseline, procedural, and 30-day characteristics of
patients with severe BMI-adjusted PPM using both
the measured and the predicted 1 methods are pre-
sented in Supplemental Tables 3 and 4 for the SAVR
cohort and in Supplemental Tables 5 and 6 for the
TAVR cohort. The correlation and agreement of the
predicted EOAi method 1 versus the measured EOAi
to identify severe BMI-adjusted PPM are presented in
Supplemental Figure 3. A low-flow state (ie, stroke
volume index <35 ml/m2) was observed in 91% and
79% of the SAVR and TAVR patients with severe
PPMM reclassified to nonsevere PPMP1, respectively
(Supplemental Tables 7 and 8). On multivariable
analysis, smaller prosthetic valve size and low-flow
state at 30 day were the 2 main factors indepen-
dently associated with severe PPMM (Supplemental
Tables 9 and 10).

The incidence of severe PPM defined with the use of
the predicted EOAi methods was markedly lower than
with the use of the measured EOAi method in both
SAVR (severe PPMP1: 2.7% vs severe PPMM: 27.8%) and
TAVR (severe PPMP1: 1.7% and severe PPMP2: 0.6% vs
severe PPMM: 9.3%) cohorts (p < 0.001 for all). Similar
results were observed with the BMI-adjusted cut-
points of EOAi in obese patients (Figure 1).
The rates of any and severe PPMM or any and se-
vere PPMP1 were significantly lower in TAVR versus
SAVR whether adjusted or not for BMI (Table 1). The
mean transprosthetic gradient was higher in moder-
ate PPM versus no PPM and in severe PPM versus no
or moderate PPM, regardless of the method used to
define PPM (Table 2). The presence of PPM by any
method was associated with higher mean trans-
prosthetic gradient (Table 2).

ASSOCIATION OF PPM WITH CLINICAL OUTCOMES.

In the SAVR cohort, severe PPMM or any and severe
PPMP1 adjusted for BMI was associated with a 1.34-
fold increase (P ¼ 0.031) in the risk of all-cause
death or rehospitalization at 5 years, whereas severe
PPMP1 adjusted for BMI was associated with a 3.30-
fold increase (P < 0.001) in the risk of event
(Figure 2). These associations persisted after adjust-
ment for comorbidities (for PPMM, hazard ratio: 1.29;
95% CI: 1.01-1.65; P ¼ 0.0433; and for PPMP1, HR: 3.18;
95% CI: 1.69-5.96; P ¼ 0.0003) (Table 3). Moderate
PPM by any method was not associated with
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FIGURE 1 Incidence of PPM by Measured or Predicted Methods

(A) Incidence of prosthesis-patient mismatch (PPM) following surgical aortic valve replacement (SAVR) by indexed effective orifice area (EOAi) measured by echo-

cardiography (PPMM) or predicted by method 1 from published expected EOA according to valve model and size (PPMP1), with and without adjustment for obesity. (B)

Incidence of PPM following transcatheter aortic valve replacement (TAVR) by measured EOAi method (PPMm), by predicted EOAi method 1 (PPMp1), or predicted by

method 2 from published expected EOA according to CTA aortic annulus area (PPMP2), with and without adjustment for obesity. BMI ¼ body mass index.
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TABLE 2 Transprosthetic Aortic Valve Mean Gradient According to PPM Groups and Methods in Both SAVR and TAVR Cohorts

Cohort No PPM BMI-Adjusted Moderate PPM BMI-Adjusted Severe PPM

SAVR

PPMM, mm Hg 9.5 � 3.5 (330) 10.7 � 3.8 (225)* 13.3 � 4.7 (171)*†

PPMM, MG $20 mm Hg 3/330 (0.9) 6/225 (2.7) 16/171 (9.4)*†

PPMP1, mm Hg 9.9 � 3.6 (556) 13.2 � 4.9 (219)* 14.3 � 5.8 (6)*

PPMP1, MG $20 mm Hg 9/556 (1.6) 20/219 (9.1)* 1/6 (16.7)*

TAVR

PPMM, mm Hg 10.3 � 3.8 (634) 12.7 � 4.6 (266)* 15.8 � 8.4 (54)*†

PPMM, MG $20 mm Hg 13/634 (2.1) 21/266 (7.9)* 11/54 (20.4)*†

PPMP1, mm Hg 10.7 � 4.3 (799) 14.0 � 6.3 (210)* 20.2 (1)*

PPMP1, MG $20 mm Hg 25/799 (3.1) 25/210 (11.9)* 1/1 (100.0)*†

PPMP2, mm Hg 11.0 � 4.7 (682) 13.0 � 5.2 (138)* N/A (0)

PPMP2, MG $20 mm Hg 30/682 (4.4) 14/138 (10.1)* N/A (0.0)

Values are mean � SD (n) or n/N (%). All PPM definitions are adjusted for BMI. *p < 0.05 vs no PPM. †p < 0.05 vs moderate PPM.

MG ¼ mean gradient; PPMM: prosthesis-patient mismatch defined with the measured indexed effective orifice area; PPMP1: prosthesis-patient mismatch defined with
predicted indexed effective orifice area method 1; PPMP2: prosthesis-patient mismatch defined with predicted indexed effective orifice area method 2; other abbreviations as in
table 1.
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increased risk of events in SAVR. The presence of high
residual gradient (mean gradient $20 mm Hg) at
30 days was also not associated with the risk of all-
cause death or rehospitalization at 5 years.

In the TAVR cohort, severe PPMM adjusted for BMI
was not associated with the composite of all-cause
death and rehospitalization at 5 years (Figure 3A).
Severe PPMP1 or severe PPMP2 were absent or
extremely rare, and association with outcomes could
not be examined (Figures 3B and 3C). There was no
association between moderate PPM by any method
and outcomes in TAVR.

The secondary endpoints of all-cause death, car-
diac death, and rehospitalization at 5 years by BMI-
adjusted PPM methods are shown in Supplemental
Figures 4, 5, and 6. In the SAVR cohort, severe BMI-
adjusted PPMP1 was associated with 5-year all-cause
death and cardiac death (Supplemental Figures 4B
and 5B) and severe BMI-adjusted PPMM and PPMP1

was associated with 5-year risk of rehospitalization
(Supplemental Figure 6A and 6B). Notably, severe
BMI-adjusted PPMM was not associated with 5-year
risk of all-cause death or cardiac death in either the
SAVR or TAVR cohorts (Supplemental Figures 4A, 4C,
5A, and 5C). The functional status, quality of life
questionnaire, and exercise capacity test were not
significantly different across the BMI-adjusted PPM
severity groups in both SAVR and TAVR cohorts,
regardless of the method used to define PPM
(Supplemental Table 11).

DISCUSSION

The main findings of this study are: 1) the utilization
of the predicted EOAi instead of the measured EOAi
yielded a markedly lower rate of severe PPM in both
the SAVR and TAVR cohorts; 2) adjustment (ie,
lowering) of EOAi cutpoints in obese individuals
resulted in further reduction in the rate of severe
PPM; 3) when using the predicted EOAi with adjust-
ment for BMI, severe PPM was nearly absent in TAVR
and was rare in contemporary SAVR; 4) severe PPM
was less frequent following TAVR versus SAVR with
both the measured and predicted methods; 5) the
presence of PPM by any method was associated with
higher transprosthetic gradient; 6) severe PPM
adjusted for BMI was independently associated with
outcomes in SAVR, but the association was stronger
with the predicted versus measured PPM; and 7) in
TAVR, severe PPMM was present in only 54 patients
and was not associated with outcomes, whereas the
association with severe PPMP1 or PPMP2 could not be
assessed because there were too few patients with
severe PPMP in this cohort.

INCIDENCE OF PPM AFTER AVR. The parameter that
is logically used to define PPM is the EOA indexed to
BSA, the latter being the main determinant of pa-
tient’s cardiac output requirements. In obese pa-
tients, the indexation of the EOA to the BSA may,
however, overestimate the frequency and severity of
PPM. This may explain why several studies reported
an association between EOAi and clinical outcomes in
lean or overweight patients but not in obese patients
(14–16). To overcome this issue of overindexation of
EOA in obese patients, Valve Academic Research
Consortium-2 and European Association of Cardio-
vascular Imaging guidelines recommended applying
lower EOAi cutpoint values to define PPM in patients
with a BMI $30 kg/m2 (2,3). In the present study, the
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FIGURE 2 All-Cause Death or Rehospitalization for SAVR by PPM Severity

The time to all-cause death or rehospitalization curves are shown in the SAVR cohort for

(A) PPMM and (B) PPMP1, both adjusted for obesity. Abbreviations as in Figure 1.
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use of BMI-adjusted EOAi cutpoints resulted in
significantly lower incidence of PPM in both SAVR
and TAVR cohorts (Central Illustration). The imple-
mentation of these BMI-adjusted EOAi cutpoints may
be more relevant in the context of low-risk pop-
ulations such as the PARTNER 3 trial population
because of the higher prevalence of obesity compared
with intermediate or high-risk populations (9,17).
The method used to determine EOA and thus to
classify PPM is likely the most important source of
discrepancy among the reported rates and clinical
impact of PPM in TAVR versus SAVR series. Indeed,
the vast majority of SAVR series have used the pre-
dicted EOAi to define PPM (6,7,15), whereas all TAVR
series, until now, have used the measured EOAi
(18–20). The main limitation of the measured EOAi is
that it is subject to measurement errors and vari-
ability and is influenced by the patient’s hemody-
namic status, especially the flow state. Two-
dimensional echocardiography may underestimate
the left ventricular outflow tract diameter and thus
the EOA and EOAi, which may, in turn, yield to an
overestimation of PPM (1,21). Furthermore, a low-flow
state may be observed in up to 45% of patients
following TAVR (22,23). In presence of low trans-
valvular flow, the EOA may not be opened maximally
and may thus lead to the erroneous diagnosis of a
severe PPM (2,24). This phenomenon of “pseudo-se-
vere” PPM is similar to that of “pseudo-severe” ste-
nosis in patients with low-flow, low-gradient native
AS (1,2,24). Hence, one of the main reasons for the
much higher incidence of severe PPM with the
measured versus predicted EOAi in the present study
may be that a large proportion of patients were in
low-flow state at 30-day echocardiogram and, thus, in
fact, had pseudo-severe rather than true severe PPM
on the basis of the measured EOAi. The predicted
EOAi allows, at least in part, overcoming these issues
of measurement variability and pseudo-severe PPM
and may thus improve the identification of patients
with true-severe PPM. To this effect, the prevalence
of low-flow state was markedly higher in patients
reclassified from severe measured PPM to nonsevere
predicted PPM compared with those without severe
PPM, especially in the TAVR cohort (Supplemental
Tables 7 and 8). Furthermore, low-flow state was
independently associated with the presence of severe
measured PPM. Another advantage of the predicted
EOAi and of PPMP is that it can be determined in
every patient as long as reliable normal reference
value of EOA is available for the model and size of
bioprosthesis, whereas the measured EOAi and PPMM

cannot be obtained if the pre-discharge and 30-day
echocardiogram are missing (Supplemental Figure 1).

There are also limitations to the use of the pre-
dicted EOAi to assess PPM. The predicted EOAis for
SAVR or TAVR based on published values are also
derived from measured echocardiographic data and
are thus affected to some extent by measurement
variability and low-flow state (2,12). The use of
computed tomography annular area pre-TAVR to
predict EOA and PPM may not reflect the actual
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TABLE 3 Multivariable Analysis of the Association Between PPMP1 and Primary and Secondary Endpoints in the SAVR Cohort

Outcome Multivariable Model* HR (95% CI) P Value

Death or rehospitalization Male 1.19 (0.99–1.44) 0.071
Severe PPMP1 adjusted for obesity 3.18 (1.69–5.96) 0.0003

STS score 1.10 (1.05–1.16) <0.0001

All-cause death Male 1.35 (1.07–1.69) 0.0098
Prior CABG 0.80 (0.62–1.03) 0.0894

Severe PPMP1 adjusted for obesity 2.87 (1.48–5.57) 0.0019
STS score 1.10 (1.04–1.16) 0.0004

Cardiac death Male 1.36 (1.03–1.80) 0.0327
Diabetes 0.77 (0.57–1.04) 0.0838

Severe PPMP1 adjusted for obesity 3.54 (1.55–8.08) 0.0027
STS score 1.08 (1.00–1.15) 0.0379

Rehospitalization Male 1.29 (0.97–1.70) 0.0767
Severe PPMP1 adjusted for obesity 2.89 (1.18–7.03) 0.0198

STS score 1.10 (1.03–1.18) 0.0041

*The multivariable model included all variables with a P value < 0.10 on univariable analysis.

CABG ¼ coronary artery bypass graft; PPMP1: method 1 predicted prosthesis-patient mismatch, STS score: Society of Thoracic Surgeons; other abbreviations as in Table 1.
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annular area following circularization and expansion
with a balloon-expanded prosthesis and may not take
into account the final inner diameter of the prosthesis
where flow occurs.

INCIDENCE OF PPM IN SAVR VERSUS TAVR. The
incidence of severe PPM after SAVR, reported in
previous studies, ranges between 5% and 25%
(6,7,15,24–26). Intriguingly, a similar or even higher
incidence of severe PPM was reported in TAVR series,
although randomized studies reported better hemo-
dynamic profile (ie, larger EOA and EOAi and lower
gradients and incidence of PPMM) in TAVR versus
SAVR arms (27–29). For example, the incidence of
severe PPM after TAVR was 9.3% in the TVT (Trans-
catheter Valve Therapy) registry (20) versus 11% after
SAVR in the STS registry (7) and 9.8% in a meta-
analysis of PPM in SAVR (6,7). The discrepancy in
these findings between SAVR and TAVR is likely
related to the difference in the methods used to
identify PPM: predicted EOAi in SAVR versus
measured EOAi in TAVR (6,7,15,18,19,30,31).

The present study further confirms and extends
the findings of previous studies, which performed
head-to-head comparison of the incidence of PPM in
TAVR versus SAVR and found that severe PPM was
generally less frequent with TAVR (18,19,31,32).
However, given that these previous studies only used
the measured EOAi to define PPM, the incidence of
severe PPM may have been overestimated in both
treatment groups, and potentially to a larger extent in
SAVR because of the higher prevalence of low-flow
state and thus of pseudo-severe PPM at pre-
discharge or 30 days echocardiogram in this arm.
The incidence of measured PPM may also have been
overestimated because the Doppler echocardio-
graphic evaluation does not take into account the
pressure recovery phenomenon (33). The present
study reports that the incidence of true severe PPM as
identified with predicted EOAi was significantly lower
in TAVR with the SAPIEN 3 valve versus SAVR.

ASSOCIATION OF PPM WITH OUTCOMES. On the
one hand, the vast majority of SAVR studies have
reported a negative impact of PPM, and especially of
severe PPM, on outcomes including worse post-
operative functional status, smaller regression of left
ventricular mass, and higher all-cause and cardio-
vascular mortality (6,7,15,19,25,26,30). On the other
hand, the association between PPM and outcomes
was absent or modest after TAVR (18–20,27,28,34,35).
Again, these discrepancies in the association between
PPM and outcomes in TAVR vs. SAVR may be related
to differences in the methods used to determine EOAi
and define PPM. The TAVR study from the STS/
American College of Cardiology TVT registry reported
a significant but modest association between severe
PPMM after TAVR and outcomes. However, in this
previous study, valve-in-valve procedures were also
included, and PPM association with outcomes was
stronger in this subgroup than in patients with native
AS. Furthermore, the stroke volume was not reported,
and the poor outcomes could be related, at least in
part, to the low-flow state and not to PPM per se (ie,
pseudo-severe PPM). In the present study, severe
PPMM defined with the EOAi measured at 30 days
showed no or weak association with outcomes in
TAVR, although the small number of patients with



FIGURE 3 All-Cause Death or Rehospitalization for TAVR by PPM Severity

The time to all-cause death or rehospitalization curves are shown in the transcatheter aortic valve replacement (TAVR) cohort for (A) PPMM and (B) PPMP1, and for (C)

PPMP2, all adjusted for obesity. Abbreviations as in Figures 1 and 2.
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severe PPM also in this subset precludes a definitive
conclusion. Severe PPMP defined with the predicted
EOAi was strongly and independently associated with
outcomes in SAVR. This association between severe
PPMP1 and outcomes could not be assessed in TAVR
because there were no patients with this risk factor.

STUDY LIMITATIONS. The purpose of the predicted
EOA derived from the model and label size of the
valve is to provide an estimate of the hemodynamic
“fingerprint” of the valve once implanted in the pa-
tient. However, during TAVR, the implantation of a
given valve model and size in aortic annuli of
different size may yield to different degrees of valve
expansion and thus somewhat different EOAs. Over-
or undersizing and, thus, overexpansion or under-
expansion of the device may explain some of the
burden of PPM. To overcome this limitation, we also
used a second method (PPMP2) that derives the EOAs
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INCIDENCE OF PROSTHESIS-PATIENT
MISMATCH

1- Incidence of severe PPM is markedly lower with
    predicted vs. measured EOAi.

2- TAVR has lower incidence of severe PPM
     compared to SAVR, regardless of the EOAi method
     used to identify PPM.

IMPACT OF PROSTHESIS-PATIENT
MISMATCH ON OUTCOMES

1- In SAVR, severe PPM by the predicted EOAi
    method is rare but independently associated with
    worse outcomes.

2- In TAVR, severe PPM by the predicted EOAi
     method is absent.

3- In both SAVR and TAVR, moderate PPM is not
     associated with worse outcomes.

No PPM Moderate PPM Severe PPM

Ternacle, J. et al. J Am Coll Cardiol Intv. 2021;14(13):1466–77.

BMI ¼ body mass index; CTA ¼ computed tomography angiography; EOA ¼ effective orifice area; EOAi ¼ indexed effective orifice area;

PPM ¼ prosthesis-patient mismatch; PPMM ¼ prosthesis-patient mismatch defined with the measured indexed effective orifice area;

PPMP1 ¼ prosthesis-patient mismatch defined with predicted indexed effective orifice area method 1; PPMP2 ¼ prosthesis-patient mismatch

defined with predicted indexed effective orifice area method 2 (only for transcatheter aortic valve replacement); SAVR ¼ surgical aortic

valve replacement; TAVR ¼ transcatheter aortic valve replacement.
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from the aortic annulus area measured by computed
tomography prior to the procedure. However, this
second method cannot account for the final valve
circularization and expansion after the procedure and
may not take into account the final inner diameter of
the prosthesis where flow occurs. This limitation
likely had no or minimal impact on the results of this
study because the normal reference values of EOA (12)
have been obtained from the same population as the
one included in the present study (i.e., the PARTNER
2 SAPIEN 3 registry). Furthermore, the percentage of
valve oversizing was not associated with the occur-
rence of severe measured PPM or with the reclassifi-
cation of severe measured PPM to nonsevere
predicted PPM in the TAVR cohort. The normal
reference values of EOA used to predict the EOAi of
the TAVR patients in the in the present study were
derived from measured echocardiographic data of the
whole PARTNER 2 SAPIEN 3 registry, which included
approximately 30% of patients with a low-flow state



PERSPECTIVES

WHAT IS KNOWN? The vast majority of previous

SAVR studies have used the predicted EOAi to define

PPM and generally reported a significant and strong

association between severe PPM and clinical out-

comes. All TAVR series have used the measured EOAi

to define PPM and found no or weak association be-

tween severe PPM and outcomes.

WHAT IS NEW? Severe PPM defined by the pre-

dicted EOAi is rare (<2%) but is independently asso-

ciated with increased all-cause death and

rehospitalization after SAVR. Severe PPM by the pre-

dicted EOAi is absent following TAVR with the SAPIEN

3 valve.

WHAT IS NEXT? The incidence and clinical impact of

severe PPM defined with the use of the predicted

EOAi need to be investigated in larger series with

other types of TAVR valves and with longer follow-up.
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at 30 days. If the average normal EOA values for the
SAPIEN 3 valve had been derived only from the pa-
tients with normal flow, they would be somewhat
larger than those obtained from the whole cohort and
used in the present study. In such case, the predicted
EOAi would be even larger and the incidence of pre-
dicted PPM even lower. This would not change the
conclusion of the paper, given that the incidence of
predicted PPM was already extremely low in the
TAVR group.

CONCLUSIONS

Our findings suggest that the EOAi measured by
echocardiography overestimates the incidence and
severity of PPM following SAVR or TAVR, relative to
the predicted EOAi. The predicted EOAi indeed yields
to a much lower rate of PPM compared with the
measured EOAi and reveals that “true-severe” PPM is
rare (<1.5%) but is associated with clinical outcomes
in contemporary SAVR, whereas it is absent following
TAVR with the SAPIEN 3 valve.
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